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Abstract

The preparation of nanostructures using porous anodic aluminum oxide (AAQO) as templates involves the introduction of dissolved materials
into the pores of the membranes; one way to determine which materials are preferred to fill the pores involves the measurement of the
contact angleg9) of different solvents or test liquids on the AAOs. Thus, we present measurements of contact angles of nine solvents on
four different AAO sheets by tensiometric and goniometric methods. From the solvents tested, we found dimethyl sulfoxide (DMSO) and
N,N’-dimethylformamide (DMF) to interact with the AAOs, the polarity of the solvents and the surfaces being the driving force.

0 2005 Elsevier Inc. All rights reserved.
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1. Introduction surface of the AAO at high temperaturd$,17} however,
attempts to fill the pores by gravity alone have resulted un-

Nanoscale materials have been widely studied due to theirfruitful. Therefore, it is important to perform careful studies
singular properties and potential applications. In particu- of liquid—solid interface interactions on the nanoscale in or-

lar, one-dimensional (1D) nanoscale materials have attractedd€" t© understand how the interfacial properties affect the
much attention in recent yeaf]. One of the most impor- introduction of molecules into the pores of membranes. To
tant methods for the preparation of 1D nanoscale materials isd© SO; the contact angi@) has been used as a measure of
the template technique, which uses nanoporous membrane¥"_ett'ng between a liquid and a solid s_urface. Two main tech-
as templateg2—4]. In this method, anodic aluminum ox- nigues are commonly used for studying contact angles on a

ide membranes (AAO), prepared by electrochemical etching flat solid surface: (a) The tensiometric or Wilhelmy method _
of aluminum foil in oxalic, sulfuric, and phosphoric acid measures the forces that are present when a sample of solid

solutions are the membranes most commonly USed0] is brought into contact with a solvent. A particular case of
for the fabrication of semiconductor nanowires, supercon- the tensiometric method is the Washburn technique, which is

ductor nanowire arrays, carbon nanotube arrays, etc. Theseemployed when the solid sample contains a porous siructure

materials have been fabricated mainly by eled—13] or is a powder. In this method, the solid is brought into con-

and electroles§l4] deposition, chemical vapor deposition Fa::t tvr\]nth t?(ej Festlng I|quljd andfthe tf”assf :.)f Iéqggj aéa slorbed
[15], and sputtering or evaporating of the material on the IO the SOTId IS measured as a function o I[8,19] (b) In
the goniometric method, the contact angle can be assessed

directly by measuring the angle formed between the solid
" Corresponding author. Fax: +52 55/5622 8651. and the tangent to the drop surface. The present investiga-
E-mail address: rredon@servidor.unam.n{R. Redén). tion involves the use of these techniques.
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Thus, following our intereq20—22]in the propertiesand  (1:5 v/v of EtOH/HCIQ,) prior to anodization. The prepared
structure of anodic alumina oxide membranes (AAO), we sheets were then anodized at 40 and 20 V in 0.3 M aque-
would like to report our findings on the measurement of ous oxalic or sulfuric acid solutions, respectively, at @)
the wetting properties of different solvents toward different resulting in an average pore diameter for the AAO template
AAOs. of about 46 and 15 nm, respectively. The pore length ob-

tained by this technique exceeds the 30-um average. In order
to enlarge the pores, the sheets were placed in aqueous phos-

2. Experimental phoric acid solution (0.35 MT" = 30°C, ¢t = 10 min); thus
the average pore diameters obtained for the AAO template
2.1. Materials were 52 and 26 nm, respectively, the length of the pores re-

maining the same (about 30 um). The pore size diameter and

All chemicals, unless specified otherwise, were pur- length were determined by SEM micrographs. $akele 2
chased from Aldrich Chemical Co. and used as received, Fig. 1 shows the surface morphology of the AAO tem-
without further purification. The following test liquids plates, before and after pore enlargement, analyzed by scan-
were used: 2-propanol (99.5%), 1-butanol (99.4%), ace- ning electron microscopy (SEM).
tone (99.66%), ethyl acetate (99.5%), acetonitrile (99.5%),
N, N-dimethylformamide (DMF) (99.8%), dimethyl sulfox-  2.4. Contact angle measurements
ide (DMSO) (99.9%), hexane (98.5%), benzene (99%) and
ultrapure water (18 K2cm™1) obtained from a Barnsted The prepared AAO sheets were used to measure the con-
E-pure deionization system. tact angle. In thaMlhelmy method, the samples were im-

The solvents tested were chosen according to their po-mersed to a set depth as the probe advanced into the liquid;
larity. Polar solvents have large dipole momentg. o)) and data were collected and used to calculate an advancing con-
high dielectric constants((solv)); polar protic solvents have tact angle €aqy). This process was reversed and, as the probe
at least one hydrogen atom bonded to either an oxygenretreated from the liquid, data were collected and used to
or a nitrogen. This creates a polar molecule that will at- calculate the receding contact angie.§). In the Washburn
tract other molecules or ions using hydrogen bonding, as technique, the sheets were brought into contact with the test-
in water (HO), alcohols (R-O-H) (butanol, 2-propanol), or ing liquid and the mass of liquid absorbed into the solid was
amines (R—NH). Polar aprotic solvents exhibit a molecu- measured as a function of time, working at room temper-
lar dipole moment but their hydrogen atoms are not bonded ature and immersion depth 18.88 mm, for all samples. In
to oxygen or nitrogen atoms. Examples of such solvents the goniometric method, contact anglesd) were measured
include aldehydes (R-CHO), esters (R—CODthyl ac- with sessile solvent drops. Nearly all measurements were
etate), ketones (R-CO-R(acetone), dimethyl sulfoxide made with drops that had a total volume of 10 pl. Advancing
(DMSO), and N,N’-dimethylformamide (DMF). Finally, contact angles were measured from drops after sequential
nonpolar solvents present low dipole moments and small di- deposition. For the measurement of the receding contact an-
electric constants; examples include all the hydrocarbons—gles, solvent was withdrawn. The AAO sheets were dried at
alkanes, alkenes, and alkynes (hexane, toluefat)le 1 100°C in a closed oven for 1 h after treatment with each sol-
shows the selected solvents and their values of dielectric
constant, dipole moment, and surface tensiggy). /

2.2. Instruments

The film surface was studied by scanning electron mi- |
croscopy (SEM) in a JEOL JSM-5900LV microscope. Con- e
tact angle measurements by the tensiometric and Washburrg ».
methods were carried out using a Sigma 70 precision ten—‘?&‘\gb
siometer produced by KSV Instruments. The goniometric * ¥
determinations were carried out using a goniometer Ramé—;r',
Hart Inc. Model 100/07/00. Ty

2.3. Template preparation

AAO templates were prepared using the fabrication pro- Fig. 1. SEM micrographs of the top view of anodic alumina sheets. An-

odization was conducted in (a) 0.3 M sulfuric acid at°’@and 20 V
cedures reported by us and other research grtﬁ*p‘&20— (samplel) and (b) 0.3 M oxalic acid at 10C and 40 V (sampl&). Pore

22] In this case, aluminum sheets (99-999%)_ 200 mm, opening was carried out in 0.35 M phosphoric acid at@dor 10 min for
thickness 0.13 mm) were annealed under air at°48€or (c) sulfuric acid anodized (sampB and (d) oxalic acid anodized (sam-

60 min and mechanically and electrochemically polished ple4).
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Table 1
Test liquids properties
Test liquid Structure Usolv er(solv)® Ysolv Nsol®
(Debye) (8.85 pF/m) (mN/m) (mPas)
Water / O\ 185 800 730 100
H H
DMSO |S! 3.96 472 250 2.20
Hac/ \CH3
I
DMF C 3.82 383 250 0.92
7\
H N(CHj3),
o)
Acetone u 2.88 207 237 0.30
H3C/ \CH
OH
2-Propanol C|H 1.68 201 238 2.86
H3C/ \CH3
Butanol c c 1.66 178 246 295
H3C/ S o
Hy
o)
Ethyl acetate L' e 178 602 239 0.46
Hac/ o7 \CH3
CHs
Toluene 0.36 24 285 0.59
H Hz Hz
exane c c CH, 0 2.02 1843 031
| NN
2 2

@ The dielectric constants of the solvents are given relative to the dielectric constant of a vacuum/r8.88nformation provided byhttp:/Awvww.
cartage.org.lb/en/themes/Sciences/Chemistry/Electrochemis/TheoryElectrolytes/Units/Units.htm

b Nsolv = Viscocity.

Table 2

Conditions for the template preparation and average pore diameter

Sample Acid solution TemperatureQ) \oltage (V) Pore enlarging conditions Average pore diameter (nm)
1 0.3 M sulfuric acid 10 20 - 15

2 0.3 M sulfuric acid 10 20 0.35 M §PQy, 30°C, 10 min 26

3 0.3 M oxalic acid 10 40 - 46

4 0.3 M oxalic acid 10 40 0.35 M §PQy, 30°C, 10 min 52

vent and allowed to reach room temperature in a desiccatoron the equilibrium contact angléd) with the different sur-

for 1 h extra before the next solvent was used. faces. Thedeq values were determined from the intersection
of the fits for advancing and receding angles versus con-
tact angle hysteresisAQ, which is the difference between

3. Resultsand discussion the advancing and the receding angles) with the ordinate
at A9 =0, one finds the equilibrium anglq [23]. Fig. 2
3.1. Wilhelmy method presents the plots of ethyl acetate contact angle as a function

of the dynamic hysteresis for one of the AAOs (sanmle
The interaction between the liquid and the surface can be Table 3summarizes the results for all four AAOs.
estimated by contact anglé) measurements. The details of If the equation
the interaction between the surface and the solvents were ex-
plored by analysis of the effect of the properties of the liquid €0Seq= 0.5(COS9ady + COSbrec), 1)
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Table 3
Contact angle tensiometric measurements, experimeftgldnd arithmetic mean datl.5(cosfagy + COSHrec))
Test liquid Sampld Sample2 Sample3 Sample4
feq 0.5(0adv+0red)  feq 0.5(0adv+0red)  feq 0.5(0adv+6rec)  feq 0.5(0ady + Orec)
Water 681+0.3 775+0.3 658+ 0.0 782+0.2 733+0.1 822+0.4 6264+ 0.2 816+0.3
DMSO 327+0.3 262+0.2 369+0.3 353+0.3 506+0.1 560+ 0.6 485+0.1 542+0.4
DMF 36.6+0.3 401+0.6 457+ 04 450+0.3 562+0.1 568+ 0.2 5444+0.3 546+ 0.6
Acetone 578+0.1 573+0.3 593+ 0.4 613+0.4 637+0.2 637+0.6 676+0.1 678+1.2
2-Propanol 638+0.2 623+0.2 5354+0.8 633+0.2 692+0.0 687+0.2 695+0.3 695+0.2
Butanol 612+0.1 582+ 0.5 608+0.1 616+ 1.0 673+0.1 665+0.3 666+ 0.0 670+0.3
Ethyl acetate 59 +0.3 582+0.3 599+0.0 612+0.3 67.4+0.4 668+ 0.6 645+ 0.4 651+0.3
Toluene 619+ 0.3 639+0.5 583+0.4 626+ 0.5 689+0.1 684+0.1 690+0.1 692+0.4
Hexane 58+02 579402 502+08 614+07 645+03 661+04 680+01 671+05
=) . 520
£ ol © Advancing 80,21 gg% o °,
o '] @ Receding $% 350 2
2 70428 s A
© i} &% w Y o)
B 62 o o ™ 27 v
§ . - 601 ©
g __,é"— _é,__—— 5014 (@) Q
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eeq e 40‘0 . m Sample 1
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Hysteresis A6 (deg) e
r(solv)
Fig. 2. Advancing (open circles) and receding (filled circles) contact angles @
vs contact angle hysteresis for ethyl acetate on saghplée dashed lines =
correspond to the linear regressions. The equilibrium contact angle is 59.9 < °
in this case. s 9, s
80 2T 3 2
N A ® =
o] 70 52 =]
2 : £
~ 9 B 60 2 5 %
8 08 = g > ol
= Q
D [a) D 50 % 3%
8 07 5 §8 o
o S 40+ 2 ® Sample 1
+ 0.6 S 2 < ® | 0 sample2
z =1 30+ A Sample 3
o 0.51 5 20 v Sample 4
8 04- ok 0.0 0.5 1.0 1.5 2.0 25 3.0 3.5 4.0 45 5.0
(&) @S
o 0345 é(’ o Usolv
o - (b)
0.2-|l
0.4 05 06 0.7 08 Fig. 4. Effect ofer(soiy () andusoly (b) on the contact anglédg) obtained
with the dynamic tensiometric method.
cos 6, Y

Fig. 3. Comparison between arithmetic mean cosiBé&0siaqgy+ C0SHrec)

' As will be discussed further, the most definitive and
data vs experimental cégq data for sample.

meaningful properties affecting th&aq were the dielectric
constants and the dipolar moments of the solvents, as is
where the terms adv and rec stand for advancing and recedshown inFig. 4

ing [24], is used to calculatéeq using thefagy andore data Table 3shows the experimental valueségf, obtained for
obtained in the present investigation, thg values thus ob- ~ samplesdl to 4. A general inspection of théq values shows
tained are very similar to those obtained experimentally, seethat DMSO and DMF, in this order, are the solvents that best
Table 3andFig. 3. The tendencies and results discussed fur- wet the porous anodic aluminum oxide sheets. On the other
ther are the same with both values. hand, for a given solvent, the sulfuric AAOs have a lower
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Fig. 5. Effect ofeysoly (a) andusoely (b) on the goniometric contact angle  Fig. 6. Effect ofer(soly) (@) andusoly (b) on the contact angle obtained with
for samplel. the Washburn method for sample

feq than the oxalic AAOS; thus, it can be concluded that the ues Ofesolyy and usolv, but it also has the highest value of
influence of the widening is less significant than the type of ¥solv, Which results in the worst interaction with the AAO
alumina. The highesleq values are systematically obtained surface, whereas DMSO and DMF have the higher values of
for the case of water. Thus, it seems clear that water, due to¢r(solv) @nd usolvs With ysoly = 25. Therefore these solvents
its high surface tension value, practically does not wet any present stronger interactions with the surface groups, in par-
of the samples. These findings have practical importance andicular with the hydroxide groups from the AAO surfaces,
clearly show the convenience of using DMSO and DMF as Which can explain the observable valueggffor these sol-
solvents for an easier filling of the anodic alumina pores, as vents. This interaction also exists in water but, once again,
well as the inherent difficulty of introducing aqueous solu- the high value ofyso prevents water from spreading to af-
tions into the pores. ford the highesbeq values. These results suggest that there
The fegs for the four AAO sheets evaluated with the is a delicate balance between the properties of the tested lig-
tensiometric method on the different test liquids are summa- Uids and the high component on the dipolar contribution of
rized in Table 3 Closer consideration of this group reveals the solvents and their surface tension, referred as “disjoining
that there is a dependence of the values of polar parame-Pressure26].
ters (usolv @and ersoly), Fig. 4) from solvents and surfaces.
The main difference between the AAOs studied in this work 3.2. Goniometric and Washburn determinations
is the surface composition, this is, the amount of hydrox-
ide, sulfate, and oxalate groups formed during the anodized The6eqWwere evaluated using both goniometric and Wash-
process. The AAO surfaces interact with the liquid phase via burn techniquesHigs. 5 and § with results given imable 4
surface groups, thus, the polar component defines, in part,However, (i) goniometric measurements are extremely sen-
the strength of the interaction between the test liquid and sitive to variations in the local heterogeneity of the chem-
the AAO surface[25]. None to medium polar tested sol- istry and topography of the surface, and this results in a
vents result in higher values étq and, thus, in a poorer large standard deviation in the experimental data, and the
interaction with the AAO surface. Water exhibits high val- values offeq, except for water, are too low {81C°), and
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Table 4
Contact angle goniometric (G) and Washburn (W) measurements
Test liquid eeq

Samplel Sample2 Sample3 Sample4

G w G w G w G W
Water 537+6.2 895+0.7 2744102 900+0.1 702+101 899+0.2 526+£5.5 895+0.7
DMSO 181+27 89940.1 143+25 899+40.2 215421 671+13 244+59 876+0.8
DMF 9.94+3.0 899+4+0.2 84+22 758+1.0 146+0.1 558+3.1 149+ 35 896+ 0.6
Acetone : 91.0+1.4 ¥ 885+0.7 * 89.4+0.8 * 87.0+ 1.4
2-Propanol 0 8b5+4.6 0 944+19 692+ 0.0 747+18 * 890+14
Butanol 0 2044+ 0.5 23+ .4 825+22 41+12 569+ 1.6 259448 880+14
Ethyl acetate 0 88+ 0.3 0 927+37 14+04 752+1.1 38+12 896+ 0.6
Toluene 15+0.3 895+0.7 38+19 810+14 43+29 908+ 0.4 128+5.8 895+0.8
Hexane * 0 * 0 : 0 * 0

* Unable to measure.

(ii) the results obtained by the Washburn method reveal no
spontaneous penetration into the pores for any of the ap-
plied liquids. Therefore, it is clear that these methods are
inadequate and/or not sensible enough to analyze the ef-
fect of the contact angle on the nanopores of AAO sur- (@)
faces.

3.3. Wetting of porous templates

Nanoscale wetting phenomena can be depicted by consid-
ering a small liquid droplet deposited on a smooth solid sub- (®)
strate; its wetting behavior can be described by the spread-
ing parameter, defined &= ysy — vs1 — yv (With ysy, vsl,
yv respectively the solid—vapor, solid-liquid, and liquid—
vapor interfacial tensions). I is negative, a liquid drop
deposited on the solid adopts an equilibrium shape corre- ©
sponding to a finite contact angfkq defined by Young's
condition, co&@eq = (Ysl — ¥sv)/ Vv, if Sis positive, sponta- Fig. 7. Scherr_\at_ic represer_]tation of the _different stages of pore wetting.
neous spreading occurs, and the equilibrium situation cor- (a) A test liquid is brought into contact with the AAO membra.me' and t.he

. ... . liguid spreads on the substrate. (b) A mesoscopic film of the liquid rapidly
r.eSpondS to complete_ covera_ge of the solid bY a thin “qu'd wets the pore walls. (c) The liquid wetted the nanostructured layer.
film. § measures the interfacial energy per unit area gained
during the spreadin{27]. Thus we propose the following of water. We have previously reported on the obtaining of
explanation for the wetting of AAOs, the subject of study in nanostructures by immersion only, after 15 df3&j.
the present investigation. If a liquid is allowed to spread on  The experimental results suggest that the water occupies
the pore walls of AAOsKigs. 7a—T7}, first the test liquid is only the very top of the nanopores, as is showrrig. 7a.
brought into contact with the membrarféid. 7a). Organic Due to the lack of detailed structural information for the
materials and most solvents are considered as low-energysolid—liquid “nanointerface,” this interpretation would need
materials with respect to their surface energies, whereasfurther investigation.
inorganic materials are referred as high-energy materials Despite the fact that the effect of the small differences
(covalent, ionic, and metallic). Low-energy liquids spread between the values &ty from the four AAO sheets can be
rapidly on high-energy surfaces. Therefore, the pore walls ruled out by experimental error, an alternative explanation
will be covered by a mesoscopic film if they exhibit a high can be based on the number of anions on the surface. Since
surface energyHig. 7b) [28]. We suggest that the underlying the widened process eliminates, in part, hydroxyl, sulfate,
driving forces are due to short-range as well as long-range and/or oxalate anion80,31], this would result in a less in-
polar interactions between the wetting liquid and the pore organic and polar surface, lowering the energy surfaces and
walls. Thus, if the adhesive fordgs)) is strong enough to  so the liquid—solid interaction. Thus, the alumina that had
overcome the cohesive foragy ), the pores will be com-  been widened and 4) had a poorer interaction with the
pletely filled, as in the cases of DMSO and DMH(. 7c). test liquids than that not widenet énd3). Finally, alumina
In contrast, if the cohesive force is stronger than the adhe-sheetsl and2 can be considered more polar thamand 4,
sive, the equilibrium could be reached on a time scale from since the later have oxalate anions, in contrast wismd?2,
several months up to several years. This could be the casewvhich contain sulfate anions on their surfaces.
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4. Summary

Specific polar parameters were identified to describe the
effect of the contact angle on porous anodic alumina ox-
ide sheets. The best correlation was found between the polar 8] AP. Li

contribution of the test liquids throughsoiy andsoly val-
ues and the equilibrium contact angld). The solvents
DMSO and DMF have perfect equilibrium between polar
and surface tension properties for complete filling of the

porous surface, opposite to water, which has high values of

&r(solvy and psoly, but too high surface tensionyy), thus
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