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the substrate (16). However, the statistics for 
more than 40 spherical quantum dots in our 
measurement at room temperature shows that 
the average polarization factor is <lo%. Be- 
cause we used an objective lens with a large 
numerical aperture (e.g., 1.4) that depolarizes 
light, the limit for polarization factor that our 
experimental setup can obtain is -80%. Thus, 
the emission from quantum rods with an aspect 
ratio greater than 2: 1 is essentially purely lin- 
early polarized, which is consistent with theo- 
retical results. 

To further test the calculations, we measured 
the global Stokes shift of the quantum rods 
experimentally. For rods with a fixed width, we 
found that the global Stokes shift decreased 
slightly from spherical dots to short rods and 
then increased with length to more than 100 
meV, which is much greater than that of spher- 
ical quantum dots with the same diameter (Fig. 
2B). This response qualitatively agrees with the 
theoretical results. A dielectric model was pre- 
viously proposed to explain the anisotropic po- 
larization of the emission from porous silicon, 
assuming that porous silicon is an aggregate of 
Si nanocrystals with different shapes (28). Con- 
centration of the field lines in the region of high 
dielectric constant may contribute to the polar- 
ization ofthe e ~ s s i o n ~ f r o m  cdse quantum rods 
as well (Fig. 4C). However, the nonrnonotonic 
behavior of the Stokes shift versus the aspect 
ratio shows that the level crossing is the domi- 
nant factor at a small aspect ratio. A larger 
Stokes shift means a smaller overlap area be- 
tween absorption and emission spectra, which is 
desirable in applications such as light-emitting 
diodes, where reabsorption reduces the total ef- 
ficiency. We also see some discrepancies be- 
tween the theow and ex~eriments. however. 
The turning pain; from the experiments does not 
coincide with that from the theoretical calcula- 
tions, and the experimental Stokes shift values 
are always greater than the theoretical ones. This 
difference could be due to factors such as the 
electric field caused by the dipole moment (29, 
30) and the electron-phonon coupling (31, 32), 
whlch are not considered in the calculations. 

The emission polarization of CdSe nano- 
crystals can be greatly modified by slightly 
changing their shapes without much of an in-
crease in the complication of the preparation. 
This change greatly improves their potential in 
applications. The compression of emission to a 
single polarization axis makes these nanocrys- 
tals ideal for many orientation-sensitive appli- 
cations. As emitters in lasers, CdSe 
rods should increase power efficiency and low- 
er the pumping threshold. They can also be 
used as labels in biological systems to study 
conformational change and energy transfer. 
Furthermore, the anisotropic geometry of long- 
er quantum rods makes it possible to align them 
on a flat surface over a large area and therefore 
makes it feasible to use them in polarized light- 
emitting diodes and flat panel displays. 

References and Notes 
1. A. P. Alivisatos, Science 271, 933 (1996). 
2. L. E. Brus, Appl. Phys. A 53, 465 (1991). 
3. A. P. Alivisatos. I .  Phys. Chem. 100, 13226 (1996). 
4. 	M. A. Hines, P. Guyot-Sionnest, J. Phys. Chem. 100, 

468 (1 996). 
5. X. G. Peng etal.,]. Am. Chem. Soc. 119,7019 (1997). 
6. R. Leon, P. M. Petroff, D. Leonard, 5. Fafard, Science 

267, 1966 (1995). 
7. J. Heydenreich et dl., Phys. Rev. Lett. 74,4043 (1995). 
8. M. Danek et dl., 1. Cyst. Growth 145, 714 (1994). 
9. C. 8. Murray, C. R. Kagan, M. G. Bawendi, Science 270, 

1335 (1995). 
10. M. Bruchez Jr., M. Moronne, P. Gin, S. Weiss, A. P. 

Alivisatos, Science 281, 2013 (1998). 
11. W. C. W. Chan, S. Nie, Science 281, 2016 (1998). 
12. V. Colvin, M. Schlamp, A. P. Alivisatos, Nature 370, 

354 (1994). 
13. B. 0. Dabbousi, M. G. Bawendi, 0. Onotsuka. M. F. 

Rubner, Appl. Phys. Lett. 66, 1316 (1995). 
14. V. I. Klimov et dl., Science 290, 314 (2000). 
15. Al. Efros, Phys. Rev. B 46, 7448 (1992). 
16. S. A. Empedocles, R. Neuhauser, M. G. Bawendi, Na- 

ture 399, 126 (1999). 
17. X. Peng et dl., Nature 404, 59 (2000). 
18. C. 8. Murray, D.J. Norris, M. G. Bawendi, 1.Am. Chem. 

SOC. 115, 8706 (1993). 
19. 	X. G. Peng, J. Wickham, A. P. Alivisatos,]. Am. Chem. 

SOC. 120, 5343 (1998). 
20. L. Manna, E. C. Scher, A. P. Alivisatos, I.Am. Chem. 

SOC. 122, 12700 (2000). 
21. Al. Efros et al., Phys. Rev. B 54, 4843 (1996). 
22. Al. Efros, M. Rosen, Annu. Rev. Mater. Sci. 30, 475 

(2000). 
23. L.-W. wang, A. Zunger, Phys. Rev. 6 53,9579 (1996). 
24. W. Yang et dl., unpublished results. 
25. Z. A. Peng, X. G. Peng,]. Am. Chem. Soc. 123, 1389 

120011,
\ , 

26. 	T. Ha, T. A. Laurence, D. 5. Chemla, S. Weiss, I .  Phys. 
Chem. B 103, 6839 (1999). 

27. This scheme overcomes the intensity fluctuation of 
the luminescence from a single nanocrystal due to 
"blinking" and bleaching [M. Mirmal et  dl., Nature 
383, 802 (1996)] and therefore can be used in room 
temperature measurements. 

28. D. Kovalev et al., Appl. Phys. Lett. 67, 1585 (1995). 
29. E. Rabani et dl., 1. Chem. Phys. 110, 5355 (1999). 
30. M. Shim, P. Guyot-Sionnest,]. Chem. Phys. 11  1,6955 

(1 999). 
31. M. C. Klein, F. Hache, D. Ricard, C. Flytzanis, Phys. Rev. 

B 42, 11123 (1990). 
32. A. P. Alivisatos et al.,]. Chem. Phys. 90, 3463 (1989). 
33. Supplemental Web material is available on Science 

Online at www.sciencemag.org/cgi/content/full/ 
1060810/DCl. 

34. We thank 	X. Peng for inspiring discussion and R. 
Zalpuri and G. Vrdoljak at the Electron Microscope 
Lab at the University of California, Berkeley, for as- 
sistance in TEM measurement. This work is supported 
by the Director, Office of Energy Research, Office of 
Science, and Division of Materials Sciences of the U.S. 
Department of Energy (DOE) under contract DE-
AC03-76SF00098, by the NIH National Center for 
Research Resources (grant 1 R01 RR-14891-01) un- 
der the same DOE contract number, and by the 
Department of Defense Advanced Research Projects 
Agency under grant ONR N00014-99-1-0728. L.W. is 
supported by the Director, Office of Science, Division 
of Mathematical, Information, and Computational 
Science of DOE under contract DE-AC03-76SF00098. 
This research used resources of the National Energy 
Research Scientific Computing Center, which is sup- 
ported by the Office of Science of DOE. 

19 March 2001; accepted 18 April 2001 

Published online 3 ~a~ 2001; 

10.1126/science.1060810 

Include this information when citine this DaDer. 
- . ,  

Chiral Sign Induction by 
Vortices During the Formation 

of Mesophases in Stirred 
Solutions 

Josep M. ~ibo, '*  Joaquim Crusats,' Francesc Sagues,' 

Josep Claret,' Raimon Rubires' 


Achiral diprotonated porphyrins, forming homoassociates in aqueous solution, 
lead to spontaneous chiral symmetry breaking. The unexpected result is that 
the chirality sign of these homoassociates can be selected by vortex motion 
during the aggregation process. This result is confirmed by means of circular 
dichroism spectra. These experimental findings are rationalized in terms of the 
asymmetric influence of macroscopic forces on bifurcation scenarios and by 
considering the specific binding characteristics of the porphyrin units to form 
the homoassociates. 

When thinking about chirality induction in 
physicochemical processes, one has to distin- 
guish between two completely different sce- 
narios. In the first one, typical of an organic 
chemistry context and commonly described 
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according to the standard reaction coordinate 
picture, asymmetric induction arises from a 
polarization effect acting on the reaction path 
(I). The second situation corresponds to a 
spontaneous symmetry breaking scenario, ac- 
cording to which an excess of one of the 
enantiomers is always obtained, although 
with an unpredictable sign. By invoking ge- 
neric principles of nonequilibrium phenome- 
na, this last behavior is readily interpreted 
with the notion of bifurcation of an unstable 
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solution, which in this case corresponds to a 
branch of undefined chirality (2, 3). 

Within this second scenario, signatures of 
chiral symmetry breaking have been mostly 
reported in a crystallization context (4). In 
this case, stirring can lead to an enantiomeric 
excess, but there is no chirality sign selection, 
because the actual handedness of crystals 
produced in a single experiment is unpredict-
able (4-7). Apart from the context of crys-
tallization, the spontaneous appearance of 
chirality, although also without sign induc-
tion, had been reported previously in aggre-
gation processes of both thermotropic and 
lyotropic liquid crystals (8-10). Strikingly 
different from these observations, we report 
statistically robust experimental evidence that 
a macroscopic chiral factor (vortex motion) 
selects the chirality of a supramolecular 
structure, which is detected at the molecular 
level. Our observations are interpreted in 
terms of hydrodynamic and steric effects that 
act during the growth of supramolecular ho-
moassociates, and take into account the spe-
cific binding characteristics of the achiral 
porphyrin units. 

The investigated experimental system 
consists of diluted solutions of homoassoci-
ates of diprotonated meso-sulfonatophenyl 
substituted porphyrins, which at higher con-
centrations give colloidlike solutions (11-13) 
that can form lyotropic liquid-crystal struc-
tures (14). Although all diprotonated com-
pounds of the homologous series of tetra-
phenyl sulfonate porphyrins (H2TPPS,2-, 

H2TPPS3-, H2TPPS2,, and H2TPPSZo)show 
very similar trends with respect to the chiral-
ity selection phenomenon reported here, the 
results presented below correspond to the 
5,10,15-tris(4-sulfonatopheny1)-20-phenyl-
porphyrin (H2TPPS3-). 

The specific experimental system was 
chosen to prove the role of asymmetric forces 
in the of chiral selection. First, the 
aggregation of these diprotonated porphyrins 
to form mesophaselike supramolecular struc-
tures is promoted by concentration as well as 
by the ionic strength and the acidity of the 
medium. Second, diluted solutions of these 
aggregates show circular dichroism (CD) 
spectra (Fig. l), without any substantial con-
tribution of linear dichroism (LD) (15). 
Moreover, their optical rotary dispersion 
(ORD) spectra show curves in agreement 
with those of the CD spectra (16), and the 
detection of ORD or of CD at the absorption 
bands is the unambiguous signature of chiral-
ity at molecular level (17) .  Finally, a clear 
relation was detected between the progress of 
the aggregation (followed by ultraviolet 
(UV)ivisual (vis) spectroscopy) and the ellip-
ticity values of the CD spectra, in such a way 
that a stable stage of aggregation results in 
stable signals. Because the samples give the 
same CD spectra after storage for several 
months, we conclude that racemization does 
not occur, and this unambiguously points to a 
symmetry breaking scenario. 

To have a robust evidence of chirality se-

Fig. 2. (A) Chirality signs follow-
ing from the pure symmetry 
breaking of unstirred solutions: 
0.7 g of NaCl (0.6 M) was added 
to  a 20 m l  of a 3 k M  Na3TPPS3- g @ 

solution, previously sonicated for T 
30 min, and after its solubiliza- 5 
t ion the aggregation processwas o, 

started by the addition of 14 kl 5 
of 98% H2S0,. (B) Chirality 
signs following the biased sym- E 8 
metry breaking caused by vortex 
motion: concentration of 500 m l  
of 0.12 k M  solutions of 
H2TPPS3-(prepared from the tri-
sodium salt, with the addition of 

Fig. 1. CD and UVIvis spectra of two solutions 
(3 pM)  of homoassociates of H2TPPS3- corre-
sponding t o  two characteristic experiments of 
Fig. 2B (vortex direction during the rotary evap-
oration; solid lines, CW; dashed lines, ACW). 
The bisignate CD signals are a consequence of 
the degenerate character of the transitions. The 
positive (negative) chirality sign is taken for CD 
bisignate signals at the absorption wavelength 
of the Soret(B)-band of the J-aggregate (490 
nm) wi th positive (negative) values at high 
wavelengths. The CD samples consisted of rel-
atively large volumes (1.5 m l  t o  3 ml), corre-
sponding to  representative volumes of the test-
ed solutions (about 10 to  20% in volume in the 
case of the optimized experiments of Fig. 2). 

lection for stirred solutions, beyond obscure, 
nonsystematic, and even highly unreproducible 
hints of such an effect that had previously ap-
peared in the literature [(I I), and cited referenc-
es in (It?)], our strategy was to select the aggre-
gation procedure most likely to be sensitive to 
chiral macroscopic forces. We thus chose to 
promote aggregation by gentle rotary evapora-
tion of very diluted solutions of diprotonated 
porphynns, i.e., of the monomeric species. In 
this way, we enhanced the effect of a true chiral 
force, represented by the vortex motion (19), 
given the slow dynamics of the evaporation-
mediated aggregation (20). 

In representative experiments, the acidi-
fied diprotonated porphyrin solutions (500 ml 
of 0.12 kMH2TPPS,-) were rotary evaporat-
ed (=2 hours), either clockwise (CW) or 
anticlockwise (ACW), up to a reduction of 
about. 1/20 of the initial volume (see caption 
of Fig. 2 for experimental details). These 
experiments were compared with unstirred 
solutions, where aggregation was promoted 
by acidification and whose final concentra-
tions, pH, and ionic strength values were the 
same, within experimental accuracy, as the 
rotary evaporated samples. 

In Fig. 2A (blank unstirred experiments) 
the statistical distribution does not show any 
chirality dominance (pure symmetry break-
ing). Conversely, in Fig. 2B, for rotary evap-
orated samples, chirality selection is ob-
served that is dependent on the rotation di-
rection of the rotary evaporator (biased sym-

unstirred; 12(+)/11(-) 

L I I I I I I I I I I I I I 1 I I 1 1 I I l I 1 I  

number of exp. 
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14 kl of H2S04 and 0.5 g of - B 
NaCI) was conducted by rotary 
evaporation (600 5 50 rpm, in- -
clination of 45", 5S°C, and 25 'l 
torr) (blank squares, CW; solid @ 

squares, ACW) t o  20 m l  (i.e., t o  T ACW; 5(-)/37(+) 
the same concentrations as for E 
the experiments of Fig. 1); rotary 

I
0 

evaporation typically takes 102 
about 2 hours. In the case of 
unstirred solutions (A), the ellip- 8 l o 4  
ticity values increase with time 

6 up to  a constant, and CD spectra .._I 
- CW; 34(-)/6(+) 

- Oo 
%lm n 000 ,,on! o n 0 

were typically recorded after 3 
hours of aggregation. For stirred number of exp.
solutions (B), the CD spectra 
were recorded immediately after finishing the experiment, but no substantial changes in ellipticity 
values were detected after several months. 



metry breaking). As shown in Fig. 2B, 
chirality was coherently induced by stimng 
with a probability of about 85%. 

The structure of these homoassociates at 
the nanoscale level is schematically repre- 
sented in Fig. 3. It consists of ribbonlike 
J-aggregates (side-to-side stepped porphy- 
rins), which aggregate face-to-face, giving 
rise to an H-like homoassociation (11, 12, 
14). The J-aggregation occurs through in- 
termolecular electrostatic and hydrogen 
bonding interactions between the anionic - 
sulfonato groups and the positively charged 
porphyrin rings. In this way, intermolecu- 
larly stabilized zwitterions are formed. It is 
worth remarking, for what follows, that 
180°, 90°, and -90" arrangements (with 
respect to a simple strand) are indeed pos- 
sible through peripheral substitution with 
the sulfonatophenyl groups (Fig. 3). The 
folding of the preferred long symmetry axis 
of the J-aggregate constitutes the elemen- 
tary chiral fluctuation (3, 4, 21). CD spec- 
troscopy used here to detect the chirality, is 
a technique that detects chirality features at 
the nanoscale level, as represented by the 
exciton coupled porphyrin chromophore 
(22). In our case, the folding is an extended 
chiral chromophore (see inset of Fig. 3), 
which allows one to detect the enantiomeric 
excess of chiral foldings through chiro- 
optical methods. 

A second step in the interpretation of 
our results is the proper description of the 
hydrodynamic effects. The closest previ- 
ously reported scenario is that of chiral 
symmetry breaking during crystallization 
(4-6, 21). In this context, stirring is under- 

Fig. 3. Two-dimen- 
sional schematic pic- 
ture of the autocata- 
lytic process leading 
to chiral selection in 
the supramolecular 
association of the sub- 
stituted porphyrins. 
Diasterotropic relative 
motion of oligomeric 
blocks and steric hin- 
drance effects on the 
folding of the J-chains 
by aggregation would 
explain sign induction 
by vortical stirring. In- 
sets show the three- 
dimensional extended 
chromophores in J-ag- 
gregates of diproto- 
nated porphyrins. Ac- 
cording to the exciton 
coupling model for T 
systems (22) a right- 
handed (left-handed; 
i.e., the case shown in 
the inset of Fig. 3) 
chirality results in 
a +(-) chirality sign. Then ACW 
chirality. 

stood to indistinctly select chirality by pro- 
moting competitive secondary nucleation 
that reproduces the initial and randomly 
adopted chirality of the parent nucleus. In 
our system, recent mesoscopic analysis of 
these porphyrin condensates with static and 
dynamic light scattering techniques (13, 23, 
24) supports the view of a hierarchical and 
stable size distribution of these aggregates, 
at least beyond some advanced stage of the 
aggregation. Such a hierarchy is particular- 
ly simple because it basically consists of 
relatively small oligomeric blocks being 
progressively incorporated into massive H- 
type bundles of J-aggregates (Fig. 3). Ac- 
cording to this picture, the relative swirling 
trajectories of the yet to be incorporated 
small blocks would nearly reproduce the 
funnel-like streamlines created by the vor- 
tex, before collapsing into the practically 
motionless large size aggregates. In other 
words, the motion of the oligomeric blocks 
relative to the H-supramolecular structures 
would be diasterotropic once a particular 
vorticity direction is externally prescribed. 
Finally, such a preferential asymmetric ac- 
cretion would be imprinted into the aggre- 
gated material as the newly arriving blocks 
weld at definite arrangements, mediated by 
short-range interactions that are involved, 
as mentioned above, in the porphyrin ag- 
gregation (see inset of Fig. 3). Another 
crucial ingredient is still needed to preserve 
and actually enhance a particular handed- 
ness for each vorticity sign, while largely 
unfavoring the opposite virtual enantiomers 
(25), which is the autocatalytic effect me- 
diated in our case by a steric hindrance 

I 

(CW) vortex 

I I ' 
would generate a left-handed (right-handed) 

acting on the successive oligomers as they 
are incomorated into the H-bundle. Such an 
autocatalysis would coherently propagate 
the "elementary" chiral fluctuations into 
the growing supramolecular aggregate. 

We now put our results into the perspec- 
tive of symmetry breaking bifurcations. The 
picture we should retain of the process at 
hand is that it corresponds to an-imperfect 
(biased) bifurcation mediated by an asym- 
metric force. Such a scenario had long been 
predicted theoretically (2,3) as a result of the 
extreme sensitivity of symmetry breaking re- 
alizations to even small asymmetric forces. 
This is singularly important when the bifur- 
cation point is slowly crossed as the control 
parameter is gently varied. Such a condition 
in our case is achieved by the slow progress 
of the condensation process. 

From the perspective of the above results, 
one could look toward designing experiments 
aimed at preparing chiral soft materials that 
would be further used for symmetry arnplifica- 
tion (26, 27) at lower scale levels, i.e., as chiral 
catalysts for chemical synthesis and chiral se- 
lective membranes. On the other hand. colloids. 
micelles, and lyotropic liquid crystals are pres- 
ently well recognized for their preponderant 
role at many levels of cellular structures (28). 
One is thus tempted to speculate about the role 
of the different hemispherical vorticity in rela- 
tion to the origin of biological chirality (29). In 
this regard, symmetry breaking of mesophases 
and chiral microobjects, whose chirality could 
have been induced by the permanent sign of 
vortices in primeval mixtures, could have acted 
as initial asymmetric factors at prebiotic stages 
(30). 
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Modulation of Cell Proliferation 
by Heterotrimeric G Protein in 

Ara bidopsis 
Hemayet ULLah,' Jin-Gui Chen,' Jeff C. Young,'* 

Kyung-Hoan Im,' Michael R. Sussman,' Alan M. Joneslt 

The ct subunit of a prototypical heterotrimeric GTP-binding protein (G protein), 
which is encoded by a single gene (GPA7) in Arabidopsis, is a modulator of plant 
cell proliferation. gpa7 null mutants have reduced cell division in  aerial tissues 
throughout development. Inducible overexpression of GPA 7 in  Arabidopsis con- 
fers inducible ectopic cell division. GPA7 overexpression in synchronized BY-2 
cells causes premature advance of the nuclear cycle and the premature ap- 
pearance of a division wall. Results from loss of function and ectopic expression 
and activation of GPA 7 indicate that this subunit is a positive modulator of cell 
division in plants. 

Heterotrimeric G proteins regulate cell 
growth, differentiation, and transformation in 
animal cells (1). Many growth factors acti- 
vate receptors that transmit signals to the 
cytoplasm through heterotrimeric G proteins. 
Of the 17 G a  subunits that have been cloned, 
10 couple mitogenic signaling (2, 3). Studies 
of the interaction between G a  subunits and 
proliferation support the emerging view that 
the ct subunits form a new class of oncogenes 
(4-6). 
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The Arahidopsis genome contains a single 
prototypical Gct (GPAl) gene, offering a 
unique advantage over its animal counter- 
parts to dissect its role in cell proliferation. 
Various signals such as auxin, cytokinin, 
brassinosteroids, light, sucrose, stress, and 
developmental factors modulate cell prolifer- 
ation in plants as well (7 ) .  On the basis of 
GPAl expression in actively dividing cells, it 
has been suggested that GPAl is involved in 
promoting active cell division (a), a notion 
supported by the obse~a t ion  that a rice G a  
mutant confers a dwarf phenotype (9). 

By screening an Arahidopsis transferred 
DNA (T-DNA) insertion population (lo), 
two recessive mutant alleles, gpal-1 and 
gpal-2, were identified and shown by direct 
sequencing to harbor T-DNA in the predicted 
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were not affected in the dark. The insertion 
eliminates four of its five volvvevtide looos 
required for GTP binding ( i l l ;  ;he guanosiAe 
triphosphatase (GTPase) domain, and the ef- 
fector loop. On the basis of parallel structure- 
function studies on animal Gct, the Arahidop- 
sis GPAl mutant proteins are predicted to be 
nonfunctioning. Western hybridization with 
antiserum directed against a recombinant 
Arahidopsis GPAl showed that, in the mu- 
tant lines, no Gct protein of any size was 
detected. This indicates that the T-DNA in- 
sertions in both gpal-1  and gpal-2 produce 
null alleles or that the truncated gene product 
is no longer recognizable by the antibodies to 
GPAl (Fig. ID). 

gpal  mutants displayed phenotypes that 
were consistent with a reduction in cell divi- 
sion throughout development, although with 
contrasting effects on organ morphogenesis. 
In light-grown seedlings, gpal  leaf size and 
morphology were maintained despite fewer 
cells composing this organ. Compensation by 
increased cell size for reduced cell number 
during organ morphogenesis has been docu- 
mented frequently (12-14), supporting the 
theory that the individual cell is not always 
the basic unit of morphogenesis in plants. 
However, gpal  mutants also illustrate that a 
reduction of cell number results in reduced 
hypocotyl length, providing the alternative 
example of morphogenesis. 

Exposure of wild-type plants to light 
marks the start of photomorphogenic devel- 
opment called de-etiolation. Both gpa l  mu- 
tant alleles displayed partial de-etiolation 
(Fig. 2). Dark-grown gpal mutant seedlings 
had short hypocotyls and open hooks typical 
of light-irradiated seedlings, but the root and 
cotyledon phenotypes were dark-grown wild 
type (WT). Scanning electron microscopy 
revealed that the constitutive hook opening is 
due to the normal expansion of adaxial cells 
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