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ABSTRACT: Room-temperature phosphorescence (RTP) with Descriptors (7, B) in Organic RTP Materials
long afterglow from pure organic materials has attracted great

. . . - S TR S ‘ — a(n,¥)
attention for its potential applications in biological imaging, A ISC — B(m,n*)

digital encryption, optoelectronic devices, and so on. Organic

i : ¥=S,(c)xT,(B
materials have been long considered to be nonphosphorescent (epT(F)

:1C N
A4

owing to their weak molecular spin—orbit coupling and high il 8 - ‘ 3
sensitivity to temperature. However, recently, some purely = 20 P, - 3 (i I u
organic compounds have demonstrated highly efficient RTP A & 2 ! )
with long afterglow upon aggregation, while others fail. Namely, it o £

remains a challenge to expound on the underlying mechanisms.
In this study, we present the molecular descriptors to characterize
the phosphorescence efficiency and lifetime. For a prototypical RTP system consisting of a carbonyl group and z-conjugated
segments, the excited states can be regarded as an admixture of n — #* (with portion @) and 7 — 7* (portion ). Starting from
the phosphorescent process and El-Sayed rule, we deduced that (i) the intersystem crossing (ISC) rate of S; — T, is mostly
governed by the modification of the product of a and f and (ii) the ISC rate of T; — S, is determined by the f value of T;.
Thus, the descriptors (y = @ X f, f) can be employed to describe the RTP character of organic molecules. From hybrid
quantum mechanics and molecular mechanics (QM/MM) calculations, we illustrated the relationships among the descriptors
(7, B), phosphorescence efficiency and lifetime, and spin—orbit coupling constants. We stressed that the large y and f§ values are
favorable for the strong and long-lived RTP in organic materials. Experiments have reported confirmations of these molecular
design rules.

1. INTRODUCTION in principle. More recently, several groups have been devoted
to overcoming this challenge by designing aromatic carbonyl
. 16221 .
compounds containing n/z-groups. However, this strat-
egy seems invalid in some compounds because of the low @,

More recently, room-temperature phosphorescence (RTP)
from pure organic materials has attracted great attention owing

to not only fundamental interests but also to application 22226
0, . 1
potentials in optoelectronics and biotechnologies such as (<5%); those are defined as type III (Figure 1c), whereas

organic light-emitting diodes, security systems, digital some .aromatlc carbonyl compqunds show highly efﬁaent and
encryption, optical recording devices, sensing, and imaging.l_9 long-lived RTP afld are Aclasmﬁed as type IV (Figure 1d) :
Phosphors are conventionally limited to inorganic materials Therefo_re, it s 1mpe1.‘atlve to understand. the .un-derlymg
(such as rare earth ions Eu, Ce, and Pr)'® and organometallic mechz'mlsm and to 'outhne the molecular design principles for
complex materials (Ir, Pt, etc.)."" Pure organic phosphors with organic .RTP.materlaIs'. .

long persistent RTP are extremely rare but strongly desired for In this article, starting from the photophysical p rocess of
their advantages of low cost, higher processability, biocompat- phosphorescence, e.spec1ally the El-Sayed rule, we }ntroduce
ibility, synthetic flexibility, and appreciable stability. Having a tl:ke molec_u_lar descrlptors*}/ and ﬂ ’ 'related to the p ortlog of (n,
look at the current pure organic materials, we can find that 7¥) transmor.l anc.I (z, %) tra.ns1t10n 9f molecular Ol‘blté}IS. mn
some compounds exhibit a long RTP lifetime of hundreds of the lowest-lying singlet and .trlplet excited states. Combmmg
milliseconds or even second order but low quantum efliciency with the quantum mechanics/ molecul.ar mechan1cs (Qv/
of less than 5% in crystals,lz_M named type I in Figure la, and MM) method, we uncover the relationship between the
some compounds have strong RTP but very short lifetimes of
ca. 1.0 ms or microsecond order,"® called type II in Figure 1b. Received: October 18, 2018
In fact, the long lifetime and high quantum efficiency conflict Published: December 19, 2018
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Figure 1. Chemical structures of some of the organic RTP molecules
classified into four types. The phosphorescence lifetime (z,) and
quantum yields (®,) are also listed. The difference between {a) and
(c) lies in the absence of carbonyl group in (a), which is very
common.

molecular descriptors (y, ) and the phosphorescence
efficiency and lifetime, as well as the spin—orbit coupling
constants.

2. THEORETICAL MODEL AND METHODOLOGICAL
APPROACHES

2.1. Photophysical Model for Phosphorescence. As
defined, phosphorescence is a radiative transition between
states of different electronic spin multiplicities. For photo-
luminescence, the triplet state T was populated by the lowest
singlet state (S;), in which the related competing photo-
physical processes can be clearly described by the Jablonski
diagram (Figure 2a). As seen from Figure 2a, the photo-
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Figure 2. (a) Schematic Jablonski diagram, (b) El-Sayed’s rules, and
(c) the rotation property of the orbital angular momentum.

physical processes occur in the following sequence: the Sy —
S, (n > 1) light absorption; fast S, — S, internal conversion
(IC) according to Kasha’s rule; starting from Sy, the radiative
decay and IC to S, and/or the intersystem crossing (ISC) to
T, (n > 1) with the subsequent T, — T,; IC (the ISCs
between higher-lying singlet to triplet states are neglected);
finally the radiative and nonradiative decays of T; — S. It is
seen that the T is populated through the ISC from the singlet
manifold, instead of direct optical absorption. Therefore, the
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phosphorescence quantum yield (®,) and the phosphor-
escence lifetime (7,) are expressed as

@, = Dk, (1)
1sc/(kf + k + leC) (2)
7, = 1/(kP + k) 3)

Here @, is the quantum efficiency of intersystem crossing
from S, to T, states. k; and k;. are the radiative and IC decay
rates of §; — S, respectively. ki is the ISC rate of S; — T, k,
and k,, represent the radiative and nonradiative decay rates of
T, = SO, respectively. It is noted that the k,, is equal to k;, in
the ISC of T, — S,, when other nonradiative deactivation
channels were negligible (energy transfer, quenching by
oxygen, etc.).

From eqs 1—3, two requirements can be proposed to achieve
long-lived and highly efficient RTP: (i) fast ISC of S; — T, (n
> 1) and (ii) reduced radiative and nonradiative decay rates
from T, to S,. Generally, pure organic materials have small
radiative decay rates (k, < 10° s™"), slow ISC rates ki of S; —
T,, and fast nonradlatlve decay rates k,, of T; — S, (also called
ISC rate, k;.)."”” Thus, the main challenges in pure organic
RTP compounds are (i) enhancing the ISC process of S; — T,
that dominates the quantum efficiency ®, and (ii) suppressing
the ISC rate of T; — S, that determines the lifetime 7,,.

As analyzed above, faster ISC of S; = T, and slower ISC of
T, — S, are key to guarantee high efficiency and long-lived
organic phosphorescence. The ISC rate can be qualitatively
estimated through El-Sayed’s rules,”’ namely, the ISC rate is
relatively large if the transition between S and T states involves
a change of molecular orbital type (Figure 2b). For example,
the transition of (7, 7%) — 3(n, 7*) is faster than that of !(z,
%) = 3z, 7*) or '(n, 7*) — 3(n, #*). This is easily
understood because the ISC rate is mainly determined by the

spin—orbit coupling (SOC) (SIHSOC|T> and energy difference
AEgr between S and T states under the first-order perturbation

. 2829
and short-time approximation

kige o |<S|I:ISOCIT>|26XP(_AESZT) (4)

Within the single-electron approximation, the SOC operator
is the product of the orbital and spin angular momentum.
Inside an atom, the orbital angular momentum operator L
always rotates the atom orbitals and changes their symmetry in
real space. Namely, the operator L, transfers the in-plane n
orbital p, to the out-of-plane « orbltal p. and vice versa (see
Figure 2c) , which leads to a large spatial integral between the S
and T states of different orbltal symmetry with respect to the
molecular plane reﬂectlon The matrix element (7, IHSDCI
n, 7%)% or 1(n, 7 IHﬁoclﬁ, 7*)* is almost 2 orders of magmtude
larger than (7, 7*[H,, |7z, 7*)* or Y(n, 7*IH,In, 7%)3.%

In organic aromatic carbonyl compounds, the excited state is
the admixture of n — #* and 7 — 7% configurations with
portions & and f, respectively, where o + § = 1. By this stage,
the SOC between S; and T, can be simplified as

 S(n + 7lLln + z¥
StnlLlz) + S(zlLin)' + S(ulLIn)" + S(zlLlz )
ASxpr+ P xa =y

(SllﬁsoclTn>

~
~

©)

where the terms with the same n/7z orbitals between S and T
states vanish. y characterizes the orbital overlap integral
between S, and T, states, which represents the SOC strength
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between these two states. That is, the ISC rate of S; — T, is
governed by the value of y to a large extent. As seen from eq 4,
lowering the AEg; can enhance the ki, the ISC process with
the smallest AEgr will dominate the ISC processes of S; = T,
and thus all the triplet states less than S, in energy will be
considered. S, represented by the HOMO, in general can be
characterized by the 7 orbital for the long-lived RTP molecules
(see in Figure S1); that is, @ = 0, # = 1. Given this, the SOC
between T and S, can be expressed as

(TlHsoclSe) > a’ =1 = f* (6)

Namely, the ISC rate of T; — S, can be estimated by the @ or
B value of T|. Combining eq 1 through eq 6, it is concluded
that the @, is primarily governed by the y value of §; - T,
while the 7, can be mainly determined by the / value of T,.
The pair of molecular descriptors (y, ) for organic
phosphorescence materials is then proposed here to evaluate
the corresponding quantum yield ((I)P) and lifetime (TP) , which
is expected to provide novel insight into the design of long-
lived and eflicient organic RTP materials.

2.2. Hybrid Computational Methodologies. The
computational models were built by extracting a S X 5 X §
cluster from the crystal structure, taking DPhCzT as an
example shown in Chart 1. The combined QM/MM method

Chart 1. Setup of QM/MM Model (Taking DPhCzT as an
Example)”

“The hydrogen atoms were ignored for clarity.

was used to evaluate the electronic structures of the active QM
single molecule embedded in the solid state, while the
surrounding molecules were defined as a rigid MM part to
model the effect of the solid-state environment. The QM/MM
calculations were performed by using the ChemShell 3.5
packages interfacing Turbomole 6.5°" for QM and
DL_POLY™ with the general Amber force field (GAFF)™
for the MM part. The electrostatic interaction between QM
and MM is incorporated in the QM Hamiltonian (known as
electrostatic embedding scheme),” and the van der Waals
(vdW) interaction is calculated in the force-field expressions
and managed by the MM code. The atomic partial charges
were generated by the restrained electrostatic potential
(RESP)*° method.
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All the molecules in ground states (S,) were optimized by
using the B3LYP functional together with the 6-31G(d,p) basis
set, while the lowest triplet states (T,) were obtained using
unrestricted density functional theory (DFT) at the same level.
Based on the T, geometries, we then evaluated the excitation
energies of the low-lying excited states and spin—orbit
couplings between singlets and triplet states at the TD-
B3LYP/6-31G(d,p) level. Our previous work’ have proved
that this method can give a similar result to the CASPT2
method by taking the TPA molecule as an example. It is noted
that the S, geometries in molecules § and 6 were employed
due to the hugely twisted T, geometries. The spin—orbit
couplings were carried out based on the first-order Douglas—
Kroll-Hess-like spin—orbit operator derived from the exact
two-component (X2C) Hamiltonian®® by using the Beijing
Density Function (BDF) program.”~*' The y of S, — T, (n >
1) and f of T, states were calculated based on Mulliken
population analysis of the low-lying excited states according to
eqs S and 6, while the a was evaluated by the n-orbital that
located on oxygen atom in molecules. As we analyzed above,
the T, states approaching S; with the smallest AEg; should be
chosen; subsequently, the n = 6 for molecule 9, n = S for
molecule S, n = 3 for molecule 6, and n = 2 should be chosen
for the remaining molecules.

3. RESULTS AND DISCUSSION

The key message we are delivering in this work is that y of S;
— T, and f of T, in organic phosphors can be taken as the key
descriptors to characterize the phosphorescence quantum yield
(®,) and lifetime (7,). To pursue the structure—property
relationship, we first classified the existing organic RTP
molecules from experiments into four categories (see Figure
1). Namely, the 7-conjugated organic molecules with low @,
and long 7, are classified as type I (Figure 1a); the aromatic
ketone with high @, and short 7, as type II (Figure 1b); the
aromatic carbonyl derivatives with low @, and long 7, as type
III (Figure 1c); and those with high ®, and long 7, as type IV
(Figure 1d). Then, their excited-state electronic structures
were given for the compounds in solid phase. Finally, the
dependence relationships between descriptors (y, ) and the
phosphorescent efficiency and lifetime were discussed in detail,
as well as the spin—orbit coupling.

3.1. Excited-State Electronic Structures and Spin—
Orbit Coupling. Figure 3 shows the excited state electronic
structures, including vertical excitation energies and SOCs for
the compounds in solid phase, while the values of SOCs can be
understood by the nature of the transition orbitals of the
singlet and triplet states in Figure S2—S4. It is found that the
change in AEqy is irregular even for the same type of organic
RTP molecules; for example, the values of AEgy for S; <> T in
type III molecules (4—8) vary from 0.37 to 1.66 eV, and for S;
< T, from 0.07 to 0.73 eV (n = 2 for molecules 4, 7, and 8; n
= 3 for molecule 6; n = § for molecule §). This indicates that it
is difficult to correlate @, with AEgr. We then turn to the
spin—orbit coupling coeflicient between the excited singlet and
triplet states, which should be essential for both 7z, and ®
according to eqs 1—4. Obviously, both the (S, T,) (n =1, 25
and &(Ty, Sp) are less than 1.20 cm™ in type I (molecules 1
and 2), indicating a slow ISC process of §; = T, and T| — S,,
thus leading to the low @, and long 7,. These SOC constants
in type II are enhanced by 1—2 orders of magnitude (up to
~20 ecm™"), which are responsible for the short 7, and high @
in molecule 3. For type III (molecules 4—8), the &(S,, T,j
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Figure 3. Energy level diagrams and SOC coefficients (&) for
molecules 1—12 aggregates calculated by the QM/MM model.

values are less than 1.0 cm™ except for molecule 7, thus
leading to a low ®@,. The £(T, Sy) values in molecules 4—8
vary from 0.003 to 15.99 cm™ owing to the change in
transition characters of the singlet and triplet states (see Figure
S2—S4), which cause a reduced 7, to 373 ms in molecule 8
from 795 ms in molecule 6. When going to type IV, the £(S,
T,) values are gradually increased from molecules 9 to 12, for
example, from £(S;, Ts) = 1.19 cm™ in molecule 9 to 14.06
cm™! in molecule 10, 19.24 cm™! in molecule 11, and 20.33
cm™" in molecule 12 for &(S;, T,), implying an enhancement
of @, up to 34.5%. Meanwhile, the increased &(Ty, S,) values
from 0.12 to 21.67 cm™" are responsible for the reduced 7,
from 1360 to 123 ms. Namely, the 7, and @, in these four
types of organic RTP molecules can be qualitatively estimated
through the SOC values. However, this rule sometimes cannot
give a reasonably accurate estimate; for instance, the SOC
values of T; = S; in molecule 3 (type II) and molecules 11
and 12 (type IV) are similar (~21 cm™"), whereas the 7, is
very different, with 1.3 ms in molecule 3 and ~200 ms in
molecules 11 and 12.

3.2. Molecular Descriptors for Organic Phosphor-
escence. As we proposed in Section 2, the phosphorescence
quantum yield (CI)P) and lifetime (TP) in experiment can be
assessed by the simple descriptors (7, ) in organic RTP
materials. This relationship was illustrated based on the
calculated ¥ of S; = T, and f of T, and the experimental
®, and 7, for molecules 1—12 in solid state in Figure 4 and
Table S1. We found that the @, is gradually enhanced from
0.4% to 34.5% with the increase of y from 0.0% to 24.5%, and
the exception is when the y < 1.0%, the @, fluctuates around
2.0% for types I and I1I (molecules 1, 2, and 4—8); see inset in
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Figure 4. Dependence relationship between phosphorescence
quantum yield (d)p), lifetime (Tp), SOC coefficients (£), and the
pair descriptors (7, #). (a) @, versus y; (b) 7, versus f; (c) &S, T,)
versus 7; (d) £(Ty, Sp) versus 5. Note that the experimental values
were implemented for @, and 7,,.

Figure 4a. Similarly, the lifetime 7, is prolonged to 1360 ms
from 1.3 ms when the f increases to 100.0% from 45.9%,
whereas the molecules 1, 2, 4—6, and 9 with different T, (from
730 to 1360 ms) have the same f value of 100.0%; see Figure
4b. These results are attributed to the fact that the large y
quickens the ISC process of S; — T, to harvest triplet excitons
and promotes the @, (see eqs 1,2, 4, and 5), while the large
decelerates the ISC process of T} — S, and thus prolongs the
7, (see egs 3, 4, and 6)."” In fact, the ISC rate is related to not
only the SOC and AEg: but also the electron-vibration
coupling.z()’42 For the same y or § within different molecules,
the SOC should be identical. At this point, the electron-
vibration coupling will dominate the ISC process and
subsequently is responsible for the @, and 7, This is why
the same descriptors (y, ) induce different ®, and T, see
insets in Figure 4a and b. Additionally, similar conclusions
were drawn from the calculated results in the gas phase for
molecules 1—12; see Figure SS and Table S2. In a word, the
change in @, and 7, can be determined by the pair descriptors
(7, p) to a large extent. This makes it easily understood that
the introduction of a carbonyl group (C=0) in molecules 4—
8 (type III) is invalid to increase the ®, owing to the tiny y
(<1.0%). Therefore, this relationship makes it easier to
expound the RTP character of organic molecules in current
research.

To have a closer look at this relationship, the SOC constants
for molecules 1—12 in aggregate phase were evaluated at the
TDDFT/B3LYP/6-31G(d, p) level, and the dependence
relationships between SOC constants and descriptors (y, /)
are given in Figure 4c and d, respectively. As expected from eq
S and eq 6, the &(S;, T,) is increasing with the increase of the y
value and rises by 2 orders of magnitude (from 0.10 to 20.32
cm™") when the y goes up to ca. 20% from ca. 0%. On the
contrary, the £(T,, Sy) is decreasing with the increase of the f
value and reduces by 3 orders of magnitude as the f goes up to
ca. 100% from ca. 46%. This tendency obeys the El-Sayed rule,
except when the SOC constant is less than 2.0 cm™,
corresponding to ¥ = 0.0% and f = 100.0%; see the inset in
Figure 4c and 4d. Such an exception can be ascribed to two
factors: (i) the descriptors (y, #) were deduced from the SOC
operator within the one-electron approximation (see eqs S and
6), namely, the two-electron interaction term is usually
ignored, but this term will provide an important contribution
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to the SOC value if the one-electron part is tiny; (ii) as we
mentioned in Section 2, the values of descriptors (y, 5) were
determined by oxygen atoms, and the small contributions from
other atoms, such as nitrogen, will be non-negligible if the
contribution from the oxygen atom becomes tiny. In addition,
similar results were seen for molecules 1—12 in the gas phase;
see Figure SS.

4. CONCLUSIONS

To summarize, we have proposed molecular key descriptors (7,
p) for organic RTP materials to assess the phosphorescence
efficiency and lifetime. It should be noted that, in general, there
exists a conflict between phosphorescence efficiency and
afterglow time. Namely, the long lifetime means slow
excited-state conversions and decays. Nevertheless, we find
that the contradiction can be solved through molecular design
independently. Starting from fundamental photophysics
concepts and El-Sayed’s rule for the phosphorescence process,
we stressed that the molecular descriptors (y, ) can
characterize RTP for organic materials. Using the QM/MM
model, we performed extensive quantum chemistry calcu-
lations for the low-lying excited state energy levels and spin—
orbit coupling constants and related these with the
experimental phosphorescence efficiency and lifetime. We
then figure out the concomitant relationship between the
descriptors (y, f§) and phosphorescence efficiency and lifetime.
As expected, the organic compounds containing n/z-groups
with rational molecular design are favorable for the enlarge-
ment of y and S values, thus facilitating RTP in organic
molecules with high efficiency and long-lived afterglow
simultaneously.
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