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Abstract

Long-lived exciton coherences have been recently obsénvgldotosynthetic complexes via ultrafast spectroscopgnong exciting possi-
bilities for the study and design of coherent exciton tramspret, ambiguity in the spectroscopic signals has ledgoments for interpreting
them in terms of the exciton dynamics, demanding more srihtests. We propose a novel strategy, Quantum Processgfapiny (QPT)
for ultrafast spectroscopy, to reconstruct the evolvingrum state of excitons in double-walled supramolecugdtiharvesting nanotubes
at room temperature. The protocol calls for eight transigating experiments with varied pulse spectra. Our anglgsieals unidirectional
energy transfer from the outer to the inner wall excitonsealce of nonsecular processes, and an unexpected cohbetween those two
states lasting about 150 femtoseconds, indicating weakretéc coupling between the walls. Our work constitutesfitst experimental QPT
in a “warm” and complex system, and provides an elegant settermaximize information from ultrafast spectroscopy eipents.

Recently, there has been great excitement about the de-
tection of long-lived coherent dynamics in natural light-
harvesting photosynthetic complexes via two-dimensional
spectroscopy [1+3]. This long-lived coherence has geeérat
interest and debate about its role in the efficient design of p(T) = x(T)p(0), 1)
light-harvesting and exciton transport in biological amt-a
ficial settings|[4-7]. These discussions have highlighted t
importance of correctly interpreting the spectroscopinals

in terms of the microscopic dynamics in the material. The i”'wherep(T) is the density matrix of the system at tiieafter

Ferplay between excitonic dynamics and vibratipnal dynamsy,o pump pulse, and thEocess matrix (T) is a propagator
ics can produce complex and potentially ambiguous Specy ¢ rejates input and output states. By introducing a basis
troscopic signals, which can make extraction of informatio Eq. {) readspgp(T) = ¥ij Xapij(T)0ij (0), where xqpij(T)

. . . . . — ] 1
aboutexciton transport challenging [8-10]. Therefors,é- yontes a transition probability amplitude of ending irtesta
sentl_al to devglop methods to rel!ably extract the quantymd Iq)(p| at time T having started in stat#)(j|. In other words,
namics of the mterrpgated mate_naI: In this article, we dam X(T) characterizes the transfer processes amongst popula-
strate the systematic characterization of the quantumrdyna tions (diagonal elements @f) and coherences (off-diagonal
ics of a condensed phase molecular system, namely, the exgjements ofp). This phenomenology is familiar in nonlin-
tons originating from the inner and outer walls of supraroole o, spectroscopy and can be discussed in terms of Double-

ular light-harvesting nanotubes, via ultrafast QuantuotEss Sided Feynman diagranis [151-17]. The process matfi)
Tomography (QPT) [11=13]. This manuscriptis organized as 4 jinear transformation g5(0), which in turn yields the

follows: First, we briefly sketch the QPT formalism as a gen-ramarkable observation that, ong€T ) is given, the dynam-

eral method to maximize information from a quantum systen|qq of the system are completely characterized: they aie val
interacting with its environment. Then, we describe the-nang,, arbitrary system initial states, including any intefan

otubes and the optical setup, and explain how these two atgiy, the environment, whether characterized by Markovian
ideally suited for the QPT protocol. Finally, we present the,, 51 Markovian processes. The reconstruction 6F) is

experimental data and its analysis, yielding a full ch&mead- e central goal of QPT, an essential step in the verification
tion of the quantum dynamics of the excitonic system. To OUf¢ 4, antum technologies [18-26] and dynamical models. De-
!(no_vvledge, this article constitutes thg first experimergal- termining x (T) ensures that we have extracted the maximal
ization of QPT on a molecular system in condensed phase, angh 5 nt of information possible about the excited state sys-
provides general guidelines to adapt standard spectriSCoRem dgynamics. Previous theoretical work showed that selec-

experiments to carry out QPT. tively preparing and measuring a number of linearly indepen
dent initial states via laser excitation suffices to accashpl
The time evolution of the excited state of an open quanQPT [12] 13| 27, 28]. Hence, QPT can in principle be realized
tum system (a system interacting with its environment,, e.g.with the tools of ultrafast spectroscopy by collecting it
an electronic system interacting with an environment of vi-number of signals with varying frequency, polarizationgan
brations) that is prepared by a pump pulse is, under generéime delays. This work represents the first realization oTQP
assumptions, given by [12-14], in a “warm” and complex system.
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Results Light-harvesting Nanotubes a

Outer wall cylinder

We study the exciton states of light-harvesting nan-
otubes (Fig. [Mla and Sl Sec. 1) that self-assemble in a
water/methanol solution from the amphiphilic cyanine dye
monomer 3,3’-bis(2-sulfopropyl)-5,5’,6,6'-tetrachtnd,1'-
dioctylbenzimidacarbocyanine [29] (abbreviated as C&83)
room temperature (298 K). The nanotubes are about 10 nm in
diameter, several micrometers long, and have a remarkably Nanotubes
uniform supramolecular structutie [30]: they are compoded o “Outer wall
two concentric cylinders—an inner wall cylinder and an oute e
wall cylinder—separated by about 4 nm|[31, 32].

Upon self-assembly, the broad absorption band of the
monomer (Fig. [1Llb) undergoes a large redshift of ~2,500
cm ! reflecting the strong coupling of the molecular transition “Inner wall
dipole moments forming delocalized excitonic eigenstates =
[33]. In addition, a complex pattern of absorption bands oc- - . .
curs, caused by the nanotube’s complex cylindrical gegmetr WORR M e 20 m al
[34,[35]. Bands (1) at 16600cm* and (2) at~ 17100 ¢ * Fraquency feny ]
are polarized primarily parallel to the cylindrical axistaror- ) _ o ] o
respond to transitions which couple the Ground State Mani'—;'gulre 1 The ebxc'ton'c. S.ySteT “QdeL| Consl'ldgrat'% Light-
fold (GSM, |g), state with no excitations) and the Single Ex- arveftm% nanort]g hg|_consnst_|ng g a °|” el- walle Céi he;ing-t'
citon Manifold (SEM), composed df) and|O), that is, states gregate of amphiphilic cyanine dye molecules. (a) Sc '

! : . he self-assembled light-harvesting nanotube (for glarsing only
that concentrate exciton amplitude mostly on the inner walhha molecule per unit cell): double-walled morphology witie

and the outer wall cylinders, refpeCtiVeW [36]. Theseitran hydrophilic sulfonate groups (red) on the exterior, theroptiobic
sitions occur atug ~ 16600 cmi* and wpg ~ 17100 cm alkyl chains (light grey) in the interior of the bilayer arttetcyanine
(wj = w — w; denotes a difference in energies). The rest ofdye chromophore (dark grey). (b) Absorption spectra of dpiphc

the bands (shoulder at higher energies than band (2), not laye monomers C8S3 (black) dissolved in methanol (no agczga
beled in Fig.[lb) are polarized along the equatorial plane ofind nanotubular prepared in water/methanol (red). Thetobats
the nanotubes. By flowing the nanotubes through a cell, the’smner-wall and outer-wall cylinders featuring distinclafealized ex-
align their long axes with the direction of the flow. Therefor Citon bands (1) and band (2) associated withjthend|O) excitons.
polarized light parallel to the flow can be used to isolate theReprinted with permission from Eisele, D.M., et al., Naarigtech.

transitions to|l) and|O), yielding the simplified absorption (4): 658-663, 2009 and Nat. Chem. (4): 655-662, 2012. Cohyri
. Nature Publishing Group).
spectrum in Figl2a.

A
Inner wall cylinder

Monomers

aouBqlosqQy

ydrophilic

We are interested to probe the dynamics of the SEM. In the

The well separated peaks 0 and|O) (Fig. [b) suggest TG experiment, the first two pulses prepare an initial SEM

a QPT scheme where selectivity is achievable by varying thétate, which then evolves for a waiting timie[13]. The third
carrier frequencies of the pulses and fixing their polaiarat ~ Pulse probes the state at timiey inducing Stimulated Emis-

to be along the long axes of the nanotubes. In particular, wélon (SE) from the SEM to the GSM or Excited State Ab-
work within a transient grating (TG) setup, where three weak€0Ption (ESA) to the Doubly Excited Manifold (DEM). The
intensity non-collinear narrowband beams with waveckgrs DEM consists of three states with two excitons eaglh),

ko, andks interact with the nanotubes, and the coherent signa|||o>a and|00), whose energies we assign as being the sums
diffracted atks = —ki -+ ko + ks is spectrally interfered with a  Of the corresponding single-exciton states, with no bigein-
broadband local oscillator (LO) fourth pulsekat= ks, gen-  €rgi€s, this being a reasonable assumption for molecutar ex
erating a complex (absorptive and dispersive) spectrum as Gjtons (s_ee Sl Sec. 4). We also detect the reduced absorption
function of waiting imeT = t; —t, (& denotes the arrival time  ©f the third pulse from the ground stajg) (due to the pop-

of each pulse) (S| Sec. 2). Pump pulses 1 and 2 interact gHlation m_oved to the SEM), kr)own as G_round State Bleach
multaneously(t; = t,) with the sample. The first three nar- (GSB). Finally, the decay of this bleach is Ground State Re-
rowband pulses are chosen from a toolbox of two differen€overy (GSR), which contributes as the populationin the SEM
pulse shapes, namely, a pulse that exclusively extlifemnd ~ d€cays back to the GSM.

another one that excité®), which we shall label as | and O, Fig. [2b shows the energy-level diagram for our system, as
respectively. This generates eight different experimass®- determined self-consistently from the TG spectra (see 8l Se
ciated with the triads of carrier frequencies: OOO, OOI, lll 4). The rationale of our QPT scheme is the following (illus-
110, OIO, Qll, I0I, and 100. Fig[Ra shows the spectra of thetrated in Figs. 2c and 3): Narrowband optical pulses allow
pulses on top of a magnified version of the absorption speads to selectively create populations or coherences in tivd. SE
trum of the material from Fig.]1c. For instance if w1 = wy) = (wog, Wg), the initial state at the



beginning of the waiting time will b@(0) = |I)(O| (in the ro-
tating wave approximation (RWA), pulse 1 “acts on the bra”
and pulse 2 “acts on the ket” [15,/17]). This state evolves for
the waiting timeT, when the third pulse and the diffracted

probe light can detect it. The result of this numerical procedure is in Figl 5. Ta-

ble 1 summarizes the values of the elementg(@f) together
with their timescales given by fits with 95% confidence in-
tervals. The full QPT analysis allows us to conclude that, in

Fig. 3 exhaustively enumerates the possible initial state#his system, as anticipated, the non-secular texeso(T),
prepared by pulses 1 and 2 and the possible final states d&oi (T), Xiooi(T), Xnoi (T), and xoooi(T) are negligible
tected by pulses 3 and 4, and hence, lists the elements #iroughoutthe first 500 fs, indicating weak coupling betwee
X(T) that are measured by keeping track of each peak in theopulations and coherences, as opposed to the situation of
series of frequency-resolved TG spectra as a functioh.of the Fenna-Matthews-Olson complex|[40]. On the other hand,
The emission frequencies are associated with the final ele¥oooo(T) and xioo(T) indicate that population from the
ments in each Feynman diagram. For instance, let us corigher|O) state transfers intp) within 300 fs. The analogous
sider the experiment OIO. Pulses 1 and 2 selectively presituation with|l) is different. Uphill transfefl) — |O) is not
pare|l)(O|, and this state evolves for a tinfe There could —0bservedxoon(T) ~ 0 throughout the experiment, whereas
potentially be nonzero probability amplitudgsoio(T) and  population termy (T) ~ 1 remains for all the times of inter-
Xio (T) of population being transferred intt (| or |0)(O|.  est. Similarly, the explicitly monitored decay termgyqp(T)
These processes can be detected with the third pulse O, iare also negligible within that timescale, in consistendw
ducing the SE transitiofO) (O] — |O)(g| and the ESA tran- the reported timescales of radiative decay for supramelecu
sitions|0) (0| — |00) (0, |I){I| — [10)(I], all of which emit  lar aggregates (on the other of hundreds of picosecondk [41]
at wog = Wooo = Wo, = 17068cm?® in the corresponding Similar conclusions were observed in pump-prabe [42] and
TG spectrum. Similarly, these same elementg 6F) con-  two-dimensional spectra on the system [43], although maybe

tribute to the peak abg = wi | = Wo.0 = 16635 cmlofthe  using asample with a different morphology. Finally, we dete
experiment Oll. ' ' electronic coherence betwegd) and|l) which lasts for about

150-200 fs, allowing for a few quantum beats to occur before
decoherence sets in, indicating that the electronic cogjlé-
tween the corresponding localized exciton states is weak co
Fig. [4 shows the data obtained from the eight frequencypared to the coupling of the electronic states to the loedliz
resolved TG experiments as a function of waiting tine€The  vibrational modes. This coupling was suggested_in [43] in
data forT > 500fs were not included in the analysis due to thethe form of weak cross-peaks of the two-dimensional spec-
increasing influence of pulse intensity roll-off as a fupotdf ~ tra, although quantum beats were not reported there, plpbab
delay in our pulse shaping apparatus [37]. The below arslysidue to a coarser sampling of the waiting time or to peak over-
indicates that the coherent dynamics are complete by 500 faps. The weak coupling is also consistent with previousxed
(see Fig[h). Both absorptive and dispersive (in our phase co experiments [36], and its decoherence timescale is sirglar
vention, real and imaginary, respectively) parts of theplem  reported values on a similar nanotube system with different
valued spectra are collected, but we only show the real parthemical composition [10, 44-46]. As shown in Table 1, the
Whereas Fid.]3 predicts that three peaks in frequency domaiinetics of the different processes in this system are cheira
are possible in each of the spectra, we find surprisingly thaized by stretched exponentials with indiggsanging between
there is only one peak of significant amplitude in each speci.6 and 2. We speculate that this is due to actual exponential
trum, revealing that nonsecular processes such as coleererkinetics embedded in Gaussian disorder, but more studées ar
to population transfers are negligible or too small to be deneeded to confirm this idea.
tected with the current experimental setup. Yet, as noted in
the previous paragraph as well aslin/[9,/12, 13] and SI Sec. 3,
some of the peaks report on more than one elemeg{ o},
and a more careful procedure to dissect their contribui®ns _ _
necessary. In fact, each peak amplitude can be expressed adiscusson
a linear combination of elements gf(T) where the coeffi-
cients are products of transition dipole moments. We ektrac We have demonstrated for the first time the realization of
the required information about the dipoles self-consibgen QPT on a molecular system in condensed phase, namely,
from the TG data via the initial conditiofijqp(0) = dq0jp  the inner and outer wall excitons of a supramolecular light-
(see SI, Sec. 5). The information associated witff) is  harvesting nanotube. QPT has been obtained through the col-
then obtained by integrating the area under the complex valection of a series of frequency-resolved TG spectra by sys-
ued peaks and carrying out a constrained linear inversion pr tematically switching the frequency components of the gails
cedure. This procedure is a semidefinite programming reutinat fixed polarization. Via numerical inversion of these sig-
[38,[39] that ensures that the extracte@l') maps physical nals, we have reconstructed the full process mat(ik) for
density matrices as inputs (Hermitian, trace preserving, a the dynamics of the excitons. We summarize the main qual-
positive) to physical density matrices as outputs (SI Sgc. 5 itative findings derived from the analysis gfT). First, an
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Figure 2: The concepts behind our QPT protocol. (a) Simpliiesorption spectrum of the light harvesting nanotubdsdrflow cell revealing
only two optical transitions when exposed to light that ifap@aed along the long axes of the nanotubes. Each of the fhukses in each TG
experiment is narrowband enough that it is selective tos/ref{|g) <+ |1),]1) <= |I),|O) <> |10)} or the{|g) <+ |O), |O) <+ |00}, |I) — |10)}

transitions, respectively. (b) Energy level diagram ofghistem. Transitions are allowed between the Ground-Statafbld and any state in
the Singly-Excited Manifold, or between any state in theela&nd any in the Doubly-Excited Manifold. (c) Double-sidéeynman Diagram
representing the general idea of the QPT protocol using Tgeréxents. The first two pulses prepare the initial statethadast two pulses

detect the final state at the end of the waiting time
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Figure 3: QPT protocol for the two-band exciton system ofdbeble-walled J-aggregate. In the TG setup, the carregeiencies of the first
two narrowband pulses (bottom) selectively determine thesible initial states. Due to interactions with the vilmaal surroundings (the
bath), the initial state of the excitons can potentiallysf@r into other states of the SEM during the waiting timeNarrowband pulse 3 and
broadband LO pulse 4 detect these transfers by produciregadncy-resolved TG spectrum which features a set of enigsiquencies that

correlate with the state of the system at the end of the vggiiine, just as depicted in this figure.

electronic coherence between the inner and outer wall excdreds of femtoseconds, but not the other way around. These
tons persists for more than a hundred femtoseconds, indicatransfers deviate from simple exponential kinetics, altfto

ing a weak electronic coupling between the excitons origina this may be an effect of the ensemble measurements. Third,
ing from different walls. Second, population transfersoflyi  nonsecular relaxation dynamics are measured to be negligi-
from the outer to the inner wall exciton within the first hun- ble, suggesting that the vibrational bath is dense and Marko



Wavenumber [cm'l]
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Figure 4: Absorptive part of eight narrowband TG experireent the two exciton-band system of the double-wall J-agdeed he data only
show one significant peak per spectrum (instead of a maxinfutmree, as outlined in Fid.13). Population transfer is réxgan the OOO,
OO, 110, and Il panels, whereas coherence dynamics aretored by OlO, Oll, 100, and 10Il. Coherence betwedénand|O) lasts for
about 150 fs at room temperature and observed as fringesuastioh of waiting timeT. The dispersive part of the data (not shown) exhibits
qualitatively similar features.

vian. These conclusions are difficult to assess using aatdnd compressed sensing approaches to ameliorate the scaling of
broadband approach, where these processes are nontrivialDPT as a function of system siZe [49] 50], or alternatively,
convolved in a few peaks [112]. Instead, our QPT protocol di-partial QPT protocols to pinpoint specific mechanisms tleat d
rectly isolates each of these contributions in a systematic  not require the knowledge of an entire process matfiX).

As we have shown, QPT can be easily carried out by a simWe foresee exciting opportunities in which the QPT approach
ple adaptation of the traditional spectroscopic experini@n to ultrafast spectroscopy will provide new insights inte gx-
ensure that the maximum amount of extractable informationgited state dynamics of chemical systems.
at the quantum mechanical level, is obtained. QPT can be in-
terpreted as a procedure that reconstructs the time-depend
guantum state of a system, and therefore, offers a systemati
and transparent way to design ultrafast spectroscopy exper
ments. It complements the traditional approach where only
specific projections of the response of the material are col- We are grateful for Prof. Marc Baldo’s critical reading of
lected. Therefore, we envision many opportunities wheee ththe manuscript. All the authors in this work were supportgd b
QPT paradigm will be powerful. Specific examples includethe Center of Excitonics, an Energy Frontier Research Cen-
experiments on excitonic networks embedded in complex erter funded by the US Department of Energy, Office of Sci-
vironments in biologicall[40] and solid state systeré [47],ence, Office of Basic Energy Sciences under Award Number
or reactive molecular systems with strong vibronic feature DESC0001088. In addition, D.M.E. was patrtially supported
48] where one expects an interesting interplay between ele by the Feodor Lynen Research Fellowship from the Alexander
tronic coherences and populations beyond secular dynamicgon Humboldt-Foundation, J.J.K. was also supported by the
and where the detailed imaging of the quantum dynamics islarvard University Center for the Environment and NSERC,
required in order to construct theoretical models. On the-te and C.P.S. was also supported by an NSF Graduate Research
nical side, important directions will be the development ofFellowship.
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Figure 5: Nonzero elements gf(T) extracted from the data of Fig.
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though uphill transfer t¢O) is not observed fromxoo (T). Finally,
the right panel shows secular coherence dynamics thatlaabbut
150 fs, which indicates unexpected weak coupling betweehahd
O states.

Table 1. Summary of timescales pfT)

Process | Fit | Description

X0000(T) ~ e (T/t00)0 ;Oooozzzslji 3;5’ population decay

Xinoo(T) ~ 1— e (T/T00)"0 — population transfe

X (T) ~1(> 0.99 — population decay

Xoon(T) ~0(<0.01) — population transfd

B 2L — 70+ 4fs,
X0101(T) = Xioio(T) ~ e 1@ T (T/tanfer To = 200+ 120fg |  decoherence
Bor=2+1

Xi000(T) = XS100(T); Xion (T) = x5 (T),

X1001(T) = X&no(T), Xnor = Xino (T), — nonsecular terms

Xo0ol(T) = X5010(T) < 0.08
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Supplementary information

I. SYNTHESISOF INDIVIDUAL SUPRAMOLECULAR LIGHT-HARVESTING NANOTUBESIN SOLUTION

The amphiphilic cyanine dye derivative 3,3 -bis(2-sutfmpyl)-5,5",6,6 -tetrachloro-1,1"-dioctylbenzimidabocyanine
(C8S3, MW=902.8 g mol, Fig. 1 in main text) was obtained as a sodium salt (FEW Chalsjiand used as received. The in-
dividual supramolecular light-harvesting nanotubessesiing of concentric walls of excitons, were prepared itew/anethanol
as described in_[1]. Solutions of nanotubes were storedardtirk and used for experiments within four hours. Absorptio
spectroscopy was used as a tool to monitor the aggregatmess before and during the non-linear spectroscopy erpats.
We limited our investigation to samples that contained #peeted spectral contributions from individual supramaler light-
harvesting nanotubes and had no significant spectral batitvhs from bundled single-walled light-harvesting nauhes|[2].

I1. DESCRIPTION OF OPTICAL SETUP

A non-collinear parametric amplifier![3] (NOPA) is pumpeddyegeneratively amplified Ti:sapphire laser at 800 nm with a
pulse energy of 35QJ at a repetition rate of 10 kHz. The NOPA produces pulsesawtintral frequency of 505 THz, full-width
at half-maximum of 21 THz, and approximately equal intéesiat 501 and 510 THz, i.e., the energies of [theand the|O)
states. The pulses are compressed with a prism pair to appatety 20-25 fs.

After the NOPA, the beam passes through a 2D phase mask aptrfor first-order diffraction to produce four beams in
the BOXCARS geometry. The beams then enter a diffractisethpulse shaper using a Hamamatsu X7550 2D spatial light
modulator (SLM) for phase and amplitude shaping of the fesgy components of each beam [4]. The beams are spectrally
dispersed by a grating and imaged at different verticaltfpps by a cylindrical lens onto the SLM for independent tenab
shaping. We apply a sawtooth grating pattern in the vertiomlension of the SLM device, enabling the amplitude of the
frequency components of each beam to be controlled by théitad®wof the grating. In the experiments, a Gaussian aomdit
filter is applied via SLM to each beam in order to diffract otihe frequencies covering a single transition. Each beam has
approximately 3.5 nJ/pulse for the broadband spectrum 886600 pJ/pulse for the narrowband spectra.

After pulse shaping, the beams are imaged onto the sampdeftrm a transient grating experiment. The first two narramd
pulses, with wavevectolls; andky, generate a spatially periodic excitation grating in theerial due to the change in the
refractive index upon excitation. The system is probed leythtird narrowband pulse after a time delay. The third puisth
wavevectoks, diffracts off the grating into the TG directioks = —k; + k2 + k3. The signal co-propagates with the fourth beam,
which acts as a (broadband) local oscillator for heteroelyetection. Spectral interferometry is used to retrievin tioe real
and imaginary parts of the signal.

This setup is used to obtain 8 different frequency-resoi@dpectra where the first three pulses are narrowband aextisel
to specific transitions. Between the collection of each T€spim, a linear absorption measurement is obtained taetisat
the sample does not degrade.

I11. TG EXPERIMENT ASA QPT

The basic idea of carrying out QPT using information fromheidifferent TG spectra collected in the experiment has been
intuitively explained in the main text. Here we elaboratdlonformal details.

The three pulses interacting with the sample have carramtér) frequencies, wy, ws which are close to the transition
energiesug = Wi | = Wo,0 O Wog = Woo,0 = Wo, . We label the first, second, and third pulsepag r = |, 0O, respectively,
depending on whether they are centered closad@r wog. The pulses generate a third order time-dependent pdiiarizahich
is detected by the LO pulse (fourth pulse) which, for our jmsgs, is ideally broadband, covering all the transitionstefest.
Under this condition, the complex-valuBdquency-resolvedG spectrum as a function of waiting tinfeand frequency can
be immediately related to the half-sided Fourier transfofithe complex-valued TG polarizaticﬁlj;qr(r =0,T,t)[13] via,

[SralPY(w, T) = /000 dtd*pP (1 =0,T1). (S1)

Here, T (coherence time) and@ (waiting time) correspond to the time intervals betweerfitst and the second, and the second
and the third pulses, respectively[14]. The free-inductiecay time of the TG polarization is associated wifsometimes


http://arxiv.org/abs/1308.4566v1

known as echo-time). Since the half-sided Fourier tramsforEq. [S1) is associated with this time interval, the setrofssion
frequencies in the TG spectrujr g (T, w) corresponds to this free-induction decay. These freqesrazie associated with
the optical coherences betwejgn and the SEM, or between the SEM and the DEM, and they corredéttethe detection of
different populations and coherences by the end of thenggitine. Consider the scenario where dissipative processbsse
optical coherences are not spectrally broader than theat@mabetween the different peaks in the TG spectra, whickhat
happens in our case. Then, for purposes of QPT, one can prdeéne the integrated amplitude of the spectra acrosscifgpe
spectral window of width &; = 330cn ! about the peak centered at a particular frequengg5],

S = [ e Gelsra P (@, T)

Wy —0y
= / dtO(t) agsincogte ™ PPY (1 = 0,T, 1), (S2)

=E; ()

where we have used the step functi®(t). The interpretation of Eq[{$2) is quite intuitive and readgollows: Integrating
the (broadband LOjrequency-resolvedomplex amplitudgSrg|P9'(T, w) across a spectral window € [y — 04, Wy + 04
is equivalent to collecting the total TG photon-count slgmsmg from the overlap between affectively narrowband O
pulseE,4(t) (with carrier frequencyy and time-width~ o, 1) centered at the end of the waiting time (at the same timeas th
third pulser, att = 0) and the dependent TG polarlzatldh<p undergoing free-induction decayy, is chosen to be resonant
with one of the emission frequencids, is short in time (|mpuIS|ve broadband), meaning tbiais wide enough to cover the
dynamic broadening of a given optical transition. Yet, ikasg in time (narrowband) enough to only be selective withpext
to the different transitions. In previous articles, we hahewn that a TG signal with four “impulsive-yet-selectiyailses
prepares and detects populations and coherences in the BENEfirst two and the last two pulses in such a way that the TG
experiment may be regarded as a QPT experiment. Hence, foor{&2), we conclude that QPT can also be achieved via the
frequency-resolved TG spectra in this article |5, 6].

Fig. 3 in main text shows that the possible emission fregiesn@nd hence values af, in the different TG spectra are
dictated by the third pulse If r = O, the induced TG optical coherence and theretoréake values close tmg = wi ) = wWo .o
via SE and ESA, afing = woo0 = o, Via GSB, SE, ESA, or GSR, or alpo Via ESA. Similarly, ifr = I, wy can take values
close tow o via ESA, towg = Wi = wo,o0 via GSB, SE ESA, or GSR, anﬂog = wo, Via SE or ESA. Hence, for each
of the eight frequency-resolved TG sped®ac|PY(w, T), there are three possible “carrier frequenciesfrom which we can
extract TG signal$Sr )P (wy, T), yielding a total of 24 complex numbers as a functiofT of

One can readily obtain explicit expressions[®rc| P9 (ws, T) by translating the double-sided Feynman diagrams in Fig. 3 i
main text in terms of the initial states prepared by the fisgt pulses, and the final states detected by the last two pji6<8§
If r =0, these are,

initial state preparation

= —N—
SrelP9(wn, T) = Cpgo MpgHag
final state detection
—~
HogHig Xiogp(T) —Hio,1 lio,0X10gp(T) for ay = wyg,
, , SE , ESA ,
x { HbgOqp—HEgXagap(T) +HEgXooqp(T) —Hbo.0X00qp(T) —Hio, Xigp(T)  for an = wog,  (S3)
——
GSB GSR SE ESA ESA
— Hoo,0Hoo, Xoigp(T) for wy = wooy,
ESA

and the analogous expressions hold[f&g] P9 (c, T) upon the substitutiol®— | andOO — 1. Here, we have highlighted
the dipole transitiongi; associated with the initial state preparation and the fitsibsdetection in each case. We have also
assumed thafi; = pji since the excitonic states can be taken to be real due toréwezsal symmetry. For they = wog
case, it is possible to simplify the expression by assuntiagthe total exciton population during the waiting time istidbuted
exclusively amongdO), |I), and|g),

Xoogp(T) + Xigp(T) + XggqpolT) = Oup, (S4)

so that it reads,



[Sra]P™(ws, T) = CpqOHngqg(Zch)g - ch)o,o)XOqu(T) + (ch)g - H|20,| )Xigp(T) for ay = woq. (S5)

This approximation relies on two assumptions: (a) Thatelaee no uphill transfers of population to the DEM during thating
time, which is very reasonable considering the large engagybetween the SEM and the DEM, and (b) that the transfeeto th
dark states is also negligible.

Cpqoindicates the joint transition probability amplitude toryeout the three different dipole transitions via the thaééerent
pulses. Whereas in principle one can obtain explicit exgioes for this amplitude, in the present case, the narrod/ipaises
with imperfect Gaussian forms, the pulse overlaps, as veetha broadening of the TG transitions due to dynamic disorde
altogether impede its precise determination. We shalkvitris,

Cpgo = fpaEp(wpg)Eq(thyg)Eo(wog)
fogmax(Ep(w))maxEq(w))max Eo(w)). (S6)

Here, we have used the fact that the pulses are narrowbarmkateted about the relevant transitioBg((wpq) ~ maxEp(w))

and so on), and we extract the respective amplitudes frompdiver spectra of the pulses,(w) = /|Ei (w)]2 (assumingdz (w)
has no chirp and its global phase is already considered iptthsing procedure with respect to the other pulses). Wediide
the complexity ofCyq0 in the complex-valued factdin,q which takes into account the overlap between putsasdg. Finally,
from the absorption spectrum, we can get a good estimate of

Q

Hog  [Alwog)
Hig A(wyg) ’

(S7)

whereA(w) is the absorption spectrum of the material. Note that theritmrions corresponding to SE/GSB and ESA/GSR
involve a net gain and loss of photons to the electric fieldhakt direction, respectively, and hence come with oppositessign
Also, GSB appears only if the first two pulses are resonarit thié same transitions and therefore create a populatitre(ra
than a coherence) in the excited state, and hence, it is gropal to dpq. Since the GSB term monitors (stationary) ground state
population during the waiting timé, it is proportional toXgggg(T) = 1 and shows up asE-independent background[16].

So far, we have 24 effective narrowband time (or frequeneiegrated complex-valued TG signd& c|PY"(T, w) which
amount to 48 real-valued data points as a functiof .oNote that in general, these signals are linear combinatdudifferent
elements ofy(T) and, in fact, according to Eq_(53), several signals repod single element gf(T) at a time. Let us now
count the number of elements p{T) to invert for our two-level system composed|bf and|O). Hermicity of x(T) requires
that Xijqp(T) = xj*ipq(T). This amounts to the real-valued population texasoo(T), Xiioo(T), X (T), andxoon(T), and
the complex-valuegioio(T) = X&0,(T), together with the non-secular (not energy conserving, edsnplex-valued) terms
Xi000(T) = X6100(T), Xion (T) = Xion (T), Xioo1(T) = X&10(T): Xoo10(T) = X5001(T)» @ndxiio (T) = Xjio (T). Based on
this symmetry, there are 16 real parameterg @F) to extract/[17] out of a redundant set of 48 real-valued detatp.

IV. ENERGY LEVEL ASSIGNMENTS

Energies of the SEM and DEM states addressed in our expetrimga been self-consistently assigned from the frequency-
resolved TG spectra. As a first examination, from the lindsogption, peak maxima correspondingltpand|O) are located
atwg = 16695 cm! and wog = 16970 cml, respectively. These peaks are broadened both by statidyarainic disorder of
the ensemble. As shown in Fig. 2 in main text, narrowbandaticn in the experiment is effected in such a way that thegsul
are centered at the edge of each band, therefore selecling sabset of realizations of static disorder. Therefdre dverage
energies in the linear absorption do not coincide with theded in the TG experiment. Hence, it is more accurate t@eixt
the energy levels of interest from the TG spectra themselsieg) the initial condition

Xijgp(0) = 8qJjp, (S8)

For instance, whereas the OOO spectrum can potentiallyatotitree different emission frequenciesTat O it consists of a
single peak[18] with maximum amplitude @t~ 17068 cn®. This peak must correspond to (see KEql (S3); also Fig. 3 in mai
text, left top panel)Xoooo(0) = 1, in a combination of SE, ESA, and GSB processes. Where@EEis expected to show up
at~3.5 cn ! red-shifted from ESA at cryogenic temperatutes [9], dyreenid some static disorder at room temperature forbids
an unambiguous discrimination as it broadens peaks up talarith of about 330 cmt, as mentioned at the beginning of SI,
Sec[Tll. From here, we infer thalog, woo,0 ~ 17068 cml. Analogously, from the 1ll spectrum @t = 0 andx (0)=1,we
obtainwyg, @ | ~16635cn!. Based on these observations, we weg = wooo = 17068cm* andwg = w | = 16635cnm?.



The presence of the SEM statés and|O) demand the consideration of an additional combinationtex¢iO), which we
treat as a doubly-excited state where the two excitons &sept, one ifl) and the other ifO), and its energy is the sum of
the two SEM exciton energieglo o = g andwo, = wog. This is a reasonable assumption considering that theaictions
between thél) and thelO) excitons will be weak across the 4 nm hydrophobic core séipgrénem.

We confirm the extracted energies by analyzing the rest of Gispectra al = 0. First, OOl and IIO spectra each contain
a single peak at 16572 and 17025 dimrespectively. Due to the frequencies of the pulses inwbimehese two experiments,
only GSB and ESA processes contributest wg = wo,0 andw = wog = wo,, which is to a good approximation what we
see. Second, spectra IOl and OlO show peaks at 17012 and &6635associated with SE and ESA@t= Wog = W0, and
W= Wy = Wo,o. Finally, I00 and Oll spectra show peaks at 17452 and 16118 @orresponding to ESA ab = woo, and
w = wy o. These observations validate the energy assignments.ii2Eig main text.

V. DATA PROCESSING

As explained in SI Sedll, Fig. 3 in main text and Ef.1(S3) poehensively enumerate the possible processes within the
SEM that can be detected from the eight different TG speaseibdT = 0. In principle, they manifest as three spectrally
well-separated peaks in each TG spectrum, indicating gétvansfers amongst populations and coherences.

For each of the possible TG emission frequencigs we have computed the integral of the raw complex spectrangiv
by Eq. [S2) using a half-width of; = 165cn®. Since the centers of the bands are separated farther tiftaon33 from
one another, the TG emission bands are very well-separates obtained set of signals is quite sparse. Table S1 shawvs th
normalized contribution of 1 |[Srg]P%"(wy, T)|? for each frequency-resolved TG spectrum. Together with eatry, we have
also indicated the element g{T) associated with each signal. For instance, the peak cerdti®g = woo o in the 110 spectra
reports on bottxoo (T) andxun (T), whereas the peak ai o in Oll is directly proportional tgy|o10. To obtain a rough idea
of the experimental data, we have highlighted the entriasdbntribute the most per TG spectrum, and most of them atcou
for over 97% of the total norm of the respective experimeigiding what looks like a sparse data set.

TABLE S1. Normalized contribution of 1 |[Sre]PY (g, T) 2
TG spectrumiy, [cm1]| wg = 16635¢m? |awog = wooo = Wo, = 17068cm | woos = 17501cm?|
000 0.0001 §i000) 0.9999 (Xoooo Xi100) 0.0000(Xo100)
1o 0.0622 kion ) 0.9007 (Xoou, X ) 0.0371(Xom )
100 0.0320 fioor) 0.1231 foool. Xiior) 0.8449 (Xoi01)
OIo 0.9973 (Xi010) 0.0018 ool0, Xilio) 0.0009(xo110)
TG spectrumiy [cm 1] w0 = 16202cm?| wg = Wi = wo,o = 16635cm? | wog = 17068cm?!
oaQl 0.0221 §i000) 0.9779 (Xoooo Xi100) 0.0000 Koi00)
I 0.0050 kion) 0.9947 (Xoou, X ) 0.0003 o)
101 0.0018 Kioor) 0.0689 {1101, Xooor) 0.9294 (Xoi01)
oll 0.9886 (Xi010) 0.0061 {110, Xoo10) 0.0052 Koiio)

Note that the entries with small contributions correspanddnsecular terms. Whereas this table serves as an itlostta
the rationale behind our procedure, we do not use it for thearicsper se as the signals do not correspond to the elements of
Xx(T) alone, but are weighed by dipole moment and electric fiel$eTo proceed in a more systematic fashion, we follow the
following procedure:

1. From each signdrc|P¥ (awy, T) in Eq. (SB), construct

[Sra] (o, T)

[Sr]P¥ (s, T) = max Ep(w))maxEq(w))max(Er (w)) UpgHyq’

(S9)

where the dipoles are given in units@f; (using Eq. [(S7)).

2. Taking into account the initial condition Ed._{S8) in Eq§39) and[(Sb) as well as their analogues uponQhe | and
OO — Il substitutions, yields the following coefficients,



I ommmoOoOn w >

G OOO(
IIO(

OOI(

IOI(
10
Ol

[
[
[
[
[
[
[
[

OII(

576]°°9(wog, 0) = foo(2u3, — H30.0):
516)"° (wog,0) = fii (M3g— K,
516199 (g, 0) = foo(u — 1B 0);
Sral" (wg,0) = fir (2ud — Ud 1),
St
St
Sral
Sral

Wog,0) = fio(tigHlog — Mo, Mio,0),
©(woo,,0) = fio(HoooHooy),
©(wg,0) = foi (Hogklig — Hio.0Hio,)-
w1,0,0) = for (L1 ki 0)-

(S10)

These coefficients precisely constitute the set of dipotelinations required for the inversion g{T) from Eq. [S38)).

3. In order to make use of linear algebra, the coefficientsfia. [SI0) are arranged into matrices,

Moo =M =

o0 oo >»r o

0 G —iG |
BO O
0F iF
0H —iH
DO O
0 E iE

whereas the signals are organized as vectors,

Soo(T) =

[ [5r6]°%(wg, T) ]

[§FG]OOO(%97T)

[51¢)°°%(woo,, T)
516)°% (w0, T)
[516]9% (g, T)

| [5r6]%(aog, T) |

s Su(T) =

oOOoor oo oo >»ro

O Oocoowmoo0oowo
MO o TMTooooIoo

[ [5rd)"°(@g, T) ]

[5_1'6]”0(0-’0971-)

[5ra)"© (wooy, T)
Sre]" (w 0,T)
[S_TG]IH (fdg,T)

| [Sre]" (wog, T) |

0
—iA
0
0
—iC
0
0
iA
0
0
iC
0

Oo I oo@®MMooToo

, Soi(T)

The goal is to extrac (T), which is also written as a series of vectors,

0 —-iG 0 |
-iB 0 O
0 0 -iF
0 —iH O
D 0 0
0 0 -iE
0 0 iG |’
B 0 O
0 iF O
0 0 iH
D 0 O
0 iE 0 |

[ 516)°°(wg, T) ]

[5r6]°'°(wog, T)
576]°'"°(wooy, T)
[5r6]%" (1,0,T)
5r6]?" (wg, T)
[Sra]®" (wog, T)
[5ra]'C(wg, T)
[§G]IOO(%97T)
[516)'9°(woo,, T)
5ra)'© (a0, T)
[5ra]'© (wg, T)

L [Sra)' (wog,T) |

(S11)

(S12)



[ O{Xo001} ]
O{xnor}
Xoooo(T) Xoon (T) O{Xoio1}
_ | Xioo(T) _ Xun (T) _ | B{Xi0or}
#0oM =1 0ix000M) | 7= | aixon ™ | 77| 0ixooon |
O{ Xo100(T)} O{Xom (T)} O{xnor }
O{Xoio1}
L O{Xi001} |
which fulfill,
MpoXoo(T) = Soo(T),
My, Xy (T) = Su(T),
Mo Xoi(T) = Soi(T). (S13)

Clearly, Eq. [SIB) can be written as a single matrix equafidi(T) = S(T), whereM = Moo @M, DM, is a 24x 16
matrix with each of the original matrices along the diagaarad zeros for the rest of the entries, i.e., it is of the block-
diagonal form.X(T) andS(T) are the concatenations of the corresponding column veatutshave sizes 16 and 24,
respectively. The condition number bf is equal to 14.9, which indicates a well-behaved inversi@spciated with the
sparsity of the matrix[19]. Yet a naive direct inversionMfyields unphysical values of the process maji{X) (in this
case, of the vectaX(T)) in general. Via a semidefinite programming routine builhgghe CVX software|[10, 11], we
impose the positive-semidefinite constraint,

D ZaXijap(T)Zp > 0, (S14)
iiap

for any complex-valued matrix This condition guarantees that the inverigd ) maps positive density matrices to other
positive density matrices. The result of this numericatedure is given in Fig. 5 in main text, where most of the eleisen
of x(T) (namely, the nonsecular terms) result to be negligible.

. Since we do not precisely know the dipoles of the systemrmavetest the sensitivity of the extractgdT) to the dipole
coefficientsM (Eq. [S11)). We modifyM by scaling one of the coefficients by a factor and keepingeisefixed. This
generates a matrixI’ from which we can extract a neX/'(T). We compute two error measures associated with this
perturbation,

maXjqp 37 | Xijap(T) — Xijqp(T)|
Number ofT points

Erron(M') = ) (S15)

maxr Yijgp | Xijap(T) = Xijqp(T)|
Number of elements iXX(T)

Erron(M') = , (S16)

where the Number of points is 33 (from 0 to 510 fs) and the Number of elemenf&(i) is 16 (the size oK(T)). The
results of these calculations are shown in Table S2-1 anadfcé\that Errog(M') is in general smaller than Errgiv’).
This has to do with the fact that most of the element 6F), the nonsecular terms, are negligible, and varying the
coefficients ofM keeps them that way, which is a good sign. Since E(Rdf) averages the error over the different
elements ofy(T), the nonsecular terms “buffer” the errors from the othemtrOn the other hand, ErsgM’) averages
instead over th& points, and singles out the highest deviation amongst fferelint elements of (T).

Table S2-1 shows that our extracted process matrices aresensitive to deviations in the coefficiedt In particular,
scalingD by a factor of -1.6, -4 or-10 can cause significant deviations in at least one elemeqn{®f. Multiplying D



by a factor of 1.6 does not cause large changeg ). In evaluatingd, we assume that); | = Lg. This approximation
could be checked by quantum chemistry calculations. Theralipole combinations must be wrong by at least a factor of
+10 before significant errors ix(T) are introduced. And the results seem largely independehtofalue ofF entirely.
These observations, together with the relatively smald@@n number ofM, indicate that the inversion &£(T), and
hence the QPT, is not too sensitive to the precise valueeafdbfficients oM.

TABLE S2-1. Sensitivity analysis of errors on the coeffi¢geof M (Error)
Coefficient\Scaling factor-10 | -4 |-1.6|-0.6(-0.25/-0.1| 0.1 |0.25| 0.6 |1
0.380.390.390.36/0.21|0.13/0.06 0.09 0.060
0.81{0.140.010.010.01/0.03 0 | O | O |0]|0.0140.16/0.79
0.37/0.150.07/0.041 0.03|0.02/0.020.010.01/0{0.01{0.090.32
0.990.98 0.9]0.81 0.77|0.680.240.020.01/0|0.21{0.67/0.87

0

0

0

0

16| 4 | 10
0.12/0.28/0.34

0.21]0.230.03/0.05 0.07{0.07]0.07)0.07/0.06 0|0.03(0.150.18
0.040.020.01{0.01 0.01{0.01]0.010.01/0.010|0.01{0.02/0.04
0.22/0.260.37,0.06/ 0.06|0.06/0.050.04{0.02/0/0.050.12/0.16
0.21]0.230.050.03 0.07|0.07/0.07/0.07/0.050(0.0310.15/0.18
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TABLE S2-2. Sensitivity analysis of errors on the coeffit¢geof M (Error)
Coefficient\Scaling factor-10 | -4 |-1.6|-0.6(-0.25/-0.1| 0.1 |0.25| 0.6
0.2/ 0.2|0.190.17 0.1 | 0.1|0.060.06/0.04
0.130.04/0.01/0.01 0.01|0.01j0.010.04 O

0.190.07/0.030.01 0.01(0.01j0.010.04 O

0.14{0.130.130.13 0.13|0.07/0.040.010.01,
0.090.11/0.020.03 0.04|0.050.050.050.03
0.02/0.01j0.01 0 |0.01(0.01/0.010.04 ©

0.1]/0.110.160.04 0.03]0.030.030.02/0.02
0.1]0.110.030.02 0.04|0.04/0.050.05/0.03]

16| 4 |10
0.050.13/0.17
0 [0.030.08
0.010.05/0.14
0.040.090.11
0.0210.07|0.08
0.0140.01/0.02
0.0310.06/0.07
0.02/0.08/0.08
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