Application of Thin Films to Porous Mineral
Oxides Using Two-Dimensional Solvents

Thin polymeric films have been applied to the surface of a porous
material in a nove!l process. Nitrogen sorption, a conventional tool for
measuring surface areas and pore size distributions, can be employed
for determining the thickness of such films through a comparison of the
pore size distribution curves before and after film formation. The thick-
ness of a polystyrene film on a porous alumina powder is determined
and compared with the theoretical thickness for styrene polymerized
inside a two-dimensional solvent, which consists of a partial bilayer of
sodium dodecyl sulfate physically adsorbed from an aqueous solution
onto the powder. Film thicknesses ranged from 1.8 to 0.4 nm while BET
surface area decreased from 94.7 to 57.8 m?/g. The powder surface
changes from hydrophilic to hydrophobic while retaining the basic pore
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Introduction

A novel three-step process for the formation of ultrathin poly-
mer films on solid surfaces has been demonstrated using such
common materials as alumina powders, sodium dodecyl sulfate,
styrene, and sodium persulfate. Hybrid materials formed with
this new technology might readily be utilized as chromato-
graphic packings, inorganic-core ion exchange resins, or as a
substrate for immobilized hydrophobic enzymes. Moreover, the
unique reaction conditions might yield polymers of unusual
molecular structure and molecular weight distribution. In this
paper, films formed by this process on a porous powder are char-
acterized by analysis of the surface area and pore size distribu-
tion of the powder before and after the formation of the thin
film.

As shown in Figure 1, the process can be envisioned as occur-
ring in three major steps. The first step is the formation of an
admicelle (Harwell et al., 1985), by the adsorption of a surfac-
tant bilayer at the solid/aqueous solution interface. An admi-
celle may be considered to be the surface analogue of a micelle.
The second step involves the solubilization of a monomer into
the bilayer, a phenomenon called adsolubilization, which may
be conveniently thought of as a surface analogue of the solubili-
zation of organic materials by surfactant micelles. In the parti-
tioning of the monomer into the bilayer, the surfactant aggre-
gate acts as a two-dimensional solvent to concentrate the mon-
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omer at the surface. The third step is the polymerization of the
monomer inside the two-dimensional solvent. Details of the
reaction conditions used in the formation of the ultrathin film
characterized in this paper were published elsewhere (Wu et al.,
1987a, b, ¢). As an introduction, the three steps of the novel
film-forming process are discussed and evidence for film forma-
tion is reviewed briefly here in terms of the speccific system
selected for this study.

Thin Film Formation by Polymerization Inside a
Two-Dimensional Solvent

Step 1. Admicelle formation

The patchwise distribution of surfactant aggregates formed
locally on the surface through adsorption from an aqueous solu-
tion (admicelles) is a well-known phenomenon in the literature.
Using the known surface area of the alumina powder chosen for
this study, and literature values of the cross-sectional area for
the head group of a sodium dodecyl sulfate (SDS) molecule, it
was deduced that a partial surfactant bilayer was produced
under the reaction conditions. While SDS will not adsorb to
form admicelles on alumina under all conditions, surface aggre-
gate formation may be induced at surfactant concentrations
below the critical micelle concentration (CMC) of the
surfactant by manipulation of the solution pH and counterion
concentration (Scamehorn et al., 1982). To obtain admicelle
formation, the most critical parameter to be manipulated is the
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Figure 1. Formation of a thin film by polymerization in a
two-dimensional solvent.

solution pH, relative to the pH at which the oxide exhibits a net
surface charge of zero (referred to as the point of zero charge, or
PZC). At pH values below the PZC, the surface becomes pro-
tonated and more positively charged; above the PZC the surface
is negatively charged. Consequently, anionic surfactants adsorb
below the PZC and cationic surfactants above. In our study, the
alumina powder had a measured PZC of pH 9.5 at 30°C.
Because an anionic surfactant was chosen to form the bilayer,
the pH of the solution from which the surfactant was adsorbed
was adjusted to low pH, arbitrarily pH 4. With sufficient surfac-
tant, this level of acidity assures a highly charged surface and
formation of a complete bilayer at the interface.

Step 2. Monomer adsolubilization

Under conditions favorable for the formation of admicelles
and unfavorable for the presence of micelles in an aqueous sys-
tem, hydrophobic species are concentrated at the interface in a
phenomenon called adsolubilization. As a prelude to the film-
forming polymerization reaction (step 3), hydrophobic mon-
omer is adsolubilized or partitioned into the adsorbed surfactant
aggregates of step 1.

The following summary of experimental observations sup-
ports adsolubilization as a key step in film formation. Concen-
tration changes of monomer (i.e., styrene) in the supernatant, as
measured by HPLC, have demonstrated the partitioning of sty-
rene into the admicelles. For this particular system, care was
necessarily taken that no liquid monomer be present; that is, all
styrene was in the form of either dissolved monomer in the aque-
ous phase or adsolubilized in sodium dodecyl sulfate admicelles.
In the absence of surfactant, no adsorption of monomer could be
detected. In the presence of the adsorbed surfactant with suffi-
cient driving force, styrene adsolubilization was observed to
occur at a nearly constant adsorbed SDS to adsolubilized sty-
rene molecular ratio of 2:1, suggestive of an ordered structure.
To attain this saturation of the bilayer, it was necessary to
increase the solubility of the styrene in the supernatant by add-
ing cosolvent ethanol.
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Because the monomer of this system is quite volatile, both the
adsolubilization and subsequent reaction steps were carried out
in sealed vials. A mass balance showed that monomer which dis-
appeared from the supernatant during this preequilibration step
was later recoverable in the form of polymer by extraction of the
modified powder with a suitable solvent for polystyrene. A
kinetic study revealed that further adsolubilization of monomer
occurs as the polymerization step proceeds.

Step 3. Polymerization of adsolubilized monomer

Beyond the purpose of concentrating monomer at the surface
of the substrate, the admicelles function as reaction loci or as a
two-dimensional reaction solvent for the polymerization. Initia-
tors begin the formation of polymer, probably by mechanisms
similar to those occurring in conventional emulsion techniques.
In this case, sodium persulfate was added to the supernatant,
followed by heating the sealed vial with the equilibrated solution
and alumina of step 2 to 60°C. Persulfate is a water-soluble ini-
tiator, so the polymerization proceeds through electron transfer
or partitioning of radicals formed in the aqueous supernatant
into the surfactant layer. Styrene polymer was recovered by
tetrahydrofuran extraction of the isolated alumina after the
reaction step, with intermediate washings, if necessary, by
deionized water, followed by drying in a vacuum at a tempera-
ture below the boiling point of styrene. Comparison of the UV
spectrum for the extract with those of known samples of polysty-
rene confirmed the conversion of monomer to polymer as a func-
tion of reaction time. Fourier transform infrared (FTIR) spec-
tra not only showed the presence of polystyrene and SDS on the
alumina surface, but also showed the emergence of characteris-
tic polystyrene peaks with reaction time, following the induction
period observed for free radical polymerization.

Film thicknesses were measured by ellipsometry by forming
the films, at conditions determined from studies on the pow-
dered alumina, on oxide layers formed on aluminum that had
been vacuum deposited to a thickness of 100 nm on glass slides.
After washing the slides, no films were detected for short reac-
tion times; however, following an induction time, films of 3.4 to
3.6 nm were measured on the slides. For very long reaction times
the measured films were as thick as 13 nm, consistent with the
observation of continued monomer partitioning into the bilayer
during the reaction.

Determination of Pore Size Distributions

Nitrogen sorption is a widely adopted method for examining
the structural character of porous materials. Experimentally,
the amount of gas adsorbed or condensed at low temperature is
measured as a function of the relative pressure (partial pressure
of nitrogen divided by the saturation pressure). An isotherm for
the unmodified high surface area alumina powder is shown in
Figure 2. At low relative pressures, data can often be interpreted
by BET analysis, yielding estimates of surface area and C, a
parameter equal to the ratio of equilibrium constants for the
adsorption of first and subsequent layers. As a result of Laplace
pressure contributions, higher relative pressures of values 0.4
1.0 cause condensation below the saturation pressure. Relating
curvature of the interface to pore dimensions and determining
the volume of condensed nitrogen as a function of the relative
pressure provide information on the internal volume filled for
pores of various sizes. From this, one can infer a pore size distri-
bution.
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Figure 2. Nitrogen sorption isotherm for unmodified alu-
mina.

There are two models used frequently in calculating pore size
distributions. Both models, the cylindrical pore model and the
slit-shaped (or parallel-plate) model, assume specific pore
shapes, which makes the calculation of the pore surface area
possible. Without the assumption of a pore shape, the pore sur-
face area cannot be estimated from the discrete pore volume
only. It is the latter quantity that is measured experimentally, as
a function of the relative pressure.

The phenomena of multilayer adsorption (or desorption) and
pore condensation (or evaporation) occur simultaneously at a
relative pressure greater than 0.3 to 0.4. Pore sizes can be calcu-
lated based on sorption isotherms by manipulating the depen-
dence of adsorbed thickness and pore radius (or width) on the
relative pressure. Two independent methods have been intro-
duced: one is the isotherm method of Wheeler (1951), the other
is the mercury porosimetry method of Drake (1945). The iso-
therm method was further developed by many workers for both
the cylindrical pore model (Outlon, 1948; Barrett et al., 1951;
Cranston and Inkley, 1957; Joyner et al., 1951; Wayne, 1951;
Pierce and Smith, 1950; Pierce, 1953; Dubinin, 1980; Juhola
and Edwin, 1949), and the slit-shaped pore models (Ries et al.,
1945; Innes, 1957).

Despite so much effort devoted by these workers to elucidat-
ing the structures of porous particles from nitrogen sorption
data, the contribution of the adsorbed layer thickness was not
recognized as a key variable in these analyses until the 1960’s.
The incorporation of the adsorption potential was first formu-
lated by Deryagin. This, however, did not receive much atten-
tion from others. It was not until later that de Boer and cowork-
ers (1964a, b, 19654, b) systematically established an integrated
treatment of pore size distributions that included the adsorption
potential of the adsorbent surface into the analysis of pore struc-
tures.

Calculation of Pore Size Distributions

For the de Boer ideal cylindrical pore model, the thickness of
the adsorbed layer of gas molecules, and thus the effective pore
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radius which determines the onset of capillary condensation in
the pore, is a function of both the actual pore radius and the rel-
ative pressure. Calculations of the pore distribution from the
capillary condensation or evaporation data thus alsc allow for
thinning of the adsorbed gas multilayer as a function of pore
radius and relative pressure. The necessity of accounting for this
phenomenon in the analysis of the sorption data has been dem-
onstrated by de Boer and others. This complicates the numerical
analysis of the data; at each successive relative pressure, the
radii of pores not filled with gas condensate must be corrected
for the thickness of the adsorbed gas multilayer. The common
BET analysis of gas sorption data does not account for this phe-
nomenon, but there is an abundant literature which describes
the application of the de Boer analysis to systems of the type
studied here. Details of the procedure used here are available
elsewhere (Roberts, 1967; Christian and Tucker, 1981a, b; Wu,
1987).

Determination of Thin-Film Thickness Inside
Alumina Pores

For films formed on flat surfaces, ellipsometry is the obvious
method for determining the thickness of thin films. In this
paper, the thickness of a film formed on the surface of a porous
alumina powder is estimated by comparing the pore size distri-
bution of the powder before and after the formation of the film.
It will be seen that the only explanation for the change in pore
size distribution observed to occur after the polymerization
reaction is the formation of an ultrathin film inside the porous
structure of the alumina; the nitrogen sorption studies indicate
that both the surface area and the pore size distribution are
largely unchanged by the film-forming process. Yet, after the
film has been applied, the alumina surface can be changed from
hydrophilic to hydrophobic simply by washing it with water; this
is discussed in detail below.

Our determination of the ultrathin film thickness inside the
alumina pores by means of the nitrogen sorption isotherms starts
with the results of the pore size distribution analyses for the bare
alumina and for the alumina with the thin film. Three distribu-
tion curves are calculated for the cylindrical pore model: pore
volume, pore area, and total pore length distributions. A simple
relation exists relating the pore sizes before and after the forma-
tion of ultrathin films inside the pores.

From the pore volume distributions, the film thickness may be
determined by

i—rll — (Vi/V)V )

or alternatively,
Vi/Ve=[(r = tp)/r} ()

From the pore surface area distributions, the film thickness is
expressed by

t=r(l — AL/A) (3)
or equivalently,

A A = (r—y)/r 4)
Vol. 34, No. 9 1513



where

V. = pore volume for sample with film
V, = pore volume for bare alumina
Al = pore surface area sample with film
A, = pore surface area for bare alumina
r = pore radius
ty = thickness of ultrathin film inside pores

The application of the above equations to the evaluation of
film thickness is based on the assumption that the total pore
length for a specific pore size is constant even after the film for-
mation. This analysis is similar to the treatment developed by de
Boer in calculating the effect of multilayer thinning on the gas
sorption data. With this assumption, the film thickness can be
estimated by drawing tie lines between the two distribution
curves. The slopes of the tie lines can be inferred from Eq. 1 to 4.
The slope of the tie lines between the total pore length distribu-
tion curves is zero, which makes the analysis for this case partic-
ularly simple.

Experimental Details

The alumina powder was purchased from Alfa Co. The origi-
nal pellets, of 3.2 mm dia., were broken in a mortar and pestle
into smaller particles. Using standard sieves, the alumina pow-
ders were screened and a 45-75 um dia. powder sample was
chosen for the pore volume distribution and BET surface area
measurements. A Micromeritic Flowsorb 2300 instrument was
used to run the nitrogen sorption experiments. Detailed proce-
dures described in the manufacturer’s equipment manual were
followed.

Two kinds of alumina powders were used in this study. One
was the original or bare alumina, the other was the modified alu-
mina with the ultrathin films formed inside the pores. The latter
sample was prepared by the method described in the Introduc-
tion, with a polymerization reaction time of 45 min. The concen-
trations of all the components were the same as given in previous
papers {Wu et al., 1987a, b), except that the ratio of the weight
of alumina to the solution volume was set at 0.20 gto 15 mL. A
desorption branch and an adsorption branch were obtained for
each sample for nitrogen/helium gas mixtures varying from 95
to 5% nitrogen.

Results and Discussion

The experimental nitrogen sorption isotherms of both the
bare alumina and the alumina sample with the film are plotted
in Figures 2 and 3. At low relative pressures, below 0.3, corre-
sponding to the region of multilayer adsorption before the onset
of capillary condensation, the data of the sorbed volume vs. the
relative pressure are quite linear. Beginning at a relative pres-
sure of 0.3, a rather flat region is followed by the hysteresis loop,
which begins to emerge at a relative pressure of about 0.5. This
loop reflects the irreversible work that cannot be recovered
through the adsorption and desorption process, and is a conse-
quence of the capillary condensation phenomenon. Meniscus
effects associated with the capillary condensation and evapora-
tion processes and the internal pore geometry are undoubtedly
responsible for the existence of the hysteresis loop. The shape of
the hysteresis loop is indicative of the shape of the pores, there
being a significant difference in loops associated with the distri-
bution of cylindrical pores and loops associated with a distribu-
tion of slit-shaped pores. Compared with the prediction of the
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Figure 3. Nitrogen sorption isotherm for modified alumi-
na.

loop gap from de Boer’s theory, illustrated in Figure 4, it is
apparent that the loops in the present systems are characteristic
of a cylindrical pore distribution. Thus, the cylindrical pore
model has been chosen as the basis for the subsequent pore size
distributions for both samples.

Both alumina samples give a similar variation of the volume
released vs. the relative pressure, except that the volume is
smaller for the alumina with the film samples. The BET surface
area determinations are plotted in Figure 5, along with a least-
squares fit of the data. The bare alumina has a BET surface area
of 94.7 m*/g and a C value of 59; the BET area of the alumina
with the film has been reduced to 57.8 m?/g surface arca and it
has a C'value of 22. The only difference between these two sam-
ples is the ultrathin film formed by the two-dimensional poly-
merization reactions for styrene. The decrease of BET surface
area is around 40% of the original BET surface area. It is inter-
esting that the C value has also decreased, from 59 to 22. This
indicates that the surface properties of the alumina have been

T
{
140m Cylindrical Pore I’

Slit-Shaped Pore /

Radius or Slit Spacing (nm)

20 40 60 80 100
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Figure 4. Hysteresis loop gaps predicted from cylindrical
and slit-shaped pore models of de Boer.
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Figure 5. BET plots for modified and unmodified alumi-
nas.

altered, also. According to Lecloux and Pirard (1979), the C
values for certain chlorinated materials are in the range of 40 to
70, while for some organometallic materials the C values are
around 20 to 30. A good comparison here is that the surface
properties of the treated sample have been shifted from the inor-
ganic-like properties for the bare alumina to organic-like prop-
erties by application of the thin film. Note, however, that
without a pore distribution analysis it would be impossible to
determine whether the decrease in surface area was associated
with a uniformly distributed film, or was the result of the closing
up of some pores by polymer particles.

A good test of the applicability of a particular pore model to a
powder sample is prediction of the adsorption branch of the hys-
teresis loop from a fit of the desorption branch (Christian and
Tucker, 1981a, b). The partial hysteresis loops predicted for the
cylindrical pore model for both samples are shown in Figures 6
and 7. The cylindrical pore model clearly provides a good
description for the alumina in this study, both with and without
the film.

The application of de Boer’s theory, using the cylindrical pore
model, to the calculation of pore size distribution results in the
plots shown in Figures 8,9, and 10, which respectively show pore
volume, pore surface area, and total pore length distributions.
Tie lines are shown in Figure 10. The total surface area contrib-
uted by the pore walls is 95.7 m?/g for the bare alumina sample,
which is almost the same as the BET surface area. For the film
sample, the pore surface area is 78.7 m?/g, which is about 50%
more than the BET surface area. The difference may be attrib-
utable to the heterogeneous nature of the pore surface properties
after the formation of the thin film; variations of this type in the
heat of adsorption of the first layer of gas molecules are not
accounted for in the BET analysis. The most important observa-
tion to be made from these plots is that the pore size distribu-
tions have the same basic shape for the aluminas with and with-
out the film; this indicates that the thin film has uniformly
reduced the pore diameters of all of the pores, rather than
simply plugging some of the pores. It should also be noted that
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Figure 6. Check of cylindrical pore model applicability to
bare alumina by prediction of adsorption
branch from a fit of desorption branch.

pores of diameters less than 2.0 nm are not susceptible to analy-
sis by the de Boer model.

Film thickness predicted from pore size
distribution curves

To evaluate the ultrathin film thickness, tie lines have to be
established to connect points on the original pore size distribu-
tion with points on the new pore size distribution. The dashed tie
lines in Figure 10, the plot of the total pore length distributions,
connect two points, one located on the bare alumina curve and
the other on the modified alumina curve. These tie lines have a
slope of zero, as discussed above. The film thicknesses corre-
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Figure 7. Check of cylindrical pore model applicability to
alumina with thin film by prediction of adsorp-
tion branch from a fit of desorption branch.
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Figure 8. Pore volume distributions for modified and un-
modified aluminas for cylindrical pores.

spond to half the difference in the pore diameters between the
two points connected by the tie lines.

The results of the calculations of film thicknesses based on a
distribution of cylindrical pores for both samples are shown in
Figure 11. The same results can be obtained by constructing the
tie lines for the other distributions, shown in Figures 8 and 9,
using Eq. 1-4. Film thicknesses are seen to vary from 1.8 to 0.4
nm. For larger pores, the apparent film thickness is greater. This
may be an artifact of the assumptions of the model, but it may
also indicate a more complete coverage of the surface of the
larger pores. It is impossible to determine from this analysis
whether there is a change in film morphology between the large-
diameter pores and the small-diameter pores. The calculated
average thicknesses for each pore size can be compared with the
overall average thickness calculated from the amount of SDS
adsorbed upon the surface of the bare alumina. Based on the
amount of surfactant adsorbed on the sample, the surface area
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Figure 9. Pore area distributions for modified and un-
modified aluminas for cylindrical pores.
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Figure 10. Pore length distributions for modified and un-
modified aluminas for cylindrical pores.

of the bare alumina, and the cross-sectional area of the SDS
head group, there is approximately 0.55 fractional bilayer cover-
age at the time of the initiation of the polymerization. This gives
an overall average film thickness of around 1.7 nm, which is
near the upper limit of the film thicknesses determined from the
pore distribution curves. Another comparison comes from the
total pore volume determined from the nitrogen sorption iso-
therm at a 95% nitrogen composition. This yields an average
film thickness of 1.0 nm, which is between the 1.8 and 0.4 nm
obtained for the cylindrical pore model.

Effect of washing film samples with water

In addition to the results described above, there is another
interesting phenomenon associated with the formation of the
thin film on the alumina powder, which occurs after washing of
the modified samples with water. Bare alumina powders are
hydrophilic, and sink spontaneously when placed on the surface
of water in a beaker. However, the thin film modified alumina

g
o

e de Boer /

o - =
e [N] »

| gt p s a)esang aad e o Lo a by el

Thickness of Thin Film (nm)

0.0 T T T T T T T T
8.0 8.0 10.0 120 140 16.0

Average Pore Diameter (nm)

Figure 11. Surface average film thickness as a function

of pore diameter.
Results determined from shift in pore size distribution upon appli-
cation of thin film to alumina.
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Figure 12. Demonstration of hydrophobicity of modified
alumina after washing.

Side and top views of beakers containing water after modified alu-
mina is added to left beaker and unmodified alumina added to
right beaker.

exhibits a different behavior. It was found that most of the mod-
ified powders, after having been washed with water and then
dried in a vacuum oven, will float on a water surface for many
months. This behavior is illustrated in Figure 12, where the
modified alumina stays atop the water surface, but the bare alu-
mina is immediately dispersed throughout the beaker; if left
undisturbed it will soon settle to the bottom. Individual particles
of the modified alumina, when forced beneath the water surface
with a spatula, immediately pop back above the surface and give
every appearance of being completely dry. In contrast, the
unwashed alumina/film samples sink into the water easily, just
like the bare alumina, even after drying in a vacuum oven. This
behavior suggests that the surface of the modified powder is
hydrophilic after the polymerization step and before washing,
but is hydrophobic after the washing. The polymerization step is
subsequent to the adsorption and adsolubilization steps, and the
unwashed alumina must retain the original surfactant of the
admicelle, with the hydrophilic head groups of the upper SDS
layer in contact with the aqueous phase. But once this upper
SDS layer is removed (or partially removed) by washing, the
underlying hydrophobic surface, which consists of the polysty-
rene and the tails of the lower SDS layer of the admicelle,
changes the contact angle between the powder surface and the
water, and prevents water from reentering the pore spaces after
it has once been removed by drying. This causes the alumina
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powders to float on water spontaneously, the air trapped in the
pores making the particles less dense than water. If surfactant is
added to the water on which the modified powder is floating, it
will eventually become wet and sink into the beaker. It appears
that, without water washing, the film retains the polymerized
SDS admicelle-polystyrene complex. After the water wash, the
upper surfactant layer of the admicelle is removed, but the
underlying hydrophobic polymer is retained.

Conclusions

1. The surface-averaged film thicknesses, as determined
from the nitrogen sorption isotherms, vary with pore diameter
from 1.8 to 0.4 nm, based on the cylindrical pore model of de
Boer. For a 55% bilayer surface coverage, as determined by
observed surfactant adsorption densities, the overall average
film thickness is 1.7 nm, which is in good agreement with the
thicknesses determined from the sorption data.

2. The ultrathin films, consisting of SDS imbedded in poly-
styrene, are distributed almost uniformly over the pore surface
of the alumina powders. There may be a greater fractional cov-
erage in the larger diameter pores, however. It is impossible to
determine from this analysis whether or not there is a change in
film morphology in the smaller pores.

3. Depending on whether it is washed or contacted with an
aqueous surfactant solution, the alumina surface can be altered
from hydrophilic to hydrophobic and back after the application
of the film.

4. The cylindrical pore distribution model is a good represen-
tation of the pore structure of the alumina employed in the pres-
ent study, both before and after the application of the thin film.
The basic shape of the pore size distribution curves are not
changed by the formation of the thin film, but are simply shifted
to smaller diameters. This is a further indication that the film
formed in the process is of molecular dimensions and is uni-
formly distributed over the pore surface of the powder.

5. Estimates of the film thickness obtained from the adsorp-
tion data of SDS on alumina and from the hypothesized struc-
ture of the SDS admicelle with adsolubilized monomer, prior to
the polymerization, both agree well with the thicknesses ob-
tained by analysis of the pore size distribution curves.

Notation

A, ~ pore surface area for bare alumina, nm?
A. ~ pore surface area for sample with film, nm?
r = pore radius, nm
t, = thickness of ultrathin film inside pores, nm
V, = pore volume for bare alumina, nm®
V. — pore volume for sample with film, nm*
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