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Abstract: The synthesis of high-flux composite membranes requires deposition of an ultrathin, discriminating
layer on a highly permeable support. This paper describes the synthesis, derivatization, and characterization of
hyperbranched poly(acrylic acid) (PAA) membranes on porous alumina supports. PAA films as thi as

nm effectively cover underlying pores without filling them, presumably because of their hyperbranched structure.
Synthesis of these films begins by sputtering a thin gold layer on the alumina support and then grafting a layer
of PAA to a self-assembled monolayer of mercaptoundecanoic acid on the gold. Graft-on-graft deposition of
PAA yields the hyperbranched membrane. FESEM (field-emission scanning electron microscopy) and AFM
(atomic force microscopy) images clearly show that hyperbranched PAA films can completely cover the substrate
surface without filling underlying pores, thus creating an ultrathin membrane on a porous support. PAA
membranes are especially attractive because derivatization permits control over transport properties. Gas transport
studies indicate that three-layer PAA films do not show a high selectivity by themselves, but selectivity improves
significantly after covalent derivatization of PAA with,NCH,(CF,)sCFs.

Introduction and directly proportional to the pressure gradient across the

Although membrane separations are attractive because of Iow?pi@iggaggﬁp) and the permeability coefficient] for a
energy costs and simple operation, low permeabilities and/or '
selectivities often limit membrane applicatioht$. Successful PAp
commercial applications of membrane separations already F= T 1)
include production of nitrogen from air and recovery of
hydrogen from mixtures having other larger components Such the mechanical weakness of ultrathin films necessitates their
as nitrogen, methane, and carbon monoxitfeprovements in - janqsition on highly permeable supports that provide strength.
throughput and selectivity, however, could greatly increase the Unfortunately, synthesis of defect-free ultrathin50 nm)
impact of membrane separatidhs. membrane “si<ins" is challengirfgi! 13

One major limitation of gas-separation membranes is that  There are several approaches to preparing membranes with

selective materials are generally not highly permedtiiethis jirathin skins. One strategy involves phase-inversion to prepare
tradeoff between selectivity and permeability makes decreasingan asymmetric membrane from a single material. The first
membrane thickness vital for increasing flux without sacrificing - asymmetric gas-separation membrane was a Loeb-Sourirajan-
selectivity>'%* As shown in equation 1, gas flux through a tyne cellulose acetate (CA) membrane formed by drying CA
membrane is inversely proportional to membrane thickngss ( membranes using quick-freezing and vacuum sublimation at

—10 °C 14 i i i
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In all of these methods, synthesis of defect-free skins with O 04" 05~0 —

thicknesses<50 nm is difficult.

A few recent reports demonstrate that composite membranes

with ultrathin skins are capable of selective separations. With

the thinnest synthetic gas-separation membranes to date, Regen

and co-workers showed that LangmuBlodgett films as thin

ERE L

. 4 PAA= +CH-CH = -
as a single monolayer can serve as selective membranes when J[—(l:_o 21 PTeA TL('BEI il
deposited on a continuous, glassy, polymer supfoft. Liu (|3_H Cff
O

and Martin reported fabrication of ultrathin, conducting, polymer
membranes~50 nm thick) with an G/N; selectivity of 811 In

Figure 2. Schematic diagram of the synthesis of 1 layer of PAA on

this case interfacial photopolymerization at the alumina surface a surface. Additional layers were prepared by grafting onto previously
resulted in an ultrathin conducting polymer membrane. Similar deposited PAA.

selectivities can be achieved by electrochemical synthesis of
ultrathin films on porous alumina membrarfésThin film

. ) carboxylic acid groups forms a PAA layer, and the whole
composite membranes can also be formed on hollow fibers. Paul y group 4

et al. formed multilayered, composite, hollow-fiber membranes
by dip-coating hollow-fiber polysulfone supports with a selective
poly(4-vinylpyridine) layer (56-150 nm thick) and sealing them
with a silicone rubber layer. This system has a selectivity of 7
for 02/N2.25

We report fabrication of surface-grafted, hyperbranched, poly-
(acrylic acid) (PAA) membranes. These films are unique in that
their highly branched structure allows them to cover underlying
pores without filling them, as shown schematically in Figure
1.26 Additionally, in situ derivatization of these materials allows

synthesis of a variety of membranes without the need to prepare

new polymers. The synthesis of PAA membranes (Figure 2)
involves first forming a self-assembled monolayer of a car-
boxylic acid-terminated thiol on a gold-coated porous substrate
followed by the conversion of carboxylates to mixed anhydrides.

process is then repeated to graft additional layers to the
immobilized PAA. The layer-by-layer synthesis of hyper-
branched PAA affords control over film thickness, while
derivatization of the films provides a way to chemically control
transport propertie® Derivatization occurs through amidation

or esterification of the-COOH groups of PAA with functional
amines or alcohols, and prior studies show that PAA films can
be modified to give fluorescent, hydrophobic, ion-binding,
biocompatible, and electroactive film&Thus, derivatizaton can
provide a wide variety of hyperbranched membranes for
investigating relationships between transport and membrane
chemistry. This paper focuses on derivatization of hyper-
branched PAA by BENCH,(CF,)sCF; because this procedure
produces selective gas-separation membranes. The occurrence
of gas selectivity shows that these ultrathin membranes are free
of defects.

These mixed anhydrides are then used as attachment points for

the grafting of amine-terminated pdig(t-butyl acrylate) (PTBA)
onto the surface. The hydrolysis dért-butyl groups to

(18) Kesting, RSynthetic Polymeric Membranes: A Structural Perspec-
tive; John Wiley & Sons: New York, 1985; pp 22236.
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Washington, DC, 1985; pp 27294.

(20) Kesting, R. E.; Fritzsche, A. KRolymeric Gas Separation Mem-
branes John Wiley & Sons: New York, 1993; pp 284818.

(21) Conner, M. D.; Janout, V.; Kudelka, I.; Dedek, P.; Zhu, J.; Regen,
S. L. Langmuir1993 9, 2389-2397.

(22) Hendel, R. A.; Nomura, E.; Janout, V.; Regen, SJ.LAm. Chem.
Soc.1997 119 6909-6918.

(23) Zhang, L.-H.; Hendel, R. A.; Cozzi, P. G.; Regen, S.JLAm.
Chem. Soc1999 121, 1621-1622.

(24) Liu, C.; Chen, W. J.; Martin, C. Rl.. Membr. Scil1992 65, 113—
128.

(25) Shieh, J. J.; Chung, T. S.; Paul, D. ®aem. Eng. Scil999 54,
675-684.

(26) Zhou, Y.; Bruening, M. L.; Bergbreiter, D. E.; Crooks, R. M.; Wells,
M. J. Am. Chem. S0d.996 118 3773-3774.

Experimental Section

Materials. Porous alumina (0.02 and Q2 pore diameter Anopore
filters) substrates were purchased from Thomas Scientific. Ethyl
chloroformate (97%)N-methyl morpholine (99%)p-toluenesulfonic
acid monohydrate (98%), 4;4zobis(4-cyanovaleric acid) (75%, 1,4-
dioxane (99%), andert-butyl acrylate (98%) were purchased from
Aldrich. H.NCH,(CF,)6CFs (97%) was purchased from Lancaster.
Acetonitrile (Spectrum, 99.5%), and ethanol (Pharmco, 100%) were
used as received. DMF (Aldrich, 99.9%) was dried with molecular
sieves for 24 h before use, and deionized water (18Q-d&h) was
obtained using a Milli-Q system. Mercaptoundecanoic acid (MUA) was
initially synthesized using a modified literature procedtfrbut most
of the MUA used in this research was purchased from Aldrich:-
Diamino-terminated polyért-butyl acrylate) (HNR—PTBA—RNH,),

R = (CH,),NHCO(CH,).C(CN)(CH;), was prepared according to a

(27) Bruening, M. L.; Zhou, Y.; Aguilar, G.; Agee, R.; Bergbreiter, D.
E.; Crooks, R. MLangmuir1997, 13, 770-778.
(28) Odukale, A. A. M.S. ThesjdMichigan State University, 1999.
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literature proceduré®?”He (99.995%), N (99.99%), Q (99.99%), CQ psig using the pressure relief valve before performing any measurements

(99.8%), CH (99.3%), and S§(99.99%) were purchased from AGA.  with a particular gas. All measurements were obtained after the flux
Synthesis of PAA Films.Alumina substrates were cleaned for 10 reached a steady-state value to ensure complete purging of the cell.

min in a UV/ozone cleaner (Boekel Industries, model 135500) after a After permeability measurements of membranes coated with PAA

10 min immersion in boiling methanol. Subsequently, gold (63 or 5 layers, the samples were removed, analyzed by transmission FTIR, and

nm) was sputtered (Ted Pella, Pelco SC-7) onto the substrates.fluorinated as described in the synthesis section. The permeability of

Sputtering was performed using a current of 20 mA and a pressure of the fluorinated PAA layers was then measured.

~0.08 mbar (Ar plasma) at a rate of 1 A/s. Gold-coated porous alumina

substrates were cleaned in the UV/ozone cleaner for 12 min before Results and Discussion

beginning monolayer deposition. . -
To synthesize PAA films, we grafted NR—PTBA—RNH, via Spectroscopic Characterization of PAA MembranesHy-

amide formation onto a mercaptoundecanoic acid (MUA) monolayer perbranched PAA films havmg up 1o six Iaye_rs were synthesized
attached to gold-coated porous alumina. Hydrolysitedtbutyl ester on gold-coated porous alumina as shown in Figure 2, and the
groups with p-toluenesulfonic acid results in a grafted PAA film.  Synthetic procedure was monitored by FTIR spectroscopy. In
Repeating these steps using additional grafting at multiple sites on eachagreement with previous syntheses of hyperbranched PAA on
prior graft produces layered, hyperbranched polymer membranes. Thisgold-coated silicon wafer®, external-reflection FTIR spectra
procedure was described previoudly. confirmed the steps of the synthetic process, including formation
Derivatization of 3-Layer PAA Films. After synthesis of three- of a mixed anhydride, attachment oflR—PTBA—RNH; to
layer PAA membranes and measurement of their gas permeability, thesehe surface, and hydrolysis tert-butyl ester groups. External-
films were derivatized with (NCH,(CF)eCFs. To derivatize PAA —  yefjaction FTIR spectra of one to six layers of PAA grafted onto
membranes, the film was first activated using ethyl chloroformate in gold-coated (63 nm) porous alumina indicate that the absorbance

the presence of-methylmorpholine to form mixed anhydrides. The -~ - . .
film was rinsed using ethyl acetate, dried using $baked in a solution due to the €O band of PAA increases nonlinearly as a function

of 0.1 M H,NCH,(CF»)¢CFs in DMF for 1 h, rinsed using ethanol, and ~ ©f the number of layers, which suggests hyperbranched growth
dried using nitrogeR? of these films (see Figure 1 of the Supporting Information for
Fourier Transform Infrared Spectroscopy. External reflection actual spectra.) We estimated the thickness of the PAA films
FTIR spectra of PAA films on substrates coated with 63 nm of gold On porous alumina by comparing their IR absorbances with
were acquired using a Nicolet FTIR spectrometer (MAGNA 560) absorbances due to films of known ellipsometric thickness on
equipped with a MCT detector and a PIKE grazing angle accessory gold wafers. Using this method, the estimated thickness of a
(incident angle of 89 256 scans at 4 cm resolution). Transmission six-layer PAA film on porous alumina is about 9403AThis
FTIR spectroscopy (Mattson Instruments, Infinity Gold) was employed compares reasonably well with FESEM images, which show
to monitor the growth of hyperbranched PAA on alumina supports gjy |aver PAA films to be about 850 A thick. Because alumina

coated with only 5 nm of gold because these substrates are not - . . .
sufficiently reflective for external reflection FTIR. substrates are highly porous, direct ellipsometric measurements
are not possible on these membranes.

Field-Emission Scanning Electron Microscopy (FESEM)Electron ” o .
microscope images of membranes were obtained using a Hitachi W€ ulilized transmission FTIR spectroscopy in an effort to
S-4700Il field-emission scanning electron microscope. To prepare investigate the synthesis of PAA films on porous alumina coated
membrane cross-sections for imaging, samples were cleaved usingwith 5 nm of gold because these surfaces are not sufficiently
tweezers, sputter-coated with 5 nm of gold, rinsed using methanol, andreflective for external-reflection FTIR spectroscopy. Large
dried using nitrogen unless otherwise noted. In the cleaving process, acarbonyl absorbances in the transmission FTIR spectra of PAA-
membrane was held by one pair of tweezers and bent with anothercoated supports (absorbance\df_o at 1712 cm? for Six-|ayer
pair to break the alumina support. The polymer support ring around fjjms) suggest that considerable PAA is adsorbed inside the
the edge of the alumina was then cut away using a pair of SCISSOrs. 51 mina pores. We confirmed this by control experiments where
During imaging, a low accelerating voltage (4 kV; beam current, 10 PAA films were grown with and without MUA monolayers on
uA) was used to minimize the effects of sample charging and to provide .

gold-coated (5 nm) alumina membranes. Absorbance values are

better surface detaif8:3* s .
Atomic Force Microscopy (AFM). AFM images were obtained with comparable for the two cases, which indicates that growth inside

a Nanoscope llla (Digital Instruments) using the tapping mode (scan the pores is the primary reason for the large IR absorbances.
rate= 1 Hz). A cantilever having a nominal spring constant of-20 It is not surprising that some PAA would be present in
100 N/m was used along with etched silicon tips. The tips have a substrate pores because a minimal amount of adsorption will
nominal radius of curvature of 2660 nm. Membranes could be directly  be amplified by hyperbranched growth. During the deposition
imaged by AFM without any special preparation. of PTBA, some physisorption likely occurs. After hydrolysis,
Gas-Transport Measurements Gas-transport measurements were  jnteraction of the—COO™ groups of PAA with alumina may

performed using a permeation cell (MKS Instruments, cell 02910-40) yegy|t in even stronger physisorption. The high internal surface
equipped with a pressure relief valve. Permeate flux was measured 38,163 of the alumina supports leads to large carbonyl absorbances
a function of inlet pressure (180 psig) using a digital soap bubble even when only a small fraction of the pores is filled with PAA.

flowmeter (Fisher Scientific, model 420). The area of the membrane C . fIR absorb f PAA fil umi
exposed to the gas stream was 2.8.chine permeabilities of He, N\ omparison o absorbances o lims grown on alumina

05, CO,, CH,, and Sk were determined for each sample. Three different SUPPOIS to absorbances of known amounts of PAA physisorbed
membranes of each type were tested with at least three steady-stat@n alumina supports indicates that there is £1.4 mg of
measurements of flux for each gas at a given pressure. The order inPAA distributed through alumina supports after the synthesis
which the permeability of the various gases was determined was of a six-layer PAA film. The number cf0.2um-diameter pores
deliberately varied, and each sample was tested at least twice for thein the bulk of porous alumina is 2 10°%cn? (determined from

entire set of gases to check the stability of the membrane. The cell SEM images), giving a total internal surface area of 1808 cm
was purged several times using the gas of interest at a pressure of 5Q

(32) A hyperbranched PAA film (deposited on a gold wafer) with an
(29) Zhou, Y.; Bruening, M. L.; Liu, Y.; Crooks, R. M.; Bergbreiter, D.  ellipsometric thickness of 970 A had a carbonyl absorbance of 0.113. Using

E. Langmuir1996 12, 5519-5521. this data point and the fact that the absorbance due to a six-layer PAA
(30) Kim, K. J.; Dickson, M. R.; Chen, V.; Fane, A. @licron Microsc. membrane on gold-coated alumina was 0.109, we estimated that the

Acta 1992 23, 259-271. membrane thickness was 940 A. Ellipsometric measurements on gold wafers
(31) Coates, V. JProc. 40th Ann. Electron Microsc. Soc. AiP82 were performed using a Woollam M-44 rotating analyzer ellipsometer.

752—753. Substrate parametera &ndk) were determined prior to film deposition.
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Figure 3. Field-emission scanning electron micrographs (cross-section) of porous alumina(@ @& diameter) before (a, d) and after deposition
of four-layer (b, e) and six-layer (c, f) PAA films. In images-@ 5 nm of gold was deposited before PAA growth, while in figured,d63 nm
of gold was deposited. After cleaving the membranes, samples were sputter-coated with 5 nm of gold for imaging.

for these 5Qum-thick membranes. If we assume that the PAA bance of alumina below 1210 cth (See Figure 2 of the
is distributed evenly across the internal surface area, there wouldSupporting Information for actual spectra.) Although these
be a 6+ 2 nm-thick film along the pore walls. This would spectra represent material both within the alumina and on its
reduce the inside diameter of pores©%0%. For 3-layer PAA surface, similar chemistry should occur in both places.
films, the pore diameter would hardly be affected. FESEM  Field-Emission Scanning Electron Microscopy (FESEM).
images and gas-permeability studies (vide infra) clearly show Cross-sectional FESEM images of alumina supports before and
that PAA is not filling a substantial fraction of membrane pores. after PAA growth indicate that PAA films cover substrate pores
Transmission FTIR spectroscopy confirms modification of without filling them. Figure 3 shows FESEM images of porous
three-layer PAA films with HNCH,(CF,)sCFs. After deriva- alumina before and after coating with four- and six-layer PAA
tization, the acid carbonyl peak (1712 th diminishes and films. In the case of six-layer deposition, the PAA is easily
amide | (1669 cm!) and amide Il (1537 crt) bands appear.  observed, and yet, pores are unclogged. Because of their small
Additionally, a Ck stretching peak appears at 1254 énOther thickness, four-layer PAA films are not easy to see. The large
CFx stretches cannot be observed because of the large absorincrease in film thickness on going from four to six layers
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layer PAA and fluorinated six-layer PAA films on gold-coated
(5-nm) alumina without depositing a MUA monolayer do not
show a significant film on the alumina surface. This is consistent
with gas permeability data that show minimal inhibition of flux
by membranes prepared without first depositing a layer of MUA.

Atomic Force Microscopy (AFM). AFM images show that
six-layer PAA films completely cover the porous alumina
surface. Figure 5 contains images of gold-coated porous alumina
substrates before and after grafting four and six layers of
hyperbranched PAA to the surface. With the addition of
successive PAA layers, surface features of the porous alumina
become less distinct as the film covers the substrate. Prior to
PAA coating, images (a, d) show the pointed surface features
of gold-coated alumina substrates. These images are similar to
naked porous alumina. Interestingly, the sputtered gold appears
to follow the pattern of the underlying substrate even when 63
nm of gold is deposited. This explains why the cross-sectional
FESEM images show that thick gold coatings are porous. The
pores in the alumina substrates most likely reside between the
peaks on the surface. This topology allows hyperbranched PAA
to effectively cover pores because the polymer can grow above
the pore from all sides.

As the images show, covering the underlying alumina with
PAA films greatly reduces surface roughness. To quantify
changes in roughness, we used the instrument software to
calculate average surface roughness values. Average roughness,
R, is defined by equation 2

(R R B R B | 1 N
429nm ==Y |Z]| 2
R= 2 )

429 nm whereZz is the deviation between the average surface height

Figure 4. Field-emission scanning electron micrographs (cross-section) a;lnd the helghé atany pﬁlnt, al'fﬂis thef nrl: mbler O.f points Wghm. h
of porous alumina (0.2m pore diameter) before (a) and after (b) the measured area. The surface of the alumina coated with 5

deposition of six PAA layers. Five nm of gold was deposited before NM 0f gold has an average roughness oft400 nm, while the
PAA growth, and after cleaving, samples were sputter-coated with 5 Surface of the alumina coated with 63 nm of gold has an average
nm of gold for imaging. roughness of 19+ 2 nm. In contrast, six-layer PAA surfaces

on 5-nm gold-coated supports have average roughnesses of 7
confirms the nonlinear PAA growth shown by FTIR. Prior to + 1 nm, and similar films on substrates coated with 63 nm of
film synthesis, we sputter-coated the alumina with either 5 nm gold have average surface roughnesses d&f 8 nm. These
(a—c) or 63 nm (d-f) of gold. As seen by comparing images measurements show that six-layer PAA films form a smooth
with no PAA films (a, d), the 63-nm gold layer is clearly surface that covers underlying sharp features.
distinguishable from the membrane and has a porous structure Figure 6 shows AFM images of PAA films that were prepared
that does not form an impermeable barrier. on gold-coated substrates with uE-diameter surface pores.

All of the images in Figure 3 were taken on substrates that Pores in the substrate before coating with PAA (a, c) are an
have a nominal 0.02m pore diameter. These substrates have order of magnitude larger than those in Figure 5, as would be
a very thin cake layer on their surface with 0,0&-diameter expected. After deposition of PAA, surface roughness decreased
pores, while the bulk of the membrane has gr-diameter from 20+ 2 nm to 9+ 2 nm on the substrate coated with 5
pores. This substrate geometry makes it easier to cover poresym of gold and from 18t 0.4 nm to 8+ 1 nm on the surface
without filling them. However, images of substrates with 0.2 coated with 63 nm of gold. The figure clearly shows that six
um-diameter pores (no cake layer) show that PAA films cover layers of PAA completely cover underlying pores.
even these large pores (Figure 4). A PAA film is clearly visible Defects in Gold Coatings Selective transport requires defect-
after deposition of 6 layers on alumina coated with 5 nm of free films because flux through open channels will negate the
gold. Despite the larger pores, deposition is restricted primarily selectivity of the membrar®. Unfortunately, during initial
to the substrate surface. permeation studies we noticed that the 63-nm-thick gold coatings

In an effort to ensure that gold coating after cleavage does had small but visible holes. Careful inspection under a micro-
not affect the electron micrographs, we also imaged a samplescope revealed that there were at least 20 smallLQD xm)
covered with four layers of PAA (0.02m-diameter pores  holes in the gold layer on a substrate with an area of 3 cm
coated with 63 nm gold) without coating with gold after We inspected substrates under a microscope immediately after
cleavage. (The actual image is given in Figure 3 of the metal deposition, and most of the substrates had holes in the
Supporting Information.) The image shows the presence of PAA gold layer. Rinsing these samples with methanol and drying
and confirms that the film is, in fact, PAA and not an artifact them with nitrogen produced additional holes. Optical micro-
of sample preparation. FESEM images (cross-sections) of otherscope images often show that the small piece of gold removed
types of control samples on which we attempted to graft six- from the surface by rinsing sits next to the newly formed hole.
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(a) (d)

(H

Figure 5. Tapping mode atomic force micrographs of gold-coated porous alumina substrates before (a, d) and after grafting of four-layer (b, e),
and six-layer (c, f) PAA films. The gold coating on 0.0#1 pore diameter Anopore membranes was 5 nm thick in imagesaad 63 nm thick
in images d-f.

Our attempts to improve adhesion of gold by cleaning with ~ Gas-Transport Measurements.In the solution-diffusion
hot solvents, dilute ammonium hydroxide, UV/ozone, or Ar model of flux through a membrane, the permeability coefficient
plasma did not provide a defect-free metal layer. The use of anof a given analyte is related to its solubility and diffusion
adhesion layer (Cr or Ti) to prevent peeling was also unsuc- coefficient in the membrane material, as shown in equation 3,
cessful. The only method that appeared to give a defect-freewhereP is the permeability coefficient,
gold coating was deposition of a much thinner layer of gold (5
nm). We note, however, that it is more difficult to see defects P=SxD 3)
in these thin gold coatings. Selectivities observed in gas-transport
measurements (described below) give corroborating evidenceSis the apparent solubility constant for the given-gagembrane
that the 5-nm gold coating was free of defects. pair, andD is the apparent diffusion coefficient. Selectivity is



11676 J. Am. Chem. Soc., Vol. 122, No. 47, 2000 Nagale et al.

(b) (d)

Figure 6. Tapping mode atomic force micrographs of gold-coated porous alumina substrates before (a,c) and after (b,d) the grafting of six layers
of hyperbranched PAA. The gold coating on @u2 pore diameter Anopore membranes was 5 nm thick in images a and b and 63 nm thick in
images c and d.

defined as the ratio of the permeability coefficients of two e | T T T
different gases. Thus, selectivities between gases can result from CH,
differences in either solubility or diffusivity.

Using the 5-nm gold-coated substrate, we began investigating
the gas permeability of three-layer hyperbranched PAA films.
Figure 7 shows how gas flow through a three-layer PAA film
varies according to inlet pressure for various gases. Total flux
through these PAA membranes depends primarily on the molar
mass of the gases; thus, He has the highest flux adeF
lowest. The selectivity ratios are not very high and fall around
or below calculated Knudsen diffusion values. Knudsen diffu-
sion of gases results from diffusion through pores with radii
that are much smaller than the mean free path of the gases, and 1 °
flux is inversely proportional to the square root of molar n#ss.

These results suggest that three-layer PAA films are rather a
porous. We note, however, that the permeability of these 0 1
membranes is orders of magnitude lower than the permeability 0 10
of gold-coated porous alumina. Inlet Pressure (psig)

When PAA films were modified by fluorination with H . .
NCH(CE)C lectivities i d sianifi H d th Figure 7. Flow rates of several gases through a three-layer PAA film
2(CF)eCFs, selectivities improved significantly, an € on gold-coated (5 nm) porous alumina (002 pore diameter) as a

relative fluxes did not depend solely on molar mass (Figure 8). fnction of inlet pressure. The membrane area was 2?8Remmeability
The enhancement in selectivity occured because the permeabilityajues with standard deviations are listed in the text.

of some gases (He,0and CQ) increased upon fluorination,

while other gases were relatively unaffected by derivatization. diffusion-based selectivities. The increase in selectivity upon
The selectivity ratios for several of the gas pairs aré 3imes fluorination is not simply due to the filling of defects in the
higher than those obtained with PAA films. Table 1 shows PAA films. If that were the case, flux would decrease for all
selectivity ratios for three-layer PAA and three-layer fluorinated gases and increases in flux for some of the gases upon
PAA membranes, along with calculated values for Knudsen fluorination certainly would not occur. Also, the addition of
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Table 1. Ratios of the Flux of Different Gases through Three-Layer PAA Films and Fluorinated Three-Layer PAA Films

He CH, N, 0, CO, Sk

He 1.3 (2.0) [6.7] 1.9 (2.6) [6.3] 2.0 (2.8) [2.8] 2.0 (3.3) [0.81] 2.4 (6.1) [24.4]
CH, 1.3 (2.0) [6.7] 1.4 (1.3)[0.94] 1.5 (1.4) [0.42] 1.5 (1.7) [0.12] 1.8 (3.0) [3.6]
N, 1.9 (2.6) [6.3] 1.4 (1.3)[0.94] 1.1 (1.1) [0.45] 1.1 (1.3)[0.13] 1.3 (2.3) [3.9]
0, 2.0 (2.8) [2.8] 1.5 (1.4) [0.42] 1.1 (1.1) [0.45] 1.0 (1.2) [0.29] 1.2 (2.1) [8.6]
CO, 2.0 (3.3) [0.81] 1.5 (1.7) [0.12] 1.1(1.3)[0.13] 1.0 (1.2) [0.29] 1.2 (1.8) [30.0]
Sk 2.4 (6.1) [24.4] 1.8 (3.0) [3.6] 1.3 (2.3)[3.9] 1.2 (2.1) [8.6] 1.2 (1.8) [30.0]

aValues for fluorinated films are in brackets. The ratios for Knudsen-diffusion selectivity are given in parentheses. All values represent the flux
of the lighter gas divided by the flux of the heavier gas.

e | T 7 T increased oxygen permeability of fluorinated membranes is most
CH, likely due to the high solubility of oxygen in fluorinated
N, A hydrocarbong?4°CQO,/CHj, selectivities of fluorinated PAA are
2:, also similar to those in a recent report on gas permeation through
oF. N the fluorinated polymer poly(2,2-bis(trifluoromethyl)-4,5-dif-
¢ s luoro-1,3-dioxoleco-tetrafluoroethylene (TFE/BDD87}.

nr 4 e 1 Control experiments show that the selectivity shown by
° fluorinated PAA membranes is due to the film on the surface
. of the membrane and not to growth inside the pores. After
. attempted growth of a three-layer PAA film on a control sample
(no MUA was deposited prior to PAA grafting), flux was too
6 L O = high to be measured by our flowmeter%0 mL/min). After

5 . n B deposition of a six-layer PAA film on a control sample, flux
A on n 2o o o was still higher than that for a three-layer PAA film grown with
0 10 20 30 40 a MUA monolayer. These six-layer PAA films did not show

Inlet pressure (psig) selectivity (not even Knudsen selectivity), even after fluorina-

tion. As mentioned earlier, FESEM analysis of control samples

layer PAA film on gold-coated (5 nm) porous alumina (0/02-pore did not ShO\.N blocking of pores or the presence of a fil_m on the
diameter) as a function of inlet pressure. The membrane area was 2.g5Uface. This shows that the presence of a monolayer is required
cie. Permeability values with standard deviations are listed in the text. fOr film growth on the surface and effective coverage of pores.
Additionally, any growth inside the pores is not affecting
subsequent PAA layers, which should increase coverage, doegermeability results. - N
not improve selectivity. We tested gas permeabilities of four-, ~ We calculated permeability coefficients for three-layer PAA
five-, and six-layer PAA films. Four- and five-layer PAA films ~ membranes using equation 1 and assuming a film thickness of
still showed Knudsen-like selectivities, and six-layer PAA film 20 nm. The film thickness was estimated based on the thickness
permeabilities were below the limit of detection of our flow- ©f three-layer PAA films on gold-coated silicon wafers and
meter. The fact that additional PAA layers do not improve FESEM images of PAA films on gold-coated porous alumina.
selectivity suggests that the lack of selectivity in these films is The permeability coefficients for the various gases are He, 2.6
likely a property of hyperbranched PAA and not a manifestation + 0.7 barrer; N, 1.4+ 0.6 barrer; Sk 1.1+ 0.5 barrer; G,
of defects in substrate coverage by these films. 1.3+ 0.6 barrer; C@ 1.3+ 0.7 barrer; and Ci 2.0+ 0.8
Derivatization of PAA films with HNCHy(CF)sCFs probably ~ barrer; where 1 barrer is [16° cm® (STP) cm/(cr's cm(Hg)].
increases selectivities because of differing solubilities of gases N calculating the permeability coefficients of fluorinated films,
in these films. Formation of a more crystalline membrane may W€ used a thlpkness of 40 nm because film thlckn'ess. doubles
also increase selectivity. TheM, selectivities we observe with ~ upon fluorination with HNCH,(CF)¢CFs.2° After fluorination,
fluorinated PAA agree well with selectivities of other fluorinated  the permeability coefficients are higher for €4 =+ 3 barrer),
membranes. Several studies report highep@meability values ~ He (20+ 4 barrer), Q (7 & 2 barrer), and bi(3.1+ 0.7 barrer),
and improved @N; selectivities (2-6) in a variety of fluori-  Whereas coefficients for CH2.9+ 0.4 barrer) and $0.8 +
nated polymers such as fluorine-containing polydimethoxysilane 0-1 barrer) are relatively unchanged. The permeability coef-
(PDMS)-trimethylsilylpropyne (PTMSP) block copolymers, f|C|ents_, are 16-50 times higher than those for a highly selective,
polyimides containing trifluoromethyl groups, and fluorine-  ultrathin, conducting polymer membratiebut about 2 orders
containing PDMS-ethy! cellulose graft copolymé#s3® Aoki of magnitude lower than those reported by Merkel et al. for
et al. also showed that adding a small amount (1 wt %) of poly- TFE/BDD87 The relatively low fluxes through fluorinated
(trifluoromethyl substituted arylacetylene) to PDMS and PTMSP PAA may be due to crystallinity resulting from interactions

films enhances oxygen permeability ang/\@ selectivity3® The between fluorinated octyl groups. We note that Teflon has a
low permeability?!

30

Flow rate (mL/min)
opoOmbre

o>
o

Figure 8. Flow rates of several gases through a fluorinated three-
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of deposited layers and these films effectively cover porous Office of Basic Energy Research), an ACS-PRF starter grant,
substrates, presumably because of their hyperbranched structureand Michigan State University and its Center for Fundamental
FESEM and AFM images clearly show that six-layer PAA films Materials Research. We thank the Keck microfabrication facility
cover the surface without filling underlying pores. Gas- for use of instrumentation.
permeability measurements indicate that three-layer PAA films
show modest Knudsen diffusion-based selectivity, but fluorina- ] ) ] ]
tion of these films provides selective, ultrathin membranes for ~ Supporting Information Available: ~External reflection
gas separations. Although the complex synthesis of hyper- FTIR spectra of one to six layers of PAA on gold-coated (63
branched PAA films will likely prohibit their use in commercial nm) porous alumina, transmission FTIR spectrum of a three-
gas separations, these permeability data do show that PAAlayer PAA film on porous alumina along with a spectrum of
membranes can be defect-free and easily derivatized. Thus, PAAthe same film after fluorination, FESEM image (cross-section
membranes might prove valuable in small-scale sensing ortaken without gold-coating prior to imaging) of a four-layer PAA
separations applications. film grown on a gold-coated (63 nm) porous alumina membrane.
This material is available free of charge via the Internet at
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