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ABSTRACT: Room temperature phosphorescence (RTP) from pure organic material is
rare due to the low phosphorescence quantum efficiency. That is why the recent discovery
of crystallization induced RTP for several organic molecules aroused strong interests.
Through a combined quantum and molecular mechanics CASPT2/AMBER scheme taking
terephthalic acid (TPA) as example, we found that electrostatic interaction not only can
induce an enhanced radiative decay T, — S, through the dipole-allowed S, intermediate
state, but also can hinder the nonradiative decay process upon crystallization. From gas
phase to crystal, the nature of S; state is converted to '(7,7*) from !(n,z*) character,
enhancing transition dipole moment and serving as an eflicient intermediate radiative
pathway for T, — S, transition, and eventually leading to a boosted RTP. The
intermolecular packing also blocks the nonradiative decay channel of the high-frequency
C=O0 stretching vibration with large vibronic coupling, rather than the conventional low-
frequency aromatic rotation in crystal. This mechanism also holds for other organic
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compounds that contain both ketones and aromatic rings.

ery recently, room temperature phosphorescent (RTP)

from pure organic materials'~'” has attracted significant
attention because, conventionally, RTP is extremely weak.
Different mechanisms have been put forth to explain such
exotic phenomena based on the discovered organic molecules
in several experimental research groups. Adachi et al. showed
that the carbazole derivatives embedded in f-estradiol as a
host—guest material emit persistent RTP, which is highly
deuterated to minimize the nonradiative deactivation.” Huang
and co-workers claimed that the stabilized triplet states through
H-aggregation intermolecular interaction is responsive for the
long-lived RTP in a series of 1,3,5-triazines derivatives.® It is
also reported that the carbazole-based ketones 4-(9Hcarbazol-
9-yl)benzaldehyde (CZBA),° 4-(9H-carbazol-9-yl)-
benzophenone (CZBP),” 4,4'-bis(9H-carbazol-9-yl)methanone
(CZ2BP)® and phenothiazine-based dibenzothiophene-S,S-
dioxide derivatives’ showed boosted RTP, which were
attributed to the enhanced intersystem crossing (ISC) from
singlet to triplet states by ketones (C=0) and dibenzothio-
phene-S,S-dioxide (O=S=O0) units and the suppressed
nonradiative decay of triplet states through the restriction of
intramolecular motion (RIM) upon crystallization, similar to
the common aggregation-induced emission (AIE) systems.'’
Yang et al. and Xue et al. suggested that the intermolecular
electronic coupling between benzophenone, dibenzothiophene-
S,S-dioxide, heavy atom (bromine) and carbazole units can
largely increase ISC from singlet to triplet states, leading to
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persistent RTP upon crystallization." "' Interestingly, Tang and
co-workers observed the crystallization-induced RTP in small
aromatic acids'® molecules, which was again attributed to RIM
mechanism. It is highly intriguing to investigate the RTP from
theoretical and computational perspective, which would gain
deeper insight and eventually provide molecular design strategy.

In this Letter, we employed a combined quantum and
molecular mechanics (QM/MM) approach, starting with
terephthalic acid (TPA, see Chart 1) as example, to unravel
the effect of crystallization on the nature of the molecular
excited states. We found that from gas phase to crystal, the
intermolecular electrostatic interaction not only converted state
S, from '(nz*) to '(mm*), which increases the transition
dipole moment and subsequently enhanced the radiative
channel from T, to S, but also blocked the fast nonradiative
decay process by the restriction of the high-frequency C=0
stretching vibration rather than the conventional low-frequency
aromatic rotational vibrations. The observed persistent RTP
was thus attributed to such synergetic effect induced by the
intermolecular electrostatic interaction on the decay of lowest
triplet state T;. We further demonstrate that this mechanism
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Chart 1. Chemical Structure of (a) TPA and (b) QM/MM
Models
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also works for other organic RTP compounds such as IPA"
and CZ2BP.*

(A) Nature of the Lowest-Lying Excited States. To account for
the fascinating crystallization-induced fluorescence and RTP for
pure organic compounds, we calculate the excited-states
structures for TPA molecule by using CASPT2 and hybrid
CASPT2/AMBER with ANO-RCC-VDZP basis set in gas and
solid phase, respectively, see Figure 1 and Table S1 for more
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Figure 1. Calculated energy diagram, oscillator strengths (f) and
spin—orbital coupling (¢) of TPA in (a) gas phase and (b) solid phase
by using CASPT2/ANO-RCC-VDZP at S;-geometry.

detailed transition compositions, including the vertical
excitation energies, nature of the states, oscillator strengths
and spin—orbit couplings between low-lying singlet and triplet
states. It is found that the nature of the lowest excited states S,
becomes '(7,7*) in solid from '(n,7*) in gas phase, because the
excitation energy of '(n,z*) is raised up to 5.05 eV from 4.81
eV, whereas the !(7,7*) state is reduced to 4.76 eV from 4.99
eV when going from gas to solid phases. Most importantly, the
oscillator strength of S; is 3.33 X 10~ in gas phase and is
largely enhanced to 3.49 X 107 in crystalline phase. Namely,
crystallization can induce the conversion from !(n,z*) to
Y(m,m*) for the S, state in TPA, which leads to fluorescence. It
is also noted that in both gas phase and solid state, the T is
always of *(m,7*). Thus, the transition energy T — S, and the
spin—orbit coupling are almost unchanged, in sharp contrast to
3 orders of magnitude enhancement for the oscillator strength
of §; = S,.

The enhanced phosphorescence in crystalline can be inferred
from the electric transition dipole moment of T; — Sy:'*

(T, Sug s,
ﬂTl_’So x Z

AE; (1)
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where pg _, 5, is the electric transition dipole moment between

the intermediate S, singlet and ground states, £(T,S,) is the
spin—orbit coupling (SOC) between the singlet S, and lowest
triplet T states, and AEy, _, g is the energy difference between
T, and S,. By keeping only n = 1 in the eq 1 for simplicity.
Namely, the electrical transition dipole of T — S, consists of
transition T, — S, via spin—orbit coupling followed by spin
and electric dipole-allowed S; — S, transition. When going
from gas to solid, the oscillator intensity of T| — S, is increased
to 424 X 107" from 9.30 X 107'% Thus, the crystallization
induced RTP can be understood as the conversion of the S,
from !(n,7*) to '(m7*).

(B) Effect of the Intermolecular Electrostatic Interaction. To
understand such a conversion, we look at the effects of
intermolecular electrostatic interaction and molecular geometry
modification: these are the two major crystallization effects at
the molecular level. We examine the excited state structures for
four different models in Figure 2a: the individual molecule
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Figure 2. Diagram of (a) three models for TPA, (b) Kohn—Sham
molecular orbital levels, (c) molecular orbitals, and (d) comparison of
J-K for (nz*) and (zz*) transition. The IM, QM, CQM-H and CQM-
L represent the isolated molecule, QM molecule in the cluster, and
QM molecule surrounding background charge coming from MM
molecules on the benzene ring side and the carboxyl group side in the

cluster, respectively. Ag,, represents the energy difference between
HOMO-1 () and HOMO-2 (n).

(IM), the single molecule (QM) with molecular structure as
embedded in the cluster, one molecule along with background
charges coming from neighboring two molecules on its benzene
ring side (CQM-H) and carboxyl group (—COOH) side
(CQM-L) in the cluster, respectively. Namely, going from IM
to QM, the difference stems from the molecular geometry. But
from QM to CQM-H and CQM-L, the latter consist of a
charged environment. Additionally, the influence of molecular
packing on electronic transition characters were also inspected
by comparing CQM-H with CQM-L. From the lowest three
singlet excite states, it is found that the lowest excited state is of
'(n,7*) nature in IM, QM and CQM-H models but becomes
'(ma*) for CQM-L. To save the computational cost
dramatically, B3LYP/CC-PVDZ is used here owing to the
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similar excited-state properties presented in Table S2 with
those of CASPT2 in Table S1. Table S3 summaries a
comparison of these four situations for their lower excited
states. This clearly shows that local electrostatic interaction
surrounding carboxyl group (—COOH) plays a crucial role on
the changed transition character of S, state from gas to solid.
To gain a deeper insight on the electrostatic interaction, we
have a look at the dipole and quadrupole moments of ground,
low-lying states and environments for TPA molecule in Table
S4 and SS as well as those of the other compounds mentioned
afterward. It is obvious that the transform between (n,z*) and
!(z,w*) states can be understood by the fact that the dipole
moment of the '(7,7*) state is larger than that of '(n,7*) and
ground states for a polar molecule,* while similar behavior is
found for quadrupole moments in nonpolar molecules. This
means the reverse of '(n,7*) and '(7,7*) states can be induced
by enhanced electrostatic interaction, whether the molecule is
polar or nonpolar. If we look at the frontier molecular orbitals
(Figure 2b,c), one can find that the two degenerate n-orbitals
(HOMO-2 and HOMO-3) are always lower than the
degenerate 7 (HOMO and HOMO-—1) ones. Band structure
calculation performed for TPA crystal again confirmed that the
two highest-lying valence bands are of 7 character, while the
third and fourth bands are formed by lone-pair orbitals (see
Figure S1). This demonstrates the reliability for our QM/MM
approach, which is a practical way to handle the molecular
excited state within solid environments.

To better understand such crossover for S; but not for T, we
take a look at both the molecular orbitals and the Coulomb and
exchange contributions to the excitation with the configuration
interaction single (CIS) approximation. The singlet and triplet
excited states are expressed as Eg=¢,, — (J— K) and E; = ¢,; —
], respectively, where ¢, is the energy difference between
Hartree—Fock molecular orbitals a and i, J represents the
Coulombic attraction (—]) between an electron at orbital a and
a hole at orbital i, and K is the exchange energy. Within the
frontier MOs, HOMO-2 is an n-orbita, HOMO and
HOMO-1 are degenerate m-orbitals and LUMO is a z*-
orbital. At gas phase, the energy difference of highest occupied
n and 7 orbitals (g, — &,) is 0.18 and 0.13 eV for IM and QM,
respectively, and it is insensitive to the electrostatic interaction
around the benzene ring due to the small energy difference
(0.07 eV) in the CQM-H case. However, it is much more
sensitive to the local electrostatic interaction surrounding the
carboxyl group; namely, from QM to CQM-L, it goes from 0.13
to 0.56 eV. This is mainly because the n-orbital is largely
stabilized by the electrostatic interaction, while 7 and z*
orbitals are insensitive to the electrostatic environments. In fact,
the n-orbital represents negative charge in the oxygen attracting
the positive charge in hydrogen of the neighboring molecule.
This is the origin of the orbital stabilization. For the 7 and #*
orbitals, charge is delocalized, and, on average, there is no net
charge in the orbitals. On the other hand, (J — K) is larger for
!(n,7*) than for '(z,7*) (see Figure 2d), and its relatively large
change makes !(n,7*) the lowest excited state for the gas phase
but '(z,7*) for the solid phase. Thus, a solid environment
tends to destabilize '(n,7*) excitation. However, for !(z,z*), it
is much less sensitive to the charged environment.

In order to get a closer look at such crossover behavior, we
further build one more computational model with TPA
molecule surrounded by two polar chloroforms (TCM) with
separation d (see Figure 3a). TDDFT/B3LYP/CC-PVDZ is
employed to calculate the excitation energy and the natural
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Figure 3. (a) TPA molecule surrounded by two polar chloroform
molecules, (b) the excitation energy of the lowest '(n,z*) and '(z,7*)
states as a function of intermolecular distance d (the charge
distribution of chloroform was treated as background charges). The
natural transition orbitals (NTOs) of the lowest '(n,z*) and '(7,7%)
states at (c) C=0-+H = 1.3 A and (d) C=0--H = 1.2 A are also
depicted. It is noted that the TPA molecule is in the gas phase when d
is 2.4 A.

transition orbital (NTO) of the lowest-lying excited states S,
S,, and S; of TPA with the surrounding TCM modeled as a
charge cloud extracted from ground state DFT calculation on
the complex. It is found that (i) at a large separation, the lowest
two excited states S; and S, are close to each other and both are
of '(nz*) nature. S; is of '(mm*) excitation; (ii) with
increasing electrostatic interaction by progressively moving
the solvent TCM closer to TPA, it is found that the crossover
of the (n,z*) and '(7,7*) states occurs at a distance of ca. 1.3
A between the H atom of TCM and the O atom of TPA (see
Figure 3b).

This behavior is a well-established phenomenon in text-
books,"> and has also been found in previous theoretical and
experimental studies.'°™" Using TDDFT combined with
polarizable continuum model, it was shown that the lowest
excited state of the uracil molecule is '(n,z*) in the gas phase,
but becomes the '(m,7%) state when the solvent effect is
considered.'>"” Zhang et al. have shown that several aromatic
ketone derivatives were weakly or even not fluorescent in
CH,Cl,. As far as Lewis acids (AICl;, BCl;, etc.) added in
solution, strongly fluorescent emissions could be observed.
These were claimed to be a conversion of the lowest excited
state from '(n,7%) to !(m,7*) state with the aid of Lewis acid.'®
Kwon et al. have also reported that the 2,5-dihexyloxy-4-
bromobenzaldehyde (Br6A) and its derivative G1 compounds
showed weak fluorescence in low-polar solvents, but can emit
strong fluorescence in strong polar solvents. They proposed
that this phenomenon can be attributed to the lowest excited
state transformation from '(n,z*) to '(7,7*) state with solvent
polarity enhancing.'

(C) Singlet Excited State Decay: Radiative and Nonradiative
Rates. The singlet excited state radiative decay and nonradiative
decay are essential for light-emitting process. While the former
can be simply estimated through Einstein spontaneous
emission, the latter partly involves the energy dissipation
through vibronic couplings, which can be characterized by the
normal mode reorganization energy. We depict vibrational
relaxation energy in the S; — S, process for each mode in
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Figure 4. The reorganization energies in the low frequency
region (less than 400 cm™) are almost zero both in gas and
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Figure 4. (a) Normal mode reorganization energy; (b) nature
transition orbitals (NTOs) and (c) resonance Raman spectrum of
TPA for the lowest singlet state both in gas and solid phases.

solid phases, excluding the contribution from the out-of-plane
rotations of the aromatic rings. Interestingly, the C=O
stretching vibration contributes the most (~1974.37 cm™') in
gas phase, which is consistent with the corresponding large
geometrical modification (0.08 A between S, and S, states) in
Table S6 and the lone-pair electron localized on the C=O0O
bond (n—7z* transition) shown in Figure 4b. However, in the
solid phase, this value is reduced to 212.96 cm™'. Such a
remarkable reduction is due to the alternation to 7 — 7#*
transition as shown in Figure 4b, which is decoupled with the
C=0O0 stretching vibration. This is further correlated to a tiny
geometrical modification difference (0.01 A) between S, and S,
states as well as charge redistribution to benzene rings for 7 —
7* transition. In addition, from a geometrical point of view, the
intermolecular hydrogen bond (see Figure S2) between O in
the C=0 bond and the hydrogen of the neighboring molecule
could further suppress the relaxation of C=0 bond. We thus
conclude that the nonradiative decay process is blocked by the
restriction of the high-frequency C==O stretching vibration,
rather than the conventional low-frequency aromatic rotational
vibration. The resonance Raman spectrum (RRS) were further
simulated to confirm this point as shown in Figure 4c. From gas
to solid, the high-frequency Raman intensity is hugely reduced.
These evident differences not only show the restriction of the
high-frequency C=0 stretching vibration,”® but also imply the
transformation from '(n,z*) to !(zn*) state for the lowest
singlet excited state.

Now, from gas to solid, the internal conversion (k) rate of
S, = S, is calculated by the home-built MOMAP program.”!
the ki of S; — S, is decreased about 1 order of magnitude, from
4.97 x 107 s7! to 5.15 X 10° s™', while the radiative decay rate
(k) is largely enhanced by 3 orders of magnitude from 3.34 X
10* s7! to 343 X 107 57!, primarily due to the enhanced
oscillator strength of 7 — #*. This quantitatively explains the
observed strong fluorescence as well as RTP in solid phase. The
conventional RIM mechanism found in common AIE molecule
is a secondary effect for RTP.

We are ready to illustrate the mechanism of the electrostatic
interaction induced RTP in Figure S. Namely, the electrostatic
interaction activates an eflicient radiative pathway from T to S,
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Figure 5. Proposed mechanism of electrostatic interaction induced

long-lived RTP.

through converting S, from '(n,z*) to '(m7*), inducing T,
emission upon crystallization.

(D) Electrostatic Interaction-Induced RTP for IPA and CZ2BP.
This proposed electrostatic interaction-induced phosphorescent
mechanism is not only applicable for the TPA compound, but
also valid for other compounds that contain both ketones and
aromatic rings. The RTP has been recently demonstrated for
isophthalic acid (IPA)"’ in crystal form and for 4,4'-bis(9H-
carbazol-9-yl)methanone (CZ2BP) in cocrystal with chloro-
form.” We calculate the nature of the low-lying excited states by
using (TD) B3LYP/CC-PVDZ for IPA, and (TD) CAM-
B3LYP/CC-PVDZ for CZ2BP owing to its charge transfer
character based on their optimized S)-geoemtries both in gas
and solid phases (see Figure 6). It is easily found that the S;

* S, na*
0 o S . 4 S, an* f=0.01
Sin,n* f~10 21 —_— T
* inm*
HO OH 0.36feV_Tsnr Y
— _
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Figure 6. Illustration of the excited state structures and transition
properties for IPA and CZ2BP.

states of these two compounds are inverted from '(n,z*) to
!(m,m*) states from gas to crystalline phases and the oscillator
strength of S, is significantly enhanced by 2 orders of
magnitude: from 107* to 0.01 for IPA and from 0.01 to 0.50
for CZ2BP. Consequently, an efficient radiative decay pathway
from T, to S; is expected through the intermediate states S.
We also note that in solid phase, S,(7,7*) is close in energy to
Ts or T,. The latter is of '(n,7*) character. Thus, according to
the El-Sayed rule,”” the intersystem crossing from S, to Ty or
T, is favored, in addition to the closeness in energy levels.
These results independently support the proposed mechanism
RTP of pure organic compounds.

In conclusion, we proposed a novel mechanism of electro-
static interaction induced phosphorescent mechanism and
explain the recently discovered RTP from pure organic
compounds in crystalline phase. Traditionally, this was regarded
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as rare. Through investigating the excited state electronic
structures and radiative and nonradiative decay rates by a
combined quantum mechanics and molecular mechanics (QM/
MM) approach, we found that intermolecular electrostatic
interaction can convert the lowest singlet excited state S; from
'(nz*) type to '(mm*). This is primarily due to the
destabilization of the lone-pair n-orbital within the charged
environment. Band structure calculations on the nature of the
frontier of valence bands further confirmed the reliability of the
QM/MM model. Upon crystallization, the S, state is inverted
as '(z,7*) with a largely increased transition dipole moment by
the introduced electrostatic interaction, and hence generates
significantly enhanced radiative pathways T, — S, through the
intermediate state of S,. Strikingly, the nonradiative decay
process of S, is further suppressed in solid state through the
restriction of the high-frequency C=O stretching vibration,
rather than the common low-frequency intramolecular rota-
tional vibration found in the conventional AIE systems. The
proposed mechanism gives a clear description of the RTP
behaviors for pure organic compounds TPA, IPA, and CZ2BP
and is expected to be applicable for a class of organic molecules
with lone pair n-orbitals.

B METHODOLOGICAL APPROACH

The computational models were constructed by cutting a large
cluster (5 X S X S supercell) from the crystal structure of TPA
as shown in Chart 1. The quantum mechanics/molecular
mechanics (QM/MM) method was implemented to deal with
the electronic structures in crystal, where the central molecule
is defined as the active QM part, and the surrounding ones are
all rigid as the MM part. The atomic partial charges were
generated by the restrained electrostatic potential (RESP)*
method. The complete active space self-consistent field
(CASSCF) and second-order perturbation (CASPT2) calcu-
lations were performed using MOLCAS”* packages for the QM
part, whereas AMBER-f99 force field”® was employed to deal
with the MM part by using the Tinker’® package. The interface
between the QM and MM parts was coded by Ferré et al.”’
included in MOLCAS. The CASPT2//CASSCF method with
the relativistic Atomic Natural Orbital basis set ANO-RCC-
VDZP*® was applied both in gas and solid phases. The 8
electrons in 8 orbitals (8¢/80) were chosen as active space
(contour plot of the eight orbitals see Figure S3). These
orbitals contain the two lone-pair n orbitals of carboxyl group
and the 7 and #* orbitals that are mainly distributed in the
benzene ring. Vertical excitation energies, oscillator strengths,
and spin—orbit coupling at the optimized structure (S,) were
determined from the 4-root state-averaged CASPT2//CASSCF
calculations to include more dynamical electron correlations.

We further reoptimized the geometries and calculated the
vibrational frequencies at S, and S, states at the (TD)B3LYP/
CC-PVDZ level in order to determine the vibrationally coupled
nonradiative decay rate of S; — S,. The gas-phase calculations
were performed using Turbomole 6.5, while the solid-phase
ones were evaluated by using the same QM/MM model set up
above by virtue of ChemShell 3.5,°° interfacing Turbomole
6.5"” for QM and DL_POLY’' with the general Amber force
field (GAFF)™ for MM.

The radiative rate (k,) is evaluated by the Einstein
fE\%Eﬂ
1.499s-cm ™’
the dimensionless oscillator strength (f = 2/3 E . p is the
transition dipole moment), and E,, is the vertical excitation

spontaneous emission relationship k, = where f is
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energy at the S;-geometry. Especially, the electric transition
dipole moment of T; = S, can be obtained by eq 1. The
reorganization energy and the nonradiative decay rate are
calculated by our home-built package MOMAP program,”" with
detailed formulation in our recent review.” Excited state
property analysis can be found in ref 34. Cartesian coordinates
are used to construct the Duschinsky matrix and to calculate
the reorganization energy.
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