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Abstract

This communication describes the strong coupling of plasmonic nanoparticle lattices to densely
packed molecular emitters in metal-organic frameworks (MOFs). We realized strong coupling
from porphyrin-derived emitters with small dipole moments by assembling these molecules as
ligands into an ordered MOF film on arrays of Ag nanoparticles. Dispersion measurements of the
lattice-MOF system revealed the formation of anti-crossing polariton bands, a signature feature of
strong coupling. We also demonstrated controllable coupling strength through detuning of the
plasmon energy by the surrounding solvents. Through transient absorption spectroscopy, we reveal
that the lower polariton mode has a lifetime similar to the uncoupled MOF exciton while the upper
polariton lifetime is >10 times longer and may favor intersystem crossing to a triplet state (S1—T1)
instead of S1—So decay. This system shows the potential of MOFs as an excitonic material for

future polariton chemistry research.
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Metal-organic frameworks (MOFs) are porous, ordered materials consisting of metal nodes
and organic ligands whose thin-film form is being integrated into optical devices.!” Luminescent
MOFs can be designed from emissive ligands, lanthanide metal nodes, host-guest interactions, or
by loading pores with fluorescent molecules.* Critically, significantly higher concentrations of
ligand-based emitters can be assembled within MOFs without aggregation-induced quenching
compared to solution.*> For example, surface-mounted MOF (SURMOF) films synthesized by a
layer-by-layer method can support ~525 emitters into a 10° nm? volume, while only 0.3 emitters
are possible in a saturated solution of the same volume.® Despite these advantages, MOFs often
show lower photoluminescence (PL) intensity than organic dyes because ligands that are optimized
for chemical stability typically lack the delocalized m systems and rigidity needed for high quantum
yields.” PL efficiency of MOFs can be improved by reducing crystal defects or ligand design to
limit nonradiative decay channels;® however, these approaches are often chemically incompatible
with film growth processes.

Although the PL of MOFs can be improved by external stimuli such as solvent exchange and
guest-host interactions,’ these chemical approaches have limited influence. Photonic cavities show
stronger effects and can increase PL intensity and as well as control the emission wavelength of
MOFs. ! Previously, we showed that cavities based on plasmonic nanoparticle (NP) lattices
coupled with porphyrin SURMOFs resulted in 16-fold higher PL intensity and two-fold decrease
in exciton lifetime compared to the pristine SURMOF.® These NP arrays support surface lattice
resonances (SLRs), collective plasmonic-photonic modes whose wavelength can be easily tuned
by changing the dielectric environment.'*"14

Optical cavities and excitons can form hybridized polariton states in the strong coupling regime
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when the coupling strength (g) exceeds emitter and cavity losses.!>!” Because g o 2d szO 7,18‘
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19 strong coupling usually requires emitters with large transition dipole moments (d) and intense
absorption bands. MOFs can concentrate emitters (to increase N/V) and align their dipole moment
to optical fields over distances above 100 nm, which has facilitated polariton formation with Fabry-
Perot cavities formed by two parallel mirrors.'!! Such closed architecture cavities rely on varying
the incident light angle to detune the energy and are only semi-transparent, which limits the control
of the cavity environment after fabrication. In contrast, the solvent and molecules surrounding
open cavities such as NP lattices can be exchanged to allow continuous tuning of the coupling
strength without changing the measurement conditions and can be utilized for applications in
reactivity control?’ and sensing.?!

Here we show that MOF films coupled to plasmonic NP lattices can generate exciton polaritons.
We observed strong coupling between low transition-dipole-moment porphyrin ligands within a
SURMOF and a Ag NP lattice with characteristic upper polariton (UP) and lower polariton (LP)
modes. By changing the solvent within the MOF pores, we detuned the SLR energy across the
MOF Q1 and Q2 exciton bands for continuous and reversible evolution between weak and strong
coupling. Transient absorption spectroscopy measurements revealed that the LP amplitude-
averaged lifetime was 4.8 + 1.7 ps, which is faster than the uncoupled exciton and appears to follow
a similar decay pathway. Interestingly, the UP lifetime was >10 times longer (168 & 2 ps), which
indicates that strong coupling opens new slower decay pathways not observed in uncoupled MOF
excitons.

Figure 1 depicts the plasmonic NP lattice-MOF system for strong coupling. We selected a Pd-
P MOF with a Zn paddlewheel node and a Pd-metalated porphyrin ligand (Figure 1a) to obtain a

higher transition dipole moment d than the free base analogue.® 2> The Ag NP lattice (height # =
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Figure 1: Overview of strongly coupled Ag NP lattice-Pd-P MOF system. (a) Metal node
and organic linker of Pd-P MOF structure. (b) Depiction of Ag NPs covered with Pd-P MOF
nanocrystal film (¢) Schematic diagram of strong coupling between lattice plasmons and
MOF excitons.

60 nm, diameter D = 70 nm, periodicity ao = 350 nm) on quartz was fabricated by the PEEL
method**?* and designed to support an SLR mode isoenergetic with the Q1 absorption band of the
Pd-P MOF. Next, the Ag NPs were passivated with a thin layer of alumina and then treated with
an oxygen plasma to facilitate the growth of a conformal SURMOF film (~60 nm) using layer-by-
layer spray coating® 2° (Figure 1b). X-ray diffraction patterns and absorption spectra of the Pd-P
MOF film are in good agreement with literature values (Figure S1).

We measured the photonic band structures from our NP lattice-MOF system by angle-resolved
spectroscopy to compare the dispersive properties of the polariton modes to the pristine SURMOF
and plasmonic NP lattice (Figure 2). As expected, the Qi absorption band of the Pd-P MOF is
constant at 2.34 eV at all incident angles (Figure 2a). The bare Ag NP lattice has 2 sets of (0, £1)
diffraction modes®® from the quartz substrate (n = 1.45) and the superstrate solvent (n = 1.40,
shown with white lines), which highlights the sensitivity of the lattice to changes and differences

in refractive index (Figure 2b). In contrast, the NP lattice-MOF system shows a lower polariton



(LP) mode with a signature anti-crossing behavior at ~60 meV below the Q1 exciton energy in
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Figure 2: Modified dispersion properties are observed when Ag NP lattices are coupled
to the Pd-P MOF film. Dispersion diagrams of (a) pristine Pd-P MOF film, (b) bare Ag NP
lattice, and (¢) coupled Ag NP + MOF system under TE polarization. The angle independent
Q1 band energy is indicated with dashed white line in (a), and the (0, +1) diffractive orders
are indicated with solid lines in (b). Modeling for upper and lower polariton bands are added
for clarity. Diagrams were measured n=1.40 index solvents

addition to the (0, £1) diffraction mode with the NP lattice (Figure 2¢). The upper polariton (UP)
has a relatively low transmission intensity and is not visible in the measurement (Figure S3) but
can be predicted by modeling.?’?® The calculated LP mode matches well with experiment result,
and using the predicted UP position, we estimate a Rabi splitting of 110 meV (Figure S4). Because
of negative detuning where the SLR is lower in energy than the Qi band, the LP mode has more
plasmon character and therefore resembles the highly angle dependent energy of the uncoupled
SLR mode. The predicted UP mode, however, is more exciton-like and is expected to be dispersive
only when the magnitude of & is less than 2 pm ™.

To determine the NP lattice-MOF interactions at different coupling strengths, we tuned the
dielectric environment with solvents having different refractive indices. Figure 3 depicts how the
detuning of the SLR tailors coupling with MOF excitons. Coupling is maximized when the cavity
mode and exciton energy are the same. In our system, the coupling is largest when the substrate

index matches the effective superstrate index from both the MOF and the solvent n. By changing



the solvent (and the effective superstrate index) above n = 1.29, the SLR was negatively detuned
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Figure 3: Detuning of SLR energy by refractive index superstrate shows tunable Rabi
splitting. Transmission spectra at normal incidence of (a) bare Pd-P MOF film, (b) Ag NPs,
and (¢) MOF-covered Ag NPs. Bare MOF spectrum was taken with an » =1.40 index solvent.
Ag NPs and Ag NPs + MOF spectra were taken with various index solvents (n = 1.29 — 1.65)
and are offset by 0.25 for clarity. The FWHM of the MOF Q bands are shown in a and ¢ with
blue vertical bands. The MOF contribution to refractive index is not considered in the »
values labeled in c.

from the Q1 exciton, which increased the SLR character and transmission intensity of the LP. The
pristine Pd-P SURMOF (Figure 3a) showed the Qi1 band at A = 530 nm, the Q2 band at A = 564
nm, and the Soret band at A = 440 nm. The quality and transmission intensity of the SLR mode
could be changed by mismatching refractive index of the superstrate and solvent (Figure 3b); the

mode wavelength was controllable from A = 506 nm to 574 nm (with n = 1.29 and 1.65 solvents,

respectively) and can therefore couple to either the Qi or Q2 band of the Pd-P MOF. In Figure 3c,

we changed the solvent index # to tune from strong coupling with the Qi band (dashed lines) to



weak coupling with the Q2 band (solid line). The largest splitting between UP and LP minima (112
meV) was observed with n = 1.29, which is in good agreement with the predicted Rabi splitting in
Figure 2¢ (110 meV). As n was increased to 1.45, the relative intensity of the UP decreased while
the LP increased. With n = 1.50 — 1.65, the lineshape seems to resemble that of an SLR with a
small modification from the Q2 band, similar to what has been observed for a weakly coupled
plasmon-modified exciton.® By varying n, we can continuously access different coupling strengths
and a full transition from the strong to weak coupling regime.

We performed ultrafast transient absorption (TA) spectroscopy to determine how the decay
dynamics of the strongly coupled system were different from the uncoupled components (Figure

4). In the pristine Pd-P SURMOF spectral map, the bleach signals at A =437 nm and 530 nm are
from the Soret and Q1 bands, respectively, and the dip in induced absorption at A = 564 nm is from

the Q2 band (Figure 4a). When fit to a biexponential decay, the Qi band has an amplitude-averaged
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Figure 4: Two distinct transient absorption modes are observed in coupled system. (a-c)
TA spectral maps (top) and OD signal cross sections at 300 fs (bottom) for (a) bare Ag lattice
(b) pristine SURMOF and (¢) coupled system. Vertical dashed line in (¢) indicates position of
uncoupled MOF Qi band. Samples were pumped at 400 nm with a fluence of 130 uJ/cm? in

n = 1.40 refractive index environment. Broad bleach near 440 nm in (a) is from localized
surface plasmon mode.



lifetime of 10.8 + 0.1 ps (Table S1), which is similar to other porphyrin MOF films.®?* The #
lifetime of the Qi1 band is 0.3 + 0.0 ps from vibrational relaxation, and the 7 lifetime of 61.9 + 8.5
ps is the decay from Si—So. The intersystem crossing (Si—Ti) of the Pd-P SURMOF
characterized by a long lifetime (>100 ps)*? was not observed because of triplet state quenching
by oxygen in ambient conditions.*® Ag NP lattices showed two bleach signals from photoinduced
absorption: (1) a strong bleach signal at A = 510 nm at the SLR wavelength, and (2) a weaker
bleach at A = 430 nm at the localized surface plasmon wavelength of the individual NPs (Figure
4b). Using a single-exponential model, we determined that the SLR mode has an amplitude-
averaged lifetime of 1.1 + 0.1 ps (Table S2), which is consistent with the expected timescales of
electron-phonon scattering.® 3!

In the strongly coupled system (Figure 4c), the bleach signals appear at the wavelengths of the
UP and LP and show lifetimes that are distinct from each other and their uncoupled components.
The polariton modes are separated by 105 meV, which is an excellent agreement with the model
and spectral measurements. The amplitude-averaged LP and UP lifetimes (4.8 = 1.7 ps and 168 +
2 ps) can be fit to a bi-exponential (Table S3-4) but are not directly determined from the lifetimes
of the uncoupled states as is the case in the weak coupling regime.® 3 The averaged LP lifetime is
faster than lifetime of Pd-P SURMOF and slower than the uncoupled SLR, which is consistent
with other strong coupling systems.'” Interestingly, the averaged UP lifetime is an order of
magnitude longer than the exciton, which indicates that the UP decay pathways are slower than
that of the uncoupled components. The UP fast decay component (¢#1 = 0.3 = 0.1 ps) is comparable
to the pristine MOF, but the slow decay component (12 = 572.7 + 62.0 ps) is much longer than the
conventional S1—So relaxation and approaches timescales for intersystem crossing (>100 ps).

Because the pristine Pd-P MOF does not show this longer decay component, the UP may create a



new decay pathway where intersystem crossing becomes favorable even in the presence of oxygen.
Manipulation of triplet decay channels has been demonstrated in other organic molecule-based

33-35 and therefore should be possible in this system.

polariton systems

In summary, we demonstrated strong coupling between a porphyrin-based MOF and Ag NP
lattice. Signature anti-crossing behavior was observed in the dispersion diagram with two polariton
modes with hybrid dispersion properties. The NP lattice-MOF system also showed Rabi splitting
in the transmission spectra that can be tuned by shifting the SLR wavelength with different
refractive index solvents that fill the MOF pores. Ultrafast measurements revealed that the lifetime
of the LP is faster than the uncoupled exciton while the UP is an order of magnitude larger, which
suggests that new energy pathways are possible from this hybridized mode. We anticipate that
these results will serve as a new platform for continuously tunable plasmon-exciton coupling with
precise control over coupling strength and polariton properties. With advancements in luminescent
MOF materials and thin film growth techniques, we predict that strong coupling phenomena such

as low threshold lasing and Bose-Einstein condensation will be possible in NP lattice-MOF

systems.
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