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ABSTRACT A quantum mechanical model is developed for the observed resonance enhancement of light scattering by
aggregates of electronically interacting chromophores. Aggregate size, monomer oscillator strength, extent of electronic
coupling, and aggregate geometry are all important determinants of intensity in resonance light scattering (RLS) spectra. The
theory also predicts the value of the depolarization ratio (p,(90)) of RLS for a given aggregate geometry. These results are used
to interpret the RLS depolarization ratios of four aggregates: tetrakis(4-sulfonatophenyl)porphine aggregated at low pH
(py(90) = 0.17 at 488 nm), trans-bis(N-methylpyridinium-4-yl)-diphenylporphinato copper(ll) aggregated in 0.2 M NaCl solution
(pv(90) = 0.13 at 450 nm) and on calf thymus DNA (p,(90) = 0.20 at 454 nm), and chlorophyll a aggregates in formamide/water
(pv(90) = 0.23 and 0.32 at 469 and 699 nm, respectively). The analysis is consistent with a J-aggregate geometry for all four
systems. Furthermore, the specific values of p,,(90) allow us to estimate the orientation of the monomer transition dipoles with
respect to the long axis of the aggregate. We conclude that depolarized resonance light scattering spectroscopy is a powerful
probe of the geometric and electronic structures of extended aggregates of strong chromophores.

INTRODUCTION

Recent studies have shown that a number of biologicain a variety of systems such as semiconductors (Gurioli et
light-harvesting systems, such as the LHI and LHII com-al., 1996), small chromophores in solution (Anglister and
plexes of purple photosynthetic bacteria (McDermott et al. Steinberg, 1979; Stanton et al., 1981), chromophore-protein
1995; Karrash et al., 1995; Cogdell et al., 1996; Pulleritscomplexes (Ma et al., 1996; Borissevitch et al., 1997),
and Sundstim, 1996) and the chlorosome of green photo-chromophore-nucleic acid complexes (Pasternack et al.,
synthetic bacteria (Blankenship et al., 1995), consist 0f1993, 1996; Huang et al., 1997), porphyrin aggregates (Pas-
aggregated bacteriochlorophylls. These results have sparkegknack et al., 1993, 1994), and chloropte/iggregates (de
renewed interest in the design and characterization of supaula et al., 1995), is consistent with all known theories of
pramolecular assemblies of chromophores (Lehn, 1995)—ight-matter interactions (Miller, 1978; Anglister and Stein-
most notably chlorophylls (Katz et al., 1991; Scherz et al. perg, 1979; Stanton et al., 1981; Pasternack and Collings,
1991) and the re!ated porphyrins (F_uh.rhop et al., 19943995: Lagendijk and van Tiggelen, 1996). A number of
Pasternack and Gibbs, 1996)—that mimic the energy transsydies have shown that supramolecular assemblies show
fer function of photosynthetic antenna complexes. RLS signals that are intense enough for detection with
New spectroscopic techniques need to be developed {Qmmercial spectrofluorimeters (Pasternack et al., 1993,
selectively and sensitively probe the rather unique ele01994; de Paula et al., 1995; Ma et al., 1996, 1997; Huang et
tronic e_md geometric structures of supramolgcular Iight—aL, 1997). Detection of RLS by monomers and small oli-
harvesting systems. Work from our laboratories suggesty,mners requires special methods to correct for strong absorp-

thqt a nszvsllght sceg[termg dtech;nque, r esobnaﬂce I|ghgsca ion effects at the resonance frequency (Anglister and Stein-
terlntgcj( ¢ t)’ :nayt € us]:a :O detéarmln(—:] .Ot Pgrotun aE terg, 1979; Stanton et al., 1981; Borissevitch et al., 1997).
excited state structures of extended porphyrin (Pasternack e Pasternack and Collings (1995) have suggested that the

al., 1993, 1994; Pasternack and Collings, 1995) and chlo: : . :
rophyll aggregates (de Paula et al., 1995). RLS technique may be used to determine the size and shape

The RLS effect consists of an increase in the intensity on chromophore aggregates in much the same way that

. conventional steady-state and dynamic light scattering mea-
scattered light at the wavelength where the aggregate has anrements ield the size and shape of biobolvmers. How
electronic absorption transition. The phenomenon, observed” y P poly '

ever, this potential will be realized only when the quantum
mechanical basis for the large RLS intensities in exciton-

coupled systems (such as porphyrin and chlorophyll aggre-
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degree of depolarization of the RLS signal with the geom-and 75 mM potassium phosphate buffer (pH 6.8) so that the final concen-
etry of the aggregate. These principles are applied to depdtion of CT"OLOF’hy”s was ~4.0 uM. Aggregates form withi 2 h of
larized resonance light scattering spectra of tetrakis(4-sufcuPation in the dark at 4°C.

. _ Aggregates of tetrakis(4-sulfonatophenyl)porphing, TPPS~, Mid-
fonatophenyl)porphine (JTPPS ) aggregated at low pH, century Chemicals) were formed by adding a small aliquo®6 wl) of a

trans-bis(N-methylpyridinium-4-yl)-diphenylporphinato stock solution of porphyrin in deionized water te9 ml of 0.2 M HCI.
copper(ll) aggregated in 0.2 M NacCl solution and on calfFormation of the aggregate was confirmed by the appearance of a sharp
thymus DNA, and of chlorophyla aggregates in form- electronic absorption band at 489 nm and by a strong RLS feature at 489

. L - nm.
amide/water. The results indicate that dEpOIa“ZEd reso- Porphyrin-DNA complexes were prepared from the Cu(ll) derivative of

nance light scattering spectroscopy is a powerful probe 0f‘rans—bis(N-methylpyridinium-4-y|)-dipheny|porphine (CgR) and calf

the geometric and electronic structures of extended aggrenymus DNA (lot number QC81456203, Pharmacia Fine Chemicals) ac-

gates of strong chromophores. cording to Pasternack et al. (1993). Formation of the porphyrin aggregate
on the DNA template was confirmed by absorption and CD spectroscopy.
The samples for which data are reported were typicallyubbin DNA, 4.8

uM in Cnggg and 0.2 M in NaCl. The solvent was a 1-mM potassium
MATERIALS AND METHODS phosphate buffer (pH 6.80). C§Rwas aggregated in 0.2 M aqueous NaCl
Computer simulations of RLS by aggregates solution to give a final [CujJ = 1.94 uM.

All mathematical operations described in the Theory section were perTHEORY
formed on a Dell Latitude LX 4100D notebook computer (486DX proces-

sor, 100 MHz clock, 12 Mb RAM) with MathCAD Plus version 5.0 Exciton coupling in J-, H-. double-stranded, and
(MathSoft). Copies of the files are available from Julio de Paula. . . ’ ’ ’
cylindrical aggregates

The first step in the calculation of scattering cross-sections
Depolarized resonance light of aggregates in a variety of geometries is to determine the
scattering measurements aggregate’s transition frequencies and moments by exciton
For vertically polarized exciting radiation and scattered radiation detecte®OUPling theory. Then the wavelength dependence of the
at 90°, the depolarization ratio is defined @{90) = I\,,/I\n/, Wherel,, aggregate’s polarizability is calculated, and from that the
is the scattered intensity with horizontal polarization apgl is the scat-  scattering cross-sections and depolarization ratios are
tered intensity with vertical polarization. We have measysg(®0) with determined.

two instruments: a spectrofluorimeter and a laser light scattering apparatus. Our exciton coupling calculations use the point dipole
The fluorimeters used were a SPEX Fluorolog 2 and a Fluorolog 3, both piing P P

equipped with a xenon lamp, a 0.25-m excitation monochromator, a0.34—rﬁppr0_Ximati0n1 which ha_s been Sor_neWhaj[ SUCCGSSfU_l in
emission monochromator, a photomultiplier tube (PMT) operating in pho-describing the photophysical properties of light-harvesting
ton counting mode in the sample arm, and a photodiode detector in theystems (Pearlstein, 1991). Each monomer is described by a
reference arm. The spectral bandwidth for our measurements was 1.0 nrging|e transition with transition moment, o, and frequency

Glan-Thompson linear polarizers were used to polarize the exciting beam We will treat fiv lin metri hown in
and to analyze the scattered radiation. It is necessary to correct the value gf_ﬂon' € €a € coupling geometries, sho

Iy for the polarization-dependent response of the emission monochromd=19. 1.

tor. Hence, the measured quantity was The geometries of Fig. & correspond to the well-known
J-aggregates (& ¢ < 7/2) and H-aggregatesp(= m/2).

pv(90) = G.ILH (1) For the cases wherge = 0 and#/2, the transition energies

lvy and the transition moments for theth exciton state are

(McConnell, 1961, Lin, 1989; Buck and Struve, 1996):

whereG = 1,,,/l,, is the correction factor. This is the same correction

factor generally used to correct fluorescence anisotropy data obtained with mm

spectrofluorimeters (Lakowicz, 1986). P = Vmon T 2B co{) (2)
The laser light scattering apparatus is a Brookhaven Instruments Cor- N+1

poration BI-200SM goniometer. The excitation source is a Coherent In- 2 1/2 men-a

nova 70 mixed-gas ion laser (argon ion and krypton ion). The exciting i = < ) 2 m Sil’l( ) (3)

beam is vertically polarized. Scattered light detected at 90° relative to the m N+1 N mon N+1

excitation beam is passed first through a linear polarizer and then through

a narrow bandpass filter (which allows only the Rayleigh scattered light towhere the summation is over &llexciton coupled states of
pass) before reaching the PMT detector. the aggregate. Equations 2 and 3 were derived by making
two important assumptions (Alden et al., 1992; Lin, 1989;
McConnell, 1961; Somsen et al., 1996): 1) the monomer
energy and the monomer transition moment are not affected
Chlorophyll a aggregates in aqueous formamide solution were preparedyy interactions with other monomers in the aggregate; and
according to de Paula et al. (1995). Briefly, a stock solution of chlorophyllz) only nearest-neighbor interactions contribute to the cou-

a (from Anacystis nidulanspurchased from the Sigma Chemical Com- l tri | hich i itt S t al
pany, St. Louis, MO) in acetone (spectrophotometric grade, Aldrich Chemp ing matrix elemen, which is written as (Somsen et al.,

ical Company, Milwaukee, WI) was prepared and its concentration deter1996):

mined spectrophotometrically by usings; ¢ nm = 82.6 mM* cm™ % |M |2

Enough stock soIL_mon was added to a 9:1 (v/v) solution .of formamide B= m°"2R3 (1 -3 COSG) (4)
(spectrophotometric grade, Aldrich Chemical Company, Milwaukee, WI) 41eam

Preparation of aggregates
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FIGURE 1 Schematic representation of the exciton-coupled systems dé=IGURE 2 Dependence ofa 7; and () w, on aggregate sizé\.
scribed by our theoryaj “Linear” aggregate, where the slip angtevaries Parameters used in the calculation &g, = 15,106 cm?, w0, = 6.5
from O (J-aggregate) ter/2 (H-aggregate); k) “zigzag” aggregate;d) Debye, = 400 cm .

in-phase double stranded aggregate, where the arrows denote the designa-

tions given to the intra-strandy) and inter-strandf) coupling constants;

(d) out-of-phase double stranded aggrega®); dylindrical aggregate,

where the pigments facing the front of the object are numbered. Thehave chosen a value @fto yield a limiting ¥, of 699 nm,

interactions between pigments 1and 2and 1 and 3 are designagethisy \\yjcpy js the transition wavelength for the largest aggregate

interaction between pigments 1 and 4 is designategl. &dl other inter- . . .

action energies are obtained by symmetry. of chlorophyll a formed in a 9:1 formamide/water system
(de Paula et al., 1995). Although the consequences of Egs.
2 and 3 are described with a specific numerical example, the
calculations still provide useful qualitative insight that may

In Eq. 4, €, is the permittivity of free spacey is the  be used to predict the behavior of any exciton-coupled
refractive index of the mediumy,,,, is the transition mo- aggregate.
ment of the monomerR is the distance between nearest For the remaining geometries, the general approach is to
neighbors in the aggregate, amddis the angle between write the Hamiltonian matrix for the aggregate. The diago-
monomer transition moment vectors in the aggregate. For aal elements are equal to the monomer resonance frequen-
“linear” aggregate (Fig. &), 6 = O; for a “zigzag” aggre- cies and the off-diagonal elements reflect couplings be-
gate (Fig. 1b), 6 # O. tween pigments.

For a J-aggregate the exciton coupling constanis For the double-stranded aggregates (Figc andd), we
negative, which leads to red-shifts in the spectrum relativelefine two coupling constants: one for intrastrand interac-
to the monomer. By contrasB, > O for H-aggregates, with tions (y) and another for interstrand interaction).(For
resultant blue-shifts in the spectrum. Equations 2 and 3 alsexample, the Hamiltonian for a tetramer is:
apply to a helical aggregate of any pitch or diameter where

the monomer transition dipoles are aligned with the parallel Vmon B v 0
axis of the helix. B Vmon B Y

For the calculations in this document we chose monomer Y B Vmon P (5)
parameters that correspond closely to those of t(@©-Q0) 0 Y B Vmon
band of chlorophylb (Ay,on = 662 NM, 0, = 6.5 Debye).
Fig. 2 illustrates the size dependenceigfand u, for a Diagonalization of the matrix gives the transition ener-
J-aggregate wittB = —400 cm *. We observe (see also gies and wavefunctions for the exciton split states. The

Alden et al., 1992) that, for largd, 7, reaches a limiting transition moment for the lowest energy transition is calcu-
value of7,,,,, + 2B and thatu, varies linearly withN. We  lated from the wavefunction of the first excited state (Eq. 6)
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by Eq. 7: aggregates are red-shifted more extensively than J-aggre-
gates with the samd and .

N
® =2 Cdy (6) . : o
j=1 Calculation of scattering cross-sections in
exciton-coupled systems

@) We will first describe the calculation of polarizabilities and
scattering cross-sections for those cases where the transition
dipole moment vector and polarizability tensor have only

Two alignments of the double-stranded aggregates werene component. This corresponds to all of the geometries in

investigated: 1) the transition dipoles all point along theFig. 1, except for the “slipped” J-aggregates, for whick 0

same direction (in-phase case, Fig)land 2) the transition ¢ < #/2. We may then calculate just one value of the

dipoles of the one strand point in the opposite direction ofpolarizability.

the transition dipoles in the other strand (out-of-phase, Fig. We have made the following assumptions in our calcu-

1 d). Mathematically, this is equivalent to lettifgy> 0 and  lations. First, we allow only a single excited state of the

v < 0. monomer to contribute to the polarizability around the

Somsen et al. (1996) and Buck and Struve (1996) conlower energy absorption frequency. Second, we assume that
sidered the effect of exciton coupling on the absorptionneither hyperchromism nor hypochromism is significant in
spectra of several cylindrical aggregates. For simplicity, wehese model aggregates.

consider here only the arrangement described in Fig. 1~ The quantum mechanical expressions for the real and

stacks of N rings, each with N pigments, with each ring imaginary parts of the polarizability are given below for a

rotated with respect to its neighbors by a pitch angle ofSystem where the dipole moment vector has one component

27IN,. We consider only nearest-neighbor interactions.(Barron, 1976):

= Mmon®

=1

Given the interpenetrating nature of the arrangement, each 1 (2 — P57

pigment interacts only with pigments that are diagonally Rea(?) = P s lul? (9)
above and below it. These couplings are reminiscent of 2mehc m (¥ — )7 + VI,

those found in “slipped” J-aggregates (Figal0 < ¢ < .

7/2). Hence, the interaction energifsandy are negative. Im a(¥) = 1 D Vol 2 (10)
The Hamiltonian for a three-ring cylinder, each with four 2me e = (32, — P72 + A2 IHm

pigments, is given below. The transition energies and mo-
ments are calculated as above for double-stranded aggreshere 7,,, and w,, are defined as before and,, is the

gates (Egs. 6 and 7). spectral linewidth. The scattering {Q and absorption
Vmon O 0 0 B B 0 0 v 0 0 0
0 Vpm O 0 0 B B 0 0 v 0 0
0 0 Vyn O 0 0O B B 0 0 v 0
0 0 0 Voon B 0 0 B 0 0 0 v
B 0 0 Vmon O 0 0 B B 0 0
B B 0 0 0 Vpn O 0 0 B B 0
o B B O O O vy, O O O B B (8)
0 0 B B 0 0 0 Vwen B 0 0 B
v 0 0 0 B 0 0 B Vwn O 0 0
0 v 0 0 B B 0 0 0 Voo O 0
0 0 v 0 0 0 B 0 0 0 vpm O
0 0 0 v 0 0 B B 0 0 0  Vmon

We have calculated the size dependencéofor the  (C,,J cross-sections follow directly from Egs. 9 and 10 and
cases in Fig. 1¢—eand quote only the results for largd¢  the definitions (Pasternack and Collings, 1995):
The double-stranded aggregates have a limiting value of
V1 = Dmon T 4B. The cylindrical aggregates as described 8
have a limiting value o, = ¥,,,, + 68 if B = 7. Also, in Coca= 3 Y [Rea)? + Im(a)?] (11)
both cases the interactions lead to red-shifts in the absorp-
tion spectrum of the aggregate relative to that of the mono-
mer (3 < 0). However, the cylindrical and double-stranded Cabs= 277 Im(a) (12)
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We have chosen units for the parameters and variables imdeed increase witR regardless of the sign and magnitude
Egs. 9-12 so that the polarizabilities are expressed iff cmof the 8 parameter (data not shown). Lastly,.g7;) de-
molecule and the cross-sections in%molecule. pends both on the square of the volume of the aggregate and

Our exciton coupling calculations confirm earlier results on the fourth power of the absorption frequengyEq. 11).
by Alden et al. (1992), who showed that the transition to theThese principles facilitate the interpretation of the data in
first exciton state of the aggregate is far stronger tharFig. 4, which shows the dependence aof ;) on R and
transitions to other exciton states. Consequently,adm( wnon for “linear” aggregates wittN = 100.
peaks and Re{ vanishes ap,. This leads to the prediction  Fig. 4a shows the effect of changesfon C,.(7;). For
that G, peaks at;, which is the resonance light scattering a J-aggregated(< 0), C,.{7,) is not strongly dependent on
effect. The next two sections illustrate further the behavioR, but does increase monotonically with The data are
of C,.pand Cy.for the “linear” aggregate case (Fig.al  consistent with the expectation that .Cshould increase
0=¢=0). with the size of the aggregate. In this case bothdhand
7] terms work together to give the observed behavior. By
increasing theR value, we causgB| to decrease, which in
turn enhances th&] term. Moreover, increasin® also
Fig. 2 suggests that, decreases sharply and increases increases the length of the aggregate and thus enhances the
somewhat less sharply with size urtil~ 25. ForN > 25, o term. Therefore, G {¥,) increases wittR even though
¥, approaches the limiting value 6f,., + 28, while w;  the strength of electronic coupling, as measured by the
continues to increase. These results have two importanhagnitude ofg, decreases.
consequences. First, using the position of the strongest Fig. 4 a also shows that ((7,) decreases with increas-
absorption band to determine the size of a large J-aggregateg R for an H-aggregated > 0). The data illustrate the
(Horng and Quitevis, 1993) may lead to errors. Secondinteraction between th# anda? terms in the expression for
C..{7,) does not begin to depend strongly on size Utk Cs.{¥1) (EQ. 11). Increasingr results in a decrease B
25 (Fig. 3). and attendant decreasesin Even thoughy® does increase
with R (data not shown), th&] term predominates, leading
to the counterintuitive result that the magnitude Qf.G)

Dependence of RLS intensity on aggregate size

Dependence of RLS intensity on
electronic coupling

It is important to consider four features of our model when 14
evaluating the effect of electronic coupling og.(of linear 12
J- or H-aggregatesf(= 0). Firgt, Eq. 4 suggests fth_at twq & 10 |
parameters modulate electronic coupling very efficiently in g da. H-aggregates
these aggregates: the interchromophore distéaad the ‘:'o_ 8-
monomer transition momengk,,,, Second, we conclude % 87
from Egs. 2 and 3 that changesprmodulatey, only; w, is g8 44
independent of3 at this level of approximation. Third, the CEEY J-aggregates
polarizability scales with the volume of the aggregate (van 0 . ) . . '
de Hulst, 1981). Our calculations confirm that does 05 06 07 08 09
R (A)
12 0.30
1.0 - ~ 0.25 - b
&\ N NE .
E 8. no 0.20 4
] e 015
,3 0.6 1 X
% 04] g 0101
SN © 005
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0.0 = . .
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FIGURE 3 Dependence ofC, at the resonance frequeniy on aggre- FIGURE 4 @) Dependence of ,at the resonance frequeniyon the
gate sizeN. Parameters used in the calculation as for Fig. 2, with theinterchromophore distané®in J- and H-aggregatesl(= 100, u o, = 6.5
addition thatl’ = 400 cm *. The specific values df and 8 were chosen  Debye). b) Dependence of , at the resonance frequendy on wmon

so that the width and position of the,@and of chlorophylla aggregates (N = 100,R = 0.86 nm) in a J-aggregate. All other parameters are as in
(de Paula et al., 1995; Fig. 7) would be approximated by the calculationFigs. 2 and 3.
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is inversely proportional to the value Bf However, in this  ing. Depolarization of the incident light is a result of an-

geometry we observe that G does increase with the isotropy in the molecular polarizability. Hence,may be

strength of electronic coupling. described as a tensor; it is in fact a complex symmetric
Fig. 4 b shows the effect of changes i, ,,on C..{7;,). tensor.

According to Egs. 2—4, this affecis,,, B, and 7, For a The general form of the depolarization rajpgQ(90) for

J-aggregate with givei, ., R, 6, andN, C,.(7,) increases incident vertically polarized light and a 90° scattering ge-

strongly with w.,., Qualitatively similar results are ob- ometry is (Barron, 1976; Strommen, 1992):

tained for H-aggregates (data not shown). The valye gf, 5 5

may be changed either by changing the chemical composi- py(90) = 3|3’s_| + 5[ 7ad (13)

tion of the aggregate or through intramolecular interactions v 45af” + 4 vy

that affect the electronic structure of the monomer in theWhere the trace of the polarizability tensor. the svmmetric
aggregate (Ohno et al., 1993). P Y ' y

anisotropic, and antisymmetric anisotropic tensor invariants
are given respectively by:

Dependence of RLS intensity on 1

aggregate geometry a(v) = §(0lxx + ayy + ay) (14)

Table 1 compares £(7,) for aggregates with different

geometries but the same number of monomars=(100) , 1 ) 5 5
and coupling constant@(= y = —400 cm * for all cases [y = 5 Lo = a)® + (g = 02)" + (A — )]
except for H-aggregates, whege= 400 cm %). We find

that G.{7,) is largest for H- and J-aggregates and smallest
for cylindrical aggregates.

Among the double-stranded aggregates, the in-phase 3
alignment results in far greater,Gwhen compared to the 2% - 2 _ 2 B 2
out-of-phase alignment. Among the cylindrical aggregates',yasl 4 [y = 4" + (2 = )" + (= )]
short cylinders with many monomers per ring are better (16)

scatterers than long cylinders with few monomers per ring. In resonance Rayleigh scattering, the scattering tensor is

The dependence of C(7;) on aggregate geometry may : :
. . . symmetric an is zero (Barron, 1976). Therefore,
be understood in terms of the above discussion on J—aggrey as ( )

gates. Cylindrical and double-stranded aggregates show 3lv4?

larger red-shifts in their absorption spectra than do J-aggre- pv(90) = A5af? + 4y (17)
gates. However, the magnitude @f depends only on the °

number of monomers bound in the aggregate, not on geom- Itis simple to calculate,,(90) for three limiting cases: 1)
etry. Therefore, the lower values f in the cylinders and an aggregate with a spherically symmetric tensey, (=
double strands result in lower scattering cross-sections for a,y, = ;) has p,(90) = 0; 2) an aggregate with one
givenN, relative to the predictions for J-aggregates. nondegenerate excited state(>> «,) hasp,(90) = ¥3;
and 3) an aggregate with a degenerate excited sigte<(

«,) hasp,(90) = ¥s. Nondegenerate excited states are
expected for the idealized J-type, H-type, cylindrical, and
double stranded aggregates described previously (0)

Stanton et al. (1981), Strommen (1992), and Barron (1976lpecause the net transition dipole moment vector has one
summarize the theory that leads to the calculation of depocomponent in the axis system defined by the molecular
larization ratios in resonance Rayleigh and Raman scatteftame. However, the limiting values for the depolarization
ratio may be observed only rarely. For examplg(90) =

¥sis predicted for excited states whegga, > 1000. This
may only occur in aggregates with a high degree of long-
range order.

3
+ Z [(axy - ayx)z + (ayz - azy)2 + (azx - axz)z] (15)

Calculation of RLS depolarization ratios of
J-aggregates

TABLE 1 Resonance light scattering cross-sections for
model chromophore aggregates in a variety of geometries

(Amon = 662 NM, .., = 6.5 Debye, 0 = ¢ = 0, B = y = —400 Flg 5 shows the variation |p\,(90) with OLH/OLJ_. The data
cm~', N = 100) point out some limitations in the use @,(90) for the
Geometry Ao (M) CufA) (102 cn)  Characterization of symmetric top excited states. Namely,

two geometries are consistent with each valuepef90)

ggﬁ:éeersstr(a,\indj éoulfl'ongg)se) 78240 ) 201'06 below¥s and above 0. Most striking is the fact thah@90)
Cylinders (N = 10, N, = 10) 776 5 a1 value of¥sis consistent with botl /o, = 0 anda/a, =
Cylinders (N = 20, N, = 5) 755 3.02 4. Consequently, only if,(90) > ¥s or o/, > 4 can the
Double strands (in-phase) 740 3.36 data be described by a unique geometry.
J-aggregates 699 4.38 The preceding analysis applies to any scatterer, including
H-aggregate 628 6.69

monomeric species. However, the emphasis here is on ag-
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0.32 by an angleg; and 2) a double strand consisting of two
interacting slipped J-aggregates.
0.24 -
) RESULTS
@ 0.16 {
< Table 2 summarizes the depolarization ratios for aggregates
0.08 of H,TPPS ™ at pH 0.5, CuB;,in 0.2 M NaCl and on DNA,
and chlorophylla in formamide/buffer (pH 6.8). The data
0.00 i , were obtained at or very near their respective resonance
0 10 20 30 40 50 wavelengths, with either a spectrofluorimeter or with a laser
oot light scattering apparatus, as described in the Materials and

Methods section. We were unable to obtain laser light
FIGURE 5 Variation of p,(90) with «/a,. The limiting value of ~ Scattering data at 699 nm because our mixed gas ion laser
pv(90) = ¥ is only reached for | /a; > 1000. does not have emission lines near that wavelength. The

good agreement between the fluorimeter and laser light

scattering apparatus demonstrates that Eq. 1 is valid. There-

gregates. The simplest geometry that yields non-zero valudS'e reliable RLS depolarization ratios may be obtained
of o anda, is that depicted by Fig. & for 0 < ¢ < /2. with instrumentation that is both readily available and rel-

The parallel and perpendicular components of the transitioftVelY inexpensive.

dipole moment vector for thenth exciton state of these 19 7 shows thap,(90) varies with wavelength. We
sslipped” J-aggregates are given by Pearlstein (1991): have chosen to show this behavior for the 699 nm band of

chlorophyll a aggregates because, unlike the Soret band
2\ (m-n-7 (also known as the B band), the, @ansition of chlorophyll
M| = (N+1) E“mon'COS‘P'S'”<|\|+1> (18)  a'is pure (van Zandvoort et al., 1995). As a result, the
" dispersion ofp,,(90) within the 699 nm band is not likely to
) be an artifact of spectral congestion that may occur from

(19) closely spaced x- and y-polarized transitions.
The data in Fig. 7 are fully consistent with the theoretical

From these, the parallel and perpendicular components &;eat.mentfof g;[)antqn et fal. (1,[?]812 for symmdetnc tcc)jps. D|s;
the polarizability tensor are calculated with Egs. 9 and ppPersion o pv(90) arises from the frequency dependence o

The depolarization ratio then follows from Eq. 17. Fig. 6 the molecular polarizability (Egs. 9 and 10). At frequencies
shows the dependence @{90) at#, on the “slip” anglee far below the resonance frequency, the depolarization ratio
As expected from the analysis gi\ien above= p,(90) = is dictated by the system’s static polarizability tensor,

¥s. The curve is symmetrical arourd= 7/4, so thap,,(90) Wh'Chamt tturnAt(:ﬁpends on th? structuretﬁf Lhe slys'ten;.s
rises to¥ at ¢ = /2. ground state. e resonance frequency, the depolarization

The treatment above is not limited to the geometry of Fig.ratio q§pends on the polarizapility induced by the eIectrpnic
1 a. Any aggregate with non-zero valuesgfanda, will j[ransmo.n. 'fl'he value o’f)V(gg? o expiected to mcrr?ase with
yield results that can be interpreted with Fig. 6. Exampleéfncre"leIng requency, reaching a plateau near the resonance
include: 1) a helical or cylindrical aggregate where the requency (Stanton et al., 1981). Beyond resonance, the

monomer transition dipoles point away from the major axisdepOIa”Zat'on ratio rises and can reacrl a maximum value of
¥a at a wavelength where the tensor’s tracg yanishes

(Eg. 17). For every symmetric top, there is a wavelength

(2 1’22 , /men-ar
Mmy = N+ 1 - Mmon* SIN @ - SIN N+ 1

0.35
TABLE 2 Depolarization ratios at resonance for some
0.30 1 porphyrin and chlorophyll aggregates
5 0251 Sample A (nm) pv(90)
& H,TPPS™ at pH 0.5 488 0.17*
Q& 0.20 1 CuPyys*
in 0.2 M NacCl 450 0.13*
0.15 1 454 0.1%
on DNA 454 0.20*
0.10 T T T 454 0.16
0.0 0.2 0.4 0.6 0.8 Chlorophyll a in formamide/buffer (pH 6.8) 469 0.23*
. 468 0.22
radians
¢ ( ) 699 0.32*

FIGURE 6 Dependence 05,(90) at ¥, on the “slip” angle¢. The *Measured with a spectrofluorimeter.
parameters used in the calculation were as in Fig. 2, With 100. #Measured with a laser light scattering apparatus.
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35 - 0.45 long resonance wavelengths ¥ 660 nm), the calculations
30 ] I may be taken to be valid up t ~ 100, which translates to
e - 0.40 an effective length of~200 nm for chlorophyll aggregates.
'T? 2.5 [ 035 % As the aggregate size bgcomes very large, two effect's are
x e likely to occur: 1) the diagonal elements of the exciton
§2'0'_ L 0.30 % coupling Hamiltonian will deviate fronv,,,, and 2) the
> 15 R~ monomer transition moments will deviate from,,, A
%’ 025 & charge resonance interaction between the Soret and Q states
£ 107 3 of the monomers is among the mechanisms that can bring
0.5 4 - 0.20 about these changes (Ohno et al., 1993).
] i As a result of these constraints, our calculations of scat-
0.0 T : - 0.15 tering cross-sections are ideally suited for investigation of
600 650 700 750 800 relatively small aggregates. To this end, the data show that
Wavelength (nm) the scattering cross-section at the resonance frequency in-

FIGURE 7 Dispersion of,(90) within the RLS spectrum of chlorophyll creases with size of an eXCIton-COUple.d aggrggate of chro-
a aggregated in formamide/buffem)(RLS spectrum of the chlorophyd mOphores' However, the depgndencg Is not S|mple %99 c
aggregate in the Qregion; @) dependence af,(90) with wavelength in does not depend strongly on size ufti>> 25. These results

the Q, region. explain some experimental observations concerning reso-
nance light scattering spectroscopy: 1) monomers, dimers,
and trimers of porphyrins do not show enough RLS to
overcome absorption effects in the spectrum (Anglister and

(away from resonance) at which this condition is met. AtS inb 1979- S | 1981 P K |
higher frequencies still, the depolarization ratio goes to teinberg, ; Stanton et al,, ; Pasternack et al,,

1993, 1994; de Paula et al., 1995; Borissevitch et al., 1997);
zero. Consequentlyy,(90) measured at the resonance fre- ' ' ! ' ’ ’
. 4 (90) ,and 2) the same is true for chlorophyll-binding proteins,

gig?gg :;t(;r.ts directly on the structure of the aggregate guch as the 47-kDa antenna protein of spinach photosystem
Il, which binds as many as 25 chlorophylls (data not
shown).
DISCUSSION Preliminary measurements of the size ofTRPS  at
low pH indicate thaN ~ 10*10° (Pasternack, Gibbs, and
Collings, unpublished results). Assuming tiat= 10° and
that the aggregate is roughly a cylinder (Ohno et al., 1993)
The calculations presented above lead to predictions ofvith a radius corresponding to the radius of a tetraphenyl-
which molecular systems are amenable to analysis by RLPorphine molecule+0.2 nm; see Tran-Thi et al. (1992) for
spectroscopy. However, it is important to discuss the limi-a justification], we estimate that the length of the aggregate
tations of the model before moving on to predictions. is roughly 16um. We conclude from our calculations and
Our calculations do not include charge-resonance (CRpbservations to date that the aggregate must be very large in
and charge-transfer (CT) interactions. Thompson et alorder to exhibit RLS spectra that are essentially free of
(1991) have argued that such interactions contribute imporabsorption effects. A more exact determination of the
tantly to the position and intensity of the absorption specthreshold beyond which RLS overcomes absorption in syn-
trum of the bacteriochlorophylb dimer in the reaction chronous luminescence measurements requires the charac-
center ofRhodopseudomonas viridisor example, both CT terization of systems where aggregate size may be con-
and CR enhance the extent of red-shift in the aggregate’solled in the range 1< N < 10°. Such experiments are
absorption spectrum relative to the monomer spectrumbeing conducted in our laboratories.
Hence, CR and CT interactions are likely to modulate RLS Our results suggest that in addition to size two molecular
intensities as well. However, we have chosen the simplegtarameters are important determinants of RLS intensity:
exciton-coupling model in order to minimize the number of electronic coupling and aggregate geometry. However, it is
adjustable parameters in the calculations. We believe that aot always prudent to consider size, geometry, and elec-
long as the simple model is used appropriately and consigronic coupling as completely independent factors. For ex-
tently we can gain qualitative insight into the RLS phenom-ample, the resonance scattering cross-section depends on
enon. Our future efforts at understanding not only RLSthe mechanism through which coupling electronic coupling
intensities but also the electronic structure of porphyrin ands modulated, as shown by Fig. 4. On the one hand, the
chlorophyll aggregates will feature basis sets where CR andcattering cross-section may be increased by increasing the
CT will be included explicitly. monomer transition moment (Fig.bB}. This may occur via
Alden et al. (1992) point out that the exciton coupling charge resonance interactions between monomers which in
calculations summarized by Egs. 2—8 are valid for aggreturn may be facilitated by changes in the size and geometry
gate sizes that are considerably smaller than the resonanoé the aggregate (Ohno et al., 1993). On the other hand,
wavelength. For chlorophyll aggregates with moderatelychanges in interchromophore distance can either increase or

Factors that determine intensity in resonance
light scattering spectra



Parkash et al. Depolarized Resonance Light Scattering 2097

decrease the scattering cross-section in a manner that isFig. 8b proposes a model that incorporates our RLS data
dependent on the geometry of the aggregate (Fig. 4 and the known orientations of thg,B,, and Q, transitions
of monomeric chlorophyll with respect to its molecular
axes (van Zandvoort et al., 1995). Given that the angle
between the Band Q, vectors is 9° and that we predict
¢ = 9° for the angle between the aggregate axis and the
Our theory predicts that the value @f(90) depends only on  monomer Q vector, we expect values of 18° and 62° for the
the ratio of the principal values of the polarizability tensor slip angles between the aggregate axis and the monogner B
at the resonance frequency. Therefore, the depolarizatiognd B, vectors, respectively. This is in reasonable agree-
ratio reports on the geometry of the excited state of thenent with ¢ = 25° and 65° that we measured for the slip
aggregate, regardless of its size. To this extent, our calClgngle between the Soret transition moment vector and the
lations ofp,(90) do not suffer from the limitations described aggregate axis.
above for the calculations of absolute values gf.C The packing geometry derived from our RLS measure-
The H,TPPS ™ aggregate at pH 0.5 hag(90) = 0.17 at  mens is similar to that observed by x-ray diffraction in
488 nm. From Fig. 5 we calculate|/a, = 5.6. Based on  ¢rysials of methyl chlorophyllide (Kratky and Dunitz,
electronic absorption, fluorescence, an_d_ resonance Ramq@w)_ Taken together, our RLS data and previous crystal-
measurements, Ohno et al. (1993), Maiti et al. (1995), ang, g4 hic data indicate that ring-ring interactions are impor-
Akins etal. (1996) have proposed that this system resemblgg i ¢actors in the formation of chlorophydlaggregates (at
the slipped J-aggregate of Figalbut the data did notallow o i, the aqueous formamide solvent system). The stack-

fordalglz_atsermmatlon of tthe Sdl'? angltzg Frcl)l;n g;r depol?r—l ting arrangement shown in Fig8also allows for the phytyl
1z€ measurement and from £qs. /=19, we caicuiale, sins of chlorophylla, which are covalently attached to

a value ofep = 33° or 56°. . . - . g .
The self-assembled aggregate of 0.2 M NaCl ring IV(_Flg. 8a), to partlglpate in hydr_ophoblq |_nteract|ons.
: iab These interactions provide an additional driving force for
hasp,(90) = 0.13 at 450 nm, which corresponds dq/ .
éaggreganon.

«a, = 4.2 (Fig. 5). This system also has spectral propertie
that suggest a J-aggregate (Pasternack et al., 1991). By

applying the same rationale used above for thE PSS~

aggregates, we calculage= 41° or 49°. The CufjJDNA

system hag,,(90) = 0.20 at 454 nm, which corresponds to

ayla, = 7.2. Electronic absorption and RLS data suggest a. §h=CHz chs
that the porphyrin forms a helical aggregate on the DNA
template (Pasternack et al., 1991, 1993). Our depolarized
RLS data are consistent with this hypothesis and further
suggest that the porphyrin transition dipoles point away HaC

from the DNA helix axis by an angle of 29° or 61°. H Chs
The chlorophyll a aggregate in formamide/phosphate
buffer (pH 6.8) hag,,(90) values of 0.23 and 0.32 at 469 CH;00C g
nm (Soret band) and 699 nm (@and), respectively. These o]
correspond tax /o, values of 9.7 (Soret band) and 85/(Q Q
band). Spectroscopic data on both chloroplydind bacte- \
riochlorophyllain agueous formamide systems suggest that b

they self-assemble into a J-type aggregate with a helical

structure (Scherz et al., 1991; de Paula et al., 1995). Our
depolarized RLS data are consistent with either a slipped By
J-aggregate or with an anisotropic helical aggregate. Y% 8}/ aggregate

The data also suggest that the transition dipoles giving 500 axis
rise to the Soret band are “slipped” iy = 25° or 65°,
whereas the Qdipoles are “slipped” byy = 9° or 81°.
Whereas either value for the slip between the Soret dipole
and the aggregate axis is possible, we must exclude 81° as By
a possibility for the slip angle between the @pole and the
aggregate axis. This is because between the two possibilitié$GURE 8 @) Structure of chlorophyla showing the ring numbering
only a slip angle of 9° is consistent with the observedsystem used in the textb) Proposed alignment of the chlorophyl

. - . . monomer transition moments with respect to the long axis of the aggregate.
red-shift of the Q transition upon aggregation. A slip angle The dashed line (the “aggregate axis”) represents the direction along which

of 81° ?S COHSiStETnt With an H'aggr?gate structure and_ WOUlGhe macrocycles aggregate, with each macrocycle having the orientation
result in blue shifts in the Qtransition upon aggregation. shown in the figure. Only one monomer is shown.

Depolarized RLS as a probe of structure

HsC CH2CH3
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CONCLUSIONS Gurioli, M., F. Bogani, S. Ceccherini, A. Vinattieri, and M. Colocci. 1996.
Resonant elastic light scattering and coherence relaxation in semicon-

Our data indicate that depolarized resonance light scattering ductor structures]. Opt. Soc. Am. B13:1232-1240.

is a powerful technique for the study of porphyrin andHorng, M.-L., and E. L. Quitevis. 1993. Excited-state dynamics of poly-

chlorophylla aggregates. A simple determinationQf(90) mer-bound J-aggregatek. Phys. Chemd7:12408-12415.

; ; : ; ; ; ; Huang, C. Z., K. A. Li,and S. Y. Tong. 1997. Determination of nanograms
with a commercial fluorimeter yields in fluid solution the of nucleic acids by their enhancement effect of the resonance light

same structural information that would only be accessible scattering of the cobalt(I1)/4-[(5-chloro-2-pyridyl)azo]-1,3-diaminoben-
through linear dichroism studies in rigid or oriented sys- zene complexAnal. Chem£9:514-520.
tems. Our app"cation of the technique to Ch|0rop|’g|| Karrash, S., P. A. Bullough, and R. Ghosh. 1995. The 8.5 A projection map

- . of the light-harvesting complex | frolRhodospirillum rubrunreveals a
aggregates led to a model (Fig. 8) of the alignment of the | - Cogposed L b BO 1. T4em. 638,

monomer units that .iS consistent with the .CryStaI packing O&atz, J. J., M. K. Bowman, T. J. Michalski, and D. L. Worcester. 1991.
chlorophylla derivatives (Kratky and Dunitz, 1977). Chlorophyll aggregation: chlorophyll/water micelles as models for in
Our calculations and a number of experiments by differ- vivo long-wavelength chlorophyllin Chlorophylls. H. Scheer, editor.

ent groups indicate that the RLS technique, although highly ©R¢ Press. Boca Raton. 211-235. _
sensitive to exciton-coupled aggregates, is limited in Scopé?ratky, C., and J. D. Dunitz. 1977. Ordered aggregation states of chloro-

| . ized icl likel ield phyll a and some derivatived. Mol. Biol. 113:431-442.
only nanometer-to-micron-sized particles are likely to yie Lakowicz, J. R. 1986. Fluorescence polarizationPrinciples of Fluores-

RLS signatures that are not affected strongly by absorption. cence Spectroscopy. Plenum Press, New York. 112-154.

However, this feature of the technique may be exploited in_agendijk, A., and B. A. van Tiggelen. 1996. Resonant multiple scattering
the study of a variety of biological and synthetic macromo- of light. Phys. Repts270:143-215.

lecular systems, ranging from the light-harvesting chloro-Lehn, J.-M. 1995. Molecular and supramolecular devitreSupramolecu-
somes of green photosynthetic bacteria (Blankenship et al., " Chemistry. VCH, Weinheim. 89-138.

: : : At Lin, S. 1989. Theory of photoinduced intramolecular electron transfer in
1995) to materials for nonlinear optical applications = = = 2y i chem. Phys90:7103. 7113,
(Schultz et al., 1990).

Ma, C. Q., K. A. Li, and S. Y. Tong. 1996. Microdetermination of proteins

by resonance light scattering spectroscopy with bromphenol Blos.
Biochem.239:86-91.
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