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ABSTRACT: White light reflectance spectroscopy is
applied to monitor vapor-induced thickness changes of
polymer films, supported on suitable silicon substrates.
Assuming unidirectional swelling due to the constraining
support, the equilibrium volume swelling of four metha-
crylic polymers and two siloxane-based copolymers upon
exposure to various activities of water, methanol, ethanol,
and ethyl acetate vapor, at 30°C is evaluated. The deduced
sorption isotherms were fitted to the Flory-Huggins
equation and interaction parameters, as well as solubility

coefficients at infinite solute dilution, were deduced for
each binary system. The relative sorption capacity of the
different classes of polymers toward the four vapors are in
line with the expected solubility interactions between
solvent and solute. © 2009 Wiley Periodicals, Inc. ] Appl Polym
Sci 116: 184-190, 2010
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INTRODUCTION

Sorption of volatile organic compounds (VOCs) and
moisture in thin supported polymer films and the ensu-
ing physico-chemical interactions between polymer
and analyte are important phenomena in several
diverse applications, such as coatings, microelectronics
manufacturing, and chemical sensors. The need for
proper material selection according to the intended spe-
cific application has led to implementation of various
methodologies  for characterizing vapor-induced
changes of supported polymer films, such as quartz
crystal microbalance for mass uptake measurements'?
and specular X-ray reflectivity,"** ellipsometry,” or
interferometry® for monitoring thickness changes.
Recently, a relatively simple methodology, based
on white light reflectance spectroscopy (WLRS), for
monitoring thickness (L) changes of supported poly-
mer films induced by sorption of vapors”® or by
temperature variation’ has been developed in our
lab. In the former case, the information derived from
this, or analogous techniques, can be used to esti-
mate the volume fraction of sorbed penetrant,
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assuming unidirectional swelling due to the con-
straining rigid support, or the corresponding mass
fraction with the additional assumption of volume
additivity upon mixing.'*”'% Since experimental
time for Fickian diffusion scales with L2, the WLRS
methodology is considerably faster than gravimetric
methods, as usually much thinner films (L < 1 pm)
are used in the former case. In this respect, it pro-
vides a fast and simple means for screening different
polymeric materials in respect to their sorptive and
swelling behavior in response to various VOC’s. In a
previous work,” the above methodology was applied
to selected polymer-analyte systems (i) to compare
the estimated weight gain isotherms with the corre-
sponding literature data obtained by direct gravi-
metric sorption experiments in bulk free-standing
films, and (ii) to study the effect of films thickness,
and of substrate, on the fractional swelling of films
with thicknesses approaching the radius of gyration
of the polymer molecule.

The main objective of this work is to apply the
above WLRS methodology for a comparative evalua-
tion of the sorption properties of a series of poly-
meric materials, in the form of supported films. The
polymers tested include three members of a homolo-
gous series of relatively hydrophobic poly(alkyl
methacrylates), the hydrophilic poly(2-hydroxyethyl
methacrylate), and two poly(dimethylsiloxane-co-
diphenylsiloxane) copolymers, differing in the mole
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fraction of the constituting co-monomers and in the
chemical structure of the terminal groups of the main
chain. The thickness expansion of supported films
upon exposure to different activities of four vapors of
varying polarity and hydrogen-bonding ability were
studied. The deduced sorption isotherms were fitted
to the Flory-Huggins equation and interaction param-
eters, as well as solubility coefficients at infinite sol-
ute dilution, were deduced for each binary system.
The results are discussed in terms of the possible
polymer—analyte physico-chemical interactions and
the relevant three-dimensional solubility parameters.

THEORETICAL BACKGROUND

Sorption of micromolecular solutes in polymeric
materials can be described by the Flory-Huggins
theory,'! originally formulated for elastomeric, amor-
phous polymer-solute systems exhibiting nonpolar
or weakly polar interactions. Assuming that the
molar volume of solute is much lower than that of
polymer, the said theory relates the solute activity in
the vapor phase, ag, to the solute volume fraction in
the polymeric phase, ¢s, according to eq. (1)

Inas = Ingg + (1 — ¢s) + %(1 — s)° (1)

where y is the Flory-Huggins interaction parameter,
assumed constant in the original derivation of the
theory, or concentration-dependent in subsequent
refinements. Equation (1) with a constant value of y
is commonly used to describe sorption in polymer-
vapor systems not necessarily fulfilling the require-
ments upon which the original theory was derived.
In the simplest case

_ AHy  Vs(8s —3p)°
X=RT = RT @)

where AH), (>0) is the partial molar energy of mix-
ing and 6p, 8g are the solubility parameters of poly-
mer and solute, respectively, defined as the square
root of the cohesive energy densities of the pure
components. Equation (2) is a quantitative expres-
sion of the general rule “like dissolves like,” as it
predicts that the maximum solubility of solute in the
polymer (AHy; = 0) is obtained when §p = .

The concept of solubility parameters has been
refined to account for substances exhibiting specific
interactions, according to the following expression'

& =87+ 8 +3; )
Where 6,4, 8,, and 9, describe dispersion, polar (per-

manent dipole-permanent dipole) and hydrogen-
bonding interactions, respectively. In this case, the
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requirement for mutual solubility of polymer and
solute is the quantity

[(A82)" + (A3,)? + (A8,)°]"?
= [(8dp — Bas)” + (8pp — 3ps)” + (Snp — Ors)?]"/?

to be as small as possible.

Because d; 8, and 9§, cannot be determined
directly, they are usually estimated by group contri-
bution methods.'” These methods are not expected
to provide accurate predictions of the solubility pa-
rameters for complex chemical structures. On the
other hand, they have been proven very useful for
interpreting and correlating the sorption behavior of
polymer-solute systems.

EXPERIMENTAL
Materials

Poly(methyl methacrylate) [PMMA] (My ~ 120 K; d
(25°C): 1.188 g/mL, T, 96°C), poly(2-hydroxyethyl
methacrylate) [PHEMA] (M, ~ 300 K; d (25°C): 1.15
g/mL; Tg: 109°C), poly(n-butyl methacrylate) [PBMA]
(Mw ~ 337 K; d (25°C): 1.07 g/mL; T,: 15°C), poly(iso-
butyl methacrylate) [PIBMA] (M ~ 70 K; d (25°C):
1.09 g/mL; T,: 55°C) in the form of powder and poly
(dimethylsiloxane-co-diphenylsiloxane) divinyl termi-
nated [P(DMS-co-DPhS)-1 | (M, ~ 189 K; d (25°C):
1g/mL; Tg: —90°C; 85 : 15 mole ratio of dimethylsiloxa-
ne:diphenylsiloxane), poly(dimethylsiloxane-co-diphe-
nylsiloxane) dihydroxy terminated [P(DMS-co-DPhS)
—2] (M,, ~ 12 K; d (25°C): 1.05 g/mL; Ty: —92°C; 95 : 5
mole ratio of dimethylsiloxane : diphenylsiloxane) in
liquid form were purchased from Sigma-Aldrich. The
T, values listed above are those given by the supplier,
except for PHEMA and the two siloxanes, which were
determined by DSC in our lab. Propylene glycol methyl
ether acetate (PGMEA), ethyl lactate, ethanol (EtOH),
methanol (MeOH), and ethyl acetate (AcOOEt), all of
analytical reagent grade, were also purchased from
Sigma-Aldrich and used without further purification.
The values of the solubility parameters of all poly-
mers and vapor analytes studied, are listed in Table 1.
The 34, 3,, and §;, components were estimated by the
group contribution method of Van Krevelen using
the values given in Ref. 12, with the exception of the
values for the two siloxanes copolymers, which have
been calculated by substraction-addition from values
reported in literature for poly(dimethyl siloxane)."
Polymer films, supported on oxidized silicon
wafers, were prepared by spin-coating from (i)
PGMEA solutions of the methacrylic polymers (10%
w/w) and of the two polysiloxanes (15% w/w) and
(ii) ethyl lactate solutions of PHEMA (6-10% w/w).
All supported films were heated on a hot plate for
15 min to 160°C or to 120°C (for those prepared by
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TABLE I
Solubility Parameters of Polymers and Solutes Used

8 [(cal/em®)!/?]

8, [(cal/cm?)'/?]

84 [(cal/ecm®)?] 5 [(cal/em®)!/?]

PMMA 9.03
PHEMA 15.82
PBMA 6.96
PiBMA 7.27
P(DMS-co-DPhS)-1 4.87
P(DMS-co-DPhS)-2 452
H,O 342
MeOH 23
EtOH 19.5
AcOOEt 9.2

5.70 16.65 19.78
6.49 16.31 23.63
3.39 17.57 19.20
3.69 16.59 18.49
0.11 22.56 23.20
0.10 14.93 15.60
31.3 13.3 479
12.3 15.2 29.5
8.8 15.8 26.25
53 15.2 18.6

PGMEA or ethyl lactate solutions, respectively) to
remove residual solvent and then were stored in a
desiccator until further use. Dry film thicknesses L,
in the range 200-800 nm were used. The low-thick-
ness limit ensures that the polymer films behave as
bulk polymers without any film thickness effects.”

Thickness calculation methodology

The principle of WLRS is schematically shown in
Figure 1. At each wavelength interference takes
place due to the light traveling through the transpar-
ent layers, and the final spectrum is recorded to a
PC every 2 s. Film thickness changes, due to vapor
absorption in the polymer layer, are monitored as
changes in the recorded interference spectrum.

In the general case of k-layers, the total incident
energy on the spectrometer can be calculated
through the effective Fresnel coefficients and several
algorithms. In our case, the Abeles approach was
followed where the effective Fresnel coefficient is'*
Feo1 + peeld2id
1+ i1 ppeide2i%:

N1

4)

Pr-1€

and r,_, is the Fresnel coefficient. From this set of
equations, the reflectance from any k-th layer can be
calculated. In the particular case of this study, that
is, two transparent layers between the substrate and
the environment the total energy can be written in
an analytical form”:

A
E=—
B

_ 2,2 2 by 20 2
A =15 + 17y + 15 + 2 1pr23 + Ty 1ol 3

47 47
+ 2791723 COS (7» (mdy + n2d2)> + 2712723 COS (7» n1d1>
4 4
+ 2rpm 7’121’%3 cos (f led2> + 2rp1712 COS <>zf 1’11d1>
4
+ 27’%11’121’23 CcOos (; 711[11)
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4n
B=1+ 7"517’%2 + T’%l 1%3 + 1’%21’%3 + 2}’127’23 cos (T ngdz)

4n

4
X (7’11(11 + 7’12d2)> + 27’31 712723 COS (ﬂ? ledz)

+ 211723 COS ( .

4 4
+ 2791712 COS (% n1d1> + 2r01r12r%3 cos <7n n1d1>

4
+ 27’017%27’23 cos (Tn (mdy — ﬂ2d2)> (5)

where #; is the refractive index of the i-th layer (i =
0 for gaseous phase, 1 for the polymeric film, 2 for
the SiO; layer, and 3 for the Si substrate), d;, d> the
thickness of the polymeric film and of the silicon
dioxide, respectively, and A the corresponding wave-
length. The refractive indices n; of all layers versus
wavelength are calculated with a spectroscopic ellip-
someter (J.A. Woolam) and fitted to a three parame-
ters (A, B, and C) Cauchy model. Fitting of the
experimental spectrum to eq. (5) is performed by
using the Levenberg-Marquardt algorithm." Follow-
ing this methodology, the film thickness is calculated
with a precision of +0.03 nm.

Absorption experiments are performed in a ther-
mostated chamber (30 £ 0.5°C). The desired pene-
trant activity as (= p/pPsar, Where pg,; is the saturation

L) [

& Ly

(1Y V'

Figure 1 Schematic representation of interference taking
place at the interfaces of the various layers (see text).
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Figure 2 Typical thickness expansion-contraction curves
obtained when initially dry, supported P(DMS-co-DPhS)-1
and P(DMS-co-DPhS)-2 films are subjected to successive
equilibration with progressively higher vapor ethanol
activities ag (indicated by the numbers on the plot) with
intervening desorption steps back to ag = 0.

pressure of the vapor at 30°C) is generated by mix-
ing nitrogen with saturated penetrant vapor at 30°C
and atmospheric pressure, and the mixture passes at
a rate of 1000 mL/min (controlled by mass flow con-
trollers) through the chamber containing the sup-
ported film, with its upper surface exposed to the
stream.”®

In what follows, the dry polymeric film thickness
(dy) in eq. (5), is denoted as Ly and any film thick-
ness changes as 0L. Each dry film was subjected to
series of absorption runs involving successive equili-
bration with progressively higher vapor activities ag
with intervening desorption steps back to as = 0,
effected by passing pure N, though the chamber. A
typical example is shown in Figure 2. From the equi-
librium expansion data, the fractional film expansion
SL/Ly at each activity was determined. Assuming
one-directional swelling of the supported film along
the thickness direction, that is, 6L/Ly = 8V /V,, the
volume (¢g) fraction of penetrant in the polymer—
penetrant mixture is given by

@5 = 8L/(Lo + 3Lo) (6)

In fitting the experimental spectra to eq. (5), the
refractive index of the polymer, 1y, is assumed con-
stant during absorption of the vapor penetrant. The
error induced by this assumption is expected to be
significant at high degrees of swelling and/or large
differences between m; and the refractive index of
solute, ns, and can be roughly estimated from the
calculated ¢gs values [eq. (6)], on the basis of the
Clausius-Mossoti mixing rule
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2.1
(1-69+ 550 @)

n%s—lzn%—l
Na+2 mZ+2

For the highest ¢g values determined during sorp-
tion experiments (i.e., ¢s ~ 0.1 and ~ 0.17 for sorp-
tion of H,O in PHEMA and for sorption of AcOOEt
in P(DMS-co-DPhS)-2, respectively), the said error
was estimated to be ~ 1.3%, whereas in most other
cases it was <1%.

RESULTS AND DISCUSSION
Sorption isotherms

The @5 versus ag data for all systems studied are
shown in Figures 3-6. In each of these figures the
sorption data of all polymers for the same vapor
analyte are presented. [For reasons of clarity, the
methanol data have been split in two plots, Fig.
4(a,b)]. For each system, the results obtained from
films of different thicknesses are in satisfactory
agreement. Each sorption isotherm was fitted, by
nonlinear regression analysis, to eq. (1), and the
derived values of y are listed in Table II. Fitting
(shown also in the same figures) is fairly satisfactory
for most systems. Sorption in glassy polymers at low
activities [e.g., sorption of MeOH in PHEMA and
PMMA, see Fig. 4(b)] is characterized by an initially
convex-upward isotherm, which is probably associ-
ated with adsorption in pre-existing cavities that
constitute the excess free volume of a glassy poly-
mer matrix, and cannot be accounted for, by the
Flory-Huggins theory.

Among the polymers studied, PHEMA, due to the
pendant OH group promoting hydrogen-bonding

®  P{DMS-co-DPhS)-2
o9 ] B 0 PHEMA) o g * P(DMS-co-DPhSH1
J | S & PEMA
0.010 - N
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B
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Figure 3 Sorption isotherm of H,O vapor in polymer films,
supported on Si/SiO, substrate, at 30°C (points) and fitting
to eq. (1) (lines). Ly (nm): (OJ) 606 nm, (M) 517 nm, (W) 273
nm, (O) 240 nm, (@) 244 nm, (%) 197 nm, (%) 205
nm, (A) 515 nm, (A) 530 nm, (V) 600 nm, ([>) 737
nm, and (p) 370 nm.
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Figure 4 Sorption isotherm of MeOH vapor in polymer
films, supported on Si/SiO, substrate, at 30°C (points) and
fitting to eq. (1) (lines). (a) Ly (nm): (A) 515 nm, (A) 530
nm, (a) 486 nm, (&) 520 nm, (O) 240 nm, (@) 244
nm, (@) 719 nm, (V) 600 nm, (W) 580 nm, () 570
nm, (b) L, (¥¢) 197 nm, (%) 205 nm, (>) 172 nm,
(») 220 nm, (=) 320 nm, (») 560 nm, (J) 606 nm;
(M) 517 nm, and (@) 300 nm.

ability and polarity (Table I), exhibits the highest
sorptive capacity for H,O, MeOH, and EtOH, and
the lowest for AcOOEt (Figs. 3-6). At the low solu-
bility end for H,O (Fig. 3) and MeOH (Fig. 4) stands
PiBMA, closely followed by P(DMS-co-DPhS)-1. The
latter polymer exhibits only slightly higher sorptive
capacity toward H,O and MeOH, as compared with
PiBMA, and the lowest affinity toward EtOH among
all polymers studied (Fig. 5).

Among the relatively hydrophobic methacrylic
polymers PMMA, PBMA, and PiBMA, the results of
Figure 3 indicate that PMMA is the more susceptible
to sorption of H,O. The differences in the sorptive
capacity among these polymers progressively fade
out as we move to sorption of MeOH (Fig. 4) and
finally EtOH (Fig. 5). Thus, PiBMA, exhibiting the
lowest affinity for H,O, is the most suitable for dis-
criminating alcohols from H,O.

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 5 Sorption isotherm of EtOH vapor in polymer
films, supported on Si/SiO, substrate, at 30°C (points) and
fitting to eq. (1) (lines). Ly (nm): () 606 nm, (O) 240 nm,
(@) 170 nm, (¥%) 197 nm, (%) 205 nm, (A) 580 nm, (A)
530 nm, (I>) 270 nm, (V) 567 nm, and (V) 855 nm.

Comparison of the two siloxane-based copoly-
mers, shows that of P(DMS-co-DPhS)-2 has a higher
affinity toward all vapors studied, as compared with
P(DMS-co-DPhS)-1, possibly due to the presence of
the terminal OH groups in the former polymer.
Abraham,'® using two commercial poly(methylphe-
nylsiloxane)s as the stationary phase in gas-liquid
chromatography, found that the presence of OH
groups in the structure of both polymers (evidenced
in their IR spectra) measurably influences their sorp-
tion properties. The effect of OH groups was
reflected in the estimated hydrogen-bonding acidity
and dipolarity/polarizability ~constants of the
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O & B PDMS-coDPRS)-2
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Figure 6 Sorption isotherm of AcOOEt vapor in polymer
films, supported on Si/SiO, substrate, at 30°C (points) and
fitting to eq. (1) (lines). Ly (nm): () 755 nm, (O) 380 nm,
(®) 395 nm, (@) 1395 nm, (Y¢) 197 nm, (%) 205 nm,
(%) 1450 nm, (A) 530 nm, (A) 515 nm, (a) 850 nm,
and (V) 558 nm.
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TABLE 1I
Flory-Huggins Interaction Parameters Derived from
Fitting the Data of Figures 3-6 to eq. (1)

H,O MeOH EtOH AcOOEt
PHEMA 1.58 (0.01) 0.90 (0.05) 1.16 (0.06) 3.95 (0.05)
PMMA 3.73 (0.02) 1.95(0.05) 2.04 (0.03)
PBMA 4.75 (0.03) 2.39 (0.01) 2.01 (0.01) 0.96 (0.04)
PiBMA 5.36 (0.02) 2.69 (0.03) 2.02 (0.02) 0.72 (0.02)
P(DMS- 5.11 (0.03) 2.43(0.02) 2.28 (0.02) 0.73 (0.03)
co-DPhS)-1
P(DMS- 439 (0.01) 1.81 (0.02) 1.55(0.02) 0.21 (0.04)
co-DPhS)-2

The standard error is given in parentheses.

polymers. These constants are included in linear sol-
vation energy relationships equations'” that provide
a more elaborate treatment of solute-solvent interac-
tions than that of three-dimensional solubility
parameters.

Quantification of the extent of sorption, by the val-
ues of y presented in Table II, allows some addi-
tional comments, as well as comparison with litera-
ture values derived from direct gravimetric
measurements in free-standing films. In general, in
cases of interactions other than those due to disper-
sion forces, solubility is favored for polymer-solute
systems, of similar polarity and hydrogen-bonding
ability. Thus, in the case of PHEMA, the lower val-
ues of x (and higher sorptive capacity ) characteriz-
ing sorption of MeOH and EtOH as compared with
sorption of H,O (Table II) can be attributed to the
corresponding lower &, 3, values of the alcohols,
being closer to those of PHEMA. Similar arguments
can be invoked for the higher sorptive capacity of
each of the remaining methacrylic polymers toward
alcohols as compared with water.

On a quantitative basis, the y value for the system
PHEMA-H,O (x = 1.6) is close to the corresponding
values of 1.4-1.5 derived by Rodriguez et al.'"® from
gravimetric measurements on free-standing films.
On the other hand, in PMMA, the y values for H,O
(x = 3.7) and MeOH (y = 1.8) are higher (and sorp-
tion levels lower) than the corresponding literatures
values (y = 3-3.3 for H,O in Ref. 18 and 1.1-1.28 for
MeOH in Ref. 19). A possible reason for the lower
sorption levels estimated here is the fact that sup-
ported films may not attain full volume swelling
equilibrium due to the constraints imposed on lat-
eral swelling by the support.®” This effect is
expected to be important at low degrees of swelling
in rigid polymers (as is the case of the PMMA-H,0
and PMMA-MeOH systems) and will result in actual
reduced @g values as compared with the free-stand-
ing films used in Refs. 18 and 19. As to the siloxane
copolymers, due to the lack of relevant literature
data, results can only be compared with data on
crosslinked PDMS. Thus for PDMS, values of y
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range from 4.45 + 2.16% to 5.3%! for sorption of H,O,
from 2.5% to 3.14 + 0.40% or 3.21*' for sorption of
MeOH and from 2.19% to 2.46** for sorption of
EtOH. These values (i) better compare with those of
Table II for P(DMS-co-DPhS)-1, than for the OH-ter-
minated P(DMS-co-DPhS)-2 and (ii) indicate that
PDMS has an increasing sorptive capacity as we
move from H,O to MeOH and finally EtOH, as is
the case for the two siloxane-based polymers studied
here.

Solubility coefficients

An estimate of the solubility, or partition, coefficient
S at the limit of infinite dilution, expressed as the ra-
tio of the solute volume fraction in the polymeric
phase over the solute activity in the external vapor
phase (S = @s/as), can be obtained on the basis of
eq. (1). For s << 1, eq. (1) reduces to

9s/as = exp(—1—y) 8)

where exp(—1—y) is the limiting inverse Henry’s law
constant of the system."’

The values of S calculated on the basis of eq. (8)
have been correlated to the differences of the solubil-
ity parameters between solute and polymer (Table I)
of each binary system. The correlation, shown in Fig-
ure 7 indicates a sharp decay of solubility coefficient
with increasing AS. Thus, with the exception of the
data points referring to the PHEMA-H,O and
PHEMA-AcOQEt systems, we observe that polymer-
solute pairs characterized by solubility coefficients,
S, in the range of 0.1-0.3 are §rouped at the low Ad
end of the plot (A8 < 10 cal'/?/cm®/?), whereas sys-
tems with S values lower by more than one order of
magnitude (S < 0.008) are concentrated at the high

0.35
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= ¥ P(DMS-co-DPhS)-1
T 0254 C  P(DMS-co-DPhS)-2
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i
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= o154 U
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3 1 o 0
& oos [ AA> - ©
] & o*
0.00 — . , i . i O .
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\J(Aﬁd)2+ (aspY + (ashy* (cal”cm™?)

Figure 7 Correlation of solubility coefficients S with
three-dimensional solubility parameter differences.
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A8 end of the plot (A8 > 35 cal'/?/cm®/?). Finally,
systems exhibiting intermediate values of S (0.02 < S
< 0.08) are located at values of A$ ranging from 10
to 25 cal'/?/cm®/2. The correlation of Figure 7 con-
firms the usefulness of the concept of solubility pa-
rameters for a rough screening of polymeric materi-
als on the basis of their swelling capacity towards
different analytes.

CONCLUSIONS

The sorptive capacity of various polymers toward four
vapor analytes has been studied by application of an
interferometric methodology for measuring vapor-
induced thickness changes of supported polymeric
films. In general, the deduced sorption isotherms could
be adequately described, by the Flory-Huggins equa-
tion, and the relative sorption capacity of the different
classes of polymers toward the four vapors are in line
with the expected solubility interactions between sol-
vent and solute. The results indicate that the applied
optical methodology is suitable for screening poly-
meric materials for specific applications, such as chemi-
cal sensors, on the basis of their sorption properties.
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