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ABSTRACT: Thin organic layers of polyamidoamine (PAMAM) dendrimers on poly(dimethylsiloxane)
(PDMS) films were prepared, and their transport properties were evaluated. The surface of the PDMS
film was plasma-modified either in air or in maleic anhydride (MAH) vapor. In the case of the MAH-
plasma-treated surface, the majority of anhydride groups were maintained during the plasma treatment.
Stable dendrimer layers were deposited by simple loading of amine-terminated PAMAM dendrimer
solutions on the air-plasma-treated PDMS film to make PDMS—dendrimer membranes and were formed
by reacting amine groups of the PAMAM dendrimers with anhydride groups on the MAH-plasma-treated
surface to prepare PDMS—anhydride—dendrimer composite membranes. The dendrimer layers were
characterized using XPS, ATR FT-IR spectrometry, and contact-angle and gas permeance measurements.
Both PDMS—anhydride and PDMS—anhydride—dendrimer composite films showed facilitated transport
of propylene when coordinated with silver salts. The propylene permeance and ideal separation factor
over propane were 34 GPU and 340, respectively, at high silver loading.

Introduction

Dendrimers have received a great deal of attention
because of their versatility in having surface functional
groups that can be post-functionalized to highly ordered,
ultrathin films. A variety of strategies has been devel-
oped for attaching dendrimers to the surface of a
substrate, mainly metal surfaces. Approaches to thin
film formation of dendritic molecules include the use of
ionic and covalent bonding between adjacent layers.1~7
For example, dendrimers have been immobilized onto
an amine-functionalized silicon surface and subse-
qguently complexed with Pt ions to make thin dendrimer
films.2 It has been found that protonation of amine-
terminated dendrimers leads to adsorption on a hydro-
philic silicon oxide surface.? Redox-active ferrocenyl
dendrimers have been electrochemically deposited onto
a Pt electrode.*® Dendrimer mono- and multilayers on
Au and hydroxylated Si-containing surfaces have also
been studied.®” Dendrimer-based thin films on an
organic substrate have also been prepared.8°

Here, we describe a simple method for the formation
of dendritic thin layers on a polymeric matrix. This
simple approach can be used as a general synthetic
method for preparing functional thin films. Thin films
of dendritic polymers offer interesting application pos-
sibilities, including uses as encapsulant coatings, redox
ion channels, catalytic and biocompatible membranes,
and adhesion promoters and inhibitors. These applica-
tions would benefit from dendritic thin films and coat-
ings.

In this study, thin layers of amine-terminated Star-
burst (PAMAM) dendrimers were prepared on plasma-
treated poly(dimethylsiloxane) (PDMS) substrates. The
surface of the PDMS substrate was modified to enhance
the adhesion between the dendrimer layer and the
substrate surface by treatment with either air or maleic
anhydride (MAH) plasma, as shown in Scheme 1. The
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dendritic thin films were characterized by ATR FT-IR
spectrometry and XPS, and facilitated olefin transport
through the composite membranes was investigated.
The chemistry described here is simple for preparing
highly functionalized nanocomposite membranes on
polymeric matrixes without using any solvent. The
strategy described here is also versatile and, therefore,
has excellent potential for technological applications.

Experimental Section

Materials. Poly(dimethylsiloxane) (PDMS; product SSP-
M100, 130 um thick) film as a polymeric substrate was
purchased from Specialty Silicone Products, Inc. (Ballston Spa,
NY). A 10% solution of fourth-generation amine-terminated
poly(amidoamine) (PAMAM) dendrimer in methanol (D; Ald-
rich), silver tetrafluoroborate (AgBF4, 99.0% purity; Aldrich),
maleic anhydride (MAH; Junsei), and methanol (Merck, RPA)
were purchased and used as received.

PDMS—Dendrimer (PDMS—D) Composite Films. Plasma
treatment was carried out using a R300A radio frequency
generator (Autoelectric, Seoul), operating at 13.56 MHz and
50 W. A PDMS 4 x 4 cm? film was soaked in boiling methanol
at 65 °C for 3 h and then sonicated for 1 h, washed in pure
methanol and deionized water several times to remove any
impurities, and dried in a vacuum for 2 days. All substrates
were used immediately after drying for composite layer
formation. The PDMS film was glow-discharged in air for 1
min under a pressure of 0.02 Torr in a bell-jar-type reactor (6
cm radius x 11 cm depth). Inductively coupled plasma was
generated by a circular coil connected to a radio frequency
generator. Dendrimer in the concentration range of (3.1 x
1079)—(3.1 x 1071 mol/cm? was cast onto the air-plasma-
modified PDMS films by solution deposition. After being
allowed to dry at room temperature, the samples were an-
nealed in a 120 °C oven for 1 h.

PDMS—Anhydride—Dendrimer (PDMS—AH—-D) Com-
posite Films. Different amounts of MAH were placed in a
plasma reactor with PDMS films to introduce succinic anhy-
dride groups on the PDMS films. PAMAM dendrimers were
subsequently reacted with succinic anhydrides on the MAH-
plasma-treated surface of the PDMS film to make PDMS—
AH-—D composite membranes. The plasma treatment condi-
tions and following treatment were the same as those for the
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PDMS—D composite membrane. The PDMS—AH—D composite
membrane was annealed at 120 °C for 1 h to induce the
chemical reaction between the anhydrides and amines of
dendrimers. All samples were then washed repeatedly with
pure methanol and dried. Different amounts of AgBF, dis-
solved in methanol were loaded on the composite film and
dried under vacuum. All samples were stored in a vacuum
before characterization.

Characterization. FT-IR measurements were performed
on a 6030 Galaxy Series FT-IR spectrometer (Mattson Instru-
ments); 256 scans were signal-averaged at a resolution of 4
cm~1. The ATR spectra were obtained using a KRS-5 prism
with an incident angle of 45°. XPS measurements were carried
out on a SSI 2803-S electron spectrometer (Surface Science
Instruments) employing monochromated Al Ko (1486.7 eV)
X-rays with an electron takeoff angle of 37°. The contact angles
for all treated PDMS surfaces were determined using a contact
angle meter (Tantec, model CAM-Micro). The contact angle of
deionized water on surface-modified PDMS films was mea-
sured by the static drop method at room temperature. Each
reported contact angle value is the average of at least six
measurements. Propane (99.99%) and propylene (99.99%) were
used for the permeation experiments, and pure gas permeation
properties were measured by a soap-bubble flow meter. The
feed pressure was maintained at 275.6 KPa, and the perme-
ated pressure was atmospheric. The unit of gas permeance is
the GPU, where 1 GPU =1 x 1078 cm3(STP) cm=2 st cmHg™.

Results and Discussion

PDMS—-Dendrimer (PDMS—D) Films. It is widely
accepted that surface oxidation occurs when air is
introduced during plasma treatment. Surface oxidation
includes the formation of several functional groups such
as carboxylic acid, hydroxyl, ketone, and peroxide.10
Figure 1 shows ATR FT-IR spectra for a pristine PDMS
film, an air-plasma-treated PDMS film, and a PDMS—D
composite films. PDMS—D composite films were pre-
pared by casting dendrimer solutions onto an air-
plasma-treated PDMS film, followed by drying. Hydro-
gen and ionic bonds between the dendrimer layer and
the oxidized surface undoubtedly play a role in enhanc-
ing the stability of the PMDS-D membranes. Loading
of PAMAM results in the appearance of the strong
amide | and Il bands at 1647 and 1559 cm~1, respec-
tively, which are characteristic for PAMAM (G4-NHy)
dendrimer.21! This implies that the PAMAM molecules
are adsorbed onto the air-plasma-treated surface to form
thin, stable dendrimer layers, resulting in thin compos-
ite PDMS—D membranes.
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Figure 1. ATR FT-IR spectra of PDMS composite films.
Spectra are shown for films of pristine PDMS; plasma-treated
PDMS; and PDMS—D deposited with 10.5 (D1), 20.3 (D2), and
40 uglcm? (D3) of dendrimers.

Table 1. Surface Characterization for PDMS—-D
Composite Films2

XPS analysis
contact surface thickness,
angle C (@) N Si coverage d
) (%) (%) (%) (%) (%) (nm)
treated 85+3 14.2 551 27.8
PDMS
D1 65+3 43.0 198 0.7 114 3.5 0.1
D2 46 +1 54.7 20.3 11.8 133 59.8 2.2
D3 40+2 621 218 16.1 - 82.2 —
PAMAM 655 149 196 — -

2 The amounts of PAMAM dendrimer loaded on the plasma-
treated PDMS films of D1, D2, and D3 are 10.5, 20.3, and 40 ug/
cm?, respectively.

The surface characteristics for the thin composite
films containing PAMAM dendrimers are given in Table
1. The contact angle of pristine PDMS film is ca. 104°
and that of air-plasma-treated PDMS film is 85°. The
contact angle of PDMS—D films decreases monotonically
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Figure 2. Wide-scan spectra for pristine and composite films
containing dendrimers.

with dendrimer loading, thus suggesting that the sur-
face becomes more hydrophilic.

Figure 2 shows wide-scan XPS spectra for the pristine
PDMS and PDMS—D composite films. The N(1s) signal
is observed in composite films containing PAMAM
dendrimers because of the adsorption of PAMAM mol-
ecules, whereas it is not detected for the plasma-treated
PDMS. Apparently, the Si(2s) and Si(2p) signals were
decreased with increasing PAMAM dendrimer content.
The spectrum in the D3 film shows no signals from Si-
(2s) and Si(2p), indicating that the surface of the PDMS
substrate was mostly covered with dendrimers.

The atomic content from the XPS data is also given
in Table 1. The XPS data show that the plasma-treated
PDMS surface has 55 atom % of oxygen, which is higher
than the oxygen content of the pristine PDMS film
surface (48%). The amount of oxygen in the surface of
the PDMS—D films decreases, whereas the amount of
nitrogen increases, with increasing loading amount of
the dendrimer.

To quantify the coverage of the dendrimer layer, we
used the atomic content from the XPS data. Because
the only source of nitrogen atomic signal is PAMAM,
the surface coverage by dendrimer can be estimated
simply by the ratio of the N(1s) signal observed for the
PDMS—D composite films to that of PAMAM bulk, and
the results are also shown in Table 1. The surface
coverage increased with increasing dendrimer loading,
which is consistent with the contact angle results, but
incomplete coverage is shown even for a high loading
of dendrimer (D3).

The PAMAM layer thickness, d, deposited on the
substrate can be calculated from the relative intensities
of the N(1s) signal using eq 112

d = Angs SIN O IN(ls" M ygs” — Tngs) 1)

where Inis is the intensity of the N(1s) signal for the
PAMAM layer, Inis™ is that for an infinitely thick layer
(in this case, PAMAM bulk solid), An1s is the mean free
path of the N(1s) electron in the PAMAM layer, and 6
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Figure 3. ATR FT-IR spectra of PDMS—AH films. Spectra
are shown for pristine PDMS and PDMS composite films
deposited with (a) 8.75 x 1075, (b) 1.75 x 1075, (c) 2.1 x 1075,
(d) 2.5 x 1075, and (e) 3.3 x 107° g/cm? of maleic anhydride.

is the takeoff angle relative to the surface. The N(1s)
photoelectron intensity is given by

Inzs = Inas [1 — exp(—dAy,s sin 0)] (2

where An1s can be calculated using the equation estab-
lished for organic layers by Seah and Dench?2

Anis= P T(49E, %+ 0.11E,%°) (3)

The value of Ei for the N(1s) photoelectron is calculated
using

E.=hv—E, @)

where hv is the X-ray energy (1486.6 ev) and Ey, is the
N(1s) binding energy. Then, eq 3 can be simplified for
electron Kinetic energies greater than 150 eV to yield!2

Anis=p T0.11E, > (5)

where p is the density of the layer in g cm=3. For
PAMAM (G4-NH,), p = 1.224 g cm~3, and thus Anis =
2.96 nm. The thicknesses of the dendrimer layers
calculated using eq 1 are given in Table 1 and is in the
range of 0.1-2.2 nm. The ultrathin dendrimer layer
represents incomplete surface coverage.
PDMS—Anhydride—Dendrimer (PDMS—AH—-D)
Films. PDMS films were MAH-plasma-treated to in-
troduce reactive anhydride groups.’®4 ATR FT-IR
spectroscopy provides information on the surface of the
MAH-modified PDMS film (PDMS—AH). Absorbance
spectra of the pristine PDMS and PDMS—AH films with
increasing loading of MAH are shown in Figure 3. The
spectra of the PDMS—AH films showed three bands at
1850, 1782, and 1730 cm~1 that can be attributed to the
asymmetric and symmetric anhydride C=0O stretching
modes of succinic anhydride and the C=0O stretching
modes of the carboxyl group resulting most likely from
the ring-opening reaction of anhydride on the surface,
respectively. The intensity of the 1782 cm~! anhydride
C=0 stretching band is much stronger than that of the
1730 cm~1! band for ring-open carbonyls, meaning that
the majority of the anhydride functionality is main-



6634 Chaet al.

& 0.035

0.030 }

0.025 | }
[ ]

0.020 }

0.015fF e

0.010 }

0.005

Deposited AH content on PDMS (mg/cm

0.000 k . . .
0 20 40 60 80 100 120 140 160

MAH content in reactor (mg)

Figure 4. Deposited AH content with increasing maleic
anhydride content in the reactor.

tained during plasma treatment. Figure 4 shows the
amount of succinic anhydride deposited on the PDMS
films with increasing loading of MAH in the plasma
reactor. The deposited amount steeply increases until
the amount of MAH in the reactor reaches 60 mg, and
then it levels off.

To examine the effect of the experimental conditions
on surface functionality, the concentration of maleic
anhydride in the plasma reactor was varied. As shown
in Figure 3, the succinic anhydride concentration in-
creases with increasing concentration of maleic anhy-
dride in the plasma reactor. Figure 3 also shows that
both the 1782 cm~! anhydride C=0 and the 1730 cm~!
open C=O0 stretching modes increase simultaneously at
similar rates, indicating that the relative concentration
of the succinic anhydride is changed insignificantly with
varying concentration of maleic anhydride in the plasma
reactor. Therefore, it was found that succinic anhydrides
are readily introduced onto the PDMS substrate when
it is MAH-plasma-treated.

The succinic anhydride groups on the surface were
subsequently reacted with the amine groups of PAMAM
dendrimers to prepare PDMS—anhydride—dendrimer
(PDMS—AH-D) composite films. ATR FT-IR spectra of
the PDMS—AH—D composite films are shown in Figure
5. Two anhydride bands at 1850 and 1782 cm™! for the
PDMS—AH-D composite films decreased with increas-
ing concentration of dendrimer solution, whereas two
bands for amides at 1640 and 1550 cm™~t increased. This
strongly suggests that some PAMAM dendrimer mol-
ecules reacted with amines on the substrate to make
composite membranes. The chemistry used in the
present work was developed by Crooks and Bergbreiter
and their co-workers.”:81516 According to the results of
Zhao et al.,® the reaction between amines and anhy-
drides gives amic acids, which are subsequently trans-
formed to imides by heat treatment at 120 °C, as
confirmed by IR spectroscopy. It was stated that tran-
samidation and retro-Michael reactions along with
imide formation are very likely to occur in bulk-phase
reactions during the heat treatment at 120 °C.8 In the
present work, a broad peak at around 1710 cm~! for
imide appeared in the PDMS—AH—-D1 membrane spec-
trum although the IR spectra did not provide clear
evidence for such intradendrimer reactions. This could
be mainly due to the low concentration of reaction
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Figure 5. ATR FT-IR spectra of PDMS—AH composite films.
Spectra are shown for films of (a) pristine PDMS; (b) PDMS—

AH; and PDMS—AH—-D deposited with (c) 3.1 x 107, (d) 3.1
x 10720, and (e) 3.1 x 107° mol/cm? of dendrimers.
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Table 2. Propane Permeance of PDMS—D Composite
Films

amount of PAMAM permeance
loaded (1g/cm?2) (GPU?)
0 53
10.5 58
20.3 44
40.0 46
60.0 32

a1 GPU =1 x 1076 cm3(STP) cm=2 s71 cmHg~L.

adducts. Therefore, the dendrimer layer is linked co-
valently to the substrate film, resulting in thin PDMS—
AH—D composite membranes.

Gas Transport Behavior. Table 2 shows the change
in propane permeance of PDMS—D composite films with
increasing loading amounts of PAMAM dendrimers.
When a small amount of PAMAM dendrimer is loaded,
the permeance of propane hardly changes because of the
low coverage of the surface, but it decreases with
increasing amounts of loaded dendrimer. The decreased
permeance implies that the permeance of the dendrimer
layer is lower than that of PDMS. The dendrimer layer
would have the maximum effect on permeance as a
uniform layer, which could not exceed 0.6 um for the
maximum loading of 60 wug/cm?2. This is obviously
negligible compared to the value for the pristine PDMS
(~130 um), and thus, the effect of film thickness on gas
permeance would be negligible in this experimental
range. In addition, we have shown that the dendrimer
layer is of nonuniform thickness, which only argues for
an even lower permeance of dendrimer layer.

The pure propane and propylene permeances of the
PDMS—AH films as functions of the inverse amount of
deposition are shown in Figure 6. The permeances of
all MAH-modified PDMS films were lower than that of
the pristine PDMS films, which is ca. 100 GPU. The
permeance shows a linear relation with the inverse of
the anhydride deposition amount on the PDMS films.
Under the assumption that the deposited amount of
anhydride is linearly correlated with the thickness of
the modified layer, the linear decrease of permeance
means that permeance through the anhydride layer is
the rate-determining step. These results are reasonable
in the view of plasma polymerization.14
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Figure 6. Gas permeance dependence on the amount of
anhydride loaded on PDMS films.

Table 3. Gas Permeance of PDMS—AH Composite Films
with AgBF, Content

AgBF4 ideal
AH?2 (x107%  [AgJ/[AH]®? propylene propane separation

(mg/cm2) mol/cm?) (mole ratio) (GPU®)  (GPU) factor
0.025 - - 9 11 0.82
0.029 0.32 1.07 28 6.5 4.3
0.025 1.2 4.57 21 2.6 8.1
0.025 2.6 10.11 5.7 <0.1¢ >57

a8 The amount of MAH loaded in the plasma reactor was 80 mg.
b Weight ratio of silver salt to molecular weight of anhydride
monomer. ¢1 GPU =1 x 1076 cm3(STP) cm=2 s~ cmHg~1. 9 The
permeance of propane was not detected as it was below the
practical lower limit of the bubble flow meter.

It has been understood that low-lattice-energy silver
salts confined to polymers containing polar groups such
as oxygen, nitrogen, and sulfur form reversible com-
plexes with olefin molecules and that such reversible
and specific interactions of silver ions with olefin
molecules leads to carrier-mediated transport in addi-
tion to normal Fickian transport in the solid’~24 and
liquid states.?>~2°

PDMS—AH Membrane Complexed with AgBF..
The effect of silver salt concentration on olefin/paraffin
separation was investigated through a PDMS—AH
membrane complexed with AgBF,4. The gas permeances
through the MAH-modified PDMS films with increasing
loadings of AgBF, are shown in Table 3. The propane
permeance through the film decreased with increasing
silver ion content. Propane is unable to form complexes
with silver ions and permeates only through Fickian
transport. The dissolved silver salts induce a decrease
in the mobility of polymeric chains, and this reduced
mobility hinders the gas permeance.®® The reduced
mobility is due to the role of ion as a cross-linking point,
which was confirmed by the increasing glass transition
temperature for other silver-coordinated systems.30
Therefore, the decreasing mobility of the polymer chain
with increasing loading of salt would affect the gas
transport behavior. Another possible explanation for the
decreasing permeance is that, when the silver salt is
introduced at a level greater than the solubility limit
of the MAH-modified layer, the excess silver salt might
form a layer on top of the surface. It is well-known that
there are free ions, contact ion pairs, and higher ion
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Table 4. Gas Permeance of PDMS Composite Membranes
with Silver Salts

PDMS—AHa—Db

ideal
AgBF, propylene propane separation
(%1076 mol/cm?) (GPU?) (GPU) factor
0 55 5.3 1.0
1.6 17 6.9 25
3.1 17 <0.1d >170
16 34 <0.1d >340

a The amount of AH loaded was determined to be 0.03 mg/cm?.
b The amount of PAMAM dendrimer loaded was 10.5 ug/cm?. ¢ 1
GPU =1 x 1076 cm3(STP) cm~2 s~1 cmHg~1. 4 The permeability
of propane is assumed to be <0.1 GPU because it was not detected,
being below the practical lower limit of the bubble flow meter.

aggregates in a number of polymer electrolytes at higher
salt concentrations.31-36 Excess amounts of loaded salt
would act as a barrier for gas transport, leading to a
significantly decreased gas permeance. Meanwhile, the
propylene permeance through PDMS—AH films in-
creased from ca. 9 to ca. 28 GPU when the mole ratio of
[Ag™] to [AH] was close to 1. The ideal separation factor
for propylene/propane, defined as the ratio of the
permeance of propylene to that of propane, is ca. 4.
Having a selectivity greater than 1 implies that silver
ions dissolved by the anhydride moieties, especially
carbonyl groups on the surface of PDMS, act as propyl-
ene carriers and lead to facilitated propylene trans-
port.17=22 |t has also been shown that coordination of
silver salts with carbonyl groups in poly(vinyl methyl
ketone) results in facilitated propylene transport.3’

PDMS—AH-D Membrane Complexed with Ag-
BF4. According to the theory of facilitated transport, a
higher carrier concentration results in enhanced facili-
tated transport.3® A high carrier concentration can be
achieved by introducing good macromolecular solvents
such as dendrimers for silver salts. In this respect,
PAMAM dendrimers containing many carbonyl func-
tional groups can be used to provide extra sites for silver
coordination.

The propylene permeances through the dendrimer
composite membranes with increasing amounts of Ag-
BF, are shown in Table 4. Because of the unknown
qguantity of functional groups in the dendrimer layer,
the mole ratio of silver to functional groups was not
readily quantified, although we expected that the
amount of loaded silver salts were in excess. The
propane permeances through both PDMS—D (Table 2)
and PDMS—AH-D (Table 4) membranes decreased
with increasing salt concentration because of the cross-
linking effect of silver salts, as described previously, but
the decrease was more significant for the former than
for the latter. In comparison, the propylene permeance
through PDMS—AH—D membranes increased from 5 to
34 GPU with increasing silver ion content. The propy-
lene permeance through the PDMS—AH—-D membrane
is much higher than that through the PDMS—AH
membrane, whereas the propane permeance did not
change significantly. Therefore, the ideal separation
factor for propylene/propane is more than 340 at high
silver concentration.?® The enhanced propylene per-
meance through the PDMS—AH—-D membrane com-
pared to that through the PDMS—AH membrane seems
to be primarily due to the extra loading capability of
silver salts by the dendrimer molecules.
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Summary

Thin dendrimer layers on polymer films were pre-
pared and characterized by XPS, ATR FT-IR spectros-
copy, and gas transport measurements. The surface of
the PDMS films was modified in air and in the presence
of maleic anhydride by a simple plasma technique. In
the case of the MAH plasma treatment, the chemical
composition of the surface was mostly succinic anhy-
drides, which were subsequently allowed to react with
the amine groups in PAMAM dendrimers. It was found
that the dendrimer layer reduced the gas permeance.
Facilitated olefin transport through the composite films
when complexed with silver salts was investigated. For
the PDMS—AH-D films, the propylene permeance and
its ideal separation factor over propane increased from
ca. 5 to 34 GPU and from ca. 1 to 340, respectively, with
increasing silver salt concentration. This excellent
facilitated transport behavior can predominantly be
attributed to the large amount of silver ions that can
be loaded on PAMAM dendrimers containing many
carbonyls, which interact with propylene reversibly and
specifically.
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