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A theoretical model is proposed that allows the estimation of the quantum yield of phosphorescence of
dye molecules in the vicinity of plasmonic nanoparticles. For this purpose, the rate constants of the
(Rh123)
rhodamine (Rh123-2Br) dyes have been calculated. The plasmon effect of Ag nanoparticles on various
types of luminescence processes has been studied both theoretically and experimentally. We show that
in the presence of a plasmonic nanoparticle, the efficiency of the immediate and delayed fluorescence
increases significantly. The phosphorescence rate of the rhodamine dyes also increases near plasmonic
nanoparticles. The long-lived luminescence i.e., delayed fluorescence and phosphorescence is more

radiative and nonradiative intramolecular transitions for rhodamine 123 and brominated
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Accepted 26th April 2024 enhanced for Rh123-2Br than for Rh123. The largest phosphorescence quantum yield is obtained when
the dye molecule is at a distance of 4-6 nm from the nanoparticle surface. Our results can be used in
the design of plasmon-enhancing nanostructures for light-emitting media, organic light-emitting diodes,

photovoltaic devices, and catalysts for activation of molecular oxygen.
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1. Introduction

Localized plasmon resonance (LPR) of metal nanoparticles
(NPs) is used in many analytical methods and applications.
The resonantly photoexcited collective oscillations of free elec-
trons in metal NPs consisting of Ag, Au, Cu or Al lead to an
enhancement of the electromagnetic field around the NP." It is
known that the enhancement factor of the strength of
the electric field of plasmonic NPs can be as large as 10%.%
Fluorophore or analogous molecules located in the near such
NPs are exposed to an intense external influence, which allows
them to accelerate photocatalytic reactions and to induce
metal-enhanced luminescence or Raman scattering (SERS).
Plasmon-enhanced fluorescence has been studied by several
groups showing that the fluorescence of dye molecules can be
enhanced or quenched by the NPs.> The plasmon effect is
determined by the distance between the plasmonic NP and the
emitting molecule and by the mutual orientation of their
transition dipole moments. This phenomenon can be used in
devices based on radiative processes and their decay. In particular,
the LPR of metal NPs has a significant influence on the relaxation
processes of photoexcited emitters due to the Purcell effect®’
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making it possible to significantly reduce the lasing threshold of
dye lasers in active media.*® Plasmonic effects can also be used to
create media with specified optical properties,"®" in sensor
systems'>** and in optoelectronic devices.'>'®

Particularly interesting is the question of the influence of
plasmons on the long-term luminescence that is associated
with spin effects. Long-lived triplet states are important in
many fundamental processes and can also be used in various
practical applications. For example, the long-term lumines-
cence of molecular probes may be used in bioimaging. How-
ever, there is an urgent need to improve its signal-to-noise ratio,
which is low due to the autofluorescence of biological tissues."”
Triplet states are actively used in photosynthetic systems'® for
generating reactive species of molecular oxygen (ROS). Singlet
oxygen is employed in photodynamic therapy for the deactivation of
cancer cells,*° in antibacterial therapy,*"** as well as for treating
skin and respiratory diseases.”® ROS are important in advanced
oxidation processes for the degradation of pollutants in various
resources,” as well as in photocatalytic and photovoltaic reac-
tions.”®® Triplet states of organic compounds are also applicable
in organic light-emitting diode (OLED) technologies,**° in solar
cells®** and in transistors.***

Plasmon-enhanced phosphorescence is a very attractive area
for many specialists.>>*° The authors of ref. 35 studied the
distance dependence of the eosin luminescence in anhydrous
glycerol and obtained an approximately 9-fold increase in
the fluorescence and an almost 4-fold increase in the delayed
fluorescence and phosphorescence due to the plasmonic effect.
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Metal-enhanced phosphorescence of rose bengal (RB) on silver
island films (SIF) has been studied,*® where a 5-fold increase in the
phosphorescence intensity was registered. The authors of ref. 41
studied the plasmonic effect of gold NPs on homogeneous and
heterogeneous triplet-triplet annihilation of methylene blue (MB)
in the presence of Au NPs. The increased efficiency of the two
processes is associated with an enhanced excitation rate of singlet
molecules and an enhanced intersystem crossing (ISC) rate to the
triplet state.*” The plasmonic field of the NPs leads to a doubling
of the population of the triplet state of MB through enhanced
absorption by the singlet state of the molecule. In ref. 43, a 10-fold
increase in the population of the triplet state of RB was achieved
when molecules were placed near aggregates of gold NPs.

Silver nanoprisms can redistribute the probability of the
decay of excited states of Pd-porphyrin,** which was achieved
by controlling the LPR wavelength of the Ag nanoprism and by
adjusting its distance to the luminophore molecule. A twofold
increase in the efficiency of the phosphorescence emitted by a
Pt-porphyrin film has been achieved by adding gold NPs that
decrease the triplet-triplet quenching.*> An increase in both
fluorescence and phosphorescence and a decrease in their
lifetime were observed for 2,5-dihexyloxy-4-bromobenzalde-
hyde in the presence of Ag NPs.*® The increased phosphores-
cence is due to the increased photoabsorption and photoemission
rates near the NP. We obtained similar results in our studies of the
distance dependence of the plasmon-accelerated decay of excited
singlet and triplet states of eosin molecules.”” The plasmonic effect
was manifested by the increased emission intensity, the shorter
lifetime of the fluorescence, the delayed fluorescence, and by the
phosphorescence. The optimal distance for the largest enhancement
of all types of luminescence was 6-8 nm, which coincides rather well
with the Forster radius of the non-radiative inductive-resonant
process. A mathematical model was developed suggesting that the
distance dependence of the intensity of the long-lived luminescence
is qualitatively the same as the distance dependence of the fluores-
cence of a dye layer on a metal island film, which agree with
experimental data. The influence of plasmonic NPs on the fluores-
cence and phosphorescence of erythrosine molecules in a polymer
matrix has also been studied experimentally and theoretically.*®

Even though many studies have been performed in this area,
the mechanisms of the influence of plasmons on the deactiva-
tion of triplet states of organic molecules and on the phosphor-
escence is not elucidated. The radiative triplet (T; — So)
transition leading to phosphorescence is enhanced since it
can borrow intensity from spin-allowed radiative singlet
(S, — So) transitions.” The enhancement is proportional to
the size of the matrix element of the spin-orbit coupling (SOC)
of the triplet and singlet states, which is expected to lead to a
more pronounced plasmonic effect on the phosphorescence.

Accurate values for SOC matrix elements, excitation energies
of triplet states, and their deactivation rates are relevant for
modern photophysical studies. Even without considering the
plasmon effect, determinations of the rate constants of ISC and
the quantum yield of phosphorescence are difficult by using
experimental techniques. Modern quantum chemistry methods
provide complementary information. Although, rate constants
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of first-order electronic transitions, such as ISC, internal con-
version (IC) and fluorescence can be calculated with sufficient
accuracy,®® > calculations of the IC and ISC rate constants are still
challenging for large molecules.>® The IC and ISC rate constants can
be calculated using ab initio and molecular dynamics methods.””>°
However, these approaches can mainly be applied on small mole-
cules and they are difficult to extend to large molecules since the
computational costs increase rapidly with increasing size of the
molecule. Valiev et al. have developed computational approaches to
calculate ISC and IC rate constants based on Plotnikov’s time-
independent formalism. We have successfully employed this
method in calculations of fluorescence rate constants of molecules
near plasmonic NPs.>®

Calculations of the rate constants of second-order electronic
transitions are even more difficult because it is necessary to
calculate the total lifetime of the triplet state of the molecule.*®
Currently, the phosphorescence rate constant or the phosphor-
escence lifetime can be calculated within the framework of the
quadratic response formalism at the time-dependent density
functional theory (TD DFT) level using the Dalton program.®®¢*
However, the phosphorescence lifetime cannot uniquely char-
acterize the total lifetime of the triplet state, since there are also
other non-radiative channels for its deactivation. The most
important ones among them are the first-order physical chan-
nels namely, ISC from T, to Sy, reverse ISC (RISC) to S; and to
energetically higher-lying singlet states (S,) as well as the
second-order IC process between T, and S,, where the wave
functions of T; and S, are not pure spin states.®> Intermolecular
quenching channels may also play an important role.®®

The rate constants of photophysical processes including
phosphorescence change when a molecule is placed in the
plasmon field of NPs. The plasmon field affects the probability of
radiative transitions,”® and can also affect the rate constants of
nonradiative transitions.®**® We are not aware of any implementa-
tion of theoretical models, which considers the plasmon field
effect on the total lifetime of the molecular triplet state using
computational methods that accounts for properties of the indivi-
dual molecules. Here, we have developed such a computational
method and applied it to the well-known xanthene dyes rhoda-
mine 123 (Rh123) and 2Br-rhodamine 123 (Rh123-2Br). Replacing
two hydrogen atoms with halogen (Br) atoms increases the SOC
matrix element and the yield of the triplet state.”® The plasmonic
effects on the radiative transitions of Rh123-2Br is expected to be
larger than for Rh123, even though the total quantum yield of
fluorescence decreases when hydrogen atoms are replaced by the
heavier Br. The plasmon effect is simulated with our model that
considers the dipole-dipole interaction between the plasmonic NP
and the dye molecule.*>®

2. Experimental and
computational details
2.1 Experimental details

2.1.1 Chemicals. Rh123 (BioReagent, HPLC) was pur-
chased from Sigma-Aldrich. Rh123-2Br was synthesized in the
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Fig. 1 The chemical structures of the studied molecules and the absorp-
tion spectrum of the SIF. The inset shows the SEM image of the synthe-
sized SIF sample.

NIOPIK State Research Center according to the method published
in ref. 66 and 67. The chemical structures and the optimized
molecular structures are shown in Fig. 1 and 2, respectively.
AgNOj3;, NaOH, NH,OH, p-glucose, polyvinyl alcohol (PVA) of
analytical purity (Sigma Aldrich) were used for the synthesis of
silver island films. Ultrapure water, obtained with the Smart
S15 UVF system (Drawell), was used to prepare the samples.
2.1.2 Sample preparation. A detailed description of the
synthesis of silver island film (SIF) samples by the chemical
deposition method has been reported in ref. 56 and 68. SEM
images obtained using the Mira 3LMU microscope (Tescan)
showed that the average diameter of the Ag NPs in the SIF is
94 + 30 nm (inset in Fig. 1).>® The synthesized films have an
absorption band in the visible region of the spectrum (Fig. 1).
Polymer films with a dye concentration of 5 x 10~* mol L™" were
deposited over clean glasses or on the SIF surface by using a spin-
coating method at 3000 rpm. The weight concentration of PVA in
the solution was 5 wt%. The amount of molecules deposited on
various substrates was controlled by micro-weighing the glass
substrates and the SIF sample before and after deposition of the
polymer film. The mass of the films was the same in both cases.
2.1.3 Details of the measurements. The absorption spectra
of the samples were measured with a Cary-300 spectro-
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Fig. 2 Optimized molecular structures of Rh123 and Rh123-2Br.

14626 | Phys. Chem. Chem. Phys., 2024, 26, 14624-14636

View Article Online

Paper

photometer (Agilent Techn.). The fluorescence spectra were
obtained at steady-state excitation with an Eclipse spectro-
fluorimeter (Agilent Techn.). The kinetics of the fluorescence
decay was recorded in the time-correlated single-photon count-
ing mode using the TCSPC FLS1000 system (Edinburgh Instr.).
The excitation of the samples was carried out with a picosecond
laser (Agen = 488 nm and 7 = 120 ps). The fluorescence lifetime
was estimated using the Fluoracle software (Edinburgh Instr.).
The intensity of fluorescence decay was obtained using (1):

I(1) = ioc,— exp(—t/7), (1)

where the 1; is the lifetime of the excited state (the signal decay
time), the o; is the amplitude or fraction of the contribution of

the i-th component (Z o = 1.0).

Testing the quality of the fitting of the decay function
(Fig. S1, ESIY) yielded a > value of 1.15.

The delayed fluorescence (DF) and phoshorescence spectra
were obtained with the Eclipse spectrofluorimeter (Agilent
Techn.). The intensity of the DF and phosphorescence spectra
at each wavelength were recorded 300 ps after the beginning of
the flash of the Xe lamp, i.e., after the complete decay of the
fluorescence signal. The decay kinetics of the long-lived lumi-
nescence was also recorded with the FLS1000 spectrometer
(Edinburgh Instr.). The photoexcitation of the samples at
Jexe = 490 nm was carried out by using a laser system based on
the Nd:YAG laser (LQ529) with an OPO (LP604) and a second-
harmonic generator (LG305) from SolarLS. The delay in the detection
of the decay of the DF and phosphorescence was 1 ps. The
luminescence kinetics was also calculated using eqn (1). Assessing
the fit of the decay of the DF and phosphorescence (Fig. S2, ESIT)
yielded z* values of 1.2 and 1.4, respectively.

The samples were evacuated with Optistat DN-V (Oxford
Instr.) when measuring the long-lived luminescence. The mea-
surements were carried out at a temperature of 293 K.

The temperature-dependent measurements were carried out
by cooling the samples with liquid nitrogen and heating them
with a heater built into the cryostat.

The fluorescence quantum yields (¢q) of Rh123 and Rh123-
2Br in ethanol solutions were determined with the AvaSphere
30-REFL integrating sphere and the AvaSpec-ULS2048 spectro-
meter (Avantes) using the absolute method. An LQ529 laser
system with OPO second-harmonic generator was used as the
source of the monochromatic light with Jex. = 490 nm. The ¢q
value was determined using eqn (2):%°

A sample reference
PN(Em) Jﬂ% [Iém Pl ()“) - Iemf (;)] dz

1= PN (Abs)

4 " P sample ’ (2)
e raternee () — 13 ()] 02

where PN(Abs) is the number of absorbed photons; PN(Em) is
the number of emitted photons; 4 is wavelength; £ is Planck’s
constant, ¢ is velocity of light, [3mple gpg preference 5re the
integral intensity of the excitation that was recorded with and

without the sample, respectively. [2mple gnd feference gre the
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integral intensity of the emission that was recorded with and
without the sample, respectively.

3. Theory and computational details

3.1. First-order electronic transitions

The rate constants of ISC (kisc), IC (kic) and radiative (k)
electron transitions were calculated using the computational
approach developed by Valiev et al’® The methods are
described in detail in ref. 51, 52, 70 and 71. We present here
only the most important expressions.

The k, rate constant is calculated using the Strickler-Berg
equation:”>

1
k=151 E*(S1 — So), €)

where f'is the oscillator strength and E(S; — S,) is de-excitation
energy from S; to So.

The IC rate constants (ki) were calculated using the expression
in eqn (4), which is described in detail in ref. 53,

4 Ef=njow) +nymy + ..n3x_m3N_¢

kic =
© Ff Ny M, N3N —6
2
IN=6 [e—Tkyk\ /2
guery
k=1 N
3N=6 3N=6 Yyl 1/2 4)
S T (500
j=1 k=1 Ay
k#j

BN=6 [ eyl 1/2
g H )

k;z

k#j'

where the summation considers the energy conservation condi-
tion with

7,5, R)0*¢¢(F,s, R)
W - -EY Yy (HETHERT)
v o vq L/q R— ﬁ() (5)
x My PMy T P L Ly gy,
S| 07 — =
(2M,) (75, R)|=——|p:(F, 5 , R ,
=23 NCCRl U
(6)
L S 0¢i(Fs R
CI/:_ZZML g L"‘Z/<(pi(ras7R) (pt(aR )> )
voq v R=F,
)
Y ;) - ‘ng Oy | » (8)
o Hif
%{ZZ<$Q aﬂ%ﬁ )
v g vq | R =R,
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Here, and

<¢i(’77
R=R,

matrix elements (NACME) of first and second order, respectively. M,
is the mass of the vth atom, and L, are coefficients of the linear
relation between the Cartesian (R) and the normal coordinates (Q): R4
~ Ry, = M, "L,;Q; y; is the Huang-Rhys factor of the jth vibrational
mode; Ey is the energy difference between the initial and final states; 7;
and o) are the excitation quantum number and the energy of the jth
mode, respectively; b; and ¢; are the matrix elements of Q; and d/dQ;
between the nuclear functlons of the initial and final electronic states,
which are calculated by considering anharmonic effects using the
Morse potential.>>*

The kisc rate constant is calculated using the expression in
eqn (10):

are the nonadiabatic coupling

?,E)a2¢f(7,§,ﬁ)>

8RVqR1/’ q

. 3N-6 eXp(fyk)y k
— — HleO _R’ ﬁ’ H | k
4 Eif:(zn:w) =INo | k=1 ny!
kisc = — 2
r 3IN-6 3IN-6 K
" exp(—yx)y
AR 20
J=1 k=1 Ny
ke
(10)
where Wj is given by (10):
8Hif B
VVj = aRSO — — M, 1/2qu/ (11)
q vqg | R=

Here, the 4/I's factor is 1.6 x 10° s™' em™2 and Hif, is the
matrix elements of the spin-orbit coupling operator between
the initial (i) and the final (f) electronic states.

The fluorescence quantum yield (¢g) in the absence of a NP
can be written as:”%”?

ki

2 Iy

(12)
where the rate constant of the nonradiative transition (k,,) is
the sum of the ISC rate constants (> kisc(S; — T,)) from the
lowest excited singlet state (S;) to the energetically lower-lying
triplet states (T,) and the IC rate constant from S; to the singlet
ground state (So) (kic(S1 — So0)).”>’* The 3 kisc(S; — Tn),
kic(S1 — So) and k(S — So) rate constants were calculated as
described in ref. 51, 70 and 71.

Reversed ISC from T; to S; is calculated using eqn (13)”°

exp(—Es,1, /kT)

krisc(Ty — Si) = kisc(S1 — Ty) - 3 . (13)

A similar expression is used for the reverse IC (RIC) from T
to T,:

exp (_ETle /kT)

kric(Ty — T2) = kic(T2 —» Ty) - 3 , (14)

where T is temperature (in K) and k is Boltzmann’s constant.
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3.2. Second order electron transitions

The spin-mixed wave functions of the S, and T, states can be
obtained using perturbation theory.*® The spin-mixed triplet
state in eqn (15) and the spin-mixed singlet state in eqn (16) are
obtained by adding contributions from states of the other spin
multiplicity. The mixing coefficients are obtained by using the
perturbation theory expressions in eqn (17) and (18).

U(T) =w(T) + > a(s,), (15)

¥ (S0) = w(S0) + D bu(T). (16)
~ (W(T)|Hsol¥ (Sy))

@ TEM) —E(S,) (17)

by = <¢(SO)}I§SO}'//(TW)>. (18)

E(So) — E(Ty)

The phosphorescence rate constant (kphos) is then given by

3
(1) = a5, sl (185

E(S)

3
+ ; ‘bm‘zk’ry’(T'” —T) (%)

(19)

The expression in eqn (19) shows that the triplet contributions
decrease the phosphorescence rate constant (knos) and the
singlet contributions increase it.

An analogous expression involving the NACME is used when
calculating the rate constant for IC between the spin-mixed T,
and S, states.

(@)1l (S0)) = S bu(w(T)|A|(Tw))
! (20)

+ D _ap (¥ (S) [ 4]y (S0))

The ((Ty)|A|¥(T,,)) and <¢(Sp)|/i|l//(so)) matrix elements are
needed when calculating (y/(T,)|4|y(S,)). Calculations of these
matrix elements are difficult and require the L,;; matrix for
all electronic states. The determination of kc(T; — S,) using
E(T;) — E(S,) and vibronic factors is not trivial.>!

Hovewer, the X-H (where X is C, N or O) bond approxi-
mation can be used, where the X-H bonds are the main
accepting modes of the IC process.”™’® This approximation is
supported by experimental and computational studies showing
that deuteration of X-H bonds decreases the IC probability.””"”®
The X-H bond approximation avoids explicit calculations of
(Y(T,)| A|(T,)) and (w(Sp)MW(SO)), since they are approxi-
mated with contributions from X-H bond. In the X-H bond

14628 | Phys. Chem. Chem. Phys., 2024, 26, 14624-14636

View Article Online

Paper

approximation, k(T; — So) can be written as:

()

E 2

TiSo

ke (Tl - §0> TiSo

16 % 10° X Ny x 6.25 % 10° x ¢ F11%0/217
B Ers,?

x (w (1) |4l ($) )

(21)
where ((T,)|A|(T,,)) and ((S,)| A|¢/(So)) are calculated as:**

5 Nxu R
(Wl alw, > = [>_ P
a=1
Nxnu X 6.25 x 100 x ¢~ Ena/217
o VxH ! e (22)
Eyq
with the electronic factor
2
k K kK
Paz =001 Z A'I,‘)uA;]bC:ICb + Z AfaA.;laci C/'( (23)
iabkk' ijakk!

o

for X-H bond o. Here ¢, ¢f, ¢, ¢, are the molecular orbital
(MO) coefficients and A%, A}, are configurationally interaction
coefficients. The a, b indices denote virtual MO and i, j are
indices of the occupied MOs. The Nxy is the number of
X-H bonds.

Valiev et al. showed that for molecules with an energitically
low-lying T, state (below 12 000 cm '), the kic(T; — So) process
determines the total lifetime of the T, state.®*7”°

The kic(Ti = So), kphos(Ti = So), krisc(Ti — S,) and
kric(Ty — T,) rate constants determine the total lifetime of
the T; state when neglecting intermolecular processes. The
phosphorescence quantum yield (¢phos) can be written as

¢ph05 =
kphos (Tl - g0)
kphos (Tl - §0) +kic (Tl - §0) +krisc(T1—8S,) +kric(T1 —Ty)
(24)

3.3. Intermolecular rate constants of molecules near NP
surfaces

When a molecule is near a plasmonic NP, its photophysical
properties change because the rate constants of the electronic
transitions are affected and other intermolecular deactivation
channels of the excited electronic states appear. In the dipole-
dipole approximation of the interaction between the molecule
and the plasmonic NP, changes in k; can be described using the
dyadic Green’s function.””®®® The k;(S; — S,) rate constant
can also change.®! Expressions describing such changes can be
derived using second-order perturbation theory, where NACME
and p or only p is the perturbation operator.®*® p is the electric
dipole transition moment. Changes in the IC rate constant can
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be more than one order of magnitude but occur only at very
strong electrical fields of 10°-10"" V m™", whereas changes in
the kisc(S; — T;) rate constant occur only when the molecule is
very close to the NP surface. The increase in the kigc(S; — Ti)
rate constant is due to changes in the SOC, which is caused by
heavy atoms in the NP. However, the excitation energy transfer
from the molecule to the NP is much faster than ISC implying
that the ISC process can be neclected.

An external electric field induces a dipole moment (P(w)) in
the NP, whose strength is Eq(w). The induced dipole moment

P(w) is obtained from the polarizability (z(w)) of the NP and the

strength of the electric field as P(w) = a(w).Eo(w). The

frequency-dependent polarizability x(w) can be estimated by
using Sommerfeld-Drude theory:®' "

e) —em , 3
-’ "R 25
a(w) &(®) + 26m NP, (25)
where
2
Wp]
o) =1- (26)

o is the angular frequency (in Hz); y is the damping (or
electron-collision) rate constant (in s™'), wy = 4nnee’/m* is
the plasma frequency of the free-electron gas, e is electron
charge, no is the concentration of free electrons in per unit
(m~3); m* is the effective mass of the electron, and e, is
dielectric permittivity of the media surrounding the NP.
When the molecule is near the NP, the total electric field

strength can be written as:
E(w) = Ey(w) + G(7) - 4(0) - Ey(w), (27)

Where G(7)is the dyadic Green’s function that in the electric
dipole-dipole approximation is given by:

o 1/- FXF
G- - (1-27),

where 7 is the unit dyadic tensor. When the total electric field

(28)

(E) of the molecule-NP system is known, the plasmon-affected

radiative rate constant k'(7) can be expressed as:'>*%°
3
, Ao’ B 2
r T 3an

o . (29)
= [+ )00 5 + 2Rep ()G ) |

where p is the electric dipole transition moment. Thus, the
plasmon-affected radiative rate constant k'(F) consists of three
terms, where the first one is k, ie., the rate constant in the
absence of the NP, the second term depends on 1/d°® and the
third cross term can be positive or negative and depends on
1/d*, where d is the distance between the molecule and the NP.

The changes in k, affect k;hos (Tl — SO) in eqn (19) and
make the rate constant also dependent on d. The energy
transfer occurs when the molecule is near the NP. We recently
showed that the ki ansfer rate constant from S, to the NP can for

This journal is © the Owner Societies 2024
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_ Vi m e(w) —1 7
he32 - (d)? g(w)+1

where p is the transition dipole moment ({/(S;)|7]y(So))). The

1,4,79,80

(30)

ktransfer

kiransfer Tate constant can generally be written as:

Kuumsts = 35 I (FG(H)GWF), (31

where Kyanster has for large d a 1/d° dependency, which is the
same as for the Forster resonance-energy-transfer mechanism.
For the plasmon-enhanced radiative rate constant k'(7) in
eqn (31), there are two terms whose distance dependency are
1/d® and 1/d®, respectively, which can be combined to one

ktransfer(sl)-
The kiransfer(S1) rate constant given by eqn (30) and (31) can

be easily transformed into ki anster(T1) by replacing p with p” =

<¢(T1)|ﬁ”|lﬁ(§o)> in eqn (30) and (31). The rate constant for the

energy transfer from the T; state of the molecule to the NP and
the corresponding quantum yield can then be calculated.

The expression for the phosphorescence quantum yield of a
molecule near a NP is then:

qg/ B k;hos <T1 — §o>
phos k;hos <T1 — §o> + kic (T| — So) + krisc(T1 — S,)

1
X .
kRIC(Tl - Tn) + ktransfer(Tl)

(32)

The kic(S1 — So) rate constant can also increase due to the
external electric field®® leading to the changes in k(T; —
So). In this work, we have estimated this effect on Rh123 and
Rh123-2Br. In the experimental studies, we use a laser with
power of 0.004 W and a cross section of the beam of 0.0785 cm?
yielding an electric field of 10’ V m ™. We estimate the plasmon
enhancement effect on the external electric field using eqn (27).
The total external field can reach 8 x 10’ V. m~ ' when the
distance is 2-9 nm between the molecule and the NP. However,
this electric field is still too weak to significantly increase the
kic(S1 — So) rate constant, at least for the studied molecules.
Calculations of the induced effect on k;(S; — So) show that the
rate constant change by more than one order of magnitude
when the electric field is 5 x 10° V. m " and 10" Vv m™" for
Rh123-2Br and Rh123, respectively.

We used the X-H approximation in the calculation of the
changes in k;c(S; — So) that are induced by the electric field.
The A + j (NACME + p) operator is used as the perturbation
operator in the second-order perturbation theory expression.®*
Thus, we neglect changes in k;ic(S; — So) and in kie(T; — So).

The employed parameters of the spherical silver NP are:
Rnp = 47.3 nm, &y = 3.5, y = 2.5 x 10 s7%, and n, = 5.78 x
10" m™>. The molecular parameters are calculated using
quantum chemical methods as described in the next section.
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3.4. Computational details

The optimization of the molecular structures (shown in Fig. 2),
calculations of the second derivatives of the potential energy
surface (Hessian) of the singlet and triplet states, and calcula-
tions of the NACME were performed at the DFT and TD DFT
levels for the ground and excited states using the MN15
functional and the 6-31G(d,p) basis set. The calculations were
done with Gaussian 16.%° However, energetically higher-lying
electronic states with other spin multiplicities, spin-orbit cou-

pling matrix elements (SOCME) and <1//(T,,)\13”/\l//(§n,)> between

them were calculated at the extended multi-configuration
quasi-degenerate perturbation theory of second order (XMC-
QDPT2)% level of theory using GAMESS-US.*® We used the
XMC-QDPT2 method to ensure that we get accurate energies
of the singlet and triplet states, which is important when
calculating rate constants. The accuracy of the excitation ener-
gies calculated at the TDDFT level is usually not enough for this

purpose. (Y(T) | A1(T)), ((Sp) AN (o), BT) — E(S), B(50) -
E(T,), (¥($1)|7(S0)), and (w(T)Ip"(S,)) were therefore

calculated for 50 singlet and 50 triplet states at the XMC-
QDPT2/6-31G(d,p) level using an active space with 12 electrons
in 12 orbitals. The largest contributions to the &c(T; — §,) and
kpnos(T1 = So) rate constants of Rh123 and Rh123-2Br originate
from the S; — Sy and S; — T transitions. For these molecules,
it is enough to consider only S; and T, when calculating
ke(Ti — S¢) and kpnos(Ts — So) using eqn (19) and (21).
However, for other molecules, it might be necessary to calculate
many singlet and triplet states to obtain accurate rate constants.

4. Results and discussion

4.1.
NPs

Photophysical properties in the absence of plasmonic

The normalized absorption and fluorescence spectra or Rh123
and Rh123-2Br in polymer films are shown in Fig. 3(a).
The molecules absorb between 400 and 650 nm.

a
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z e @
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The maximum of the absorption spectrum (415 ) of Rh123 is
at 510 nm, and the fluorescence maximum (1§'*") is at 535 nm.
The absorption and fluorescence spectra of its brominated
analog are slightly red shifted with the maximum of the
absorption and fluorescence band at 515 nm and 540 nm,
respectively. The fluorescence lifetime that is estimated from
the decay rate is tq = 3.48 £ 0.05 ns for Rh123 and 1 = 2.10 £
0.05 ns for Rh123-2Br.

There are two bands in the spectrum of the long-lived
luminescence of the dye film (Fig. 3(b)). The position and
maximum of the first luminescence band coincides with the
maximum of the fast fluorescence and is due to delayed
fluorescence (DF), whereas the wide band with a maximum at
~680 nm is due to phosphorescence.

The DF and the phosphorescence decay exponentially with a
single exponent. The DF lifetime (tpg) is shorter than the one
for the phosphorescence (tpnos). The phosphorescence of
Rh123-2Br is stronger than for Rh123. The Ipp/lphes intensity
ratio for Rh123-2Br is 3.6 and 2.6 for Rh123. The intensity of the
long-lived luminescence of Rh123-2Br is almost an order of
magnitude higher than for Rh123. The luminescence lifetime is
shorter for Rh123-2Br than for Rh123 (Table 1). The shorter
fluorescence lifetime of Rh123-2Br is due to a faster decay of the S;
state. It decays not only to S, but also to the T, state due to the larger
ISC rate constant caused by the heavy atom effect of Br."” The
shorter DF and phosphorescence lifetimes of Rh123-2Br is due to
the faster decay rate of the T; state to both S, and S; because of the
stronger SOC of the brominated chromophore.

The triplet character of the long-lived luminescence was
confirmed by temperature measurements and by quenching
with molecular oxygen. The emission bands were quenched
when injecting air into the evacuated chamber of the cryostat.
The phosphorescence intensity decreased when the films were
heated to 360 K. The DF, which is a result of the RISC from T, to
S;, has the opposite behaviour (Fig. 4). The Boltzmann popula-
tion of the vibrational levels of the T, state leads to stronger DF
intensity and quenched phosphorescence when increasing
temperature.

b) Rh123-2Br t, ms
30

— =1
=] T
= =
123
> =
S =)
L 15 c
c -

0 T T T 0

500 550 600 650 700

Wavelength (nm)

(@) Normalized absorption (solid curves) and fluorescence (dashed curves, Jex. = 490 nm) spectra and (b) the DF and phosphorescence (long-lived

luminescence) spectra of Rh123 and Rh123-2Br in PVA films at T = 293 K. Inset: The decay rate of the DF measured at A.eq = 540 nm, which is near the
fluorescence maximum, and at .eq = 670 nm, which is near the phosphorescence maximum of Rh123-2Br. The different fluorescence and delayed luminescence
intensities of Rh123 is due to the larger quantum yield of fluorescence (¢q) of 84% as compared to the quantum yield of phosphorescence (¢pgy,) of 16%.
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Table 1 Spectral-luminescent parameters of Rh123 and Rh123-2Br in
PVA films

max max

Dye abs , M j-fl , IIM 7, NS ?f Tpr, MS Tphos ms
Rh123 510 535 3.48 + 0.05 0.84 9.8 0.3 13.6 = 0.3
Rh123-2Br 515 540 2.10 £ 0.05 0.40 6.3 £ 0.3 7.5+ 0.3

The obtained data indicate that triplet states are formed
upon photoexcitation of the rhodamine films due to a fast
singlet-triplet ISC transition. The triplet state decays through
direct radiative transition (phosphorescence with an energy
of hvpnes) and reverse ISC from T, to Sy, which is followed by
delayed fluorescence emission with an energy of Avpg. Since the
phosphorescence efficiency is proportional to the number of
molecules in the T, state, its lifetime should be about the same
as the radiative lifetime of S;.

However, the ratio between the two relaxation pathways is
difficult to measure, which suggests that triplet-triplet annihi-
lation may also contribute to the DF. This process occurs when
the concentration of rhodamine is sufficiently high in the
polymer film.

The calculated energy levels of the S; and T, states of the
molecule (Table 2) correlate well with experimental data for the
S; — Spand T; — S, transitions (Table 1). The discrepancy
between the calculated and experimental energies of the S;
state is smaller than 0.1 eV, and for the T state it is 0.2 eV. Only
one triplet (T,) lies below the S; state. The energy difference
between the S; and T, states (AEgy) is 2661 and 1855 cm™* for
Rh123 and Rh123-2Br, respectively. The kisc(S; — Ty) rate
constant for Rh123-2Br is two orders of magnitude larger than
for Rh123 since the (S;|Hso|T:) matrix element for the bromi-
nated molecule is almost twice the one for Rh123. The
(T1|Hso|So) matrix element of Rh123-2Br is three times larger
than for Rh123. Reverse ISC from T; to S; does not affect the
total lifetime of T; because the energy difference between the
two states is too large for reverse ISC.

The phosphorescence rate constants kphos(Tl — §,) esti-
mated using eqn (19) are 1.2 and 1.5 s ' for Rh123 and
Rh123-2Br, respectively, which correspond to lifetimes of 833
and 666 ms. Since the typical lifetime of the T, state of organic
molecules is in the millisecond range, the phosphorescence is
not the only relaxation pathway of the T; state.

30+
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DF intensity (r.u.)
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Fig. 4 Temperature dependence of the DF and
Rh123-2Br in the polymer film.
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Table 2 Calculated and experimental values (in parenthesis) of the
excitation energies, spin—orbit coupling matrix elements ((S1|Hso|Ty1) and
(T1lHsolSo)), rate constants of the photophysical processes, and the quan-
tum yields of fluorescence (p(S1 — So)) and phosphorescence ((pphos(ﬂ -
80)) of the studied molecules

Rh123 Rh123-2Br
Sy, eV 2.37 (2.32) 2.20 (2.30)
Ty, eV 2.04 (1.86) 1.97 (1.85)
(S1|Hso|Ty), cm™* 0.26 0.55
(Ty|Hso|So), cm™* 0.33 1.09
kisc(S1 = Ty), s7* 5 x 10° 1 x 107
kio(S1 — So), s 2 x 107 8 x 107
k(S1 — So), s 2 x 10° (2.4 x 10%) 1 x 10% (1.9 x 10%)
¢u(S1 — So), s 0.90 (0.84) 0.55 (0.40)
faso(Ty = So)y s " 3x 1077 3 x10°°
Kphos(T1— So), s 1.2 (1.2) 1.5 (1.04 x 107
krisg(Ty = S1), 5! 5 5 x 10°
k(T — So), s7° 5x 1073 1x10"!
Kric(Ty — To), s ° 1x107° 90
@phos(T1— So), s 0.23 0.002

The calculated rate constants of the reverse ISC (kgisc(T1 —
S,)) at room temperature are 5 and 5 x 10> s~ for Rh123 and
Rh123-2Br, respectively. At 80 K, these processes cannot deter-
mine the total lifetime of the T, state due to the slow reverse
ISC transition from T, to S;. When AEsr < 1000 cm™?,
thermally activated DF can occur thanks to a fast reverse ISC
from T; to S;,”>%°% which is also observed in the present
measurements.

The calculations show that T, lies above S; for both mole-
cules. For Rh123-2Br, the reverse IC transfer from T, to T, is
also possible with a rate constant of kggc(Ty; — Tp) ~ 90 s~
The reverse IC is an additional deactivation channel of the T;
state. The most significant photophysical processes for Rh123
and Rh123-2Br with corresponding rate constants and the
energy of the involved states are shown in Fig. 5.

The rate constants of the radiative decay of S; as well as the
calculated values of ¢q(S; — So) agree well with the ones
estimated from the ratio between the measured fluorescence
quantum yield and the fluorescence lifetime of rhodamine dyes
using eqn (33):%°

¢

il

kr = (33)

The T; — S; RISC process is main deactivation channel of
the T, state at room temperature. The kgisc(Ty — S;) rate
constant depends strongly on AEgy. The quantum yield of
phosphorescence (@phos(T: — So)) of Rh123-2Br is therefore
smaller than for Rh123. The experimental @ nos(Ti = So) values
are not known. The calculated total lifetime of the T, state
(Teale(T1)) is 1 ms for Rh123-2Br and for Rh123 it is 192 ms,
which can be compared to the measured ones of 7.5 ms and
13.5 ms for Rh123-2Br and Rh123, respectively. 7.y c(T;) of
Rh123-2Br is 7.5 times smaller than the experimental value,
whereas for Rh123, the calculated total lifetime of T, is 14 times
larger than the measured one.

The calculated 7.,(T;) for Rh123-2Br is slightly shorter than
the experimental value because the calculations underestimate
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Fig. 5 The Jablonsky diagram of Rh123 and Rh123-2Br.
AEgy leading to a kgysc(T; — S;) rate constant that is too large. Table 3 Changes in the relative intensity of fluorescence (I, Jreq =

The uncertainty of the calculated AEgy values does usually not
exceed 0.1 eV (800 cm™').”° Such an uncertainty in the AEgy of
1800 & 800 cm " affects the kigc(S; — Tj) rate constant by less
than an order of magnitude, whereas due to the Boltzmann
factor this uncertainty in AEgr leads to an uncertainty of more
than two orders of magnitude in the kgisc(Ty — S;) rate
constant for Rh123-2Br. For Rh123, the uncertainty in AEgy of
2661 & 800 cm ' leads to a large uncertainty in kgisc(T; — S1).
The rate constant can vary between 10" and 10® s~ . The same
holds for kgic(Ty — T,). Thus, calculations of the total rate
constant for T; can lead to an uncertainty of two to three orders of
magnitude because some of the individual relaxation channels
depend on the Boltzmann factors that depend strongly on AEgr.

The kic(T; — S,) rate constant does not affect the total
lifetime of Ty since the k;ic(T; — S,) transition is the main decay
channel of the T, state only when E(T; — S,) is less than
12000 cm ™~ '.%*7° The triplet de-excitation energies of Rh123-
2Br and Rh123 are larger than 15000 cm ™. The kic(T; — So)
rate constant depends in the same way as k;c(S; — So) on the
energy difference between the two states. The calculations
suggest that this channel determines the total lifetime of T,
when its de-excitation energy is less than 12000 cm™ ', which
will be assessed in a future study.

4.2. Plasmon effect on the luminescence of Rh123 and
Rh123-2Br

Measurements show that the shape and position of the absorp-
tion and fluorescence bands do not change in the presence of
plasmonic NPs. Significant changes in the optical density was
not registered either. However, in the presence of plasmonic
NPs, the intensity of all kinds of light emission from Rh123 and
Rh123-2Br significantly increases (Table 3 and Fig. 6).

The plasmon enhancement factor of the fluorescence of 4.7
and 5.6 is almost the same for Rh123 and Rh123-2Br, respec-
tively. The enhancement is due to the increase in the rate
constant of the radiative decay (k) of the S, state (Table 4).°°

The change in the DF and phosphorescence intensity due to
the plasmon effect was estimated by integrating the decay
curves. The decay of the DF and phosphorescence was mea-
sured at 540 nm and 670 nm, respectively.

14632 | Phys. Chem. Chem. Phys., 2024, 26, 14624-14636

540 nm), DF (Ipf, Aeg = 540 nm) and phosphorescence (lpnos, reg =
670 nm), as well as their corresponding lifetimes (tq, Tpf, Tphos iN Ms) Of
Rh123 and Rh123-2Br in polymer films due to the plasmon effect

Dye g e Sl

Intensities

Rh123 4.7 3.8 3.5

Rh123-2Br 5.6 5.4 8.2
o e <o

Lifetimes

Rh123 0.89 0.70 0.74

Rh123-2Br 1.00 1.00 1.00

The enhancement factor of the DF and the phosphorescence
for Rh123-2Br is larger than for Rh123. The enhancement factor
of the phosphorescence intensity for Rh123-2Br is larger than
for the DF. The difference is probably due to the fact that DF is
a two-step process and the luminescence originates from the
S: — S, transition as fluorescence. The lifetime of all kinds
of luminescence for Rh123 decreases on the surface of the SIF,
whereas they are practically unaffected for Rh123-2Br.

The experimental studies show that the plasmon effect is
more pronounced for Rh123-2Br than for Rh123 because the
intensity-borrowing effect of the T; — S, transition from the
S, — So transitions is larger for molecules containing heavy

’

atoms (Br).*° The calculated Kohos <T1 — §0> and @phos(T1 — So)

as a function of the distance between the molecule and the NP
surface in Fig. 7 shows that the rate constant of phosphores-
cence and the quantum yield depend on the distance between
(Tl — S()) rate
constant for Rh123 increases 12.7 times and for Rh123-2Br the
phosphorescence is 26.1 times faster in the presence of the NP.
At a molecular distance of 10 nm from the surface of the silver
NP, the enhancement of the phosphorescence rate constant is a
factor of two smaller than when the molecule is close to the NP.
The changes in the calculated kpnos(T1 — So) values due to the
plasmonic NPs correlate with the measured plasmon effect on
the phosphorescence rate constants.

The largest (,b;hos value is obtained for Rh123 when the
molecule is 4 nm from the NP and for Rh123-2Br the maximum

!

the molecule and the plasmonic NP. The k.
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Fig. 6 (a) Fluorescence spectra of Rh123 and Rh123-2Br on the glass and

SIF surfaces; (b) the time-dependence of the DF (4q = 540 nm) and
phosphorescence (g = 670 nm) decay of Rh123-2Br on the glass and SIF
surfaces.

is at a distance of 2 nm (see Fig. 7(b)). At the maximum, the
qbl;hos value of Rh123-2Br is 32 times larger than in the absense
of the NP and for Rh123 the maximum enhancement factor of
the NP is 2.9.

At the distance for the largest enhancement factor, the

k;hos (Tl — So) rate constant is for Rh123-2Br 30 times larger

than without the NP and for Rh123 the rate constant is 10 times
larger. The calculated rate constants agree with those obtained
experimentally (see Table 4). The plasmon effect on the phos-
phorescence is significantly larger for Rh123-2Br than for
Rh123.

The distance to the NP for the largest qS;hos
than 10-12 nm, where ¢g(S; — So) reaches its maximum.
The energy transfer from the T; state to the NP is less efficient

7= (W@)IF W) in

is much shorte
3,56

than from the S; state because
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Fig.7 The dependence of k. (Tl — §0) and 4);1]05 (Tl — §0) on the
distance to the surface of the Ag NP.

eqn (30) and (31) is two to three orders of magnitude larger
than (1) |71 (S0)-

When the molecule approaches a NP, the quantum yield
from S; to T, decreases due to an efficient energy transfer from
S; to the Ag NP that appears at a distance of 10-12 nm. The rate
constant for this process is 10'°-10'* s™*, which is much faster
than the kigc(S; — T,) process at a distance of 5-6 nm. The
population of T, is significantly smaller at this distance, where
the efficiency of the phosphorescence enhancement also
decreases due to the smaller probability for populating the T
state as compared to the energy transfer from S; to the NP.

5. Conclusions

A theoretical model is proposed that enables estimation of
the quantum yield of phosphorescence of a molecule near a
plasmonic NP. The rate constants of radiative (k;, kyhos) and

Table 4 Changes in the rate constants of fluorescence (k, in s~%) and phosphorescence (Kphos iN s7Y with and without the Ag NPs are estimated using the

experimental parameters in egn (33). The largest l<phos(1~'1 - So) (ins™

and (pphos('T'l — §0) values that were obtained in the calculations are also reported

Dye Kgless o G kgess i hos Kohos/KSians
Experimental
Rh123 2.4 x 108 12.7 x 10® 5.3 1.2 5.7 4.8
Rh123-2Br 1.9 x 10° 10.6 x 10® 5.0 1.04 x 10? 8.84 x 10? 8.5
k;slms <T1 - §0> ¢phos (Tl i g())

kphos(Tl - SO) k[’.)hos (Tl e SO) kphos (T] — So (Pphos(Tl - SO) d)phos (Tl - So) ¢phos (Tl - SO)
Calculated
Rh123 1.2 15.2 12.7 0.23 0.66 2.9
Rh123-2Br 1.5 39.1 26.1 0.002 0.064 32.0

This journal is © the Owner Societies 2024
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nonradiative intramolecular transitions (kic, kisc, krisc) are
calculated for estimating the quantum yields of fluorescence
and phosphorescence. The developed model was tested on
rhodamine and brominated rhodamine. Calculations of the
lowest excitation energies yielded values in good agreement
with experimental data for the S; — Sy and T; — S, transitions.
The calculated fluorescence quantum yields are also in good
agreement with experimental values.

The energy difference between the S; and T, states (AEgy) is
2661 and 1855 cm ' for Rh123 and Rh123-2Br, respectively
leading to a kisc(S1 — Ti) rate constant for Rh123-2Br that is
two orders of magnitude larger than for Rh123. The Br atoms of
Rh123-2Br increase the spin-orbit coupling matrix elements
(T1|Hso|So) and (S;|Hso|T1) by a factor of 3 and 2 as compared
to those of Rh123. However, the kiso(Ty — So) rate constant
does not significantly affect to the total lifetime of the triplet
state because the transition is very slow due to the large
excitation energy of the triplet state.

The kgisc(T1 — S1) rate constant of Rh123-2Br is two orders
of magnitude larger than for Rh123. The larger rate constant of
reverse ISC for Rh123-2Br leads to a significantly smaller
quantum yield of phosphorescence than for Rh123. The
reversed ISC process from T; to S; that enables thermally
activated delayed fluorescence is also observed experimentally.

The luminescence processes of the studied molecules are
faster in the presence of a plasmonic NP. The plasmonic effect
increases the rate of the direct fluorescence by a factor of 5. The
plasmonic effect on the delayed fluorescence (DF) and phos-
phorescence is larger for Rh123-2Br than for Rh123 because the
intensity borrowing of the spin-forbidden triplet-singlet transi-
tion (T; — S,) from the spin-allowed allowed S,, — S, transi-
tions is more significant for molecules with heavy atoms. The
largest increase in the phosphorescence efficiency is obtained
when the molecule is 4-5 nm from the NP surface, which also
agrees with experimental observations."’

The results obtained in the present study support the design of
plasmon-enhanced nanostructures that can be used in light-
emitting media, in organic light emitting diodes (OLED), in
photovoltaic devices and as catalysts for producing singlet oxygen.
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