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ABSTRACT

The extinction spectra of J-aggregated dyes on gold nanoparticles, which exhibit interferences between the plasmonic and dye resonances,

are simulated by a quantum mechanical model that considers the dye transition to interact through transition-dipole coupling with a continuum

of nanoparticle states. This alternative to the classical core ~ —shell dielectric model provides the wavefunctions of the coupled molecule -
nanoparticle system and qualitatively explains the enhancement of resonance Raman, fluorescence, and other light-driven processes of molecules

adsorbed to nanoparticles.

Several recent papers have reported the optical extinctionaway from molecular electronic resonance is typically
spectra (absorption plus scattering) of strongly absorbing, attributed to the enhancement of the incident and scattered
J-aggregated organic dyes adsorbed to gold or silver nano-electric fields caused by coupling with the surface plasmons
particles or surface nanostructufedThese spectra are not  of the metal. However, classical descriptions that provide
simple superpositions of the surface plasmon spectra of theonly the frequency-dependent polarizability of the cesgell
metal and the absorption spectra of the dyes nor do theyparticle do not capture the quantum-mechanical details of
exhibit obviously increased dye absorbance as a straightfor-the hybrid wavefunctions needed to calculate resonance
ward interpretation of the electromagnetic field enhancement Raman intensitie® 24 Therefore we have sought a quantum
mechanism for surface-enhanced spectroscopies might sugmechanical approach to describe these systems. Coupling
gest® Rather, the optical spectra of these dye/nanoparticle between a discrete transition of a bound chromophore or dye
composites exhibit what appear to be interferences betweemaggregate to the plasmon resonance of a metal can be
the molecular and plasmon resonances. Typically theseconsidered an example of the more general coupling of a
spectra have been explained by treating the dye/nanoparticlejiscrete state to a continuum as developed by Famad
system as a particle consisting of a core and a shell havingwidely applied in molecular spectroscopy. This view was
different dielectric functions. Classical electrodynamizzan also taken by Lee and Birman in their discussion of SERS.
then be used to calculate the optical properties, analytically Here we develop the details of this approach and use it to
for spherical particles and numerically for arbitrary shapes. describe the optical spectra of J-aggregate/nanoparticle
When realistic dielectric functions for the bulk metal and composites. Other workers have recognized the utility of a
the dye are used, this approach generates optical spectra quitgyuantum-mechanical model for describing dye/nanoparticle
similar to those observed experimentally. The interferences spectra and have discussed qualitative quantum-mechanical
are attributed to the variation in phase of the optical modelg but have not shown spectral simulations using such
polarization induced by excitation on the red and blue sides, ygdels.

respectively, of any resonance. Consider that the plasmon excitations of the metal nano-

thWhlls cI?ssmal elcictro?ygar?ms can ?}chcessfully d.fscr'.tt)eparticle give rise to a large, isotropic transition dipole
€ extinction spectra of dye/nanoparticie COMpOSItes, 11S 1,5 et The width of the plasmon resonance arises from a

limitations beCO”T‘e evident when other expenmen'gal observ variety of factors as discussed further below; here we model
ables are considered. One such observable is surface- . e - .
. it as a continuous distribution of excitations having well-
enhanced (resonance) Raman scattering (SE(R)RS). Reso- . : L .

: o . . defined energies. Although a finite-sized nanoparticle has a
nance Raman intensities depend on the details of the excited-

state vibronic wavefunctions and their line widfha! SERS finite number of ex0|tat|ons_, in pract|celthey are suff|C|entI_y
close together to be considered continuous. The coupling

T E-mail: amkelley@ucmerced.edu. mechanism is taken here to be the dipeadi#pole interaction
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Z The off-diagonal matrix elements of the total system Hamil-
tonian thus take the form

’ @ HIpad )= VIE,0.9) (2a)
3 HeonE)= W (2b)
FaonE) HIgpard )= 0 (20)

where we explicitly indicate the dependence of the dipole
Figure 1. Geometry of the J-aggregate/nanoparticle composite. dipole interaction energy on both the energy of the nano-
particle state and the angle between the two transition
between the transition dipole of the molecule and the moments. Diagonalization of this Hamiltonian leads to two
continuum of transition dipoles of the particle. Dipeldipole solutions at each enery
coupling is clearly inadequate when the dye is sitting on or
very near the surfface of the nanoparticle, buj[ it presents Ay(E,0,¢) = a(E0,¢) 9, + f dE'[B(E,E',0,¢) b5l E)) +
simple starting point. The J-aggregated dye is assumed to CEE 0.0 ) (E)] (38)
sit on the surface of a spherical nanoparticle of radius T sl
with its transition dipoleu, tangent to the surface of the , o ,
sphere (perpendicular @ﬂas shown in Figure 1. Theaxis ¥ (B09) = J E6'(EE 0,¢)ppalE) +
of the system is defined by the line connecting the center of C(EE.0.9)1sodE)] (3)
the particle to the center of the J-aggregate,zayid defined
to lie along thex-axis. As a spherical particle is an isotropic  The coefficients of interest are given by
oscillator, the polarization direction of the incident light
defines the direction of the nanopatrticle’s transition dipole,
Upar, Which is randomly distributed i and ¢.

sin AE,9,¢

AEO) = a[VAE,0,¢) + W2

(42)

The dipole-dipole interaction energyfor this geometry

H H . H P V(E’,G,@) |.1 SinAE@
is U, = uuo/R8 sin 6 cosg; in units of cn1?, this is b(E,E',0,0) = = 29 _
uu Ui ( (p) [VZ(E,Q,QJ) + sz]llzl.ff E-—F

cosAg, ,0(E — E)| (4b)

rJr part

U, =1.159x 10° 5 sin @ cosg 1)
b'(E,E,0,¢) = WoE ~ E) (4c)
y . . S [VA(E,0,¢) + WAH2
where the transition lengthisand particle radiu® are both
in angstroms. with
We seek the wavefunctions and energies for the new states
that.result from coupling .the.molgcular_ state tp the n.ano- ~ AVAE,0,¢) + WA
particle states through this dipetéipole interaction. This Agy, = —arctan——— (5a)
! ) E—E,— G(E6,9)
is the general problem solved by Fafidut his development,
in_ its simplest form, describes t_he coupling of a delta-function VAE0,0) + WP
discrete resonance to a continuum. The strongly allowed, G(E.0.¢) = PdeT (5b)

lowest-lying excitonic transition of a molecular J-aggregate

in the absence of the metal is narrow by the standards of tha states of the “solvent” continuum are assumed to be
condensed-phase organic molecular spectroscopy but it iscompletely nonresonant in the region of interest and do not
far from a delta function; at ambient temperatures it is contribute to the optical spectrum. Therefore the absorption

typically broadened to a few hundred cthby some spectrum at energ§ is proportional to
combination of inhomogeneous broadening, radiative and

nonradiative decay, and coupling to low-frequency vibrations. o ) ) )
Thus we need to invoke Fano's situation of “one discrete “(E:0®) 0 E([AE0¢)T 2+ [ dEBEE 0.0)rpad B +

state and two or more continua”. We label the discrete state | f dE'b'(E,E',9,(p)rpan(E')|2} (6)

of the J-aggregate a®; the continuous states of the

nanoparticle agp(E), and the continuous states of the other whereT; is the transition dipole length of the J-aggregate
(henceforth referred to as “solvent”) continuum)asJE). andrp.(E) is the transition dipole length of the nanoparticle
We assume that the Hamiltonian involving the continuum at energyE.

states alone has already been diagonalized and make the V(E,0,¢) is the coupling matrix element between the
further assumption that the coupling matrix element between molecular state and the nanopatrticle state having erergy
the J-aggregate and the solvent is independent of energyNote thatV? andW? must have units of energy, not energy
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squaree-these quantities are in energy squared per unit
energy incrementV can be obtained from the transition T

dipole moment of the nanoparticle at energywhich in 2
turn is calculated from the nanoparticle’s absorption spec- < |
trum. If we consider the optical absorption spectrum to be g
composed of a continuous distribution of delta functions, the %
relationship between the optical absorption cross section at § iy
energyE and the transition dipole length at that energy is £ Bare Au
given by § Y 2T Strong coupling
— Weak coupling
O—(E) 3hC 1/2
r(e) = [? > 2] @) T T T
Ar’e 15000 20000 25000

-1
Wavenumber / cm

The conversion from extinction coefficient inMcm™ () .
ion in A(0) is ai bvo = (2.303x 1099/ Figure 2._ Calculated absorba_nce spectrum of J-aggregated dye on
to cross section in A(0) is given byo = (2. x 10¥%)e 10 nm diameter Au nanoparticleg,(= 22000 cm?, r; = 5.7 A,

Na = (3.83 x 10%)e. For 10 nm diameter gold particles, 2= 56 cnr?). The “strong coupling” and “weak coupling” spectra

which have a molar extinction coefficient of 6.1510" M1 are generated by assuming dygarticle distances of 5 and 50 nm,
cm ! at 450 nrnJ;B the maximum absorption Cross section respectively. The “weak coupling” spectrum is almost indistinguish-
(at 520 nm) is 4044 A able from the bare Au spectrum.

The final step is to average the absorption spectrum over
a random distribution of angles

o) 0 [ dg [ sin6 doo(E.0.¢) ®)

I

Taking an incoherent average over angles amounts to
assuming that the coherence length of a single J-aggregate
is much smaller than the size of the nanoparticle.

Calculations of representative spectra were carried out
using the following parameters. The Au nanoparticles were ]
assumed to be spherical with a 10 nm diameter as in refs 4
and 5; similar effects have been observed in much larger
and/or nonsphericaparticles. To obtain the Au nanoparticle
spectrum, we measured the optical extinction spectrum Figure 3. Calculated absorbance spectra of J-aggregated dye on
(which is almost entirely absorption, rather than scattering, 20 nm qlizmgter Au nanoloarticlesag 5.7 AE)V'XZ = ?6 ::nrl,1§0=00

H H nm). e € resonance ener are (bottom to to

for small particles) of ~10 nm aqueous colloidal gold 17502), 1900(3)’, 20500, and 2200%14m ( P) ,
nanoparticles prepared in our laboratory through the standard
citrate reduction methot!. The measured spectra were scaled nearly indistinguishable from that of the Au nanopatrticle
to the molar absorptivity of gold nanoparticles of this size alone. However, when the distance is reduced to 5 nm (the
according to Haiss et &f.For the dye, we assumed a single- physical radius of the particle), interference between the two
molecule transition dipole length of 2 A. Estimated coherence resonances results in a strong “dip” in the plasmon spectrum
lengths for J-aggregated cyanine dyes vary from a few to at the dye resonance frequency. The change in absorbance
nearly 100 depending on temperature, environment, molec-at the dye frequency is much larger than the absorbance of
ular structure, and method of measurentéritt We assumed  the dye alone; the two resonances interfere destructively, and
an arbitrary but reasonable coherence length of eightthe effect of the dye is magnified by its coupling with the
monomer units at room temperature, giving an effective much stronger nanoparticle absorbance. Note, however, that
transition dipole length of 5.7 A for the J-aggregate. The this model does conserve the total oscillator strength, with
dye/solvent coupling parametédy, was chosen to give a the dip at the dye resonance being compensated by a slightly
Lorentzian line width, in the absence of nanopatrticles, of increased absorbance at higher energies.
about 380 cm!>4 The resonance frequency of the dye Figure 3 demonstrates the effect of tuning the molecular
absorption was varied in order to probe the dependence ofresonance frequency in the strong coupling case. As previous
the coupled absorption spectrum and eigenstates on theexperimental studies have sho®hwhen the molecular-
relative energies of the J-aggregate and plasmon resonancesesonance lies to the red of the plasmon resonance the two

Figure 2 demonstrates how varying the strength of the transitions interfere largely constructively to give increased
dye—metal coupling affects the optical spectrum. When the absorbance at the dye resonance frequency, while destructive
J-aggregate and the nanoparticle are weakly coupled byinterference is observed on the blue side.
assuming a center-to-center distance of 50 nm, much greater The calculated spectra in Figures 2 and 3 are qualitatively
than the size of the particle, the spectrum of dye plus Au is similar to those generated from purely classical, ecfeell

Absorbance (arb. units)

15000 20000 25000
Wavenumber / cm’
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electronic ground states. After a weak perturbation at

0.04+ frequencyw = E/A is turned on, the state of the system is,
in general, a superposition of all of its eigenstates
0.03-
T 000 W(E0,p.1) =y, + f dE ag e g, (OY(E.0.0) +
@ U4
= J B, ' (E 0.0) (9)
0.01- . .
where the stateg/(E',0,¢) andy'(E',0,¢) are given in eqs
0.00 3. The coefficientsx are found from the usual formulas of
' 15000 20000 25000 first-order time-dependent perturbation theory with a very
Wavenumber / cm’ weak, monochromatic field in the long-time limit as
Figure 4. Angle-averaged absolute value of coefficient of J- , N
aggregate wavefunction in the eigenstates< 22000 cm?, r; = o ) = szJD(E ,0,§0)|#'Z|%DX
5.7 A,W2 = 56 cnT1). The “strong coupling” and “weak coupling” EE.0.0 h
spectra are generated by assuming-eiyarticle distances of 5 and exp(iE'th)o(E'Th — w) (10)

50 nm, respectively, as in Figure 2.

] and analogously foa'. In the long-time limit the perturbed
Weak, E, = 22000 part of the wavefunction is
g_}_‘ ............ Strongr E.I = 22000
o] T Ak By T WOE0.0.) O (E.0.0) | 12-2y(eXp(IEVR)Y (E.0.¢0) +
B 1 9 5= ' (E.0.¢)|1i -2y Cexp(iEth)y'(E,0) (11)
i
__% The angle-averaged probability of finding the system in the
5 % J-aggregate excited state when excited at enErigygiven
8 it by Py(E) = / de / sin 0 do|[gp;| PA(E,H,¢,t)P. Substituting
a i egs 3 into eq 11 gives
VAN ,
15000 20000 25000 . ~ .
Wavenumber / cm” P(E) O [ do [ sin6 do{|a(E.0.¢)"a(E.0.¢)(iiy2) +
d 4 2:
Figure 5. Relative probability of exciting the J-aggregate state f dE'b(EE "9'¢)/“‘lnartl } (12)

for the cases of strong couplinB &€ 5 nm) and weak couplingR
= 50 nm) as calculated from eq 12. In each case 5.7 Aand  This quantity is plotted in Figure 5 for the cases of both

W2 = 56 cnT L. Results are shown for dye energies on both the red . . .
side and the blue side of the plasmon band. Figures 2 and 3 showStrong and weak coupling and for two different choices of

corresponding total absorbance spectra. the J-aggregate resonance enefgyin the weak coupling
limit, the total absorbance spectrum is essentially the sum

dielectric model€:52% The advantage of a quantum-me- of the separate dye and nanopatrticle absorbances (Figure 2)
chanical model is that it provides the wavefunctions con- and the probability of exciting the dye is a Lorentzian
tributing to the absorbance at each energy. The angle-centered at the dye resonance frequency and having the
averaged contribution of the J-aggregate wavefunction to theisolated dye’s line width. When the coupling is strong, the
composite wavefunction at ener@yis given by dg [ sin spectrally integrated probability for exciting the dye becomes
0 do|lpiy(E,0,9)0 = [ dp f sin 6 db|a(E,0,¢)|. This much higher and varies sharply with wavelength, and
quantity is plotted for the cases of both strong and weak significant excitation of the dye can occur at frequencies that
coupling in Figure 4. Surprisingly, the distribution of the lie well outside the absorption band of the isolated dye.
dye wavefunction into the coupled eigenstates does not differ The classical picture of the plasmon absorption is that it
much between the strong coupling and weak coupling consists of a single, collective oscillation of the conduction
regimes, even though these two cases lead to very differentelectrons which is strongly damped to produce the observed
absorption spectra as shown in Figure 2. The differences argplasmon widths of~2000 cm®. A variety of experimental
similarly small when the coefficients are examined at each measurements have been interpreted to show ‘Gr
individual angle or when the coefficient itself rather than its “dephasing” times of 10 fs or le$§ These results seem at
modulus is plotted. odds with our description of the plasmon absorption band
The results of Figure 4 might suggest that observables thatas a quasi-continuum of individually sharp transitions whose
depend upon direct excitation of the dye should not be greatly spectral density reproduces the experimental extinction
perturbed by the presence of the metal. That this is not correctspectrum. However, terminology with respect to dephasing
can be demonstrated using time-dependent perturbationis often ill-defined; for example, the dephasing time for an
theory. Before the light is turned on at= 0, the system is  electronic transition of a large dye molecule in solution is
in stateyy, where both molecule and nanoparticle are in their often stated to be the inverse of a single molecule’s
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absorption bandwidth, even though most of this width is a aggregate transition is embedded in a quasi-continuum of
manifestation of spectral congestion (vibronic structure and nanoparticle states that extend to both higher and lower
excitation of solvent nuclear motions). The visible absorption frequencies, resulting in little net frequency shift of the dye’s
spectra of very small gold clusters clearly consist of a number wavefunction components. Yet even though the molecular
of discrete transition%, but the extent to which a spectral wavefunction makes a very small contribution to the
congestion model is applicable to the broad absorption bandscomposite eigenstates at energies far from the molecular
of larger particles is less cle#?°In order to address this resonance frequency, Figure 5 shows that excitation at such
question, we have also simulated the absorption spectra offrequencies can still have a high probability for exciting the
the dye-nanoparticle composite using a density matrix molecule because the transition dipole of the metal is so
approach that treats the nanoparticle and dye resonances eadiuge!? 14
as single oscillators broadened by pure dephasing, plus an Metal surface enhancement of processes that involve
interaction term that allows for coherence transfer between resonant electronic excitation of a chromophore are important
the dye and the nanoparticle. This approach yields coupledin a number of contexts. These include surface-enhanced
absorption spectra that are essentially identical with thoseresonance Raman scattering (SERRS};* fluorescence
calculated from the Fano approach as long as the isolated(SEF)**® and fluorescence resonant energy tran¥fétas
dye and nanoparticle spectral densities used in the Fanowell as enhancement of chromophore absorption in organic
method are chosen to give the same uncoupled spectra as iphotovoltaics and photosynthetic systeth& Excitation
the density matrix approach. That is, for linear spectroscopic spectra for SERRS and SEF often track the nanoparticle’s
observables all that matters is the spectral density, not theabsorption spectrum quite closely and are usually much
details of how it arises. broader than those shown in Figure 5. This probably reflects
The calculated spectra shown in Figures 2 and 3 capturethe fact that the electronic spectra of the bare chromophores
the qualitative features of the experimental spectra of refs 4 ypically have considerable vibronic structure (not necessarily
and 5. No quantitative comparisons are attempted for several©solved) and are much broader than J-aggregate spectra.
reasons. The assumption that the dye and the nanoparticidncorporation of a more general multistate model for the
interact through simple transition dipole coupling is a major chromophore will be the subject of future work.
oversimplif_ication as me_ntioned above. However, as long References
as the dye is merely physisorbed to the metal or chemisorbed

through a linking group that is not directly involved in the () Lim: 1. S;; Goroleski, F.; Mott, D.; Kariuki, N.; Ip, W.; Luo, J.;

Zhong, C. JJ. Phys. Chem. B006 110, 6673.

electronic transition, orbital overlap between the molecule

and the metal should be minimal and an empirical rescaling
of the interaction matrix elements may be adequate. A more
serious limitation is the assumption that only one J-aggregate
interacts with each nanoparticle. In the systems that have
been studied experimentally, it is believed that the surface
of the metal is more or less completely covered with dye

molecules and would best be described as a single nanopar-

ticle interacting with tens to hundreds of individual J-
aggregates. This is one reason why the experimental spectra
are more strongly perturbed, relative to the bare nanoparticle

spectra, than the calculated spectra of Figure 3. The case of (10)

multiple discrete resonances interacting with a continuum
is also addressed in Fano’s papebut its extension to two
continua, needed to account for the nonzero line width of
the free J-aggregate, is more involved and will be deferred
to a later paper.

Figure 2 shows that when the dymetal coupling is
strong, the optical spectrum is substantially different from
the sum of the spectra of the individual components.
Nevertheless, Figure 4 shows that the energy distribution of
the components of the dye wavefunction, which is already
mixed with the states of the “solvent” continuum to give its
initial ~380 cn1?! Lorentzian line width, is only slightly
modified by further coupling with the plasmon resonance
of the metal. This is very different from the situation in
strongly coupled molecular dimers or larger aggregates,
where the monomer’s wavefunction may appear distributed
over aggregate states that span 100Gcan more3®—3* In
the dye-metal nanoparticle case, the relatively sharp J-
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