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ARTICLE INFO ABSTRACT

Keywords: Anodic aluminum oxide (AAO) membranes are versatile nanomaterials that combine the chemically stable and
Anodic aluminum oxide mechanically robust properties of ceramics with homogeneous nanoscale organization that can be tuned to
Nanopores

desirable pore diameters and lengths. The AAO substrates feature high surface area that is readily accessible to
large and small molecules, making these nanostructures uniquely suited for many possible applications. Exam-
ples include templated self-assembly of macroscopically aligned biological membranes and substrates for het-
erogeneous catalysis. For further development of such applications, one would like to characterize and tune the
electrostatic properties of the inner pore surface as well as the local acidity within the nanochannels. Here, we
employed electron paramagnetic resonance (EPR) spectroscopy of a small molecule — ionizable nitroxide — as a
reporter of the average local acidity in the nanochannels and the local electrostatic potential in the immediate
vicinity of the pore surface. The former was achieved by measuring EPR spectra of this molecular probe diffusing
in an aqueous phase confined in the AAO nanochannels while for the latter the nitroxide was covalently attached
to the hydroxyl group of the alumina surface. We show that the local acidity within the nanochannels is increased
by as much as ~1.48 pH units vs. the pH of bulk solution by decreasing the pore diameter down to ca. 31 nm.
Furthermore, the positive surface charge of the as-prepared AAO could be decreased and even switched to a
negative surface charge upon annealing the membranes first to 700 °C and then to 1200 °C. For as-prepared
AAO, the local electrostatic potential reaches y= (163 + 5) mV for the nitroxide label covalently attached to
AAO and located about 0.5 nm away from the surface. Overall, we demonstrate that the acid-based properties of
the aqueous volume confined by the AAO nanopores pores can be tuned by either changing the pore diameter
from ca. 71 to 31 nm or by thermal annealing to switch the sign of the surface charge. These observations provide
a simple and robust means to tailor these versatile high-surface-area nanomaterials for specific applications that
depend on acid-base equilibria.

Surface electrostatic potential
Electron paramagnetic resonance
Spin labeling

1. Introduction (AAO) are of a special interest for nano- and biotechnology for the
reasons of a favorable combination of physical and chemical properties
Ceramic nanoporous membranes based on anodic aluminum oxide and the facile and inexpensive electrochemical fabrication methods. The
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pore formation in AAO relies on a self-assembly rather than lithography
or templating although the quality of the membranes could be further
improved by the latter methods [1,2]. When fabricated following the
two-step anodization procedure originally described by Masuda and
Fukuda [3], the pores in the AAO films are macroscopically homoge-
neous and hexagonally packed with the pore diameter tunable over an
exceptionally broad range of ca. 10-400 nm and density of ca. 108-101°
pores/cm? [1,2]. The inner surface of the AAO pores is easily accessible
to chemicals and can be readily modified by a number of chemical and
physical methods including silanization at room temperature [4-7],
sol—gel deposition [8-10], electrochemical and electroless depositions
(ECD and ELD) [11-15], chemical vapor deposition (CVD) [16,17], and
atomic layer deposition (ALD) [18,19] among the others. Given the
versatility of the surface modifications, the use of AAO membranes in
such important fields as energy generation and storage [20], electronics
and photonics [21-24], sensors and biosensors [25], drug delivery
matrices [26], as well as in a form of versatile nanofabrication templates
[2] has been rapidly accelerating in the recent years.

In terms of bio-/nano-applications, the AAO membranes have been
shown to be suitable for encapsulating lipid bilayers and membrane
proteins embedded in lipids while keeping these self-assembled struc-
tures fully hydrated and solvent-accessible [27-33]. An essential feature
of the lipid bilayer membranes confined in AAO is a high degree of
macroscopic alignment that enables structure determination of integral
membrane proteins by oriented sample solid-state NMR (e.g. Refs. [28,
32,341]). This use of AAO membranes as nanotemplates for macroscopic
alignment of molecules was further explored by Chen et al. who have
achieved a controlled orientation of spin-correlated radical pairs by
covalently linking such molecules to the AAO pore surface [35]. Such
ordered multi-spin assemblies are viewed as essential prerequisite for
developing solid-state molecule-based spintronics [ibid.]. AAO could
also serve as a high surface area substrate for catalytically active organic
and bio-organic groups and enzymes and also as an adsorbent for mo-
lecular separation [1,2]. The latter sorption and catalytic processes are
known to be pH-dependent [36-42] but the local pH in the channels with
nanoscale diameters does not necessarily follow acidity of the sur-
rounding bulk aqueous phase [43]. For such systems, measurements of
local acidity and electrostatic potential of the inner pore surfaces
represent a problem of a great practical interest.

Recently, we reported on acid-base and electrostatic properties of
pristine commercial AAO membranes and those prepared in-house from
low-cost commercial grade aluminum [44]. We have also studied hy-
drated mesoporous and nanostructured y-, basic y-, @-alumina powders
both in the pristine forms and modified with negatively charged phos-
pholipids, aluminum butoxides and glycerates [45]. Both studies were
carried out by EPR spectroscopy of pH-sensitive spin probes, which
contain basic nitrogen functionalities in the heterocyclic ring [46]. The
protonation of such functionality changes intermolecular electric field
that affects the nitroxide magnetic parameters, such as nitrogen hyper-
fine coupling A-tensor and g-factor matrix [47]. Furthermore, the
ns-scale rotational dynamics of charges and uncharged nitroxides in the
proximity of charged surfaces could be strikingly different as reflected
by the nitroxide continuous wave (CW) EPR spectra [48,49]. These
phenomena make EPR spectra of such nitroxides exceptionally sensitive
to local pH [50,51]. Because the method is based on EPR detection, it is
fully applicable to opaque and not transparent samples such as nano-
and mesoporous materials we studied.

The preceding EPR studies have shown that internal pHj,; in the
pores of AAO membranes with diameters greater than or equal to 58 nm
would essentially follow pHey; of the bulk external solution from 0.1 to
3.0 M range of the ionic strength, whereas the apparent pK, of nitroxide
probes inside the nanopores of smaller diameters of 29 and 18 nm were
found to be lower by 0.5-0.8 of pH units vs. bulk pHey values [44]. The
direction of the observed pK, shift was indicative of the pore surfaces
having a positive charge. The sign of the charge is consistent with the
surface layer composed of amorphous aluminum when the AAO
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membranes are formed by anodization at low (<100 V) voltages [52,
53]. Depending on the anodization conditions, such an amorphous layer
is known to contain varying amount of water [54] as well as some minor
impurities attributed to the anions incorporated from the electrolyte
[55]. Coordination environment of the aluminum atoms in the amor-
phous layer has been considered to be closely related to y-Al;03 with
tetra- and hexa-coordinated aluminum cations in about 1:2 ratio [2].
While the surface hydroxyl (—OH) groups are abundant and suitable for
chemical modifications [1], this amorphous layer is highly labile to both
the acid and the base attacks.

Chemical stability of AAO can be greatly improved by a consequent
heat treatment resulting in a gradual loss of water molecules and a series
of polymorphic transformations such as crystallization into an almost
pure y-Al;0O3 phase at 820-900 °C and then formation of metastable &-
and 6-Al,03 phases which would further convert into thermodynami-
cally stable a-Al;03 above ca. 1150 °C [2,53,56]. One would expect all
these phase transformations to affect the acid-base and surface electro-
static properties, which, in turn, determine catalytic and sorbent prop-
erties of these versatile nanoporous membranes. Some of these
properties may also be dependent on the nanoscale pore diameter and
the thickness of the initial amorphous alumina layer that could be
etched away during the pore enlargement process. Thus, the main
objective of this work was to study the relationships between the
acid-base properties, surface charge, and the pore surface electrostatic
potential, ¥, of AAO membranes with average pore diameters ranging
from ca. 31 to 71 nm and the effects of the annealing conditions on
those. Compared to our preceding studies [44], the morphology of the
AAO membranes was greatly improved by using high grade aluminum
foil (99.997% pure) as the starting material and by implementing
the two-step anodization procedure [3]. A different pH-sensitive
nitroxide radical (NR, 4-dimethylamino-5,5-dimethyl-2-(4-(chloro-
methyl) phenyl)-2-ethyl-2,5-dihydro-1H-imidazol-1-oxyl hydrochloride
semi-hydrate) was employed as either a spin probe (i.e., when dissolved
in an aqueous phase) or a spin label (i.e., when covalently attached to the
pore surface) to report on local pH and acid-base pore surface properties
from changes in the experimental continuous wave (CW) X-band (9
GHz) EPR spectra.

2. Experimental Section
2.1. General

All chemicals of the ACS Reagent grade or higher were purchased
from Sigma Aldrich/Merck, KGaA (Darmstadt, Germany) or VWR In-
ternational, LLC (Radnor, PA, USA) unless otherwise indicated.

IR spectra were recorded using Bruker (Bruker Optik GmbH.,
Ettlingen, Germany) Vector 22 FT-IR spectrometer in neat samples.

To confirm structure of nitroxide 4-dimethylamino-2-(4-(dimethy-
laminomethyl)phenyl)-2-ethyl-5,5-dimethyl-2,5-dihydro-1H-imidazole-
1-oxyl (NRD) 5% solution of the nitroxide (0.5 ml, 0.08 mmol) in CD30D
was prepared and N3D4 (0.05 ml, 1.4 mmol) was added. The solution
was kept at ambient temperature in an NMR tube until yellow color
disappeared due to nitroxide reduction to the corresponding hydroxyl-
amine over a period of ca. 48 h. The NMR H spectrum was acquired at
300 K using Bruker (Bruker BioSpin GmbH, Silberstreifen, Germany) AM
400 spectrometer operating at 400.134 MHz 'H Larmor frequency).

High-resolution mass spectra (HRMS, electron impact, 70 eV, tem-
perature of vaporizer 270-300 °C) were recorded using a DFS Thermo
Scientific mass spectrometer (Thermo Fisher Scientific, Waltham, MA
USA).

2.2. Anodic aluminum oxide membranes
AAO membranes (AAO-1, AAO-2, AAO-4) with average pore di-

ameters 31, 37, and 71 nm, respectively, and the pore length of ca. 50
pm were fabricated at NCSU following a two-step anodization process
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similar to the one described by Masuda and Fukuda [3]. A high purity
aluminum foil (99.997%, 0.127 mm thick, Strem Chemicals, Inc.,
Newburyport, MA, USA) was chosen as the starting material. The foil
was cut into 76 mm x 102 mm sheets which were heat treated at 500 °C
for 3 h to release stress. Consequently, the foil was electro-chemically
polished at 20 V in 95:5 (v/v) mixture of 85 wt% H3PO4 and 97 wt%
H3S04 containing 20 g/1 CrO3 and then thoroughly cleaned in deionized
water. Only the front side of the foil was subjected to the anodization
while the back side was masked by a clear nail polish (Electron Micro-
scopy Sciences, Hatfield, PA, USA). Anodization was carried out at 40 V
in 4 wt% H3C204 for 25 h for both steps. AAO from the first step was
removed by exposing the anodized sample to an aqueous solution of 3.5
vol% H3PO4 and 45 g/1 CrOs at 90 °C for 5-10 min and the second
anodization step was started immediately thereafter. After completing
the second anodization step the protective layer formed by the nail
polish was removed by rinsing the sample with acetone. A thin back side
aluminum oxide layer was removed by floating pieces on a surface of 10
vol% of aqueous solution of H3PO4 for about 2 h. Remaining metallic
aluminum was dissolved in 10 wt% aqueous CuCl, solution at room
temperature under a mild ultrasonic sonication. In order to open the
nanopores from the terminating end the sample was treated with 10 wt
% H3PO4 aqueous solution until a perspiration through the pores
became visible. The pore diameter was further fine-tuned by etching the
membranes in 5 wt% H3PO4 aqueous solution for a controlled time. At
the end of the procedure, the samples were thoroughly rinsed in
deionized water and air-dried.

Fabrication procedures for AAO-3 (39 nm average pore diameter)
were the same as above except a thicker aluminum sheet (0.20 mm) was
used as the starting material and the second anodization step was
extended from ca. 24 to 85 h. These fabrication conditions resulted in a
thicker ~170 pm AAO with more robust mechanical properties allowing
for further thermal analysis and sample annealing.

Measurements of mass changes and thermal effects for AAO-3 upon
heating were carried out simultaneously using NETZSCH STA 449 F3
Jupiter® thermal analyzer (NETZSCH-Geratebau GmbH., Selb, Ger-
many) by placing the sample into a corundum crucible. A sharp peak at
ca. 899.3 °C was detected by DSC and was accompanied by an imme-
diate drop of mass by ca. —4.71 wt% (see Fig. S1 of the Supplemental
Information). The DSC peak was attributed to a formation of the
y-alumina phase [53,57]. The AAO-3 samples were held at the annealing
temperatures, 900 °C or 1200 °C, for 1 h. The heating and cooling rates
of 20 and 1 "C/min, respectively, were chosen to prevent a thermal
cracking and curling of the AAO membranes reported previously by
other authors [58]. The same annealing conditions were then applied to
treat larger batches of AAO-3 in a Thermo Scientific (Waltham, MA,
USA) tube furnace while maintaining a constant air flow of 50 ml/min.
For all EPR experiments the AAO sheets were laser-cut into 3 mm x 8
mm pieces to fit into standard EPR tubes.

The pore morphology and averaged diameters of all the fabricated
AAO before the annealing were examined by either JEOL 2000FX (JEOL
USA, Inc., Peabody, MA, USA) or Verios 460L (FEL Inc., Hillsboro, OR,
USA) SEM instruments installed at and operated by the NCSU Analytical
Instrumentation Facility (AIF). For SEM imaging small pieces of AAO
(about 3 mm x 3 mm) were cut from larger membranes and mounted on
a sample holder using a double-sided carbon tape (Electron Microscopy
Sciences). To suppress sample charging artifacts low accelerating po-
tentials (e.g., ~1 kV for FEI Verios 460L) were employed. The pore di-
ameters were analyzed directly from the SEM images using in-house
script developed from an image processing toolbox of Matlab (Math-
works, Inc., Natick, MA, USA).

2.3. pH-sensitive nitroxides and covalent attachment of spin-label to AAO
nanopore surfaces

pH-sensitive nitroxide radical (NR, 4-dimethylamino-5,5-dimethyl-
2-(4-(chloromethyl)  phenyl)-2-ethyl-2,5-dihydro-1H-imidazol-1-oxyl
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hydrochloride semi-hydrate, Table 1) employed in this work as either a
spin probe (when dissolved in water) or a spin label (when reacted with
aminopropylethoxysilane and then covalently attached to the surface
hydroxyl groups) was synthesized at the Institute of Organic Chemistry,
Siberian Branch of the Russian Academy of Sciences (Novosibirsk,
Russia) using the procedures described earlier [45]. This spin probe has
pK, =5.82+0.05 at room temperature when dissolved in water
(Table 1), thus, demonstrating pH-sensitivity over the range of ca.
4.9-6.9 pH units [45].

NR-dimethylamine (NRD, Table 1) adduct was prepared via treat-
ment of NR with liquid cold dimethylamine. The mixture of NR hydro-
chloride semi-hydrate (177 mg, 0.5 mmol), NaHCO3 (170 mg, 2 mmol),
diethyl ether (15 ml) and water (15 ml) was vigorously shaken until the
nitroxide NR was completely dissolved. The organic phase was sepa-
rated, dried over Na;SO4 and the solvent was evaporated under reduced
pressure. The residue was cooled to 0 °C and dissolved in liquid cold
dimethylamine (3 ml, 46 mmol). The solution was allowed to stand at 0
°C for 1 h, the solvent was then allowed to evaporate at room temper-
ature, and the residue was separated using column chromatography on
basic alumina, eluent diethyl ether - hexane 1:1 to give NRD as a yellow
oil, yield 140 mg (88%). Found, %: C, 68.41; H, 8.95; N, 17.33. Calcu-
lated for C1gH29N40: C, 68.10; H, 9.21; N, 17.65. vmax (KBr)/cm ™! 2973,
2937, 2875, 2858, 2813, 2765 (C-H), 1602 (C=N). HRMS (EI/DFS) m/z
[M+1]" caled for (C1gH3oN40)": 318.2410; found: 318.2414; [M]™"
caled for (C1gH3oN40)™: 317.2336; found: 317.2345.'H NMR (400 MHz;
CD30D + N2Dy, ): 0.86 (br t, 3H), 0.93 (s, 3H), 1.44 (s, 3H), 1.99 (br m,
2H), 2.24 (s, 6H); 3.10 (s, 6H), 3.48 (s, 2H), 7.27 (br m, 2H) 7.52 (br m,
2H). See Figs. S2 and S3 of the Supplemental Information for experi-
mental 'H NMR and IR spectra.

For surface modification of AAO-2 membranes, NR (5 mg) was co-
dissolved in 5 ml of acetonitrile together with 3.4 pl of amino-
propylethoxysilane (APTES) and 4 pl of trimethylamine and left for 12 h
at room temperature under a constant stirring. Consequently, 5 strips of
the pristine AAO-2 membranes (53.5 mg total weight) were immersed
into the solution and kept for another 12 h at room temperature under a
constant stirring (Scheme 1). Next, the supernatant fluid was decanted,
the AAO strips were washed with acetonitrile, and then followed by a
further decantation and drying under argon.

2.4. EPR and potentiometric titration experiments

For EPR titrations the ratio between AAO and aqueous NR solution

Table 1
Molecular structure, pK,, and isotropic nitrogen hyperfine coupling constants, a,
of pH-sensitive nitroxide radicals employed in this study.”

Radical Structural formula pKa, +0.05" a, + 0.05, G
RH" R
NR 7 5.82 14.60 15.44
N
I
N
o® cl
NRD / 5.76 14.54 15.44
N

 g-factors of the protonated and deprotonated forms of nitroxides in aqueous
solution are not given because of negligible (in the fourth decimal digit) dif-
ferences in their values.

b Standard errors were derived from least squares fitting of EPR titration
curves.

¢ Standard errors were derived from least squares fitting of experimental EPR
spectra using the standard covariance matrix method [59,60].
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Scheme 1. Synthesis of 4-dimethylamino-2-(4-(dimethylaminomethyl)phenyl)-2-ethyl-5,5-dimethyl-2,5-dihydro-1H-imidazole-1-oxyl (NRD) and surface modifica-
tion of AAO with an adduct of 4-dimethylamino-5,5-dimethyl-2-(4-(chloromethyl) phenyl)-2-ethyl-2,5-dihydro-1H-imidazol-1-oxyl hydrochloride semi-hydrate (NR)

and aminopropylethoxysilane (APTES). See text for experimental details.

was 1:250 g/ml. The concentration of NR in solutions was kept at or
below 0.5 mM in order to avoid additional broadening the EPR spectra
by interspin dipolar and/or spin exchange interactions. pH was adjusted
with 0.1 M HCI or NaOH and the ionic strength, I, to 0.1 M with NaCl.
Prior to the experiments the AAO strips were immersed into NR solu-
tions for at least 7-10 min to establish equilibrium between the external
bulk solution and the aqueous phase inside the nanopores (i.e., internal
solution). Thereafter, pH-values of the equilibrium external bulk solu-
tions, pHeyxt, Were measured by a 3-in-1 combination pH electrode and a
Mettler Toledo FP20 pH meter (Mettler-Toledo, Columbus, OH, USA)
with the specified accuracy of +0.01 pH unit. The +0.01 pH unit error
was significantly less than the typical errors of +0.05 pH units arising
from the analysis of EPR titration curves and, therefore, were neglected.

Potentiometric titration of AAO membranes has been carried out by a
conventional batch multi-sample technique [61,62].

2.5. EPR experimental procedures

All EPR spectra were recorded at room temperature (=293 K) using
X-band CW Bruker Elexys E500 EPR spectrometer equipped with a Super
Jigh Sensitivity Resonator (Bruker BioSpin, Billerica, MA, USA).
Aqueous solutions of NR were drawn into open end quartz capillaries
with i.d. = 0.50 mm and o.d. = 0.70 mm (VitroCom Inc., Mountain
Lakes, NJ, USA), the ends of the capillary were sealed with Critoseal®
(Leica Microsystems Inc., Buffalo Grove, IL), and placed in a standard
quartz EPR tube (i.d. = 3.0 mm). The tube was consequently inserted
into the EPR resonator.

For EPR experiments with nanoporous substrates the AAO strips (3
mm x 8 mm) were soaked with an aqueous solution of NR for at least
7-10 min. After removal of a strip from the solution an excess of liquid
outside the AAO substrates was removed with a filter paper, the strip
was inserted into a quartz EPR tube (i.d. = 3.5 mm), and EPR spectra
were recorded immediately thereafter. Enclosing the samples in the
quartz tube prevented water evaporation from the nanopores. The
samples were examined visually before and after the recording the EPR
spectra to ensure that the nanopores remained filled with the NR solu-
tions. Further details of EPR titration experiments and analysis of EPR
spectra are given elsewhere [44,45,63].

The experimental EPR procedures with AAO-2 containing NR

covalently attached to the inner pore surfaces were the same except the
external aqueous solution did not contain NRD.

3. Results and discussion
3.1. Characterization of nanoporous AAO membranes

Fig. 1 shows representative SEM images of the back sides of four
nanoporous AAO membranes fabricated for this study. The images
demonstrate a hexagonally ordered pore morphology that is typical for
the two-step anodization procedure [3]. The size of the individual or-
dered domains is likely related to the crystalline domains present in the
aluminum foil which was used as the starting material for the anod-
ization. The pore diameters were analyzed directly from these images
using in-house developed Matlab script but discarding sections of the
images that were visually distorted by SEM charging artifacts. From this
analysis it was found that the pore enlargement procedure employed for
tuning the pore diameter has a negligible effect on the width of the
distributions of the pore diameters.

3.2. Rotational motion of spin labels and probes in AAO nanochannels

Fig. 2 shows representative EPR spectra of pH-sensitive nitroxide
radical NR when introduced as an aqueous solution of NaCl (I = 0.1 M
ionic strength) into AAO nanochannels (A) and when the nitroxide was
covalently attached to the inner AAO pore surface using silane chemistry
(see Scheme 1) and the nanopores were soaked with NaCl aqueous so-
lution of the same ionic strength (B, C). The sharp three-line spectrum
(Fig. 2A) is characteristic of a nitroxide in a fast rotational motion
regime [64] and, therefore, is attributed to the nitroxide in the aqueous
phase confined within the nanopores. Some small asymmetry in the high
field nitrogen hyperfine component is indicative of the two coexisting
forms of the nitroxide (i.e., R and RH") when pH of the external bulk
solution was pHex¢ = 5.60.

The shape of Fig. 2A EPR spectrum indicates that the rotational
diffusion of NR in the nanopore aqueous phase is significantly affected
by the nano confinement. Specifically, the corresponding rotational
correlation time increases from 7. ~ 107! s observed for the bulk
aqueous phase (spectra are not shown) to 7, ~ 2 X 10710 s when inside
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Fig. 1. SEM images of the back sides of anodic aluminum oxide (AAO) membranes with different pore diameters, d, fabricated at NCSU for this study: AAO-1, d = 31
+ 4 nm; AAO-2, d = 37 + 3 nm; AAO-3, d = 39 + 3 nm; AAO-4, d = 71 + 8 nm. The images were taken at different magnifications indicated by a white bar of 500 nm

in width at the bottom of each image.

the AAO nanochannels. This significant about 20-fold increase in 7.
could be related to changes in the effective viscosity of water in the
nanochannels and/or some transient (on the EPR time scale) in-
teractions of the NR with the nanochannel inner surfaces. Even though
the rotational correlation time undergoes a large change, the nano-
confinement has no measurable effects on the isotropic nitrogen hy-
perfine coupling constants, a, for either the protonated and non-
protonated forms of the radical when compared to the bulk aqueous
phase: these constants remain the same within the accuracy of the
experiment (see Fig. 3). It should be noted that the parameter a is a
sensitive reporter of the local solvent polarity [65,66] and even more the
hydrogen bonding between the nitroxide NO" moiety [67,68]. There-
fore, such an EPR observation is indicative of negligible effects of
nanoconfinement on the effective polarity of the aqueous phase.

Covalent attachment of NR to the inner surfaces of the AAO channels
is expected to significantly slow the rotational dynamics of the nitroxide.
Indeed, all EPR spectra measured from such samples (see Fig. 2B and C)
were found to be broader and corresponded to an intermediate motion
regime. The spectra measured at pHex>4.0, such as the one shown
Fig. 2C, reveal the coexistence of at least two components characterized
by different rotational correlation times. For example, simulation
modelling of the spectrum Fig. 2C measured at pHexy = 5.95 using
isotropic rotational diffusion model [64] yields two components with 7¢q
~ 2.0 x 107° s (Signal 1, Fig. 2D) and ey ~ 3.5 x 10~ s (Signal 2,
Fig. 2E). By measuring the signal intensities from digital double inte-
gration of the corresponding EPR spectra, the fractions of the two signals
were ~14% and =86%, respectively. We note that similar
two-component EPR spectra but with closer values of the rotational
correlation times, 7., were previously observed for nitroxide radicals
covalently attached to SiO5 surfaces [69].

The two-component EPR spectra characterized by different rota-
tional correlation times are likely to be attributed to different locations
of the spin labels at the nanochannel surface. We hypothesize that the
Signal 1 characterized by the shorter correlation time 7¢; ~ 2.0 x 10™° s
(Fig. 2D) originates from the spin labels covalently attached to the
nanochannel surface via a tether which still has a high degree of flexi-
bility (see also Scheme 1). When extended into an aqueous phase, such a

tether is expected to provide for a nearly isotropic rotational diffusion of
the nitroxide albeit at a rate significantly slower than the one observed
for the spin probe freely diffusing in an aqueous phase. It is hypothesized
that a nitroxide covalently attached to the nanochannel surface could be
further immobilized, at least transiently, by forming a hydrogen bond
between the hydrogen atom of the hydroxyl surface groups and the ni-
trogen atom of the spin label imidazole ring. Such an immobilized
nitroxide is characterized by a longer rotational correlation time 7.5 ~
3.5 x 10~ s and could be assigned to the Signal 2 of Fig. 2E. Formation
of a hydrogen bond between the pyridine nitrogen atom and the hy-
droxyl group on AlyO3 surface has been previously discussed by several
authors (e.g. Ref. [70,71]).

For simulations of intermediate and slow motion EPR spectra, such
as one shown in Fig. 2C, using software described in Ref. [64], the values
of the principal components of the nitrogen hyperfine coupling tensor A
were adjusted and then the isotropic nitrogen hyperfine coupling con-
stant, a, was calculated as:
a:%(Ax-i-A_v-i-Az) )

For example, for the spectrum measured at pHexe = 5.95 (Fig. 2C) the
calculated values of a for the two components were found to be
a1~15.38 G (Signal 1) and a»~14.96 G (Signal 2). The first value
a;~15.38 G is essentially the same as a(R) = 15.44 + 0.05 G observed for
this spin probe in the non-protonated form (Table 1) while the second
value ay~14.96 G falls in between a(R) = 15.44 + 0.05 Gand a (RH™) =
14.60 + 0.05 G observed for this radical in non-the protonated and
protonated forms, respectively.

EPR spectral lineshape changes indicated that the rotational dy-
namics of NR attached to nanochannel surfaces changes significantly
with a gradual decrease in pHext below 4 pH units (for representative
spectra see Fig. 2). Initially, the fraction of a more mobile Signal 1 de-
creases. Secondly, upon a further decrease in pH the contribution of the
immobilized Signal 2 starts to decrease and then these two components
are replaced by the Signal 3 (Fig. 2B) characterized by a shorter rota-
tional correlation tine 7.3 = 5 x 107! s and the isotropic nitrogen hy-
perfine coupling constant as ~ 14.52 G. At pHey = 2.58 least squares
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Fig. 2. Room temperature X-band (9 GHz) EPR spectra of nitroxide NR from an
aqueous phase confined in untreated AAO-2 nanopores (d ~ 37 nm) (A) and NR
covalently attached to the inner pore surfaces (B, C) of the same AAO-2 and
soaked in an aqueous solution of NaCl (I = 0.1 M) and pH adjusted with 0.1 M
HCI or NaOH to pHey = 5.60, 2.58, 5.95, respectively. The arrows and dashed
lines in the spectrum (A) illustrate measurements of an isotropic nitrogen hy-
perfine coupling parameter a as a splitting between the low and the central
magnetic field nitrogen hyperfine components; such a splitting was employed to
quantify the nitroxide protonation state. EPR spectra (D) and (E) are results of
the least-squares simulations of the spectrum (C) into two components (Signal 1
and Signal 2) using software developed by Freed and coworkers [64]. The
fractions of the Signal 1 and Signal 2 were 14% and 86%, respectively, based on
the calculated values of the corresponding double integrals. The spectrum (B) is
assigned to the fully protonated form of the nitroxide (i.e., RH, Signal 3)
covalently attached to the nanochannel surface. All spectra are normalized by
the peak-to-peak amplitude. See text for details.

simulations of the experimental EPR spectra (not shown) reveal no
Signal 1 but a superposition of the Signal 2 (~75% of the total double
integrated intensity) and the Signal 3 (~25%). The magnitude of the
isotropic nitrogen hyperfine coupling constant a3 = 14.52 + 0.10 G
coincides within the experimental error with a = 14.54 + 0.05 G
measured for the protonated form of the radical NRD (Table 1). We note
here that the reaction of NR with aminopropylethoxysilane causes a
change in the side chain and, therefore, the isotropic nitrogen hyperfine
coupling constants measured for the NR covalently attached to the
alumina surface should be compared with those measured not for so-
lutions of NR but for NRD, which is a closer water-soluble analogue of
this spin label (see Scheme 1).

From the comparison of isotropic nitrogen hyperfine coupling
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Fig. 3. Experimental room temperature EPR titration curves obtained by
plotting isotropic nitrogen hyperfine coupling constant a vs. pHey for aqueous
solutions of nitroxide NR in a bulk aqueous phase at ionic strength I = 0.1 M
(black squares) and confined inside the nanochannels of AAO-1 (red circles),
AAO-2 (green triangles), AAO-3 (magenta diamonds), AAO-4 (blue triangles)
membranes with the average pore diameters d ~ 31, 37, 39 and 71 nm,
respectively. The best fits to the modified Henderson-Hasselbalch equation are
shown as solid lines of the same color as the corresponding symbols and pa-
rameters are summarized in Table 2. Errors of the individual measurements of a
for NR in the bulk aqueous phase are +0.02 G while for NR confined inside AAO
those values are +0.04 G. Errors of pHex are £0.01 of pH units. (For interpre-
tation of the references to color in this figure legend, the reader is referred to
the Web version of this article.)

constants, we conclude, that the Signal 3 corresponds to the spin label
NR in the protonated form (i.e., RH™). With a decrease in pH an increase
in concentration of the hydrogen ions in the surface layer ensures
breaking the hydrogen bond formed between the nitrogen of the imid-
azole ring and the hydroxyl groups of the surface. This is accompanied
by a decrease in the fraction of the Signal 1 and a transition of the radical
into the fully protonated form (Signal 3). The rotational diffusion of the
covalently bound positively charged nitroxide in the protonated form (i.
e., RH") increases due to an electrostatic repulsion from the positively
charged alumina surface: compare the corresponding 7.3 =5 x 1071 s
with 7 = 2 x 107 s observed for the non-protonated form of NR. It is
worthwhile to note here that the protonation of the secondary amine in
the tether attaching the nitroxide to the surface (see Scheme 1) is un-
likely to play any role in the observed effects because its pK, is expected
to be outside the pH range of EPR titrations based on the known cor-
relation of the base strengths of amines [72]. Furthermore, only one pK,
=5.76 £ 0.05 was observed in the EPR titration of the model compound
NRD (Table 1 and Fig. S2 of the Supplemental Information).

3.3. EPR titration of nitroxides in AAO nanochannels prepared without
annealing

Average acidity inside the AAO nanopores was determined from
measuring EPR spectra of AAO strips soaked with NR dissolved in water.
Isotropic nitrogen hyperfine splitting was measured as a distance be-
tween the low magnetic field and the central nitrogen hyperfine com-
ponents (see Fig. 2A) and plotted as a function of pH. Fig. 3 compares the
obtained EPR titration curves for the AAO nanopores of different di-
ameters and the calibration titration curve measured for the same NR in
a bulk aqueous solution (black squares). It was found that all the titra-
tion curves for NR in nanopores are shifted to the lower pH values
relative to the calibration curve shown as a black line (Fig. 3). As was
further elaborated in the preceding studies of fluorescent [73,74] and
EPR pH-sensitive probes [44,511, the observed pK\> of a molecular
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probe is determined by the additive contributions of (i) intrinsic pK? of
the spin probe, (ii) Angh arising from a change in the Gibbs free energy
upon transferring the probe from the bulk aqueous water phase to water
confined inside the nanochannels, AG¢,, and (iii) Angl contribution
from the local electric potential, ¥:

PK = pK{ + ApKS" + ApKY (@)
where:
ApK! = — ey /In(10)kT 3)

Assuming that ApK" is negligible, the shifts of the titration curves to
lower pH (Fig. 3) indicate a positive local electric potential ¥ arising
from the nanochannel surface charge. Thus, the inside surfaces of AAO
nanochannels must be positively charged at pH < 7 — the range covered
by the pH-sensitive EPR probe NR employed in this work. Previously, the
positive charge of the y-AlyO3 surface in the acidic-to-normal range has
been established experimentally by potentiometric titration [75]. Spe-
cifically, the positive surface charge was found to decrease with
increasing pH of the bulk solution till reaching the point of zero charge
(pzc) at pH ~ 7.63 (at temperature of 20 °C) and turning negative with a
further increase in pH [75]. Other literature data for pzc and isoelectric
points (iep) obtained by potentiometric titration and streaming potential
measurements for a- and y-Al,03 and the outside surfaces of the AAO
membranes all indicated pzc values close pH = 9.0 + 0.8 [76-80]. Thus,
the positive surface charge of the AAO nanochannels reported by the
nitroxide NR at pH < 7.0 is consistent with the interfacial properties of
amorphous Al,O3 or y-Al,O3 exposed to water. This is expected for the
membranes subjected to annealing at 700 °C after the fabrication; based
on literature data this temperature is insufficient to convert the surface
of the channels into a-Al,03 [81].

A decrease in diameter of the AAO nanochannel channels progres-
sively shifts the EPR titration curves to lower pH values vs. the calibra-
tion curve for the bulk solution (see Fig. 3). This shift is characterized by
changes in the observed pK\° (Table 2) determined by least-squares
fitting the data to a modified Henderson-Hasselbalch equation [82]:

a(R)-100H7X) 4 q(RH)

1+ 10(H7K) @

a=

The observed decrease in the apparent pK'°® values indicates that the
effective acidity within the AAO nanochannels, pH, reported by the
nitroxide is higher than pH®™*" measured for the initially equilibrated bulk
aqueous phase. The observed shift in the spin probe pK,, ie., ApK, =
pK - pK?, starts from 0.25 + 0.08 pH units for the largest ~71 nm
nanochannels (AAO-4) and reaches 1.48 + 0.08 pH units for the smallest
~31 nm channels (AAO-1) studied here (Table 2).

According to eq. (2), two factors, ApKS and ApKY, are expected to
affect pK\° values measured by the spin probe. The first factor, ApK<h,
accounts for a change in the Gibbs free energy upon transferring the

Table 2

Average pore diameter, d, of AAO membranes, pK‘E‘DC of aqueous solutions of NR
in bulk phase and when confined in AAO nanochannels, and the corresponding
ApK, shifts vs. pK? in bulk water from EPR titration curves at room temperature.

Sample Average pore diameter, d, nm pKIaOC ApK, = p}(g’c -pK®

Bulk water  n/a 5.82 +0.05° 0

AAO-1 3144 4.34+0.07° —1.48+0.08
AAO-2 37+3" 4.87 +0.07°  —0.95 + 0.08
AAO-3° 39+3" 5.20 + 0.07°  —0.62 + 0.08
AAO-4 71+8" 5.57 + 0.07°  —0.25 =+ 0.08

@ Before the annealing above 700 °C.

b Standard errors were derived from analysis of the experimental SEM images.

¢ Standard errors were derived from least squares fitting of EPR titration
curves.

Journal of Membrane Science 604 (2020) 118084

probe molecule from a bulk aqueous phase to a water volume confined
inside the nanochannels. The AAO nanochannels exhibit an exception-
ally high length-to-diameter ratio readily exceeding 1,000 in our
nanoporous membranes. Therefore, the water structure in such long
channels of a nanoscale diameter could be somewhat different from that
of the bulk, thus, contributing to the observed deviation of pHCh from
pH®™" [61,62,83]. However, while rotational diffusion of the nitroxide
NR in AAO nanochannels was significantly slower vs. that in the bulk
aqueous phase (corresponding 7, ~ 2 x 10710 s vs. 7. ~ 1071 5), the
values of the isotropic nitrogen hyperfine coupling constant a for either
R or RH' forms of the nitroxide were essentially unaffected by the
nanoconfinement as demonstrated by about the same plateaus for the
hyperfine parameter a in all the EPR titration curves shown in Fig. 3. The
parameter a is known to be primarily affected by the formation of
hydrogen bonds between a donor molecule (e.g., water) and the ntrox-
ide N-O® moiety [68,84]. From these considerations the effects of an
altered water structure due to nanoconfinement is likely to be small for
these relatively large (i.e., d > 31 nm) pores. Then one could argue that
the observed longer values of rotational correlation time 7. in the
nanochannels are likely to be caused by transient interactions of the spin
probe with the nanochannel surfaces under conditions that the EPR
spectra are still in the fast exchange regime.

The second factor contributing to the observed shift in the probe pK,
is the ApK¢! term arising from a local electric potential, ¥ (eq. (3)). As
already discussed above, at pH < 7.0 the alumina surface is expected to
be positively charged and the related electric potential would shift the
probe pK, to lower pH values. Because the surface potential is screened
by the counter ions, the effect would be more pronounced for the probes
located within a surface layer with a thickness d comparable to the
Debye length (! ~ 0.96 nm for an aqueous solution of 0.1 M ionic
strength) and then it would rapidly decay towards the pore center [43].
If we assume that the surface electrostatic potential shifts the spin probe
pK, only within the thin layer with the thickness d adjacent to the sur-
face of a cylindrical pore of a radius R, then the volume fraction of such a
layer is given by 2d/R, when d<R. The latter condition is always
satisfied in our experiments because d ~ y ' ~ 0.96 nm and R > 15 nm.
The nitroxide EPR spectrum appears to be in the fast exchange limit (the
observed single-component EPR spectra at high and low pH values when
the nitroxide NR exists in a single protonation state probe (not shown)
justifies this assumption), and therefore, for the spin probe rapidly
diffusing in and out the surface layer the shift in ApK¢ should be aver-

aged out and, therefore, the observed pK\® is expected to decrease as 1/
R in accord with the experimentally observed trend (see Table 2). We
note, however, that according to calculations based on the Pois-
son—Boltzmann double layer theory and typical values of the surface
potentials, the effects of the surface potential on the pK, value of a freely
diffusing nitroxide should be negligibly small for the pores larger than
ca. 10 nm in diameter (see our ref. [43]). Then, the reliably measured
shifts in the NR pK!® values observed for the pores as large as 71 nm
(Table 2) could indicate that the spin probe NR is primarily residing next
to the surface double layer. This would also be in the agreement with the
changes in the rotational correlation time 7. we observed and discussed
above.

3.4. Effect of annealing on electrostatic properties of AAO nanopores

Typically, the presence of the surface groups undergoing protonation
at a specific pK, value and act as buffers would manifest in an appear-
ance of a horizontal plateau in the experimental EPR titration curves.
For example, such plateaus were observed for EPR titrations of carboxyl
functional groups present on the surface of a cation ion exchange resin
KB-2 [61] and also silanol groups for SiO5 powder [62] and SBA-15 or
MCM-41 mesoporous molecular sieves [85]. However, no such plateaus
have been observed for EPR titration of the spin probe NR in all the AAO
nanochannels studied here and not subjected to the annealing above
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700 °C (see Fig. 3) at least within the pH sensitivity range of this radical
(i.e., from 4.9 to 6.9 pH units). The surface of the pores of as-prepared
AAO is known to be formed by an amorphous alumina [54] with the
coordination environment of the aluminum atoms considered to be
closely related to y-Aly03 [2]. For y-Al;O3 dissociation of the protonated
surface hydroxyl groups AIOH; 2AIOH + H* occurs at pK, ranging from
5.3 to 6.2 pH units [86]. Thus, the absence of such plateaus in the
titration curves shown in Fig. 3 indicates that the surface chemistry of
the nanochannels of the AAO membranes after annealing at 700 °C
differs from that of y-Al;O3 powder and, apparently, still remains
amorphous like in as-anodized AAO. Indeed, previous 'H and %Al NMR
studies of high-surface-area alumina powders indicated a dehydration
by a condensation of both Al,OH and AIOH groups to form distorted,
hydrogen-bearing 4-, 5-, and 6-coordinate aluminum-containing in-
termediates upon heating in the 350-500 °C range [87].

Among many crystalline phases of Al;O3 (@, ¥, 1, 5, k, 0, v, p) meso-
porous y-Al,03 is most widely utilized for both catalytic applications and
as a versatile sorbent material because of a favorable combination of
morphological properties such as surface area, pore volume, and pore
size as well as acid-base characteristics [88,89]. The y-phase of alumina
is typically formed by a dehydration of aluminum oxyhydroxide
boehmite upon heating to temperatures from 400 to 700 °C [88]. The
phase is representative of transitional Al;O3 with a disordered crystal-
line structure that could be further transformed upon an additional
heating. The heating of y-Al;03 leads to a series of polymorphic trans-
formations from a highly disordered cubic close-packed lattice to a more
ordered cubic close-packed 6-Al,03. Further heating to ca. T = 1,200 °C
causes 6-Al>03 to undergo a reconstructive transformation by nucleation
and growth, during which the oxygen atoms rearrange into a hexagonal
close-packed structure to form a thermodynamically stable a-Al,O3
phase, which is the final product of thermal or dehydroxylation treat-
ments of all the aluminum hydroxides [88]. Thus, we expect that
annealing of AAO would also result in significant changes in the nano-
pore surface properties and affect the protonation equilibria of the
molecules inside the pores.

In accord with such expectations, EPR titration curves for the radical
NR were found to change significantly after annealing the AAO-3
membranes at 900 and then 1,200 °C (Fig. 4). The most significant
change is the appearance of plateaus at pHexa26.0-8.2 (Fig. 4). This pH
range is consistent with titration of AIOH, surface groups that would act
as a buffer [86]. This is in the full agreement with a formation of y-Al,03
transition phase in the skeleton regions of the membrane and also some
nanocrystalline regions of a-Al;O3 throughout the structure upon heat
treatment to 900 °C as was previously reported by McQuaig et al. based
on bright-field TEM and diffraction studies [53]. We note that the width
of the plateau for AAO-3 annealed at 1,200 °C is significantly smaller
than the one observed for the sample heat-treated to 900 °C (Fig. 4). This
could serve as an indication of a fraction of the y-Al,03 transition phase
present. Indeed, the further annealing of AAO at 1,200 °C was shown to
completely transform the material to the stable a-AlyOs3 structure [53].

The EPR titration curves for the spin probe NR also differ consider-
ably for the 900 and 1,200 °C annealed AAO and when compared with
the 700 °C annealed and as-anodized AAO-3 (Figs. 3 and 4). Specifically,
the titration curve for AAO-3 annealed at 1,200 °C is shifted to higher pH
values vs. either the curve for the membrane annealed at 900 °C or the
calibration curve measured for NR in the bulk aqueous phase. The shift
direction of the former two curves vs. the calibration is opposite to the
one observed for all the other AAO samples annealed at 700 °C. In
accord with egs. (2) and (3) this observation indicates a switch in the
surface charge from positive for the AAO-3 annealed at 700 °C to
negative (AAO-3 annealed at 1,200 °C) at pH > 8. The negative surface
charge is typical for a crystalline a-Al;O3 phase (i.e., corundum) at this
pH range [90]. Previously, a phase transition leading to a formation of
a-Al;03 on the surface of the AAO nanochannels upon high temperature
annealing has been reported by several authors [53,57,91]. The latter
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Fig. 4. Experimental room temperature EPR titration curves obtained by
plotting isotropic nitrogen hyperfine coupling constant a vs. pHey for aqueous
solutions of the nitroxide NR in a bulk aqueous phase at ionic strength I = 0.1 M
(black squares) and reporting on the average acidity inside the nanochannels of
AAO-3 membrane annealed at 700 °C (magenta triangles), 900 °C (red circles)
and 1,200 °C (blue triangles). The best fits to the modified Henderson-
Hasselbalch equation are shown as solid lines of the same color as the corre-
sponding symbols. Errors of the individual measurements of a for NR in the bulk
aqueous phase are +0.02 G while for NR confined inside AAO those values are
+0.04 G. Errors of pHe, are +0.01 of pH units. (For interpretation of the ref-
erences to color in this figure legend, the reader is referred to the Web version
of this article.)

and other studies [92] also revealed that such an annealing causes a
moderate increase in the diameters and changes in the nanochannel
morphology. Specifically, it was observed that the pores would become
wider but also slightly deformed and less circular in shape [53].
Another, perhaps, even more likely reason for the observed shift is a
decrease in the surface charge associated with a decrease in the number
of the Lewis acid sites (non-lattice aluminum cations) — an effect that
was previously observed by NMR in a course of the annealing studies
[87]. Finally we note that for AAO-3 annealed at 1,200 °C at pH < 6 the
EPR titration curve is not running parallel to the calibration curve for the
NR in the bulk aqueous phase and that these curves intersect at pHex~5
(Fig. 4). This agrees well with our previous observation of the effective
value of the zero charge point pzcess ~4.7 of pH units for the inner sur-
faces of the AAO nanochannels [44].

3.5. Surface potential AAO nanopores from EPR titration of a covalently
attached nitroxide

The chlorophenyl moiety of NR provided for a covalent attachment
of this EPR molecular pH-sensor to aminopropylethoxysilane and the
inner surfaces of the nanochannels (Scheme 1) so this water-soluble spin
probe could also be employed as a spin-label in which the pH-reporting
moiety is positioned close to the nanochannel surface. The apparent pK,
value of such a covalently bound label was found to be strikingly
different from pKj, of the NR probe diffusing in the nanochannels (Fig. 5).
We note, however, that the reaction of the NR chlorophenyl moiety with
the primary amine of aminopropylethoxysilane could also potentially
affect pK® of the nitroxide. In order to evaluate the magnitude of such
effect we have synthesized a model compound NRD by reacting NR with
dimethylamine (see 2.2 of the Experimental Section). The resulting
molecule is water soluble and has a side chain closely mimicking one for
the surface-tethered nitroxide. Experimental EPR titration of NRD
indicated that the pK? value of this molecule is essentially the same as
that of NR; there was a small effect on the isotropic nitrogen hyperfine
coupling constant a (RH+) of the nitroxide in the protonated form
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Fig. 5. Experimental room temperature EPR titration curves for aqueous so-
lutions of spin probe NR in a bulk volume (filled squares) and inside the AAO-2
nanochannels (d = 37 + 3 nm, filled circles) as derived from the isotropic ni-
trogen hyperfine coupling constant a measured for the fast motion nitroxide
component (see Fig. 2A). EPR titration curves derived from least-squares fitting
of the first derivative EPR spectra of NR covalently attached to the wall of AAO-
2 nanochannels (i.e., when NR was employed as a label) to calculate the fraction
f of the slow motion component are shown as filled triangles. All EPR titrations
were carried out in a solution of I = 0.1 M ionic strength. The best fits to the
modified Henderson-Hasselbalch equation are shown as solid lines. Dashed
lines indicate apparent pK, values. Errors of the individual measurements of a
for NR in the bulk aqueous phase are £0.02 G while for NR confined inside AAO
those values are +0.04 G. Errors in f are +0.02. Errors of pHey are +0.01 of
PpH units.

(Table 1 and Fig. S4) due to the altered side chain on NRD. Thus, the EPR
titration data for NR covalently attached to the alumina surfaces could
be directly compared with those measured for NR diffusing within the
nanopores.

Analysis of the EPR titration curves shown in Fig. 5 revealed that for
AAO-2 (d =~ 37 nm) the apparent pK, of the covalently attached NR label
was 2.11 £ 0.04 of pH units whereas for the probe diffusing in nanopores
pK, =4.87 £+ 0.07. Such a significant decrease in the apparent pK, values
(ApK,= — 2.76 + 0.08) is related to the effect of a large positive elec-
trostatic potential of the pore surface that is not effectively screened by
the counter ions at the location of the covalently attached NR. However,
for the NRs diffusing inside the nanopores, at ionic strength of I = 0.1 M
the ion double layer formed next to the pore surface is expected to fully
screen the surface electrostatic potential for all the pore diameters
studied here. Indeed, recent -calculations based on the Pois-
son—Boltzmann double layer theory and a comparison with the exper-
iment have shown that for long cylindrical pores with d ~ 8 nm or larger
the EPR pH probe freely diffusing inside the pores and satisfying fast
exchange conditions would be insensitive to typical values of surface
potential (i.e., y < 200 — 300 mV) at room temperature and [ = 0.1 M
[43]. From these considerations, the value of pKLOC = 4.87 £ 0.07 for the
unattached NR probe could be taken as the nitroxide pK, values at y =0
and the observed ApK, = — 2.76 + 0.08 shift should be attributed to
ApKZ. Then, from eq. (3) the magnitude of the electrostatic surface
potential at the probe is = +163 + 5 mV. The latter is a consertvative
estimate. Indeed, as discussed above, the NR diffusing inside the AAO
nanochannels could be transiently interacting with the pore surfaces
and, if so, it would be effectively located in the area with non-negligible
electrostatic potentioal. Then the pK,; = 5.82 + 0.05 value for NR in the
bulk aqueous solution could be taken at the reference point for y =0 V.
Using the latter refernce point, the magnitude of the electrostatic surface
potential at the location of the attached probe is y = +219 + 5 mV.

It is well known that the values of the surface charge density, ¢, and
the zeta potential, {, measured by electrokinetic or potentiometric
titration methods depend on the nature of the electrolyte, ionic strength
I of the solution, pHeyt, and temperature. Previously, several values of
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zeta potential ranging from ¢ ~+30 to +100 mV have been reported for
v-Aly03 surfaces at pHext = 5 depending on I and the nature of the
electrolyte [86,87,93]. However, { potential is measured at the location
of the so-called slip plane, which could be further away from the surface
than the covalently attached NR we employed to measure pHj,.. By
taking conservative value of y = +163 + 5 mV at the location of the
pH-sensitive spin label, typical values of { ~+30 mV, and using the
Debye — Hiickel equation with I = 0.1 M, T = 298 K under an assumption
of a uniform surface charge [75], we estimate that the slip plane is
located by ~ 0.5 nm further away from the covalently attached NR.

4. Conclusions

Continuous wave X-band EPR spectroscopy of a pH-sensitive nitro-
xide radical employed as either (i) a freely-diffusing spin probe or (ii) a
covalently-attached spin label has been used to study acid-base equi-
libria in the pores and surfaces of ordered nanoporous anodic aluminum
oxide (AAO) membranes prepared by a two-step anodization process. It
was shown that by changing the average pore diameter from d ~ 31 to
~71 nm one can vary the acidity of the aqueous medium inside the
nanochannels. Even larger effects on local acidity and the surface charge
could be achieved by annealing the AAO membranes first to 900 and
then to 1,200 °C. While as-prepared the surface of AAO nanochannels is
positively charged due to the amorphous nature of the Al,O3 surface
layer, annealing the membranes at 1200 °C inverts the sign of the sur-
face charge to a negative one based on the large shifts of the EPR
titration curves. These shifts are in agreement with the consecutive
transformations of amorphous AlyO3 to y-Al,O3 and then to crystalline
a-Al;O3 upon annealing at increasing temperatures. The latter phase
transformations provide for a switch in the sign of the surface charge
from positive to negative. Comparison of the magnitude of the shifts of
the EPR titration curves for as-anodized AAO samples studied in this
work (ApK, ~1.48 for d ~ 31 nm pores, Table 2) with ApK, ~ 0.27
measured previously for AAO of essentially the same diameter d ~ 29
nm [44] indicates that the charge density in the former is at least fivefold
higher. Thus, we conclude that the anodization conditions could also
have a profound effect on the surface electrostatic properties of the AAO
nanochannels. We also note that the magnitude of the electrostatic po-
tential measured here by EPR of pH-sensitive nitroxides covalently
attached to the nanochannel surfaces is very close to those measured for
the surfaces of model biological membranes composed from phospho-
lipids [48]. Thus, the surface charges present in the AAO nanochannels
and associated electrostatic potentials are expected to provide for rather
large effects on function of biomolecules as well as on the nanochannels’
catalytic properties.

Taken together, it was shown that by varying the nanoscale pore
diameter and, even more importantly, increasing the annealing tem-
perature, the surface charge of the AAO nanochannels could be varied
significantly without further, specific chemical modification. Such sur-
face charge tunability, including switching the sign of the surface charge
upon annealing, provides a simple yet robust method to tailor these
versatile nanomaterials for specific applications that depend on acid-
base equilibria.
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