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ABSTRACT: We report the fabrication of microporous thin film membranes with two-dimensionally arranged
submicron pores whose size can be varied by changing pH of aqueous medium. A solution containing poly(2-
vinylpyridine) partially quaternized with 1,4-diiodobutane (qP2VP) and unreacted 1,4-diodobutane (DIB) was
used for the formation and deposition of the membranes on solid substrates. The membranes were spin-coated
onto solid substrates in a controlled humid environment. The presence of water vapor in air was found to be a
necessary condition for the pore formation. We studied the influence of relative humidity on the membrane
morphology and proposed a mechanism of pore formation. Cross-linking the qP2VP membranes with DIB made
them insoluble (stable) in organic solvents and acidic water. The cross-linked membranes demonstrated pH-
dependent swelling, which had a strong influence on the pore size.

Introduction An elegant method for the fabrication of membranes with regular

Microporous polymer membranes (pore size 6-:20 um) pore arrangement is based on controlled drying of a polymer
are widely used in industry, medicine, pharmacology, and solution cast as a layer on a solid substrate in a highly humid
research for separation and concentration of particles, colloids,atmospherd?—¢ Evaporation of a water-immiscible solvent
proteins, enzymes, and cells. Phase inversion and track etchindeads to cooling of the solution surface and, consequently, to
are well-established, commercially implemented techniques for condensation of a monolayer of hexagonally arranged water
the fabrication of such membranes. In the phase inversion droplets that gradually sink into the solution. As the solvent
technique, a solvent for a polymer turns into a nonsolvent €vaporates and the polymer vitrifies, the droplets evaporate
causing the polymer precipitation; the nonsolvent serves as aleaving pores behind. Polyelectrolyte layer-by-layer assetbly
porogen that evaporates after the membrane formation. Phas@nd self-assembly of hollow micelles from redoil block
inversion is usually achieved by immersion of a solution film copolymet® represent another nontemplate strategy for the
into a coagulation bath with a nonsolvent (immersion precipita- fabrication of microporous layers. The reader interested in the
tion), by exposure to nonsolvent vapor, or by temperature changesubject can also refer to a recent review by Ulbri¢ht.
(temperature-induced phase separation). Membranes prepared Over the past decade, numerous studies were devoted to the
by this technique exhibit a highly porous inner structure fabrication of membranes with variable permeability, specifi-
represented by a continuous network of interconnected tortuouscally, the membranes which pore size can change in response
pores. Furthermore, the structure is usually asymmetric with a to external stimuli (responsive membranes). Such membranes
thin dense surface layer and a thick spongelike basic layer. Theare of potential interest for a variety of applications, e.g., flow
surface layer determines the separation properties and the overalfegulation, size- and charge-selective filtration and fractionation,
flow resistance of the membrane, while the basic layer acts asencapsulation of living cells, controlled drug release, and
a mechanical suppottThe track etch (TE) membranes are sensors. The common approach for the fabrication of responsive
prepared using a two-step fabrication procedufirst, a membranes consists of the surface modification (e.g., by graft
polymer film (polycarbonate or polyester) is exposed to a polymerization) of a premade membrane (usually commercial
collimated beam of heavy ions that produce parallel tracks acrossTE and anodized aluminum membranes as well as membranes
the film. The tracks are then chemically etched, forming fabricated by the phase inversion techniques) with a layer of
cylindrical pores. Unlike the phase inversion membranes, the stimuli-sensitive polymer chains (brush) or a stimuli-sensitive
track etch membranes are characterized by uniform pore sizecross-linked polymer network (ge¥-2° In a few studie$0-33
and relatively low pore density, resulting in the high flow responsive membranes were prepared in one step by the
resistance. immersion precipitation of graft copolymers with stimuli-

In addition to the above-mentioned techniques, various responsive side chains. The main requirement is that the
template-assisted methods for the fabrication of microporous thickness of the stimuli-sensitive layer has to be comparable
polymer membranes have been reported in the literature.with the pore size. Then, the pore permeability will depend
Colloidal crystal¥® and emulsion dropletshave been suc-  greatly on the conformational state of the chains or on the
cessfully implemented as templates for the fabrication of self- swelling degree of the gel. Responsive membranes in which
standing membranes. Microcontact moldihgnd casting of permeability was dependent on 5303133 gnd/or ionic
polymer layers on solid substrates with 2D pillar arfaysere strength?132 presence of specific iorf§;3! temperaturés27.28
found to be feasible for the fabrication of thin film membranes. and the strength of an applied electric ffélHave been reported.

. I Recently, we reported a novel method for the fabrication of
* Corresponding author. E-mail sminko@clarkson.edu. . | | brarfésTh b
t Clarkson University. responsive polymer gel membra sThe membranes were
* Lawrence Berkeley National Laboratory. deposited as thin films on solid substrates from a solution
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containing poly(2-vinylpyridine) (P2VP) and 1,4-diodobutane
(DIB). It is noteworthy that DIB had a twofold function: it
served as a porogen and as a cross-linker for P2VP. Because
P2VP is a weak cationic polyelectrolyte, its cross-linked network
(gel) demonstrates pH-dependent swelling properties. We
observed the reversible contraction of the pores of membranes
subjected to acidic water, which was caused by swelling of the
P2VP gel. Unlike the responsive membranes previously reported
in the literature, the P2VP gel membranes change the pore size
by expansion/contraction of their entire body. We demonstrated
that the thin film membranes could be easily transferred onto a
surface of commercial track etch membranes to produce hybrid 8
membranes with pH-controlled water permeability.

In this paper, we focus on aspects related to the fabrication
of the P2VP gel membranes. In particular, we discuss the 1
possible mechanism of the pore formation and demonstrate that '
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. . Figure 1. IR spectra of P2VP as is (1), after the quaternization with
Experimental Section DIB for 2 h (the quaternization degree 11%) (2), and the subsequent

Materials. P2VP M, = 159 kg/mol) and DIB (99-%, stabilized temperature annealing for 48 h (the quaternization degree 23%) (3).
with copper) were purchased from Aldrich. Nitromethane, dichlo-
romethane, and ammonium hydroxide were purchased from Fisherorder) and inverted. A SPM scratch analysis was carried out to
Scientific, tetrahydrofuran was from EM Science, and hydrogen determine the thickness of the gP2VP films.

peroxide, 30%, was from J.T. Baker. All chemicals were analytical  FTIR measurements were carried out with a Vector22 FT-IR
grade. 11-Bromoundecyldimethylichlorosilane (BDCS) was received spectrometer by Bruker Optics. The absorption band of P2VP at
from Gelest, Inc. Highly polished silicon wafers (purchased from 1590 cntt (C=C stretching vibrations of a pyridine ring) is strongly
Semiconductor Processing Co.) were cleaned in an ultrasonic bathaffected by the quaternization reaction (Figure 1). Its intensity
with dichloromethane for 20 min followed by the cleaning solution  gecreases with a rise in the reaction conversion. At the same time
of NH,OH:H,0; at 65°C for 40 min and then rinsed several times 5 new absorption band centered at 1627 tavolves. We selected
with Millipore water. these bands to estimate the fraction of the quaternized pyridine rings
_Sample Preparation.0.1 g of P2VP and 0.1 mL of DIB were  (the quaternization degree) in gP2VP. To allow the quantitative
dissolved n a 5 mL solvent mixture consisting of 9 parts of  analysis, we acquired a calibrating curve by analyzing infrared
nitromethane and 1 part of tetrahydrofuran. The resulting solution spectra of micrometer thick films of P2VP (Aldrich), P2VP
was heated at 60C for 2 h while stirring. The heating was  guaternized with methyl iodide (the quaternization degree was 74%
necessary to accelerate the quarternization reaction between P2VRg getermined withH NMR), and their mixtures with the mole
and DIB. The reacted solution was cooled down to RT {23 fractions of 3:1, 1:1, and 1:3. The percentages of the quaternized
a_n(_j fllte_red. Afterward, the solution (call¢xd|ma_ryhereaft_er) was pyridine rings in the mixtures were 18.5, 37, and 55.5%, respec-
divided into four equal parts. One part was left intact, while different tively. The films for the FTIR measurements were cast from 2 wt
amounts of extra DIB were added to three others to prepare they, o|,tions on 1x 1 cn? Si wafers which were polished on both
solutions with the DIB concentration of 2 (primary), 3, 4, and 6 ¢ace5 Al films, including those cast from the quaternization

vol %. The solutions were immediately used for the film deposition. - ) tions, were of comparable thickness. The reproducible thickness

The spin-coating deposition was performed at 3000 rpm with a was obtained b ; ;
i . . y casting the same volume of the polymer solutions
PM101D Photo Resist Spinner (Headway Research Inc.) installed of the same polymer concentration in all experiments. The infrared

r;'gz? g#m;ﬂgsc\?\,gtrfl d(;haorgitzgé (((a:itthrLc?nbt(c))rgltg% F;:ﬁggr?t\?vzla?gr)s spectra of the Si wafers were measured before the film deposition,
: P and later these spectra were subtracted from the spectra recorded

or silicon wafers modified by a BDCS monolayer. The silanization : :
of the silicon wafers was carried out in 1 wt % solution of BDCS f106r2t7hi;almvs)§: \fli\gt?d”:girﬁ) g I)émggjirsrzzh?ned pLe Oarlésmztfﬁﬁgg oﬁgd

in dry toluene for 16 h at RT. The qP2VP films were cross-linked The plot of relative intensities of the peaks vs the percentages of
by temperature annealing at 120 under vacuum for 48 h. The the quaternized pyridine rings for the pure polymers and their
annealing step also led to covalent binding of the qP2VP filimsto . d Py 9s P poly

mixtures was used as a calibration curve.

the BDCS monolayer via quaternization with bromoalkyl end
groups. X-ray photoemission electron microscopy (XPEEM) was per-
Instruments. The porous morphology of the gP2VP films was formed using the PEEM-2 microscope at the beamline 7.3.1.1 of
visualized with surface probe microscopy (SPM). We used a the Advanced Light Source (ALS) synchrotron of the Ernest
Dimension 3100 microscope by Veeco Instruments (Santa Barbara,Orlando Lawrence Berkeley National Laboratory. Samples, thin
CA) operating in the tapping mode and BAS-Tap300 Silicon probes polymer films deposited on silicon wafers, were irradiated with a
(Budget Sensors) with the following characteristics: a tip radius monoenergetic X-ray beam at 3 ultrahigh-vacuum conditions,
of 10 nm, a spring constant of 40 N/m, and a resonance frequencyand the emitted photoelectrons were collected by a system of
of 300 kHz. Swelling of the cross-linked gP2VP films in acidic ~electrostatic lenses and focused at high magnification onto a
water was studied by carrying out in-situ SPM measurements in a detector. Similarly to XPS, the effective sampling depth of XPEEM
fluid cell. Silicon nitride probes NP (Veeco Instruments) with the for polymers does not exceed 10 AfiNear-edge X-ray absorption
radius of 20 nm, the spring constant of 0.32 N/m, and the resonancefine-structure (NEXAFS) spectra of carbon, nitrogen, and oxygen
frequency of~9 kHz in water were used in the in-situ experiments. were recorded prior to the XPEEM measurements to determine
SPM topography images were processed by using the Nanoscopepositions of the resonance peaks of the elements in the samples.
Il 5.12r2 software provided with the instrument by Veeco XPEEM images of the samples were obtained at photon energies
Instruments. The particle analysis function allowed us to calculate of the incident X-ray radiation, which correspond to the maximum
the size, the depth, and the density of pores; before the analysisof the resonance peak of an element and to the background (just
the SPM topography images (2020 um?) were planarized (first before the peak). Then, the second image was subtracted from the
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Figure 2. SPM topography images with the corresponding cross-sectional profiles of the qP2VP films spin-coated at 55% RH from the solutions
with the DIB concentrations of 2 (a), 3 (b), 4 (c), and 6 vol % (d) onto Si wafers. The quaternization degree of qP2VP is 11%. The lines show the
location of the cross-sectional profiles.

Table 1. Average Pore Diameter and the Porosity of the qP2VP demonstrated that the signals of carbon and nitrogen, the
Films vs the Volume Content of DIB Acquired from the SPM elements that are present in qP2VP, were received from the
Topography Images in Figure 1 polymer film. No signals of those elements were observed in

DIB vol content, % pore diametémm porosity; % the pores’ area. At the same time the signal of oxygen, the
2 289+ 158 25 element that is present in the native oxide film of a Si wafer

3 268+ 73 a7 substrate, was clearly detected in the pores’ area. Although the

4 582+ 148 60 XPEEM data show no qP2VP on the pore bottoms, the presence

6 1418+ 367 67 ;
of an adsorption layer of the polymer cannot be excluded.

We found that humidity has a strong influence on the

first one to yield a differential image showing the surface distribu- morphology.of spin-coated films. Eigure 4 shows th? SPM
tion of the element. The more atoms of a specific element that are toPOgraphy images of the qP2VP films (15065 nm thick)
detected in a given region, the lighter it appears on the differential SPin-coated from the primary solution in a humidity range from

aMeasured at half depth of the pores.

or subtracted image. 30 to 75%. The average size and depth of the pores (Table 2)
_ _ decrease significantly when the relative humidity (RH) is
Results and Discussion lowered. This is accompanied by an increase in the surface pore

P2VP was quaternized in the presence of an excess of D|Bden5|ty (Tabie 2) and a broadening of the pore size distribution.
in a 9/1 (v/v) nitromethane/THF solution to the quaternization The average pore depth is equal to the film thickness for the
degree of P2VP of 11% (Figure 1, IR spectrum 1). The films spin-coated at a relative humidity of 55% (Figure 2a) and
quaternization degree approached in the primary solution higher, indicating that most of pores extend across the film down
remained the same even after dissolution of an extra amount ofto the substrate. Conversely, the film spin-coated at 30% RH
DIB. Since at RT the quaternization reaction is a very slow €xhibits the skin-deep pores (15 nm average depth). The
process, we observed no signiﬁcant increase in the quaternizajntermediate situation is observed for the film deposited at 45%
tion degree over the time period required to deposit films for RH.
the study. Unreacted DIB evaporated during the spin-coating In a control experiment, we spin-coated the films from a
deposition and the resulting films consisted entirely of gP2VP. solution containing only qP2VP. The solution was prepared as
Figure 2 presents the SPM topography images of the gP2VPfollows: gP2VP was precipitated from the primary solution,
films (150—250 nm thick) spin-coated under ambient conditions washed thoroughly to remove the unreacted DIB, dried under
(RT of 23 °C and 55% RH) from the solutions with DIB  vacuum, and then redissolved in the 9:1 mixture of nitromethane
concentrations of 2, 3, 4, and 6 vol %, respectively. All images and THF to form 2 wt % solution. The spin-coated films were
show the two-dimensional (2D) pattern of isolated concave smooth and featureless over the whole humidity range. This
micropores. The average pore size and the film porosity (Table experiment provides evidence that pores were not produced by
1) increase as DIB content grows. The pore size distribution, condensed water droplets as had been observed in previous
which is characterized by the standard deviation of the averagestudies for some systems at high humid#y!¢ Therefore, the
pore size, decreases from 50% for the film spin-coated from pore formation is caused by liquidiquid phase separation in
the primary solution to 2527% for the films spin-coated from  the gP2VP/DIB solutions into gP2VP-rich and DIB-rich phases.
the solutions with the higher DIB content. Furthermore, we found that the presence of even small amounts

Examination of the cross-sectional profiles obtained from the of water in the solution can significantly affect the solubility
SPM images in Figure 2 shows that the pores extend across theof DIB. Specifically, DIB has unlimited solubility in the 9/1
film down to the substrate. The continuous pores were also (v/v) mixture of dry nitromethane and THF, while its solubility
confirmed by the XPEEM measurements. This technique allow- lowers to 11 vol % upon the addition of 1% water (which is
ed us to visualize the surface distribution of the specific elements close to the water solubility limit at RT). On the basis of this
in the films. The XPEEM differential images (Figure 3) fact, we may speculate that absorption of water can be
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Figure 3. Characteristic XPEEM differential images of the gP2VP film showing the surface distributions of C, N, and O. The images’ size is 20
x 20 um?. The lighter the area on the images, the stronger is the signal from a specified element.
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Figure 4. SPM topography images with the cross-sectional profiles of qP2VP films spin-coated from the primary solution at RH of 30% (a), 45%
(b), 60% (c), and 75% (d) onto Si wafers. The quaternization degree of qP2VP is 11%. The lines show the locations where the profiles were

obtained.

Table 2. Average Depth, Average Diameter, and Density of the dew point at 30% RH is as low as 3°€, indicating that at
SP‘?re(S: of the gP2VP .F"mS]; ‘ﬁ R‘?l'at""(ec"'?ml'd”ydsfet d“ﬂngsthe low humidity the water condensation may not occur at all.
pin-Coating Deposition of the Films (Calculated from the SPM .
Topography Images in Figure 4) Hence, the phgse separation occurs at a late stage, When most
donth " : of the solvent is evaporated. As DIB phase separates, it forms
RH. o pore depth,  pore diametef, purtace pore droplets on the surface (Figure 5B). The droplets’ formation
, % nm nm density,um . . . . .
can be rationalized by the high DIB/water interfacial energy.
ig légi 18 186‘;1 g% 12'3 To illustrate this, we measured the contact angles of a DIB drop
60 159+ 8 346+ 93 28 ona con_tinuous qP2vP film in_air and under water. _The obtained
75 165+ 5 601+ 204 1.1 values differed noticeably, being 18nd 75, respectively. The
a Measured at half depth of the pores. continuous ;olvent evaporation maintains the supersaturation
] ) ) ) state, which is necessary for the formation of new droplets and
res_pons@le for the phase separation of a solution during theso, the growth of the already existing droplets. Another
Spin-coating. mechanism responsible for the droplets’ coarsening is coales-

In view of the findings noted above, the following scenario  cence. An indication of this coalescence can be easily seen from
of the pore formation was proposed. Initially, & homogeneous yhe images in Figure 2bd. It is noteworthy that, because the
qP2VP/DIB solution is spread over a substrate surface by ;scqsity of the solution increases as the solvent evaporates,
centrifugal forces (Figure 5A). The concentrations of gP2VP o mobility of the droplets decreases. It explains why the
and DIB in the solution rapidly rise due to solvent evaporation. droplets do not sink into a layer in the films spin-coated at low
This is accompanied by a lowering of the solution temperature humidity.
and by water condensation when the dew point is reached. o . .,
Condensed water mixes with the solution, thus lowering the = AS the solvent evaporates, gP2VP vitrifies and “freezes” the
DIB solubility. As the DIB concentration exceeds the solubility formed microstructure of the DIB droplets (Figure 5C). The
limit, the solution undergoes the phase separation. Obviously,f'lm form.atlon is completed by the (.-:‘vaporatlon of slowly volatile
the time needed to reach the dew point depends significantly P!B, which leaves the pores behind (Figure 5D).
on the relative humidity. According to the Magntifetens Earlier phase separation provides sufficient time for the
formula®” at 75% RH the dew point is 18°Z, which is close growth of droplets. The concentration of DIB in the solution
to RT and therefore can be reached quickly. Conversely, the and the relative humidity are the main factors that determine
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Figure 5. Sketch showing different stages in the pore formation process: (A) a thin film of a homogeneous gqP2VP/DIB solution spread by
centrifugal forces over a rotating substrate, (B) solvent evaporation followed by water condensation and the formation of DIB droplets, (C) qP2VP
vitrification followed by DIB evaporation, and (D) a resulting porous gqP2VP film. (C,<Bp% RH and (G D') >55% RH.
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Figure 6. (A, B) SPM topography images with the corresponding cross-sectional profiles of the cross-linked qP2VP film under acidic water of pH

3 (A) and pH 2 (B). The film was spin-coated at RH of 55% from the solution with the DIB concentration of 2 vol % onto a Si wafer modified
with a BDCS monolayer and annealed at PZDunder vacuum for 48 h. The quaternization degree of qP2VP after the temperature annealing is
23%. The lines show the location of the cross-sectional profiles. (C) Sketch showing the cross-sectional profiles of a membrane’s pore in the dry
and swollen states.

the moment when the supersaturation occurs. Another factorpolymer’s precipitation. To our best knowledge, no study has
that affects the final size of pores is the quaternization degree.been reported on pore formation due to the water vapor-induced
This statement is based on two observations. The films spin- phase separation of a volatile liquid additive.
coated from a solution containing nonquaternized P2VP and A DIB molecule has two reactive end groups and thus can
DIB (taken in the same amounts as in the primary solution) be a cross-linker for P2VP. However, because the quaternization
exhibit notably smaller pores as compared to those shown inreaction was conducted for a short time in an excess of DIB,
Figure 4. The films spin-coated from the aged solutions (stored the probability that both end groups of a DIB molecule would
for days) always exhibit the larger pore size as compared to react with pyridine rings of P2VP chains was low. We assumed,
those shown in Figure 4. As we have already mentioned, the therefore, that the DIB molecules were attached mainly by one
quaternization reaction takes place even at RT, although thisend, turning qP2VP into a cross-linkable polymer that could
process is very slow. Thus, the gP2VP quaternization degreebe deposited as thin films and afterward cross-linked. The cross-
rises with storage time. The growth in the quaternization results linking was done by annealing the spin-coated films above the
in an increase in hygroscopicity of P2VP, and thus, a shorter glass transition temperature of P2VR90—100 °C).38 We
amount of time is needed to reach the supersaturation state. observed no noticeable effect of the temperature annealing on
We would like to note the difference between the above the films’ morphology. To estimate the degree of cross-linking,
process of pore formation and the well-known process called we carried out the control experiment, in which the control
the water vapor-induced phase inversion. In the latter case,qP2VP sample was annealed under the same conditions, i.e., at
absorption of water vapor by a solution film causes a solvent 120°C for 48 h. When assessing the results of FTIR measure-
for a polymer to transform into a nonsolvent, resulting in the ments of the sample (Figure 1, curves 2 and 3), we found that
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the quaternization degree of gP2VP doubled after the annealing. In addition, gP2VP membranes can be cross-linked by the
This finding supports our assumption that gP2VP was not cross-temperature annealing. The cross-linked membranes demonstrate
linked in the solution. In melt, where the quaternization reaction pH-dependent swelling, which has a strong impact on the size
was thermally activated, the free (unreacted) I-groups of DIB of pores and thus makes them potentially attractive for size-
continued binding to gP2VP chains, forming cross-links. The dependent filtering, drug delivery systems, and sensors.
annealing over a long period of time (48 h) ensured the complete
conversion of the reactive groups and resulted in the cross- Acknowledgment. This work was supported by the U.S.
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