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ABSTRACT: The electronic propensity rule, which suggests a proportional relationship @) ®)

.. L. g 9 5 Radiative Decay (k,) Non-radiative Decay (k)
between radiative and nonradiative electronic coupling elements in fluorescent molecules, EoE L PR
has been postulated for some time. Despite its potential significance, the rule has not been g o Ef g , s Prometing modes
rigorously derived and experimentally validated. In this work, we draw upon the theoretical \ / \eeinemetee/

framework established by Schuurmans et al. for the relation between the radiative and
nonradiative electronic coupling elements of the rare earth metal in the crystal at low
temperature and extend their approach to the fluorescent molecules under external electric ~ |m&™>
field perturbation at a fixed energy gap and varied temperatures, with a further single- |
electron approximation (Schuurmans, M. F. H,, et al. Physica B & C 1984, 123, 131—155).  [Im=0> "< granckCondon
We obtained a linear relation between the radiative decay rates and nonradiative decay rates e
for internal conversion, which is verified by experimental data from two types of dextran—
dye complexes and the light-harvesting antenna complex in photosynthetic bacteria.

0-3Q, )

R G
ko (T) = &%k (T) + 6" [A(T) - B(T)] x k

he rational design of fluorescent molecules is a Principally, the interaction with the radiation field
fundamental scientific question with numerous applica- determines the properties of the prepared excited states and
tions, ranging from molecular biological imaging to organic thus the electronic coupling terms of the molecules.'® Based on
light-emitting diodes and laser applications.'~* The intense this idea, an electronic propensity rule, independent of the
fluorescence of these molecules arises from the interplay of two Franck—Condon principle, is proposed by Siebrand et al.'®
rate processes of electronic relaxations: radiative and non- This rule indicates that in a series of related molecules or
radiative transitions. Recently, the relationship between the comparable states of the same molecule when the radiative rate
two rates of fluorescent molecules has been intensively constants increase, the rates of competing nonradiative decay
discussed with the commencement of the field known as processes would increase correspondingly.'*'” Moreover,
aggregation-induced emission (AIE).””’ Schuurmans et al. provided a detailed derivation on the ratio
Radiative deactivation channels involve the emission of a between kp and kyy for rare earth ions under conditions of
photon with energy equal to or less than the excitation energy, weak electron—phonon coupling at zero K>
whereas nonradiative channels transfer excitation energy to the In this Letter, we extend the derivation of Schuurmans et al.
vibrational levels without any photon emission. This Letter to fluorescent molecules under external electric field
draws attention to the intramolecular nonradiative processes, perturbation at a fixed energy gap anCl )Varied temperatures,
specifically internal conversion (IC).* The radiative decay rate using the single-electron approximation.”’ We obtain a general

linear relation between kp and kyp when changing the local
electric field around the molecules. This linear relationship is
further verified by experimental results of dextran—dye
complexes and the light-harvesting antenna complexes (LH2)
of photosynthetic bacteria. The linear relation between ky and
kyg can be helpful in experiments where the fluorescence

(kp)®” and nonradiative decay rate (kyg)'°~"> have been
subjects of intense theoretical discussion. Radiative decay is
typically considered to be an electronic relaxation process that
involves the emission of a photon without any phonons
participating in the electronic transition. As such, ky is
primarily determined by the electronic structures of molecules
in terms of the electronic coupling element. In contrast, kyg is
a product of two factors: the electronic coupling element Received: March 15, 2023

resulting from high-frequency promoting modes and the Accepted:  April 21, 2023
Franck—Condon factor constituted by accepting modes. A

majority of discussions regarding nonradiative decay rates have

focused on the Franck—Condon factor, leading to the well-

known energy gap law.' %"
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quantum yield (®) cannot be directly measured, such as in o »
scattering or self-absorption systems. In such cases, we can kng = % Z Ui?lzwkp exp(7(AE + SE))

determine kp and kyp under nonscattering and dilute
conditions, establishing the linear relation for the molecules.
With the known linear relation, @ in scattering or self-
absorption systems can be determined by the measured
fluorescence lifetime.

We restrict our attention to cases where the displacements of
the potential energy curves in an electronic transition are small,
signifying weak electron—phonon coupling, and where the
distortions of the potential energy surfaces can be ignored. In
such scenarios, the Born—Oppenheimer approximation natu-
rally holds, which assumes that the electronic and nuclear
motions are separable. The wave functions (¥) can then be
expressed as a product of electronic (¢) and vibrational (y)
wave functions, i.e. ¥}, (r,R) = gb,(r,R);(m(l)(R).ls’zo Here, r and
R denote the electron and nuclei coordinates, respectively,
and m are the quantum numbers for the electronic and
vibrational states, and the corresponding eigenenergy will be
represented by Ej,. Under the harmonic approximation, the
vibrational wave function can be written as y,, =

Hii\’lek;l(Qk;l)r where k stands for normal modes and Q

stands for normal coordinates. The vibrational eigenfunctions
X,,(Qi;) can be expressed by the Hermite polynomial H,,,
where my is the quantum number of the kth mode (see SI-1).

In the context of weak electron—phonon coupling, Fermi’s
golden rule is frequently utilized to characterize both the
radiative and internal nonradiative decay rates in large
molecules.'**' For simplicity, we will consider the low-
temperature case, indicating that only the lowest vibrational
state of the upper energy state is occupied, and then we have

() (T, Ky (@0 T, (@)
(1)

where i and f refer to the initial and final electronic states and
m' = 0 and m are the quantum numbers of the vibrational
states in the initial and final electronic states, respectively. k’
also stands for normal modes, and H is the Hamiltonian of the
electron—nuclei interacting system. The transition matrix
elements are divided into two factors: the electronic part (¢

Hlg;) and the vibrational part (X,, ; (QIHIX,,(Qy))-

The radiative decay rate (kg) is typically calculated using
either the zero-phonon absorption line’® or the spontaneous
emission equation,””” both of which emphasize the electronic
part of the transition. Meanwhile, the Franck—Condon factor
is considered to have a value of 1 for the 0—0 transition. Thus,
kg can be simplified to®”*° (see SI-2)

k(i0_>fm)=%”z

X 8(E;y — Eg,,)

. N 4
i 2 ) s @
where
] = {&luig), 3)

Here, p is the electric dipole moment with summation running
over all electrons () er,) and AE is the energy difference given
by AE = E, - E,

The expression for the nonradiative decay rate (kyg) similar
to eq 2 is given as
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k=1

(4)

where the electronic part of kyy in the Condon approximation
is defined as™

9

k _
]if_ ¢1‘an

4
(5)

The correction factor # accounts for the non-Condon effect,
and M is the geometric mean of the nuclear masses.”* A typical
level spacing of the final states d is used to estimate the density
of final states, replacing the J function in Fermi’s golden rule.””
The coefficients y and OE in the exponent are typically
obtained through experimental fitting (see eq S$33).”° For
simplicity as well as computability, the assumptions of
promoting modes (k,) with zero Huang—Rhys factors and
accepting modes (k,) with nonzero Huang—Rhys factors are
employed in the derivation of eq 4.'“**** The promoting
modes kp, which have the largest ],l}, make the main
contribution to kyg,”>*° and the remaining accepting modes
k, absorb the energy difference AE — fta)kp,zo where @y is the

vibrational frequency of the promoting mode. For any
promoting mode, energy conservation law dictates that AE =
hoy, + mhay, where m, = ¥ o my is the total vibrational

quanta of all accepting modes. Assuming that there are p
promoting modes, kyy can eventually be expressed by eq 4 (see
SI-3 and SI-4).

Equations 2 and 4 demonstrate that k; depends mainly on
the electronic coupling term, whereas kyy is the product of two
factors: the electronic coupling element and the Franck—
Condon factor which is expressed as an exponential function.
Historically, the Franck—Condon factor has been the focus of
the evaluation of kyg. In 1970, Freed et al. considered
multiphonon processes in nonradiative decay'” and proposed
the commonly known energy gap law for kyy in large
molecules.'® The energy gap law has been a widely utilized
and convenient form for kyy. It is noted that eq 4 is basically
the same as that derived by Englman et al.'® (see SI-4).

Schuurmans et al. investigated the correlation between J and
]{} in rare earth atoms in a crystal and proposed a ratio between
radiative and nonradiative decay rates under weak electron—
phonon coupling conditions at low temperature.”’ For kg, the
operator in J acting on the electronic states is the electric
dipole moment of the electrons (Y, er,), while for kyg, the
operator in ]f} is a first-order partial derivative with respect to
the normal coordinates (0/(0Q.)). To find the relationship
between | and ]ﬁ}, Schuurmans et al. employed the dipole
moment expressed in the velocity form and acceleration form
known as the Chandrasekhar relation.”” In other words, J can
be expressed in the velocity form

eh®

(D). = ——{ & 2 V.|

¢ ¢ (6)

m, is the electron mass. The derivation of eq 6 employs the
commutability between g and V(r, R). In view of the
commutability of T, with V,, similarly it can be obtained that
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T, is the kinetic energy of the electron. Thus, one has the
acceleration form:

g Z v ®)|g

(P luid), = o AE

e (8)

Correspondingly, ]fj( can also be transformed into its
acceleration form as

1
¢ Z Ve ) =229 Z Ve, V(r, R)|4,

e ©)

The detailed derivations for eqs 6, 7, and 9 are given in the
Supporting Information (see SI-S). In dealing with large
fluorescent molecules, we use the single-electron approxima-
tion. Therefore, the interaction potential between particles
(V(r, R)) is mostly dominated by the Coulomb interaction
(V,,) between the electron and the equivalent nucleus,
resulting in V(r, R) = V,,. As a result, the interaction potential
between particles satisfies

D VV(r,R) + ).V V(r,R) =0
. . (10)

The single-electron approximation is important because it
allows us to neglect the interaction potential energy between
multielectrons (V,,), without which eq 10 may not hold.
Schuurmans et al. dld not mentlon the use of a single-electron
approximation in their work,”* which makes their derivation of
this part somewhat ambiguous. Moreover, eq 9 justifies the
rationality of retaining the nonadiabatic Hamiltonian AH only
to the first order since normally V,, is approximately linear to
the deviation of the nuclei from its equilibrium position (R —
R°).>****? Combining eqs 7, 9, and 10 yields the following
important relation:

AP

[4 n €

¢ 2 V4,
e (11)

This formula was proposed by Schuurmans et al. for the first
time, and it indicates the “equivalence” of the gradient operator
of electron coordinates and nuclear coordinates acting on the
initial and final electronic states, when the interaction potential
energy satisfies the symmetry condition in eq 10.*

By introducing an electronic interaction term

Ean(R) = <¢f wr,R)
eh®

0R,,
7=-(;

EAEZ
Cartesian coordinate component (x, y, z) of the nucleus n.
While Jif in kyg is based on normal coordinates Qy, it can be
transformed to the Cartesian coordinates R, using the
coordinate transformation relations between Q; and R,

- R) = N ﬂAakak, where M, is the

k=1
mass of nucleus n and A, is the coordlnate transformation
matrix element (see SI-6). Then ]f is written as

(]5i>, ] can be expressed as

)ZunEm(R). Here, the subscript an depicts

given by R,,
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if N . In this way, both ky and kyz can be
represented by E,,, and the ratio of these two rates at 0 K is
given by

kye _ 3 myhm’c o/ (AE+3E) Z
T 2 Apas sym
kg 4 ¢"AEM (12)
where
2
hmkp M

L d Zan A EAan;kaan

L —

7 2 X, Bl (13)

Therefore, a ratio of nonradiative and radiative decay rates at
0 K has been obtained by Schuurmans et al. This ratio, in the
low-temperature limit, is an intrinsic constant that is
challenging to confirm directly through experiments unless
all of the relevant quantities can be calculated and are
consistent with the experimentally measured rates.

Orlandi et al. proposed an electronic propensity rule that
suggests a positive correlation between ky and kNR when the
radiation field interacted with the electronic states.'® Inspired
by this electronic propensity rule, one feasible method to
experimentally investigate the relationship between ki and kyy
is to introduce a perturbation to the electronic transition
potential by changing the external electric field without
affecting the electronic transition spectrum and radiation
spectrum. We examine the relationship between k and kyy
using the polarizable continuum model (PCM),**~** which
considers the influence of the external electric field as a polar
solution environment on the molecular system. PCM describes
the surrounding solvent or nearby metal as a continuum
medium, using apparent surface charges to estimate the
electrostatic potential, and the property of the continuum
medium is mainly described by the dielectric constant .’
In the literature,”” the apparent surface charges on the
molecules induced by the external electric field E* are given
by q = AD'(E*n), where n is the outward normal unit vector
to the tesserae surface, D is a square matrix with size equal to
the number of surface tesseras, and A is a square diagonal
matrix having the same dimensions as D.*"** The external
electric field of the solution environment can induce an
additional transition dipole moment g’, and then the total
dipole moment is written as p,,, = po + pt'.

The induced transition dipole moment is given as’"*>
, 9q _
W= a =V(r,R) = —(AD"'n)V(r, R)

(14)

When assuming molecules to be highly symmetrical and
isotropic in solution, they can be treated as spheres with
equivalent rotational diffusion coefficients and hydrodynamic
radii in different directions.’** In this study, we also assume a
uniform apparent charge density distribution on the cavity
surface and divide the surface into tesseras of equal area. In this
way, the matrix D is symmetric and can be diagonalized to D’,
ie., for spherical surfaces with uniform charge density p’; =
(A D’ n)V(r,R) = aV(r,R) where A; and D’j are the
correspondmg diagonal elements and a is related to the
dielectric constant & of the solution and the radius of the
sphere.”’ According to eqs 6—10, the potential energy is
related to the electric dipole moment via the relation (¢/ule,).

https://doi.org/10.1021/acs.jpclett.3c00697
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Figure 1. Plot of the calculated kyy against kg for (a) dextran—rhodamine B in CaCl, solutions with concentration ranging from 0 to 2.06 M and
(b) dextran—Texas red in MgCl, solutions with concentration ranging from 0 to 1.56 M. The straight line on each plot represents the linear fit to

the data.

(P2, Ve V(r,R)lg;). When molecules are exposed to the

electric field of the solution environment, the original potential
energy V(r, R) is replaced by a new potential energy V**(r, R)
V(r, R) + AV(r, R), which means (¢dpu,lep;). o
(PAY, VR V' (r, R)Ip;). Through p' = Y,(';n;), calculating
the left-hand term of this formula gives

¢i >

(Dl \0) = (Dl \b) + (D)
2 V% (V(r, R) + AV(r, R))

= (d)flﬂolqb) + <¢f

Y (aV(r, R)n,)

(18)

Evaluating the corresponding right-hand side gives
<(/;f D Vi V"(r, R) r/l,> = <r/y r/',>

i </f /> ' <’f /> (16)

By comparing eqs 15 and 16, with the relation between g, and
V™ (r, R) above, we have

fofgnenp) =
(17)

Correspondingly, the new electronic interaction term related
to V"*(r, R) can be written as Ej;"(R) = E,,(R) + (¢laV(r,
R)l¢;). (see SI-7). Obviously, the ratio of the electric field
<(/)f laV (r, R)I ),

D Vi V(r, R)

2 % (AV(r, R))

YV, AV(r, R)

Y (av(r, R)n,,)

perturbation-induced term to E,,, i.e., denoted as

Baw is a constant for different “an” for the initial potential
energy V,, of the system under consideration. Then we obtain
El*(R) = (1 + fB4,)E,,(R). By substituting E*(R) into eqs 12
and 13, it is evident that the ratio of kyy to kg is constant while
their individual values vary with the dielectric constant € of the
external environment. Changing the dielectric constant (&) of
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the solution can alter the values of both ki and kyy while
maintaining their ratio invariant.

It should be noted that all of the above derivation is based
on the low-temperature limit. Lin et al. have discussed the
temperature dependence of kyg,' >’ showing that the rate
constant depends on temperature as kyg(T) = [1 + A(T) ]k
They assumed that the temperature dependence of kp will be
similar to the above equation for nonradiative processes, which
indicates kz(T) = [1 + B(T)]k%. Here ki and k% are the rate
constants at T = 0 K, while A(T) and B(T) are related to the
vibrational modes.* Defining &° = (kz)/(k}R), in higher
temperature regions we have

kg (T) = k%x(T) + «°[A(T) — B(T)] x k3 (18)

This illustrates that, under certain circumstances, kz(T) is
linearly related to kyz(T) with a slope of k°, and the intercept
is attributed to the temperature impact on the transition rates.

Experiments were conducted with two dye molecules
conjugated to dextran, dextran—rhodamine B and dextran—
Texas red, at room temperature to validate the theoretical
linear relation. Dextran molecules were used as effective water-
soluble carriers for the dyes due to their water solubility, low
toxicity, and relative inertness. We measured the fluorescence
quantum yield (@) and the excited-state lifetime (7) of the two
samples in solutions of CaCl, and MgCl, with different
concentrations. The radiative and nonradiative decay rates
were then calculated from the measured ® and 7 by ky = ®/7
and kyg = (1 — @)/7.7"7%%° The calculated ky; and kg of
rhodamine B and Texas red are exhibited in Figure 1, where
the linear relation holds.

The light-harvesting antenna complex (LH2) from Rhodop-
seudomonas (Rps.) acidophila consists of two concentric rings
with a total of 27 bacteriochlorophyll a (BChl a) molecules,
exhibiting high symmetry with a 9-fold rotational axis. The 2
rings named after their absorption bands are known as B800
with 9 BChl a molecules of larger interpigment separations and
B850 with 18 BChl a4 molecules of shorter interpigment
separations.*”*' However, in solution, LH2 is distorted to an

https://doi.org/10.1021/acs.jpclett.3c00697
J. Phys. Chem. Lett. 2023, 14, 41514157
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Figure 2. Correlation between kyg and kg of B850 fluorescence emission for (a) LH2 in NaCl solution with different concentrations and (b) LH2
adsorbed on 4 nm SiO, nanoparticles at different concentrations of NaCl. The straight line represents a linear fit in the concentration ranges of (a)

0to 2 mM and (b) 0 to 8 mM.

elliptical structure.*” Furthermore, the energy difference
between the absorption and fluorescence peaks for the B850
ring is about 70 cm™!, which indicates that LH2 is a weak
coupling system.” In this work, we also determined kyy and kg
of the B850 fluorescence band for free LH2 and LH2
immobilized on 4 nm SiO, nanoparticles in NaCl solutions
with varying concentrations to further validate the theoretical
linear relation at room temperature. The B850 excited state
was prepared by an efficient energy transfer from B800
(>91%),"* which can avoid the interference in the quantum
yield measurement by direct excitation of B850. Figure 2 plots
kyg against kp of free LH2 and LH2 immobilized on
nanoparticles, which displays a linear relation when the
concentration of NaCl changes since the dielectric constant
€ of the solution changes accordingly.

In the above experiments, changes in the external electric
field on the fluorescence molecules result from variations in
salt concentration. As predicted, a linear relationship between
kyz and kp was observed, as shown in Figures 1 and 2.
Deviations from the theoretical linear relationship may be
attributed to the temperature effect on the vibrational modes
contributing to the Franck—Condon factor. Our theoretical
work explores the influence of the external electric field
perturbation on the electronic interaction part, assuming that
the vibrational coupling part is unchanged. This assumption is
valid under weak coupling, although experimental errors may
still exist.

We have derived a linear relationship between the
nonradiative and radiative decay rates for molecules under
the weak coupling limit and a small perturbation from the
external electric field at higher temperature. This provides an
opportunity to experimentally verify the previously proposed
electronic propensity rule by altering the environment of the
molecules. The predicted linear relationship has been
confirmed by our experimentally determined kyp and kp of
rhodamine B and Texas red conjugated with dextran in CaCl,
and MgCl, solutions, respectively. The calculated kyp and ki
from B850 fluorescence emission for either free LH2 or LH2
immobilized on SiO, nanoparticles, where the external electric
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field variation was achieved by changing the NaCl concen-
tration, also demonstrated a linear relationship.

The linear relationship proposed in our study relies on
several assumptions and limitations, including (a) the weak
electron—phonon coupling, where the extremely slight
distortions and small displacements of the potential energy
surfaces favor low-order perturbation processes for non-
radiative decay and the adiabatic approximation and harmonic
approximation naturally hold; (b) the single-electron approx-
imation, where the interaction potential between particles is
approximated as the electrostatic potential of an electron and
the equivalent nucleus, satisfying eq 10; (c) the temperature-
dependent relation for rates of the form k(T) = [1 + A(T)]k%
(d) the stable and symmetrical structure of molecules, which
ensures that the molecule can be treated as a spherical cavity
with uniform surface charge; and (e) a weak external electric
field relative to the electrostatic interactions inside the
molecule, allowing the original electronic-state manifold of
the molecule to be maintained.

Sample preparations of dextran—rhodamine B (10 000 MW,
neutral) and dextran—Texas red (3000 MW, neutral) were
purchased from Thermo Fisher Scientific. Dextran—rhodamine
B and dextran—Texas red were dissolved in solutions of CaCl,
and MgCl, with varying concentrations. The preparation and
purification of LH2 complexes and the assembling of LH2
onto the SiO, nanoparticles have been reported in ref 4S.
Different concentrations of NaCl were added to the LH2 and
LH2/SiO, solutions.

The lifetimes (r) of LH2 and LH2/SiO, were measured
with a femtosecond time-resolved difference absorbance
spectrometer under 800 nm excitation. The standard deviation
was calculated from three individual measurements. The
details of this method have been described elsewhere.”™*
For the dextran—dye complexes, we used time-resolved
fluorescence measurements with a streak camera. Samples
were placed into a 1-mm-thick fused silica cuvette with an
optical density of 0.134 at 570 nm for dextran—rhodamine B
and 0.123 at 595 nm for dextran—Texas red. A femtosecond
amplifier (Spectra Physics, USA) delivered a 70 fs pulse at a
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repetition rate of S kHz. Excitation light (530 and 558 nm)
generated from a commercialized tunable optical parametric
amplification system (TOPAS, Spectra Physics) pumped by
the femtosecond amplifier was used to excite thodamine B and
Texas red, respectively. A pulse energy of S nJ per pulse with a
spot size of ~50 pm was used to excite the sample. A high-
quality 600 nm long-pass band filter was used to block the
residual excitation pulse. The emitted fluorescence was
collected and focused into a spectrograph and measured with
a 5200 (XIOPM, China) streak camera operating in the 1.4 ns
scanning range with a time resolution of ~40 ps. The spectral
window recorded by the CCD of the streak camera was 260
nm in the measurements, covering the fluorescence wavelength
of dye samples. The time-resolved fluorescence data were
averaged over 10 single measurements, and the kinetics
corresponding to the wavelength of the fluorescence peak
were selected to obtain the fluorescence lifetime of the sample.

The fluorescence quantum yield (@) was measured with the
absolute photoluminescence quantum spectrometer (C11347,
Hamamatsu Photonics) under 800 nm excitation for LH2 and
LH2/SiO,, 560 nm excitation for dextran—rhodamine B, and
580 nm excitation for dextran—Texas red.
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