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Understanding the exact role of each plasmon decay channel in the plasmon-exciton interaction is
essential for realizing the translational potential of nanoscale plexciton hybrids. Here, using single-particle
spectroscopy, we demonstrate how a particular decay channel, chemical interface damping (CID), influ-
ences the nanoscale plasmon-exciton coupling. We investigate the interaction between cyanine dye
J-aggregates and gold nanorods in the presence and absence of CID. The CID effect is introduced via
surface modification of the nanorods with 4-nitrothiophenol. The relative contribution of CID is systema-
tically tuned by varying the diameter of the nanorods, while maintaining the aspect ratio constant. We
show that the incorporation of the CID channel, in addition to other plasmon decay channels, reduces
the plasmon-exciton coupling strength. Nanorods' diameter-dependency measurements reveal that in
the absence of CID contribution, the plasmon mode-volume factor gradually dominates over the
plasmon decoherence effects as the diameter of the nanorods decreases, resulting in an increase in the
plasmon—-exciton coupling strength. However, the situation is entirely different when the CID channel is
active: plasmon dephasing determines the plasmon-exciton coupling strength by outweighing the
influence of even a very small plasmon mode-volume. Most importantly, our findings indicate that CID
can be used to controllably tune the plasmon—exciton coupling strength for a given plexciton system by
modifying the nanoparticle’'s surface with suitable adsorbates without the need for altering either the
plasmonic or excitonic systems. Thus, judicious exploitation of CID can be tremendously beneficial in tai-
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dichalcogenides”™ has gained tremendous interest due to its

potential applications in various fields such as ultrafast reversible
14,15

Introduction

The interaction of localized surface plasmons (LSP) in metal
nanostructures with excitons in organic dye molecules,"™
semiconductor quantum dots®® and transition metal
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ization of gold nanorods, ensemble-level extinction spectra of NR samples
before and after surface modification, determination of the linewidth in ensem-
ble-level extinction spectra using multi-peak fitting, sample preparation for SERS
measurements and results, preparation of plexciton hybrids, sample preparation
for single-particle dark-field scattering and data acquisition, the effective path
length of electrons (l.¢) deciding the contribution of different damping channels
to total plasmon decay, fitting of UPB and LPB energies according to the
coupled oscillator model and estimation of Rabi splitting, explanation of higher
Rabi splitting in ensemble-level extinction spectra as compared to single-particle
dark-field scattering measurement, competing roles of the plasmon mode
volume (Vipode) and plasmon dephasing in controlling plasmon-exciton coup-
ling, determination of the number of J-aggregates interacting with nanorods
prior to and after the surface modification with 4-NTP, a comparative CID effect
of CTAB and 4-NTP, investigation of the role of near-field enhancement in
plasmon-exciton coupling, and incident light polarization dependence of Rabi
splitting. See DOIL: https://doi.org/10.1039/d3nr04013e
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switching,'®"* light harvesting,”® quantum computing*"® etc.
The development of a predictive understanding of the factors con-
trolling the plasmon-exciton coupling strength is very important
and a prerequisite to expand the utility of plexcitonic systems for
real-life applications. The strong spatiotemporal field confine-
ment capability of plasmonic metal nanostructures (which are
essentially open cavities) in a sub-diffraction-limit length scale,
accompanied by high dipole moments>'®"” of the excitonic
systems, can even drive the plasmon-exciton interaction to the so
called “strong coupling” regime.'”2° Such plasmon-exciton coup-
lings are found to be stronger than the coupling between excitons
and the cavity modes of a conventional microcavity (i.e., closed
cavity) although metal nanoparticles have much poor quality
factor (Q < 100).>' The metal nanostructure acts as an open cavity
and interacts with the exciton to produce two completely new
polaritonic modes, upper plexciton branch (UPB) and lower plex-
citon branch (LPB), and they show avoided crossing behavior as a
function of LSPR detuning.>'®** The energy difference between
UPB and LPB at zero detuning gives the Rabi splitting (AQgqp;),
which is a measure of the extent of coupling between plasmons
and excitons.
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The plasmon-exciton interaction is generally described
classically using the coupled oscillator model,>**” which says
that the plasmon-exciton coupling strength depends on the
plasmon-exciton energy exchange rate and the decay rate of
the plasmon excitation. Strong coupling is achieved when the
rate of energy exchange between them is faster than their dissi-
pation (dephasing) rate. Hence, a thorough comprehension of
the impact of plasmon dephasing on the plasmon-exciton
coupling is extremely important. Plasmon dephasing can take
place through four damping (or decay) channels, which indivi-
dually contribute to the total plasmon homogeneous linewidth
(r"°™°) and they are (i) bulk damping (I, (ii) radiation
damping (I™9), (iii) electron-surface scattering damping (I'*"*)
and (iv) chemical interface damping (I"“'?).>*3!

rhomo — I—-bulk +I—-rad +1—~surf +I—-CID (1)

Bulk damping is the scattering of electrons with thermal
phonons and impurities, which finally transforms the
absorbed energy into heat. Usually, these scattering efficien-
cies are the same as bulk metals and free from any kind of size
and shape dependencies.’” Radiation damping arises due to
far-field light scattering, and electron-surface scattering
damping describes the scattering of excited electrons at the
surface of the nanaopartcles.”**** CID describes the direct
transfer of the interfacial hot-electron from a metal to a mole-
cule present on the nanoparticle’s surface.”®**® Although
plasmon decay channels greatly influence the plasmon-
exciton interaction at the nanoscale, proper study about them
is still unavailable other than a very few theoretical and experi-
mental investigations.'>*>?773% Although the investigations
into the role of other decay channels in influencing various
properties of metal nanoparticles, including plasmon-exciton
coupling, have been initiated in recent years,'****”*° CID is
probably the least explored and understood one.*' Unlike the
contribution of other plasmon decay channels (™', ™9, and
") to the overall homogenous linewidth, the contribution of
CID is not fixed for a nanoparticle of a given size and shape;
the contribution of CID to the overall homogenous linewidth
can be systematically tailored for a given nanoparticle simply
by changing the chemical interface.*®*°** Developing a pre-
dictive comprehension of the role of CID in influencing
plasmon-exciton coupling is therefore crucial from both a fun-
damental and translational standpoint. Here in this paper,
using single-particle dark-field microspectroscopy, we investi-
gate the impact of CID on plasmon-exciton coupling. Here,
CID is introduced by nanoparticle’s surface modification using
4-nitrothiophenol (4-NTP). We synthesized three nanorod
samples of different average lengths and diameters but identi-
cal aspect ratios (ensures identical LSPR positions) and
measured homogeneous linewidths of each nanorod having
different chemical interfaces. This allows us to estimate the
contribution of CID to the overall linewidth of each of the
nanorod samples. In line with previous results, we find that
the larger the diameter of the nanorod, the lower is the contri-
bution of CID.*" To explore the effect of the CID channel on
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the strength of plasmon-exciton coupling, plexciton hybrids
comprising of J-aggregates of the cyanine dye Cy78 and gold
nanorods, both surface modified and unmodified, were pre-
pared and studied. Both ensemble-level extinction and single-
particle level dark-field scattering experiments show a consist-
ent decrease in the plasmon-exciton coupling extent (Rabi
splitting values) after incorporation of the CID channel. The
decrease in plasmon-exciton coupling strength is found to go
hand in hand with the observed trend in the contribution of
CID to the overall homogenous linewidth. Most importantly,
our findings indicate that this additional damping channel
can be used to tune the plasmon-exciton coupling strength for
a given plexciton system by modifying the nanoparticle’s
surface with suitable adsorbates, without the need for altering
either the plasmonic or excitonic systems.

Results and discussion

We synthesized three gold nanorod samples (NR1, NR2, and
NR3) having different diameters (d) but identical aspect ratios
(AR) shown in Fig. 1a-c. The reason for keeping the AR con-
stant is to ensure that all three nanorods show an identical
LSPR position.** Maintaining identical LSPR positions for all
the different nanorods is essential to exclude any indirect
effect of particle size and shape through LSPR maxima in the
plasmon-exciton coupling. The detailed procedure for
nanorod synthesis is provided in section S1 of the ESL.{ The
dimensional parameters of the nanorod samples have been
measured using a transmission electron microscope (TEM)
and are listed in Table S1 in section S2 of the ESI.{ The dia-
meters (d) of the Au NRs follow the order dygi < dngrz < dngrs
and they fall in different plasmon dephasing regimes. Usually,
the effect of CID on plasmonic nanoparticles’ optical pro-
perties is best observed using substituted aromatic thiols
because of the strong affinity of the thiol (-SH) group toward
gold and their capability of substantially altering the electron
density of the metal nanoparticle surface via a judicious
choice of substituents on the aromatic ring.***! This soft-soft
binding between the gold surface and sulfur is essential for
the formation of the required hybridized surface states
between the adsorbate and gold nanoparticle surface that
facilitates the direct transfer of hot charge carriers.>® In this
study, we used 4-nitrothiophenol (4-NTP) to realize the CID

il | &
I |

Fig.1 TEM images of three synthesized gold nanorods: (a) NR1, (b)
NR2, and (c) NR3. In each case, the scale bars represent 50 nm. The dia-
meter of the Au nanorods increases from NR1 to NR3, but their aspect
ratios are identical.

This journal is © The Royal Society of Chemistry 2023
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effect. The LSPR maxima of all three Au NRs were chosen to be
~650 nm because the exciton used (J-aggregates of Cy78)
shows a plexciton transparency dip at ~650 nm when coupled
to a plasmonic system.”* Choosing the LSPR of all the nano-
rods identical and coinciding the plexcitonic dip wavelength
allows us to measure the Rabi splitting directly from the
extinction spectra.

Before going into the detail about the effect of CID on
plasmon-exciton coupling, let us first discuss the LSPR pro-
perties of the Au NRs and how CID influences their LSPR
spectra. Fig. S2 (in section S3 of the ESIt) shows the ensemble-
level extinction spectra of three nanorods, before and after the
addition of 4-NTP. The linewidths (I'ex; for longitudinal mode)
of CTAB-capped NR1, NR2, and NR3 (centrifuged and redis-
persed in water) were extracted through multipeak fitting (see
section S4 of the ESIf) and were found to be 358 meV,
355 meV, and 368 meV, respectively (Table 1). Next, we added
1 pmol of 4-NTP to each of the three NR solutions and incu-
bated them at room temperature for 8 hours. This led to the
attachment of 4-NTP onto the gold nanorod surface.
Attachment of 4-NTP onto the Au nanorod surface was con-
firmed via surface enhanced Raman scattering (SERS) spec-
troscopy (see section S5 of the ESIT for details). The surface
modification by 4-NTP results in a broadening of the LSPR line-
width, accompanied by a slight redshift of 2-3 nm. The amount
of line broadening was found to be nanorod’s diameter depen-
dent. The linewidths (I'$P; for longitudinal mode) of 4-NTP
modified NR1, NR2, and NR3 are found to be 400 meV,
384 meV, and 380 meV, respectively (Table 1). From Table 1, it
is obvious that the LSPR linewidth concomitantly increases with
a decrease in nanorods’ diameter upon surface modification of
Au NR with 4-NTP. Since, in our experiment, we are changing
only the adsorbate, the observation of such a size-dependent
increase in the nanorod’s LSPR linewidths on exchanging CTAB
with 4-NTP is a clear indication of chemical interface damping
of plasmon excitation.’’*®*® The largest AICP (= [AR-NTP _

ext ext
I'"®) is obtained for NR1, which has the lowest diameter

ext
(~12 nm), while the smallest ATSPP is obtained for the nanorod

ext
having the largest diameter i.e., NR3 (~40 nm) (Table 1).

These results suggest that CID is substantial in NR1 but
insignificant in the case of NR3 and is in line with previous
studies.®" At this point, we note that the 2-3 nm redshift in
LSPR positions on addition of 4-NTP can be attributed to an
increased local refractive index (RI) of the medium surround-
ing the nanorod surface and the electron withdrawing ability

of 4-NTP.*!

Table 1 LSPR linewidths of different gold nhanorod samples
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Next, we prepared the plexciton hybrids of each Au nanorod
(CTAB-capped as well as 4-NTP modified) sample using a
J-aggregate forming cyanine dye, (5-chloro-2-[2-[5-chloro-3-(4-
sulfobutyl)-3H-benzothiazol-2-ylidenemethyl]-but-1-enyl]-3-(4-
sulfobutyl)-benzothiazol-3-ium hydroxide, triethylammonium
salt) or Cy78, following our previously developed protocol
(please see section S6 of the ESIf for a brief
description).>'%?>4% The concentration of Cy78 was chosen
such that a saturated coverage of dye J-aggregates on the
nanorod surface is ensured. The saturated coverage of the
nanorod surface with excitons allows us to rationally compare
the coupling strengths of different plexciton hybrids.?* All the
plexciton hybrids show peak splitting (i.e., formation of UPB
and LPB with a transparency dip) of their longitudinal LSPR
mode in their ensemble extinction spectra (Fig. 2a-c and
Table 2). The energy difference (Rabi splitting) between UPB
and LPB values for the plexciton hybrids of CTAB-capped NR1,
NR2, and NR3 is measured to be 264 meV, 231 meV, and
177 meV, respectively. We would like to note here that our
numerical simulations reveal that incident light polarization
has no effect on the Rabi splitting (see the ESI}). This obser-
vation of the monotonous increase in Rabi splitting from NR3-
plexciton to NR1-plexciton can be very well explained by con-
sidering the gradual decrease in plasmon mode-volume from
NR3 to NR1.">>'? Here, the decreasing plasmon mode-volume
(from NR3 to NR1) allows the plasmon-exciton energy
exchange rate to surpass the plasmon decay rates, be it radi-
ation damping or electron-surface scattering. However, when
we look at the extinction spectra of the plexciton hybrids of
4-NTP modified nanorods, the monotonous increase in Rabi
splitting from NR3 to NR1 is no longer observed. In this case,
the Rabi splitting increases from NR3- (163 meV) to NR2-plex-
citon (204 meV) and then suddenly drops for NR1-plexciton
(194 meV) (Fig. 2a—-c and Table 2). We reiterate here that we
repeated these measurements multiple times and obtained the
same trend every time. It is interesting to see that while a prior
surface modification with 4-NTP reduces (compared to the
plexciton hybrids of CTAB-capped Au NRs) the ensemble-level
Rabi splitting of NR3- and NR2-plexciton by 14 meV and
27 meV, respectively, it reduces the Rabi splitting of NR1-plex-
citon by a massive 70 meV (i.e., by ~27%). These results are
extremely interesting and indicative of the pivotal role of CID
in not only controlling the plasmon decay, but also in dictating
the plasmon-exciton energy exchange.

However, it is important to note here that the linewidths of
LSPR in ensemble-level extinction spectra are severely affected

LSPR linewidth determined from ensemble-level extinction
spectra (meV)

Homogeneous LSPR linewidth obtained from single-particle
scattering spectra (meV)

Samples Without CID (Fey) With CID (I'e) Difference (ATSY) Without CID (Fscac) With CID (I'eR) Difference (AI'om)
NR1 358 400 42 110.8 £ 8.9 129.4 £ 7.3 17.8+£3.9
NR2 355 384 29 95.8 £10.3 105.8 £ 6.3 8.8 £3.7
NR3 368 380 12 141.4£7.0 146.0 £ 6.4 3.3+21

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 Ensemble-level extinction spectra of plexciton hybrids of (a) NR1, (b) NR2, and (c) NR3 with J-aggregates of Cy78 dye. In each case the black
line represents the spectra of the plexciton hybrid of nanorods prior to any surface modification, while the red line represents the spectra of the

plexciton hybrid of 4-NTP modified nanorods.

Table 2 Rabi splitting and change in Rabi splitting of different gold nanorod samples

Rabi splitting (meV)

Ensemble-level

Single-particle level

Samples Without CID With CID Change (%) Without CID With CID Change (%)
NR1 264 194 27 196 £ 5 1505 23+3
NR2 231 204 12 181 +5 156 + 4 14+4
NR3 177 163 8 147 + 4 140+ 3 5+4

by the heterogeneity in the sample, which is almost inevita-
ble in nanoparticles prepared via the wet-chemical route. As
a result, we merely get an average picture in ensemble-level
extinction spectra.>’*®*® To gain a better understanding, we
resorted to single-particle level optical dark-field scattering
microspectroscopy, which is an ideal tool for extracting
unequivocal information regarding the plasmon dephasing
dependency of the plasmon-exciton interaction, since it not
only mitigates out the effect of sample heterogeneity on
linewidth, but also gets rid of other sources of hetero-
geneous line broadening.’® We first immobilized the CTAB-
capped Au nanorods on glass slides, pre-coated with (3-mer-
captopropyl)trimethoxysilane or MPTMS,"”” and recorded
single-particle dark-field scattering spectra using an inverted
microscope (NIKON Ti-2E) coupled to a spectrometer
(Kymera, Andor) and a monochrome sCMOS (Zyla, Andor)
camera. A separate color camera (Nikon) was used to record
the scattering images of the Au nanorods (and their plexci-
ton hybrids). The surface of the Au nanorods was modified
as per the need by flowing the required solutions (see
section S7 in the ESIf for dark-field scattering sample
preparation and data acquisition).

First, the glass slides containing MPTMS-bound Au NRs
were washed multiple times with methanol to remove the
capping agent (CTAB) from the nanorods’ surface to the
maximum extent. Note that in complete agreement with pre-
vious studies, the change in LSPR linewidth due to removal of

17882 | Nanoscale, 2023, 15,17879-17888

CTAB is very less as compared to the 4-NTP modification, indi-
cating that the CID effect of CTAB is negligible compared to
4-NTP (see the ESIT for detailed discussion).*'***® After com-
pletely drying the slide, we recorded the single-particle scatter-
ing spectra of these nearly surfactant-free “clean” nanorods
attached onto the MPTMS coated glass slides. Please note here
that ensemble-level measurements did not have this most
desired “surface-cleaning” part, as that would lead to immedi-
ate aggregation of the nanorods. Each of the acquired scatter-
ing spectra was fitted with the Lorentzian function to deter-
mine the homogenous linewidth. Note that we collected the
individual scattering spectra of a large number of nanorods
for each of the three nanorod samples, viz., NR1, NR2, and
NR3. The corresponding results are depicted in Fig. 3a-c and
described in Table 1. The fitting of the recorded scattering
spectra using a single Lorentzian function gave us the homo-
geneous linewidths (I'Ys,) of the “surface-cleaned” nanorods
as 110.8 + 8.9 meV, 95.8 + 10.3 meV, and 141.4 + 7.0 meV for
NR1, NR2, and NR3, respectively (Table 1). This trend is expect-
edly very similar to what we got for ensemble-level extinction
studies but more striking. The LSPR linewidth increases from
NR2 to NR3 due to the increase in radiation damping contri-
bution owing to an increase in nanorod diameter. On the
other hand, the LSPR linewidth increases from NR2 to NR1
due to an increase in electron-surface scattering owing to a sig-
nificant decrease in the nanorod diameter. After acquiring the
dark-field scattering spectra of a sufficiently large number of

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 Single-particle dark-field scattering spectra of (a) NR1, (b) NR2, and (c) NR3 before surface modification (black) and after surface modification
by 4-NTP (red). Normalized single-particle dark-field scattering spectra of plexciton hybrids of (d) NR1, (e) NR2, and (f) NR3 and J-aggregates of
Cy78 dye. In every case, single-particle dark-field scattering spectra of the nanorod/nanorod—plexciton hybrids before any surface modification and
after surface modification by 4-NTP are represented by black and red lines, respectively.

surface-cleaned Au nanorods (separately for NR1, NR2, and
NR3), a 1 mM methanolic solution of 4-NTP was flowed over
them (i.e., the surface-cleaned Au nanorods attached to the
MPTMS coated glass slides) for 20 minutes, washed with water
and methanol successively, and finally dried. In this case too,
the attachment of 4-NTP onto the nanorod surface was con-
firmed via SERS measurements. Next, the 4-NTP-coated nano-
rods were subjected to single-particle dark-field scattering
experiments. Note that we recorded the scattering spectra of
the same nanorods before and after 4-NTP coating (see section
S7 of the ESIT for details). Fig. 3a-c show the representative
single-particle scattering spectra of NR1, NR2, and NR3 before
and after 4-NTP coating. It is apparent from Fig. 3a—c that
upon surface modification with 4-NTP, (i) the LSPR linewidth
increased for all three nanorods (also see Fig. 4a) (ii) LSPR
maxima slightly red-shifted, and (iii) the scattering intensities
decreased, indicating an increase in overall damping rate for
all three NR samples. The linewidths (IT5 N ") for 4-NTP
coated NR1, NR2, and NR3 were extracted by fitting the scatter-
ing spectra with the Lorentzian function. I, ™" values for
4-NTP coated NR1, NR2, and NR3 are found to be 129.4 +
7.3 meV, 105.8 + 6.3 meV and 146.0 + 6.4 meV, respectively.
The changes in LSPR linewidths for each of the nanorod
samples upon surface modification with 4-NTP are provided in
Table 1. A massive 16% increase in the LSPR linewidth is
observed for NR1. Note that neither the modification of the
nanorod’s electron density nor the change of local RI due to

This journal is © The Royal Society of Chemistry 2023

surface modification can account for such a large change in
the linewidth.*'*® Therefore, the possible role of CID behind
the alteration of the LSPR linewidth must be carefully investi-
gated. In fact, since we are only changing the molecule on the
surface, while keeping all other conditions identical, the
change in the linewidths of Au NRs have to be due to a change
in CID contribution. In other words, the change in linewidths
due to CID is I'¢2 = [NR-NTP _ ™NR Brom Table 1, we can see

scat scat scat*
that AT'S® monotonically increases from NR3 to NR1. In order
to estimate the contribution of CID (or any other decay
channel) to the overall plasmon linewidths of three nanorods,
we need to correlate the homogenous linewidths with the
dimensional parameters of the nanorods. Persson’s theory is a
well-accepted tool for explaining the change in homogenous
linewidth due to CID.** According to this theory, I'SD = Aqipug/
letr- Here, vy is the Fermi velocity and I is the average distance
an electron travels to reach the surface of the nanorods.*® Acip
is the probability that an electron scattered at the nanorod’s
surface transfers its energy to the LUMO of the molecule
adsorbed at the nanorod surface. Note that [.¢ includes the
dimensional parameters as lg = 4V/S°°°' where V is the
volume and S is the surface area of a nanorod which can be
extracted from the TEM analyses. Fig. 4c clearly shows a linear
dependency of AI'S2 with 1/l.¢ and this explains the observed
variation in the contribution of CID to the overall plasmon
linewidths of three nanorods. Now, as discussed in detail in

section S8 of the ESL, if the explicit expressions of linewidths

Nanoscale, 2023,15, 17879-17888 | 17883
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Fig. 4 (a) Average homogeneous LSPR linewidth obtained from dark-field scattering measurements for three different nanorods. The black tringles
(A) represent the average homogeneous linewidth (I'sca) of NR samples before surface modification, and the red diamonds (#) represent the
average homogeneous linewidth (D) of NR samples after surface modification with 4-NTP. (b) Effective path length () dependent contributions
of different plasmon dephasing channels to the overall homogenous LSPR linewidth (I'omo = I'scat) Of gold nanorods before (black) and after (red)
modification with 4-NTP. The variation of bulk damping ("), radiation damping (I'™9), electron-surface scattering damping (7°“"*) and CID (r°'°)
with 1/l.¢ is shown by black, dark yellow, red, and dark cyan lines, respectively. Individual contributions are as follows, I = 72 meV (nearly con-
stant for the range 1-2 eV), I = hkV/x. From experimental data and linear regression using the equations, I = A, ve/legr and I'°'° = AcipVe/les,
the values of Ags and Acip are calculated. Details regarding this analysis can be found in section S8 of the ESI.{ (c) Change in linewidth (A[‘SCC'QD‘) due
to the CID channel in different Au NR samples as a function of 1/l.¢. Clearly, AI'S/S shows a linear dependency on 1/l and is in agreement with

Persson’s theory.

corresponding to all the decay channels are considered, then
eqn (1) can be written as,

homo _ Foeat = Fls)él;:( iy — /n +Asurva +ACIDVF (2)
Lest Lest

Using eqn (2) and the homogeneous linewidths obtained
from single-particle dark-field scattering measurements, we
extract the contribution of each plasmon decay channel to the
overall plasmon linewidths for each nanorod studied here
(Fig. 4b). The relative contributions of different damping chan-
nels to the overall linewidth are summarized in Table 3 and it
was found that both electron-surface scattering and CID con-
tributions are higher for NR1 as compared to NR2, where the
plasmon dephasing of NR3 is dominated by radiation
damping. From Fig. 4b and ¢, it is evident that the contri-
bution of electron-surface scattering increases inversely with
l.¢r which justifies the higher LSPR linewidth of NR1 as com-
pared to NR2. On the other hand, the linewidth changes very
rapidly with respect to /g in the radiation damping regime,
which makes the linewidth of NR3 go very high. We calculated
the energy transfer probability constants for electron-surface
scattering (Asuf) and CID (Agp) from Fig. 4b using linear
regression. We found A, = 0.21, which is slightly higher than

Table 3 Effective path length (l.¢) dependent relative (%) contribution
of different damping channels to the overall homogenous linewidth
(I'scat) Of different gold nanorod samples

Samples % of IPUk o of 134 9 of IS 9 of 1D
4-NTP modified NR1 51.6 0.9 25.0 12.0
4-NTP modified NR2 76.2 8.4 20.7 9.9
4-NTP modified NR3 65.9 49.5 9.5 3.6
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the value Link et al. reported.’" Similarly, Acp is found to be
0.17, which means the probability of a scattered electron on
the surface transferring its energy to the attached 4-NTP mole-
cule is 17%. For nanorods of different sizes, this probability is
the same as long as the same chemical interface is concerned.
However, for smaller nanorods, the contribution of CID
increases because of the higher efficiency of the electrons
reaching the interface due to smaller .. This is the reason
why we found a larger increase in linewidth due to CID for
NR1 than for NR2. On the other hand, NR3, being in the radi-
ation damping regime, shows negligible sensitivity toward CID
and, as a result, shows a very small amount of increase in line-
width upon surface modification with 4-NTP.

After determining the contribution of CID to the overall
homogeneous linewidth for all three nanorods, we investigated
the influence of CID on plasmon-exciton coupling using
single-particle dark-field scattering microspectroscopy. For
that, we prepared plasmon-exciton composites of the nano-
rods, with and without prior surface modification with 4-NTP.
The same Cy78 dye J-aggregates served the role of excitonic
components in all the plexciton hybrids. Single-particle dark-
field scattering spectra of plexcitonic hybrids of surface unmo-
dified and 4-NTP modified NR1, NR2, and NR3 were recorded.
The UPB and LPB energy values of the recorded spectra were
fitted to the coupled oscillator model as a function of plasmon
detuning (see section S9 in the ESI} for details), and thereby
the Rabi splitting energies (AQg.pi) were determined. The
plasmon-exciton coupling constants (g) were extracted using

the equation 7Qgabi = 1/4g% — (vp — 7e)’/4 at zero detuning.

The anti-crossing behavior of the plexciton modes was
observed in all six cases. All the Rabi splitting values deter-
mined from the single-particle scattering measurements are
shown in Table 2. It is obvious from Table 2 that, like the LSPR

This journal is © The Royal Society of Chemistry 2023
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linewidth, the Rabi splitting values of the plexciton hybrids
obtained from single-particle scattering measurements are
consistently lower than the ensemble-level values.'® This is not
surprising, and the reasons are explained in section S10 of the
ESLt Nevertheless, the trend in Rabi splitting (with and
without CID) obtained via single-particle scattering qualitat-
ively matches well with that obtained from ensemble-level
extinction measurements. The Rabi splitting energies (AQgap;)
for the plexciton hybrids of nanorods before 4-NTP modifi-
cation are found to be AQgapinr1) = 196 + 5 MeV, hQgapiNr2) =
181 + 5 meV and /Qgabinr3) = 147 + 4 meV, (Fig. 5a), while the
coupling constant (g) values for the nanorods before 4-NTP
modification are determined to be 99 meV, 91 meV, and
77 meV for NR1, NR2, and NR3, respectively. Note that the
coupling strengths of all these plexcitonic hybrids are found to
reside within the strong coupling regime as they satisfy the
condition, 2g>> /77" Let us first discuss the
plasmon-exciton interaction strengths of the surface unmodi-
fied nanorods. The Rabi splitting energies obtained from the
nanorods before 4-NTP modification showed a monotonic
trend (Fig. 5a), where NR1 shows the highest value and
NR3 has the lowest value. This trend is quite understandable.
Out of the three nanorods, NR3 has the largest size (and there-
fore the largest plasmon mode-volume, as per the Purcell’s
definition®®) and an extremely large homogenous LSPR line-
width (i.e., the fastest plasmon dephasing rate owing to very
efficient radiation damping). Now, both NR2 and NR1 have
lower homogenous LSPR linewidths than NR3, but NR1 has a
larger linewidth as compared to NR2 because of the strong
contribution coming from electron-surface damping. NR2 falls
in the borderline of radiation damping and the electron-
surface scattering regime, hence one would expect NR2-plexci-
ton to show larger Rabi splitting compared to NR1-plexciton if
the effect of only plasmon dephasing in plasmon-exciton
coupling is considered. On the other hand, the mode-volume

0
200 (a) N (b)
— ' 170 ~ |4
> L Bl O
@ 150 ™ 160 g " ™
€ N E —=
Sl [T RN 3 AN
C:k“’1eo % 150 C}é -40 N
o Before modification ™ s N
= 140 L=After 4-NTP modif. ‘} 1140 < 60 S
NR1 NR2 NR3 15 20 25

5 10
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Fig. 5 (a) Obtained Rabi splitting (A2r,p;) values form dark-field scatter-
ing of plexciton hybrids of NRs without any surface modification (black)
and plexciton hybrids of 4-NTP modified NRs (blue). Clearly, the black
line (before surface modification of Au nanorods) shows a monotonous
decrease of Rabi splitting from NR1 to NR3 (i.e., hQrapinr1) > P2RabiiNR2)
> NQrabi(Nr3), but for the surface modified (with 4-NTP) NR-plexciton
samples (blue line) such a monotonous trend is not observed. Rabi split-
ting of the Au nanorod—plexciton hybrids follows the order hQgrapinr2) >
hQrabitnry > P CRabitnr3)- (D) Change in Rabi splitting energy (AhQgrap:) as
a function of change of linewidth due to CID after the surface modifi-
cation by 4-NTP (ATSD) for different NR samples. The trend appears to
be linear, suggesting that the reduction in coupling strength can be
attributed to the effect of CID.
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of NR1 is much smaller than that of NR2, suggesting that NR1-
plexciton should show larger Rabi splitting compared to NR2-
plexciton.'®?*> The smaller the plasmon mode-volume, the
greater is the extent of energy exchange between plasmons and
excitons. Now, our finding that NR1-plexcition exhibits larger
Rabi splitting compared to NR2-plexciton unequivocally
suggests that the plasmon mode-volume effect overwhelms the
damping effect of electron-surface scattering in NR1, when no
CID is involved. In other words, when there is no involvement
of the CID channel for plasmon decay, the rate of energy
exchange between plasmons and excitons overpowers the
plasmon dephasing rate when the plasmon mode volume is
sufficiently small and drives the plasmon-exciton interaction
to a strong coupling regime.

Now, if we look at the Rabi splitting energies and the coup-
ling constants of the plexciton hybrids of the 4-NTP-modified
nanorods, we found the Rabi splitting values to be 150 + 5
meV, 156 + 4 meV and 140 + 3 meV, for NR1-, NR2-; and
NR3-plexciton, respectively. These values are 23 + 3%, 14 + 4%,
and 5 + 4% lower as compared to the plexciton hybrids of
unmodified Au NRs (see Table 2 for summarized data). More
importantly, the Rabi splitting energies obtained from the NR-
plexcitons after 4-NTP modification of the nanorods showed a
nonmonotonic trend (Fig. 5a), where NR2-plexciton shows the
highest and NR3-plexciton shows the lowest Rabi splitting
value. The observation of such a drastic change in the
plasmon-exciton coupling strength due to surface modifi-
cation of nanorods by 4-NTP is quite interesting and thought
provoking.

When we plot the decrease in Rabi splitting energy (due to
4-NTP modification of the NR surface) as a function of AI'ow
for different nanorod-plexciton samples (Fig. 5b), a linear
dependency between the two is observed. Fig. 5b clearly shows
that the Rabi splitting energy decreases purely because of CID.
A comparative analysis of Fig. 4 and 5 clearly reveals that the
CID-mediated change in Rabi splitting energies for NR-plexci-
ton and the change in the nanorod’s homogenous linewidth
(ArgD), due to the incorporation of the CID channel, go hand
in hand. It is obvious from Table 2 and Fig. 5b that NR1 shows
the largest reduction in plasmon-exciton coupling strength.
This is due to the largest increase in the plasmon dephasing
rate in NR1 due to CID (Fig. 4a and b). On the other hand,
4-NTP modification of NR3 manifests the minimum change in
plasmon-exciton coupling strength as the LSPR linewidth of
NR3 is the least affected by the CID effect (see Tables 1, 2 and
Fig. 4c, 5b). Now the pertinent question here is, unlike the
case of surface-unmodified nanorods, why does NR2-plexciton
exhibits larger Rabi splitting than NR1-plexciton when their
surfaces are pre-modified with 4-NTP? As explained in the
earlier section for surface-unmodified NR1 and NR2 (ie., in
the absence of the CID effect), smaller plasmon mode-volume
of NR1 overpowers the plasmon decoherence effects to display
stronger plexciton coupling than NR2.'® The completely con-
trasting behavior of plexciton coupling between NR1 and NR2
when their surfaces are pre-modified with 4-NTP clearly
suggests that due to the larger CID in NR1 (than NR2),
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plasmon dephasing comprehensively overpowers the effect of
the smaller plasmon mode-volume of NR1 and reduces the
plasmon-exciton coupling strength of NR1-plexciton even
lower than NR2-plexciton. This result suggests that the pres-
ence of the significant contribution of CID to overall plasmon
dephasing can become the controlling factor in determining
the plasmon-exciton coupling strength even when the
plasmon mode-volume is quite small (please see section S11
of the ESIf for a detailed discussion). We would like to
mention here about a possibility that the reduction in Rabi
splitting might have arisen due to the fact that the attached
4-NTP molecules on the nanorod surface could hinder the for-
mation of J-aggregates of Cy78 (exciton in our case) on the
surface of nanorods. In such a scenario, due to the lower
number (N) of excitons on the surfaces coherently interacting
with the longitudinal surface plasmon mode of the nanorods,
the Rabi splitting (Agap;) would decrease since the coupling
constant g oc /N.>” However, if the reduction of Rabi splitting
would occur because of a smaller number of interacting exci-
tons, then a dependence of the change in Rabi splitting on the
surface area of gold nanorods must have been observed, i.e.
NR3 would show the maximum drop in Rabi splitting, while
the change would be the least for NR1. But our results categ-
orically disprove such a possibility. Also, we calculated the
amount of unabsorbed Cy78 monomer in the solution after
the plexciton hybrid formation with and without 4-NTP modi-
fied nanorods (see section S12 in the ESIf for details). We
found the values to be very similar in both the cases. Thus, the
decrease in Rabi splitting after surface modification with
4-NTP cannot be attributed to a reduced number of excitons,
but rather to the effect of the enhanced plasmon dephasing
rate via the CID channel.

Before concluding, we would like to draw the attention of
the reader to one very interesting outcome of this study. A plas-
monic system with a given size and shape has a pre-defined
plasmon dephasing (bulk, radiation damping, and electron-
surface scattering) rate and mode-volume. Thus, for a given set
of plasmonic nanostructure and excitonic systems, the “satu-
rated” Rabi splitting is pretty much fixed. In other words, it is
not possible to tune the strength of the “saturated” plexciton
coupling without changing either the excitonic system
altogether, or the dimensional parameters of the plasmonic
nanostructure. Interestingly, the results of this work suggest
that it is possible to tune the plexciton coupling strength by
tuning the CID contribution to the overall plasmon decay rate
via suitable selection of adsorbate, without the need to change
the plasmonic or excitonic systems.

Conclusions

In conclusion, we have demonstrated how chemical interface
damping impacts the coupling between two quasiparticles,
plasmons and excitons, at the nanoscale. Three different gold
nanorods having different diameters but identical aspect
ratios have been used as plasmonic systems, while J-aggregate
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of a cyanine dye, Cy78, has been used as the excitonic system.
The CID channel is introduced within the plasmonic system
by surface modification of the Au nanorods with 4-nitrothio-
phenol. The single-particle dark-field scattering microspectro-
scopy measurements revealed that upon 4-NTP modification,
different Au nanorods exhibit different extents of CID contri-
bution in their homogenous linewidth depending on the
effective path length (l) of the nanorods. The thinnest
nanorod (NR1) is found to be the most responsive to the
change in the chemical interface, as electrons can reach the
surface faster in this case compared to other nanorods. The
interaction between the exciton resonance of the cyanine dye
J-aggregates with the gold nanorods’ LSPR has been probed
both in the presence and absence of CID. Both ensemble-level
extinction and single-particle level dark-field scattering experi-
ments clearly show that the incorporation of the CID channel,
in addition to other plasmon decay channels, lowers the
plasmon-exciton coupling strength, and the extent of the
decrease is found to be in sync with the decrease in the relative
contribution of CID to the overall homogenous linewidth. In
the absence of the CID contribution, we find that when the
diameter of nanorods decreases, the plasmon mode-volume
factor gradually overwhelms the plasmon decoherence effects,
resulting in an increase in plasmon-exciton coupling strength.
However, the picture changes dramatically when the CID
channel is active: plasmon dephasing controls the plasmon-
exciton coupling strength by convincingly outweighing the
effect of even a very small plasmon mode-volume. Most impor-
tantly, our results suggest that CID can be utilized to controlla-
bly tweak the plasmon-exciton coupling strength for a given
plexciton system simply by modifying the nanoparticle’s
surface with a suitable adsorbate, without the need for chan-
ging the plasmonic or excitonic systems. Thus, judicious
exploitation of CID can be extremely useful in tailoring the
optical properties of plexciton hybrid systems to suit specific
applications.
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