The Importance of Molecular Motion to Luminescence in Solid State
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Abstract: Molecular motion is often considered detrimental to luminescence because it favors
nonradiative decay. However, nothing is absolute, and molecular motion can also do useful work if
utilized properly. For example, photothermal therapy makes use of the heat generated in light
irradiation for cancer treatment. To further explore the merits of molecular motion, ortho-substituted
benzoic acids were used as model compounds to evaluate the importance of molecular motion to
luminescence in the solid state. It is verified that the twisting of the carboxylic acid group can activate
spin vibronic coupling to facilitate intersystem crossing to result in more efficient room temperature
phosphorescence (RTP). A five-state model is established to understand the ISC process and an
effective pre-twisted molecular design strategy is put forward for the development of efficient RTP

materials.
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Molecular motion is commonly known to be detrimental to luminescence because it promotes
nonradiative decay accompanied by the transformation of optical energy to other forms such as thermal
energy. Thus, scientists attempt to avoid molecular motion and maximize the emission by restriction
of molecular motion.! In recent years, there has been interest in utilizing molecular motions generated
by photo-irradiation to perform useful applications. For example, the photothermal effect of
aggregation-induced emission (AIE) luminogens has been intensively explored for effective cancer
therapy,?* and the associated photoacoustic effect can be used for deep in-vivo imaging.> ® Therefore,
nothing is absolute and molecular motion is sometimes useful, depending on how we utilize it.

Molecular motion can be applied in the biomedical area and also can be utilized to manipulate
luminescence as well.” In the solid state, molecular motion can tune the intermolecular interaction and
gives rise to packing or morphology change. For example, some luminogens can spontaneously form
crystals after the thermal acceleration of molecular motions. And if their light emission can be turned
on, such a phenomenon is known as crystallization-induced emission.? In contrast, the light can be
completely quenched after crystallization due to the formation of extensive m-m interactions® or the
activation of intersystem crossing (ISC) to triplet states which serves as dark states to quench
fluorescence °. Although ISC is a non-radiative pathway for fluorescence, it is a prerequisite for
phosphorescence. Therefore, rather than fighting against the nonradiative decay facilitated by
molecular motion, it’s better to utilize it to activate efficient ISC and achieve room temperature
phosphorescence (RTP) since RTP materials can be widely applied in fields including OLED, anti-
counterfeiting, bioimaging, etc. 1+ 12

In the previous studies, scientists usually consider the direct spin-orbit coupling (SOC) as the driving
force of the “spin-forbidden” ISC process, in which only the pure electronic character matters and
nuclear motions are not concerned. However, the second-order spin-orbit coupling which involves the
vibronic coupling (VC) between electronic states driven by molecular motions is often underestimated
even ignored because of some simple and restrictive assumptions. For example, VC which accounts
for internal conversion (IC) and SOC which accounts for ISC are regarded as two separate processes
due to their vastly different time scale. As a matter of fact, VC and SOC will occur simultaneously in
many molecular systems with flexible nuclear motions. Therefore, we need to consider the mechanism
of molecular motion-mediated spin-vibronic coupling (SVC) which means simultaneous SOC with

VC in the singlet/triplet manifolds.*®



To evaluate whether the molecular motion and SVC mechanism can facilitate ISC and RTP, we
attempt to construct simple pure organic RTP molecules with varied freedom of motions as model
compounds according to the well-accepted design principle of combining a & platform with a carbonyl
moiety in one molecule.** ¥ Benzoic acid was chosen as the ideal parent form of the model
compounds.t® 17 The methoxy group which can enhance ISC and RTP 82! js introduced to change the

conjugation, generate steric effects, and tune the freedom of molecular motion.
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Figure 1. (A) Benzoic acid derivatives with varied substitution positions and substituent numbers. 9 represents the
dihedral angle between the carboxylic acid (CA) plane and the Phenyl (Ph) plane, namely D(1,2,3,4). (B) PL decay
curve of benzoic acid derivatives at Zex = 365 nm, Aem = 500 nm. PL spectra of (C) oMOBA crystal and (D) oDMOBA
crystal with delay of 0 ms (blue spectra) and 10 ms (green spectra), Aex = 285 nm. Inset: the average lifetimes of
delayed fluorescence at Aem = 360 nm and phosphorescence at lem = 500 nm. Photographs taken before and after the

removal of a 365 nm UV lamp.



Benzoic acid (BA) shows negligible light emission and a relatively short RTP lifetime (i.e. 0.42 ms).
By varying the substitution position of methoxy groups, we found that 2-methoxy benzoic acid
(o0MOBA\) exhibits a longer RTP lifetime than the meta- or para-substituted ones (MMOBA and
pMOBA). If both the ortho positions are methoxylated, the resulting 2,6-dimethoxy benzoic acid
(oDMOBA) displays an even ultralong RTP lifetime up to 746 ms with a visible afterglow longer than
10 seconds. The ortho substituents are believed to introduce steric hindrance to twist the carboxylic
acid (CA) group. The CA twisting angles () to phenyl rings of the five compounds in crystals follow
the order: BA < pMOBA < mMOBA < oMOBA < oDMOBA. Apparently, there is a positive
correlation between 6 and RTP lifetime (Fig. 1A and 1B). And it is natural to hypothesize that “the
larger the CA twisting, the better is the RTP performance”.

To prove such a claim, the photophysical properties of less twisted oMOBA and highly twisted
oDMOBA are further studied. o MOBA and oDMOBA show strong absorption peaked at 295 nm and
275 nm, respectively in solution (Fig. S1). We measured the photoluminescence spectra of their
crystals at an excitation of 285 nm. Both molecules display similar dual emission consisting of delayed
fluorescence (DF) at ~360 nm and RTP at ~500 nm (Fig. 1C, 1D and S2). To compare the RTP
performance, their quantum yield and average lifetime are measured at excitation wavelengths of not
only 285 nm but also 365 nm to exclude the influence of DF (Fig. S3 and Table S1). Results suggest
that oDMOBA exhibits higher brightness and longer lifetime than oMOBA.

Meanwhile, the 8 of o DMOBA (55.39 is obviously much larger than oMOBA (5.80 according to
their crystal structures (Fig. 2). oMOBA crystal exhibits a layer-by-layer packing. Within each layer,
two oMOBA molecules display a head-to-head dimeric packing joined by two intermolecular
hydrogen bonds between their CA moieties. Other compounds, namely BA, mMOBA, and pMOBA
exhibit a similar packing mode (Fig. S4). In contrast, it is difficult for o0DMOBA molecule to adopt a
planar conformation due to the steric effect of the two ortho-substituents. The twisted CA group of
each oDMOBA molecule forms two hydrogen bonds with two neighbor molecules hand-by-hand. It
seems that a chain of molecules is adhered together as a “polymer” by continuous hydrogen bonds.
Indeed, the crystal packing makes a difference to RTP as reported in previous works.?>2  Rather than
the OMOBA'’s dimeric packing where the CA group is rigidly constrained to be “coplanar” to the
phenyl ring. The unique crystal packing of o0DMOBA maintains the CA group in a twisted manner and

endows oDMOBA molecules with more freedom of molecular rotation.
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Figure 2. Crystal structures and packing patterns of ocMOBA and oDMOBA. 4 represents the dihedral angle between

the carboxylic acid (CA) plane and the Phenyl (Ph) plane. Blue dash lines represent intramolecular hydrogen bonds.

To examine the role of 8 and the importance of molecular motion, the potential energy surfaces
(PESs) of oDMOBA along the CA twisting are calculated. As shown in Fig. 3A, the first two excited
states of singlet and triplet manifolds are identified to be X(z,n*), }(n,n*), 3(n,n*), and 3(n,n*) according
to their electronic transition characters. From the PESs, it is easy to recognize that there are (m,n*)-
Y(n,m*) and 3(m,m*)-3(n,n*) crossing at @ from 50=to 40< indicating strong vibronic interactions of
(m,m*) and (n,m*) states.?* We can better understand the (m,n*)-(n,n*) vibronic coupling by the frontier
molecular orbitals at 6 of 50° and 40° (Fig. 3B and Table S3). The HOMO at 50° which is 7 orbital in
character shifts to HOMO-2 at 40< while the HOMO-2 at 50 “which is n orbital in character shifts to
HOMO at 40< In brief, there is a n-t MO ordering reversal from 50° to 40°. As analyzed in Fig. 3C,
when the CA group is twisted, the & electrons of the CA group are not delocalized in the phenyl ring,
yet the lone pairs of carbonyl oxygen are partially overlapped with the  plane. After CA twisting, «
electrons of the CA group is more involved in the w conjugation, whereas the lone pairs become more
or less orthogonal to the m plane, which results in the stabilization of the © orbital and destabilization
of the n orbital. Therefore, the CA twisting serves as a driving force of the n-n ordering reversal and it

couples the (,7*) and (n,n*) excited states vibronically.
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Figure 3. (A) PESs of the first two excited states in both singlet and triplet manifolds of isolated o0 DMOBA molecule
along the axis of CA twisting at the geometries of Simin. (B) The FMOs at the twisting angles of 40<and 50< (C)
Schematic illustration of orbital overlap change between the 7 plane and the n orbital on the carbonyl oxygen along
with the CA twisting. (D) The proportions of 3(n,n*) and 3(m,n*) transitions in hybrid T1 and T- at the twisting angle
from 10°to 40< (E) The FMOs of hybrid transitions and (F) Schematic PESs (up) and Jablonski diagram (down) at
the geometry of Y(n,n*)min at the twisting angle of 40< The proportions of 3(n,n*) and 3(n,n*) are named as on Or B,

respectively.

According to the El-Sayed rule, ISC is allowed between Y(z,n*) and 3(n,n*), or between 1(n,n*) and
3(m,m*).2% If we only considered a fixed molecular geometry, the driving force of I1SC is the direct SOC
based on the pure electronic characters. However, molecular motion, which refers to the CA twisting
in the oDMOBA system, is also an important and inevitable driving force of ISC. Spin flipping is much
likely to occur simultaneously with (z,t*)-(n,n*) vibronic coupling. In this regard, the SVC mechanism

is more than meaningful for efficient ISC.



From the PESs of Fig. 3A, another point is worth to be noticed. At 6 from 40°to 10< the 3(n,n*)
and 3(n,m*) states are nearly degenerate and mixed in different 3(m,n*) and 3(n,n*) proportions (Fig.
3D). For example, at 40< the lowest two triplet states are both admixtures of nearly half 3(n,n*)
transition from HOMO to LUMO and half 3(z,n*) transition from HOMO-1 to LUMO (Fig. 3E). We
can understand such transition hybridization from the perspective of either schematic PESs along a
nuclear coordinate or an energy level diagram at a fixed geometry (Fig. 3F). Since 3(n,m*) state
contributes to RTP with short brightness and long lifetime, whereas 3(n,n*) state gives rise to RTP with
high brightness and short lifetime. The transition hybridization caused by the strong 3(m,n*)-3(n,n*)
vibronic coupling is useful to obtain a good balance between brightness and lifetime to achieve both
efficient and persistent RTP emitters.'# 26:27

In summary, from the PESs of o0DMOBA along the CA twisting coordinate, we found that molecular
motion gives rise to (m,n*)-(n,n*) vibronic coupling, which not only favors ISC due to the SVC
mechanism but also helps to achieve good RTP performance with balanced brightness and lifetime.
Previously, it is a common statement that crystallization is an ideal tool to enhance RTP due to the
prevention of air penetration to reduce the emission quenching by oxygen and the restriction of
molecular motion to suppress the non-radiative decay.?® However, as we demonstrated, not all
molecular motions always do harm to luminescence. Instead, a certain molecular motion which
specifically couples (z,n*) and (n,m*) states is beneficial to efficient ISC and RTP.

To extend the conclusion from the isolated molecule to the solid-state molecule, we performed
simulations on both oMOBA and oDMOBA crystals. In the previous reports, the normal two-layer
QM/MM model was often applied, in which the effect of hydrogen bonds was underestimated. In this
work, a seldom reported three-layer High QM / medium QM / low MM model was adopted to fully
estimate the significant role of hydrogen bonds formed by the neighbor molecules (Fig. 4A and 4E).
The three-layer model was proved to be more accurate than the two-layer model, indicating that it is a
good approach for simulations with strong intermolecular interactions. The ground state and the first
two excited states of singlet and triplet manifolds of oMOBA (Table S5) and oDMOBA (Table S7)
are optimized. To evaluate the effect of the CA twisting in the solid state, we extract the energy level
diagrams of oMOBA and oDMOBA at geometries of So,min Where the CA group is more twisted (Fig.
4B and 4F) and Simin Where the CA group is less twisted (Fig. 4C and 4G). The schematic PESs of



their ground state and the four excited states are plotted approximately based on the adiabatic excitation

energies (Y-axis) and the @ values (X-axis) of each excited state minimums (Fig. 4D and 4H).
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Figure 4. Setup of the three-layer model of (A) oMOBA and (E) oDMOBA crystals. Energy level diagrams of (B,
C) oMOBA and (F, G) oDMOBA at the geometries of (B, F) Frank-Condon point (i.e. point A of Fig. D, H) and (C,
G) Y(n,m*)min (i.€. point B of Fig. D, H). Insets: corresponding molecular structures. Energy levels drawn as pure blue
or red bars have an or S, proportions larger than 95%. Schematic PESs of (D) oMOBA and (G) oDMOBA crystals,

Abbreviation: IC = internal conversion, ISC = intersystem crossing, Ex = excitation, P = phosphorescence.

For both oMOBA and oDMOBA, the CA groups tend to rotate and become less twisted after
excitation, and energies of (n,n*) states in either singlet or triplet manifolds become lower (Fig. 4B —
4C and Fig. 4F — 4G). However, their distinctions are obvious: 1) The excited-state molecular motion
of ODMOBA (61:52.3° - 0:17.8°) isin larger amplitude than that of oOMOBA (61: 7.4° — 62:—0.9°).
The crossing of (n,n*) and (w,7*) states at a certain 6 between #1 and 6> should be more likely to occur
in ODMOBA. 2) the 3(n,n*) state and 3(m,n*) state are hybridized in o0DMOBA but discrete in OMOBA.
3) The HOMO of oMOBA crystal in each state is always a & orbital, whereas the n-r orbital ordering
reversal does happen in oDMOBA crystal. The HOMO is a & orbital in twisted conformations but

becomes a n orbital in less twisted conformations (Table S4 and S6). 4) The optimized T1 is 3(n,n*)



state and T2 is 3(n,n*) state for o(DMOBA crystal, but the optimized T1/T- are both 3(rn,n*) states for
oMOBA crystal (Fig. 4D and 4G, Table S5 and S7). Based on these significant differences, it is
noticeable that the more remarkable molecular motion in oDMOBA results in more manifest

(m,m*) & (n,m*) transitions, thus more significant SVC, more efficient ISC, and RTP with better

performance.
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coupling, IC = internal conversion, ISC = intersystem crossing.

All in all, from excitation to emission, the CA group changes its conformation from twisted to less
twisted and then twisted again. Such molecular motions drive the ISC processes (S1 = Tn, T1— So)
via the SVC mechanism. To better understand it, we can uncover the black box of photophysical
processes of oDMOBA from the perspective of frontier molecular orbital diagrams (Fig. 5A). After
(m,m*) excitation, the molecule tends to relax to a lower energy state to adopt a more planar
conformation. As we mentioned, the planarization of the CA group towards the phenyl ring will
decrease the n-n overlap and increase the m conjugation of the CA group. This raises the energy of the
n orbital but drops the & orbital energy. Thus, the n and & orbitals become degenerate at a certain 6
value at which the n-to-x electron transfer occurs. The half-filled & orbital becomes full and stabilized,
while the n orbital becomes half-filled and destabilized. The overall effect is the n-t MO reversal and

(mt,t*)-(n,m*) vibronic coupling. If the spin remains unchanged during the electron transfer, the process



is just internal conversion (IC). However, if a spin flipping simultaneously occurs with the vibronic
coupling, the process is now ISC which is facilitated by SVC.

So far, we have comprehensively studied the importance of molecular motion of - DMOBA system
in the solid state. In fact, oDMOBA molecule is nothing special, and the SVC mechanism and
molecular-motion-facilitated ISC are supposed to participate in most RTP systems especially for heavy
atom-free heteroatom-containing pure organic RTP molecules. Herein, we establish a simplified five-
state model consisting of So, 1(m,n*), X(n,n*), 3(n,n*), 3(n,n*) to explain the RTP systems in which
certain molecular motion couples the (m,7*) and (n,n*) states and favors the ISC and RTP (Fig. 5B).
In this work, the CA twisting is the switch between (n,n*) and (n,n*) states. The steric effect of the
ortho-substituents and intermolecular hydrogen bonds orient the CA group to pre-twist in the crystal,
endowing the CA group with a bigger amplitude of molecular motion after excitation. Yet the CA
groups of other benzoic acid derivatives with smaller 6 have less room to rotate. Based on this work,
it is natural for us to conclude a rational design strategy, namely pre-twisting the heteroatom-
containing group, especially the carbonyl group to allow the occurrence of the pivotal molecular
motion that couples (m,n*) and (n,m*) states. The new strategy provides us a new guideline and
broadens our horizons to design more RTP materials with good performance.

In conclusion, we verified the importance of molecular motions to RTP in the solid state,
demonstrated the significance of the SVC mechanism to the RTP research, established a five-state
model to understand the ISC process and put forward an effective pre-twisted molecular design
strategy for the further development of efficient RTP materials. More importantly, we have learned
that nothing is absolute, and a new viewpoint often emerges from trials to utilize something bad.
Instead of fighting against the molecular motion all the time, we can explore the merits of molecular

motion in different ways in future research.
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