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Resonance Light Scattering: 
A New Technique for Studying 

Chromophore Aggregation 
Robert F. Pasternack and Peter J. Collings 

Light scattering experiments are usually performed at wavelengths away from absorp- 
tion bands, but for species that aggregate, enhancements in light scattering of several 
orders of magnitude can be observed at wavelengths characteristic of these species. 
Resonance light scattering is shown to be a sensitive and selective method for studying 
electronically coupled chromophore arrays. The approach is illustrated with several 
examples drawn from porphyrin and chlorin chemistry. The physical principles under- 
lying resonance light scattering are discussed, and the advantages and limitations of 
the technique are reviewed. 

W e  have recently reported (1 )  on a new 
resonance technique called resonance light 
scattering (RLS) rhat is both extremely sen- 
sitive and selective in probing chromophore 
aggregation in a number of different sys- 
tems. The theory behind this technique is 
not new, and in fact RLS has been tried in 
the past for purposes other than studying 
aggregation. In those cases, the technique 
was only marginally successful. However, 
we have found that in aggregation experi- 
ments, RLS not only meets sensitivity and 
selectivity criteria but offers the additional 
benefits of simplicity and versatility. In this 
article, we describe the basic physics behind 
RLS, survey some ongoing research on its 
refinement and application to different sys- 
tems, and discuss a number of areas in 
which RLS may make important contribu- 
tions in the near future. 

Experimental Approaches to 
Studying Aggregation 

The recent flurry of research activity on 
supramolecular assemblies and their applica- 
tion in the construction of nanodevices has 

R. F. Pasternack IS In the Department of Chemistry and P. 
J. Collngs is in the Department of Physcs and Astrono- 
my at Swarthmore College, 500 College Avenue. Swarth- 
more, PA 19081, USA, 

encouraged the development of experimen- 
tal techniques capable of detecting and 
characterizing these assemblies. Under- 
standing the chemical, biological, and phar- 
macological activity of a complex system 
requires knowledge of the state of molecular 
aggregation of the system's components. Re- 
search issues that involve relations between 
the properties of complex systems and the 
formation of large aggregates include (i) the 
organization of chlorophyll and other pig- 
ments in chlorosomes, in which a narticular 
nlolecular assembly is required for efficient 
photosynthesis (2 ) ;  (ii) the relarion of pho- 
tosensitization efficiency to the extent of 
aggregation of the active component at can- 
cer cells, which must be resolved to enable 
rational design of alternative reagents in 
photodynamic cancer therapy (3); and (iii) 
the state of aggregation of lipids and drugs in 
linosomes, which has been shown in certain 
cases to be a crucial factor in their effective- 
ness in treating disease (4). Although light 
scattering experiments are frequently used to 
study such problems. In these three exam- 
ples conventional light scattering would 
likelv not vield useful data because of the 
background signals provided by the medium; 
not only the existence but the identity of 
the scatterer must be determined. 

Even though light scattering experiments 
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typically involve measurements away from 
absorption bands, wavelengths within the 
absorption band envelope can be extremely 
~nformative if the absorption is not too great 
and the aggregate is of sufficient size. The 
RLS effect 1s observed as increased scatter- 
ing intensity at or very near the wavelength 
of absorption of an aggregated molecular 
species. The effect can be enhanced by sev- 
eral orders of magnitude when strong elec- 
tronic coupling exists among the chro- 
mophores. In add~tlon, the wavelength de- 
pendence of this technique allows for selec- 
tive observation of aggregates, even in 
~nult~cornponent systems that include a 
large fraction of monomers or other aggre- 
gates. Moreover, in many cases RLS exper- 
ilnents can be conducted 1~1th  conventional 
equipment; our initial experiments were 
done with an ordinary double-monochroma- 
tor fluorilneter under software control. 

An Application of RLS to Arrays 

In 1993, we first applied RLS to the s t ~ ~ d y  of 
chromophore arrays ( I ) .  In studies of the 
interactions of cationic porphyrins (includ- 
ing their metal derivatives) with nucleic 
acids, we found that these species can bind 
to DNA by ~ntercalat~on, external groove 
b~ndlng, or both, and that the type of bind- 
ing depended on porphyrin structure and 
volvnucleotide colnnosition 1.5). Of the var- 
L ,  , , 

ious spectroscopic and kinet~c methods for 
investigating relations among structure, 
bindlng mode, and base pair preference, 
none proved to be more useful than circular 
dichroism (CD). Induced CD signals for the 
binding of one such cationic porphyrin de- 
rivative with DNA could best be accounted 
for in terms of an extended, electronically 
coupled array of porphyrin molecules on the 
surface of the DNA (6). Although it was 
avnarent from these measurements that the 

L A  

porphyrin was assembled in some extended 
manner that involved neriodic reveats, the 
state of aggregation of the DNA was less 
certain. A variety of indirect evidence sup- 
ported the dispersed llature of the DNA, 
but it was not until RLS was avvlled that 
thls issue could be resolved. 

To illustrate the method, we compared 
results obtained for neat water and two 
porphyrins that do not form extended ag- 
gregates in aqueous solution (Fig. 1A) to 
the results for an aggregating porphyrin 
termed t-H,Pc,g, (Fig. 1B). Figure 1A shows 
no enhanced scattering at the absorption 
bands of the vorvhvrins; rather. minima 
appear as a result of absorption in the  Soret 
region of the photoils of the inc~dent and 
scattered radiation. In contrast, Fig. 1B 
shows results typical for a porphyrin array; 
the intensit11 of the scattered lieht is orders 
of magnitude greater than that ibtained for 
water or nonaggregating porphyrins. The 

350 400 450 500 550 600 
Wavelength (nm) 

- 8 4 -  

Fig. 1. (A) RLS profiles of water and two nonag- 
gregating porphyrin derivatves, 5 p M  H,T4 and 5 
yM t-AuP,,,, (B) RLS profiles of 5 KM t-H,P,,,, 
an aggregat~ng porphyrin, as a function of lonc 
strength I .  Spectra are not corrected for photo- 
mult~plier response. [Reprinted from ( 7 )  with per- 
mission of the American Chemical Society] 

5 - ~  . . . . . . . . Water 
.... H,T4 
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Fig. 2. Light scattering measurernents of DNA and 
t-H,P,,,-DNA complexes. Dashed line. DNA con- 
densed with hexaamminecobalt(lll): sol~d ~ne .  
t-H,P,,, added to DNA prevously condensed w~th 
hexaamm~necobalt(lII): dotted ne .  t-H,P,,,-DNA 
complex to which no hexaamminecobalt(lll) was 
added. Spectra are not corrected for photomuti- 
plier response. [Reprinted from (1)  w~th permsslon 
of the Amer~can Chemical Socety] 

peak is centered near the absorption band 
maximurn of the aggregate. 

The light scattering results for t-H2P,,, 
In its complexes with DNA are shown In 
Fig. 2. DNA that was condensed by the 
additloll of hexaamminecobalt(II1) under 
low-salt conditions scattered light exten- 
sively in the ultraviolet (UV) region 
(dashed line in Fig. 2). When t-H2PAge was 
added to t h ~ s  aggregated DNA, an en- 
hanced RLS profile was obtained In the 
Soret region between 400 and 500 nm (sol- 
id line in Fig. 2). The UV scattering profile 
attributable primarily to DNA, which was 
still In a condensed state, was almost unaf- 
fected. Colnpar~son of these two profiles to 
one obtained in the UV region for a 
t-H2Pa,,-DNA solution in which the DNA 

was not previously condensed with hexaam- 
minecobalt(II1) (dotted line in Fig. 2)  
shows that the porphyrin alone is not capa- 
ble of aggregating the nuclelc acid. Thus, 
the combination of CD and RLS measure- 
ments provides a very powerful experimen- 
tal strategy for the study of chromophore 
assemblies and, in this case, confirms the 
model put forth for DNA-bound porphyr~n 
arrays. The CD method yields porphyrin 
signals characteristic of long-range per~odic 
repeats when the (symmetr~cal) chro- 
rnophore is bound to the polymer, whereas 
the RLS method 1s extremely sensitive to 
aggregate formation and discriminates be- 
tween polymer-backbone aggregates and 
bound chromophore aggregates. 

Theory of RLS 

In general, two processes occur when light 
passes through a solution of aggregates. If 
the solvent itself is nonabsorb~ng, then en- 
ergy is removed from the incident light 
through absorption and scattering by the 
aggregates. The light scattering component 
is a consequence of differences in polariz- 
ability between the aggregates and the sol- 
vent. The incident electromagnetic wave 
induces an oscillating dipole in the assem- 
bly, which radiates light in all directions. 
The ratio of the rate of energy absorption 
froin the incident beam to the intensity of 
the incident beam is called the absorption 
cross section, C;,,?,. The ratio of the rate of 
energy scattering out of the incident beam 
(in all directions) to the intensity of the 
incident beam is called the scattering cross 
section, C,,,. If the induced dipole can be 
considered ideal-which is usually a valid 
assumption if the size of the aggregate is 
small compared to the wavelength of the 
light in the solvent, A,,,-both cross sec- 
tions are related to the polarizab~l~ty of the 
aggregates in simple ways, 

where k,,, is the wave vector of light in the 
solvent, icln = 2 7 / A  ,,,, and 9, apd a,  are the 
real and imaginary parts of'thh bolarizabll~ty 
of the aggregates. Absorptjon at a certaln 

I 0  
m,avelength band by a solut~on~of aggregates 
call be understood as the result of a maxi- 
mum in the ilnaginary part of the polariz- 
ability in that region of the spectrum; the 
absorbance A of a sample of thickness L is 

where N/V 1s the number of aggregates per 
unit volume. The real and imaginary parts 
of a are related to each other, so that when 
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Fig. 3. Absorbance and 
RLS profiles for H,TPPS,- 
and H4TPPS4'-at pH = 

1 2  and 1 = 0 1  M .  (A) 
Absor~tion si3ectra for 
H,TPPS, (dashed Ine) and H4TPPS,2- (sol~d line). 
(6) RLS proflle for H4TPPS42-. (C) RLS profile for 
H,TPPS,-. Spectra are not corrected for photomu- 
tipler response [Reprnted from (19) with permsson 
of the Amercan Chemcal Socety] 

a, is maximized in  some wavelength range, 
a, also behaves anomalously in  thls region; 
hence, laI2 is a t  a maximum in  the  absorp- 
t ion band, whlch also results in  increased 
scattering. 

Under normal conditions this increased 
scattering IS difficult or impossible to detect 
because of the increased absorption and the  
weakness of the  enhanced scattering effect. 
However, when this effect 1s Investigated 
for aggregates of chromophores, the  en- 
hanced RLS scattering can be enormous. 
T h e  absorption depends o n  the  first power 
of the polarizability, which in  turn depends 
linearly o n  the  volume of the  aggregate. 
Thus, a solution wlth a fixed concentration 
of the  aggregatlng component will exhibit 
n o  change in A as aggregation occurs, be- 
cause the uroduct of NIV and a remains 
constant. However, the  amount df scatter- 
lng depends o n  the  square of the  volume of 
the aggregate, and thus it increases as a 
consequence of aggregation; RLS is there- 
fore extremely sensitive to even low con- 
centrations of extended aggregates. 

T h e  ideas behind RLS are no t  new: 
they are discussed in  a number of classical 
texts o n  light scattering, which often in- 
clude a comment  concerning the  effect of 
absorption o n  the  scattering cross section. 
During the  past 20 years, theoretical and 
experimental researchers have attempted 
to  predict the  enhancement  precisely and 
to  observe it  i n  a number of svstems. T h e  
theoretical work focused on ' f luctuat ion 
theory (7) and semiclassical calculations 
(8);  the  experiments were performed o n  
diphenylpolyenes ( 9 ) ,  lycoplne ( l o ) ,  P- 
carotene 11 1 ). coumarin dves and 3.4-di- ~ , ,  , . 
nitrophenol (8), dibenzoylmethane com- 
plexes (12) ,  and cyanine dyes (13) .  Dy- 
namic light scattering measurements were 
performed o n  nitrophenolate anions ( 1  4 ) ,  
iodine (15) ,  and heme proteins (16) .  
These experiments included measure- 
ments iust outside the  absorution band 
(preresonance scatterlng) and within t h e  
absorption band. T h e  experiments allom,ed 

Fig. 4. Absorption and RLS 
spectra of chlorophyll a in 
solution. (A through C) Ab- 
sorption spectra of 5 pM 
chlorophyll a in (A) acetone, 
(B) formamide,buffer, 4 min 
after mlxlng, and (C)  form- 
amlde.buffer, 60 mln after 
mixing (D through F) RLS 
spectra of 5 pM chlorophyll 
a In (D) acetone; (E) form- 
amide.buffer, 7 min after 
mixlng, and (F) formamide: 
buffer, 123 min after mlxina 
spectra are not correcteb Wavelength (nm) 

for photomultipl~er response. [Reprnted from (20) with permisson of the Blophyscal Socety] 

the  measurement of reorientation times 
and hydrodynamic radil o n  the  basis of 
the  enhanced light scatterlng observed, 
and they verified that  the  complexes 
were predominantly in  monomeric form. 
T h e  amount  of light scattering was not  
very large 111 any of these experiments 
because the  absorbing species did not  form 
aggregates with good electronic coupling 
among the  chromophores under any of the  
experimental conditions. Such  coupllng 
seems to  be crucial for substantial signal 
enhancement  to  occur. 

Other Examples of RLS 

T h e  extreme sensltivitv of RLS as a tool for 
measuring chromopho;e aggregation is il- 
lustrated bv a studv of the  diacid forms of 
the  water-soluble anionic porphyrlns, tetra- 
phenylporphinesulfonates ( H 4 T P P S 4 '  and 
H4TPPS,-). T h e  absorption spectrum of 
these porphyrins in  the  Soret region a t  p H  
1 is shown in  Fig. 3.  W e  previously de- 
scribed the appearance of an  "anornalo~~s" 
band at 489 n m  for H 4 T P P S ,  and suggest- 
ed a connection to porphyrin aggregation 
(17).  Later studies identlfled this band as 
arlslng from a J-aggregate of porphyrln mol- 
eties, that is, an  extended assemblv involv- 
ing Aonolner units partially offset &om near 
neiehbors 11 8). Under the  conditions of the  
experimen; shown in Fig. 3, the  ratio of the 
Intensities of the  Soret bands iarislne froin " 

monomer a t  434 n m  and aggregate at 489 
n m )  1s about 1 0 0 : l  for H,,TPPSA2-. How- 
ever, the  light scattering profile is dominat- 
ed by the  relatively small amount of aggre- 
gate present. T h e  RLS technique success- 
f~llly reports and identifies aggregated spe- 
cies even at very low concentrations (19).  

T h e  selectivity of RLS proved invalu- 
able for mechanistic studies of chloronhvll a 
aggregation (20).  Flgure 4 shomrs the'absor- 
bance and RLS profiles of chlorophyll a in 
acetone, where it is monomeric, and in  9 :  1 
f0rmamide:phosphate buffer, mrhlch fosters 
its aggregation. As  the  chlorophyll aggre- 
gates, hlgh scatterlng Intensity is observed, 
first at 458 n m  and subsequently a t  469 nm. 

T h e  Chlqj8 species has only weak C D  fea- 
tures, whereas the equilibrium C D  profile is 
characteristic of a n  extended organized ar- 
ray. T h e  data suggest a mechanism for ag- 
gregatlon that begins with the  formation of 
small olleomers that vrovide neither C D  - 
nor RLS signals beyond background (incu- 
bation veriod). followed bv the  formation of 
an  intekediate, whlch is a very large ag- 
gregate that has a n  electronic transition 
between 458 and 461 n m  (Chlqj8) but is 
not  extensively chiral. T h e  C D  and RLS 
spectra obtained 2 hours after mixing both 
show strong featurres centered at -469 nm.  
W e  proposed that thls species, Ch14,,, is 
formed by the folding of the  large aggregate 
initially produced 111 this medium (Ch1458) 
Into a chlral structure. Thls application of 
the RLS method enabled us to ldentifv the  
intermediate as a large aggregate diffbrent 
from the  final nroduct and to  discern its 
mechanistic implications for an  aggregate 
conformational change. 

Although the e x k p l e s  g k e n  thus far 
have involved porphyrins and the  closely 
related chlorins, enhanced RLS slgnals are 
not restricted to ~nacrocycllc chromophores. 
W e  have obtained laree RLS features for " 
acridine and cyanine dyes and even for a 
square planar platinum complex (21 ) under 
conditions in which they are extensively 
aggregated. In  these cases, enhanced signals 
appear to require a n  extended array of elec- 
tronically coupled chromophores having a 
large oscillator strength, rather than chro- 
lvlophores with a particulah strhctural fea- 
ture. Nor is it necessary for the chro- 
mophores in the  assembly yo be identical; 
enhanced RLS signals have recently been 
obtained for a heteroaggregate system (22).  

Dynamic Light Scattering 

Partlcle size measurement techniques that 
have been developed for conventional light 
scattering can also be applied to  RLS. Dy- 
namic light scattering (DLS) measures the  
frequency spectrum of the  scattered light. 
T h e  relaxation tlme for fluctuations in the  
scattered light ( the  inverse of the  line 

SCIENCE VOL. 269 18 AUGUST 1995 937 



width) denends onlv o n  the diffi~slon be- , L 

havlor of the aggregates. For spherical ag- 
gregates, the translational d~ff~ls ion con- 
stant D 1s given by the  Stokes-Einstein 
re la t~on 

where k is Boltrmann's constant, T 1s the  
absolute temperature, 9 is the v~scosity of 
the solution, and 7. is the  hydrodyna~nic 
rad~us of the aggregate. T h e  relaxatloll time 

where q = 2klll sin(8/2) and 8 is the  scat- 
tering angle (23) .  Measurement of T there- 
fore determines the hvdrodvnamic radius of 
the aggregates, prov;ded ;he temperature 
and viscosity of the  solvent are known. 

Depolarlzed DLS experiments allow de- 
termination of both the size and shape of 
the aggregates. T h e  above relations are val- 
id for nonspherlcal aggregates if vertically 
polar~zed light 1s incldent and only vertical- 
ly polarized scattered light is detected. T h e  
relaxat~on tlme In this cond~t ion ,  7,.,., call 
be used to find D by means of 

If vertically polarized l ~ g h t  is incldent and 
horizontally polarized scattered llght is de- 
tected, then the  relaxation time T \ ~ ~  de- 
pends on both D and the  rotational diffu- 
sion constant @ according to 

(24). h,\.leasurements of T,,, and T, ,% there- 
fore iletermine D and @, which in turn 
depend on the  size and shape of the  aggre- 
gate. For example, the model of Riselnan 
and Kirliwood calculates D and @ for rods 
of length L and iliameter d ,  

(25).  Thus there is a one-to-one relation 
between (L,d) and ( T \ , \ , , T ~ ~ ) ,  SO that mea- 
surements of the  latter allow the  former to 
be calculated. 

W e  applied these ideas to  the  measure- 
ment of aggregate size lvith the diacid form of 
tetraphen\-Iporphines~~lfi>nate (H4TPPS,-) 
whose (aggregate) absorption peak is near 
488 nm, the wavelength of the  10-mW laser 
in our DLS system (see Fig. 3 ) .  A 3 FM 
solution of this porphyrin aggregates when 
the concentration o i  HC1 reaches 6.02 M. 
This is illustrated in Flg. 5 by the  increase in 
the intensity of scattered light. T h e  relax- 
ation time T,.,. for the vertical-vertical po- 
larization arrangement is also shown. T11ese 
times were measured with the  correlator set 

for a 15-us sarnnline tlme: excellent corre- - 
l a t ~ o n  functions were obtained after - 10 
min. Note  that the relaxation time does not 
change i iur~ng the aggregation process. Be- 
cause T,,,, depellds only o n  the translational 
diffi~s~oll  constantPD, whlch in turn is de- 
termined by both the  length and dlarneter 
of the  aggregates, a constant value of T,,,, 

impl~es  that the d l~~ lens ions  of the  aggre- 
gates do  not change markedly as more ag- 
gregates iorm. 

Our  prel im~nary measurements of the  
depolarization ratio p , (90)  ( t h e  ratio of 
horizolltally polarized light to  vertically 
polarized light scattered a t  90°,  with the  
incident light being vertically polarized) 
also support the  conc lus~on  that  the  ag- 
gregate size does not  change durlng the  
aggregation process, t ha t  is, p,,(90) re- 
lnalns -0.25 as H C l  1s added. A n  i s o t r o ~ l c  
scatterer with three equal principal com- 
ponents of the  polarizabil~ty tensor gives 
p,,(90) = 0, whereas a scatterer with one  

component much greater than  
the  other two glves pv(90) = 0.33 In the  
ideal dipole approximat io~l  (26) .  There-  
fore, these results indicate tha t  the  
H4TPPS,- aggregates are characterized by 
one  fairly large polarizability component ,  
which is not  surprising in  llght of the  
stacking arrallgelnents that  are tvnical of " " , . 
aggregating porphyrlns ( 1  8).  

W e  have pelformed a few depolarized 
DLS experiments o n  H4TPPS,-,  and the  
results are very encouraging. In  an  experi- 
lnellt 111 which HC1 was titrated into the  
solution with depolarized DLS measure- 
ments after each addition, the length and 
diameter of the  aggregates remained -600 
nin and -15 nm, respectively, despite a 
large increase in the  intensity of the  scat- 
tered light. In a subsequent experiment in  
which a 0.03 M HC1 solution was used, the  

I 0 
0 0.01 0.02 0.03 0 04 0.05 0.06 

[HCII (M) 

Fig. 5. DLS lntens~ty (8) and relaxat~on t~me (m) for 
H,TPPS,- as a functlon of HCI concentrat~on. 
The RLS lntenslty profle measured by the fluorni- 
eter (A) IS also shown 

aggregates remained -900 nm long and 
- 10 nm in diameter over a pe r~od  of nearly 
3 hours. Although these results are prelim- 
inary, they illustrate the  power of RLS as a 
tool for determining the  slze and shape of 
aggregates. Much additional work needs to 
be done, espec~ally at angles other than 9C0, 
to show the  dependence of these relaxation 
times o n  the scattering vector. 

Experimental Limitations 

T h e  signal-to-noise ratio for RLS falls off 
marliedly in  experiments tha t  are conduct- 
ed in  the  presence of very large aggregates 
tha t  produce large conventional Rayleigh 
signals. For example, dyed latex micro- 
spheres produce a n  RLS slgllal t ha t  is 
barely detectable above background, and a 
similar res~llt  1s obtained for porphyrln 
aggregates in  a l~posome-containing medl- 
urn. T h e  s i t ~ ~ a t i o n  IS  simllar to  that  en-  
countered In studies of latex spheres wlth 
s ~ l v e r  "islands" o n  them (27) .  Moreover, 
t he  systenls we have thus far d~scussed are 
either nonfluorescent or fluoresce a t  
\\ravelengths far removed from the  wave- 
length of RLS detection. Many chro- 
mophore assemblies of interest do  not  
meet either condition, and a technique 
needs to be developed to  d ~ s t ~ n g u i s h  
among photons that  are scattered and 
those that  arise from luminescence. Final- 
ly, our experiments have been done almost 
exclusively with right-angle detection, 
wlth a fluorimeter or a laser system that  
has a fixecl-angle geometry. Studies of 
highly absorbing systems mrill require an  
ability to  change the  angle of detection, 
preferably without markedly increasing 
the  background scattering. In collabora- 
t ion with colleagues a t  the  University of 
Messina, we have attempted one  experi- 
ment  a t  non-90" detection, and the  results 
encourage us to  believe that  the  experi- 
mental design can be optimized to  suit t he  
requirements of individual samples. 

Future Applications 

Although RLS is clearly in its &~fal;cy, this 
technique has many potential applications. 
T h e  experimental approach callbeiexpand- 
ed to  include time-resolved measurements 
or backscattering geometries. Tirne-re- 
solved RLS inethods lvill he particularly 
helpful for the  study of the  dynamics of 
energ\- and electron transfer in chro- 
mophore arrays, for which absorption tech- 
niuues are not  very sensitir7e and for which 
fluorescence yields are generally very low. 
bteasurements in near-backscatterine ire- 

~> 

ometries open the  possibility of lvorking 
lvith nearly opaque sanlples or thin films. 
S ~ r c h  a n  experimental approach would be 
~lsef~ul for prohing the  state of aggregation of 
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chromophores in organelles of cells or of 
aggregates in sensor arrays. 

Colloidal and aerosol systems are ame- 
nable to  the  use of RLS. For example, 
small tnetal particles have peaks in C.,h, 
and Cbc~, at  specific wavelengths; these 
peaks are not  the  result of absorption by 
the  material but arise frotn naturally oc- 
currincr electrotnairnetic resonances associ- 
ated with sirrface plasmon modes. Infor- 
mation o n  nartlcle size and shane can  be 
obtained even in  colloidal and aerosol sys- 
tems containing particles of very different 

~> . 
sizes or particles composecl of different 
materials. Nor  is the  use of RLS restricted 
to the  visible part of the  spectrum; In 
particular, because many colnpo~rnds have 
narrow infrared ahsorption bands, en- 
hanced light scattering ma\- also occur a t  
these lvavelengths. These possibilities are 
representative of the  types of systems in  
which RLS may make a n  important con- 
tribution. T h e  enhancement  of Rayleigh 
scattering resulting from absorption is a 
very general phenotnenon and therefore 

may provide important experimental op- 
portunities in  a \vide range of areas. 
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are eligible for consideration for the prize. The paper chief of Science. 
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work. Reference to pertinent earlier work by the author annual meeting. In cases of multiple authorship, the 
may be included to give perspective. prize will be divided equally between or among the 

Throughout the competition period, readers are authors. 
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