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Coherent Dynamics in Solutions of Colloidal Plexcitonic
Nanohybrids at Room Temperature

Nicola Peruffo, Fabrizio Mancin, and Elisabetta Collini*

The increasing ability to prepare systems with nanoscale resolution and
address their optical properties with ultrashort time precision is revealing
quantum phenomena with tremendous potential in quantum
nanotechnologies. Colloidal plexcitonic materials promise to play a pivotal
role in this scenario. Plexcitons are hybrid states originating from the mixing
of the plasmon resonances of metal nanostructures with molecular excitons.
They allow nanoscale confinement of electromagnetic fields and the
establishment of strong couplings between light and matter, potentially giving
rise to controllable and tunable coherent phenomena. However, the
characterization of the ultrafast coherent and incoherent dynamics of colloidal
plexciton nanohybrids remains highly unexplored. Here, two dimensional
electronic spectroscopy (2DES) is employed to study the quantum coherent
interactions active after the photoexcitation of these systems. By comparing
the response of the nanohybrids with the one of the uncoupled systems, the
nonlinear photophysical processes at the base of the coherent dynamics are
identified, allowing a step forward toward the effective understanding and
exploitation of these nanomaterials.

1. Introduction

The prospect of controlling light–matter interaction at the
nanoscale and at the quantum–mechanical level is currently one
of the most intriguing topics at the boundaries of nanotechnol-
ogy, quantum technology, and photonics. This task is excellently
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fulfilled by polaritonic materials. Polari-
tons result from the resonance coupling
between electromagnetic waves and ele-
mentary excitations; and therefore, they
can be defined as half-light half-matter
coherent states.[1] Typical representatives
of these coherent superposition states are
polaritons formed by quantum hybridiza-
tion of molecular excitons and microcav-
ity photons, for which several observations
of nonlinear collective quantum effects are
available.[2] Nonetheless, these structures
often require sophisticated and expensive
fabrication techniques and specific geome-
tries for their optical characterization.[3,4]An
attractive alternative strategy is to use col-
loidal plasmonic nanoparticles, which are
tunable, scalable, and easy to synthesize
by cheap wet chemistry methodologies.[5–8]

They can promote strong interactions with
other photonic elements in close prox-
imity, such as molecules or aggregates
of molecules by confining electromagnetic
fields to regions well below the diffraction

limit. Also in this case, the coupling leads to the formation of po-
lariton hybrid states, called more specifically plexcitons, because
they originate from the mixing of the plasmon resonance of the
metal nanostructure with molecular excitons (Figure 1a).[9,10]

A promising route to unlock the full potential of these hybrid
materials for quantum-nano-photonic applications is the combi-
nation with ultrafast spectroscopy.[12] Ultrafast time-domain op-
tical studies can reveal how the coupling between plasmonic and
molecular moieties results in new photophysical and dynamical
properties, including new attractive nonlinearities and coherent
quantum mechanical phenomena.[13] These hold great promises
not only in terms of advancements of fundamental knowledge,
that is, to unveil still unexplored aspects of the light–matter and
many-body interactions but also in view of possible frontier ap-
plications in the lively field of quantum technologies, including
quantum information and functional quantum circuits.[14] Par-
ticularly interesting in this context is the recent demonstration
of measurable coherent interactions in the IR range for micro-
cavity polariton materials[15,16] and in the Vis range for plexcitonic
nanoslit arrays.[17] Considering the wide range of rich physics po-
tentially emerging from these interactions, verifying to what ex-
tent the same kind of nonlinear phenomena can also be charac-
terized in colloidal plexcitonic materials is of pivotal importance
for effectively exploiting the new class of nanomaterials.
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Figure 1. a) Scheme of the coupling between a plasmon resonance and an
exciton transition to form two plexciton resonances (UPR and LPR) sepa-
rated by the energy associated with the Rabi splitting (ћΩR). b) TEM image
of citrate-capped NUs (scalebar: 200 nm) with an average diameter of (82
± 6) nm. c) Molecular structure of the TDBC molecule. d) Normalized
extinction spectra of the nanohybrids (blue) and their constituents: NUs
(orange) and TDBC J-aggregates (pink). The tip plasmon of bare NUs is
centered at 610 nm (16 390 cm−1). The functionalization of the surface
with TDBC induces the etching of the tips and a consequent plasmon
blueshift.[5] This is a favorable effect because it brings the plasmon reso-
nance close to TDBC J-aggregates excitonic peak (587 nm = 17 035 cm−1),
leading to a more effective resonance condition.[11] The laser profile used
for 2DES measurements is represented as a pink area.

In fact, resolving coherent dynamics in colloidal plexciton ma-
terials is a challenging task that has not already been reported.
In general, the literature about their dynamics in the sub-100
fs is scarce,[18–20] (even if the interest in their ultrafast dynam-
ics is very high; see for instance refs. [21–24]). The main diffi-
culty arises from the intrinsic nature of these samples: the con-

stituent plasmon nanoparticles are characterized by high dissipa-
tion rates and inhomogenous broadening, which might result in
a shortening of the observed ensemble coherences and call for a
very demanding time resolution.[25]

To fill this gap, in this work, we employed 2DES. The intrin-
sic multidimensionality of the response provided by 2DES was
revealed to be particularly powerful to study many-body proper-
ties in semiconductor materials[26,27] and, in general, to investi-
gate coherent couplings in artificial nanomaterials and nanode-
vices toward quantum technology applications.[28,29] Using this
approach, experimental 2DES data on strongly coupled plexci-
ton nanohybrids were collected and compared with the response
of the uncoupled components. The results revealed clear experi-
mental signatures of coherent dynamics.

2. Results and Discussion

2.1. Design and Linear Characterization of the Nanohybrids

The nanohybrids under investigation were prepared through
colloidal chemistry methodologies by functionalizing citrate-
capped gold nanourchins (NUs, Figure S1, Supporting Informa-
tion), acting as plasmonic moieties, with cyanine dyes (TDBC)
in the J-aggregate form, working as the excitonic medium
(Figure 1b,c).[30] Details on the preparation procedure are re-
ported in the Section “Experimental Section” below. The nature
of supramolecular forces promoting the nanohybrids formation,
the estimation of the coupling regime, and its dependence on
TDBC concentration and on the capping layer were thoroughly
investigated in a previous publication.[5] The choice of NUs has
two main advantages: first, the tip plasmon is easily tunable by
controlling the synthetic conditions, and this guarantees an ade-
quate overlap with the dyes’ absorption;[31] second, the NU struc-
ture features strong electric fields at the tips, which should posi-
tively contribute to the establishment of strong couplings.[32] On
the other side, NUs intrinsically present size and shape distribu-
tions, and this leads to inhomogeneously broadened bands that
slightly complicate the estimate of the Rabi splitting and coupling
regime, as discussed below.

In Figure 1d, the extinction spectrum of the nanohybrids (blue)
is compared with the ones of pristine NUs (orange) and TDBC
aggregates (pink). The spectrum of pristine NUs appears slightly
redshifted than after the functionalization with TDBC. This phe-
nomenon is due to the smoothing of the tips after the functional-
ization with the dye that exchanges citrate molecules on the NU
surface. In this way, the direct interaction of TDBC molecules
with the metal surface is promoted, which favors the coupling of
the two moieties.[5]

The appearance of two energy branches in the nanohybrids
spectrum, namely the upper and lower plexciton branches,
demonstrates a clear anti-crossing behavior near the position of
the TDBC J-aggregate exciton resonance, indicating the effective
activation of plasmon-exciton hybridization. Additional evidence
was provided by the observation that the energy gap between the
two peaks depends on the dye concentration.[5] Indeed, when dif-
ferent samples with decreased dye concentration were character-
ized, we observed smaller energy gaps between the bands (see
Note S3, Supporting Information). This behavior is typical evi-
dence for the formation of plexcitons, where the Rabi splitting is
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Figure 2. 2DES response of the uncoupled components: a,b) TDBC J-aggregates and c,d) NUs. Purely absorptive 2DES maps for TDBC J-aggregates at
selected values of population time (a). Signal decay extracted at diagonal coordinates (17 040, 17 040 cm−1), blue square, and at coordinates (17 040,
17 300 cm−1), green square (b). Purely absorptive 2DES maps for NUs at selected values of population time. Signal decays extracted at diagonal
coordinates (16 380, 16 380 cm−1), blue circle, and at off-diagonal coordinates (16 380, 17 240 cm−1) (c), green circle (d).

expected to be proportional to the square of the number of cou-
pled molecules.

In the sample of Figure 1, the upper plexcitonic resonance
(UPR) falls at 548 nm (18 250 cm−1) and the lower plexcitonic
resonance (LPR) falls at 602 nm (16 600 cm−1). The Rabi split-
ting (ΩR), calculated as the difference in frequency among the
two resonances, is 1510 cm−1. The magnitude of ΩR provides
a metric of the coupling strength between plasmonic nanopar-
ticles and dye molecules.[10,33,11] While the identification of the
coupling regime based on experimental parameters is not quite
universal;[10,34,35] here, we consider that the conditions for strong
coupling are achieved when 2ΩR > 𝛾TDBC + 𝛾NUs, which has been
shown to be the most restrictive threshold proposed for determin-
ing the strong coupling.[10,36] 𝛾TDBC and 𝛾NUs are the associated
amplitude decay rates of TDBC J-aggregates and NUs, quantified
as spectral widths (full-width-at-half-maximum) of the extinction
bands, as reported in Table S1, Supporting Information.[3]

Note that because of intrinsic NUs’ size and shape distribu-
tions, the full-width-at-half-maximum of the extinction spectrum
overestimates the 𝛾NUs parameter, which may in turn lead to an
underestimation of the coupling regime.[37] Notwithstanding, the
abovementioned condition for the formation of hybrid plexciton
states in the investigated nanohybrids remains strictly valid. This
is a crucial point for the interpretation of the photophysical be-
havior of nanohybrids. Indeed, although the NUs’ size and shape
distributions inevitably give rise also to a distribution of different
nanohybrids with slightly different structures and couplings, the
linear and nonlinear optical properties will be dictated by the
fulfilled average condition of strong coupling.

In order to identify more clearly the possible role played by the
excitonic and the plasmonic components in the plexciton nonlin-
earity, 2DES measurements were performed on suspensions of
nanohybrids in water and compared with the 2DES response of
the uncoupled constituents, that is, TDBC J-aggregates and NUs
suspensions in water, all measured in the same conditions.

The spectral pulse profile was chosen to excite UPR and LPR
simultaneously (Figure 1d). As we were mainly interested in in-
vestigating the ultrafast coherent behavior, we focused on a time
window of 400 fs after photoexcitation. Details on the experimen-
tal technique are reported in the “Experimental Section” section
below.

2.2. Ultrafast Dynamics of the Uncoupled Systems

Figure 2 summarizes the purely absorptive 2DES response of
the uncoupled systems. Additional rephasing and non-rephasing
2DES maps are reported in Figures S2 and S3, Supporting In-
formation. For the uncoupled systems and also for the plexciton
nanohybrids below, the 2DES response is compared with pre-
vious results mainly obtained by pump-probe spectroscopy. In
making this comparison, it is necessary to remember that the
2DES spectrum is typically expressed in electric field units, con-
trary to pump-probe spectra that are described in optical density
units.[38,39] This means that the signs of the 2DES and pump-
probe signals are opposite. For example, photoinduced absorp-
tion phenomena appear as positive features in the pump-probe
spectra and negative signals (blue-green color) in the 2DES spec-
tra.

Figure 2a shows examples of purely absorptive 2DES maps at
selected values of population time for TDBC J-aggregates in wa-
ter. The obtained data agree with the results of previous inves-
tigations on the same system and show a dynamic behavior not
particularly rich in the investigated timescale.[20,40,41] The main
feature appearing in the maps is a positive diagonal peak at 17 040
cm−1, composed of contributions from bleaching and stimulated
emission of the J band also dominating the linear absorption
spectrum. In addition, a negative photoinduced absorption peak
is found at slightly blueshifted emission frequencies, which is
due to transitions from the one- to the two-exciton bands, as al-
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ready indicated by previous pump-probe measurements.[40] More
details on the transitions giving rise to the signal distribution in
the 2DES maps of TDBC J-aggregates are reported in Note S1,
Supporting Information.

A global multiexponential fitting analysis[42] (see Note S2, Sup-
porting Information) was employed to quantify the kinetic con-
stants regulating the relaxation dynamics. We identified short
(40 fs) and long (>400 fs) non-oscillating decaying components
(Figure S8, Supporting Information) that, in agreement with pre-
vious ultrafast experiments,[20,43,44] have been attributed to de-
phasing by exciton phonon scattering and to slower deactiva-
tion processes (including exciton–exciton annihilation and relax-
ation to the ground state), respectively.[45,40] No relevant oscillat-
ing components were detected, as clearly emerging from the time
traces reported in Figure 2b.

Figure 2c reports the 2DES response of a suspension of
NUs at various population times. The dynamics of nanoparti-
cles are more complex and reflect the different equilibration
steps of the nonequilibrium electron gas generated after the
plasmon-resonant excitation.[20,46–48] This electron gas equili-
brates through a series of sequential steps that span the femtosec-
ond to picosecond time scales, including ultrafast electronic plas-
mon dephasing, electron–electron scattering, electron–phonon
scattering, and energy dissipation to the nanoparticle surround-
ings over tens to hundreds of picoseconds. While the ultra-
fast dynamics of several kinds of plasmonic nanoparticles have
been extensively studied in the past decades by transient absorp-
tion experiments,[47] less numerous are the characterizations by
2DES,[20,49] and the maps in Figure 2c represent the first example
of this technique applied to NUs.

As for J-aggregates, the 2DES response of NUs was analyzed
by the same global multiexponential fitting analysis, which re-
vealed that the NUs dynamics are dominated by three time con-
stants of ≤ 10 fs, 125 fs, and >>400 fs (Figure S9, Supporting
Information). At early times (t2 < ≈50fs), the signal distribution
presents a complex pattern whose time evolution is dominated
by the shortest time constant identified by the global fitting (≤
10fs). In previous works,[20,50] such a time window was intention-
ally excluded from the analysis because it includes a wealth of
different phenomena developing in a timescale comparable with
the pulse duration and hardly distinguishable, including scat-
tering, pulse overlap effects, induced polarization decay, Landau
damping, wavevector randomization, transient grating, and plas-
mon dephasing.[20,49,50] While the presence of any of these effects
cannot be excluded, the peculiar signal distribution in the 2DES
maps at early times and the DAS relative to the shortest time
constant (Figure S9, Supporting Information) seem to suggest
that the strongest contribution in our data might come from the
dephasing of the hybridized core and tip plasmons of the NUs,
lasting no longer than the pulse duration and instantaneously
damped (see Note S1, Supporting Information). The challenging
nature of the dynamics in this time range calls however for more
targeted additional measurements.

For population times >50 fs, the 2DES maps are dominated
by a positive peak appearing on the diagonal (and below it) and
a weaker negative peak appearing at higher values of the emis-
sion frequency. According to the signal distribution in the DAS
plots (Figure S9, Supporting Information) and as exemplified by
the time traces in Figure 2d, the intensity of the positive diagonal

peak first increases (with a kinetic quantified by the 125 fs time
constant) and then decays in a timescale longer than the inves-
tigated time window (>> 400 fs). This trend agrees with previ-
ous ultrafast measurements[20,22,46–52] and closely resembles the
2DES behavior recorded for gold nanorods’ suspensions.[49] This
peculiar signal distribution arises from spectral broadening and
redshift of the plasmon resonance caused by the ultrafast elec-
tron heating consequent to photoexcitation.[22,48,51–53]

Overall, the dephasing of the plasmon resonance (≤ 10 fs) gen-
erates excited electrons that are spread over different levels in the
conduction band. These excited electrons rapidly equilibrate via
electron−electron scattering to create a hot electron distribution
(125 fs). The hot electron distribution then relaxes via phonon
emission on a longer time scale, typical of a few picoseconds
(>>400 fs).

2.3. Ultrafast Dynamics of Plexcitonic Nanohybrids

2.3.1. Population Dynamics

The results of the 2DES characterization of nanohybrids are sum-
marized in Figure 3. The main features appearing in the spectra
are two diagonal peaks at coordinates 16 200 cm−1 and 17 900
cm−1 (purple and orange circle, respectively, in Figure 3a) and two
off-diagonal peaks at the associated cross coordinates (cyan and
black circles). The position of these peaks, their amplitude and
sign, and the associated dynamics are utterly distinct from the
ones recorded in the 2DES maps of bare J-aggregates and NUs
(Figure 2), indicating that the contribution of uncoupled moieties
is negligible in the nanohybrids’ response.

Let’s focus our attention first on the diagonal peaks. The co-
ordinates of the diagonal peaks correspond, within the approx-
imation due to the convolution with the laser spectral profile,
to the two plexciton resonances already identified in the extinc-
tion spectrum; and therefore, these signals can be attributed to
nonlinearities involving the UPR and LPR, respectively. These
peaks have an almost circular shape, typically associated with ho-
mogeneous broadening phenomena.[54] This might indicate the
presence of “motional narrowing,” a mechanism typically associ-
ated with the reduction of spectral linewidths in disordered sys-
tems by some averaging process. This mechanism has been in-
voked for many decades in many examples of strongly coupled
systems, including molecular aggregates,[55,56] polaritonic quan-
tum well,[57,58] and polaritonic planar cavities,[18] but it is here
observed for the first time in colloidal plexcitonic materials. Fur-
ther measurements would be necessary to fully support this in-
terpretation and provide more specific microscopic details of the
effective mechanisms at play. Nonetheless, this evidence is par-
ticularly promising in assessing the overall coherent behavior of
these materials because, as for cavity polaritons, it is expected
that the establishment of this motional narrowing regime might
be advantageous for preserving coherent interactions.[57]

A closer look at the maps in Figure 3a also reveals that the diag-
onal peak corresponding to LPR progressively blue shifts. Simi-
larly, UPR undergoes a redshift; although, less marked. Figure 3b
reports the difference between the central values of the emission
frequency (y coordinate) of the two peaks as a function of the
population time. This difference depends on the Rabi splitting
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Figure 3. 2DES response of the nanohybrids. a) Purely absorptive 2DES maps at selected values of population time t2 (normalized color scale). b) Time
dependence of the experimental Rabi splitting estimated as the difference between the maxima of the UPR and LPR diagonal peaks (pinpointed by the
orange and purple circles, respectively). The dots and the solid line represent the experimental points and the fitting curve, respectively. c–e) 2D-DAS
associated with the three kinetic constants (values reported at the bottom) identified by the global fitting. f–h) Pictorial representation of the relaxation
processes associated with the 2D-DAS (UPR = upper plexcitonic resonance, LPR = lower plexcitonic resonance, DS = dark states, and GS = ground
state).

ΩR, which directly monitors the coupling strength between plas-
mon and exciton. Therefore, the temporal evolution of ΩR can
be utilized to gain information on the dynamics of the (coherent
and incoherent) plasmon–exciton interactions.[50,59] In our case,
the decrease of UPR-LPR frequency difference as a function of
t2 can be modeled with an exponential decay characterized by a
time constant of 40 fs.

Other investigations on the ultrafast relaxation dynamics
of polariton and plexciton systems have revealed a time-
dependent behavior of ΩR, mainly explained in terms of Rabi
contraction.[17,20,22,50,59,60] This effect can be phenomenologically
described, considering that photoexcitation reduces the number
of ground-state molecules effectively coupled to the plasmon. As
ΩR is proportional to the square root of this number, it dimin-
ishes within the lifetime of the exciton population; and then, it
recovers to the initial value in hundreds of fs timescale. The typ-
ical spectroscopic signature of this phenomenon is the appear-
ance of dispersive lineshapes for the main peaks, manifested in
the 2D maps with the presence of a negative feature in between
the two diagonal signals which affects their maxima position over
time.[20] The typical extent of the contraction is a few % of the
initial value.[17,20,22,50] The trend in Figure 3 captures a different
behavior. Except for the first ten fs, the peaks in the 2D maps
do not have clear dispersive lineshapes. Moreover, a significant

reduction of ΩR is recorded in the timescale of our experiment,
with a decrease of over 60% in the first 100 fs. This evidence thus
suggests that the predominant nonlinearity generating these ul-
trafast dynamics has a different physical origin, as discussed later.

Focusing now on the off-diagonal peaks, it is clear that they
appear immediately after photoexcitation at crossed symmetric
positions with respect to the diagonal and their dynamic evolu-
tion is completely different from the one of the diagonal peaks.
The appearance of cross peaks is typically connected with cou-
plings between excited states[28,39,61] and as such, their presence
could represent evidence for cross-interactions between the two
plexciton branches, as recently proposed for a polaritonic micro-
cavity system in the IR region.[15,16] In this case, it is expected that
the dynamics of the cross peaks along the population time t2 re-
flect the time evolution of the interaction, including the presence
of beatings lasting until the UPR-LPR superposition remains
coherent.[61] In addition, in strongly coupled systems, cross peaks
might also appear as a mere consequence of a common ground
state. Indeed, when two transitions share a common state, then
pumping one of these transitions will instantaneously bleach also
the other. In this case, diagonal and cross-peaks will show the
same dynamics and no oscillations will be detected.[62,63] There-
fore, these two phenomena, while contributing to the signal at
the same cross-coordinates, give rise to different dynamics; and
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therefore, their contributions can be untangled by studying the
time evolution of the signal (see also Figure S4, Supporting In-
formation).

In light of this, the analysis of the dynamic behavior of the
signal in the 2D maps at different coordinates assumes crucial
importance. This analysis has been carried out by applying the
global fitting methodology introduced before for the uncoupled
systems. It was found that the overall evolution of the transient
signal in the 2DES maps is driven by three time components: a
fast decay with a time constant of ≈15 fs, a slower component
of ≈55 fs, and a long time component that remains constant up
to 400 fs. The amplitude distribution of these kinetics compo-
nents across the 2DES maps is reported in the form of 2D-DAS
(two dimensional decay associated spectra,[42] Figure 3c–e). The
sign and the position of signals appearing in the 2D-DAS pro-
vide information on the nature of the relaxation pathways and on
the states mainly involved in the dynamic process characterized
by that time constant. A positive (negative) amplitude in a DAS
means that the signal is exponentially decaying (rising) with the
related time constant.[42,64]

The first component (15 fs) spans the same time window as
the shortest dynamics found in the non-functionalized NUs (≤
10 fs; Figure 2; Figure S9, Supporting Information). However, the
corresponding DAS plots (Figure 3c for the nanohybrids; Figure
S9, Supporting Information, for the NUs), are significantly differ-
ent in terms of peaks’ position, amplitude distribution, and sign.
This evidence suggests that the ultrafast dynamics quantified by
the 15 fs kinetic constant in the plexciton nanohybrids cannot be
attributed to processes involving only the plasmonic moieties.

Indeed, the positive (red) peaks appearing at coordinates cor-
responding to the two diagonal and the two off-diagonal peaks
witness a simultaneous ultrafast decay of the overall 2D map. It
is also worth noticing that this is the dominant component for
the cross peaks, while for the diagonal ones, longer components
are more relevant (see also Figure S5, Supporting Information).
These dynamics are attributed to the ultrafast dephasing of the
coherent superposition of the plexcitonic states instantaneously
prepared by the exciting pulses (Figure 3f). This interpretation
would imply the establishment of coherent interactions between
plexcitons, which, as discussed before, should lead to the pres-
ence of quantum beatings in the signal amplitude at cross-peak
positions. These beatings were effectively captured and will be
addressed in the next section.

The second time constant of 55 fs has a DAS dominated by
a strong negative (rising) signal at an emission frequency of
≈17 000cm−1, in between LPR and UPR, and a broad range of ex-
citation frequencies (Figure 3d). This DAS captures the progres-
sive increase of signal amplitude at an emission coordinate in be-
tween the two plexciton resonances in a sub-100 fs timescale. It
also explains the reduction of the frequency gap between UPR
and LPR in the same timescale as represented in Figure 3b:
the two main diagonal peaks seem to get closer over time due
to the effect of the growth of this signal at intermediate fre-
quencies. The time constants are also very similar (40 and 55
fs for Figures 3b and 3d, respectively). Therefore, the results in
Figure 3b,d are two different representations of the same non-
linearity, whose origin can be deduced from the signal distribu-
tion in the DAS. Indeed, the horizontally elongated negative peak
dominating the DAS in Figure 3d indicates a transfer of excitation

density from the states initially populated by the pulse to states
falling at 17 000cm−1, most likely dark states having the same
frequency as the molecular excitons. We thus attribute these dy-
namics mainly to the localization of the excitation on molecular-
like dark states (Figure 3g). The transfer of energy from plexciton
states, especially from UPR, to dark states in hundreds of fs or
less has already been observed in other systems.[20,65–67] Here, we
observe a transfer from both UPR and LPR, as witnessed by the
broad range of excitation frequencies characterizing the negative
blue feature in the DAS of Figure 3d. These findings agree well
with recent observations suggesting that the redistribution of the
population between UPR and LPR is strongly affected by the pres-
ence of a dense manifold of dark and bright states in between
them, including plasmon resonances of the bare nanoparticle
moieties.[24,60,68,69] In addition to that, one should consider that
the exciting pulse, together with plexcitons, can also directly ex-
cite the plasmon resonance of the NUs’ moiety. As described be-
fore, after photoexcitation, plasmons might undergo redshift and
broadening even when J-aggregates are present on the nanoparti-
cle surface. This transient change in the plasmon resonance can
affect the plasmon-exciton detuning and the Rabi splitting, con-
tributing to the trend shown in Figure 3b. Although the com-
parison with bare NUs suggests that this process should be acti-
vated in a slightly longer timescale (≈125 fs, see Figure S9, Sup-
porting Information), its contribution cannot be completely ruled
out, and the current analysis does not enable the different mech-
anisms to be distinguished from one another.

The time constant and the signal amplitude distribution asso-
ciated with this relaxation process overlap with the typical signa-
tures expected for Rabi contraction and hinder the identification
of their possible contribution. Thus, while the presence of Rabi
contraction cannot be excluded, it surely does not represent the
main contribution to the behavior of the nanohybrids in the cur-
rent experimental conditions.

Last, the DAS associated with the longest time constant (>400
fs, Figure 3e) captures all the processes that cause a decay of
the transient signal in a timescale longer than the investigated
time window, including the final relaxation to the ground state
(Figure 3h). Interestingly, this DAS presents a residual non-
negligible signal amplitude also at cross coordinates. While the
majority of the intensity at non-diagonal positions decays with
the first shorter ultrafast time constant, the presence of this resid-
ual signal amplitude evolving with the same dynamics of the di-
agonal peaks might suggest that the transitions giving rise to the
two diagonal peaks are still coupled through a common ground
state. This implies that, to a certain extent, excitons and plasmons
are still coupled strongly enough; plexciton states are still eigen-
states for the system; and therefore, the excitation is still shared
among the plasmon and the molecular moieties, at least within
the duration of the investigated time window (400 fs).

2.3.2. Coherent Dynamics and Beatings Analysis

The presence of coherent dynamics in the 2DES response is man-
ifested as beating in the signal amplitude as a function of t2.[61]

We are particularly interested in the possible presence of beat-
ings at cross-peak positions because this would represent the
embodiment of coherent interactions between the two plexciton

Adv. Optical Mater. 2023, 2203010 2203010 (6 of 10) © 2023 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 4. Beating analysis in the 2DES response of nanohybrids. a) Purely absorptive signal decays extracted at coordinates (16 200, 17 900 cm−1, cyan
circle in Figure 3a) in four different sets of measurements (thin colored lines) and their average (thick black line). b) Power spectrum of the beatings
in the purely absorptive 2DES signal of nanohybrids. c) Normalized amplitude distribution map (absolute value 2D-CAS[42]) obtained from the global
fitting of the rephasing signal relative to the oscillation with central frequency 1410 cm−1 and damping time 16 fs. d) Same as (c) for the non-rephasing
signal.

branches. As an example, Figure 4a reports the signal amplitude
at the upper diagonal cross peak (cyan circle in Figure 3a at co-
ordinates 16 200, 17 900 cm−1) in four different sets of measure-
ments and their average. The data confirm the presence of repro-
ducible quickly damped oscillations.

The quickest way of analyzing the beating behavior of the
2DES signals is by performing a Fourier spectrum of coherences
or power spectrum.[70–72] The power spectrum is obtained by
Fourier transforming the 2DES maps over t2 after integration
over the excitation and emission frequencies. Therefore, the spec-
trum captures the main components contributing to the overall
beating behavior of the whole 2D maps. The power spectrum rel-
ative to the purely absorptive 2DES data of the nanohybrids is re-
ported in Figure 4b, where a clear signal at ≈1400 cm−1 is emerg-
ing above the noise threshold.

A more detailed picture can be extracted from the same global
fitting analysis applied before, which can also provide informa-
tion on the frequency, amplitude distribution, and time evolu-
tion of the beatings.[42] The fitting correctly identified the pres-
ence of a beating component at 1410 cm−1 characterized by a

damping time of 16 fs. The distribution of this coherent sub-100
fs signature in the 2DES maps can be visualized in the form of
2D-CAS (two dimensional coherence-associated spectra), analo-
gous to the previously discussed 2D-DAS. The signal distribution
in the 2D-CAS is strongly dependent on the nature of the states
involved in the coherent superposition whose evolution in time
gives rise to that specific beating component. Specific protocols
exist to assess the nature of this coherence, mainly based on the
comparison between the signal amplitude in the rephasing and
non-rephasing portion of the signal.[61,73] In our case, the CAS
associated with the 1410 cm−1 beating component shows signifi-
cant amplitude only at cross-peak positions in the rephasing data
(Figure 4c) and at diagonal positions in the non-rephasing spectra
(Figure 4d). This is a very peculiar signal distribution typical for
coherent superpositions of two electronic states,[28,61,73,74] which
further supports the attribution of the beatings to an LPR-UPR
cross-interaction.

This attribution is also supported by the central frequency of
the beatings that agrees well with the initial value of the frequency
difference between UPR and LPR (ΩR). Indeed, if the beatings

Adv. Optical Mater. 2023, 2203010 2203010 (7 of 10) © 2023 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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represent the time evolution of a coherent superposition of UPR
and LPR, their oscillation frequency must correspond to the fre-
quency difference between the two states.

Furthermore, the dephasing time of this coherent beating fol-
lows the same timescale captured by the first ultrafast time de-
cay component, previously attributed to the loss of coherence of
the initially photogenerated coherent plexcitons. It is also impor-
tant to highlight that; although this dephasing time is very short,
the well-defined signal distribution, the specific frequency, the
reproducibility across different experiments, and the absence of
similar features in the control samples rule out dominating con-
tributions by pulse overlap artifacts.

3. Discussion

The abovementioned findings clearly highlighted that the ultra-
fast dynamics in the studied colloidal nanohybrids are initially
driven by coherent interactions, followed by photoinduced inco-
herent population relaxation processes.

Indeed, it is possible to clearly distinguish a time range, cov-
ering about the first 40–50 fs after photoexcitation, during which
the system evolves as a coherent superposition of UPR and LPR.
This coherent regime is witnessed by the presence of significant
off-diagonal signals at cross coordinates with respect to the diago-
nal UPR and LPR signals and by beatings in the signal amplitude,
characterized by a well-defined frequency corresponding exactly
to the separation between the two states. We found that the de-
phasing time of the coherent beatings matches the kinetic con-
stant dominating the decay of cross-peaks, supporting the com-
mon origin and the interpretation of these two observables. So
far, evidence for coherent dynamics in exciton polaritonic sys-
tems in the Vis range has been reported only in the case of solid-
state systems built on ordered nanoslits arrays.[17] A recent study
performed, applying 2DES to colloidal plexcitonic nanoparticles
made by TDBC J-aggregates assembled on Ag nanoprisms, esti-
mated a dephasing time for coherent phenomena in the order of
1.7–16 fs based on absorption bandwidths, but no direct observa-
tion of coherent beating was reported.[20] In that case, the detun-
ing between the plasmon and the exciton resonances leads to an
overestimation of the Rabi splitting and of the coupling regime,
which should instead be placed in the intermediate regime (i.e.,
on the border of Fano interference and strong coupling leading
to plexcitonic states[75,76]) because the condition 2ΩR > 𝛾TDBC +
𝛾NUs was not fulfilled. The effective formation of coherent plex-
citon states was clearly a necessary condition to capture the beat-
ings and measure a direct manifestation of coherent dynamics,
but this condition was particularly arduous to be achieved with
colloidal plasmonic nanoparticles, characterized by high values
of dephasing rates 𝛾 . Indeed, high values of 𝛾 require high val-
ues of ΩR in order to achieve the 2ΩR > 𝛾TDBC + 𝛾NUs inequality.
On the one side, this leads to more demanding experimental cou-
pling conditions between nanoparticles and dyes; in our case, de-
spite their high 𝛾 , NUs are particularly suited to establish strong
coupling with dyes because of the strong field enhancement ef-
fect at the tips.[32] On the other side, considering that the coher-
ent beating frequency corresponds to the frequency gap between
the two plexcitonic branches (i.e., ΩR), high values of ΩR require
very demanding time resolution to resolve the beatings, and this
explains why conventional pump and probe measurements with

100 fs time resolution so far failed to capture coherent dynam-
ics in these colloidal systems. These considerations confirm that
the coherent regime is particularly elusive to be caught in col-
loidal nanohybrids and that a careful design of the nanohybrids
and suitable time resolutions are needed to unveil coherent be-
haviors.

To further support this claim, we prepared and analyzed other
samples of NUs-based plexcitonic nanoparticles where, by modu-
lating the dye concentration during the nanohybrids preparation,
an intermediate coupling regime where 2ΩR < 𝛾TDBC + 𝛾Nus, was
achieved, similar to what was obtained in ref. [20]. The results,
summarized in Note S3 and Figures S10–S12, Supporting Infor-
mation, confirm that the dynamics in these cases are dominated
by incoherent processes, including relaxation from UPR to dark
states and to LPR, in agreement with previous literature.[20] As
predicted for samples in the intermediate regime, for these sys-
tems, the 2DES response does not present signatures for quickly
decaying cross peaks nor are quickly damped beatings ascribable
to coherent dynamics of an LPR-UPR superposition.

Coming back to the strongly coupled systems, after the
first 40–50 fs, the coherent interaction between plexcitons gets
damped concomitantly with the progressive appearance of an in-
coherent relaxation phenomenon that localizes population into
states falling at a frequency intermediate between UPR and LPR,
most likely exciton-like dark states (Figure 3d,g). This result
agrees with other recent works suggesting that the presence of
a rich manifold of dark or bright states in between UPR and LPR
strongly affects the relaxation dynamics of nanohybrids in the
hundreds fs time range. Indeed, it was recently proposed that
for exciton–polariton microcavity systems, the presence of inter-
molecular couplings or differences in bandgaps originates mani-
folds of closely spaced, non-degenerate dark or bright eigenstates
in between UPR and LPR, which cascade energy.[60] Analogously,
for colloidal nanohybrids, it was demonstrated that the presence
of a reservoir of intermediate energy states causes a redistribu-
tion of the population among UPR and LPR.[8,24] These findings
challenge the conventional picture of two well separated and in-
dependent UPR and LPR branches and call for more attention to
the description of the manifolds of eigenstates emerging at in-
termediate energies between them as a consequence of the ener-
getic disorder of the individual chromophores and the couplings
among them and with the plasmonic nanoparticles.

4. Conclusion

The characterization of the ultrafast dynamics of colloidal plexci-
ton materials is a necessary achievement to allow their effective
application in quantum-nano-photonics but has remained am-
biguous in the current state of the field because of the challenging
nature of this task. In particular, coherent dynamics have never
been captured in solutions of colloidal plexcitonic nanohybrids.
Here we report the first direct experimental observation of the co-
herent dynamic behavior of plexcitonic resonances in water solu-
tions of colloidal nanohybrids built by coupling gold nanourchins
and J-aggregates of the molecular dye TDBC. To this aim, we took
advantage of the well-known sensitivity of 2DES to dynamics of
coupled states and coherent dynamics.

Solid experimental proofs of ultrafast coherent dynamics
among plexciton branches were measured in nanohybrids de-
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signed to achieve the so-called “strong coupling” conditions be-
tween the plasmonic and the molecular moieties. The compari-
son with the optical response measured for the uncoupled com-
ponents further supported the pivotal role of fulfilling this regime
necessary for the formation of hybrid plexcitonic states.

Overall, these results represent an important piece of infor-
mation toward a more thorough comprehension and the possi-
ble control of the mechanisms regulating the ultrafast coherent
dynamics in such nanohybrids and toward the development of
quantum technologies where the establishment of plexciton res-
onances can be effectively exploited to modulate the dephasing
of quantum coherence.

5. Experimental Section
Synthesis of Gold NUs and Preparation of Plexcitonic Nanohybrids:

Citrate-capped gold NUs were prepared by following a modified
procedure[31] as previously described.[5] TDBC (5,6-Dichloro-2-[[5,6-
dichloro-1-ethyl-3-(4-sulfobutyl)-benzimidazol-2-ylidene]-propenyl]-1-
ethyl-3-(4-sulfobutyl) benzimidazolium hydroxide, inner salt, sodium salt)
was purchased by Few Chemicals and used without further purification.
Nanohybrids were prepared by adding 200 μL of a 1 mm TDBC solution
(J-aggregates form at this concentration) to 400 μL solution of NUs,
which had a plasmon peak extinction of value 0.3 (the optical path of
the cuvette was 1 mm), corresponding to an estimated concentration of
≈40 nm. The solution was left reacting overnight; and the day after, gently
sonicated before measurements.

TEM Measurements and Extinction Spectra: TEM analysis was per-
formed with a Jeol 300 PX electron microscope and the collected images
were analyzed with ImageJ software. A detailed procedure for the calcu-
lation of NUs diameters was reported previously.[5] The error associated
with the reported diameter values is the half-width-at-half-maximum of the
Gaussian fit (Figure S1, Supporting Information). Extinction spectra were
recorded with a Cary 5000 spectrophotometer.

Measurements: 2DES measurements were performed in the fully non-
collinear BOXCARS (photon echo) geometry using a previously described
setup.[77] Briefly, the output of an 800 nm, 3 kHz Ti:Sapphire laser system
(Coherent Libra) was converted into a broad visible pulse in a non-collinear
optical amplifier (Light Conversion TOPAS White). The transform-limited
condition for the pulses at the sample position was achieved through a
prism compressor coupled with a Fastlite Dazzler pulse shaper for fine
adjustment. The 2DES experiment relied on the passively phase stabilized
setup, where the laser output was split into four identical phase-stable
beams (three exciting beams and a fourth beam further attenuated of
three orders of magnitude and used as Local Oscillator, LO) in a BOX-
CARS geometry using a suitably designed 2D grating. Pairs of four CaF2
wedges modulate time delays between pulses. One wedge of each pair was
mounted onto a translation stage (Aerotech ANT-95) that regulated the
thickness of the medium crossed by the exciting beam and provided a tem-
poral resolution of 0.07 fs. Delay times t1 (coherence time between first
and second exciting pulse), t2 (population time between second and third
exciting pulse), and t3 (rephasing time between the third exciting pulse
and the emitted signal) were defined. The rephasing and non-rephasing
parts of the signal could be recorded by acting on the pulse sequence. The
purely absorptive signal was then calculated as the sum of the rephasing
and non-rephasing signals.[77] The outcome of the experiment was a 3D
array of data describing the evolution of 2D frequency–frequency (rephas-
ing, non rephasing or purely absorptive) correlation maps as a function of
t2. In each map, the excitation and emission frequency axes were obtained
by Fourier transforming t1 and t3, respectively.

The laser spectrum was centered at 17 390 cm−1 (575 nm) to cover
both plexcitonic branches. The pulse duration, optimized through FROG
measurements, was compressed down to 10 fs, corresponding to a spec-
tral bandwidth of ≈3330 cm−1 (Figure S6, Supporting Information). t2 was

scanned from 0 to 400 fs with steps of 7.5 fs while the coherence time (t1)
from 0 to 125 fs was in steps of 3 fs. The energy of the pulse at the sample
position was set to ≈5 nJ per pulse. For each sample, measurements were
repeated three times to guarantee reproducibility. Steady-state absorption
spectra were acquired before and after each scan to control that no sample
degradation had occurred during the 2DES measurements.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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