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photocurrent losses. The IQE of the two devices
using large bandgap QDs (1.35 eV and 1.48 eV)
exhibited peak quantum efficiencies consistent
with the 85% plateau for photon energies below
the MEG threshold; thus, we estimate the in-
trinsic photocurrent losses at ~15%. We attribute
these losses to electron-hole recombination be-
fore carrier separation and collection as photo-
current and therefore normalize the measured
IQE to these values, yielding the purple circles
in Fig. 3C. These values compare well with a
model (7) that accounts for a competition be-
tween MEG and hot-exciton cooling (Fig. 3C,
solid black curve, dashed curve normalized as
above). Finally, we applied a least-squares linear
fit of a normalized version of the same model
(24) to the IQE for the 0.72 eV solar cell in Fig.
3B, yielding hMEG = 0.62 T 0.1, and an MEG
onset threshold Eth (Eq. 2)

Eth ¼ 1 þ 1

hMEG

� �
Eg ¼ ð2:61 T 0:03ÞEg ð2Þ

indicating quantitative agreement with spectro-
scopic measurements. We believe this result con-
stitutes incontrovertible evidence that MEG is
more efficient in PbSe QDs than in bulk PbSe,
which exhibits a MEG efficiency of only 0.31
and a corresponding onset of 4.22 Eg (7, 30). To
estimate the impact of MEG on the PCE, we
integrated the 0.72 eV device IQE in excess of
the baseline 85% (fig. S7, shaded region) against
the AM1.5G solar spectrum. We estimate that
~1 mA cm−2, or ~4%, of the total photocurrent
arises from MEG, consistent with previous esti-
mates based on TAS measurements of MEG in
colloidal QDs (7). Bulk Si photovoltaic cells could
only benefit by <1% from impact ionization, and
Si1-xGex alloys could benefit by at most 2% (29).

The useful effects of our hydrazine treatment
allow multiple carriers produced by MEG to be
efficiently collected in a solar cell made from

electronically coupled QDs. To have the largest
impact on solar energy conversion efficiency,
the MEG onset would have to be close to twice
the bandgap, which could lead to a bonus photo-
current contribution as high as 30% (1, 7). The
challenge is to learn how to further improve the
MEG-enhanced quantum efficiency and this will
necessarily involve maximizing the MEG ki-
netics by chemical, dimensional, or architectural
means, while also limiting the inelastic, phonon-
mediated exciton cooling rates. Carbon nanotubes
(31, 32) and PbSe nanorods (33) have shown
promising results in this direction. Our findings
are a first step toward breaking the single junc-
tion Shockley-Queisser limit (34) of present-day
first and second generation solar cells, thus mov-
ing photovoltaic cells toward the third-generation
regime.
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Growth of Uniformly Oriented Silica MFI
and BEA Zeolite Films on Substrates
Tung Cao Thanh Pham, Hyun Sung Kim, Kyung Byung Yoon*

Applications of zeolite films benefit from alignment of the integrated channels, but methods for film
growth have nearly always introduced orientational randomization in the direction normal to the
substrate. We now report facile methods to grow silicalite-1 films and pure silica beta zeolite films on
substrates with straight or sinusoidal channels positioned uniformly upright at a thickness of up to 8
micrometers. Precise gel compositions and processing temperatures are critical to promote secondary
growth on pre-formed oriented crystal monolayers while suppressing self-crystallization in the bulk
medium. Preliminary results highlight the potential of these uniformly oriented films in the nonlinear
optical response and separation of xylene isomers.

Zeolites are aluminosilicates with angstrom-
scale pores and channels in their crystal
lattice. When grown as continuous films

on various substrates, they function as molec-
ular sieve membranes (1–13) and platforms for

second-order nonlinear optical (2-NLO) mixing
(14–16), among other applications (17–20). In
these contexts, optimal performances would be
expected when the channel directions were uni-
formly oriented normal to the substrate planes

from the top to the bottom of the films. However,
despite great effort over the past three decades
(1–13, 21, 22), uniformity in the channel orien-
tation of zeolite films has not been achieved.

For example, silicalite-1 (SL) is a pure silica
MFI (23) zeolite with 5.5 × 5.1 Å–sized elliptical
channels running along the a axis in a sinusoidal
manner and 5.6 × 5.3 Å–sized elliptical channels
running straight along the b axis (Fig. 1, A and B)
(24). Previous attempts to grow it as a contin-
uous filmwith the sinusoidal (a-axis) and straight
(b-axis) channels pointing perfectly normal to the
substrates have not been successful (3, 6–10, 12).
Another zeolite, beta (BEA) (23), adopts a trun-
cated bipyramidal shape, with 6.6 × 6.7 Å chan-
nels running straight along the a (or b) axis and
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5.6 × 5.6 Å channels running tortuously along the
c axis (Fig. 1C) (25, 26). In attempts to grow pure
silica BEA (Si-BEA) films on substrates, there
have been no reports of films with the a (or b)
axis uniformly normal to the substrate (27–29).

The typical procedures used in the past for the
growth of oriented SL films are as follows [see
supporting online material (SOM) text for more
details]. In the case of SL films, initially pre-
pared leaflet-shaped (Fig. 1A) and coffin-shaped
(Fig. 1B) crystals are assembled into a-oriented
(9) (a axis normal to the substrate plane) (Fig.
1D) and b-oriented (30) (b axis normal to the
substrate plane) (Fig. 1E) monolayers on appro-
priate substrates. [In the case of Si-BEA films,
a-oriented monolayer assembly of Si-BEA crys-
tals (Fig. 1F) has not even been attempted.] The
substrates coated with SL monolayers are then
immersed in a synthesis gel consisting of wa-
ter, tetraethylorthosilicate (TEOS), and either
tetrapropylammonium hydroxide (TPAOH) or
bis-N,N-(tripropylammoniumhexamethylene) di-
N,N-propylammoniumtrihydroxide (trimer-TPAOH),
which is subsequently heated in a Teflon-lined
autoclave (9, 31) at desired temperatures for ap-
propriate periods of time. The use of TPAOH or
trimer-TPAOH is essential for the syntheses of
SL films, because the TPA+ ion (or TPA+ analogs
in trimer-TPAOH) acts as the structure-directing
agent. As a result, these ions become entrapped at
the intersections between the sinusoidal and straight

channels, thereby blocking the channels, and they
must be removed from the SL films by calcination
(usually by heating at 550°C for 12 hours under
flowing oxygen or air) before the films can be
used for separation and adsorption.

The crucial problem is that the above pro-
cedure always leads to the growth of randomly
oriented SL films on seed crystals, regardless of
the seed crystals’ orientations on substrates or the
thickness of the newly grown films. As a result,
the sinusoidal channels running along the a axis
and the straight channels running along the b axis
become randomly oriented within the films, with
large degrees of channel discontinuity at various
positions owing to large degrees of local crystal
orientation mismatches. The randomly oriented
films also have an intrinsically high propensity to
crack during the calcination step owing to the com-
plex thermal expansion coefficients of SL grains
along each principal axis (32, 33), which vary
significantly not only in magnitude but also in sign
in the temperature range between room temper-
ature and the calcination temperature (table S1).

Here we report improved membrane prepa-
ration methods that reproducibly yield uniformly
a- (Fig. 1G) and b-oriented (Fig. 1H) SL and
Si-BEA (Fig. 1I) membranes on substrates. We
furthermore demonstrated preliminary application
of b-oriented SL membranes for the preparation
of 2-NLO films and for the separation of a mix-
ture of ortho- and para-xylenes.

We first prepared leaflet-shaped SL crystals
(0.3 × 1.3 × 1.5 mm3) (fig. S1 and SOM meth-
ods), rounded coffin-shaped SL crystals with
four different sizes (0.35 × 0.12 × 0.7, 1.0 ×
0.5 × 1.4, 1.5 × 0.6 × 1.9, and 2.8 × 1.1 × 4.8 mm3)
(fig. S2), and truncated bipyramidal Si-BEA
crystals (14 × 14 × 19 mm3) (fig S3). These were
assembled into uniformly oriented monolayers
on glass plates by rubbing (30, 34) (Fig. 2, A
to C), and secondary growth was conducted on
the surfaces (SOM methods). The key to suc-
cessful growth of uniformly oriented films was
to prepare appropriate gel compositions and find
appropriate reaction temperatures. After ~1000
trials, we discovered three optimal gels (SOM
methods). Gel-1 was composed of fumed silica,
tetraethylammonium hydroxide (TEAOH), am-
monium hexafluorosilicate [(NH4)2SiF6], KOH,
and H2O in amole ratio of 4.00:1.92:0.36:0.40:n1,
where n1 = 30 to 80. Gel-2 was composed of
TEOS, TEAOH, (NH4)2SiF6, and H2O in a mole
ratio of 4.00:1.92:0.36:n2, where n2 = 40 to 80.
Gel-3was composed of TEOS, TEAOH, hydrogen
fluoride, andH2O in amole ratio of 4.00:2.20:2.20:
n3, where n3 = 30 to 40. Gel-1 was a dry powder,
whereas gel-2 and gel-3 were semisolids.

When secondary growth on the glass-supported
SL leaflet monolayer (a-SLm/g) was conducted
in gel-1 at 150°C, nearly perfectly a-oriented
continuous films steadily grew with time on the
a-oriented seed monolayers (despite the fact that

Fig. 1. Schematic illustra-
tions of (A) leaflet-shaped
and (B) coffin-shaped SL
crystals and (C) truncated
bipyramidal BEA crystals
and their channel sys-
tems, as well as their re-
spective (D) a-oriented,
(E) b-oriented, and (F) a-
oriented monolayers. (G
to I) Secondary growth on
thesemonolayersproduces
uniformly oriented films.

16 DECEMBER 2011 VOL 334 SCIENCE www.sciencemag.org1534

REPORTS

 o
n 

Ja
nu

ar
y 

11
, 2

01
2

w
w

w
.s

ci
en

ce
m

ag
.o

rg
D

ow
nl

oa
de

d 
fr

om
 

http://www.sciencemag.org/


gel-1 was a dry powder) (35) as demonstrated by
the top (Fig. 2D) and side (Fig. 2E) scanning elec-
tron microscopy (SEM) views of a film grown
over 2 days. The x-ray diffraction pattern of the
film (Fig. 2F) shows peaks assigned to diffraction
from the (200), (400), (600), (800), and (1000)
planes. The weak (501) plane diffraction arises
from the slight tilt of the leaflet SL crystals in the
monolayers.

When secondary growth on the coffin-shaped
SL monolayer (b-SLm/g) was conducted in semi-
solid gel-2 at 165°C, perfectly b-oriented con-
tinuous films steadily grew with time on the
b-oriented seed monolayers, as demonstrated by
the top (Fig. 2G) and side (Fig. 2H) SEM views
of a film grown over 7 days. The x-ray diffraction
pattern of the film (Fig. 2I) only shows the dif-
fraction peaks from the (020), (040), (060), (080),
and (0100) planes. The splitting of the latter four
diffraction peaks is due to the presence of two
different wavelengths in the x-ray source (Cu Ka1
and Ka2).

When secondary growth on the Si-BEAmono-
layer (a-Si-BEAm/g) was conducted in semisolid

gel-3 at 150°C, nearly perfectly a-oriented contin-
uous films steadily grewwith time on thea-oriented
seed monolayers, as demonstrated by the top
(Fig. 2J) and side (Fig. 2K) SEM views of a film
grown over 4 days. The x-ray diffraction pattern
of the film (Fig. 2L) shows the diffraction peaks
from the (101) and (116) planes but not from
(h00) planes. This pattern is consistent because
the Si-BEA crystals are lying on the substrate
with one of the four trapezoidal faces parallel to
the substrate surface.

For comparison, we also conducted sec-
ondary growth on a-SLm/g, b-SLm/g, and a-Si-
BEAm/g substrates under the conditions leading
to the formation of seed crystals. For this purpose,
gels composed of TEOS, TPAOH, and H2O in
a mole ratio of 4:1:600 (TPA gel); of TEOS,
trimer-TPAOH, KOH, and H2O in a mole ratio
of 4.0:0.5:0.8:950.0 (t-TPA gel); and of fumed
silica, TEAOH, (NH4)2SiF6, KOH, and DDW
in a mole ratio of 4.00:1.92:0.36:0.40:31.20
(Si-BEA seed gel) were prepared. The compo-
sition of the Si-BEA seed gel was the same as
one of the compositions of gel-1. The key dif-

ferences were that for seed crystal formation,
the water content was set more precisely and
the temperature was higher (165°C). Otherwise,
crystallization did not proceed.

In the case of the secondary growth of b-SLm/g
plates in the TPA gel, the b-oriented seed crys-
tals (1.0 × 0.5 × 1.4 mm3) grew bigger even
after only 3 hours at 165°C, leading to the for-
mation of continuous films (fig. S4). Simulta-
neously, a-oriented SL crystals also started
growing on the b-oriented continuous films,
and new b-oriented SL crystals became attached
on the b-oriented films. As a result, the surface
became very rough. After 24 hours, the film grew
much thicker (~10 mm), but the orientations of
the SL became highly random as the top (Fig.
3A) and side (Fig. 3B) SEM views show. The
x-ray diffraction pattern of the film (Fig. 3C)
correspondingly shows peaks arising from other
orientations.

Thus, the degree of random orientation in-
creases with time in the TPA gel. Because this
phenomenon is unavoidable, attempts have been
made to reduce the orientational randomization
by conducting a short-period (3 hours) second-
ary growth in a highly nutrient-depleted TPAOH
gel (21) or in a gel with very low TPAOH con-
centration (22). However, careful analyses of the
films produced by these methods revealed that
randomly oriented impure crystals had already
begun to form even during the 3-hour period, or
the gaps between the crystals were not yet com-
pletely filled. After a longer period of time, how-
ever, the orientation randomization became more
obvious (fig. S5).

In the t-TPA gel at 175°C, most of the crystals
interconnected very well even after 3 hours,
giving rise to the formation of a very smooth
continuous film as the top and the cross-sectional
SEM views show (fig. S6). During this period,
the film thickness increased by 200 nm. Even
after 24 hours, the film surface still remained
smooth, as the top (Fig. 3D) and side (Fig. 3E)
SEM images show, unlike the case of the TPA
gel. However, the x-ray diffraction pattern of
the SL film (Fig. 3F) showed that both a and b
orientations coexisted. Specifically, the a:b ori-
entation ratio was 7:3 despite the fact that the
seed layer was perfectly b-oriented, indicating
that leaf-shaped SL crystals produced in the bulk
become readily attached to the b-oriented seed
layer during the secondary growth.

In the case of a-SLm/g plates, the use of
TPA gel or t-TPA gel instead of gel-1 also led
to randomly oriented SL films even after 3 hours
at 175°C (figs. S7 and S8). In the case of a-Si-
BEAm/g plates, the use of Si-BEA seed gel (the
gel used to produce Si-BEA seed crystals) in-
stead of gel-3 led to the formation of randomly
oriented films (fig. S9). Even if gel-3 was used
for the secondary growth of a-Si-BEAm/g plates,
the resulting Si-BEA film became randomly ori-
ented when monolayers of randomly oriented
monolayer Si-BEA crystals were used (fig. S10).
The use of TPA gel led to the attachment of SL

Fig. 2. SEM images of typical (A) a-oriented and (B) b-oriented monolayers of SL crystals and (C) a
monolayer of a-oriented Si-BEA crystals assembled on glass plates. Shown below are the respective (D, G,
and J) top-view SEM images, (E, H, and K) side-view SEM images, and (F, I, and L) x-ray diffraction patterns
of the uniformly oriented continuous films grown on these monolayers under the conditions indicated.
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crystals on the surface, and the use of highly
basic gel such as the gel for the preparation zeo-
lite Y led to dissolution of the seed Si-BEA crys-
tals (fig. S9).

Another common phenomenon associated
with the use of TPA and t-TPA gels is that dur-
ing secondary growth, large amounts of SL crys-
tals form by self-crystallization, independent of
the film growth process. Here we define the se-
lectivity of a gel to film formation (Sf in percent)
as follows (Eq. 1)

Sf (%) = DWf/(DWf +Wb) × 100 (1)

whereDWf represents theweight of SL film added
onto the seed layer, andWb represents the weight
of free SL powder produced in the bulk. In the
case of TPA gel, Sf values were 3.11 and 3.23%
after 3 and 24 hours, respectively, with DWf and
Wb values of 4.4 and 137.2 mg and 14.6 and
436.7 mg, respectively. In the case of t-TPA
gel, Sf values were 3.16 and 0.34% after 3 and
24 hours, respectively, with DWf andWb values
of 0.5 and 14.4 mg and 0.5 and 307.7 mg, re-
spectively. Thus, in the cases of conventional
gels, more than 96% of the nutrients were con-
sumed for the production of SL crystals in the
bulk by self-crystallization.

In contrast, gel-1, gel-2, and gel-3 did not form
new SL or Si-BEA crystals in the bulk during
reaction periods monitored for up to 7 days. In
other words, Sf values were 100% in these three
gels. As a typical example, the plots of Sf values
with respect to reaction time are compared in
fig. S11 for the secondary growths of b-SLm/g in
gel-2, TPA gel, and t-TPA gel.

In the case of secondary growth of b-SLm/g in
gel-2, the thickness increased linearly with time
for a given thickness of the seed crystal layer and
a given reaction temperature (36), within exper-
imental error (fig. S12). This first-order kinetic
behavior is consistent with the absence of self-
crystallization in the gel, a constant SL surface
area, the same orientation of the SL surface, and
the same reactivity of the SL surface in the same
orientation toward the nutrients in the gel. This
phenomenon furthermore allows precise control
over the desired thickness of the uniformly ori-
ented SL films, by choosing seed crystals with
proper thickness (37), reaction time, and reac-
tion temperature.

Thus, although the TEA+ ion alone cannot act
as a structure-directing agent to initiate self-
nucleation of SL crystals in the gel, it can readily
engender secondary growth of SL seed crystals
when combined with the F– source. An inde-
pendent experiment tracking secondary growth
of SL seed crystals dispersed in gel-2 showed that
the relative growth rates along the a, b, and c
directions were a:b:c = 1:3:15 (fig. S13). Thus,
the secondary growth rate along the c direction
was still much higher than along the other two
directions in gel-2 (SOM text).

The above results suggest that self-crystallization
in the gel, subsequent diffusion of the self-formed

crystals onto the films, and their ensuing attach-
ment in various orientations are the main causes
of randomly oriented SL film growth in TPA
and t-TPA gels. In other words, maintaining sec-
ondary growth while inhibiting self-crystallization
is the key to achieving orientation control in film
growth. The use of tetramethylammonium hy-
droxide (TMAOH) and tetra-n-butylammonium
hydroxide (TBAOH) in place of TEAOH in gel-1,
gel-2, and gel-3 gives similar results (fig. S14).
We also found that the gels remaining after sec-
ondary growth could be reused at least three more
times by immersing fresh a-SL/g, b-SL/g, and
a-Si-BEA/g plates into them.

The randomly oriented polycrystalline SL
films (Fig. 3, A and D) readily underwent crack
formation upon calcination at 500°C (fig. S15)
(increasing the temperature at 100°C hour−1),
caused by the aforementioned complex temperature-
dependent anisotropic thermal expansion coef-
ficients of SL crystals. Recently, Tsapatsis et al.
demonstrated that a sequence of very rapid (1min)
heating to 700°C, followed by a short (30 s) rest
period and very rapid (1 min) cooling to room
temperature, leads to stronger binding between

the randomly oriented crystals, giving rise to
effective suppression of crack formation dur-
ing calcination (4). Uniformly oriented SL and
Si-BEA films (Fig. 2, D, G, and J) do not undergo
crack formation during or after 24 hours calci-
nation at 550°C, despite the fact that the lattice is
still randomly oriented along the other two
axes (a and c). Accordingly, rapid thermal an-
nealing was not necessary to prevent crack
formation. In the case of b-oriented SL films,
this stability against crack formation was con-
firmed not only by thorough SEM analyses of
the surfaces but also by the observation that
1,3,5-triisopropylbenzene does not diffuse through
the calcined b-oriented films supported on porous
silica, as described in more detail below. Laser
scanning confocal microscopy also confirmed
the absence of crack formation during calcina-
tion (fig. S16).

In the initial period after the development
of gel compositions, we routinely observed that
the uniformly oriented SL films became contami-
nated with small randomly oriented crystals as
the film thickness increased (fig. S17). Later we
figured out that the surfaces of the seed crystals

Fig. 3. Respective (A and D) top-view and (B and E) side-view SEM images and (C and F) x-ray diffraction
patterns of randomly oriented SL films supported on glass, obtained by secondary growth of b-SLm/g in TPA gel;
and randomly oriented SL films supported on glass, obtained by secondary growth of b-SLm/g in t-TPA gel.
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become covered with an amorphous silica layer
with a thickness of ~7 nm (fig. S18) during the
processes of monolayer assembly by rubbing and
subsequent calcination to affix them onto sub-
strates, and that the outermost amorphous silica
layer was responsible for the contamination. The
outermost amorphous silica layers were effec-
tively removed by treating the calcined SL seed
crystals with a 0.2 M NH4F solution for 6 hours.
The freshly exposed b-oriented faces (fig. S18)
served as the true template surface for the sub-
sequent growth of the SL films in the b orien-
tation, maintaining uniformity up to thicknesses
of 8 mm. Without this treatment, the b-oriented
films became contaminated with small randomly
oriented crystals as the thickness increased.

A critical factor for practical application of the
SL films is the percentage of straight channels
that are open from the top to the bottom of the
film. Using the b-oriented SL film (Fig. 2D) as an
example, we measured this property by counting
the number of 1-bromododecane molecules in-
corporated into the film after saturation (fig. S19
and SOM methods). The b-oriented SL films
were first washed with a 0.2MNH4F solution to
remove amorphous layers from the surface and
were subsequently dehydrated before immersion
in neat 1-bromododecane. After immersion, the
air inside the chamber was removed by a brief

evacuation at room temperature. After 3, 5, and
7 days of immersion under a reduced pressure,
the films were removed from 1-bromododecane
and washed with n-hexane.

The depth profiles measured by energy-
dispersive x-ray spectroscopy showed increasing
Br content (atom %) (fig. S20) with increasing
immersion time and depth. The gradual decrease
of Br content from the bottom to the surface was
probably caused by the hexane surface-washing
step, because the SL channels have a higher
affinity for n-hexane than for 1-bromododecane
(10, 38). The important point, however, is that
1-bromododecane penetrates to the bottom of
the film. This result was further confirmed by
our calculation (from the gas chromatographic
data) that 1459 molecules of 1-bromododecane
were incorporated into a single 3-mm-long SL
channel, which corresponds to 87.8% of the
theoretical maximum (1662 molecules per chan-
nel) (SOM methods).

To explore prospective applications, we first
incorporated hemicyanine dyeswith varying chain
lengths (Fig. 4A) into uniformly b-oriented SL
films with a range of thicknesses (0.13, 2.40, 2.60,
and 3.00 mm) and measured their 2-NLO activities.
To compare with previously reported results (14),
we also incorporated HC-n dyes into b-oriented
SL films grown directly on bare glass plates (pri-

mary growth films, with a measured thickness of
400 nm).

The profiles of the number of HC-n mole-
cules incorporated into a single SL channel [(NC)n]
with respect to the chain length n in HC-n are
shown in Fig. 4B for each SL film (SOM meth-
ods). In the case of uniformly b-oriented films,
(NC)n increased as the thickness of the film was
increased. Furthermore, (NC)n progressively in-
creased with increasing chain length n until n =
15 and progressively decreased with further in-
creasing n. In the case of the primary growth film,
however, (NC)n progressively decreased with in-
creasing n (14). These results show that the uni-
formly b-oriented SL films are more hydrophobic
than the primary growth film. The (NC)n value of
16 observed for the 130-nm-thick SL film for the
case of HC-15 is a very large increase when com-
pared with the value of ~6 observed for the 400-
nm-thick primary growth film (14). The measured
(NC)n values for the SL film prepared using the
t-TPAgelwere always smaller than thosemeasured
for the 130-nm-thick uniformly b-oriented SL
film, despite the fact that the thickness of the
former is 10 times thicker (1.3 mm).

The relative second harmonic intensities (rel-
I2w) induced by irradiation of SL films (p-polarized
I2w generated from a p-polarized 1064-nm fun-
damental laser beam) with respect to that of a
3-mm-thick, Y-cut quartz plate were obtained
by the Maker fringe method (fig. S21), and they
are plotted with respect to n for each thickness
(Fig. 4C). The plot shows that even 2.4- to 3.0-
mm-thick HC-n–incorporating SL films (n = 12,
15, 18, and 22) have higher second-order NLO
activities than a thousand times thicker (3 mm)
quartz, which is often used as the reference ma-
terial (14). The highest rel-I2w value (174.5%)
was obtained from the HC-15–incorporating
3.0-mm-thick SL film (table S2). This value also
corresponds to a 21-fold increase with respect
to the highest value previously observed using
HC-n–incorporating primary growth SL films
(8%) (14). The measured rel-I2w values observed
for the SL film prepared by t-TPA gel were
always smaller than 7.1%.

The calculated d33 values (a tensor com-
ponent of the quadratic nonlinear susceptibility of
a 2-NLO material) for HC-n–incorporating SL
films are tabulated in table S2. In the case of
HC-15, the d33 values are between 2.68 (3-mmfilm)
and 35.42 pm/V (0.13-mm film). Corresponding
values of commercial 2-NLOmaterials range from
0.16 to 13.7 pm/V (table S3). Thus, uniformly
b-oriented HC-15–incorporating SL films have
potential for development into commercially via-
ble 2-NLOmaterials. In contrast, the d33 value of
the SL film prepared from t-TPAgelwas 1.21 pm/V,
indicating that it is less suitable for commercial
applications (table S4).

Furthermore, the 2-mm-thick uniformly b-
oriented films showed transparencies (70 to 84%
in the 380- to 1100-nm region) comparable to
those of plain glass (~85%) (figs. S22 and S23).
The corresponding values observed from the

n = 6, 9, 12, 15, 18 and 22

Fig. 4. (A) Structure of HC-n dyes. (B) Plots of the number of HC-n dyes incorporated in a single channel (NC)n
of the SL film versus the alkyl chain length n of the HC-n dye. (C) Plots of the relative second harmonic intensity
(rel-I2w) of the HC-n–incorporating SL films (of indicated thickness) with respect to a reference (3-mm-thick Y-
cut quartz) versus the alkyl chain length n of the HC-n dye. Below are plots of permeances of p- (open circle)
and o-xylene (open square) and the SF with time for the two operation temperatures, (D) 80°C and (E) 150°C.
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random SL films were 20 to 60% when prepared
from the t-TPA gel and below 12% when pre-
pared from the TPA gel.

Another major application of zeolite films
is in membrane-mediated separation of small-
molecule mixtures into pure components. The
separation of xylenes has received particular
attention (4, 8). To investigate the performance of
uniformly b-oriented SL films as xylene mixture-
separation membranes, we prepared monolayers
of rounded coffin-shaped SL crystals on porous
silica supports and subsequently grew 1.0-mm-
thick uniformly b-oriented SL films (fig. S24)
in gel-2 (SOM methods). The use of porous
silica supports is necessary to maintain uniform
b-orientation of the SL films, because aluminum-
containing porous supports suppress the film
growth. The preparation of the porous silica sup-
ports was readily achieved by one step: 2 hours
of calcination at 1020°C (SOM methods). The
separation of the o- and p-xylene mixture was
conducted at two different temperatures (80°
and 150°C) under standard reported conditions
(SOM methods and fig. S25).

The initially measured permeance of p-xylene
at 80°C was much higher than that of o-xylene,
giving rise to a high (>1900) separation factor
(SF) (Fig. 4D). However, the permeances con-
tinuously decreased over a period of 216 hours
and reached a steady state. The steady-state
permeances of p-xylene and o-xylene were
0.7 × 10−8 and 0.0092 × 10−8 mol s−1 m−2 Pa−1,
respectively, giving rise to a steady-state SF of
71. We attribute the continuous decreases of
p-xylene permeance and the SF value to gradual
adsorption of o-xylene into the channels, leading
to a gradual increase in the degree of channel
blockage, which in turn decreases the diffusion
rate of p-xylene molecules (11). The fact that the
permeance decreases to near zero also indicates
that the b-oriented SL film does not have cracks.

At 150°C, the p-xylene permeance also con-
tinuously decreased from 21.6 × 10−8 to 5 × 10−8

mol s−1 m−2 Pa−1 over a period of 400 hours
(Fig. 4E). During the same period, the o-xylene
permeance decreased from 0.0097 × 10−8 to
0.0068 × 10−8 mol s−1 m−2 Pa−1. The gradual de-
crease of p-xylene permeance even at 150°C in-
dicates that the channel blocking by o-xylene still
continues at 150°C, and the b-oriented SL film
does not undergo crack formation during the op-
eration. During the period from 20 to 370 hours,
the SF value remained nearly constant at ~1000.
Although this steady-state SF value is lower than
the highest value observed from randomly ori-
ented tubular SL films (12), it is about two times
higher than those of randomly oriented non-
tubular SL films with similar thickness (table S5).

We have reported straightforward methods to
prepare uniformly a- and b-oriented SL films and
a-oriented Si-BEA films. The control of orienta-
tion is not limited to the channel upright direc-
tions but can be applied to any desired directions by
finding proper methods to uniformly orient SL and
Si-BEAcrystals in those directions on supports.We

believe our findings will trigger extensions of the
methods to the preparation of various other types
of zeolite films in perfectly uniform orientations.
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Revealing Atom-Radical Reactivity
at Low Temperature Through the
N + OH Reaction
Julien Daranlot,1 Mohamed Jorfi,2 Changjian Xie,3 Astrid Bergeat,1 Michel Costes,1

Philippe Caubet,1 Daiqian Xie,3 Hua Guo,4 Pascal Honvault,5,6 Kevin M. Hickson1*

More than 100 reactions between stable molecules and free radicals have been shown to remain rapid
at low temperatures. In contrast, reactions between two unstable radicals have received much less
attention due to the added complexity of producing and measuring excess radical concentrations. We
performed kinetic experiments on the barrierless N(4S) + OH(2P) → H(2S) + NO(2P) reaction in a
supersonic flow (Laval nozzle) reactor. We used a microwave-discharge method to generate atomic
nitrogen and a relative-rate method to follow the reaction kinetics. The measured rates agreed well with
the results of exact and approximate quantum mechanical calculations. These results also provide
insight into the gas-phase formation mechanisms of molecular nitrogen in interstellar clouds.

The chemistry of low-temperature environ-
ments, such as interstellar clouds (ISCs),
was thought to be governed by reactions

involving electrically charged species (1) until

recent advances in experimental and theoreti-
cal methods showed that reactions between un-
charged species could occur and even dominate
in some low-temperatures regions. The 1990s
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