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Abstract: Although the m-m stacking has been widely applied for constructing aggregated
emitters in optoelectronics fields, the role of intramolecular non-covalent n-n interactions has
not been well studied. Here a supramolecule M-c-C, with the electron donor (D) and acceptor
(A) units spatially separated with a non-covalent bond at a close distance by methylene linker
is designed and synthesized. This gives a face-to-face D/A stacking configuration with
supramolecular 7©-m interactions. Temperature-dependent nuclear magnetic resonance
measurements and single crystal analyses confirm its folding configuration. In solutions, M-c-
C exhibits a single-molecule exciplex thermally activated delayed fluorescence (TADF)
property ascribing to the efficient intramolecular through-space charge transfer (CT) process.

While single-molecule deep-blue room temperature phosphorescence (RTP) with a long
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afterglow lifetime of 236 ms is observed in a nonpolar matrix, which represents the record
lifetime among current 3CT-character featured RTP. This work indicates that the intramolecular
non-covalent interactions play an important role in manipulating high-performance single-
molecule exciplex TADF and RTP, and provides a feasible molecular design strategy that the
knowledges learned from supramolecular chemistry involving into the development of

optoelectronic materials.

1. Introduction

Non-covalent intermolecular -n interaction, which refers to stacking between two m-Systems,
could regulate the charge transfer (CT) properties between low energy empty orbital and a high-
energy filled orbital,™ playing an important role in many areas of chemistry, material science
and biology.>%1 However, this supramolecular interaction is relatively weak and mainly occurs
in crystalline state,l’*!1 host-guest systems,'>*41 metal complexest*® and large clusters,®]
since their entropy and enthalpy effects in these systems are more favorable. Intramolecular
non-covalent ©-m interaction, especially between donor (D) and acceptor (A) units, is more
effective to achieve a smaller entropy-reduction and a larger enthalpy change for a more stable
system!*"and crucial for the determination of photophysical properties.[*®°1 Although their CT
properties can be easily regulated by changing the electron pull-push ability and distance of the
D and A m-aromatic units, only limited reports focused on intramolecular non-covalent
chromophores, 22 which may expand opportunities for investigating their properties at the
single molecule level.

In optoelectronics fields, especially for thermally activated delayed fluorescence (TADF) and
room temperature phosphorescence (RTP) chromophores, the energy alignment between the
singlet (S1) and triplet (T1) states with CT or localized excited (LE) character, which is highly
associated to the configuration of D and A fragments,?2%3 determines the emission

efficiency.?42%1 In these molecules, a proper singlet-triplet energy gap (AEst) is needed that
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can be achieved by regulating the spatial overlap of the frontier molecular orbitals of donor and
acceptor chromophores;?-3 meanwhile, a substantial enhanced intersystem crossing (ISC)
process and suppressed non-radiative dissipations are crucial, which can be activated by
creating a highly rigid environment to suppress the molecular rotations.*?1 However, the
current research into the exploration of the mechanisms in the intramolecular non-covalent n-n
supramolecular molecules is still rare, and more attention needs to be paid on designing such
molecules with strengthened D/A interactions and comprehensively understanding the role of
CT states in regulating single-molecule exciplex (SME) TADF and RTP emission. Based on
our current understanding, there are only a few reported cases where the lifetime of *CT-
featured single-molecule organic RTP materials exceeds 100 ms, which hold the potential for
practical applications including anti-counterfeiting, information storage, photoelectric devices
and gas sensing.[33-3°1

Herein, we designed and synthesized a supramolecular foldamer with a D-CHa(sp®)-A
configuration, namely M-o-C, to investigate the role of intramolecular non-covalent n-n
interactions. Compound M-o-C exhibits SME-TADF in solutions and deep-blue SM-RTP at a
nonpolar matrix. Carbazole (M) and difluorocyanobenzene (C)&2® are chosen as the donor
and acceptor units, respectively, which are connected by a non-covalent methylene linker
(Figure 1). The synthetic procedures and characterizations of M-o-C are presented in
Supporting Information. Chiral arrangement of compound M-o-C is observed in the single
crystal structures (Figure S5), both exhibit an intramolecular face-to-face n-n stacking
configuration endowed by the flexible methylene linker, with a distance around 3.4 A. It is
within the van der Waals distance, favoring for the intramolecular CT.

2. Results and Discussion
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Figure 1. Chemical structures and possible configurations of a) donor and acceptor units and
b) M-c-C at different temperatures. Temperature dependent *H NMR of ¢) 1:1 donor and
acceptor mixture (M---C) and d) M-c-C from —90°C to 5°C. Potential energy profiles of M-c-
C as a function of N1-C1-C2-C3 dihedral angles at the (e) So, (f) S1 and (g) T: states.

The conformation of M-o-C varies with temperature due to the flexible methylene linker as
shown in temperature-dependent nuclear magnetic resonance (NMR) measurements. In
contrast to the negligible variations in the NMR spectrum observed in the D/A mixture (1:1,
M---C) with a random molecular distribution as the temperature changes, M-o-C exhibits a
noticeable downfield-shift of its proton Ha (Figure 1c-d). This shift occurs because Ha is located
in the deshielded region of the m-electron cloud of carbazole, indicating a relatively folded
configuration at lower temperatures due to the restrictions on molecular rotations. Besides, the

potential energy profiles demonstrate that the n-mt stacking is energetically the most stable

configuration, as shown in Figure le-g.
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Figure 2. a) Normalized UV-vis absorption and PL spectra of the individual D and A units,
M---C and M-o-C at room temperature, phosphorescence spectrum (100 ms, 77 K) of M-¢-C
in methy! tetrahydrofuran (MeTHF, 1x10~° mol L) solution. b) Normalized emission spectra
of M-¢-C in solvents with different polarities. Time-resolved decay curves of M---C in MeTHF
collected at emission of 365 nm and 500 nm, respectively, in air and degassed conditions. d)
Time-resolved decay curves of M-c-C in MeTHF collected at 365 nm in air, inset shows the
decay curve at 500 nm in degassed condition. Instrument response function (IRF) is also shown

(grey).

The role of intramolecular non-covalent n-n interaction on single-molecule emission in the
foldamer M-o-C, here refers to D-A interaction, was first investigated in diluted solutions.
Figure 2a shows the absorption and photoluminescence (PL) spectra of M-o-C and its
individual D and A units in MeTHF solutions. The absorption spectrum of M-¢-C has a similar
shape with the D unit and shows a slight bathochromic shift with the increasing solvent polarity
(Figure S6), indicating the possibility of exciplex formation. Two emission bands of M-o-C
are observed in MeTHF solution, the weak high-energy band (362 nm) fits well with the donor

emission, revealing its localized excited (LE) character; while the low-energy band (466 nm)
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exhibits a featureless and red-shifted gaussian shape compared to both D and A emissions,
confirming the formation of CT-based exciplex (Figure 2a).°4% The HOMO and LUMO
energies levels of M-o-C were recorded using cyclic voltammetry, which are -5.65 and -2.21
eV, respectively, consistent with those of the individual D and A molecules for exciplex
formation (Figures S7 and 8). With increasing polarity of solvent, the emission of M-¢-C
shows a positive solvatochromism, that is, 386 nm in CHX (cyclohexane), 450 nm in DCM
(dichloromethane) to 518 nm in DMSO (dimethyl sulfoxide) as depicted in Figure 2b, further
indicating its Si state of CT character.*! In contrast, the PL spectrum of the D/A physical
mixture (M---C) matches well with the D emission peaking at 362 nm, with a broad shoulder
contributing from the A unit (Figure 2a). It reveals that the emission of M-o-C derives from
the intramolecular exciplex, whereas it is hindered in a randomly distributed M---C diluted
solution. Moreover, a structural phosphorescence (PH) spectrum of M-o-C was observed in
MeTHF solution at 77 K, suggesting T1 as a 3LE state. Calculated from the onsets of the PL and
PH spectra of M-o-C, the energies of the S; and T states are estimated to be 3.11 and 3.02 eV,
respectively. With such a small AEst of 0.09 eV, the non-covalent M-o-C is favorable to achieve
SME-TADF. Figure 2c shows that only prompt fluorescence with a short fluorescence lifetime
(~13 ns) is observed in both air and degassed M---C solutions. Whereas M-4-C exhibits a short
fluorescence lifetime (5.6 ns) in air and longer decay of 5.4 us in degassed solution (Figure 2d
and S9). The microsecond range lifetime suggests the triplet exciton harvesting mechanism of
intramolecular exciplex DF. The photophysical parameters are summarized in Table S1. It is
demonstrated that the methylene linker plays an important role in the formation of efficient
intramolecular through-space CT interactions between the D and A units, resulting in a radiative
decay pathway via the formation of a SME-TADF emission.[3940]

To regulate singlet-triplet energies for TADF, the behaviors of M-o-C in polar host, DPEPO
(bis[2-(diphenylphosphino)phenyl]ether oxide), were also investigated. DPEPO has a high

polarity that can lower the singlet state for a small S-T energy gap and a high triplet state (~3.02
6
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eV) avoiding triplet quenching.*?! The high doping ratio of 10 wt% is used to quench the host
emission as 1 wt% doping may disturb the study. Different from the PL spectrum in
M- --C/DPEPO, M-o-C/DPEPO exhibits a broad and gaussian shaped fluorescence spectrum
indicating its CT character (Figure S10a). Temperature-dependent time-resolved decays were
recorded showing three distinct regions (Figure S10b): i) prompt fluorescence (PF),
independent of temperature in nanosecond range; ii) DF, decaying in microsecond range with
a positive temperature dependence; and iii) phosphorescence (PH), noticeable at low
temperatures decaying in millisecond time range. At room temperature, M-o-C/DPEPO has a
PF lifetime (tpr) of 18.0 ns and DF lifetime (tor) of 42.2 ps (Figure S11). The corresponding
lifetimes of the three components at different temperatures are summarized in Table S2. To
better understand the dynamic properties of the emission, the area normalized spectra of M-o-
C/DPEPO film at RT and 80 K were recorded. As shown in Figure S12a, fluorescence emission
progressively shifts to longer wavelengths with increasing delay times, which is associated with
the growing contribution of the !CT emission from !LE state. *CT emission remains unchanged
at a delay time of 11.2 us when the face-to-face stacking geometry of the D and A units
stabilizes. At 80 K, continuously redshifted spectra are also observed (Figure S12b). The
stabilized spectrum recorded at delay time of 56.2 ms is identified as the PH emission.
Calculated from the onsets of the stabilized spectra, the singlet and triplet energies are estimated
to be 3.07 and 2.98 eV, respectively. The small energy gap of 0.09 eV reveals that this non-
covalent intramolecular n-n-based foldamer M-o-C could act as a potential TADF emitter in
the polar DPEPO matrix. The strictly linear dependence on the laser excitation dose confirms

its TADF mechanism (Figure S13).
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Figure 3. a) Normalized PL (red) and phosphorescence (PH, blue) spectra of 1 wt%M-o-
C/PMMA and PL (grey) of 1 wt%M:---C/PMMA films. b) Time-resolved decay curve of 1

wt%M-c-C/PMMA film collected at 442 nm at ambient condition. Insets: the afterglow
photographs taken under and after the removal of 365 nm excitation source.

To further explore the influence of non-covalent intramolecular interactions, the photophysical
properties of M-o-C in PMMA (polymethyl methacrylate) matrix (1 wt%) at single-molecule
level were investigated. As shown in Figure 3a, M---C/PMMA film shows a well-structured
LE spectrum, as the molecular distance between the D and A units is relatively large in this
system which is unfavorable for CT transition. In contrast, M-o-C/PMMA exhibits a broad PL
spectrum with a clear CT feature peaking at 417 nm, indicating the formation of intramolecular
exciplex that can undergo intramolecular charge transfer from the D to the A unit. A gaussian
shaped deep-blue spectrum peaking at 442 nm was collected at delay time of 60 ms, which can
be assigned as RTP from 3CT sate. It can be clearly confirmed by the time-resolved and
temperature-dependent spectra (Figure S14). This RTP emission may have the contribution of
the high-energy 3CT state and the low 3LE state, where the 3LE phosphorescence is covered by
the high-energy band tail. With decreasing temperature, the RTP from 3CT phosphorescence
shows an increase in intensity and a redshift to a structural spectrum referring to
phosphorescence band from SLE (Figures S14b and 15), as it matches well with the
phosphorescence spectrum in solution at low temperature (Figure 2a). Calculated from the

onsets of the phosphorescence of M-6-C/PMMA film (3.24 eV) and M-c-C solution (3.02 eV),
8
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the energy gap between 3CT and 3LE is ~ 0.22 eV, which makes the thermal up-conversion
possible. The two phosphorescence bands are associated with the thermally activated reverse
internal conversion between 3CT and 3LE. The high-energy 3CT phosphorescence shows a
relatively slow increase in intensity compared with the 3LE phosphorescence as temperature
decreases, as it can no longer be thermally populated efficiently. Moreover, M-o-C/PMMA
shows a long-lived lifetime of 236 ms and a deep-blue afterglow after photoactivation at RT
(Figure 3b). To the best of our knowledge, this represents the record lifetime in single-molecule
RTP deriving from 3CT state.[*>6] This can be ascribed to the strong molecular interactions in
the nonpolar rigid matrix that effectively block the oxygen permeation and nonradiative decay
channels by restricting the molecular vibrations. Notably, the PL and delayed emission (550
nm) in Sigma-Cz based M-c-C excludes the origination of the phosphorescence from Cz isomer

in our synthesized M-5-C*" (Figure S16).
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Figure 4. a) Energy levels of Sy, T1, T2, T3, T4, and Tsstates and SOC values for the ISC process
between the excited singlet and triplet states of M-o-C (triplet states having energy difference
within 0.3 eV as compared to the S; state were considered). b) Main natural transition orbitals
(NTOs) describing the excitation characters of the corresponding excited states. The values
show the percentage weights of orbital pairs responsible for the excitations.
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To gain a deeper insight into the features of the excited states, energy levels, natural transition
orbitals (NTOs) and spin-orbit coupling matrix elements (SOCME, &) of M-o-C between
excited singlet and triplet states were evaluated.*84°1 This non-covalent skeleton endows M-o-
C with a spatial separation between the highest occupied molecular orbitals (HOMOSs) and the
lowest unoccupied molecular orbitals (LUMOs) (Figure S17) for TADF; and additionally
strengthen intramolecular n-n stacking which can suppress the non-radiative transitions and
improve RTP efficiency (Figure S18). The small energy gap and large SOC between S; and Ty
are the two main factors promoting ISC process. Figure 4a shows close triplet excited states Ty
(n=1-5) to the S; state in energy with a small energy difference of no more than 0.3 eV,
indicating the existence of multiple 1ISC channels. The larger SOC constants between the Tj
(n=1-5) and S; states also confirm the effective ISC process. For instance, it shows an
extremely small AEs;ts of 0.03 eV and large &(S1—Ts) of 0.303 cm ™. The NTO analysis in
Figure 4b demonstrates that the S; state of M-o-C exhibits an obvious CT character with hole
and particle wavefunctions localizing on the D and A units, respectively,% which is consistent
with the CT emission from the S; state both in solutions and PMMA film. Whereas in the T:
state, the hole and particle wavefunctions mainly localize on the D unit indicating a strong LE
character, with only a small proportion of the hole wavefunction localizing on the A unit
(Figure S19). Thus, the T state is dominated by LE character along with a small portion of CT
character, and both T, and T4 states have CT character. All these explained the changes of
phosphorescence spectra with temperature in M-o-C/PMMA film. The consistent theoretical
and experimental results demonstrate that the non-covalent linker in M-o-C could manipulate
the SME TADF and RTP properties.

3. Conclusion

In summary, we designed and synthesized a non-covalent D-c-A structured molecular foldamer
M-o-C via a o-bonded methylene linker. This non-conjugated linker not only breaks the

molecular conjugation giving a well-separated HOMO and LUMO distribution, but endows a
10
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face-to-face D/A stacking configuration with abundant supramolecular m-m interactions.
Photophysical characterizations reveal M-o-C intramolecular interactions in different existing
conditions. It shows a clear SME TADF feature in diluted solutions, which can be ascribed to
the effective through space intramolecular CT process. Moreover, a CT-featured deep-blue SM-
RTP with a long lifetime up to 236 ms is observed in M-o-C/PMMA film, due to a rigid
environment suppressing molecular vibrations and rotations. To the best of our knowledge, this
represents the record lifetime of *CT-featured deep-blue RTP in single-molecule level. By
introducing non-covalent n-m interaction to construct supramolecular architectures for
optoelectronic applications, this work provides a theoretical principle and practical reference
for designing non-covalent emitters to manipulate TADF or RTP properties in different
conditions, and brings new thoughts and visions to the material development for optoelectronic
multifunctional emitters. Looking ahead, this foldamer can be further used to fabricate the
single-molecule fluorescence/phosphorescence diodes. Moreover, the design strategy based on
intramolecular non-covalent n-m interaction might enable the possibilities of 1) coupling a given
supramolecular architecture to a range of potential material changes; 2) integrating
supramolecular knowledge into other scientific disciplines, and finally understanding the
mechanisms or phenomena that are not easily emerged or even unobservable.

4. Experimental Section/Methods

Synthesis and Material Characterization: The synthesis details and *H, *C and *F NMR
spectra of M-o-C can be found in the Supporting Information. M-o-C were purified by gradient
zone sublimation before photophysical characterization.

Sample preparation: Solutions (~10~° M) were prepared in solvents with different polarities
and stirred for up to 24 hrs. Films were prepared by drop-casting: PMMA powder (100.0 mg)
and M-c-C powder (1.0 mg) were added into 5 mL toluene and stirred at 50 °C until blended
powders were dissolved to a clear solution. For doped DPEPO film, DPEPO powder (10.0 mg)

and M-c-C powder (1.0 mg) were added into 1 mL toluene and stirred at 50 °C until blended
11
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powders were dissolved to a clear solution. The mixtures were then drop-casted onto precleaned
quartz substrates and annealed at 80 °C and 50 °C for 2 min, respectively.

Cyclic Voltammetry: Electrochemical measurements were performed in solutions of 0.1 M
BusNBF4 (99%, Sigma Aldrich, dried) in 1,2-difluorobenzene (99.9%, Extra Dry, stabilized,
AcroSeal®, Acros Organics) at room temperature. Solutions were prepared with 1.0 mM Na-
degassed 1,2-difluorobenzene of M-c-C. The electrochemical cell is composed of three
electrodes: a platinum disc with 1 mm diameter of working area as a working electrode, an
Ag/AgCI electrode as a reference electrode and a platinum wire as an auxiliary electrode. All
cyclic voltammetry (CV) measurements were performed at room temperature with a potential
scan rate of 50 mV/s and calibrated against a ferrocene/ferrocenium (Fc/Fc*) redox couple. The
onset potential was determined from the intersection of two tangents drawn at the rising and
background current of the curve. The ionization potential (IP) was calculated from the oxidation
(Eox) potential, using the following equation: IP = Eox + 5.1. B HOMO energy levels were
determined using CV analysis by the estimation of IPs which are similar to the HOMO energies.
[521 As the reduction potential is out of range, LUMO energies were calculated according to the
optical band gap Eg, which was determined from the onset of the UV-vis absorption band.
Photophysical measurements: Steady-state absorption and emission were recorded using a UV-
3600 double beam spectrophotometer (Shimadzu) and an Edinburgh FLS980 spectrometer
equipped with a white light source and laser light sources, respectively. Photoluminescence
quantum yields (QY) were collected on a HORIBA Jobin Yvon Fluorolog-3 fluorescence
spectrometer equipped with an integrating sphere (IS80 from Labsphere) and a digital
photometer (S370 from UDT) under ambient conditions. The PL decay profiles in air and
degassed conditions were measured using a time-correlated single-photon counting (TCSPC)
system using a HORIBA Jobin Yvon Fluorolog-3 fluorescence spectrometer, with different
excitation sources, 1 MHz LED laser source and spectralLED-355, respectively. Time-resolved

decays, fluorescence and phosphorescence spectra were collected by nanosecond gated
12
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luminescence and lifetime measurements (from 400 ps to 1 s) with a high energy pulsed
Nd:YAG laser emitting at 355 nm (EKSPLA) by exponentially increasing the gate and delay
times. Emission was focused onto a spectrograph equipped with 300 lines/mm grating of 500
nm or 1000 nm base wavelength and detected on a sensitive gated intensified CCD camera
(Stanford Computer Optics) with sub nanosecond resolution. Delay times after the trigger pulse
and integration time (how long the shutter is open and light is collected) were controlled with
up to 0.1 ns accuracy. Temperature-dependent measurements were acquired using a model
liquid nitrogen cryostat (Janis Research) and pumping down to ca. 10 mbar vacuum. For initial
development of these methods see previously published literature. !

The general form of multi-exponential decay formula is shown as below: 54

t—to t—to t—t,

y=vyo+Ae T +A,e T2 +Aze T

and the intensity-weighted decay lifetime can be calculated with the following formula:

AT+ Ayt + AgTs
AT + AT, + ATy

Tint.

Here, yo is a constant offset that can account for various experimental features (e.g., background
intensity level or much longer emission feature that is quasi steady-state in the time window
chosen) and to is for compensating slight offsets with respect to the trigger reference.

X-ray crystallography: Single crystal X-ray diffraction M-c-C is obtained from slow
evaporation of ethyl chloroform/acetate/ethanol solution at room temperature and the X-ray
diffraction (XRD) are obtained from a Bruker APEX Duo diffractometer through using MoK-
o radiation (A = 0.71073 A) with alJw/26 scan mode at the temperature of 298 or 77 K. The
single-crystal X-ray structures of M-c-C were analyzed confirming the supramolecular
interactions and molecular packing arrangement.

Quantum chemical calculations: The ground-state (So) structure was fully relaxed based on
density functional theory (DFT) adopting B3LYP functional and def2-TZVP basis set taking

account of D3BJ dispersion correction as implemented in the Gaussian 16 software.[>>58 The
13
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excitations to the excited singlet and triplet states were calculated by the time-dependent DFT
(TD-DFT) at the same level of theory based on the relaxed So structure, and the natural
transition orbitals (NTOs) were plotted for the interested transitions using the Multiwfn 3.6
software.*® The spin-orbital coupling (SOC) values for the intersystem crossing (ISC) between
excited singlet and triplet states were calculated by the ORCA 5.0.2 program at the same
theoretical level.”® The So, S1 and T1 potential energy surfaces were investigated by relaxed
scan at the B3LYP-D3BJ/6-311G(d,p) level by considering the implicit solvent effect of DMSO
by the SMD method using the Gaussian 16 software.5® The ®B97XD and M06-2X functionals
were also used to confirm the accuracy of B3LYP-D3BJ in revealing the charge transfer feature
of the excited state in this molecular system.

Supporting Information
Supporting Information is available from the Wiley Online Library or from the author.
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Manipulating Single-Molecule Exciplex TADF and Deep-Blue RTP Through Non-
Covalent n-w Interaction in a Molecular Foldamer

CN CN Intramolecular non-covalent

= 3 1T i i
JAF AN F m-1T interaction

Lz folding '\ Single-molecule exciplex
unfolding Single-molecule exciplex TADF
Single-molecule CT-featured RTP

We broaden the application of intramolecular non-covalent n-n interactions to the realm of
single-molecule optoelectronic emitters, by featuring a face-to-face donor/acceptor stacking
configuration with efficient through-space charge transfer. The resulting supramolecular
foldamer showcase the high-performance single-molecule exciplex thermally activated delayed
fluorescence and demonstrated a record lifetime of 236 milliseconds for single-molecule deep-

blue room temperature phosphorescence with charge transfer feature.
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