
the magnitude of the gain. Thus, the  delay 
time of -0.5 s observed in Fig. 4 increases to 
12 s at E, = 46 V/pin. Furthermore, the use 
of additional polymer layers will not decrease 
the threshold for oscillation noticeably un- 
less an  index-matching liquid is used to re- 
duce the reflection losses accordingly. Once 
oscillation has been achieved, however, the 
P C  reflectivity will increase significantly 
faster with EL, for a larger multilayer stack. 
Finally, predicting the threshold for oscilla- 
tion or the value of R from measurements of 
tw o-beam coupling galn is not a simple mat- 
ter. Recent work has shown that these ~ o l v -  

L ,  

mers benefit from gain enhanceinent due to 
very slow motion of the index eratine, which - - 
l n e k  that the cavity beam is expected to be 
frequency-shifted from the pumping beam. 
This complicates the theoretical analysis to a 
level beyond the scope of this report (25). 

REFERENCES AND NOTES 

1. P. Gunter and J.-P. Huignard. Eds., Photorefractive 
iL'/aterials and TheirApplications I & 11 (Sprnger-Verag, 
Bern.  1988 and 1989); P. Yeh, Introduction to Pho- 
torefractive Nonlinear Optics ( W e y ,  New York, 1993), 

2, L. Solymar, D. J. Webb, A. Grunnet-Jepsen, The 
Physics and Applications of Photorefractive ivlateri- 
als (Oxford Univ. Press, New York. 1996). 

3. S. Ducharme, J. C.  Scott, R.  J. Twieg, W. E. Mo- 
erner. Phys. Re\/. Lett. 66, 1846 (1 991). 

4. K. Meerhoz. B. L. Voodin, Sandaphon. B. Kppeen, 
N. Peyghambarian. Nature 371. 497 (1 994). 

5, M. Liphardt etal., Science 263.367 (1994); P. M. Lund- 
quist etal., ibid. 274, 1182 (1996); G. P. Wederrecht. B 
A. Yoan M. R Wasieetvski. ibid. 270, 1794 (1995). 

6. W. E. Moerner, A. Grunnet-Jepsen. C,  L.Thompson, 
Annu. Rev. Mater SCI. 27, 585 (1997). 

7.  W. E. Moerner and S. M. Silence, Chem. Reti. 94, 
127 (1994). 

8. S. M. S~lence, C. A. Walsh, J. C. Scott, W. E. Mo- 
erner. Appl. Phys. Lett. 61, 2967 (1 992). 

9. A. Grunnet-Jepsen, C.  L.Thompson, R. J .Tweg,  W. 
E. Moerner, ibid. 70, 151 5 (1 997). 

10. L. Yu, W. K. Chan, Z. Peng, A. Gharavi,Acc. Chem. 
Res. 29. 13 (1996). 

11. J. P. Huignard and A. Marrakchi. Opt. Commun. 38, 
249 (1 981). 

12. D. Z. Anderson. D. M. Lininqer, J. Feinberq. Opt. 
Lett. 12, 123 (1987): D. M. ~ininger.  P. J.   gin. D. 
2. Anderson, ibid. 14.697 (1989): D. Z. Anderson. C. 
Benkeri B. Chorbajian, A. Hermanns. ibid. 16, 250 
(1991); A. A. Zozuya M. Saffman. D. Z. Anderson. 
Phys Rev. Lett. 73, 81 8 (1 994). 

13. A related effect, beam fanning, has also been ob- 
served in our materials and is reported separately (A. 
Grunnet-Jepsen, C, L.Thompson, R. J. Twieg, W. E. 
Moerner, J. 0,ot. Soc. Am. 6, n press). 

14. A. P. Yakimovch, Opt. Spectrosc. 49. 85 (1 980); A. 
R.  Tanguay and R.  V. Johnson, J. Opt. Soc. Am. A. 
3 P53 (1986): G. P. Nordin, R.  V, Johnson, A. R.  
Tanguay, ibid. 9, 2206 (1 992). 

15. J J. Stankus, S. M. Sence, W. E. Moerner, G. C.  
Biorkund, Opt, Lett 19, 1480 (1 994): R. de Vre and 
L. Hesseink, J Opt. Soc. Am. 6. 11, 1800 (1 994) 

16. The theoretca f~ ts  were obtained by f~tting the stan- 
dard PR theory (1 n to the singe-ayer sample ( s o d  
line) as detaed in (9) and calculating the g a r  ac- 
cordng to g, = exp(2rL) (dotted line) and g, = 
exp(3rL) (dashed line). 

17. N V. Kukhtarev, V. B. Markov, S. G. Oduov. M. S. 
Soskn, V, L. Vinetsk~i. Ferroelectrics 22, 949 (1979). 

18. D. Gabor, Proc. R. Soc. London Ser A,  197, 454 
(1 949). 

19. H. Kogenik, BellSyst. Tech. J. 44, 2451 (1965). 
20. R. A. Fisher, Ed., Optical Phase Conjugation (Aca- 

demic Press. New York, 1983). 

21. B. Ya. Zel'dovch. V. I. Popovchev, V. V. Raguel'sky, 
F. S. Faizulov, Sol/. Phys. JETP 15, 109 (1972). 

22. R. W. Helwarth J. Opt. Soc. Am. 67, 1 (1 977). 
23. J. Feinberg and R.  W. Hellwarih. Opt. Lett. 5, 519 

(1980); J. 0. Whte, M, Cronn-Goomb, B.  Fischer, 
A. Yarlv, Appl. Phys, Lett. 40. 450 (1982); J. Fein- 
berg, Opt, Lett. 7, 486 (1982); M. Cronin-Goomb, J. 
0 .  '~Vhite. B.  Fischer, A. Yariv. ibid.. p .  313. M. Cro- 
n~n-Golomb, B. Fischer, J. Nilsen J. 0 .  White, A. 
Yarlv, A,up!. Phys. Lett. 41 21 9 (1982); M. Cronn- 
Goomb, B. Fscher, J. 0. Whte. A. Yarv, ibid.. p.  

689: IEEE J. Quantum Eiectron. 20, 12 (1 984) 
24. J. E Mlerd, E. M. Garmre. M. B.  Klen, J. Opt. Soc. 

Am. 6. 9, 1499 (1 992). 
25, V. A. Kalinn and L. Soiymar,App!. Phys. 6. 45, 129 

(1 988). 
26. We acknowledge R.  J. Twieg for supplying the 

PDCST chromophore and the U.S. Air Force Office 
of Scientific Research grant F49620-96-1-0135 for 
par ta  support of this work. 

20 March 1997; accepted 6 May 1997 

Formation of a Silicate 5 Phase with 
Continuously Adjustable Pore Sizes 

K. M. McGrath, D. M. Dabbs, N. Yao, I. A. Aksay, S. M. Gruner* 

The lyotropic L,  phase was used as a template to form nanoporous monolithic silicates 
with continuously adjustable pore sizes. The monolith was optically isotropic and trans- 
parent with a nonperiodic network. The pore size was adjusted by a change in the solvent 
volume fraction rather than by a change of the surfactant. Unlike other silicates, the 
bicontinuous pores were water-filled; removal of surfactant was not necessary to access 
the pores. Measured characteristic dimensions were from six to more than 35 nano- 
meters. For a given solvent fraction, x-ray scattering indicated little variation of pore 
widths, in marked contrast to the polydisperse pores of aerogels. 

S i n c e  the  demonstration that surfactants 
could be used in the  fabrication of silica 
inesophases ( I ) ,  ainphiphiles have been 
used to produce inorganic materials with a 
variety of lnesomorphic structures, includ- 
ing lamellar, hexagonally packed tubular, 
and cubic forms (2-1 2).  Surfactant-induced 
assembly of inorganic structures is now rec- 
ognized as a way to  make novel llanoporous 
materials with larger pore sizes than was 
previously possible. However, techniques 
developed thus far have limited capability 
to produce very large pores of a predeter- 
inined size. Here we describe the  synthesis 
and characterization of a new, random, bi- 
continuous silicate mesomorph for which 
predetermined pore sizes, over a very large 
size range, may be obtained. 

blost procedures for forming meso- 
porous silicates rely o n  the  micelle-form- 
ing properties of a surfactant, typically a t  a 
low surfactant concentration. T h e  addi- 
t ion of a n  inorganic precursor, such as a n  
alkoxysilane, leads to association and  co- 
assembly into a mesophase precipitant 
whose structural dimellsions are con-  

trolled by the  surfactant length. Polymer- 
ization of the  inorganic precursor and re- 
moval of the  surfactant results in  a rigid 
silica shell conforming to  the  structural 
shape of the  mesophase. However, t he  use 
of dilute surfactant solutions limits the  
ability to predict the  topology of the  ine- 
sophase. Also, the  typical product of the  
orocess is a oowder of micrometer-sized 
particles, thereby limiting uses in filtra- 
t ion, optical, or  electronic applications, 
where large-area th in  films or  large uni- 
form lnonoliths of material are reauired. 
Finally, t he  pore volume is filled with 
surfactant: that  is, t he  surfactant must be 
removed before the  pores can  be accessed. 

These difficulties may be oartially avoid- , & 

ed by the  use of high-concentration surfac- 
tant systems in which either the  inorganic 
precu;sors minimally perturb a 
surfactant-water liquid crvstalline (LC) 
structure or the  LC nature of the  system 
may be recovered under appropriate exper- 
imental conditions. as sho\vn bv Attard et 
al. (6). Also, because the  inorganic precur- 
sor does not  precipitate out of solution, the  
resultant material conforms to the shape of 
the container in  which it forms, thereby 
allowing fabrlcatlon of large monol~ ths  of a - 
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pore dimensions could be readily controlled 
over a wide range of sizes, if a continuous 
network of pores permeated throughout 
large monoliths of material of a desired 
shape and size, and if it were not necessary 
to remove the surfactant to access the pores. 
Here. we describe the svnthesis and charac- 
terization of a surfactant-silica mesophase 
with these desirable properties. It is based 
on the surfactant L3 phase (Fig. 1) (1 3-1 9) 
and has the advantage of forming arbitrarily 
large, water-clear silicate monoliths that 
contain a random, bicontinuous pore struc- 
ture. Very large pores may be obtained, 
because the pore size is determined by the 
relative concentration of the constituents 
rather than the surfactant length. As op- 
posed to closely related silica xerogels and 
aerogels, there is little variation in the 
width of the Dores. The three-dimensional 
(3D) nature of the continuously connected 
pore networks also presents advantages be- 
cause the pore structure is accessible from 
any external surface. In contrast, hexagonal 
pore networks typically align parallel to sur- 
faces, which limits their use in thin films as 
filters. 

The amphiphilic L3 phase was first ob- 
served experimentally in the early 1980s 
and represented a new class of self-assembly 
for surfactant-water systems. The phase is 
optically isotropic and consists of a random 
network of a multiply connected bilayer 
that divides the water into two subvolumes 
(Fig. 1). The average water pore size may be 
readily varied over a very large range by 
changes in the relative ratios of the water 
and nonpolar constituents. The structure 
has been linked to the more common la- 
mellar and cubic phases: The transition 
from the cubic to the L3 phase may be 
thought of as a 3D isotropic randomization 
of the phase, while it maintains its biconti- 
nuity, negative Gaussian curvature, and 

Fig. 1. Schematic representation of (A) the sur- 
factant L, phase and (B) the silicate L,. 

equal subdivision of water. The lamellar-to- 
L3 transition is a random formation of pores 
and necks such that the positioning of these 
defects produces an optically isotropic 
structure. The low viscositv (-6 mPa-s) and 

1 - 
bicontinuity of the L3 phase make it an 
ideal template for the formation of silicates. 

We used a cetylpyridinium chloride 
(CpCl) surfactant system that has a well- 
characterized L3 phase (1 3, 17, 20). The 
original quasi-ternary system consisted of 
CpCl with a cosurfactant, hexanol, in brine 
(1 weight % NaCl in water). The nature of 
the head group of CpCl is such that the 
important ion of the added salt for electro- 
static shielding is the chloride ion; as such, 
the phase behavior of the system will not 
change significantly by the replacement of 
NaCl with HC1 at the same concentration. 
We prepared samples by weighing out CpCl 
and adding the appropriate amount of hexa- 
no1 and HC1 solution. Solutions were pre- 
pared with a CpC1-to-hexanol ratio of 1.15 
and with aqueous solvent weight fractions 
from 55 to 95%. The solvent had an initial 
pH of 0.7, yielding final solutions of ex- 
tremely low pH; small visual variances in 
the samples were due solely to varying sol- 
vent composition. The L3 phase formed 
readily for each sample, achieving equilib- 
rium in no more than 2 days. 

Tetramethoxysilane (TMOS) was added 
to the equilibrated L3 phases at a fixed mole 
ratio of 1 : 4 to the HC1 solution. Hydrolysis 
was rapid and the TMOS was observed to 
mix readily to form a clear solution. The 
reaction evolved considerable heat. Once 
hydrolysis was complete (which was taken 
as the point at which the temperature had 
returned to room temperature), sealed sam- 
ples were placed in an oven at 60°C and 
allowed to gel (condense). 

Gelation times varied from 2 to 5 hours, 
with the shorter times for solutions contain- 

conformed to the shape of the vial. Samples 
were cured at 60°C for 1 week, during 
which time the strength of the resulting 
material was observed to increase, as tested 
bv the resistance of the eel to fracture when - 
pressure was applied with a spatula. The 
streneth of the material varied with the 

u 

condensation, with samples prepared at 
room temperature being much weaker than 
those synthesized at 60°C; this was attrib- 
uted to lower cross-linking at the lower 
temperature. Also, variation in curing time 
produced materials of differing strengths, 
which are again due to increased cross- 
linking with longer cures. Throughout cur- 
ing, samples remained transparent and op- 
tically isotropic and no precipitation was 
observed, which resulted in large monoliths 
of material. Sizes varied from 1 to -400 
mm3. No care was taken to control crackine 

u 

after gelation. All final materials were air- 
dried at room temperature. 

The characteristic dimensions (an aver- 
age over the thickness of the bilayer plus 
the channel occupied by solvent) of the L3 
phases were determined by means of small- 
angle x-ray scattering (SAXS) at 20°C. Dif- 
fraction of a typical L3 phase before poly- 
merization gave a broad peak, with an in- 
tensity that scaled asymptotically as q-2 at a 
high q vector (q = 4.rr sin 011.54 A, where 
20 is the angle between the incident and 
scattered beam directions), as expected for a 
local bilayer structure (Fig. 3). The exis- 
tence of the peak indicates that the mate- 
rial has a well-defined characteristic spac- 
ing. The broadness of the peak is in part 
because of the random pore structure; that 
is, it results from the ensemble average of 
chord lengths that vary in size because they 
strike across the pores at random. 

The dilution law for this phase, as deter- 
mined by SAXS, is shown in Fig. 2. The 
~hase  follows a universal dilution law. 

ing less solvent.~Gelled samples were trans- which means that the characteristic dis- 
parent, optically isotropic, and colorless and tance in the system varies linearly with the 

www.sciencemag.org SCIENCE VOL. 277 25 JULY 1997 553 

Fig. 2. Dilution law (characteristic distance as a 400- 
function of the solvent volume fraction Q) for the 350. 
original L, phase (a), silicate L, (O), and scaled 
silicate L, (A; scaled with respect to increased 'OO. 

total volume due to addition of the alkoxysilane ? 250- 

and subsequent hyrolysis). The dimensions of the 200- 
L, phases were determined from SAXS at 20°C. 3 150. 
Data were obtained with a Rigaku (Tokyo, Japan) 0 

RU-200 rotating anode x-ray generator equipped 
with a microfocus cup. The generated Cu Ka x- 50 - 
rays were focused with bent mirror optics. Two- 0. 

O eA 

O A 

O A 

O A 
0 0 

0 .A 

o o a 
0 

,emm 

dimensional x-ray images were collected with a 0 2 4 6 8 1 0  

home-built charge-coupled device (CCD) detec- ll(1 - Q) 

tor based on a Thomson 512 by 512 pixel CCD (29). The digital powder diffraction images were 
azimuthally integrated along an arc of +89.g0 from the meridional axis to generate plots of scattered 
intensty versus q = 41 sin W1.54 A, where 28 is the angle between the incident and scattered beam 
directions. Samples were flame-sealed in glass x-ray capillaries 1.5 mm in diameter. The maximum 
characteristic spacing that could be measured was 35 nm; for larger spacings, the desired peak could 
not be resolved from the specimen and camera scatter near the beam stop. 



inverse of the volume fraction of am~hi -  
phile contained within the sample. The L3 
and lamellar phases are the only two known 
LC phases that follow such a law by which 
the topology of the phase remains unaltered 
over the entirety of the volume fraction for 
which the law is upheld. The measured 
characteristic distances raneed from 6 to 34 - 
nm for solvent concentrations of 55 to 90 
weight %, respectively. Characteristic dis- 
tances greater than this could not be mea- 
sured with the current apparatus, but previ- 
ous studies at synchrotron sources on the L, 
phase of the system with NaCl have shown 
that the phase may be swollen extensively 
to concentrations approaching 100% sol- 
vent by weight, corresponding to distances 
on the order of 100 nm (13). This also 
appears to be the case here, as solutions 
showed no sign of phase separation upon 
further dilution (although the resultant so- 

Fig. 3. (A) One-dimensional x-ray diffraction 
powder patterns of a silicate L, (A; 55 weight % 
sample with characteristic spacing of 130 A), 
amphiphilic L, (A; 80 weight % sample with 
characteristic spacing of 153 A), and a xerogel 
(0). Note that the concentration of the amphiphi- 
lic L, sample is close to the concentration of the 
silicate L, if one takes into account the dilution 
factor arising from the addition of alkoxysiliane 
and the subsequent methanol production (see 
text and Fig. 2). The silicate L, and amphiphilic 
L, patterns have been normalized to each other 
for ease of comparison. (B) The corresponding 
log-log plot from which the azimuthal behavior 
may be determined. For the xerogel, the intensity 
falls off as q-3.8 and the amphiphilic L, falls off as 
q-'.8. The high-q asymptote for the silicate L, 
could not be determined because of the limited q 
range of the data. 

lutions were beyond the measurement range 
of our apparatus); hence, characteristic dis- 
tances ranging from 5 to 100 nm should be 
obtainable for the mesoporous silicates 
formed. 

The results obtained for the samples 
after polymerization are also shown in Fig. 
2. Despite the characteristic dimensions 
being displaced with respect to the origi- 
nal L3 phases, the measured characteristic 
distances also follow a universal dilution 
law. As stated above, only L3 phases are 
known to be optically isotropic and to 
follow such a dilution law by which the 
topology remains unaltered upon dilution. 
The diffraction patterns of the silicate ma- 
terials closely resembled those of the am- 
phiphilic L3 phases, although in general, 
the SAXS signal was significantly in- 
creased for a comparable attenuation of 
the x-ray beam (because of scattering off 
the amorphous silica walls), and the char- 
acteristic peak was diminished and broad- 
er (because of the silica walls providing a 
region of contrast in addition to the sur- 
factant bilayer). 

The discrepancy in the dilution behav- 
ior for the two L, materials (Fig. 2) can be 
explained by the volume required by the 
silica precursor and methanol generated 
upon hydrolysis. On addition of the alkoxy- 
silane to the L3 phase, the volume was 
increased by an additional 116% in the case 
of an initially 55 weight % sample and 
200% for a 95 weight % sample. This 
change pushed the nonsurfactant fraction 
of the samples to 79 and 98 weight %, 
respectively. Hence, if the alkoxysilane is 
merely a component of the solvent and does 
not fundamentally alter the nature of the 
structure (that is, the topology), its addition 
acts only to dilute the phase, shifting the 
measured characteristic spacing appropri- 
ately according to the measured universal 
scaling law. The measured characteristic 
spacings of the silicate L3 materials that we 

replotted taking into account this dilution 
are shown in Fig. 2. The data now fall on 
top of the dilution curve obtained from the 
amphiphilic L3 phases, indicating that dilu- 
tion is the major consequence of the alkoxy- 
silane addition. Note that hydrolysis of the 
TMOS results in the production of substan- 
tial quantities of methanol, which may be 
thought of as another spectator dilutent of 
the aqueous phase. Phase stability demands 
that the silane-diluted water and the meth- 
anol-diluted water both lie in the stable L, 
phase region of the phase diagram for the 
given amount of surfactant and hexanol. As 
such, a silicate L, phase was produced from a 
sample with initially 40% solvent by weight, 
despite the system not being in the L, phase 
region at this weight percentage. On the 
addition of the precursor alkoxysilane, the 
sample was shifted to 67 weight % solvent, 
which is within the L, phase regime. 

An idealized figure of the L, silicate (Fig. 
1B) shows the silica dra~ed over the surfac- 
tant head group surface, displacing a charac- 
teristic volume of the solvent from each 
bilayer. The scaled plot of Fig. 2 suggests that 
the silica wall and surfactant thickness do 
not vary upon dilution. An estimate of the 
thickness of the solvent domains may be 
determined from the SAXS data if the thick- 
nesses of the surfactant bilayer and the silica 
walls are known. The thickness of the bilaver 
is -3 nm and does not change with concen- 
tration (20). Although a comprehensive 
study of the silica wall thickness has not 
been performed in silicate mesophases 
formed in acidic media, silicates formed in 
basic media have an estimated thickness on 
the order of > 1 nm (21 ). If the thickness of 
the walls is comparable for the pH range 
used here. solvent channels initiallv wider 
than 2 nm would, after completion of con- 
densation, still contain free solvent. tence, 
for a characteristic spacing of 130 A (55 
yeight % sample), a pore dimension of <80 
A is expected, which correlates reasonably 

Fig. 4. TEM micrographs 
of (A) a 55 weight % sili- 
cate L, and (B) a xerogel 
of comparable density. 
Micrographs were ob- 
tained in a Philips (Mah- 
wah, New Jersey) CM 
200 Field-Emission-Gun 
TEM operated at 120 
keV. The TEM images 
were acquired at both 
ambient and liquid nitro- 
gen temperature; no visi- 
ble variations in crystal 
structure were found at 
the two temperatures. 
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well with that measured from transmission 
electron ~nicroscopy (TEM) (see Fig. 4) .  

T M O S  will also hydrolyze in the absence 
of surfactant; indeed, this is a recipe for 
making classic silica xerogels (22-27). In  
order to compare the silicate L3 to xerogel 
materials, samples were made with the use of 
acidified water without surfactant as the re- 

peak seen in Fig. 3 .  T h e  major differences, 
therefore, between the  silicate L3 material 
and xerogels or aerogels are that the  L, has 
two distinct, continuous, interpenetrating 
channel networks that traverse the entirety 
of the material (assuming that the topology 
of the  silicate L3 matches that of the  original 
a~nphiphilic L,), and the characteristic di- 
mension in  the silicate L3 may be varied by 
changes in the concentration of the original 
solution. Measured surface areas for aerogels 
are in the same range, but in general at the  
upper end, as those measured for the silicate 
L, materials. Because of differences in struc- 

n o  long-range correlatio~l (28).  A n  estimate 
of the  pore size in  the  silicate L3 phase may 
be obtained from this micrograph and cor- 
relates to  -6 nm.  which indicates that in  
this acid-synthesized silicate, the  thickness 
of the  silica walls, although uniform, is larg- 
er than 1 n m  as measured under basic con- 
ditions (21 ) .  

Our  results unalnbiguously distinguish 
between the  silicate L3 mesosphase and xe- 
rogels and aerogels. T h e  major features dis- 
tinguishing the  silicate L3 from other silica- 
surfactant rnesophases are that it is nonpe- 
riodic vet contains well-defined silica wall 

action medi~un.  Unlike the case of the  L3 
silicate, when the  xerogel was made, hydro- 
lysis did not immediately proceed upon ad- 
dition of TMOS,  and agitation of the solu- 
tion was necessary for the reaction to begin. 
A comuarison of the SAXS from the silicate 
L, material and from a xerogel made without 
surfactant is shown in Fig. 3. Both salnoles 

ture between L3 silicates and aerogels (fused 
tubes versus fused fibrils), it is likely that the  

thicknesses and monodisperse pore dimen- 
sions. Also, in  addition to the  fixed thick- - 

had previously been vacuum dried for 
Brunauer-Emmett-Teller (BET) measure- 

L, silicate has more st;ength for ;he same 
density of silica. As is the case for xerogels 

ness pore that arises ~f the  surfactant is 
removed, there are two other pore struc- 
tures whose dilnensions vary with the  orig- 
inal solvent fraction and that can be adiust- 

rnents (see below). A peak was observed for 
the  silicate L3 corresponding to a distance of 
130 A .  In  contrast, in the xerogel, there was 
no  discernible SAXS peak; rather, the scat- 
tered intensity fell off  non no tonically as 
q-, '. T h e  absence of a peak is most simply 
interpreted as a very wide variation in pore 
sizes. Although it is uossible that there was a 

and aei-ogels, silicate L, materials collforln to 
the shape of the container in which they are 

ed to be ~ n u c h  larger than the  surfactant 
bilayer thickness. Silica L, ~naterials may be 
fabricated into bulk monoliths that are de- 
void of grain boundaries. These novel char- 
acteristics open up new possibilities in  the  
use of mesoporous lnaterials in applications 
ranging frorn filtration media to the  pro- 
cessing of nanostructured composites. 

made. 
T h e  silicate L3 was further characterized 

by BET analysis and electron microscopy. 
T h e  average surface area per volume was 
determined with a Micromeritics (Norcross, 
Georgia) Flowsorb 2300 single-point BET 
that used a He/Nz (70130) gas lnixture to 
measure the  surface area. Measurements 
were performed o n  uncalcined silicate L3 
materials formed with surfactant and o n  
xerogels forrned with acidified water only. 
Samples were vacuum-dried a t  85OC and 
then degassed a t  90°C until a consistent 

- 
peak a t  too large a spacing to be resolved, 
this is unlikely because the  silica volume 
fraction of the material was cornparable to L3 
materials that did show a peak. 

Although the  gels produced here have 
been dried by evaporation and are therefore 
more accuratelv co ln~ared  to xerotrels, the  
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A Di-Acidic Signal Required for Selective Export tile membrane is necessary to presellt a 
signal critical for ER export that resides 

from the Endoplasmic Reticulum within residues 14 to 24. 

Noriyuki Nishimura and William E. Balch* 
T o  identify specific res~dues required for 

transport, we substituted amino acid resi- 
dues 14 to 24 individually with Ala. T h e  

Transport of membrane proteins between intracellular compartments requires specific Ala scan revealed that neither the Tyr nor 
sequences in the protein cytoplasmic domain to direct packaging into vesicle shuttles. Ile residues, which are critical for basolat- 
A sequence that mediates export from the endoplasmic reticulum (ER) has proved era1 sortilng (Fig. 1 C )  ( a ) ,  were required for 
elusive. A di-acidic signal (Asp-X-Glu, where X represents any amino acid) on the ER export. Rather, tn7o acidic residues, the 
cytoplasmic tail of vesicular stomatitis virus glycoprotein (VSV-G) and other cargo Asp at position 21 (D21) and the  Glu  a t  
molecules was required for efficient recruitment to vesicles mediating export from the position 23 (E23) (Fig. 2A) ,  when inutated 
ER in baby hamster kidney cells. The existence of such a signal provides evidence that individually or in combination, reduced the 
export from the ER occurs through a selective mechanism, rate of ER to G o l g ~  transport to that ob- 

served for the  del 4-29 construct 19). T h e  , , 

requirement for the  DXE sequence was spe- 
cific because mutation of D21 to E or R. or 

Vesicular transport of proteins beta-een in- contrast, a mutant lacking 26 amino acids E23 to D or R,  also caused reduced export 
tracellular compartments is coordil~ated by of the  cytoplasmic tail is not defective in (Fig. 2A) .  Examination of transport over a 
the activity of coat complexes that direct the folding or oligomerization (7 ) ,  yet is also longer time course (Fig. 2B) revealed that 
selection of cargo through cytoplasmic sig- exported a t  a reduced rate (Fig. 1B). the  transport defect resulting from mutation 
l~a l s  and budding from membranes ( 1 ,  2) .  T o  locate the  region in the  C O O H -  of the di-acidic motif predominantly affect- 
These coat co~lnvlexes include clathrin, terminal 26 amino acids resvonsible for ER ed tlne rate of exnort: the extent of transnort 
which mediates sorting of receptors contain- export, we generated a series of tr~uncation was less strongly affected at later time 
ilng Tyr-based motifs from the trans-Golgi mutants (Fig. 1 C ) .  Deletion of the  C O O H -  points. T h e  decreased rate of transport cor- 
network and the cell surface (3); COPI, terminal five annilno acids had n o  effect o n  related wit11 a reduced rate of VSV-G ex- 
which binds di-lvsine motifs and functions to ER to Golgi transport a t  the 20-mill time port froin tlne ER as detected by indirect 
direct retrograde transport of proteins from 
pre-Golgi and Golgi cotnpartments (4,  5); 
and COPII, which participates in protein 
export from the ER (1 ) .  A signal that directs 
recruitment of proteins to COPII-coated 
vesicles remains to be defined. 

VSV-G is a type 1 transmembrane pro- 
tein that forms a homotritner (6). It has a 
29-amino acid oligomer (29-tner) cytoplas- 
mic tail at its COOH-terminus that may be 
important for ER export (7) .  Consistent 
with this possibility, we found that addition 
of a 29-mer cytoplasmic tail peptide to a n  in  
vitro ER to Golgi transport assay in  baby 
hamster kidney (BHK) cells inhibited 
VSV-G transport in a dose-dependent man- 
ner (Fig. 1A) .  W e  also analyzed the trans- 

point, rvhereas removal of eight amino acids 
reduced transport by nearly SL?')/o (Fig. 1 C ) .  
Deletion of residues 1 to 9 or 6 to 13 had no  
effect, whereas deletion of residues 1 to 13 
showed a partial decrease in  transport effi- 
ciency (Fig. 1C) .  Deletion of residues 14 to 
24 red~lced transport to  the amount ob- 
served for the resid~re 4 through 29 deletion 
(del 4-29) trutncation (Fig. 1 C ) .  These re- 
sults demonstrate that a spacer region from 

irn~nunofl~~orescence. Wild-type VSV-G 
had a prominent Golgi distribution at the  
1C-min time point, whereas a double mu- 
tant in which tlne DXE signal was m~lta ted 
to A X A  remained localized to the  ER (Fig. 
2C) .  ER export of the  double mutant ap- 
peared to  occur through a COPII-mediated 
pathway (2 .  10) because VSV-G transport 
remained completely sensitive to Sar l  mu- 
tants that block the  assembly of COPII 

Table 1. Alignlnent of the DXE motif found in the cytoplasmc doman of transmembrane proteins. 
Sequences were obtained from the National Center for Biotechnology Information (NCBI). Asiaoglyco- 
protein receptor, ASGPR; varicela zoster virus glycoprotein I .  VZV G P .  The Yxxd motifs are underlined. 
The acidic residues conforming to the dl-acidic signal (DXE) involved in ER export are highlighted in bold. 
Protens containing a more general (D:E)X(E/D) signal found on the COOH-terminal side of a Yxx+ motif 
are listed in (27). 

port of trulncated VSV-G mutants in  vivo 
with a vaccinia virus transient expression Protein NCB identifier Seauence 
system. A mutant lacking the  entire 29- 
amino acid cytoplasmic tail of VSV-G is VSV-G' Virus (1 3831 1) TM-1 8 a a - m E M N R L G K  

LAP" 
defective in folding and oligornerization (7)  CD3s 

Human (1 30727) T M - 8 a a - W A D G E D H A  
Mouse (1 15986) TM-21 aa-YQPLRDREDTQ-l4aa 

and exits the  ER very slovlrly (Fig. 1B). In CDSy Mouse (1 15994) TM-21 aa-YQPLKDREYDQ-12aa 

ASGPR H I  subunt 
Departmeits of Molecular a i d  Cell 31ology The Scrpps VZV GPl 

Human (1 26132) MTKEYQDLQHLDNEES-24aa-TM 

Research i s t t u te .  10550 North Torrey D i e s  Road, La 
V~rus (1 38246) TM-20aa-YAGLPVDDFEDSESTDTEEEF 

Jola, CA 92037, USA. E-cadher~n Human (3991 66) TM-95aa-mLVFDYEGSGS-42aa 
CD3e (Y177E)* Mouse (1 345709) TM-35aa-WRKGQRDL(Y E 1 D ) a N Q R A V  

*To whom corresuoidence should be addressed E-Ma11 
webalch@scr~pps edu "Proteis wtt- k iown functona dl-acdc ex t  s~gtials 
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