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ABSTRACT: Metal-free organic materials with room-temperature phosphorescence
(RTP) is hardly achieved in solution owing to the ambiguous underlying mechanism. By
combining thermal vibration correlation function rate theory and a polarizable
continuum model (PCM) coupled with the Tamm—Dancoff approximation method,
concentrating on f-hydroxyvinylimine boron compounds C-BF, and S-BF,, we showed
that the increased intersystem crossing (ki) and radiative decay rates (k,) are
responsible for the strong RTP of S-BF, in solution. From C-BF, to S-BF,, the T, state
is increasingly dominated by the n — #* transition, largely enhancing the k;
(up to 3 orders of magnitude) and k, of T, — S,. Impressively, the nonradiative decay
rate of T| — Sy is slightly increased by suppressing the out-of-plane twisting motions.
This mechanism is also tenable for several designed RTP molecules through further
experimental demonstration, which will pave a new way to design organic materials with

ISC facilitator to organic RTP in solution
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single-molecule phosphorescence for applying to organic light-emitting diodes.

O rganic room-temperature phosphorescence (RTP) ma-
terials have evoked considerable attention owing to
natural advantages in aspects of chemical sensors, bioimaging,
and so on.'~” Unlike the traditional organometallic complexes,
which emitted bright RTP in solution that benefited from the
heavy-atom accelerated intersystem crossing (ISC) process
between singlet and triplet excited states,'”"'
organic molecules were generally known as nonphosphor-
escence at room temperature due to the slow ISC process and
fast depopulation of triplet excitons caused by active molecular
motions. To date, the metal-free organic materials with RTP
were usually achieved in the crystalline phase.'>™>
the use of crystals significantly limits the practical applications
and functionalization of the compounds, owing to the difficult
processing and unmanageable molecular packing in crystal
forms. To avoid this issue, many efforts have been devoted to
achieve RTP in solution for organic materials through the
introduction of halogen atoms and heteroatoms.”' ~*” The f-
hydroxyvinylimine boron derivatives, as an extensible system,
showed bright RTP in solution,”>** which has been attributed
to the improved population of triplet exactions by a singlet
fission process”” or the enhanced ISC process of S,'(n, 7%) —
T,*(%, %) owing to sulfur substitution.”* Namely, it is still a
formidable challenge to clarify the underlying mechanism in
metal-free organic RTP materials in solution. However, the
excited-state transition has proved to be a crucial factor to
understand the solid RTP in organic materials,”**’ and this

the metal-free
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provides a clue to reveal the underlying mechanism in RTP
from organic materials in solution.

Herein, we focus on the change in excited states of two -
hydroxyvinylimine boron molecules, named as C-BF, and S-

BF, (see Figure 1). Through a combination of thermal

Figure 1. Chemical structure of (a) p-hydroxyvinylimine boron
compounds (C-BF, and S-BF,) and (b) setup of the PCM (taking S-

BF, as an example).
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vibrational correlation function rate theory and a linear-
response polarizable continuum model (PCM) within the
Tamm—Dancoff approximation (TDA) method, we found that
from C-BF, to S-BF, the sulfur atom introduces an increasing
n — 7 transition into the T, state, resulting in a hugely
accelerated ISC rate of S; — T, and an enhanced radiative
decay rate (kp) of T — S,. However, it has little influence on
the nonradiative decay rate of T; — S, due to the almost
unchanged T state. Consequently, the efficient RTP in S-BF,
was observed in solution. Impressively, this mechanism has
been successfully implemented in designing organic RTP
molecules in solution, which was further confirmed by
experimental data, and paves a new way to design efficient
organic RTP materials in solution.

Electronic Structure of the Low-Lying Excited States.
Phosphorescence is the transition between excited states with
different spin multiplicity. Subsequently, the singlet and triplet
excited states of the f-hydroxyvinylimine boron compounds
(C-BF, and S-BF,) were evaluated by the TDDFT method,
and the solvent effect of CH,Cl, was modeled by using the
PCM. Moreover, TDA calculations were also performed to
ensure the stability of the triplet state.’’”>> Because of the
dependence of these BODIPY derivatives on the XC
functional,>*** a series of XC functionals, including B3LYP,
PBEO, BMK, M06-2X, CAM-B3LYP, and ®B97X-D, were used
to evaluate the excitation energies of the T, state (Table S1)
together with the 6-31G(d) basis set. We then found that the
calculated T, excitation energy of S-BF, (2.21 eV) at the
TDA/BMK/6-31G(d) level is very consistent with the
experimental value (2.16 eV), with a tiny deviation of 0.05
eV. Therefore, it is a preferred method to calculate the excited-
state properties of the current organic RTP molecules.

To clarify the mechanism underlying the RTP of the metal-
free f-hydroxyvinylimine boron compounds in solution, their
excited-state electronic structures were then calculated at the
level of TDA/BMK/6-31G(d), including the excitation
energies, nature transition orbitals (NTOs) and spin—orbit
coupling (SOC) constants (&), as shown in Figure 2. When
focusing on the change in excited states from fluorescent
molecule C-BF, to phosphorescent molecule S-BF,, we found
the following points: (i) the SOC values between S; and T, (n
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Figure 2. Calculated energy diagram, spin—orbit coupling (SOC)
constants (&), and nature transition orbitals (NTOs) for (a) C-BF,
and (b) S-BF, in CH,CI, solution at the level of TDA/BMK/6-
31G(d).
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1,2) are significantly enlarged with about 1 order of
magnitude. For example, the value of &(S;, T,) is hugely
increased from 1.70 cm™ in C-BF, to 14.17 cm™! in S-BF,,
and it can be understood by the uptrend of y from 0.0% in C-
BF, to 2.13% in S-BF, based on our previous work.”” Such a
change is obviously attributed to the occurrence of the n — 7*
transition in S; (with a proportion of 1.87%) and T, states
(with a proportion of 6.45%) of S-BF,,”° thereby resulting in a
large SOC constant according to El-Sayed’s rule.”® In a word,
the increase of SOC not only promotes the ISC process of S;
— T, but also facilitates the enhancement of the radiative
decay channel of T; — S,. These features are then responsible
for the generation of efficient RTP in solution. (ii) The value
of £(T,, S,) is increased only 3-fold from 2.97 cm™ in C-BF,
to 8.99 cm™" in S-BF,; this may be ascribed to the increase of
atomic weight from carbon to sulfur atoms'* because the T,
state remains almost unchanged (f is equal to 100% for all
molecules; see Table S2). However, the increased SOC implies
a promoting ISC channel of T; — S, which is harmful to the
production of RTP. Beyond the electronic transition, the
electron—vibration coupling may give a clue to this exception.

Decay Rates between Singlet and Triplet Excited States. It is
known that the radiative decay (kp) and ISC rates (ki)
between singlet and triplet excited states are essential for
phosphorescence. The former can be simply estimated through
Einstein spontaneous emission, while the latter k. is calculated
by using the MOMAP program.”* When going from C-BF, to
S-BF,, Table 1 and Figure S1 show that the k. of S; — T, is

1SC

Table 1. Calculated ISC Rate k;. of S; — T, and Radiative
k, and Nonradiative Decay Rates k,, of T, — S, for C-BF,

and S-BF,”

S, —> T, T, = S, 7 (us)

ke (s k, (s71) ko (s71) caled exptl
C-BF, 8.71 x 10° 0.96 1.77 x 10*
S-BF, 5.94 x 10° 22.77 4.13 x 10* 24.21 8.30

. . 2:
“The experimental data are also shown as a comparison.”*

largely enhanced by 3 orders of magnitude, from 8.71 X 10° to
594 x 10° s7!, mainly owing to the increased n — x*
transition in the T, state. However, the nonradiative decay rate
k, has a slight enlargement from 1.77 X 10* to 4.13 X 10*s7",
and the radiative decay rate k, is clearly increased from 0.96 to
22.77 s7* due to the enhanced SOC values of S; — T, (see
Figure 2). Impressively, the calculated phosphorescence
lifetime of 24.21 us is in good accordance with the
experimental value (8.30 us). These results indicate that the
greatly increased ISC rate k. and radiative decay rates k, are
responsible for the strong RTP of S-BF, in solution, when a
sulfur atom is incorporated.

In order to get a closer look at such a large change, the ISC
rate is simplified as k;,. o I&7exp(—E/A) under short-time and
high-temperature approximations,””*® namely, the ISC rate
primarily determined by the SOC constant (£) and electron—
vibration coupling that can be characterized by the normal-
mode reorganization energy, A, as well as the energy gap E
between two states. Consequently, the increase of 3 orders of
magnitude in ki, of S; — T, from C-BF, to S-BF, can be
divided into two parts. One part is the contribution of SOC
with 2 orders of magnitude (see Figure 2), and the other part is
the contribution of the reorganization energy with 1 order of

magnitude. This was further confirmed by the largely enhanced
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Figure 3. Calculated 4; versus ; in transitions of (a) S; — T, and (b) T; — S, for C-BF, and S-BF,.

reorganization energies in the low-frequency region (<200
cm™') from C-BF, to S-BF,, which govern the k; derived from
4, and they are mainly assigned to out-of-plane twisting
motions (see Figure 3a). However, for the k,, of T; — S, it
has only a 2-fold increase from C-BF, to S-BF,, as seen from
Table 1. This is in conflict with the expectation that the k,, at
least should be increased by about 1 order of magnitude owing
to the 3-fold increase in (T, S,) from 2.97 cm™ in C-BE, to
8.99 cm™! in S-BF, (see Figure 2). This deviation can be well
explained by the reduced reorganization energy from 2821.01
ecm™ in C-BF, to 2396.02 cm™' in S-BF,, such as the large
breathing vibration in C-BF, (see Figure 3b). Namely, the
negative change in A may offset the positive contribution of
SOC to k,,.

When further projecting the reorganization energies into the
internal coordinate relaxation of the molecules (see Figure 4),

a C-BF> Bondlength b S-BF2
Bond angle
[ Dihedral angle
N 19.14% — 19.73%
) 4 h
\ J 39.49% \ )17.35%
41.37% 62.92%

Figure 4. Contributions to the total reorganization energy from the
bond length, bond angle, and dihedral angle for (a) C-BF, and (b) S-
BE,.

it is found that from C-BF, to S-BF, the contributions from the
dihedral angle relating to the out-of-plane twisting motions are
reduced from 39.49 to 17.35%, while the contributions
originating from bond length associated with the intra-
molecular stretching vibration are increased from 41.37% in
C-BF, to 62.92% in S-BF,, and the contributions derived from
the bond angle are barely changed with a value of ca. 19%. We
then deduced that the introduction of a sulfur atom can
restrain the out-of-plane molecular motion, which reduces the
enlargement of k. induced by the weak SOC.

Extendable Organic RTP Molecules in Solution with ISC
Facilitator. Up to now, metal-free organic materials with RTP
in solution are still a very special case in view of the fast ISC
channel in S-BF, when introducing a sulfur atom, which can be
used as an ISC facilitator to alleviate this predicament. Four
molecules (1—4) can then be designed by substitution of the
nitrobenzene unit in S-BF,, as shown in Figure Sa. Theoretical
calculations indicated that the large SOC values between S,
and T, in these molecules (Figures 5 and S2) will make a fast
ISC channel and result in bright RTP in solution. For example,
the value of £(S,, T,) in molecule 2 is large at 16.29 cm™" in S-
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BF,, which was attributed to the increased n — 7* transition
(11.54%) in the T, state (Figure Sb). Similar results have also
been obtained in other molecules; see Figures S2 and S3.
Experiments further confirmed this point. As seen from Figure
Sc,d, the measured photoluminescence (PL) spectrum of
molecule 2 showed a maximum wavelength at 545 nm with a
lifetime of 9.22 us in dilute CH,Cl, solution, which was thus
assigned to phosphorescence emission. Therefore, we
proposed that the S-BF, group can act as an ISC facilitator
to design metal-free organic RTP materials in solution.

In summary, we have revealed the underlying mechanism in
metal-free organic RTP materials in solution and proposed an
extendable molecular design strategy. By using thermal
vibration correlation function rate theory coupled with TDA
calculations, we have investigated the excited-state nature of -
hydroxyvinylimine boron compounds in solution, including
excitation energies, SOC constants, and decay rates between
singlet and triplet states. It is concluded that the contributions
of the n — 7 transition to the T, state become difficult to
ignore when a heteroatom is introduced into f-hydroxyviny-
limine boron compounds. Such a change not only results in a
hugely increased ISC rate of S; — T,, up to 3 orders of
magnitude for S-BF,, but also facilitates the radiative decay rate
k, of T; — S,. However, the nonradiative decay rate k,, of T,
— Sy has a slight increase due to suppression of the out-of-
plane twisting motion by the sulfur atom, which reduces the
positive contributions of SOC to k. Consequently, a strong
RTP was observed in metal-free f-hydroxyvinylimine boron
compounds in solution with the introduction of heteroatoms.
Furthermore, several molecules with efficient RTP in solution
were successfully designed and confirmed by theoretical and
experimental works. Therefore, the present mechanism
provides a good understanding and strategy for the design
and development of metal-free organic RTP materials in
solution.

B METHODOLOGICAL APPROACH

Computational Details. Geometry optimization and harmonic
vibrational frequency calculations of the ground (S;) and the
low-lying triplet excited states (T, and T,) were performed at
the (TD)B3LYP/6-31G(d) level. The bulk solvent effect was
modeled by using the integral equation formalism (IEF) of the
linear-response polarizable continuum model (PCM)***
implemented in the C.01 version of the Gaussian 09 package."'
The C-BF,, S-BF,, and molecules 1—4 were modeled in
dichloromethane (CH,Cl,) solution as BODIPY derivatives,
whose excitation energies have a high sensitivity to the
exchange—correlation (XC) functional.>** Hence, a wide
panel of XC functionals, including B3LYP, PBEO, BMK, M06-
2X, CAM-B3LYP, and wB97X-D, were used to evaluate the
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Figure S. (a) Molecular structures of boron compounds 1—4. (b) Calculated energy diagram and SOC constants (&) for molecule 2 in CH,CL,
solution at the TDA/BMK/6-31G(d) level. (c) Steady-state photoluminescence (PL) spectra of molecule 2 in 1 X 107> M CH,Cl, solution. (d)
PL decay curves of molecule 2 at 545 nm in CH,Cl, solution in air at 298 K.

excitation energy of the T, state based on time-dependent
density functional theory (TDDFT). while the Tamm-—
Dancoff approximation (TDA) within TDDFT was also
performed in consideration of the instability of triplet
states.’®>” It was found that the calculated excitation energies
by TDA/BMK/6-31G(d) agree well with the experimental
value, which was then used to find the nature transition orbitals
(NTO) of singlet and triplet states and the spin—orbit
coupling (SOC) constants by coupling with the Pysoc
code.*” The Mulliken population analysis (MPA) was
implemented to calculate the proportions of n — #* (a)
and 7 — #* (f§) transition in excited states using the Multiwfn
package;** subsequently, 7 = S,(a) X T,(f3) was also evaluated
based on our previous work.”

The phosphorescence is determined by two processes: (i)
the ISC rate (ki) of S; = T, and (ii) the radiative decay (k,)
and nonradiative decay rates (k) of T; — S; k,, is generally
dominated by k. of T; = S, when other decay channels are
ignored. The ISC rates (k;,.) between singlet and triplet excited
states were evaluated by thermal vibration correlation function
rate theory using the MOMAP program.”® It is noted that the
Cartesian coordinate was used to calculate the reorganization

energies A; = AQ].a)j?'/ 27 (where @; is the normal-mode
frequency and AQ) is the normal mode displacement between

initial and final states); the Duschinsky rotation effect was
neglected. The k, of T; — S, was estimated by Einstein’s

EZ
/ ——, where E is the
S

spontaneous emission rate k, = ————
P 1.499 cm

vertical excitation energy and f= %E lul* is the oscillator

strength. The transition dipole moment y of T, — S, can be
expressed as™*

-y (SoliIS ) (S Hsod T)
Hrios0 = 3p. 1
k T1 Sk

(SO|HSOC|Tn><Tn|ﬁ|’Ii>
+ 2

3
Egy = "Eq, (1)

n
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where n and k (here n = 10, k = 5) are the intermediate triplet
and singlet electronic states.

Synthesis and Characterizations. 2,2-Difluoro-3-phenyl-
2H,5H-22*31*thiochromeno|[ 3,4-¢][1,3,2]oxazaborinine (S-
BF,-B, the so-called molecule 2) was synthesized through
three-step reactions, as shown in Scheme S1.** The chemical
structure of target molecule 2 was fully characterized by a '*C
NMR spectrum and a 'H NMR spectrum (see Figures S4 and
SS).
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