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A unified description of circular dichroism and optical rotation in small optically active molecules,
larger conjugated molecules, and molecular aggregates is developed using spatially nonlocal electric
and magnetic optical response tensg(s,r’,»). Making use of the time dependent Hartree Fock
equations, we express these tensors in terms of delocalized electronic oscillators. We avoid the
commonly-used long wavelengtldipole) approximationk-r<1 and include the full multipolar

form of the molecule—field interaction. The response of molecular aggregates is expressed in terms
of monomer response functions. Intermolecular Coulomb interactions are rigorously taken into
account thus eliminating the necessity to resort to the local field approximation or to a perturbative
calculation of the aggregate wave functions. Applications to naphthalene dimers and trimers show
significant corrections to the standard interacting point dipoles treatment.

© 1996 American Institute of Physids0021-96006)01541-3

I. INTRODUCTION ing the local field approximatiofLFA) which accounts for

) ) ) . . . intermolecular electrostatic interactions via a local field
_ Circular dichroism(CD), i.e., the difference in absorp- yyhich—at a point like molecule in an aggregate—is the su-
tion of right and left circularly polarized light has long been ,eryqsition of the external field and the field induced by the
used in the investigation of structural properties of eXte”de‘gurrounding molecules modeled as point dipoles. He thus

chiral molecules or aggregates. This technique exploits thgxpressed LA and OR of unaggregated monomers, aggre-
spatial variation of the electromagnetic field across the mo'gates in solution, and molecular crystals in terms of the ag-

ecule and yields valuable structural information, which is it

missed by %/he ordinary linear absorptiéivA). It has been grega_te geometry and th_e complex polar|zab|||t|e_s of the
. . S : ' : . _constituent monomers. Using this method, Applequist calcu-

used N the investigation O.f a Vf”et.y of systems énCIUdmglated the polarizabilities of halometharfésand presented a

polythiophenes,polynucleotides;® helical polymers,® mo- normal mode analysis of polarizabilities and &R When

lecular crystals;® and antenna systems and the reaction Cenaealin with solvated molecules or aggregates, the local field
ter of photosynthesi¥:'2 Also commonly used are other re- 9 ggregates,

lated signatures of optical activityDA), i.e., optical rotation should also include the contribution from the solv&rt:

(OR) and ellipticity In all models discussed since then, the spatial variation
A molecular theory for optical activity was first formu- of the fleldik:/wth wa\_/ivectmk was arlzlc:Ol;]nted _for _by the
lated by Born'3 and almost simultaneously by OseéémBorn ~ €Xpansiore™ ~ 1 + ikr + --- . Usually the series is trun-

attributed the origin of optical activity to the spatial variation cated after the secongipole) or third (quadrupolg term.
of the electromagnetic field over the system under investigal € Molecule itself is modeled by an electric and a magnetic
tion. Rosenfeld reformulated these ideas in terms of thdransition dipole moment. Larger molecules or aggregates
quantum-mechanical theory of dispersidnThese results '€ regarded as an assembly of-point--like units, each having
were later derived as scattering problems in quantum fiel@" electric and a magnetic transition dipole moment. Charge
theory® The next step was the development of polarizabilitytranSfer between units is neglected and their mutual coupling
theories, which express the optical rotatory po¢@RP of a S given by the dipole—dipole interaction. De Voe also im-
molecule in terms of the configuration and polarizabilities ofProved the description of the interaction between units, re-
its constituent group¥.~2° In transparent spectral regions, Placing the dipole—dipole interaction teriy; by the inter-
Kirkwood achieved this goal by applying Borns’ theory to a molecular interaction of all point-chargépoint monopole
molecule which he separated into smaller units, and pertur@Pproximation contained in units andj.*® This correction
batively calculating the wavefunctions modified by the inter-is essential when the dimensions of the units are comparable
action of these subunits. Moffitt and Moscowitz also studiedto their separation, as is the case in typical aggregates of
absorptive spectral regions. By using complex polarizabil-polynucleotides:®
ities they worked out a unified description of dispersike The purpose of this paper is to develop a computation-
fraction, optical rotatiop and absorptivelinear absorption, ally feasible procedure for the investigation of OA which
circular dichroism properties’! They established Kramers— avoids the commonly used multipolar expansion and re-
Kronig relations between OR and CD and further discusseg¢laces the LFA by a rigorous treatment of intermolecular
the effects of vibrational degrees of freedom on these obsenelectrostatic interactions. To set the stage, we shall briefly
ables. review the conventional theory of OA using the notation of
De Voe approached this many-body problem by apply-Moffitt and Moscowitz?* It is based on the observation, that
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the induced electric dipole moment is not only proportional  An early yet very instructive review on theories of opti-
to the electric field, but also to the magnetic field and its timecal rotatory power was written by Cond8hA clear discus-
derivative. Analogously, the induced magnetic dipole mo-sion of CD at a minimum level of complexititime depen-
ment is proportional to the magnetic field, as well as to thedent perturbation theory with simple electric and magnetic

electric field and its time derivative dipole interaction can be found in Ref. 28. Finally there are
oH numerous textbooks covering theory and experiment
w : 9-32
po=a(@)E,+ y(@)H,— Blw) =2, (1)  exhaustively. o _
ot In order to develop a unified microscopic approach to
J OA which applies to a broad class of molecular systems we

(2) shall employ nonlocal response tensors, which relate the in-
duced linear polarizationP(r,») and magnetization

where a, k are the polarizability and magnetizability of the M(r,w) to the driving electric and magnetic fields

molecule andE,,H, are monochromatic fields with fre- Eq(r,®),He(r, ) via the linearized relationships

guency w. The coefficienty has no effect on OA, an@

which is responsible for OA, can be separated into real and _

imaginary parts according to P(rw)= | dr’ [a(r,r";w) Eer', @)

m,=x(w)H,+ y(w)E,~ B(w) &t‘”,

B=B1tiBe, @ + B3 0) Hod 1 0)], €]
which are related to each other via the Kramersrigaela-

tions [Eqg. (52) in Ref. 21]. For transparent regions one ob- ~ , ) .
tains M(r,w)zj'dr (A1 @) Eex(r', @)

_4mts R (4 (1,1 50) - Hor ). (10
17334 a)?o—wz’
where the central quantities describing optical activity areln this nonlocal response formulatidNLRF), the tensors

. . x(r,r';o),x=a,B,y,k are intrinsic molecular properties
the rotational strength@lo for_ tran.smons ff‘?m the ground that describe all linear optical phenomena. Structural and
state|0) to an excited statéi) with transition frequency

. chemical details of different systems enter through their ef-
wio- FOr systems much smaller than the optical wavelengtl?ects on these tensors. By usingnlocal response tensors
they are given by we completely avoid the commonly employed multipolar ex-
Roi=Im({0| m|i)-(i|m|0}), (5)  pansion, which uses the induced electric and magnetic di-
~ A _ L pole, quadrupole, octopole, etc. moments. If so desired, the
where u, m denote the electric, and magnetic dipole MO-|a¢er can be calculated by integrating E(&10 overr and
ment operators of the entire system. _ _ expanding the driving electric and magnetic fields around a
In an optically active medium, left and right circularly eference point of the molecule. By formulating the problem
polarized light propagate with different speeds and are abgis \way we can defer the introduction of details to the final

sorbed differently. In transparent regions the polarizationy,qe of the calculation. This enables us to unify many of the
vector of linearly polarized light is rotated by an angle which e aiments in the literature that are restricted to specific mod-

is proportional to the propagation distance. The optical rotagq (e.g., aggregates of point dipoles, gtc.

tion in radians per unit length is given By We already employed the nonlocal polarizability tensor

n§+2 A a(r,r_’,w) for invest_ig_atin_g t_he a_nisotropy of th_e linear ab-
3 c B1, (6) sorption, and for gaining insight into the role of intramolecu-

lar coherence®3® When magnetic interactions contribute

whereN is the number density of molecules, and a correctiorto the linear response, the magnetizabiky,r’,») and the

factor for the surrounding medium with refraction indey  cross response tensofir,r’,w), ¥(r,r’,w) enter the pic-

has been added. In absorptive regions linearly polarized lighure as well. We will show that these tensors fully determine
turns into elliptically polarized light after propagating the CD signal, so that the level of rigor is determined by the
through the medium, an¢h denotes the angle between the approximations applied for their calculation. By using the
long axis of the ellipse and the direction of polarization of multipolar Hamiltonian and the time dependent Hartree Fock
the incident linearly polarized wave. The ellipticiy per  (TDHF) procedure we derive general formulas for these re-
unit length is given b$* sponse tensors which contain the full multipolar expansion,

242 4o’ thus avoiding the dipole approximatiokr(<1). When in-

0 W @ vestigating molecular aggregates we will go beyond the
3 c 2 commonly used local field approximatidiLFA, see Egs.

f (65, 67 below] and rigorously express the nonlocal response
tensors in terms of those of the monomers. Using this
method, intermolecular interactions are fully incorporated,

Ae=330. (8) and the need for a perturbative expansion of the aggregate

é=N

®=N

It is directly proportional to the difference in absorption o
right and left circularly polarized lighA e, i.e., the CD signal
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wavefunctions is eliminated, providing a clear advantage
over the commonly used point dipole or point monopole ap- Fl(r)zf dr' & (r—r')-F(r'),
proximations.

In Sec. Il we derive an expression for the CD signal of awith the transverseé-function
spatially extended molecular system using the electric and 2 1
magnetic nonlocal response tensors. We next calculate the §'(r)=-16(r)— —=(1—3Fr).
latter in Sec. Ill using the TDHF equations. In Sec. IV we 3 4r
express the aggregate response in terms of the response fugsre we use a dyadic notation for the tensor prodict
tions of its constituent monomers. Applying the point dipole  gqip polarization and magnetization depend on the ref-
and local field approximations we retrieve Tinoccos’ formu- grance POINR, but their transverse parts entering Maxwells’
las for the rotational strengths in Sec. V We t'hen apply thes@quations for the observable fieltee below; do not. This
results to naphthalene dimers and trimers in Sec. VI, angy|iows from the gauge invariance of the observable trans-
summarize in Sec. VII. verse fields.

The third term in the Hamiltonian

Il. NONLOCAL RESPONSE FORMULATION OF H=> f dr [ms(n)|2+ 32' f dr my(r)- my(r),
CIRCULAR DICHROISM s 351

The multipolar Hamiltonian describing a molecular sys-is quadratic in the magnetization densitias, and we have
tem interacting with a classical electromagnetic field is giveromitted terms quadratic in the magnetic field, as they do not

by32:37 contribute to the linear response. Finally, the last term in the
- - - - Hamiltonian represents the coupling of the system to the
H¢=Hpy+ Vipert H' external transverse electric and magnetic fields.
. . We start our analysis with the microscopic Maxwell
—f dr[P(r)-E*(r)+M(r)-H(r)]. equations for the electric and magnetic fielBér,t) and

H(r,t) (Ref. 32
HereH,, denotes the molecular Hamiltonian, and

190
- R .~ A N VXE"(r,t)=— = —[H(r,t) +47M(r,t)]", (19
Viner= > fdrfdr’[PST(r—r’)Pt+MST(r—r’)Mt], C dt
s<t
10
describes the interaction between the electric and magnetic VXH(r,t)= EE[E(r,t)+4wP(r,t)]i. (16)

dipole densities of the electrons, defined as
A 1 Herec is the vacuum speed of light. The rhs of E¢kb, 16
Py(r)=—e(fs— R)f d\ 8(r—R—\(fs—R)), (11  are transverse, a¥-D=V-B=0 with D=E+4=P and
0 B=H+4x%M. However, for the sake of clarity we add the
symbol L explicitly in the derivation below.

~ 1
My(r)=—e(fs—R)X f)sf d\ A8(r—R—\(Ffs—R)), We shall switch to the frequency domain by the Fourier
0 transform
12

where R is an arbitrary reference point; e is the electron T(w): fw dt et (1),
charge,r denote the position operators of the charges la- —
beled bys, andps is the corresponding canonical momen-
tum. The polarizatiorP(r,t) = ((t)|P(r)|¥(t)) is given by f(t)= ifm do e “F(w).
the expectation value of the microscopic polarization 27) =
operator?

The induced electric and magnetic dipole moment densities
~ A can be expanded in a power series in the driving fields. For
P(r)=2$ Ps(r), (13 linear absorption, the first terms E@®, 10 in these expan-

) ) ] _sions are neededx(r,r’;w) denotes the nonlocal electric
where]#(t)) is the electronic wavefunction. The magnetiza- polarizability tensorx(r,r'; w) the nonlocal magnetizability
tion M(r,t)=((t)|M(r)|y(t)) is similarly defined as the tensor, and the remaining cross response tensors describe the
expectation value of the microscopic magnetizationeffects of the magneti¢electrig field on the polarization

operato?? (magnetization They have the symmetries
|\7|(r)=§sj M(r), (14) al(rro)=a'(r'r;m), (17)
(o) ='(r' 1 o), (18)

andF! denotes the transverse part of a vector figldefined ) )
by Bl o)y=—yY'(r"rw), (29
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where the indices, j denote Cartesian components. Notewith Ho=nE,, ande,=e,X ¢, into Eq. (22), yields the ab-
that we have defined these tensors with respect to the exteserption cross section for a molecule embedded in a medium
nal fieldsEgy;, Hex [EQs.(9, 10]. with refractive indexn
The absorption cross sectiary, of an arbitrary system
can be calculated by integrating the Poynting vector of the ) Amw ik (r=1")
e ing (€A (w)=——Im| dr | dr' e
electromagnetic field over a closed surface encompassing it. nc

X (r,r',w)

n

For a monochromatic field with frequenay=2#/T we find
(see Appendix +neYY(rr’, @)+ Y o)+ B o).
1 1(T aP(r,t)
S L ) 23
A= TJ; dtfvdr B () — ) (23
M Herea''=g - a- g, etc. denote the tensor components. In the
FHY(r)- J (r,t)}' 20 long wavelength approximatiore ™*~")~1 the cross
at terms B,y cancel each other because of the symmetry Eq.

: . 37
where ®; = (L) [dt(c/Am)|EpX Hod is the time- (19) and we obtain the familiar restft

averaged incident energy flux. The solution of the coupled

. . . 4 ot
Maxwell equations Eqg(15, 16 can be written in the form lim o' (w)= m & () + k|,
(see Appendix k—0 ¢
E'=EgtE', with a®(w)=[drfdr'e;-a(r,r',w)- e, K%Y w)
=fdrfdr'e,;  k(r,r',w)-e,.
H=HeqtH', By specializing to circularly polarized plane waves we

. . can express the CD signal in terms of the nonlocal electric
whereE’, H' are the solutions of the inhomogeneous part P 9

. X and magnetic response functions. A right ) or left (—
of the wave equations and can be expressed in terms of t g P ght X ()

Srcularly polarized plane wave propagating dndirection
retarded Greens’ function. Consequently the absorption cro:ﬁ< :u (nZ/E)eZ |zk _ F()Zw/)\)vﬁlc\z/an Ee rzp?esler?tczad iln thel form
section can be written asee Appendix '

P 1) @) EZ(r,t)=Eglecogk-r—wt)=esink-r—wt)], (24)

The first term ngl(rvt):HO[IexSin(k'r_wt)_’_eycos(k'r_wt)]-( 5
2
o0 1 ldetf al e ot IP(r,t) _ _
TN =D T, M, I Eexd(r,t)- P It is customary to use the separation
5M(r,t) O-At:U_AiAO-A! (26)
FHex(r,t)- ot (22 with

is obtained from Eq(20) by replacing the transverse Max- onit o
well field by the external fieldol}) which is given in Eq. Ta=—F 5 A

(A15) contains the effects of multiple scattering in the
sample. It becomes important when scattering phenomena of

large particles such as proteins or DNA strands have to be Ag,=
accounted for. Hereafter we shall only consiaef’. To 2
establish the connection with macroscopic observables w
assume a sample withy noninteracting aggregates per unit
volume. The change of intensitywith the penetration depth

Op+— Opa—

ﬁerea_A denotes the average absorption, &ng, is the CD
signal. When substituting these fields into E82) we find
(see Appendix

| is given bydl=—1py\oadl, resulting in

[(1)=toemm )= "0 e [ arie- e

c
Substituting a linearly polarized incident plane wave propa- o S
gating in thez direction x( X (r,r’ )+ a¥(r,r', »)
n
E . .
Eeu(r,t)= T;ex(e'<"'“‘”“+e*'(k'“”“)), (@)= o) In=[ B w)

=Bt 0)—=yXr,r" )+ YV o)];.

Hy . .
H rt)= el(k-rfwt)_’_efl(k-r*wt) ,
ext(T:t) ﬁey( ) @7
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AO.(AO)(w): 4:wRef drf drrefik~(r—r’) y)mn(r):<¢m|P|¢n>i (30)
are the matrix elements of the polarization operator(Eg).
a¥¥rr’ o) — o™ (r,r',w) Similarly, the expectation value of the magnetization is given
n by
+[X(r, 1" w) = (r, " o) In=[ X", w) M(r,a))=% P @) A (1), (31)
+B7(r, 1" w) =y o) =y’ o) ]t where the matrix elements of the magnetization operator are
defined by
(28) .
This exact expression which relates the CD signal of an ar-  ~#mn(f)={#m[M| ). (32

bitrary molecular system fto its nonlocal electric and mag-tq calculate the linear optical response we expand the den-
netic response tensofdefined by Eqs(9, 10] forms the  gjry matrix to first order in the driving fields setting
basis for our subsequent analysis. Equati@8) is not re- (1

, > : : P @) = pmn(@) + Sp(F(w). Herepmy, is the reduced one
stricted to a specific order of the widely used multipolar ex-gjectron ground state density matrix obtained by iterative

pansion. The latter is completely avoided by usiranlocal  yiagonalizatiof? The dynamics of the linear response

response tenSOI’S, which ImplICItly incluckl multipoles. 5’)%::})](0)) in Liouville space will be calculated USing the time

The problem of the unphysical origin dependence connectegependent Hartree FodRDHF) procedure, resulting in the
with the electric quadrupole and higher moments, discussegquation of motiofe-36:42:43

e.g., in Refs. 39,40, is naturally resolved with our approach.
As can be seen from E@22), our result does not depend on )
the origin. The scalar product with the external fieldshwép%%(w)_% Amn]k'5p(k})(“’)+'% T mnia Pk (@)
Eexi»Hexr Which are intrinsically transverse, ensures, that
only the transverse part of the polarizatiBrand the magne- =Fmn(o). (33
tization M, respectively enter the absorption cross section
and—as indicated earlier—they do not dependRoiNo spe-
cific model of the system has been assumedfgetexample, Fon(@)=[p,V(®)]mn, (34
these expressions hold whether the molecular states are lo-
calized or delocalized and no assumptions were made onWith
the system-size in comparison with the optical wavelength.
All approximations will enter through the different levels of an(w)zf Ar[Zmn(1) - E(r,@) + 2 my(1) -H(r,w)],
rigor used in modeling the nonlocal response tensors. (35)

In the long wavelength limik(r—r’)=0 the CD signal
vanishes, which follows from Eq$17—19 and interchang- and the matriced,I" are defined in Ref. 43. Terms quadratic
ing the integration variables—r’. This is to be expected In the magnetic field have been neglected in B3, as we
since a finite spatial extent of the systécompared with the ~are interested in linear absorption. Equati88) generalizes
optical wavelengthis necessary in order to observe chirality. the results of Refs. 35, 36, 43 to include the magnetic inter-
The leading term in a multipolar expansion is thus obtainedctionM-H as well as off-diagonal matrix elementg,, in
assumingefik(r—r’)%l_ik(r_r/) which will lead to the Fmn- The TDHF procedure deals with physically relevant

celebrated Tinoco formulgd:4: quaqtltles(chargeg_)nn and electronic coherencpgm), and a
dominant mode picture can be developed which greatly re-

Il CALCULATION OF THE NONLOCAL RESPONSE duces_ computationa_ml cc_)‘éﬁ. By usip_g posi.tion—dependent

TENSORS USING THE TIME DEPENDENT electric and magnetic (_jlpole.densmes wh|_ch can be calcu-

HARTREE FOCK EQUATIONS lated from the electronic basis set we avoid the long wave-
length approximation and the following expressions for the

Consider arN-electron systenta molecule or an aggre- polarizabilities hold for arbitrary system size.

gate which we describe using single electron basis functions  The solution of this TDHF equation can be written in the

¢m.m=1,... N. We define¢ () as the creatiofanni-  form

hilation) operators of an electron at site We further intro-

duce the reduceﬂ §ingle_electron densi_ty mqin’txith matrix _ 5p5nlr)1(w) _ z T @)V (@), (36)

elementsp,,,=(C;.Cn). Since the polarization and magneti- Kl '

zation are single-electron operators, their expectation values, .

can be expanded using the density matrix with the nonlocal response matrix

The source,, is given by

5 smn,y[s;ﬁp_tk—S;&mT]_

T w—w,tiy,

P(1,0) =2 pme( @) P ma(1), (29 T @)= 2 (37
mn v
where Here S, , diagonalizes the matriAn,, « according to

J. Chem. Phys., Vol. 105, No. 18, 8 November 1996

Downloaded-07-Mar-2001-t0-128.151.176.185.-Redistribution-subject-to~AlP-copyright,~see-http://ojps.aip.org/jcpo/jcpcpyrts.html



8000 T. Wagersreiter and S. Mukamel: Optical activity of molecular aggregates

_ o,m,(ryms(r')
2 Sy,]rﬁnAmn,k|Sk|,v':ﬁwvgv,v’i (38) K(r r’ C!))— _2 TRV I (48)
mnkl (o+iy,) —o)
andy, are radiative damping constants. The expectation valHere the » summation runs over particle-hole oscillators
ues of Eqs(29, 31 then satisfy Eqs(9, 10, with with frequencyw,>0. The advantage of this picture is that
typically very few oscillators contribute to the optical
2,44 ; . S
a(tr )= > Fmn(©) LD P01, (39) responsé?**leading to a drastic reduction in the number of

terms compared with thar(n) summation in the site repre-
sentation. Note that this form immediately yields the symme-

, - o try Eq. (19).
BT @)= S (@) F D0, (40 (19
IV. NONLOCAL POLARIZABILITIES OF SPATIALLY
, ~ , , EXTENDED AGGREGATES
Hr,r ""):m% Tl (0) Ao D) P (1), (41)

We consider molecular aggregates with electrostatic in-
termolecular forcegno intermolecular charge exchang
K 0)= 2, Amn(@) MDA (1. (42)  this case it is possible to rigorously express the global non-

mn,kl local response tensors in terms of nonlocal response tensors

of the constituent monomers. These expressions greatly re-
duce computational cost and simplify the theoretical analy-
sponse matr|x_Eq(37) and p05|_t|on _dependent _t_ensor prod- sis. Usually molecular aggregates are treated within the LFA
ucts of electric and magnetic dipole densities such a%Refs. 20, 25, 26, 22vhich assume the individual molecules

2 / Y I I imi
Zmn(")#a(r'). In practice these expressions are limited to s point dipoles. The nonlocal expressions derived here using

small systems, as the required memory scales with the four(ﬁe TDHF equations are exact and provide a concrete means

Fhogvfc:uml:ar:jeetl):tlrsoi?é 2'§§||;P££8b 'ﬁ:’gfe%@ ?%ellzremreﬁed t%r modeling aggregates when molecular sizes are compa-
P P rable to their separation so that the point dipole approxima-

Ihe sie'vepresontation to & nonlocal mode ropresentao" 1S Not expected to hold
SinceA is not symmetricS is in general a complex matrix Consider an aggreg_ate made ouM_meoIecuIes labeled
However, one can show that all eigenvaluesare real and. ab.c, ... , each described by a basis sethdf , Ny, ...

' orbltals |nd|cated by subscriptg ,b;,... . Wehave shown

come in pairaw,, w3;=—w,."> Moreover, in applications to
. P vy Dy Wy MO 5,36 PP earlier®® that all intermolecular coherences vanlshag
conjugated polymers ths matrix is real®>3® The transfor-

mations of the electric and magnetic transition dipole mo-— 5pab 0) when charge exchange is negligible. E@5

All response tensors factorize into the discrete nonlocal re-

ment densities to this representation are given by 29, 31, 35 lead to
(D= (D) Smn @y A= X Taa (@) aa (Dbl
(49)
My(1)= 2, (") S (44) BE ' 0)= 3 3 G iy (©)7 a1 A (1),
Without loss of generality we can choose the basis functions (50)
Y, to be real. The polarization densitie®’,(r) are then _ - P ,
purely real, and the magnetization densitie&,(r) are A "")_a’b I%, Xaa, by (@) Ao (1) by (1),
zero for m=n, and purely imaginary fom # n. Conse- (51)
quently the electric transition dipole moments(r) are real
and the magnetic transition dipole moments,(r) are _ ~ Y ,
imaginary o) =2 oy Aaga; by (@) aa (1Al p (1),
One can therefore follow similar steps as in Ref. 43, (52
which finally yields where intermolecular components’, .. #2,p, Were ne-
2 (D () glected. Following similar steps as used in Ref. 36 we first
a(r,r;w)= %2 (Vﬁﬁ); (45)  derive a closed EOM in the space of molecale
v w Yy) T W
hwdpl — > Aga aadpl)
E (w+iy,)m,(r)my(r’) 46 ©OPaa;~ 4 Magaa %Paa
Brrio)=> > wtiy)—w? (46)
— - loc loc——
2 (@F+iy,)m,(NEs(r) =2 PagVag, ~Vaabaa: ®3
)= 22 : (47)

hs (w+iy,)>— wﬁ where the generalized local potential is defined as

J. Chem. Phys., Vol. 105, No. 18, 8 November 1996

Downloaded-07-Mar-2001-t0-128.151.176.185.-Redistribution-subject-to~AlP-copyright,~see-http://ojps.aip.org/jcpo/jcpcpyrts.html



T. Wagersreiter and S. Mukamel: Optical activity of molecular aggregates

Vg)-(l‘:)-: ab, — 20apb. 2 Uac pcc - (54
i~ i~ VicFa,l il 1~

The difference from Ref. 36 is that we now include nondi-
agonal matrix eIemenfs{ab The EOM is modified by the

8001
Anrw)=2 2 &, b, (©)My (N gy (1),
w(rr’ @) =2, Er @, p, (@M, (NMy (1), (62)

ground state charge dlstrlbutlon of the surrounding mol-

ecules according to

A =
i), a3

a;a; , Y

81 2 (Ugq—U
c#a,l

Aaa,

+5ik ajc|)(29_c|c|_l)a (55)

WhereUac denotes the Coulomb interaction between orbit-

The CEO representation greatly reduces computational ef-
fort, as the number of dominant oscillators is generally much
smaller than the square of the basis set dimensionality.
Moreover, the matriﬁawbv, provides information regarding
the coupling between electronic oscillators of different mol-
ecules.

alsa; andc, The solution of Eq(53) can then be expressed V. OPTICAL ACTIVITY IN THE POINT DIPOLE

in terms of the molecular response matrlef;ng%aJ aa,

(1) (w) 2 aaa aavf% (56)

Herea is defined in analogy to Eq37), with S replaced by
the matrixS which diagonalize#\ according to

2 Sa_la a; Aa-a- ,akals

aaa, = Nwa 8y (57
ikl % 9 k% Gy v
Inserting the definition of the local field E¢p4), equating to

Eqg. (36), and assuming further, tha;tab is negligible for
a # b yields an equation fo&, whose solut|0n is

~a.aj byb (@)= % Y aa, bob (@) p b (@),  (58)
with
aa by (@)= Oap, Sap, +2(1= Sap)
X % “_aiaj A aby Okl - (59)

This exact resultprovided intermolecular charge exchange

as well asVvy, b, are negligible, together with Eq(49) allows

APPROXIMATION

So far we have formulated optical activity in terms of
nonlocal response functions, completely avoiding the multi-
polar expansion. We also paved the way for computational
applications by rigorously expressing aggregate response
functions in terms of monomer response functions, provided
that exchange interactions between the monomers are negli-
gible. In order to establish the connection to commonly em-
ployed approximations in the investigation of optical activity
we now specialize to the lowest order in the multipolar ex-
pansion of the polarization and magnetization densitis
Z¢. This amounts to keeping only the lowest order term in
thes functions appearing in Eq$13, 14, resulting in

L mn(1) =~ mnd(1),
An(1)~Mppd(r),
with

mn:_ej dr’ g (r')r gu(r”),

mn:ieﬁf dr’/ X (r')r' XV ('),

where we have sé&®=0, and the dipole densities in the CEO

the calculation of aggregate response tensors using tHE&Presentation Eq$43, 44 assume the form

monomer response tensors. Since off diagdmatamolecu-

lar) matrix elementsz/’aman,.//Zaman are included, the num-

ber of indices ina andV doubled.
Switching to the CEO representation leads to

Ga, b, (0)=2 Sy p (@)ap,p (o),
14

~7”;Vl,bu,( )_Sglaa bkb (‘l))sbkbI b, (60)
wherea, denotes the-th oscillator of molecula (note that
a; denotes the-th site in moleculea). The nonlocal re-
sponse tensors finally assume the form

a(rr',w)=

;) 2 g b, (@) pa (N, (1),

B 0)=2 2 @ b (@), (DM, (1), (6D

M (1) =, 6(r),
m,(r)=m,é(r),
with

M= E MmnSmn,v s
mn

mﬁz mmnSmn,v-
mn

Under these assumptions the nonlocal polarizability (EG)
becomes

a(r,r';)=2, a,(w)s(r)sr'), (63)
where the contribution of the-th oscillator to the polariz-
ability tensor(labeled by Greek subscriptis
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2w _ _ _ _
a,(w)= ﬁy%- (64  Yaa= 2 Yae Sen(9) | Spa¥at 2 Yo Toe Sea(@) - @ql,
(wt+iy,) ), be | c ]
Analogous expressions hold for the other response tensors 3
B.,v, andk. I _ _ —]
We now consider an aggregate made Nofpoint-like "ad:% Yae Sen(x) - 5bd'<d+§c: Yo Ther Sed( @) - By|-
molecules located at,,ry,, ... which are characterized by ) (74
their linear response tensoxs ., Xy, - - - With y=a,8,7,«.

The labelv in Eq. (64) is then replaced by the double index The various tensors appearing in these equations are defined
av denoting the contribution from the-th oscillator of mol- ~ as follows:

eculea. Intermolecular charge transfer is neglected, so that
dipole-dipole coupling is the only interaction. The polariza-
tion and magnetization can then be written as

S () =18 Xa Tab, X=a,K,

Xae =182e= 2 San(@) By Toe' Sea(¥) ¥a Tae

P(r) =2 Pad(r—ra),
Yae =182e= 2 San(K) ¥ Toe See( @) B Tae,
M(r)=2 Mad(r—rp). .
a where Ryp=r,—r,, €p=Rap/|Rap|. By comparing Egs.

The induced electric and magnetic dipole moments at th&89: 70 with Egs.(9, 10 we obtain the nonlocal response

a-th molecule can be calculated from the molecular respons&nSOrs for this model

functions by employing the LFA

— rloc, p  yloc X(r'r,;w):z O(r—ra)6(r' —rp) Xan( @),
Pa=ay Eg +Ba-Hy s (65) ab

Ma=rea He®+ 72 EZ”, (66) X=a.p.y.x,

where the local electric and magnetic fields are given by th&0 that the difference in absorption cross section for right and
sum of the external fields and the fields induced by the surleft circularly polarized light Eq(28) becomes
rounding molecules YXr N xy
so(01= 4T, o] 2B
ER°=Eat 2 Tav Py, (67) ©o "
b

+ kgp(@) = kah(@) In—[ Bap(w) + B2 @)

loc__
HI"=Hat 2 Ta Mo (©9 ~ s~ yﬂ(w)]}. 79
HereT,y is given by Th B
e response tensoxs,, , x= «, 83, v, can be computed by

3e,u8p— 1 numerical inversion of BIX3N matrices, whereN is the
Tap=(1— 5ab)W- basis set dimensionality. However, this expression is simpli-

ab fied by expanding the matric&s X,Y to first order inT and

Substitution of Eqs(67, 68 into Eqs.(65, 66 yields a linear  neglecting terms of the ordém|2, which results in

system of equations fd?, andM ,, whose solution is

Ap= 5abZa\+Za'Tab'Zby (76)
Pa= 2, (@aa Ext o Ho) (69) Bav=0a0Bat @ Tap Bo. @)
Yab™ 5abZ+E'Tab';br (79)
Ma=2 (YagEqt Kag-Ha), (70
a reyp=0. (79
with the nonlocal response matrices Settinge "~ 1—ik-r, performing orientational averaging

((A-K)(B-k))i=1A-B, and usingll,= — I, gives

Qo= X Xae Set(@) | Spa@at 2 Bo Toer Sed(©) - Y 3
be L c | (0) 32w Rav')’av
(71 Aogp’= E 2 2

2 2 712 2 2
3nc a v | —wy,— ’)’av] +47avwav

(80)

= . _. _+ _. . _._
Paa % Xae: Sevl @) _5bdﬁd Ec: Bo: Toe: Seel ) Kd_’ where we have defined thetational strength R, for the
(72) v-th transition of molecula
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whereZ”” denotes the principal part of the integral. Neglect-
Ravzg IM(pta,- Ma,) ing damping /,—0) results in the familiar expression for
OR in transparent regions of the aggregate

_22 E |m[V;g (waﬂavémbv’:— WpMpy' - mav)] ¢(w) _ 16&)22 2 Ray
b#a Way ™ Wy 3ancF 5 wz—wgvl
2 wavwby,v;;'ﬂayx Moy Rap The remaining two terms in Tinoccos’ res(#ee e.g., p. 70
T Tc & = [wg —wé ] ) (81) in Ref. 2'9 reprgsenting interactlions. \{vith' the ground state
g v charge distribution are included implicitly in E(B1), as we
with use molecular response tensgts x = «, 8, v, k modified by
the ground state charge distribution of the neighboring
V;g’ =ta, Tab Mo, (82 molecules®® They can be retrieved by a perturbative expan-

sion of x, in the interaction Hamiltonian.
The CD-signal vanishes as the damping rates go to zero, and
it scales aso ™! for large frequencies. The first term in the
rotational strengths, describing the intrinsic CD of the indi-
vidual molecules stems from the diagonal terms in Edg,
78). The second term in E81) is due to the mixed terms in
Eqgs.(77, 78, and the third term comes from the second term  We have applied the present nonlocal formalism to cal-
in Eq. (76). Terms including molecular magnetic transition culate the CD spectrum of naphthalene dimers and trimers.
dipole moments are finite even when settieg""~1,  Comparison with the standattbcal) formulation shows sig-
whereas the last term in E¢81) requirese '®"~1—ikr. nificant differences, which illustrates the need for a nonlocal
This last term can also be identified with Kirkwoods polar- formulation. Small naphthalene clusters have been investi-

VI. CD SPECTROSCOPY OF NAPHTHALENE
CLUSTERS

izability approximatiofi’ gated by studying isotopically mixed cryst&land by super-
sonic molecular beam techniqd®sevealing insight into
Aop~ 4:_:"" 2 [EgiTngjg(—E?Tngjg’]k-Rab, their gepmetry. Although CD spectra of.the.se §y§tems are
ab,ij not available, they were chosen for their simplicity. They
870 also serve as m_odel_s for more comple1>2< conjugated systems
=——Im bE 1T k- Ryp. that appear in biological aggregafe$:®
an,1)

We assume circularly polarized light propagating in
z-direction and investigate the trimer geometry suggested in
Fig. 7 of Ref. 46. Using thePARTAN package for a HRb
initio calculation with geometry optimization in an STG6-
11* basis set yields the monomer geometry. The dimer is
constructed from a monomer in tle-plane shown in Fig. 1

202 - PRCH by a 60° rotation around theaxis and a translation of 3.7 A
P(w)= ;7)] do' ————, in the z-direction. The trimer is obtained by adding one more
™ Jo o'(0" = o) molecule rotated by 120° around thexis and translated by
7.4 A'in thez-direction relative to the first molecule. Instead
of the absorption cross section, we switch to the absorption
coefficient via the relatiotf

The celebrated Tinocco formufdé? for the rotation of
the polarization plane of linearly polarized incident light per
unit length¢ are readily obtained using the Kramers Kig
relation

Z 4w
op= €,
9 7
so that Eq.(26) becomes
8 _
10 6 e.=€e*Ae. (83
In the NLRF calculation we have considered only the
X polarization terme in Eq. (28) and neglected the magnetic
terms B,y,k. Neglecting further nondiagonal matrix ele-
ments:/faiaj, settingn=1, and substituting Eq49) into Eq.
1 3 5 (28) leads to
2 ! @) =M X T pyp, (@) 307 (k)
FIG. 1. Orientation of the monomer in the-z plane and labeling of the pY pY _
atom, used in Fig. 3. +7 a-ai(k)'/) b-bj( K)1,
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AeO(w)=—ReD, @ga pb(®) Paalk)
ab,ij %N (hal 20

X-”])bjbj(—k)'am

where we have defined the Fourier transform of the polariza-
tion densities

:%)aiaj(k)=f dr’e*ik"//’—’aiaj(r). 304
o ) : E}
Assuming point charge$ai(r)= 5(r—rai) results in 8 201
2]
K-rg, o 104 |
Si—— K, = | !
Pra(K)=—€ry ———e 77 s o ! l
< aai 3 Ker, ' w R
i 30} ;
2
_ 201 :
and the matrixe is calculated using Eq58). This point- ;
monopole approximation is widely used for the calculation 10l |
of intermolecular interaction$*?*>?However, here we also ; J
keep the full matter-field interaction to all orders in the mul- [ W o AA L .
tipolar expansion by using nonlocal response functions, 50 55 6.0
which have a non-triviat or k dependence. o (eV)

Since Tinoccos' formulae Eq$80-82 (which are de-
rived using the approximative matrix inversio— aS) ! bsoroi = of hihal
~ 1+ a9) are not applicable for the small intermolecular dis- ' 2: Absorption spectrun(w) of a naphthalene monométop panel,

. ! the dimer(middle panel and the trimeXbottom panél The solid lines show
tances of the investigated aggregates, we resort to the mofig NLRF calculations, and dashed lines depict the LFA results for the
accurate precursor, Eq75) for an oriented sample as a com- dimer and trimer.,y=0.001 eV, and for the other parameters see the text.
parison. Neglecting again magnetic contributions, (= 0)

results inB=y= k=0, andX, .= 16,., So that ) o )
sional model Hamiltonian. For the dimer the monomer peak

splits into two peaks which are symmetrically positioned

—LFA ~ —ik-R XX yy A
€ (w)~|m§ e agp(w) + agzp(w)], around the monomer peak. Assuming

Ev a b
AeLFA(w)~—Re% e K Rar[ oY (w) — a¥( )], H=| a Ey a
b a Ey
with . . .
for the trimer yields the eigenvalues
aad:Sad(a)a’d- )\12 EM+b, (84)
S.d(a)=1844— s Tag. —b=\8a?+b?
ad ad a’ 'ad )\2‘3: EM+ 5 ’ (85)

In Fig. 2 we display the average absorption coefficient
‘e(w) [see Eq.(26)] for the naphthalene monomdtop  which explains the position of the peaks observed in Fig. 2.
pane), the dimer(middle panel, and the trimer(bottom The additional peaks in the NLRF reflect the fact that this
pane) calculated via the NLRF approadkolid lineg. For  calculation fully accounts for the intermolecular interactions,
the dimer and trimer we also show the LFA results for com-whereas the LFA result retains only the leading dipole-dipole
parison(dashed lines We only show the region of the low- interaction.
est absorption band. Other bands are smaller by a factor of In order to study inter and intramolecular coherences, we
> 20. We further choose a small dampipg= 0.001 eV. The depict the nonlocal response mateixat the frequencies of
monomer has one absorption peak at 5.58 eV. In case of thbe four peaks of the NLRF in Fig. 3. The real pdeft
dimer the exact calculation yields four peaks. Approximatingpane) is naturally considerable smaller than the imaginary
the monomers by point dipoles leads to two absorptiorpart(right pane) near resonances. Resorting to Fig. 1 for the
peaks. Their separation exceeds the absorption range as dabeling of the atoms we find that the second and third tran-
tained by the NLRF. For the trimer the NLRF calculation sitions predominantly correlate the closest sites of each
also yields four peaks, and the LFA results in three. The LFAmonomer, whereas the first and fourth transitions correlate
results can be understood with a simple two or three dimenthe most distant ones.
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g
A453

FIG. 3. Real(left) and imaginary(right) part of the nonlocal response matiX ) of a naphthalene dimer for the four peaks shown in Fig. 2 from top to
bottom (»w=5.37,5.50,5.61,5.72 eV). Atoms 1-10, 11-20, 21-30 correspond to the three moiiseecFsg. 1 For aggregate geometry see the text.

Figure 4 shows CD of the dimeteft pane) and the able absorption line shapes for PPV oligom&rE The top
trimer (right pane) calculated in the NLRFsolid lineg and  panels show the absorption coefficienbf the dimer(left)
the LFA (dashed lines Each absorption peak leads to a dis-and the trimefright), calculated using the NLR{olid) and
tinct peak in the CD signal, whose amplitude reflects thehe LFA (dashegl The bottom panels display the CD signal
rotational strength of the optical transition. Apart from the A e(w). The absorption coefficients for both systems are now
magnitude of these peaks, their sign carries important inforeharacterized by a single peak with internal structure. In or-
mation, reflecting the handedness of the molecule. In Fig. der to show the transitions involved we also plot the results
we used a larger damping= 0.08 eV which yielded reason- for small damping. In case of the dimer the zero of the CD

J. Chem. Phys., Vol. 105, No. 18, 8 November 1996
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signal coincides with the monomer frequeney, . In the

5 04l b , LFA the two rotational strengths are equal in magnitude and
w% | 1.0{ opposite in sign, so that the signal for finite damping is sym-
‘78 02} 5 metric with respect tawy,. For the trimer such a relation
= L%y 5 does not hold, because of the form of the transition frequen-
Y e v RRAON I . L cies Eqgs(84, 85.
0l ; i Due to the small intermolecular separati@maller than
' | 0.5 the monomer sizethe LFA gives markedly different results
04l i compared to the LFA. However, as shown in Fig. 6 the LFA
101 convergences towards the NLRF results with increasing in-
50 55 60 50 55 80 termolecular separation. This series clearly demonstrates the
o (eV) breakdown of the LFA, as the intermolecular separation ap-

proaches molecular dimensions. The NLRF must be em-
ployed for distances smaller than 10 A.

FIG. 4. CD signalAe(w) calculated with the NLRF of the naphthalene . ,
Since we used Ohnos’ formula

dimer (left) and trimer(right) for a damping rate ofy=0.001 eV.

0.6 0.6-
05l 0.5-
£}
o 04l 0.4
4 )
[e0]
~
&S 03f 0.3
-
o
—_—
3 02} 0.2
g
w
<
01} 0.1
0.0 0.0
—~ 10
>
7]
@
- 5
a
o
~
~— 0
—~
3
A
w 5
-104
45 5.0 55 6.0 8.5 45 5.0 5.5 6.0 6.5
o (eV)

FIG. 5. Comparison of linear absorptiefw) (top panelsand CDAe(w) (bottom panelscalculated with the NLRRsolid line) and the LFA(dashed ling
of a naphthalene dimdteft panel$ and trimer(right panel$ for a damping ratey=0.08 eV. The vertical lines show the small damping results.
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U’ etc. Moreover we could show easily the independence of the
Ugn=———7— (86) absorption cross section, and hence of the CD-signal of the
V1+(Fmn/@0) choice of origin.
with Ul" = 7.4200 eV,a, = 1.2935 A for the electrostatic A considerable reduction of computational cost in the

interactions in the PPP Hamiltonidnthe long distance be- investigation of spatially extended molecular aggregates is
haviour isk/r with k=9.5977 eV A. Considering the ap- Possible if intermolecular charge exchange is negligible. In
proximation (L+B) ~'~1—B (which applies at large separa- this case, intermolecular electronic coherences, i.e., off-
tions and is necessary to obtain Tinoccos’ formuthe CD  diagonal elements of the single electron density matrix be-
Signa| is determined to first order by the second term in eqween basis functions located at different monomers, vanish
(59), so thatk enters the CD signal as an overall scalingidentically. This makes it possible to rigorously express the
factor. In order to obtain agreement with the LFA resultsaggregate response in terms of monomer response tensors.
(which assume 1/, for the Coulomb interactionfor large ~ The exact relationship E¢58) derived in this article elimi-
intermolecular separation we divided the NLRFs resulthates the need for the commonly used local field approxima-
by k. tion which completely neglects the molecular internal struc-
Naphtha|ene molecules do not have a permanent dipo|@]re. The calculation was carried out by deriving molecular
moment and the ground state charges are identical for afquations of motion for the reduced one electron density
sites (p,,=0.5). Therefore the modifications of the molecu- matrix in Liouville space, which fully account for intermo-
lar response functions by the ground state charge distributiolgcular Coulomb interactions. This way we completely
of the surrounding molecules candeke Eq.(55)], and the avoided a perturbative calculation of aggregate wavefunc-
response matrixx coincides with that of isolated molecules. tions. To account for exchange interactions and charge trans-
This is not expected to be the case for donor acceptor Su[jer, intermolecular electronic coherences need to be included

stituted molecules, in which the ground state charge distribuln the calculation of the nonlocal response tensors. Note that
tion is nonuniform. the nonlocal response tensgy&,r’,w), wherer andr’ are

at different monomers imply the existence @fcitonic co-
herences, whereby electron—hole pairs can hop among
VIl. SUMMARY monomers retaining their phasElectronic coherences on
The conventional approach to the description of optica]the other hand Imply coherent motion of electrons between
activity is based on the multipolar expansion. Circular di-monomers and reflects a phase between an electron at one
chroism or optical rotation are calculated term by term for
systems much smaller than the optical wavelength. The
present theory is based on the concept of nonlocal response
tensors and completely avoids these approximations.
We first calculated circular dichroistCD) defined as
the difference in absorption cross section for right and left 0.4}

0.5

circularly polarized light. Eq(20) contains the polarization 0.3}
P(r), the magnetizatioM (r) and the electric and magnetic 0.2
fields E(r), H(r). Utilizing the linearized relationships 01l

P(E,H), M(E,H) Egs. (9, 10 lead to our final expression

0.0
Eq. (28) which holds for arbitrary wavelengths and system 05
sizes. With this result the theory of optical activit@A) is 0'4"

fully captured through four nonlocal response tensors
a(rr',w), B(r,r',w), Y(rr', o), k(r,r',o) which relate po-
larization and magnetization to the driving external fields. 0.2
It is formally exact; approximations necessary for practical 0.1
computations enter in the calculation of the response oo
tensorsy. 05
We then focused on electronically delocalized conju-

0.3

(o) (1078 esu)

Ag(o) (1021 esu)

. . . 04
gated systems described by a Pariser—Parr—Pople Hamil- 03
tonian. Using the time dependent Hartree Fock equations and ™ %
the multipolar form of the interaction Hamiltonian we de- %2
rived the expressions Eq&9-42 for the response tensors. 0.14 S
They factorize into a central, nonlocal response matrand 0T EE 5555 RS EE S5 6

dyadics (r) (r), &(r).#4(r), etc. Once a convenient
electronic basis set has been chosen, the polarization and
magnetization densities”(r),.Z4(r) can be calculated with- FIG. 6. Convergence of the LFAdashe towards the NLRR(solid) with
. . . . . O, Vi Wi 1d) wi
out any further approximations. In particular, our final ex- increasing intermolecular distance (3.7,5,10 A from top to boxtéon a

pression EQ(ZB_) implicitly inC"j'deSa” multipolar moments,  naphthalene dimer. Shown are the absorption coeffigdigft panels and
such as electric and magnetic dipole, quadrupole, octopolehe CD signalA e (right panels.

o (eV)
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8008 T. Wagersreiter and S. Mukamel: Optical activity of molecular aggregates

monomer and a hole at another. Electronic coherence is né(PPENDIX: THE ABSORPTION CROSS SECTION OF
required to attain excitonic coherence which can arise frortN AGGREGATE
purely electrostatic interactions. However, the presence of

intermolecular charge exchange does affect the excitonic Codieg:tﬁceir;er?vyegug dtﬁzsn())/ir?':ir?n f;if&%rgzgeletgclv;’:\éee;n a
herence and the optical respori3&® 9 ythep 9 : :

We have further formulated the response functions using’s)
the coupled electronic oscillator representatisee Egs. c
(45-48, 61-6%. As demonstrated in Refs. 42, 44 only very S, ®)= EE(f,w) XH(r,w). (A1)

few oscillators contribute significantly to the optical response _
which leads to a drastic reduction in computational cost, a$1tegratingVs = (c/4m)(H-VXE—E-VXH) over a vol-
can be inferred from the dimension of the matricesumeV with surface” and making use of Maxwells’ equa-

@aa by aNd @, p . Moreover, the latter quantities carry tions (15, 16 leads to

information about the coupling between oscillators of differ- 1d
ent molecules and thus provide most valuable insight into  — 3€ d7-S= S_EJ dr[(H")?+(E")?]
intermolecular interactions. © m v
The well known Tinocco formula Eq81) for the rota- opt IM -
tional strengths was recovered by introducing the local field + fvdf E-—r+tH ——|. (A2)

approximation, the long wavelength approximation, and an
approximative matrix inversionl—aT) '~1+aT to our  In this energy balance equation the left-hand side is the de-
general result fvoﬁf)(w). crease of energy per unit time, due to the flux through the
Finally we compared our results with those obtainedsurfacer?, and the right hand side has been separated into the
from Tinoccos’' formulae by application to naphthalenetime derivative of the energy of the fields H, and a dis-
dimers and trimers. The aggregate geometries were takesipation term due to the induced electric and magnetic di-
from Ref. 46, and we first chose a damping rate smalpoles. We now assum¥¢ to be the entire space, and apply
enough to reveal the involved electronic transitions. The rethis result to an isolated aggregate. The absorbed energy per
sulting spectra then reflect the structure of the oscillator andnit time is then given by the time average of E&2).
rotational strengths. For the monomer, the average frequendividing by the time averaged incident energy flux
dependent absorption coefficieat of circularly polarized 107 ¢
Ilght is cha_racterlzed by one gbsorptlon peak at 5.5§s8¢é q)i“:_f dt— |EgyeX Hoxd (A3)
Fig. 2]. This peak splits up into twdthree peaks for the Tlo 4w
dimer (trimer) when calculated with the LFA, which can be yields the effective absorption cross sectieg. For mono-

e o sl 1 Mol fecs Wi ecency - 21T h ime average

for the dime} and the trimer, which are not as much separatemc the first term on the rhs of E¢A2) vanishesas the fields
- ' . Have the same values dt=0 and t=T), and using

as the LFA indicates. Each absorption peak has a Corref'drf(r)-gL(r)zfdrfl(r).g(r) we arrive at

sponding peak in the CD spectrufffig. 4). This figure also

contains the sign information of the rotational strengths, 1 1(7

which is essential for differentiating between right or left ‘TAzq)_in ffo dtfvdr

handed geometries. The increased number of transitions re-

flects the corrections due to nonlocal interactions betweeithe transverse electric and magnetic Maxwell fiegfdsand

spatially extended molecules. We finally demonstrated thél* are solutions of the wave equations

breakdown of the LFA for intermolecular separations com-

at

P IM
Ef- -+ H } (A4)

2
parable to molecular dimensions in Fig. 6. For intermolecu- AEL— iz (9_2 ¢:4_727 ﬁ ipl+cv><|v| , (A5)
lar distances smaller than 10 A the NLRF has to be em- ¢ at ¢t atfat
ploved AH* L7 H-= 4 VXP 4 M+ A6
a2t T al¢ at . (D)

which follow from the Maxwell Eqs(15, 16. These linear

equations can be solved using Greens’ functions. The Max-
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f(k,w)= fdrfdt f(r,t)e ket (A9) Eeulr,t)= —e(e (kr=ot) 4 gmitkr—ol)y (A16)

2

resulting in

4 w? Hex(r,t) = mez(ei<kf—w‘>+e—i“‘f—wt)), (A17)
E'(k,0)= —7— 7 2[PL(k w)—kXM(k,w)], (A10) V2
) with Hy=nE,, ande,=¢gXe;. Upon substitution into Eq.
H' (K, )= _2 T’Z’ L[KXP(K,0)+ M (k,)], (ALD) (20 we find ®;, = (9E0H0/4_7-r), which results in Eq(23)
o=k Choosinge,=¢, andk=g,, this assumes the form

whereﬁ=k/|k|. Equations(9, 10 become 0 Arw . ,
1 O',(,_\)(w)IW|mJ' dl’f dr’ e 'k(r=r) (A18)
E(k,w)=wj dk'[a(K, —K'; @) Eey(k’, )
X|=a™(r,r",w)+n¥¥(r,r', o)
+B(k,—k';w) Heu k', w)]1, (A12) n
_ 1 ’ '
M(k,w)=WJ dk' [k, —k';®) - Eee(K', ) Y o)+ B w)|. (A19)
r
+ae(k,— K @) - Hon(K' )], (A13) Circularly polarized fields can be written as
ar?d the tranS\'/erse .vecto.r compon'entski-nsgqce are qb- exr(r t)= (e. oi(kr = o0 4o e ilkr o)) (A20)
tained by multiplication with the projectorl{-kk). Substi- \/E

tuting Egs.(A7, A8) into Eq. (A4) yields to the separation
Eqg. (22

H . )
HE(r D=2 —=(e ek —“V—g g ii=o) = (A2])
oa=0 D+ ol (A14) V2

whereal® is given by Eq.(22), and where the complex unit vectors are definetfas

1 1(T IP(—k,1) &g
W__* ' = , A22
oR D, T JodtJ dk{E (k8- —7 NG (A22)
—_ _|_'
+H (K1) %tk’t) . (A15) eF%. (A23)

A linearly polarized plane wave with wavevector= (nw/ We find again®;, = (c/4m)EyH, and the difference in ab-
c) . and polarization directior, perpendicular t@, can be  sorption cross sections for right and left circularly polarized
represented by light Eq. (22) becomes

Ao (w)=c) — ' (A24)
87w Kt 87w
=— g im| dr dr/(e* - a(r,r',w)-e,— € -a(r,r',0)-e_)e KI=¢ —Re| dr dr’

* ’ * ’ —ik(r—r’)_87Tw = ’ *
X(eL-B(r,r' w)-e,+e-B(r,r' w)-e_)e c Re| dr | dr'(el-Hr,r',w)-e,+e-

) . 8mwn
A w)-es)e K4

ImJ' drf dr' (e - (r,r',w)-e, — € - k(r,r' w)-e )e k=), (A25)
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