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ABSTRACT

Fluorescence microscopy techniques are used to investigate diffusion and wetting at the interior surface of template-synthesized silica nanotubes.
Imaging of individual nanotubes reveals that complete modification of the nanotube interiors with hydrophobic ligands is attained during
nanotube synthesis. Fluorescence recovery after photobleaching experiments show that (1) spontaneous dewetting of the nanotube interior
occurs when the immersing solvent is displaced with pure water and (2) anomalously slow diffusion is observed at the nanotube interior
surface.

Martin and co-workers have pioneered the development of experimentally test such theories. In this letter we demon-
template-based methods for synthesizing monodisperse nanostrate how measurements on single nanotubes can be used
tubes from a wide range of materidis. Their approach  to monitor wetting and diffusion in the hydrophobic nanotube
allows the differential modification of the tube interior with  interior under various conditions. Figure 1A shows a
respect to exterior surfaces. Nanotubes prepared in thisschematic representation of the template-synthesized cylin-
manner have been used in the sequestration of targetdrical nanotube shown in the transmission electron micro-
molecules from solutio”R® and membranes comprising scope image of Figure 1C. The nanotubes in panels 1C and
networks of internally modified silica nanotubes have 1D are internally modified with hydrophobic ligands as
achieved efficient enantiomeric separatiéridurther, pro- indicated in panel A and thus offer a unique, well-character-
posed applications include multiphase catalysis, capture andzed environment in which to study hydrophobic confine-
concentration of trace impurities, and signal amplification ment. Template-synthesized nanotubes, because of their
in optically based immunoassays. uniform topology, are also a useful testing ground for the

In addition to the many proven and potential practical investigation of topographical phenomena. In recent work
applications, the ability to produce silica nanotubes with by Wirth et al.}°the topography of chromatographic surfaces
precise dimensions and specific chemical properties providesof octadecylsilane (§) modified silica have been shown to
a unique opportunity for producing nanoscale containers with strongly influence adsorption kineticBhey have shown that
which to test theories describing confined fluids and mol- pits or scratches left from polishing processes give rise to
ecules. For instance, the effect of confinement on a polar defect sites on modified silica with unusually strong adsorp-
solvent in a hydrophobic cylindrical pore has been theoreti- tion rates. Difficulties encountered in understanding topo-
cally modeled, and the results indicate that long-range graphically induced phenomena through the study of ran-
hydrophobic effects will exist in cylinders with diameters domly encountered pits and scratches can be avoided by
up to several micrometefsThese effects are predicted to producing tailored surfaces with well-defined curvature on
induce thermodynamic instability of the liquid phase of polar which to directly measure the relationship between adsorption
solvents resulting in depressed liquid density or vapor/liquid and topography. Hence, template-synthesized nanotubes with
coexistencé:® This behavior will induce detectable changes specific surface properties and physical dimensions provide
in the local solvent environment of encapsulated solute a unique opportunity to systematically probe a range of
molecules and should be experimentally observable. Thephenomena induced by nanoscale confinement and topog-
ability to produce well-defined cylindrical nanotubes with raphy.
hydrophobic interior walls provides a unique opportunity o |n this letter we describe the first experiments to explore
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A Dil C, (vol/vol) in ethanol, pH-adjusted to 5.0. After immersion,

P 10~15 pm ] B M the membranes are rinsed with ethanol and dried at’C50
(@) Py )] 200 & A To produce liberated nanotubes, the-sgel treated mem-
— 4 nm branes are mechanically polished on both surfaces with SiC
pads to remove the surface layers of silica. The membranes

; e are then immersed overnight _in a 25% (wt/wt) solution of
e C-chains HsPO, to dissolve the aluminum oxide template. The
nanotubes are filtered from the acid solution and repeatedly
LU L . P, L rinsed with deionized water, then dried. A transmission

silanol-groups electron microscope image of a nanotube is shown in Figure
{hydrophilic) 1c

To introduce dye to the tube interior, nanotubes are
immersed in a DilGg solution (107 M) of water/methanol
(9:1 v/v). Sonication is used to disperse the nanotubes and
to facilitate filling. After sonication, the sample is centrifuged
to concentrate the nanotubes. The supernatant is removed
and nanotubes are suspended in deionized water. The
sonicate-centrifuge cycle is repeated several times, after
which the solution is diluted with deionized water and stored
in the dark until used.

. . o . For imaging purposes and to conduct FRAP experiments,
e 0y oot 1 [ sl e 21 4% nanotubes are immoblzed on coverslps 1o allow thr
differentially modified with the interior surface covered by co- continual observation in solution. Immobilization is achieved
valently linked hydrophobic octadecane groups and the outer surfacethrough sot-gel processing using TEOS. Coverslips are
consists of unmodified silanol groups. (B) Didwas used as a  immersed in a 1:1:4 mixture of TEQ$ M HCIl and ethanol
fluorescent probe molecule. It is found to adsorb strongly at the 54 sonicated for 5 min. Next the slips are rinsed with ethanol

interior tube surface in aqueous solutions and provides a convenient . . Lo
means to image the nanotubes and monitor diffusion at the tubeand then wetted with the nanotube solution. The solution is

interior surfaces. (C) TEM image showing a section of  C  allowed to evaporate overnight resulting in a random
modified nanotube. (D) Fluorescence image of a single silica distribution of immobilized nanotubes on the glass coverslip.
nanotube. Prior to imaging, a rubber spacer is used to form an enclosed
fluid cell between two coverslips to prevent evaporation. The
nanotubes are immersed in the solution of interest by filling
the sample chamber, in which the nanotube coated coverslip
forms the bottom surface. The immersing solution can be
exchanged with a micropipet by removing the upper cover-
Iinp. Fluorescence images and FRAP experiments are con-
ucted using a sample scanning confocal microscope. In
ddition to confocal imaging, the microscope can be switched
to wide-field, epi-illumination employing a color CCD
camera (Coolsnap CF, Roper Scientific). In this mode the
sample can be quickly imaged to find individual tubes for
confocal and FRAP analysis. In wide-field imaging we found
that a small percentage of nanotubed.(0%) containing no

containers. We investigate these phenomena at the hydro
phobic interior surface of silica nanotubes (inside diameter
= 200 +£20 nm) by employing fluorescence microscopy
techniques. These techniques offer a nondestructive meth
od for verifying the chemical modification of nanotube
interior surfaces, a task not readily achieved by conventiona
surface methods. Fluorescence recovery after photobleachin
(FRAP)Y112is used to monitor diffusion of adsorbed probe
molecules inside of immobilized nanotubes in solution.
Because probe diffusion depends on wetting of the nano-
tube’s interior surface, FRAP also monitors the capillary
wetting of nanotubes, a process that is fundamentally
important in realizing the full potential of nanotubes as .
chemical containers. dye are obser.ved; these tubes do not appear in our confocal
Differentially modified silica nanotubes were prepared fluorescence |rT1ages. )
by the previously described sefel template synthesis FRAP experiments are conducted by .bleachlng several
method?613 Briefly, alumina membranes (Anopore, What- POINts on the same nanotube for 30 s using a focu;ed laser
man Corporation) with cylindrical 200 nm diameter pores SPOtwith a total integrated power ofAV. After bleaching,
are used as templates. A silica-sgel solution is prepared the Ia_ser |nt_enS|ty is decrease_d by 4 orde_rs of magnitude and
by mixing absolute ethanol, tetraethyl orthosilicate (TEOS), & Series of images are acquired to monitor the recovery of
and 1 M HCI (50:5:1 volivol). Alumina template membranes fluorescence in each of the bleached spots. The bleached
are then immersed in the setjel and sonicated for 30 min, ~&réa is analyzed to provide an integrated intensfty, and
after which unbound reagents are removed by vacuum this intensity is plotted as a function qf time to give a
filtration and the sotgel coated template surface is cured recovery curve for each bleached spot (Figure 2C and Figure
overnight at 150°C. To produce nanotubes selectively 3)- Recovery curves obtained in this manner are then
modified with G on the interior surfaces, the silica coated analyzed by fitting with the following function:
alumina membranes are immersed for 30 min in a 5%
aqueous, 5% octadecyltrimethoxysilane (Aldrich) solution [(t) = I(0) — G(t) Q)
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wherel () is fully recovered intensity and
G(t) 0 1/(1+ 4 Rgh)"? 2

as described by Thompson et*&lThis function describes
fluorescence recovery due to surface diffusion with the
assumption of illumination by a one-dimensional Gaussian
beam. In our experiment, only diffusion occurring along the
nanotube’s length contributes to signal recovery since the
focused laser spot bleaches an entire cylindrical cross-section
of the tube; therefore, eq 2 is valid. We treat 2D diffusion
on flat surfaces by employing the following functiéh:

G(t) 0 1/(1+ 4 Rgpt)* ©)

For both cases, the diffusion coefficieRtis included as

fluorescene signal (A.U.)

Rsp = D/&’ 4) i

where s is the beam-waist of the focused laser spot
exp(—234/).

Using fluorescence microscopy, we are able to image dye-
coverage and measure diffusion in individual dye-containing
tubes. Imaging individual tubes unmasks heterogeneity
among nanotubes or among different sites in a single
nanotube. Fluorescence images of individual nanotubes are
shown in Figures 1D and 2A. Dye adsorption is driven by
noncovalent interaction of the dye’s nonpolar alkyl chains
with the hydrophobic & surface of the tube’s interior.
Similar effects were observed previously using @odified
silica nanotubes and 7,8-benzoquinofiréhe density of dye
molecules at the interior surface can be estimated using theFigure 2. Results from fluorescence recovery after photobleaching
image intensity, the laser imaging power, and results from _(FRAP) experiments. (A) Fluorescence image, before photobleach-

inal | le d . f D ith th . ing, of a nanotube immersed in water with 2% Triton-x-100. (B)
single molecule detection of Dilg with the same micro- Fluorescence intensity profile from encapsulated dye as a function

scope. This estimate gives an upper limit of 1 dye molecule of tube position. Shaded areas show four locations where bleaching
per 20 nm. experiments were conducted. The initial fluorescence (dotted line)
The images in Figure 1D and 2A were taken in pure water decreases upon photobleaching (thin dashed line) and recovers with
and in a 33 mM aqueous solution of the nonionic surfactant time (solid line). (C) Fluorescence recovery as a function of time
Triton-X-100, respectively. In each case the image intensity It?l thehs_hadeo_l areas of panel B. Recovery was observed at all four
. R eaching points. Each recovery curve is fit to eq 1 (thin lines).
remains constant over the course of a day, indicating that
the dye has reached equilibrium with the solution. Only trace methanol mixture. However, when the nanotubes are im-
amounts of dye are present in solution, showing that mersed in pure methanol, Dilgemission rapidly decreases
equilibrium is dominated by adsorption of Dig£on the throughout the tube as methanol quickly fills the tube interior
nanotube’s g surface when nanotubes are immersed in an and molecules reversibly desorb as equilibrium is established
aqueous medium. with the surrounding solvent. This is an important result since
Figures 1 and 2 demonstrate the nearly homogeneousit demonstrates that the tube ends are unobstructed and that
distribution of dye along the tube interior. That dye is dye molecules are reversibly adsorbed, as is the case for
distributed along the entire tube length shows that the initial DilC5 observed on planargsurfaces?®
dye solution wetted the tubes throughoanid the homoge- To investigate the mobility of the adsorbed DikC
neous adsorption of dye is a clear indication that the entire molecules in the tube interior, FRAP experiments were
tube interior is modified with ¢ during synthesisSome performed. An example of a FRAP experiment is illustrated
nonuniform localization of dye along the tube is observed in Figure 2. In these experiments, tubes were selected at
and is due to minor variations inig£surface coverage or random and several locations on a single tube were intensely
possibly from pockets or bulges in the tube wall adding irradiated to induce local irreversible photobleaching of the
increased local surface area. No perceivable differences areadsorbed dye. After bleaching, a time series of images was
observed in the uniformity of dye distribution between tubes acquired to monitor the fluorescence recovery as unbleached
immersed in pure water, surfactant solution, or a 1:1 water/ molecules exchanged with those in the bleached spot due to
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Figure 3. Typical fluorescence recovery curves. Recovery for a tube immersed in (A) pure water, (B) aqueous 2% surfactant, and (C)
water/methanol (1:1). (D) FRAP recovery curve obtained after exchanging solution from 50% methanol to pure water. The solid lines are
fitted functions to obtain diffusion coefficied. The average measured diffusion coefficient calculated from all experiments is shown.

diffusion along the tube’s length. The temporal resolution determined by contact angle measurements using Young's
of this method is limited by image acquisition time, but was equation:

found to be sufficient to resolve the extremely slow recovery
rates that were measured. This was verified by FRAP
experiments with millisecond resolution (data not shown)
and the results from both techniques were found to be
consistent. Monitoring recovery by imaging has the benefit
of simultaneously observing recovery at multiple sites in a

single experiment. This approach was used to conduct FRAP.

experiments in different solvents with the goal of probing
the effects of the solvent’s wetting-power on diffusion. FRAP

experiments were conducted in pure water, 2% surfactant
and a 1:1 methanol/water solution. Representative data from

the three solvents are shown in Figure 3, panetsCAalong
with values of the average diffusion coefficiertD>
measured from multiple experimerits.

From Figure 3 it is clear that a strong dependence of the
diffusion coefficient on the surrounding fluid exists. In pure
water (Figure 3A) there was only a single example of
measurable diffusion from a total of 39 experiments. This
indicates that, even with the adsorbed dye, the d@ated
interior surfaces of the nanotubes are sufficiently hydrophobic
to remain dry in pure water. The wetting of nanotube interiors
can be understood by considering general wetting phenomen
of macroscopic systems. The pressure causing a liquid to
fill a capillary, AP, is given by®

_ 2(ysv — 7s)
r

AP (5)

Hereysy andys_ are the free energies per unit area of the
solid/vapor and solid/liquid interfaces, respectively, arsl
the tube diameter. The quantityysfy — vs) can be

236

a

(Ysv — ¥s) = vLvCod (6)
wherey,y is the surface tension of the liquid afdis the
contact angle at the vapor/liquid/solid interface. €as
referred to as the wetting coefficiéhtand positive values
indicate that wetting will occur, whereas negative values
indicate a nonwetting solution. The contact angle is found
to be 102 for pure water on a planar&modified glass
surface (coverslip) and agrees well with literature vafdes.
Using the measured value 6fandy,y = 7.2 x 1072 N/m
at 298 K gives a value oAP = —62 N/n?. The negative
value for AP indicates that these tubes would not spontane-
ously fill by capillary action in pure watéf.This corresponds
well with our experimental results in which no diffusion is
observed in pure water, indicating that the nanotube interior
is dry. Furthermore, these experiments show that the {ilC
concentration used here does not lowarenough to induce
wetting. However, when a small amount of surfactant is
added to the immersing water, diffusion is recorded in
approximately half of the FRAP experiments, indicating that
the solution has entered some of the tubes. This result is
expected, since the contact angle formed by the aqueous
surfactant solution on a;gsurface is 30 These results show
thatFRAP measurements of adsorbed dyesipi®a direct
evaluation for wetting of nanotube interiors

While wetting occurs as predicted, the time scale on which
it occurs is unexpectedly long. Table 1 shows occurrence of
recovery for FRAP experiments conducted over a two-day
period for nanotubes immersed in aqueous surfactant and
methanol solutions. In each case the nanotubes require a

Nano Lett., Vol. 4, No. 2, 2004
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pores support this assertiériThe thermodynamic water-
vapor coexistence point for water in a hydrophobic cylindri-
cal pore (i.e., a tube) is predicted to occur at a diameter of

Table 1: Statistical Summary of Recovery Probability after
Immersion of Nanotubes

2% Surfactant 50% methanol 3 um.” Our observation of spontaneous drying in 200 nm

first second first  second hydrophobic cylinders provides experimental support for

day day day day theoretical models of extended hydrophobic surfaces in water.
No. experiments 11 28 14 20 In strongly wetting solutions diffusion is recorded, and
No. experiments 5 25 4 15 comparisons of the diffusion coefficient in nanotubes can
showing recovery be made with those obtained at flat interfaces. From our data,
recovery probability  45% 89% 29% 75% average diffusion constants were calculated and are given

for different solutions in the first three panels of Figuré& 3.
The calculated values f@ are surprisingly small. During a
FRAP experiment a cylindrical section of the nanotube is
photobleached and only diffusion parallel with the tube’s
long axis contributes to recovery. Therefore, recovery curves

period of 24 h before recovery is observed in the majority
of FRAP experiments. In addition to the slow rate of wetting,
in fluorescent wide-field images it was noted that a small
fraction (<10%) of tubes are not filled with dye. Hence, even
in the initial dye solution, containing both methanol and ) e .
DilC1g, sOme n);notubes are never wgc]etted. This observation?'© fit to a 1-D diffusion model (eq 2); accordmgly, FRAP
and the data in Table 1 are discernible only by single tube recovery curves _from a flat surfac_e are fit to a tvx_/o-
measurements and lead to the conclusion that a barrier existghmens!onal diffusion model (eq 3). Itis |r_np_or_tant tq realize
for tube filling, even in solutions that are expected to wet that while bulk transport rates i) are diminished in the

the nanotube surface. The cause of the retarded wetting maynanotube interior due to geometric confinement (a net change

be due to trapped air in the tubes that slowly leaks out over in concentration only occurs from diffusion in 1-dimension),
time the diffusion coefficient itself is unaffected. Therefore, direct

To study dewetting of the nanotube interior, a sample was comparison between coefficients taken from surface experi-

first prepared under a strongly wetting solution and allowed MeNts and those from the nanotube experiments are valid.
to equilibrate over 24 h, after which wetting was verified 1€ diffusion coefficient reported for single DigInolecules

by FRAP measurements. Next the wetting solution was O Giemodified silica is 1 107 e s™.22In lipid bilayers,
displaced with pure water without exposing the tubes to air P1C20 (0.1mol %) has a diffusion coefficient ranging from
and FRAP experiments were once again conducted. Interest? = 3 x 10 #cn? s to D =2 x 10 " cn? s™* in fluid
ingly, dewetting occurs much more rapidly than initial @Nd spatially ordered phases, respectively.

wetting. Figure 3D shows a recovery curve acquired for a  Clearly there is a large disparity between values obtained
nanotube from a sample which is immersed in pure water from the nanotube interior and those made at a flat interface.
after being stored under 50% methanol overnight. Before An obvious explanation for this difference is that surface
changing to water, the nanotubes showed diffusion in the modification of nanotube interiors is patchy, in which case
methanol solution (Figure 3C), but after 10 min in pure water molecular diffusion could be hindered by bare areas.
no diffusion was measured. Forty-six experiments were However, this seems unlikely since the fluorescence images
conducted in this manner and 42 (91%) of the experiments consistently show very uniform dye coverage of thg C
showed zero recovery. We assign the absence of recovengurface, and since gcoverage must be high fors. to be

to dewetting of the nanotube interior. In this case the drying large enough to prevent wetting in pure water. Another
of the tube interior must occur by water-vapor formation source of the small diffusion coefficient may be dye
since the tubes are not exposed to air during the fluid aggregation. Using fluorescence correlation spectroscopy,
exchange. Theory predicts that liquid water exists in a diffusion coefficients can be acquired for molecules diffusing
metastable state when confined between extended hydro-under various conditior®:?*26 We have conducted studies
phobic surfaces and that spontaneous evaporation (i.e.0of DilCyg diffusion rates on hydrophobic glass slides as a
drying) can occur when the surfaces are sufficiently close. function of concentration and have found a sudden decrease
For instance, the critical separation distance for two parallel in the measured diffusion coefficient at discrete concentra-
plates below which the vapor phase of water becomes tions?’We assign this effect to surface-induced aggregation.
thermodynamically unstable is predicted to be approximately The onset of aggregation appears at a distinct surface
100 nm8220The instability in the liquid phase is due to the concentration, a behavior analogous to the critical micelle
large surface tension of water and the small difference concentration observed in bulk solution for many surfactant
between the liquid and gas chemical poteffidland is moleculeg?® Diffusion coefficients measured for the ag-
observed experimentally in surface force measurements ingregates on flat surfaces are ¥0cn? s™1, much greater
which two hydrophobic plates “jump” into contact at than those measured inside nanotubes. The only example of
separations of 1620 nm due to cavitation of the interstitial ~ diffusion coefficients approaching the extremely small values
water®2! In nanotubes, liquigtvapor coexistence should measured in nanotubes was found when a concentrated
exist on larger length scales due to the increase in dimen-solution of DilGg was spin coated onto a;g£coverslip,
sional confinement relative to the space between two parallelallowed to dry, and then immersed in surfactant solution. In
plates, as in the surface force appard®fdin fact, recent this case, the measured value®fwas 3 x 10 cmés?t
theoretical studies for water confined in cylindrical micro- and probably results from large aggregates that form upon
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Figure 4. Histogram of calculated values of diffusion coefficient
D for nanotubes immersed in an aqueous surfactant solution.

rehydration. To investigate the effects of concentration on
the measured diffusion coefficient in nanotubes, we decrease
the DilC;g concentration approximately 1000-fold and no
perceptible change i was measured. Therefore, if dye
clustering is responsible for the diminished valuégothen
clustering is induced at unusually low surface concentrations.
The very small value oD could also arise from unusually

Future experiments in which we will independently change
both tube diameter and surface coating will be used to
investigate the effects of these parameters on our observa-
tions. These experiments will give us the ability to thoroughly
investigate the effects discussed above.

Through fluorescence imaging we have shown that the
hydrophobic modification of silica nanotube interiors is
complete and uniform. The demonstrated techniques offer a
valuable and nondestructive method for determining the
uniformity of modification of nanotube interior surfaces, a
result otherwise unattainable with traditional surface meas-
urements. FRAP measurements are used to find diffusion
coefficients of encapsulated molecules and evaluate the
wetting behavior inside of nanoscale tubes. The nonwetting
behavior in pure water, shows that the nanotube interiors

ossess surface free energies equivalent to macroscale

cEurfaces, providing more evidence that good surface coverage

is attained during nanotube synthesis. Wetting can be induced
by adding surfactant or methanol to the immersing solution
but occurs on a very slow time scale of many hours. The
observed wetting is reversible when the wetting solution is
replaced by pure water, indicating that the liquid water phase

strong adsorption occurring at surface sites on the nanotubgg nstable in the tube interior. Currently there is still some

interior. Strong adsorption of Dilg on G modified silica
has been extensively investigated by Wirth and co-work-
ers%2° They have shown that strong adsorption of QYC
at defects in G coated silica can lead to anomalously long
desorption timed%2° One kind of defect site occurs at

debate surrounding the issue of spontaneous drying in
water?3! and future experiments in which the interior
surface properties and pore dimensions are varied could help
resolve these questions.

The diffusion coefficients measured for Dil{on the

nanometer-scale indentations on silica substrates, indicatinqmeriOr walls of wetted nanotubes are much smaller than

a correlation between topographic features and strong
adsorption. The microindentations, characterized by Wirth
et al.,, have dimensions similar to the nanotube interior

expected and likely arise from a high occurrence of reactive
sites resulting from the nanotube topography and are similar
to those for adsorbed Dikgmolecules at pits and scratches

surfaces. In atomic force micrographs they appear as channelg), chromatographic interfacés? The findings presented

or pits approximately 10 nm deep and hundreds of nanom-

here will be important for the implementation of nanotubes

eters wide, and dye-desorption times measured at theseys containers and reaction vessels in future applications.

defects are unusually long, exceeding 2 Mi#f. The slow
diffusion observed inside nanotubes may result from a high

Acknowledgment. This work was supported in part by

occurrence of such long desorption periods and could providefunds from the U.S. Army (DAAD1301C0036). S.B.L.

further evidence supporting a correlation between adsorp-
tivity and topographic features. Future experiments to
measure diffusion as a function of nanotube diameter should
prove valuable in understanding the role of topography on
adsorption kinetics.

Diffusion rates vary considerably from tube-to-tube and
even between different locations in the same tube, although
no correlation was discernible between diffusion rates and
location relative to the tube center or ends. The distribution
of diffusion coefficients did not appear to vary significantly
between experiments conducted on day one or day two in
Table 1. Figure 4 shows a histogram of diffusion coefficients
plotted on a log scaleX = 0 values are not included). The
distribution peaks near 1 and tails off toward smaller
values. The origin of the large width of the distribution in
Figure 4 remains unexplained at this time. The fact that the
values tail toward very small numbers and that, even after
equilibration, only 90% of the spots show diffusion, suggests
that certain sites are only partially wetted under these strongly
wetting conditions. These sites could represent domains of
liquid instability or air pockets existing in the tube interior.
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