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Pump—Probe Simulation Study of the Two-Exciton Manifold of Dendrimers'
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The doorway window representation of sequential four wave mixing combined with the nonlinear exciton
equations (NEE) is used to calculate femtosecond pump probe spectra of the dendrimeric nanostar. Direct
signatures of exciton funneling and the two-exciton states are identified. The frequency-domaisr pump
probe signal is computed as well, showing the effects of exciton coupling and excited-state absorption. Further
information obtained from different polarization configurations of the pulses with respect to the molecular
orientation is discussed.

I. Introduction

The highly ordered branched macromolecules known as
dendrimers have attracted much theoretical and experimental
attention recently-® Their unique tree-like geometry makes
them potential candidates for a wide variety of applications,
including electrooptical organic light sourcésrug delivery
and nanoscale optical senséds.

We consider dendrimers in which the various segments have
an energy gradient from the periphery toward the center.
Phenylacetylene dendrimers are one class of such molecules:
The energy gradient can be designed by increasing the length
of the phenylacetylene units in each generatioi® Excitation 9
energy can then be transferred very efficiently, similar to the L 4
primary steps in photosynthesis, where the excitation energy is 7A
transferred from the supramolecular antenna to the reactive
center by means of multistep transport processes following an
energy gradient. It was shown theoretically that ordered “Cayley
trees” constitute an excellent energy funelé-18

In this paper we study a phenylethynylperylene-terminated
derivative, known as the nanosta(Figure 1), where one of
the three dendrimer branches is substituted by a perylene-unit
which can act as an exciton trap, collecting the photoexcited ,
electron-hole pairs initially formed in the dendrimer. Recent L '
experimental and theoretical investigati&hd® have shown that 1 |
the excitons are localized on the linear segments because the 20000 22500 25000 27500 30000 32500
meta-branching on the phenylene-bridges inhibits effective Frequency [cm™]
delocallzatlon._Thls makes_ it possible to m0d8| the_ opFlcaI Figure 1. Top: The nanostar. Arrows indicate the couplings between
response of this system using a Frenkel exciton Hamiltgfian  agjacent segments used in the Frenkel Hamiltonian. The generation
with purely Coulombic coupling between excitations which numbers are given. The site energies of the different generations are
reside on the linear segments. Qo = 21 011 cmt, Q; = 25 058 cn?, Q, = 26 347 cn, Q3 = Qq

In a series of recent studies, we have computed the electronic;c)ze9 044 cnt* iuzdethe transition _?_E’O'e m_c;mt_ams = 1|:47M46#t1 =
excitatiolrjzsé linear absorption, and stationary pump probe di'fferlé?;t/gzen orat on?érlfi; _ ﬁ4.302ir$fxl(,:l\](1);£ 503%?22?1, Jiswjen
spectra&!~2* The Frenkel Hamiltonian parameters were obtained _15g ¢, 3., = 69 cnr and within the same generatidiy = 326
using the collective electronic oscillator (CEO) appro&thhe cmL, Joy = 347 cntl, Jog = —72 cntl, Jug = —69 cnTl. Bottom:
signatures of energy funneling in the time- and frequency-gated The simulated absorption spectrum (solid line) together with the power
fluorescence signal were studiédby solving the equations of  spectrum of the excitation pulse (dotted line). The stick spectrum shows
motions for a hierarchy of exciton oscillators (Nonlinear exci- the individual one-exciton energies and oscillator strengths.
ton equations}® Exciton transport was described using Red-
field theory®2” where the effects of nuclear motion are

2500 5000 7500 10000

Absorbance (a.u.)

incorporated through relaxation superoperators, calculated per-
turbatively in excitor-phonon coupling. The fluorescence signal
T Part of the special issue “G. Wilse Robinson Festschrift”. was Ca!CUIated n the. .doorway window representatlon of
*To whom correspondence should be addressed. Fak:716-473- sequential four wave mixing spectroscopié&}which separates
6889. E-mail: mukamel@chem.rochester.edu. the dynamics into three distinct steps: Preparation of a doorway
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wave packet of excitons, subsequent evolution during a con- describing the evolution of the reduced electronic density
trolled time-delay, and finally computing the signal as the matrix3133 The Redfield matrix was calculated by assuming
overlap of the doorway with a second (window-) wave packet that each linear segment of the nanostar is coupled to a single
which depends on the probe. The same procedure will be appliedcollective bath coordinate characterized by the overdamped

here to compute two-color pump probe spectra.
Nonlinear experiments such as pungrobe yield additional

information not available from time-resolved fluorescence, in
particular, direct information about two-exciton dynamics. Single
color pump probe experiments on nanostars were reported

Brownian oscillator spectral density

Aw

Clw) =2A———
(@) A%+ »?

(6)

recently3® The coupling and interactions among the segments Here, A is the nuclear relaxation rate ardis the exciton-
may be also probed in the frequency domain. Stationary pump Phonon coupling strength.

probe spectra are calculated as well using the nonlinear third-

order susceptibility.

In section Il, we summarize the expressions used for the

calculation of the pumpprobe signal, and the time-resolved

pump—probe spectra are presented in section lll. Section IV

presents stationary pumprobe calculations and polarized
pump—probe signals are discussed in section V.

Il. Doorway-Window Representation of the Pump—Probe
Signal

The last term in eq 1 describes the coupling with the external
electric field, whereP is the polarization operator

P=" 1By + By )

andum is the transition dipole moment of tgth segment. In
pump—probe spectroscopy the electric field is given by

E(t) = €,(t) exp(—iw t) + €,(t — 7) exp(—iw,t) + c.c. (8)

The extended nanostar, shown in Figure 1 together with its with the pump-pulse co_mplex envelopgt) centered around
absorption spectrum can be modeled as an aggregate consistinge 0; the probes;(t — 7) is centered arount= 7, andwi, >
of interacting two level systems, described by the Frenkel- are the corresponding carrier frequencies.

exciton Hamiltoniaf®
H=H,+ Hy,+ Hy — EP 1)
He describes the electronic system

Ho= h, BB, (2)

whereBrTn andBy, are the creation and annihilation operators of

an exciton localized on the'th linear segment (chromophore),
which satisfy the Pauli commutation relationBy,[ BM =
Om(l — 2B'Br). hmn = Qudmn + Jmn Qm is the exciton
energy of than'th linear segment andh,, represents the exciton

transfer matrix elements. The nanostar has four generations 1
2, 3, 4 which together with the trap (generation 0) have 31

segmentsQm, andJn, were calculated in ref 23 and are given
in the caption of Figure 1.

The single-exciton states are the eigenvalégsdnd eigen-
vectors () of the single exciton block of the Hamiltonidm,

S NofPall) = €y (m) 3)

@o(m) represents the amplitude of tmgth segment on the
delocalized excitornu.
The harmonic phonon bath Hamiltonian is

;. mold;

H,= + 4
P Z oam, 2
and the system-bath interaction is taken to be
Hint = 2 qum,n,vBTmBn (5)

v,mn

whereq,, p,, m, andw, are the coordinate, momentum, mass

and frequency, of the'th bath oscillator, respectivelyQmn .,
describes the vibronic coupling originating from thyedepen-
dence ofhmn In the Redfield theory of relaxation, the effects

The pump-probe signak,, can generally be written in terms

of the third-order polarizatio®®)(t)2°
S, =Re [ dt eyt — 1)PO(D) explio,)  (9)

We assume that the pump and probe pulses are well separated
temporally so that the process is sequential i.e., the system first
interacts with a pump and the signal is produced by a subsequent
interaction with a delayed probe. Under these conditions, the
signal can be calculated using the doorway window formatsm.
(Additional coherent terms need to be added when the two
pulses overlag? these will not be included here.) The doorway-
window expression for the sequential purrgrobe signal is
given by932

ST,y = Zk j;m dr’j:odt' T — T w,) X
mnkl

Gha() Z(@ = t'w,) (10)
P is thedoorway wae packetrepresenting the reduced one-
exciton density matrix prepared by the pumifis thewindow

wave packetcreated from the ground, the one- and the two-
exciton states, by two interactions with the probe. The Green
function G (t) = 0(t)Bi(0)Bl(t)Bn(t)B/(0)Crepresents the
propagation of the doorway during the delay peridoetween
pump and probe.

This representation provides an intuitive physical description
that naturally separates the process into preparation, propagation
and detection of the excitonic wave packet. The doorway wave
packet contains the initially prepared exciton populations and
coherences. Its propagation during the delay peribétween
pump and probe is described B and the signal is given by
the Liouville space overlap of the window with the propagated
wave packetNmn

Nin(7) = ; Sy A GO Dz = twy) (1)

The general expressions fofy and 7/, depend on the single

of the bath are introduced through relaxation superoperatorsexcitons Green functionSnm, and the scattering matrik. The
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directly obtained from the nonlinear exciton equations and
expressed using the exciton scattering mafrikhe pump probe
process is therefore viewed not as a transition between different
states, but rather as a scattering between quasiparticles, single-
excitons, resulting from their nonboson nature. The HB signal
comes from the hole-hole overlap in the ground state and SE
and ESA come from particteparticle overlap in the excited
state.

[ll. Time-resolved two Color Pump Probe

The seven lowest energy excitons plus two high energy
excitons with large oscillator strength calculated using the
Frenke-Hamiltonian parameters (eq®)are given in Figure
1 and displayed in Figure 2. For each excitothe radius of

Figure 2. Wave functionsp,(m) of single exciton states. Shown

are the first seven excitons and the two peripheric excitons with the the circle at the center of the segmenis proportional to
largest oscillator strength, together with their relative energy. Numbering ¢a(n), thus indicating which segments contribute to each exciton.

corresponds to Figure 3. Open (solid) circles indicate negative (positive) 1N€ arrows indicate strength and direction of the corresponding
values with diameters proportional 4a(m). The direction and length  transition dipole moments. The excitons are confined within a

of the arrows indicate the direction and size of the corresponding single generation. The lowest exciton is nearly completely

transition dipole moments to the ground state.
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localized on the perylene unit. The second and third have major
contributions from the two units of the first generation. The
following four are predominantly formed from second genera-
tion segments, whereas the rest (only two examples shown) is
distributed over the third and fourth generation. The exciton
energies are shown in Figure 3. For clarity, we hereafter report
the energies relative to the lowest exciton energy throughout
the discussionAw, = wq — wo, Wherewg = 20968 cmit is

the energy of the perylene trap (exciton 0).

All simulations of exciton dynamics and the pump probe
signals were performed at room temperatlires 300 K. The
parameters, = 70 cnm ! and A = 800 cn1! were taken from
ref 18, so that the present pump probe signals can be directly
compared with previous simulations of time- and frequency-

250004 _- - 5000

] gated fluorescenc®.These parameters result in a trapping time

20000 &~ £° of ~50 ps, which is a typical experimental value. Experimental
T 1 trapping times upon excitation on the periphery generally depend

e L A B LU LU SURSUMURSURL on the solvent and were determined to be as fast as 10 ps in

2468 10121E4x1c?t1cj120 2224262830 dichloromethane (but only 80 ps mhexane)®
. . . . . For simplicity, we use a single dephasing rate 810 cn1?,
Z;%?tfnss'talztgg_rg'es and relative energies«) of the single and two- which reproduces the experimental absorption line wiiffhe
dephasing rates strongly influence the dynamics, as can be seen

from the calculations with narrow line widths given below.

d Using different rates for various segments will refine the model,
and may be required for the analysis of more detailed experi-

simplify considerably in thenapshot limitvhere the laser pulses
are short compared with the exciton dynamics time scale an
long compared with the electronic dephasing time st&ie.
These are given in the appendix. ments. ) ) ]

The transient pump probe signal of an aggregate has three We assume a Gaussian pump pulse envelope with a variance
contributions with distinct Liouville space pathways: (i) Hole ¢ = 20 fs and tuned td\w = 8072 cm* to be on resonance
burning (HB) and (ii) stimulated emission (SE) which arise from With the peripheral excitons. The probe was assumed to be both
ground-state depletion and excited-state population and (jiij) Monochromatic and very short (i.e., in the snapshot fipit
excited-state absorption (ESA) which results from transitions allowing to spectrally resolve the signal at variable time delays.
from the one-exciton to the two-exciton manifold. ESA givesa  The absolute value of the propagated Doorway wave packet
positive signal whereas HB and SE both give a negative signal. (€d 11) is depicted in Figure 4 in the exciton b&sis
In our calculations, they are lumped together and we will refer
to their sum as photobleaching (PB). More elaborate models,
that include different dynamics in the ground and the excited
state would allow to distinguish between these contributions.
This however, goes beyond the scope of this article. The exciton numbering is given in Figure 3. The initially created

Because in our model, the energy gap between single- andcoherences are completely dephased within 500 fs where the
two-exciton stateswse is similar to the transition energies matrix Nos becomes diagonal and hereafter we only see
between ground- and single-exciton statgg (cf. Figure 3) population relaxation. The diagonal (population-) terms show
the PB and ESA resonant pumprobe signals will appear in  an efficient funneling toward the lowest energy exciton,
the same frequency region. In the present formulation, the two- localized at the perylene trap, and after 100 ps the entire wave
exciton states are not calculated explicitly but the signal is packet is localized on the perylene. This energy funneling

INs(@)] = 1Y @o(M@p(Ny| (12)
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Figure 4. Absolute value of the propagated Doorway wave packet
INos(7)| in the exciton representation.

process can be monitored either by time-resolved fluoresdénce,
or by pump-probe experiment&, which are the focus of this
article.

Figure 5 displays the spectrally resolved purmpobe signal

Tortschanoff and Mukamel

Although HB and SE result exclusively from single exciton
states, and thus follow the exciton dynamics in the same way
as time-resolved fluorescence, the positive ESA signals are a
new feature of the pump probe technique. In the exciton state
picture, the ESA probes transitions from one to two-exciton
states. In the chromophore representation, this means that the
excitation of one chromophore changes the absorption of a
different chromophore due to their mutual interaction; this
change directly shows up in the nonlinear pump probe signal
and is directly reflected in the scattering matrix which shows
that to generate a signal there must be interaction between the
segments involved.

The two-exciton states can generally be expandéH as

B0= " Wo(m, n)B! Bl|g0 (13)
mn

The two-exciton wave function®¥, are proportional to the
imaginary part of the two-exciton variabfésyn{(w) = f dr
expliot] Br(7)Bn(7)[] whereBp(7) is the annihilation operator

of the m'th segmental site in the Heisenberg representation. By
using a small dephasing rate Ym, can be calculated using the
exciton scattering matriX'mn and the single-exciton wave
functions¢q(n)?*

1 _
Ymn(wl + wz) = 2 Zrn,n”(wl + wz) X
— Q) o

#o(N) (M) @ (Mg(N)

Gpwgtw,— €, — ety

whereQ is an average single-exciton energy.

The information about the two-exciton resonances originating
from interactions between excitons is contained in the poles of
the scattering matrix. From eq 14, we see that the two-exciton

for Aw = 8072 cn1! excitation of the peripheral segments and wave function contains contributions of all pairs of single
various delay times, as indicated. Negative signal correspondsexciton wave functions that interact via the scattering matrix
to reduced absorption (i.e., increased transmission) due to HBT ', (eq All). The energies of the relevant two-exciton states
and SE. Positive signals result from ESA. The pump probe obtained from the poles of the scattering matrix together with
technique directly follows the energy funneling since populated the one-exciton energies are displayed in Figure 3.
exciton states show negative PB signals at the corresponding The temporal evolution of the signal for three frequencies in
transition energies. Even though the individual exciton lines are the region of the trap, generation 1 and the peripheric units
too close to be resolved, we find distinct bands for excitons (generations 3 and 4), shown in Figure 6, clearly reflects their
from different generations. As shown in Figure 2, the exciton- coupled dynamics. At the highest energy (dotted curve),
wave functions are mainly localized within one generation and corresponding to the frequency of the excitation pulse, we find
the contributions of different generations can be clearly distin- an instantaneous bleaching-signal induced by the excitation,
guished. During the first ps, the excitation is localized on the which gradually decays to zero. The signal at the resonance
periphery, as indicated by the strong negative signat&t00 frequency of the perylene (full curve) shows a PB component
cm L It then moves toward lower energy sites, gradually which slowly builds up as the excitation funnels toward the trap.
populating the second and first generation and finally reaching The most interesting behavior resulting from the combined effect
the perylene trap. The funneling is completed aftet00 ps of several processes is found in the intermediate (generation 1)
where the only negative contribution corresponds to the peryleneenergy region (dashed curve). We first see the buildup of a
site. By examining the pumpprobe spectra we can directly bleaching signal as these sites get populated by energy transfer
observe and quantify the funneling process of excitons toward from the higher energy sites. Then the amplitude decreases as
lower energy state's. the population is transferred further to the perylene. Finally, a
It is interesting to note that generation 1 seems to be much strong positive signal builds up, resulting from excited-state
more involved in the energy transport than generation 2. The absorption from the lowest (trap) single exciton state to two-

coupling from generation 2 to generationJbi(= —325 cnt?)
is larger thand;; = —302 cnt? or J3; = —158 cn11.23 This
might partially explain why generation 2 is only weakly

exciton states.
To identify the various contributions to the transient absorp-
tion signal of Figure 5, we repeated the simulations with a

populated throughout the energy funneling on a purely kinetic narrow C = 8 cn?) line width keeping all other parameters
level. This feature must be related to coherence effects in ourthe same. Figure 7 shows the resulting pump probe signal.
Redfield equations treatment. The dynamics need not be The small dephasing strongly affects the calculated dynamics.

sequential as expected from simple kinetic equations.

The lines are narrow and all bands (especially of generation 1
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Figure 5. Spectrally resolved PumgProbe Signal for different time delayE & 810 cnt?). Note that the signals at long times are multiplied by

a factor of 4.

excitons and the only coupling is due to Pauli exclusion
[ (nonboson character of excitons). Consequentjyjs localized
-+ 8071 cm’” and only contains off diagonal elements between adjacent
segments which make a contribution to the signal. For example,
in Figure 7, initially, when the peripheral units are excited, we
do not observe ESA in the perylene region. Because there is
only very weak interaction and no direct scattering between these
two-excitations which reside on a distant generation, they do
not directly influence the absorption of the trap and there is no
nonlinear signal in its vicinity.

The insets of Figure 7 show regions around three dominant
lines that correspond to the PB signal of the trap and excitons
1 and 2 for a time delay of 100 ps with high resolutidh=
0.8 cnr. Let us focus on one of the peaks and discuss it in
more detail. TheAw = 3659 cn1? line corresponds to exciton
2 (see Figure 3). Within 10 ps this exciton is strongly populated
as can be deduced from the puaprobe signal and verified

and 2) are spectrally separated. Thus, the transfer from eneratrom the doorway wave packet depicted in Figure 4. At 50 ps
. SP Y Sep : ’ ) 9 the population attains a maximum and then slowly decreases.
tion 2 to 1 is slowed and we expect the funneling processes to

proceed in a more sequential fashion between neighboringAt the same time an ESA signal appears on the high energy

. - : edge of this transition. From the inset of Figure 7 we note the
generations only. Indeed, in Figure 7 generation 2 appears to

be much more significantly populated compared to Figure 5 Aw = 3709 cm* transition, corresponding fo the energy
- . ° signiiicantly pop mp 9 " difference between the fourth two-exciton and the third single-
Simulations with artificially narrow bandwidth are very helpful

for identifying the different contributions. exciton state. We can attribute it to the following event: exciton

Initiallv. th itation is localized h ioheral hiah 3 (Aws = 4998 cn1l) is excited and the probe subsequently
nitially, the excitation Is localized on the peripheral high nqergoes excited state absorption to a two-exciton state, which
energy units and we see a sharp progression of predominantly 5 the major contributions only of excitons 2 and 3. Note also

bleaching and stimulated emissiqn contributiong In this region. 4 increased ESA bandwidth because the dephasing of the two-
There are 24 exciton states localized in generations 3 and 4 Ong, citon state is involved. A similar pattern can also be found at
the blue edge of _the spectrum. (Som_e Qf them are degene_rate he exciton 3 band (last inset). At 100 ps most of the excitation
and not all energies are resolved.) Within a few ps, generations;g ncalized on the trap so that influences of different excitons
1 and 2 are populated and again we observe an interplay of g, the trap absorption are small. However, we see its influences

pOSiﬂYG and negf\tive contributions, but now in the region around ,, oy citons 1 and 2 through the two 3709-¢rand 3659 cm?
Aw ~ 5000 cn1*. The lines have a dispersive profile and the o, o state absorption bands discussed above.

ESA contributions are energetically very close and overlap with
the SE and HB contributions.

The nonlinear signal originates from the interactions or
scattering between the various segments. In our Hamiltonian, In the previous section, we demonstrated that the time-
we did not include direct long range dipole couplings between resolved pump probe technique may be effectively used to

0 ' SIO I 160 ' 150 200
time [ps]

Figure 6. Pump-probe signal vs the delay time for three probe energies,

as indicated. Same parameters as in Figure 5

IV. Stationary Pump—Probe Line Shapes
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Figure 7. Pump-probe signal for different time delays. Parameters are identical to Figure 5 except for a narrower linE widteifr ). Some

signals were multiplied by the factors indicated. The inset shows the region around several peakd @ ps and” = 0.8 cnt! on an expanded
scale.

investigate the coupling and energy transport as well as the two- spp 0 u“lm Zan(wl + w,) (16)

exciton states. Information about two exciton states may also mn

be obtained from frequency-domain four wave mixing signals,

described by the nonlinear susceptibili? The two-exciton state energies shown in Figure 2 were
calculated from the poles of eq 16.

Calculations of the third-order susceptibility were performed
S & using the same parameters as for the time-resolved pump probe
TN , spectra. However, to better show how the coupling is revealed
;Gm“(wS)G"(wl)G“(wz)Gk”( @l (@, + wy) +C.C. in the frequency domain calculations, we did not include the
(15) population relaxation and damping. Figure 8(a) shdwyswhich
corresponds to the frequency domain purppobe signal. It
Here ¢.c. stands for complex conjugation and change of the was calculated for the same parameters as the time-resolved
signs of all frequencies, perm denotes summation over the sixPump-probe signals and for a dephasifig= 810 cn™. To
permutations of frequencies:, w», and ws. um denotes the amplify the positive off-diagonal bands, the positive scale is
transition dipole moment of the m’th segmef,is the one- 10 times finer than the negative one. Individual single-exciton
exciton Green func[ion, anﬁnl is the two-exciton Sca[tering lines are not resolved but we find again broad bands corre-
matrix as given in the appendix. This expression only describes sponding to contributions from different generations. The two-
the coherent part of® which is sufficient for studying the  dimensional plot 0f,® vs w1 and w, reveals strong negative
coupling among site¥ Population relaxation is neglected. peaks at the one-exciton energies along the diagenar(«w>)

The pump-probe signal is generated by two beams in the resulting from bleaching of the single exciton bands. Coupling
directionks = k; — ki + k and is given in frequency domain  between different sites leads to positive off-diagonal ESA peaks.
by the imaginary part of the third-order susceptibility To identify the contributions of the individual excitons, we
Wop(w1,w2) = Im[yC(—wzw1,w2, —w1)]. The two exciton have also calculated the high-resolution third-order susceptibil-
states can directly be probed by two-photon absorption, whereity, assumingl’ = 8 cni%, as depicted in Figure 9(a). The left
both frequencies; andw, are tuned off-resonant with respect column shows the imaginary part on a linear scale. Since the
to the one-exciton states. Invoking the rotating wave approxima- different contributions span several orders of magnitude, the
tion, neglecting the signal’'s dependence on georfitiand dominant peaks are off scale in order to better see some of the
assuming equal transition dipole moments of all chromophores weaker features. The right column shows the absolute value of
u we get the optical susceptibilityy®)|, plotted on a logarithmic scale.

1
KA 0501000 == 3 ity x
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Figure 8. Frequency domain pump probe absorption (imaginary part
of x®) for the same parameters used in Figure 5: (a) unpolarized 4 om0
pulses; (b) paralle|| configuration; (c) perpendiculdr configura- i
tion. In both cases the pump is parallel to the transition dipole mo- {! l
ment of the trap. The probe is either parallebr perpendiculaf] to
the pump.

Although the imaginary part of the nonlinear susceptibility ]

directly corresponds to the pumprobe signal, the absolute 4 T
value and the real part can be measured in heterodyne tran- T —
sient grating experiments. From Figure 9(a), we see \tat
has negative bands along the diagonal at all exciton ener-
gies, resulting from PB. The 2D plots show a complex pattern
since the real and imaginary parts of the linear response are
mixed in third order. There are positive antidiagonal features if
the sum of the pump and probe pulse frequencies coincides with
a two-exciton state energy, i.evs + w» = ws. These corre-
spond to two photon absorption and are strongly enhanced if |
one of the frequencies is resonant with a single exciton energy. ]
These weaker features are clearly seen in the logarithmic plot -
of |x@). ]
To more closely examine the coupling between sites, we 1
display several sections of Figure 9 whese is taken to be
resonant with different excitons. In Figure 10 (a) the excitation
is resonant with the highest energy exciton and causes a strong
bleachlng. signal at this frequen_cy. We further_ see signals at Figure 10. Sections of the imaginary part jf? (Figure 9(a)) vaw,
the energies of all other generation 3 and 4 excitons. However, fo¢ gifferent fixed values ofo,.
we also see smaller influences on the excitons of the first and
second generation whose coupling to the trap is orders of coupled to the perylene unit (exciton 1). This is confirmed by
magnitudes smaller. Figure 10(b), whepg is resonant with Figure 10(c), wherev; is tuned on resonance with exciton 1
exciton 2, shows that this generation is relatively strongly and we find a strong signal at the exciton 2 energy.
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______ to simulate time-resolved transient absorption spectra, which
show the energy funneling, but also yield additional information
xi2 about interactions between different segments and the two-
exciton states. We further calculated and analyzed the signatures
e of the couplings between chromophores in two-dimensional
frequency domain four wave mixing for different pulse polariza-
o tion configurations.
100 fs
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T Appendix A: The Snapshot Signal
\/ X156 The doorway and the window wave packet can be separated
into the left (L) and right (R) componerits
0 2000 4000 6000 8000 10000 O 2000 4000 6000 8000 10000
Ao [cm™] Ao [cm™] DT = 7'wy) = Dy (t = T'wy) + Dyr(t — 70;) (AL)

Figure 11. Spectrally resolved pumgprobe signal for different time

delays using polarized pulses. In both cases the pump is parallel to theamd

transition dipole moment of the trap. The probe is either pardllel . , . , . ,

(full line) and perpendiculaf] (dashed line) to the pump. Wl = T03) = Wn (T = T'wp) + T R(T — T'0))
(A2)

V. Polarized Pump Probe Spectrosco . .
P P Py These components can be expressed in terms of their snapshot

Additional information can be obtained by using polarized |imit counterparts@omna(t) and f///ﬂm(t) and the Wigner spec-
pulses and oriented samples. Figure 11 shows the pump probarograms for the laser pulsé&s, andl,, with o = L, R. These
signal for different time delays, when the pump is polarized expressions have a similar form
parallel to the dipole of the perylene site and the probe is either q
parallel || or perpendiculard] to the pump. Again, we can o ay= [ ® 0w 0 o
observe the energy funneling and the various generations shOW@“(T v, o) ‘/:’ dty f*°° ZH’(A“(tl)I“(T Ty ) X
distinct bleaching signals once they are populated. In the parallel exp(s,wt,) (A3)
case, we finally get a strong bleaching from the trap together

with a weak ESA signal. The perpendicular case offers a quite _,, _ [ © dw 0

different view of the same funneling process. In particular, we Mot = 705) fO ). 2 7alt)

see that generations 2 and 3 show up very differently for both F.(r — 7.0 — 0,) expls,ot;) (A4)
polarizations. The main transition dipole of generation 1

(resulting from exciton 1) is perpendicular to the excitation, ands = — sg = 1.

whereas generation 2 has mainly parallel contributions. Most  The Doorway and the Window are written in terms®#nd
notably, the trap shows no bleaching signal for the perpendicularl” (where we neglecG™ in the window wave packet since
polarization and in the long time limit we only see the ESA exciton relaxation is typically slow compared to the dephasing
signal and no PB signal of the trap. time)

The polarized frequency-domain spectra shown in Figure 8(b)
and (c) reveal the same signatures as in the time domain. For .@E,’L(tl) = ZM#kap(H) (A5)
the parallel configuration, we see bleaching signals from the 3
trap and the different exciton bands along the diagonal. For the )
perpendicular configuration the trap is not visible, the negative gty = Z‘upukG;;(tl) (A6)
maximum along the diagonal vanishes and strong bleaching P
signals are not observed. This can be seen in more detail in '[heand
high resolution” = 8 cnT! calculations, shown in Figure 9(b)
and (d). In Figure 9(b), where the pump and probe are parallel _, o _ b, T Y
to the trap dipole no diagonal signal at the exciton 2 energy is 7 () = Zﬂq“r fo de ﬁ) dr' Gyt — ) x
observed because its dipole moment is perpendicular to the pulse a _ .
polarization. Nevertheless off-diagonal peaks indicate a coupling [T = )G (7" — )G, (7)) (A7)
between this state with exciton 3, which is not directly observed . o .
in this configuration. In the perpendicular configuration (Figure 779, (t,) = Zﬂq“rﬁ) e [ dr' Gyt — 1) x

9(b)) no diagonal peak of the trap or excitons 2 and 3 can be an
observed because their dipole moment is orthogonal either to I (" — )G (7" — T)G% () (A8)
. . . jm jn nr
the pump or to the probe. Signatures of these excitons can still
be found in the off-diagonal peaks. The one-exciton Green functionm, represent the propagator

In conclusion, the calculations presented in this paper show of the exciton variabléB[
that pump-probe spectroscopy can give valuable information '
about the dynamics of complex extended chromophore ag- Gi(H) = i6(t) e nO (A9)
gregates such as the nanostar. The nonlinear exciton equations
were used in conjunction with the doorway-windows formalism or equivalently in the frequency domain (after a Fourier
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transform)

6 () Pa(Mge(n) (A10)
w) — — —_—
" Z w— €, +iI
wherel is the exciton dephasing rate.
L pp(z" — ') is the excitor-exciton scattering matrix which,
in the frequency domain has the following form for the present
model (eq 14°
= =0
Ty (@) = 80T @) (A11)
More general expressions 6l are given in refs 32 and
25 which for two level systems reduceto

I, = —[GPw,)] ;' (A12)

where the unperturbed two-exciton Green function is given by
?o()950)Pa(P)@4(P)

G(w,) ! (A13)
P h; W, — €, — €5+ 3

The pump-probe signal in the snapshot lirfiiis obtained by

setting the Wigner spectrograms of the pump and the probe pulseR

to

l(t— 7.0, —w)=0—1)(w; —w) (Al4d)

F(r—7.0—w)=0—17)0(w—w,) (Al5)

The time integrations in eq 10 can then be carried out and the

pump—probe signal then assumes the form
Sppo(wZ'T;wl) = Z(C///(r)nn(Q)Z)Gl('nN%kl(T)@gl(wl) (A16)
mnKkI

where all snapshot quantities are labelgdabO superscript.
M,((’,gwl) and 772, (w») are the Fourier transforms o#{(t;) and
(///mn(t)

Ry = [ dte A1) (A17)
Wadwy) = [ de” 970 () (A18)
with
) = S () + D) (A19)
Wl = 7 O + 75 (A20)
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