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Aggregation-induced emission (AIE) phenomenon has attracted much attention in recent years due
to its potential applications in optoelectronic devices, fluorescence sensors, and biological probes.
Restriction of intramolecular rotation has been proposed as the cause of this unusual phenomenon.
Rational design of AIE luminogens requires quantitative descriptions of its mechanism. 2,3-dicyano-
5,6-diphenylpyrazine (DCDPP) with “free” phenyl rings is an AIE active compound, whereas
2,3-dicyanopyrazino [5,6-9,10] phenanthrene (DCPP) with “locked” phenyl rings is not. Quantum
chemistry calculations coupled with our thermal vibration correlation function formalism for the ra-
diative and non-radiative decay rates reveal that the radiative decay rates for both DCPP and DCDPP
are close to each other for all the temperatures, but the non-radiative decay processes are very dif-
ferent. For DCDPP, the low-frequency modes originated from the phenyl ring twisting motions are
strongly coupled with the electronic excited state, which dissipate the electronic excitation energy
through mode-mixing (Duschinsky rotation effect), and the non-radiative decay rate strongly in-
creases with temperature. For DCPP, however, such mode-mixing effect is weak and the non-radiative
decay rate is insensitive to temperature. These findings rationalize the fact that DCDPP is AIE active
but DCPP is not, and are instructive to further development of AIE luminogens. © 2011 American

Institute of Physics. [doi:10.1063/1.3606579]

. INTRODUCTION

Since the aggregation-induced emission (AIE) phe-
nomenon was reported by Tang et al. in 2001, it has attracted
increasing attentions.'»> A variety of organic molecules have
been shown to demonstrate the AIE effect, which include
siloles,>® tetraphenylethene,>’~ fluorene derivatives,'%!!
etc. Optoelectronic devices, such as organic light-emitting
diodes'>!> and photovoltaic cells,'® operate in solid state.
Molecules with AIE property are thus promising to achieve
superior performances in the optoelectronic devices. Further-
more, AIE molecules with functional groups can be utilized as
chemosensors and bioprobes with high sensitivity and selec-
tivity, for example, in the fluorescent detection of D-glucose'”
and the quantization of carbon dioxide.'® To advance the AIE
research, it is of utmost interest to gain microscopic insights
into the AIE processes.

Several mechanisms have been proposed to explain
the AIE processes, including the restriction of intramolec-
ular rotation,'>?° formation of J-aggregates,>'**> excimer
formation,>? intramolecular planarization,”* and twisting in-
tramolecular charge transfer.> In order to better understand
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the AIE phenomena, it is necessary to carry out theoretical
and computational studies to quantitatively describe the elec-
tronic processes in these systems.

The AIE phenomenon was first investigated theoretically
through the first-principles calculations with the excited state
vibronic coupling for silole derivatives.’®?’ It was found
that the couplings arising from the low-frequency motions
contribute the most to the non-radiative decay process and
it was conjectured that these motions are easily hindered by
solid state packing. More quantitatively, it has been shown
that these low-frequency modes are strongly coupled to
each other through Duschinsky rotation effects (DRE) at the
lowest excited electronic state parabola, which dissipates the
excitation energy very efficiently for the molecules with AIE
characteristics,”®?° as evidenced by the comparative studies
of 1,2,3,4-tetraphenyl-1,3-butadiene, 1,1,4,4-tetraphenyl-
butadiene?® and  9-[(0o-aminophenyl)phenylmethylene]-
9H-fluorene.?® These investigations have been based on our
recently developed vibration correlation function formula®®3!
for the internal conversion rate process coupled with the first-
principles quantum chemistry calculations. Such an approach
has been shown to give quantitative descriptions both for the
radiative and the non-radiative decay processes.’”

Recently, Qin er al. synthesized a pair of pyrazine deriva-
tives named 2,3-dicyano-5,6-diphenylpyrazine (DCDPP)

© 2011 American Institute of Physics
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FIG. 1. Chemical structures of DCDPP and DCPP, the atom-labeling scheme
is shown at the right.

and 2,3-dicyanopyrazino [5,6-9,10] phenanthrene (DCPP;
Fig. 1).3 It was found that the fluorescence quantum yield
of DCDPP is 0.015% in pure tetrahydrofuran (THF) solu-
tion, while it is increased 25 times when water is added to
THF up to 90% in content: due to the big difference in po-
larity, the solute molecules start to aggregate. That is to say,
DCDPP showed a pronounced AIE effect. Whereas, DCPP in
THF solution is intensely emissive, and the addition of wa-
ter into the THF solution only leads to a normal PL quench-
ing, indicating that DCPP is a non-AIE compound. As can
been seen from Fig. 1, the difference in molecular structure
is that the two phenyl rings in DCDPP are linked through a
single bond in DCPP. We here present a computational study
on the photophysical properties of these two molecules, to
reveal the microscopic origin of the AIE phenomenon in a
quantitative way.

Il. METHODOLOGY AND COMPUTATIONAL SCHEMES

According to the Jablonski diagram, there are three major
de-excitation pathways for the first singlet excited state (S;):
(i) the radiative decay from S; to the ground state (Sy) with a
rate k;, (ii) the non-radiative internal conversion (IC) process
from S| to Sg with a rate kjc, and (iii) the intersystem crossing
(ISC) process from S; to the first triplet excited states (T;)
with a rate kigc. Thus, the fluorescence quantum yields (®g)
are defined as the competition between radiative decay and
non-radiative decay from the first singlet excited state to the
ground state:>*

ke ky
B kr+knr B kr+kIC+leC.

P ey

The radiative decay rate k, can be obtained by the inte-
gration over the wavelength of the emission spectrum:

k(T = / Gem(@, T)do, %)

where

Oemi (C(), T) =

403
253 2 P (DO 11461 O1) PB (@i, — ).

3

g = (®g| 1| D;) is the electric transition dipole moment, and
can be expanded in a Taylor series in the normal coordi-
nates, i = o + 2y ik Ok + Yy it Qx Q1 + O(Q?). Con-
sidering the strongly allowed transitions of the molecules in
this paper, only the zeroth-order term is taken into account,
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even though our formalism has included the Herzberg-Teller
term; 2 P;,,is the Boltzmann distribution function for the ini-
tial state vibronic manifold; ® and ® are the electronic and
vibrational wavefunctions, respectively.

Under the Franck-Condon approximation, using Fourier
transformation of delta function, Eq. (3) becomes

m 20 2 7 it y-1 FC
7 - e Ttz t,T)dt.
(@) = sl [ § )
C))
Here,
p(]:ncl,o(ts T)= Tr[e_ir‘ﬁfe_ifiﬁi] (5)

is the thermal vibration correlation function, with 7y = ¢ /#,
7, = —if — 1, and B = (kgT) ™", and Hyg is the final (initial)
state Hamiltonian of multi-dimensional harmonic oscillators,
with which Eq. (4) can be solved analytically by virtue of
Gaussian integration through the correlation function as

detlaal {—i [EETKE - QTEQ} } ,
det[K] A2
(6)

where a;, ar, and E are N x N matrices, K is 2N x 2N matrix,
D and F are N x 1 and 2N x 1 matrices, respectively, with
all of the mathematical forms given in Ref. 32. This formal-
ism was recently applied to the molecular design of efficient
infrared emissive materials.*

The internal conversion rate can be evaluated through the
Fermi-Golden Rule expressed as

Ioggq()(ts T) =

27,
kic = 7|Hﬁ|26(Ef — E)), (7
0d; 00,
H, = —#* &0y, | — —2 ), 8
fi Z< o 3Qf/3Qfl> ®

l

where H'denotes the Born-Oppenheimer coupling due to the
breakdown of the adiabatic approximation.*® ® denotes the
electronic wavefunction, and ® represents the nuclear vibra-
tion wavefunction. / is the normal mode index and i(f) denotes
the initial (final) state. Thus, operator H’serves as a transition
coupling between two electronic states due to the nuclear vi-
brational perturbation.

The relationship between the normal coordinates of the
two coupled electronic state parabolas is expressed by a linear
transformation:

0; =S0¢+ D. 9

Here, D is the (3N-6)-dimensional normal coordinate dis-
placement vector, and S is the (3N-6) x (3N-6)-dimensional
Duschinsky rotation matrix, or potential energy surface dis-
tortion matrix. The elements of S represent the mixing of nor-
mal modes in the initial and final electronic states. This matrix
characterizes the vibrational mode mixings upon electronic
excitation. Under the rigid displacement approximation, S be-
comes a delta-function, which has been widely assumed for
understanding the optical spectrum of polyatomic molecules,
namely, the parabola of the ground state and the excited state
are different only at the origins in the normal mode coor-
dinate space. As we pointed out previously, for molecules
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TABLE I. Selected bond lengths (L, in A), bond angles (A, in degree), and
dihedral angles (D, in degree) for DCDPP and DCPP in their ground states
(Sp) and the first singlet excited states (S1). S1—So represents the difference
between S; and Sy.

DCDPP DCPP

So Sy S1-So So Sy S1-So
L(C1-C2) 1.439 1.471 0.032 1.428 1.386 —0.042
L(C3—-C4) 1.416 1.471 0.056 1.425 1412 -0.013
L(C1-N6) 1.335 1.337 0.002 1.340 1.367 0.027
L(C4—N©6) 1.332 1.323 —0.008 1.326 1.353 0.026
L(C4—C9) 1.442 1.430 —-0.012 1.443 1.440 —0.003
L(C1-CI11) 1.486 1.453 —0.033 1.457 1.465 0.007
L(C12—-C22) 1.472 1.428 —0.044
A(C2—C1-Cl11) 1252 123.0 -2.2 120.3 119.6 —0.7
D(C2—-CI1-C11-C12) 36.0 20.0 —16.0 0.0 0.0 0.0

with floppy motions coupled with the electronic excitations,
the Duschinsky rotation effect can largely influence the non-
radiative decay processes upon increasing the phonon occupa-
tion (temperature).?®2° Recent combined computational and
experimental investigations showed that in order to achieve
quantitative assignments for single vibronic level fluores-
cence spectroscopy in phenylvinylacetylene, Duschinsky ro-
tation effects are imperial, which posed computational chal-
lenges for quantum chemistry.’”-38

Under the Franck-Condon approximation, the IC rate can
be expressed as

kic = E kic
i

= Z —Rk,zw1 > e PEY Pud(Ei + El —E!).

Vi,Vf
(10)
Here,
Ru = (@ Py | D;) (i| Py | D) (11)

is the non-adiabatic electronic coupling due to nuclear mo-
mentum P, and

Pu = (O] Py |©:)(O;] Py |©y). (12)
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FIG. 2. Spatial distributions of the LUMO and HOMO for DCDPP and
DCPP.
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TABLE II. Effect of temperature on radiative (k;) and internal conversion
rates (kic) and fluorescence quantum yield (®g) of DCDPP, “no DRE” means
without considering DRE.

ke (107571 kic (s71) O (%)
T(K) DRE noDRE DRE(10°) noDRE DRE noDRE
300 0932 133 445 695 021 99.99
250 0983 133 244 391 040 100.00
200 1.04 133 12.1 655 0.85  100.00
150 1.09 133 532 763 200 99.99
100 114 133 2.14 471 505 100.00
77 1.16 133 1.40 457 762 100.00
50 1.18 133 9.01 739 1160 99.99
20 120 133 6.75 567 1509 100.00

Applying the Fourier transformation, the IC becomes
ke = Z Ry / & 7 pe(e, T (13)

where,
picu(, T) = e[ Pye ™ ™ Pye =11 (14)

is the IC thermal vibration correlation function. The derived
analytical expression is given as

|1
p {—% [EETK”E—QTEQ“

x{ifhTr[GFK™

L T) = det [ara;]
pic,u(t, = m
1] + (K71E)T

Hf) K], (15)

where, GIS and H}S are the 2N x 2N) and (1 x 2N) matri-
ces, respectively. The details of the correlation function are
derived in Refs. 31 and 32.

GIS(K™'F) — (

For the electronic coupling part of IC rate,’”3? we apply

the first-order perturbation theory following Lin,*

o [0V /0 Qp| DY
(@ oy = (2 —s >, (16)
300 Ey — Ey
where
£18V/3Qn| @7) = = EiciorLork:
< Z Mo t—xzy z : "

17)

and the transition field Ej .. = f drpji(r)(e(r: — Ror)/
Ir — R,|?) can be calculated by complete active space self-
consistent field or time-dependent density functional theory
(TDDFT).

It should be noted that such formalism can be only ap-
plied at potential energy surfaces well away from the coni-
cal intersection points. Namely, the ground state and the ex-
cited state should not be too close to each other such that the
denominator of Eq. (16) does not vanish. In fact, when con-
ical intersection becomes important, the non-adiabatic tran-
sition is usually very fast, with a decay rate greater than
102-10'3 s~!. Then, quantum dynamics theory should be
applied.*>*! Also, at this stage, we did not consider the ISC
process since for many conjugated systems, this is a rather



014304-4 Deng et al.

TABLE III. Effect of temperature on radiative (k;) and internal conversion
rates (kic) and fluorescence quantum yield (®g) of DCPP, “no DRE” means
without considering DRE.

ke (100 571) kic (10° s71) Pk (%)
T (K) DRE no DRE DRE no DRE DRE no DRE
300 1.59 1.61 3.29 1.70 82.83 90.49
250 1.60 1.62 2.74 1.48 85.36 91.63
200 1.61 1.63 2.42 1.36 86.93 92.27
150 1.61 1.63 2.25 1.30 87.78 92.60
100 1.62 1.64 2.15 1.28 88.27 92.76
77 1.62 1.64 2.13 1.28 88.40 92.76
50 1.62 1.64 2.11 1.27 88.51 92.81
20 1.62 1.64 2.09 1.27 88.60 92.83

slow process compared with the radiative decay process. The
typical ISC rate is less than 10° s~!, while the radiative decay
rate is around 107-108 s~ 1.

The Sy geometry optimization was started with the x-ray
crystal structure’® by using the density functional theory
(DFT) and then the TDDFT method was applied to optimize
the S; geometry. Becke’s three-parameter hybrid exchange
function with Lee-Yang-Parr gradient corrected correlation
functional (B3LYP functional) (Refs. 42 and 43) and the
def2-SV(P) (Refs. 44 and 45) basis set were employed
throughout the work. Both the energy convergence thresholds
for the ground-state and the excited-state optimization were
set to be 10~% atomic unit. It should be noted that at this
stage, TDDFT with common exchange-correlation functional
works well only for the low-lying excited state with mostly
single excitation character.*®*’ As is shown in Sec. III, for
the molecules we considered here, the lowest excited state
consists of primarily highest occupied molecular orbital
(HOMO)-lowest unoccupied molecular orbital (LUMO)
promotion. Thus, it is appropriate to apply TDDFT. The
molecular symmetries are C, and C,, for DCDPP and
DCPP, respectively. Quantum chemistry calculations were
carried out by using the TURBOMOLE 6.0 program.*$° The
transition electric field of the electronic coupling factor for
the internal conversion rate is calculated at the TDDFT level

80
—e— DCDPP with DRE
—A— DCPP
60
g
¥940_
~
3
o
&
204
O =444
0 80 160 240 320

Temperature (K)
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by using GAUSSIAN 03 program package.’! Based on the
electronic structure information, the Duschinsky rotation
matrix and the normal mode displacements (D;) between the
two electronic state parabola, as well as the radiative and
non-radiative decay rates were calculated.

lll. RESULTS AND DISCUSSION

Table I shows the selected bond lengths, bond angles,
and dihedral angles of DCDPP and DCPP in both Sy and
S; states. The molecular geometry labeling scheme is shown
in Fig. 1. From Table I, it is the bond lengths (C3-C4 and
C1-C2) which experience remarkable changes for both
DCDPP and DCPP when exciting from Sy to S;. DCPP main-
tains almost fully coplanar structure in both Sy and S; states,
while in DCDPP the phenyl rings are twisted sharply from
36.0° in Sp to 20.0° in S;.

According to our TDDFT results, the S; state is domi-
nated by the transition from the HOMO to the LUMO, 96.4%
for DCDPP and 94.7% for DCPP. The wavefunctions of the
HOMO and LUMO orbitals are shown in Fig. 2. It can be seen
that the HOMO for DCDPP is delocalized on the two “free”
phenyl rings and the pyrazine ring, while that for DCPP is lo-
calized mostly on the two “locked” phenyl rings. The LUMO
is mainly originated from the pyrazine ring for both DCDPP
and DCPP. Hence, it is expected that the pyrazine ring and the
two phenyl rings will affect the photophysical properties of
both DCDPP and DCPP. In addition, in the two compounds,
the HOMO and LUMO both display the = and 7 * charac-
ters. Generally, the spin-orbital coupling is very small for the
m—m* electron transition, which rationalized our neglect of
the ISC process here.

A. Photophysical properties

Based on DFT and TDDFT calculations for the transi-
tion dipole moment and the vibronic coupling, the radiative
decay and IC rates and the corresponding fluorescent quan-
tum yields of DCDPP and DCPP are calculated and compared
for cases with DRE and without DRE for temperature ranging

2.0
{ |--o--DCDPP| without DRE
1 |-4--DCPP
1.54
. o .
/Q\ AN .- o
R 1,7\ /) Q__-& ,/
- - 13N\
W2 1.0 s-nan-ngt-b N )
y \ ’ \\ ’
= O‘Cj \ ’
%) /
x ksl
0.5 1
0.0 T T T
0 80 160 240 320

Temperature (K)

FIG. 3. Temperature dependence of the internal conversion rates normalized at 70 (kic,7/kic,70), from S to Sy states of DCDPP and DCPP with DRE (left) and

without DRE (right), 70 = 20 K.
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2.0
| |—c—DCDPP without DRE
] |=>—DCPP
1.5
g A A AN A
e"‘: 1.0 G VA
=
L
C]
0.5
0.0 . T T T g T T
0 80 160 240 320

Temperature (K)

FIG. 4. Temperature dependence of the normalized fluorescence quantum yields (®r7/®g70) from S; to Sg states of DCDPP and DCPP, with DRE (left) and

without DRE (right), referenced at 70 = 300 K.

from 20 K to 300 K. The calculated results are summarized in
Tables II and III.

From Tables II and III, it can be seen that at 300 K, the
radiative decay rate of DCDPP (9.32 x 10° s~!) is even larger
than that of DCPP (1.59 x 10° s~!). Moreover, from 300 K to
20 K, the radiative rate of DCDPP is always larger than that
of DCPP. These data suggest that the increase in the emission
efficiency from DCDPP to DCPP in THF solution does not
stem from the radiative decay process.

In contrast to the radiative process, the IC rate of DCDPP
(Table II) is much larger than that of DCPP (Table III) at
300 K (4.45 x 10° s7! vs. 3.29 x 10’ s~!) with DRE and
the corresponding fluorescence quantum yields are 0.21%
and 82.83%, respectively. Thus, it is the dramatic decrease
in the IC rate that has brought about the increase in the flu-
orescent efficiency when going from DCDPP to DCPP. At
the same time, it suggests that the luminescent properties
can be tuned dramatically by simply changing the molecular
structure.

In order to further analyze the temperature dependence,
we depict the IC rate normalized to the value at 70 = 20 K
(kic,o) in Fig. 3. It is obviously noted that for DCDPP, the in-

40
| 0
@) - 0.1250
| o= 0.2500
304 LR 0.3750
x a® 0.5000
3 ] - " 0.6250
£ LB " 0.7500
o - 0.8750
'g 20 L 1.000
4 ||
E . s
«© [ ]
£ | u
S 10 -
z | o
Jmy -
1 "
o= . . .
0 10 20 30 40

Normal mode index

clusion of DRE makes the IC rate enhanced by about 70 times
from 20 K to 300 K. If DRE is neglected, the IC rate is found
to be insensitive to the temperature. For DCPP, the IC rate
hardly varies from 20 K to 300 K, for both with and without
considering DRE. The temperature dependence of @ with
and without DRE is showed in Fig. 4. For DCDPP, the fluo-
rescence quantum yields are increased about 72 times when
the temperature is decreased from 300 K to 20 K with DRE.
For DCPP, the fluorescence quantum yields are calculated
to be insensitive to the temperature in both cases: with and
without considering DRE. These findings are in good agree-
ment with the experimental observations that DCDPP is an
AIE molecule but DCPP is not. According to our previous
theoretical results,”® an AIE molecule (e.g., 1,234-
tetraphenyl-1,3-butadiene) shows strong mode-mixing (DRE)
and prominent temperature dependence for the IC rate,
namely, about 650 times increase from 70 K to 300 K, while
for a non-AIE molecule (e.g., 1,1,4,4-tetrephenylbutadiene),
the IC rate increases only 7 times. In fact, the IC rate is propor-
tional to the weighted Franck-Condon overlap factor between
the initial and final electronic states. If there are only dis-
placements in the origin of the normal mode coordinates, the

40
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FIG. 5. Contour map of Duschinsky rotation matrix for the lowest 40 normal modes in (a) DCDPP and (b) DCPP.
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FIG. 6. Huang-Rhys factors for (a) DCDPP and (b) DCPP versus the normal mode wave numbers.

overlap starts to occur amongst vibrational states. Since the
modes are independent harmonic oscillators, the overlap can
only occur between different quantum states of the same
mode. Since temperature can populate the states with larger
quanta of vibration, the overlap increases. Once there is a ro-
tation, then in addition to overlaps within the same mode,
the overlaps start to spread out to different modes. When
temperature is increased, the spread-out effect becomes more
and more pronounced due to the vibrational states redistribu-
tion to higher quanta and more different modes. This actually
explains the more pronounced temperature dependence due
to DRE. This is certainly in consistence with the AIE phe-
nomenon. That is, the aggregation tends to hinder the low-
frequency twisting motion and to decouple the mode-mixing,
thus quenching the IC processes.

The selected contour maps for the absolute values of
the Duschinsky rotation matrices for the first forty normal
modes ordered with an ascending vibration frequency are
presented in Fig. 5 for DCDPP and DCPP, and those for
all the normal modes are given in Fig. SI in the supple-
mentary information.”> By definition, the absolute values
of the off-diagonal elements measure the degree of mode-
mixing between the two potential energy surface parabola.
As shown in Fig. 5, for DCDPP, the Duschinsky rotation ma-
trix elements contain remarkable non-diagonal contributions,
while for DCPP, the Duschinsky rotation matrix elements are
mainly along the diagonal line. Furthermore, we could also
note that, for DCDPP, the mixing of the first five low fre-
quency modes is very large. From the previous studies,?’ =2’
the contributions from the low frequency motions can cause
significant temperature dependence for the IC decay pro-
cess. Thus, in DCDPP, the IC process and its temperature
dependence can be reasonably described when the DRE is
considered.

B. Huang-Rhys (HR) factor and reorganization energy

From the previous analysis*’ ~2° and the schematic de-

scriptions of potential energy surfaces of two electronic states
shown in Ref. 53, we know that the HR factor and the reor-

ganization energy are important for non-radiative decay pro-
cesses. The HR factor S; = w; x Di2 /2% characterizes the av-
eraged number of phonons for the ith normal mode emitted
(absorbed) by electron into (from) vibration in the relaxation
process. Its reorganization energy (;) is the product of S; and
the corresponding vibration energy: A; = S; X fiw;.

The HR factors for the lowest singlet excited state of
DCDPP and DCPP are presented in panels a and b of Fig. 6,
respectively. It is seen that the modes with large HR factors all
appear at the low frequency region for DCDPP, e.g., modes 2
(55.76 cm™1), 5 (82.97 cm™!), and 8 (157.25 cm™'), while
those for DCPP appear at both low (mode 17, 415.95 cm™')
and high (mode 72, 1582.06 cm™!) frequency regions. Such
features again suggest the importance of DRE for DCDPP,
because DRE occurs most notably for the low frequency
modes.*® For the sake of clarity, we depict the normal mode
displacement vectors for modes with large HR factor: normal
modes 2, 5, and 8 of DCDPP and 17 and 72 of DCPP in Fig. 7.
Modes 2, 5, and 8 of DCDPP are assigned to the phenyl ring
twisting, and mode 72 of DCPP belongs to the stretching vi-
brations of carbon-carbon bonds.

DCPP

FIG. 7. Diagrammatic illustrations of the normal mode displacement vectors
for the selected vibrational normal modes of DCDPP and DCPP.
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Selected reorganization energy (>10 cm™'), the cor-
responding vibrational frequency, and the displacement for
DCDPP and DCPP are shown in Tables SI and SII in the
supplementary information.’”> The total reorganization energy
is 2677.92 cm™! for DCDPP and 2202.45 cm~! for DCPP.
For AIE molecule DCDPP, the low frequency vibrational
modes 2, 5, and 8 related to the phenyl ring twisting con-
tribute about 46.6% to the total reorganization energy. Ac-
cording to our previous work, energy dissipation pathways via
low-frequency motions are easily quenched in aggregation or
at lower temperature, leading to the AIE effect. Hence, the
phenyl ring twisting is at the origin of the AIE phenomenon
of DCDPP.

To further understand the relationship between the pho-
tophysical properties and the molecular structures, we project
the reorganization energies onto the internal coordinate of the
molecules, and the reorganization energies contributed from
bond length, bond angle, and dihedral angle are summarized
in Fig. 8. The detailed internal coordinates with large com-
ponent of reorganization energy (>50 cm~! for DCDPP and
>40 cm~! for DCPP) are listed in Table SIIL.>> From Fig. 8,
it is noted that the main contributions come from the dihe-
dral angle (50.96%) relating to the rotation motions of the
phenyl ring and the bond length (39.24%) for DCDPP, while
for DCPP, those are mainly from the bond length (71.84%) as-
sociated with the C—C stretching vibrations. These results fur-
ther confirm that the rotation motion of the phenyl pendants
attached to the parent pyrazine core is crucial to determine the
luminescent property.

It should be noted that our explanation for the AIE phe-
nomena is so far confined to single molecular excited pro-
cesses. This is because that in most of the AIE system, the
absorption and emission peaks do not shift apparently when
going from dilute solution to aggregate. We note that the exci-
ton effect has been widely explored by Spano et al. in the con-
text of exciton-phonon coupling at the two-particle approxi-
mation, where photophysical properties have been elucidated
through influences of the diagonal disorders arising from the
phenyl ring rotations on the radiative process for either H or J-
aggregates.>* > In such circumstance, it is expected that there
occurs prominent shifts in either emission or absorption max-
imum upon aggregation.

IV. CONCLUSIONS

To summarize, we have calculated the radiative and
non-radiative decay rates and their temperature dependences
for two pyrazine derivatives, DCDPP and DCPP, based on the
vibration correlation formula we developed earlier and DFT
calculations. At room temperature (300 K), the fluorescence
quantum yields of DCDPP and DCPP are calculated to be
0.21% and 82.83%, respectively, indicating that restriction
of the phenyl ring rotations in the pyrazine derivatives plays
a crucial role in governing their photophysical behaviors, in
good agreement with the experimental results.>* Upon lower-
ing the temperature from 300 K to 20 K, the radiative decay
rates for both compounds vary appreciably. However, the
Duschinsky rotation from the low-frequency mode mixings
enhances the fluorescence quantum yield of DCDPP by 72
times, but exerts little effect on the luminescence efficiency
of DCPP. The importance of the phenyl ring twisting motion
in DCDPP is found to be essential in understanding its
luminescent property, which rationalizes the ‘“restriction
of intramolecular rotation” mechanism proposed by Tang
et al."?" to explain the exotic AIE phenomena. The rotations
of the phenyl rings, corresponding to the low frequency
vibrational modes, were easily suppressed at the low tem-
perature, which effectively block the non-radiative decay
pathways.
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