Han

observed. The common feature for all the
nanoparticles present in the soot is the
strong phase separation between chemical
species (B and N on one side and C on the
other side). Therefore, it is realistic to
propose nanotube-based devices compati-
ble with this phase separation, such as
axial BN-C heterojunctions or superlat-
tices (10), whereas the production of ho-
mogeneous nanotubes with an ordered
BC,N structure (1) appears more diffi-
cult to control, at least under arc-dis-
charge conditions.

The clear phase separation observed be-
tween BN layers and C layers raises the
question of the growth mechanism itself. A
segregation process taking place by diffusion
between layers after the particles are formed
can be ruled out because of the very slow
interlayer diffusion rates. A workable hy-
pothesis is that BN particles grow first and
then go through a carbon-rich region of the
plasma, leading to a carbon coating on the
surface of all particles. For the C-BN-C
sandwich geometry observed in most tubes,
it must then be assumed that the coating is
also efficient for the inner surface of the
tube and that it occurs by diffusion of car-
bon atoms from the open-ended tip of the
tube. A similar scenario has been reported
for the filling and coating of carbon nano-
tubes by molten V,05 (19). The inner coat-
ing of the polyhedral nanoparticles is pre-
vented by their close-shelled nature. In the
case of the tubes, another scenario can be
envisioned in which the BN shells and the
carbon shells grow simultaneously. Ab ini-
tio molecular dynamics simulations of the
growth mechanism of a bilayer tube have
shown that lip-lip interactions are impor-
tant and that adjacent layers are connected
by bridges saturating the dangling bonds
(20). Fast diffusion processes leading to
phase separation could take place within
these bridges.

The sandwich C-BN-C geometry found
for some tubes closely resembles the met-
al-insulator-metal geometry of the memo-
ry device proposed for nanotube applica-
tions (6) as well as that of a coaxial nano-
cable. The key to producing mixed nano-
tubes while avoiding the dominant
formation of carbon tubes is to control the
vaporization of carbon. Taking advantage
of the natural phase separation between
BN and C under arc-discharge conditions
should make it possible to achieve the
controlled production of nanotubes in
which BN ‘and C are alternated either
between layers or within the layers. Mea-
suring the electrical properties of these
composite tubes—as was recently done in
the case of pure carbon tubes, including
single-wall tubes (21)—is of particular
interest.
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Nanotubule-Based Molecular-Filtration
Membranes

Kshama B. Jirage, John C. Hulteen, Charles R. Martin*

Polymeric membranes that contain a collection of monodisperse gold nanotubules, with
inside diameters of molecular dimensions (less than 1 nanometer), were used in a simple
membrane-permeation experiment to cleanly separate small molecules on the basis of
molecular size. For example, when such a membrane was presented with an aqueous
feed solution containing pyridine (molecular weight 79) and quinine (molecular weight
324), only the smaller pyridine molecule was transported through the nanotubules and
into a receiver solution on the other side of the membrane.

Membrane-based chemical separations are
potentially more economical and easier to
implement than competing separations
technologies, but membranes with higher
transport selectivities are required (1-5).
Chemical features of the membrane, and of
the molecule to be selectively transported,
that can be exploited to enhance transport
selectivity include charge, chemical inter-
actions, and molecular size. The ideal ap-
proach for implementing molecular size—
based transport selectivity would be to de-

Department of Chemistry, Colorado State University, Fort
Collins, CO 80523, USA.

*To whom correspondence should be addressed at
crmartin@lamar.colostate.edu

sign a synthetic membrane that has a col-
lection of monodisperse nanopores, of
molecular dimensions, that span the com-
plete thickness of the membrane. If this
could be accomplished, one could envision
general “molecular filters” that could be
used in a simple membrane-permeation ex-
periment to cleanly separate small mole-
cules on the basis of size. We describe such
membranes here. .
This idea of using membranes to filter
molecules on the basis of size is not without
precedent. Dialysis is used routinely to sep-
arate low-molecular weight species from
macromolecules (6). In addition, nanofil-
tration membranes are known for certain
small-molecule separations (such as water
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purification) (7), but such membranes typ-
ically combine both size and chemical
transport selectivity and are particularly de-
signed for the separation involved. And,
although zeolites have molecule-sized pores,
they are not typically used for membrane-
based chemical separations (8). Hence, in
spite of the importance of the concept,
synthetic membranes that contain a collec-
tion of monodisperse, molecule-sized pores
that can be used as molecular filters to
separate small molecules on the basis of size
are currently not available.

The membranes described here were
prepared from polycarbonate filters (Poret-
ics) that contain monodisperse, cylindrical
pores 30 nm in diameter (9, 10). Martin
and co-workers have shown (9, 11, 12) that
an electroless plating procedure can be used
to deposit an Au nanotubule within each
pore (Fig. 1A). The inside diameter (ID) of
these Au nanotubules can be varied by
varying the plating time [see figure 1 in
(11)]. At sufficiently long plating times, Au
nanotubules with IDs of molecular dimen-
sions (<1 nm) are obtained (11, 13).

We have since discovered that the shape
of the Au nanotubule can be changed by
varying the rate of the plating reaction.
When high plating rates were used (14), Au
was preferentially deposited on the faces of
the membrane, and nanotubules with bot-
tlenecks at both ends but a larger ID in the
middle (Fig. 1B) were obtained. Such bot-
tleneck tubules are a form of ultrathin film
composite membrane (3, 7) and should pro-
vide high permeate flux without sacrificing
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Fig. 1. Schematic illustrations of the shapes of the
Au nanotubules that we obtained by doing the
electroless Au plating (9) at (A) pH = 10 and (B)
pH = 12. The higher pH causes bottleneck tu-
bules. The tubules plated at the lower pH also
have some of this bottleneck character [see (77)].
Hence, the depictions in both (A) and (B) are ap-
proximate and serve to illustrate the conceptual
differences between the two types of nanotubules
investigated here.
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transport selectivity. This is so because se-
lectivity should be determined by perme-
ation through the bottleneck, but overall
flux is determined by permeation in the
larger ID tubule that spans the membrane
(see below).

We show here that membranes con-
taining such bottleneck nanotubules can
be used to filter molecules on the basis of
size. We mounted the nanotubule mem-
brane in a U-tube permeation cell such
that the membrane separated a feed solu-
tion from a permeate solution (15). The
feed solution was equimolar in two com-
pounds of different molecule size. We call
these the “smaller” and the “larger” mole-
cules; three “smaller molecule-larger mol-
ecule pairs” were investigated here (Fig. 2,
A to C). The permeate solution, initially
just pure water, was periodically assayed
for the presence of both the smaller and
the larger molecules. In all three cases
(Fig. 2), easily measurable quantities of
the smaller molecule were obtained in the
permeate solution, but the larger molecule
was completely undetectable.

We began our studies, however, with
simpler single-molecule permeation experi-
ments (16). These experiments were done
in the same U-tube permeation cell (15),
but the feed solution contained only one of
the molecules of the smaller molecule-larg-

er molecule pair. The flux of this molecule
across the nanotubule membrane was deter-
mined, and then in a separate experiment
the flux of the other molecule of the pair
was measured (17). The objective was to
explore the effect of nanotubule ID on
transport rate and selectivity. Nanotubules
with the more conventional shape (Fig.
1A) were used for these preliminary studies.
Results of such single-molecule perme-
ation experiments, based on the use of the
methyl viologen (MV2*) Ru(II)tris(2,2’-bi-
pyridine) [Ru(bpy)/5?*] pair (Fig. 2A) and
membranes with four different nanotubule
IDs (13), are shown in Fig. 3, A to D. The
slopes of these permeation curves define the
fluxes of MV2* and Ru(bpy);2* across the
membrane. One can obtain a permeation
selectivity coefficient (a;) (18) by dividing
the MV2* flux by the Ru(bpy);** flux.
The data in Fig. 3 may be summarized as
follows: (i) Even for the nanotubules with
the largest ID investigated (5.5 nm), o, was
substantially greater than the ratio of the
diffusion coefficients (D) for these mole-
cules in aqueous solution [a; = 50; ratio of
diffusion coefficients = 1.5 (19)]. Hence,
size-based sieving occurred in these large ID
(>>molecular dimensions) nanotubules
(20). (ii) As the nanotubule ID decreased,
the fluxes for both molecules decreased;
however, the flux of the larger Ru(bpy);?*

A B C
Methyl viologen Anllinlum chloride Pyridine
; A
cr cor @— ﬁH, cr I P
+/— —\+ N
Ru(bpy)s Cla Rhodamine B Quinine
— —1* o] H,C ==CH H
% ! ﬁ?’
Z C—OH
~ N CHy .
SNPe c oo A
u.AR o o N+
P, IN/ IU\N’ (CPlz CHyCH,NH fronors oH,0 L

Fig. 2. Chemical structures and approximate relative sizes of the three pairs of molecules studied here:
(A) methyl viologen chloride and Ru tris(2,2’-bypiridine) chloride, (B) anilinium chloride and rhodamine B
chloride, and (C) pyridine and quinine. The charges on the molecules of each pair are the same. Because
the permeate solution was initially just pure water, the cations [(A) and (B)] come across the membrane

with their charge-balancing anions.

Table 1. Minimal selectivity coefficients for the three different small molecule—large molecule pairs.

Minimal selectivity
Small molecule Large molecule cosfficients
Methyl viologen chloride Ruthenium tris(2,2’-bipyridine) chloride 1,500
Pyridine Quinine 15,000
Anilinium chloride Rhodamine B chloride 130,000
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decreased more rapidly. As a result, a; in-
creased with decreasing nanotubule 1D
(21). Values for the nanotubule membranes
with IDs of 5.5, 3.2, and 2.0 nm are o, = 50,

88, and 172, respectively. (iii) The nanotu-
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bule membrane with the smallest ID (Fig.
3D) showed a measurable flux for MV?™,
but the larger Ru(bpy);?* could not be
detected in the permeate solution, even
after a 2-week permeation time.
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Fig. 3. Amounts of moles of MV2* and Ru(bpy),2* transported versus time. Membranes contained
nanotubules as depicted in Fig. 1A with diameters (73) of (A) 5.5 nm, (B) 3.2 nm, and (C) 2.0 nm. The
nanotubule diameter in (D) was too small to measure by the gas-permeation method (diameter < 0.6
nm). Only MV2* was transported through this membrane. The data in (D) show more noise than the data

in (A), (B), and (C) because the flux is lower.
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Although the results of these experi-
ments were encouraging in terms of selec-
tivity, the fluxes were low. We expected
that higher fluxes could be obtained from
the bottleneck nanotubule membranes (Fig.
1B). A simple single-molecule permeation
experiment was done to demonstrate the
bottleneck character of these nanotubules.
The MV?* flux in a typical bottleneck
membrane is 19 nmol hour™ cm™2. When
the surface Au layer containing the bottle-
neck (Fig. 1B) was removed (12), the flux
increased by one order of magnitude to 180
nmol hour™! cm™2. When the second sur-
face Au layer was removed, the flux again
increased by an order of magnitude. That
these very thin surface Au layers (150 nm
versus 16 pwm for the polycarbonate mem-
brane) can have such a dramatic effect on
the flux clearly shows that flux-limiting
constrictions are present in the surface lay-
ers (Fig. 1B).

It is also important to prove that these
bottleneck membranes can have the same
selectivity but higher flux than membranes
containing the conventional nanotubules
(Fig. 1A). To demonstrate this point, we
compared the rate and selectivity of trans-
port across a conventional and a bottleneck
membrane (22). Both membranes were able
to cleanly separate MV%* from Ru(bpy),2*
in the two-molecule permeation experi-
ment (see below). Hence, these membranes
showed comparable, excellent selectivity.
However, as expected, the flux of MV?*
across the bottleneck nanotubule mem-
brane was dramatically higher than that of
the conventional nanotubule membrane
(14 versus 0.07 nmol hour™! cm™2).

We now turn to the more interesting
case of having both molecules of a pair in
the feed solution together. These experi-
ments were done only on bottleneck nano-

tubule membranes that showed o, = o
c
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Fig. 4. Absorption spectra for (A) 0.5 mM pyridine and 0.5 mM quinine, (B) the pyridine-quinine feed solution (both molecules 0.25 mM), and (C) permeate
after transport for 72 hours through a bottleneck nanotubule membrane (22).
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(22). Typical results, for the pyridine-qui-
nine pair, are shown in Fig. 4. The absorp-
tion spectra for 0.5 mM quinine and for 0.5
mM pyridine are shown in Fig. 4A. Pyridine
shows a characteristic peak at ~252 nm.
Quinine shows a much more intense band
centered at 225 nm and two other bands at
~280 and ~330 nm.

The absorption spectrum for the feed
solution used in the permeation experiment
is shown in Fig. 4B. Although both mole-
cules are present in solution at the same
concentration, the higher absorbance of the
quinine nearly swamps out the 252-nm
peak of the pyridine. The absorption spec-
trum of the permeate solution after 72 hours
is shown in Fig. 4C. In spite of the higher
absorbance of the quinine (larger mole-
cule), only the peak for the pyridine (small-
er molecule) is seen in this spectrum. The
very intense quinine band centered at 225
nm is absent. To our ability to make the
measurement, this bottleneck nanotubule
membrane has filtered these two molecules
on the basis of molecular size (Fig. 4C).

To verify this point, we used a much
more sensitive analytical method, fluores-
cence (23), to search for traces of quinine
in the permeate solution. The magnitude
of the absorbance in Fig. 4C indicates that
the pyridine concentration in the perme-
ate is 7 X 107> M. With fluorescence
analysis (23), it is possible to detect 5 X
107° M quinine in the presence of 7 X
107> M pyridine. However, no quinine
fluorescence could be detected from the per-
meate solution. These data show that, to our
(now much more sensitive) ability to make
the measurement, this membrane has cleanly
separated these two molecules and that if any
quinine is present in the permeate solution, its
concentration is less than 5 X 107° M.

These analytical data can be used to
calculate a minimal selectivity coefficient,
o, Because the concentration of the
smaller molecule in the permeate solution
was 7 X 107> M and the concentration of
the larger molecule (if present at all) must
be less than 5 X 1072 M, the minimal
selectivity coefficient for the pyridine-qui-
nine pair is o, = 15,000. Minimal selec-
tivity coefficients obtained in this way (24)
for the other pairs are shown in Table 1. In
all three cases, the larger molecule was un-
detectable in the permeate solution.

Nishizawa et al. have demonstrated that
these Au nanotubule membranes can show
charge-based transport selectivity (9), and
we have shown here that these membranes
can also have molecular size—based selectiv-
ity. It seems likely that chemical transport
selectivity can also be introduced. Hence,
these nanotubule membranes hold promise
for the development of highly selective
membranes for chemical separations.
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Femtosecond Mid-IR Pump-Probe Spectroscopy
of Liquid Water: Evidence for a Two-Component
Structure

S. Woutersen, U. Emmerichs, H. J. Bakker

A femtosecond mid-infrared pump-probe study of the vibrational and orientational dy-
namics of the OH-stretching mode of HDO dissolved in D,O is presented. The orien-
tational relaxation of the HDO molecules was observed to occur on either a very slow
or a very fast time scale, with associated time constants of 75, = 13 picoseconds and
7, = 0.7 picosecond. It was observed that strongly hydrogen-bonded water molecules
only relax through the slow orientational relaxation process, whereas the fast process
dominates for weakly hydrogen-bonded molecules. This suggests that, with respect to
orientional dynamics, two distinct molecular species exist in liquid water.

Knowledge about the orientational dy-
namics of water is essential for understand-
ing the (bio)chemical and physical process-
es that take place in this liquid, notably
chemical reactions and solvation. There-
fore, the reorientational motion of mole-
cules in liquid water has been extensively
studied for over half a century, in particular
by such methods as dielectric relaxation (I,
2), terahertz spectroscopy (3, 4), optical

FOM-Institute for Atomic and Molecular Physics, Kruis-
laan 407, 1098 SJ Amsterdam, Netherlands.

and Raman-induced Kerr-effect spectrosco-
py (5, 6), and nuclear magnetic resonance
(7). However, all of the experimental tech-
niques employed to date have probed the
orientational motion indirectly or as aver-
aged over all the molecules in the liquid. In
contrast, polarization-resolved pump-probe
spectroscopy yields unambiguous informa-
tion about the dynamics of orientational
relaxation of small molecules in the liquid
phase (8, 9). By developing a laser setup
that generates intense femtosecond mid-
infrared (mid-IR) pulses, we could study for
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