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We present here an analytical thermal vibration correlation function formalism to calculate the nonradia-
tive decay rate constant (k) considering excitonic coupling effect (ECE) for molecular aggregates based
on split-operator approximation. Combining with first-principles calculations, we found that k;, is
enhanced by ECE for both H- and J-aggregates. In addition, ECE is found to be minor for the AIEgens
(aggregation-induced emission luminogens).
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1. Introduction

Solid-phase photophysical processes determine the optical
properties of organic luminescent materials, such as organic
nanoparticles [1], thin films [2] and crystals [3]. The photophysical
properties of organic molecular aggregates can be different from in
solution phase due to a number of intermolecular interactions,
such as excitonic coupling and electrostatic interaction, as well
as charge transfer. [4] The excitonic coupling effect (ECE) on optical
spectra has been widely investigated in organic molecular aggre-
gates [5-13]. It has been long established that H-aggregate exhibits
blue-shifted absorption and diminishingly weak (red-shifted)
emission intensity, while J-aggregate presents red-shifted absorp-
tion and enhanced emission. [13,14] Nevertheless, our understand-
ing of ECE on the nonradiative decay is extremely limited. Early,
Freed claimed that the nonradiative transitions between the
symmetric and antisymmetric Frenkel-exciton states are strictly
forbidden by analyzing the nonadiabatic coupling through the
zeroth-order representation [15]. Scharf and Dinur found that
the nonradiative decay rate decreases drastically with aggregate
size in the strong coupling limit for constant energy gap [16].

Huang and Rhys first proposed the quantitative non-radiative
transition rate theory in F-centers by considering the strength of
the coupling between the electron and the lattice [17]. Then, Lin
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[18], Jortner and Englman [19,20] extended the theory into the
treatment of an isolated polyatomic molecule. In their treatments,
the linear displaced oscillator model and the promoting-mode
approximation were usually adopted. In recent years, in the
context of understanding the aggregation-induced emission
phenomena, we developed an analytical nonradiative transition
rate theory with Dushinsky rotation effect [21,22] going beyond
the promoting-mode approximation by using the thermal vibra-
tion correlation function (TVCF) approach [23]. TVCF is an analyti-
cal time-integrated rate formalism that can be efficiently solved by
fast-Fourier transformation technique. All the vibrational modes
and vibronic coupling at the molecular level can be taken into
accounts. In this work, we further extended such analytical rate
theory to tackle molecular aggregates by considering excitonic
coupling effect within the Frenkel exciton model. By dividing the
Hamiltonian into intra- and inter-molecular parts, we treat the
latter by employing split-operator approximation. Then, it is
convenient to construct TVCF and derive an analytical formula to
calculate the nonradiative decay rate constant of an aggregate.
We then applied this formalism coupled with the hybrid quan-
tum mechanics and molecular mechanics (QM/MM) calculations to
explore the ECE on the nonradiative decay rate constants for a con-
jugated planar 2,3-dicyanopyrazino phenanthrene (DCPP) [24,25]
as well as for four typical AlEgens (aggregation-induced emission
luminogens), 2,3-dicyano-5,6-diphenylpyrazine (DCDPP) [26],
1,2-diphenyl-3,4-bis(diphenylmethylene)-1-cyclobutene (CB) [27,28],
1,1,2,3,4,5-hexaphenylsilole (HPS) [29,30], 1,1,3,4-tetraphenyl-
2,5-bis(9,9-dimethylfluoren-2-yl)silole (BFTPS) [31,32], see Fig. 1.
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Fig. 1. Molecular structures of the studied molecules.

These can provide a deeper understanding of the effect of inter-
molecular excited-state interaction on the luminescent property
in organic molecular aggregates.

2. Formalism

In this section, we are going to derive an analytical nonradiative
decay rate formalism for molecular aggregates in the weak cou-
pling limit. Based on Fermi’s Golden Rule (FGR), the nonradiative
decay rate constant can be expressed as [21]

ke = [ " dee™ () (1)
1 ot o, it pH
p(t):ZTrenHenHe e (2)

where p(t) is the TVCF of internal conversion. Hy is the zeroth-order
Hamiltonian. ﬁe is the Hamiltonian of the initial state, which is the
first excited state in the internal conversion process from S; to So. 2
is the Born-Oppenheimer (non-adiabatic) coupling arising from the
nuclear kinetic term. AE is the energy difference between the initial
and final states. Z. is the partition function of the initial
state. = (kgT)™', where kg is the Boltzmann constant and T the
temperature.

Firstly, we take a dimer system to build the basis function,
which reads

V1) =8(1) @18(2)), W2)=le(1))@[8(2)), [¥3)=Ig(1))[e(2)),
3)

where (1) and (2) are the first and second molecule of the dimer,
respectively. Under Condon approximation, these can be recast as

W) =12)1Q1 ®Q2), ) = 1e1)|Q1 ® Q).  [¥3) = [e2)|Q1 ® Qy),

(4)

where

|g> = ‘¢1g> ® |¢2g>7 |el> = |¢le> ® |¢2g>> |62> = ‘¢1g> @ |¢2e>7

()

Q (Q') is the harmonic vibrational complete set at the ground
(excited) state ¢y, (¢1.) and ¢,, (¢5) are the electronic wave func-
tions of molecule 1 and 2 at the ground (excited) state, respectively.
Thus, the zeroth-order Hamiltonian for the dimer system can be
expanded in the electronic wave function basis as

I/'}]g-‘rﬁzg 0 0
Ho = 0 ﬁ1e+ﬁzg J ) (6)
0 ] I/:Ilg“!‘l/:IZE
and
2
H' =" [(enl Tuklg) + (enlPuk|g) Puil(l€n) (8] + [8)(enl)- (7)
k n

Here, Flng (Flne) is the harmonic Hamiltonian of the nth monomer at
the ground (excited) state; ] is the excitonic coupling; T = — % d;’; -
and P, = —ih ﬁ where g, is the normal coordinate of the kth nor-

mal mode for the nth monomer. The first term in Eq. (7) is much
smaller than the second term in most cases and is often neglected
[18]. Thus, Eq. (7) can be rewritten as

H =Y RuPudler) (gl + g)(e1]) + RuPudle:) (g + [g)(eal),  (8)
k
in which

Rik = (Dug|Prk|bne) 9)

is the intramolecular nonadiabatic coupling matrix elements
(NACMESs). Inserting Eq. (6) into Eq. (2), the TVCF becomes
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where Hg = ﬁhg + ﬁzg, and ﬁe is

(ﬁ]e-i-i:lzg ] )_ <Iqle+ﬁ2g 0 >+<0 J)
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N

To solve Eq. (11), the split-operator approximation is adopted
e HA+B) ~ p=3iBe Ao 3B (12)

and

e*“ﬁ[(Hle*HZg) Ccos? é_;i + e*%(ng*’HZe) Sin2 é_[ﬁ

e h”e =

e*ih_t(HleJrHZg) + e h(ng+HZe):| sin jh cos .’%

It should be noted that such approximation requires J be small
with respect to the intramolecular vibronic coupling. Then, the
TVCF turns out to be

p(t) = Zl ZZR11<R11{<Q1Q2|P1/< - Pu e (-ihA= t)(H15+H2g COS2 ]
e

e h (Hle+H2g) Slnz .’t + e*ﬁ H!g+HZe) C052 -’_

Table 1
The abbreviation of the eight terms in Eq. (14).
Molecule 1 Molecule 2

1 35y e855e° esed
2 56).e85e86 e8oetd
3 8oe85et esged
4 55).e8e85 e8g;,0e%9
5 e85, 5085 55,0885
6 e85;e8 56y e8set
7 e85e%o 35,885,685
8 e®es 58),e85;0e°

By inserting the vibrational complete set, the term; becomes

Mgt
e h

term, — <Q1|X1 <X1‘P1k’Y1> < Z > <Z1‘P1,)W1> W]|U>
— —— —_— T

3 A
eg !
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(16)

The other seven terms in Eq. (14) can be handled in the same
way and all the relevant propagators are listed in Table 1.

|:e*%(Hle+H2g) + e*%(ng*’HZe) Siné_;l cosé_;

(13)

The terms 3, 4, 5 and 6 terms are null because e#j,e8 and
58,e8e8s are zero (a detailed derivation can be found in Appendix
A). Thus, Eq. (14) can be recast as

(—ihp— t)(H1g+Hze sz j—t} |Q1 Q2>

o gt b NI t
+R]]<R21<Q/] Q2|P]ke*TgP21 e’ﬁ(*lﬁﬁ*f)(Hle‘*’HZg) +e*ﬁ(*lﬁ/)’*f)(ng+Hze):| sin cosiih ‘Q/] Q2>
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Thus, the propagator of an aggregate can be written as the mul-
tiplication of monomer. For instance, the first term (denoted as
term; hereafter) in Eq. (14) reads

~ CiHgt~ oo, T
term, :leRll<Q,1Qz‘Plke n Pye i t)(H‘”HZg)‘QﬁQﬁ

e TM0]Q,)
(15)

= RuRu(Q) [Prie 1Py 1 M-0(Q) ) x (Qqle 1

(14)
:Zlezk:Z{ [cos2 1 1h§h+ t)} (66,.e85;0€%), (e%e®),
-2 [sin2 f(’hgi;)] (50,,€85/€85), (egaew)z} (17)

Herein, §5,e85,0e® is completely the same as the TVCF of a single
molecule we developed previously [22]. The solutions of the other
terms (e8e®, 55,e89,e85, eedecs) are given in Appendix B and those of
the partition function Z. is presented in Appendix C.
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Once we have the TVCF of the dimer in hand, it is straightfor-
ward to generalize it to an aggregate with N molecules. The
zeroth-order Hamiltonian of the aggregate can be written as

S"MHpg 0 0 - 0
0 IqleJFZLlHng Jio Jin
Ho = 0 I
0 ]Nl HNE + Zgilﬁng

and it can be solved analytically. Thus, the nonradiative decay rate
constant of an aggregate with N molecules can be calculated by
using Eq. (1).

3. Computational schemes

All the quantities appeared in the above formalism, such as
excited state energy, vibrational modes and vibronic couplings,
non-adiabatic coupling, and intermolecular excitonic couplings,
are calculated using quantum chemistry packages at the first-

(18)  principles level. In the electronic structure calculations for mole-
The TVCF can be constructed as cule, the solid-state environment of the aggregate was mimicked
by using QM/MM approach. The computational model was built
1 N e , ng lh/i—t) ,
?Z Q- QN!H 5 H !Ql"'Qn"'QNNen)
€ n
1 N N JZE xh/f t) , (19)
Z_ Z Z RnkRm Q QN|Pnke mI €m|€ |Q1 Qn e QN>
€ n m ki
— N ~ by cutting a cluster from the X-ray crystal structure, for which
H = ZZR"kPnk(|en)<g| + lg)(enl) (20) the central molecule is treated using QM and the other surround-
nok ing molecules using MM. (TD) B3LYP/6-31G(d) [33,34] were
Matrices A and B in Eq. (12) are defined as adopted to optimize geometry and to calculate the vibrational
frequency and transition property for the QM part at the ground
and excited states, respectively, using the Turbomole 6.5 pro-
ﬁleJrZ’:#lﬁng 0 0 d ited ivel i he Turb le 6.5
gram [35,36]. The general Amber force field (GAFF) [37] was
A= 0 0 (21) employed to deal with the MM part using DL _POLY program
0 . [38]. The MM part was kept frozen in the geometry optimization.
) BN VPPN The QM/MM interface is accomplished by ChemShell 3.5 package
0 oo Hye+ 3, Hig [39]. The NACMEs was calculated through evaluating the forces
acting on nuclei by transition electric field [21] derived from
0 Jpo Tin first-order perturbation [18]. Namely, Eq. (9) can be further
expressed as
Jn E
B= . (22) Ps ) ) (¢n |0V /0Qu e
: . : <¢ng‘Pnk|¢ne> = _lhw’ng‘ ‘¢ne> ~ —ih
b 9 B E,
Jvi o 0 (25)
And then,
anln e : ‘%f t(Hl + +H“E+ +§Ng) anln nNE~ - lhﬁ t)(H1g+"'+ﬁ“e+"'+;Ng)
e GHe _ , (23)
anNn e i( m/f t>(H, + +Hne+ +HNg) anNn e i(— |h/f ”(H, i +Hne+ +HNg)
where d,,, is the element of e~ # matrix. Thus, Eq. (19) can be Here
expressed as N
1 N <f7’2g\3vn/3an|¢ne - Z Z Engkne aT ornky (26)
(O) = 7> | dor S R0, e55706°)(e5e) o e
e n Kl in which
3 dundn S RuRu(06501650) (e50e0) €5V 2|, (24)  Epgpeos = / drp? (r)e(r: — Roc)/IFs — Roe’ 27)
m#n Kkl
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is the atomic transition electric field, r and R are the electron and
nuclear coordinates, p2(r) is the electronic transition density.
Lornk = 044/0Qy is @ component of the kth eigenvector of the
Hessian matrix of nth monomer, Z,; represents the number of the
oth nuclear charge and M, is the nuclear mass. Eyg. pesr Was eval-
uated using TD/B3LYP/6-31G(d) in the Gaussian 09 package [40].
The excitonic couplings were calculated as Coulomb integral
between transition density of different molecules at the level of
TD/CAM-B3LYP[41]/6-31G(d) by using our home-built MOMAP
program [42] coupled with the NWchem 6.3 program [43]. The
nonradiative decay rate constants of the studied compounds were
calculated using the formalism derived in this work.

4. Results and discussion
4.1. Effect of excitonic coupling for fully conjugated planar DCPP

DCPP compound has been widely investigated experimentally
and theoretically due to its good planar conjugation
[24,26,44,45]. Hence, we took DCPP dimer as an example to exam-
ine the effect of excitonic coupling on the nonradiative decay rate
constant (k,) as a function of excitonic coupling strength. The
calculated ks at 298 K are given in Fig. 2(a).

The excitonic coupling effect always enhances k,, regardless of
the sign of the excitonic coupling J, whether it’s being positive for
H-aggregate or negative for J-aggregate [46G], because of the
squared prefactor in Eq. (17). The k. obtained at J = 0 is completely
equal to that of monomer obtained by previous method [22]. And

the k,, increases as an approximate quadratic function of | when
the J is small because the terms cos? /40 and sin® M40 jp
Eq. (17) are definitely close to 1 and ﬂ“ﬁ%‘)z. as the dash quadratic

3.0

(a)
1 —=—Calculated by TVCF

—eo— Calculated by energy gap law
- = Quaderatic fitting

1.54
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Excitonic Couping J(meV)
(b) Frenkel Exciton state
Monomer $ . Monomer
Excited state —— / MiE" Eycited state
Vibrational H ? J H
state — ¢ —
k)
[}
1

Ground state

Fig. 2. (a) The nonradiative decay rate constant ky, for DCPP dimer as a function of
excitonic coupling strength J at room temperature (298 K), the quadratic fitting

function is k3™ = (1 + ¢ x J2)kI°"™"; (b) excited states level splitting for a dimer.

Table 2
Calculated excitonic coupling strength (J), nonradiative decay rate constants with and
without J at 298 K and the corresponding ECE for the studied AlEgens.

J (meV) k\l:vfithout] (107 571) kx/rith] (107 571) ECE (%)
DCDPP 0.2-34.2 1.12 1.49 33
CB —11.6 to 27.1 2.29 2.71 23
HPS -8.6to 12.8 2.06 231 12
BFTPS 3.1-20.5 8.13 9.85 21

fitting line shown in Fig. 2(a). In general, the excitonic coupling
reduces the energy gap of the dimer system [46]. According to
the energy gap law for nonradiative decay, k,, increases exponen-
tially with the decrease of the energy gap [20]. The calculated ks
using the energy gap law from the monomer’s are also shown in
Fig. 2(a). It is found that the growth rate of k,, calculated by TVCF
method is much slower than the one by energy gap law. The devi-
ation arises from the thermal distribution of higher lying Frenkel
exciton states (see Fig. 2(b)). In comparison with the monomer,
though the k,; of the low-energy FE states is larger, but those for
the higher FE states become smaller, leading to an average less
than that from energy gap law in Fig. 2(a).

4.2. Effect of excitonic coupling in AIEgens

Aggregation-induced emission (AIE) has been a research hot-
spot in the field of luminescence materials and photophysics owing
to its exotic photophysical property and potential applications
[47,48]. This is because conventional luminogens always
experience aggregation-caused quenching due to many reasons,
including intermolecular charge separation, energy transfer to
quenching sites, or Davydov splitting induced symmetry restric-
tion. A lot of works have been carried out to reveal the mechanism
of the exotic AIE phenomena [26,28,30,32,49]. It has been found
that the decrease of the nonradiative decay rate in aggregate phase
is the primary cause of enhanced emission [47,50]. Generally, the
solid-phase luminescent property is presumably affected by the
intermolecular excitonic coupling, which is neglected in the previ-
ous calculations [26,30]. In a recent work [13], it was found that
the optical spectra of AIE systems are almost independent on the
excitonic coupling. In this work, we chose the same AIEgens
(DCDPP, CB, HPS and BFTPS) as in Ref. [13] to examine the effect
of excitonic coupling on the nonradiative decay rate constant.

Considering the delocalization feature of Frenkel exciton, we
selected a computational molecular cluster consisting of a central
monomer and its most adjacent molecules in the densest packing
layer in the X-ray crystal structure (9 molecules for DCDPP, HPS
and BFTPS, and 8 molecules for CB) to evaluate the excitonic
couplings between molecules (detailed data can be found in Ref.
[13]). Before selection, the effect of the cluster size on the
nonradiative decay rate constant had been tested by taking the
DCDPP as an example. The calculated results of the clusters with
4 molecules (2 x 2 lattice), 9 molecules (3 x 3 lattice) and 16 mole-
cules (4 x4 lattice) are 1.37 x107s7!, 1.49 x 107s™! and
1.49 x 107 s, respectively, which indicate the selected cluster
has well balanced the accuracy and computational cost.

Table 2 lists the excitonic coupling strengths and the nonradia-
tive decay rate constants with and without considering excitonic
coupling at 298 K. The excitonic coupling effect is defined as
ECE = (KWth/ _ jowithout]y jwithout] 14 js seen that the excitonic
coupling always enhances the nonradiative decay rate by about
12-33% for the AlEgens. It is also seen that the order of magnitudes
of the rates remains unchanged after taking excitonic coupling into
account, which indicates the excitonic coupling has is a minor
effect on the nonradiative decay in AIEgens.
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5. Conclusions

We have derived an analytical thermal vibration correlation
function formalism to calculate the nonradiative decay rate
constant with excitonic coupling effect for molecular aggregates
by virtue of split-operator approximation. When coupled with
QM/MM calculations, we investigate the excitonic coupling effects
for organic molecular aggregates. We found that: (i) the excitonic
coupling always increases nonradiative decay rate constants,
completely different from the spectral behavior, the latter
depending on the sign of the excitonic coupling; (ii) the excitonic
coupling has very minor effect on the nonradiative decay rate for
AlEgens, which renders supports to previous investigations on
the AIE mechanism ignoring the excitonic effect [22,44,45]. These
are helpful for molecular designs for solid-phase luminescence
materials.
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Appendix A

Proof of e85,e¢ =0

e85 et = <Q S Premi0|Q
J;—g‘ D —Q—g(—ihﬁ—r)
=(Qle 7 |X }{X|P]Y)( Y]e Q

/ / / dQdxdy det[ )}

X exp {h [(QTbQ +X"bX) - }

x [_ihé/(xk_Yk)Hé(xj ] dEt ]

Jj#k

X exp {% [(Y'B'Y +Q'b'Q) — Y'a /Q]}

detjaa’] ,, ,
=dQdX %(bkxk — a,qy)
xexp{f[xT(b;b)x+Q (b)), X'(a '+a)Q]}

/ /det[:aZNHTLe p LTK’L]} 0,

(A1)
where
o
sin(hft) 0 0
a— 0 " 0 , (A2)
w?
0 0 —M

sin(fia, t)

of

sin(h/}wf) 0 0
= 5 - o | (A3)

?

0 0 sin(h/’;/r'uﬁ/l)
?

tan(ﬁ:u%t) 0 0
bh— 0 " 0 ; (A4)

0 0 o,

tan(hof, t)
f

tan(ﬁ/]fwf) 0 0
V=1 o . o | (A-3)

?

0 0 tan(ﬁ/f’\/zulgw)
HT:[0.~~b;<-~~0~~-—a;<~~-0}, (A.6)
;o (U% /o w%

a, = Snhpe)’ b, = an(hfon)’ (A7)
L=X+0Q, (A8)

, b+b -a-a
K — A9
-a—-a b+l (A9

Here, X and Y are the harmonic vibrational complete set, w$ is
the frequency of normal mode k in the ground state of the mono-
mer and M is the total number of the normal mode.

Using cyclic invariance of the trace

36,6585 = 5 e8es = e85 et = 0. (A.10)

Appendix B

atjesdioet = (Q1X) (P Y) Y]e

Z)(Z|Pw ) (wiuy(U]e- 5o

)

detjaa’ _ _ . _ _
det[[K]]{FTK 'GyK'F + ihTr[GyK ') — HLK'F}
X exp {% = %FTK”F + DTED]}
(B.1)
where
B -A
K= ; B.2
AN w2
F= [DTES DTES]A (B.3)
0 e 0
—bN_i b M
0 S 0
Gu=|-- (B.4)
0 S 0
apN_ —M_
0 e 0
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Hy = ) (B.5)

—ay(D"ES),_,
0

Those parameters are defined as
A=a+N, B=b+M, S'BS=M, S'aS=N, E=b -a
and S is the Duschinsky rotation matrix of the monomer.

etef = (Qle "|Q)

-1

= |[[2sinh(hpet/2)
J
is the partition function of a monomer on the ground state.
36,,e85,e85
’ D _iHgt
= (@) XIPyY) (Y |e

Z)(ZIPyw){wle - m-0|u)(ulQ')

det[aa’] ih

N 7o
det ] deqs] HCuK ]

(B.7)
where
0 o 0
—a;bk b;ak
0 o 0
Gy = (B.3)
0 N 0
ajay —bjay
0 - ... 0
esdets = (Qle ¥ [X)(x1y') (¥ [e -0z} (Z]Q)
(B.9)

det[aa’]

i 1 Trr—1 T

nl 2

Appendix C

As the partition function in dimer case, Z. = Tr[e~"H¢], we also
employ the split operator method to partition the excited Hamilto-
nian into the vibrational part and the exciton coupling part

i cosh  —sinh¥] [ e-sHrertz) 0 cosh —sinh¥
e M= | 7 PRgt _ ‘
—sinhZ  cosh4 0 e-#Hig+Hz) | | —sinh4  cosh4

(<))

Using cyclic invariance of the trace, and also the identity property of
both of the monomer, we can obtain

Z. (cosh2 % + sinh? %) (Q}Q, |e‘f"<ﬁ‘°+ﬁm)|Q'1 Q,)

=2 (cosh2 ﬁj] + sinh? %]) H 1 H . 1

. hat g
¢ 2sinh 5% 2 sinh 2%

Appendix D. Supplementary material

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.cplett.2017.03.
077.
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