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Abstract: A new thermally activated delayed fluorescence (TADF)-
displaying macrocyclic compound m-1 comprising of two electron-
donors (N,N’-diphenyl-m-phenylenediamine) and two electron-
acceptors (dibenzo[a,j]phenazine) has been synthesized. The 
macrocycle developed herein is regarded as a regioisomer of the 
previously reported TADF macrocycle p-1, which has two N,N’-
diphenyl-p-phenylenes as the donors. To understand the influence of 
the topology of the phenylenediamine donors on physicochemical 
properties of TADF-active macrocycles, herein the molecular 
structure in the single crystals, photophysical properties, 
electrochemical behavior, and TADF properties of m-1 have been 
investigated compared with those of p-1. The substitution of p-
phenylene donor with m-phenylene donor led to distinct positive 
solvatoluminochromism over the full visible-color range, unique 
oxidative electropolymerization, and slightly lower contribution of 
TADF, due to the lower CT character in the excited states.  

Introduction 

Organic p-conjugated electron donor-acceptor (D–A) repeating 
molecules, oligomers, and polymers have attracted much 
attention as photo- and electroactive organic materials, as the 
optical and electrochemical bandgaps, charge-carrier mobilities, 
and luminescence properties are finely tunable through structural 
modification. They find myriad applications in optoelectronic fields 
such as organic field-effect transistors (OFETs),[1] organic 
photovoltaics (OPVs),[2] organic light-emitting diodes (OLEDs),[3] 
and some others.[4] Especially, over the last decade, the D–A p-
conjugated compounds with a large twisting angle around the D-
A-connecting bond have emerged as promising scaffolds for 

efficient thermally activated delayed fluorescence (TADF) 
materials.[5]  

TADF is a fundamental phenomenon that can harvest triplet 
excitons to convert into the emissive singlet excitons via thermally 
activated reverse intersystem crossing (RISC), yielding delayed 
fluorescence in theoretically 100% internal quantum efficiency 
(IQE). Due to the high utilization efficiency of triplet excitons, 
purely organic TADF emitters can greatly improve external 
quantum efficiency (EQE) of OLEDs, and very efficient 
(EQE>20%) TADF-OLEDs have been already reported.[6] In 
addition to optoelectronic applications, the potency of TADF 
compounds as functional molecules has been also explored in the 
fields of photocatalysis[7] and bio-imaging.[8] Since the RISC rate 
(kRISC) increases as the inverse of an exponential function of the 
energy splitting between the singlet (S1) and triplet (Tn) states 
(DEST), a narrow DEST and a large spin-orbit coupling (SOC) for 
S1–Tn transitions are the requisites for giving a large kRISC and 
thereby efficient TADF. Since it has been believed that DEST is 
just doublet electron exchange energy (2J) of the two unpaired 
electrons in the excited states, the HOMO and LUMO should be 
decoupled. However, recent theoretical results demonstrate that 
the situation is more complicated, and different design strategies 
should be pursued.[9] As earlier stated, a common molecular 
design strategy for TADF materials is connecting a lone-pair-
containing D and an A units through a single s-bond with a large 
twisting angle (ca. 90˚) to ensure a narrow DEST and a large SOC. 
Over the last several years, many purely organic TADF materials 
based on linearly or branchingly connected D–A molecular 
architectures with a large twist angle have been developed.[5] In 
contrast, macrocyclic TADF emitters comprising of D–A repeating 
units have been scarcely explored, probably due to the synthetic 
challenge for constructing such molecular scaffolds.[10,11] Due to 
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the limited numbers of macrocyclic TADF compounds, little is 
known for the structure-property relationship (SPR) of 
macrocyclic TADF materials. Conversely, it would be rewarding 
to investigate and reveal the SPR of macrocyclic TADF materials 
to gain insights on the design strategy for efficient macrocyclic 
TADF emitters. 

Recently, we have developed a thermally activated delayed 
fluorescent electron-donor–acceptor–donor–acceptor (D–A–D–
A) type p-conjugated macrocycle p-1 (Figure 1),[11] comprising of 
two U-shaped electron-acceptors, i.e., dibenzo[a,j]phenazine 
(DBPHZ),[12] and two N,N’-diphenyl-p-phenylenediamine donors. 
By taking advantage of the U-shaped structure of the acceptor 
and proper-shaped triarylamine donor, the key macrocyclization 
is rather high-yielding. Notably, this emitter represents the 1st 
purely organic TADF macrocyclic emitting material that yields an 
efficient OLED device with a high external quantum efficiency 
(EQE), exceeding the theoretical EQE (ca 5%.) in the OLED 
devices fabricated with a 1st generation fluorescent emitter.[13] 
The comparison of the physicochemical properties of p-1 with its 
linear analog (Linear) revealed the efficacy of cyclizing the D–A–
D–A structure for enhancing TADF contribution in emission. We 
then became interested in the influence of the topology in the 
phenylenediamine donor unit of p-1 on its properties including 
TADF behavior. To date, topological influence of phenylene unit 
(meta versus para) on the properties of phenylene-linked linear p-
electron conjugated systems, such as 
oligo(phenylenevinylene)s,[14] oligo(phenylene ethynylene)s,[15] 
oligo(aniline)s,[16] phenylene-bridged bis(triarylamine)s[17] and 
bis(ethynyltriarylamine)s,[18] phenylene-linked N-annulated 
perylene diimide dimers,[19] aminostilbenes,[20] and 
bis(ethynylene)phenylene-linked donor (carbazole) and acceptor 
(naphthalimides) compound,[21] has been moderately explored. 
The topology in phenylene unit in these previously investigated p-
conjugated systems gives an impact on properties such as 
HOMO–LUMO optical gap,[14] photoluminescence quantum yield 
(PLQY),[15] spin localization of radical cation,[16,17] the rate of 
charge separation,[19] for instance. Nevertheless, such topological 
studies of p-conjugated macrocyclic compounds are quite limited 
to cyclic oligo(phenylenediamine)s[22] and B-p-N ambipolar 
macrocycles.[23] To the best of our knowledge, the influence of the 
topology of the electron donors of the macrocyclic TADF 
compound has never been investigated.[24] 

 

 
Figure 1. Structures of D–A–D–A macrocycles p-1 and m-1. 

Herein, we disclose the synthesis, structure, and 
physicochemical properties of a new D–A–D–A macrocyclic 
compound m-1 (Figure 1), which is a regioisomer of p-1. From the 
comparison with p-1, the influence of the topology of the 
phenylenediamine donor unit (meta versus para) on the molecular 
conformation, electrochemical properties, and photophysical 
properties including TADF functions has been revealed.  

Results and Discussion 

Design and synthesis of macrocycle m-1.  
To investigate the influence of topology in the phenylenediamine 
donor, we designed D–A–D–A macrocycle m-1 (Figure 1), which 
is regarded as the meta-variant of previously reported p-1.[11] The 
synthetic route to macrocycle m-1 is illustrated in Scheme 1. 
Unsymmetrical m-phenylene diamine donor 2 was efficiently 
prepared, starting from 3-bromo-iodobenzene in 3 steps (Scheme 
S1 in the SI). In a similar manner with the synthesis of macrocycle 
p-1,[11] the donor 2 was coupled with 3,11-dibromo-
dibenzo[a,j]phenazine (2Br-DBPHZ)[12] through a Pd-catalyzed 
double Buchwald–Hartwig amination to provide a D–A–D 
intermediate 3 in high yield (Scheme 1). The deprotection of the 
N-Boc groups of 3 was conducted with an excess amount of 
trifluoroacetic acid (TFA), giving rise to 4 in a quantitative manner. 
The final and key macrocyclization of 4 with 2Br-DBPHZ was 
completed through a Pd-catalyzed double  Buchwald–Hartwig 
amination (Scheme 1), although the chemical yield in the 
macrocyclization step is much lower (10%) than that for p-1 
(45%).[11] Since a significant amount of polymeric uncharacterized 
residue was observed in the crude 1H NMR chart, this significant 
lowering in macrocyclization efficiency might ascribe to competing 
for intermolecular aminative oligomerization/polymerization 
pathways over the desired intramolecular cyclization. 
 
Crystallographic analysis of single crystals and 
photoluminescence properties in the solid states. 
Macrocycle m-1 is less soluble in organic solvents than p-1, and 
the recrystallization leads to tiny microcrystals. After several 
attempts of recrystallization, we were able to acquire yellow single 
crystals from a mixed solution of 1,2-dichlorobenzene and n-
hexane solution of m-1 suitable for the X-ray diffraction 
crystallographic analysis (for the detailed analytical data, see the 
SI). In the crystal, the macrocycle m-1 similarly takes a saddle 
conformation with p-1 (Figure 2a).[11] When compared with the 
saddle conformer of p-1, the interplane angle of the two DBPHZ 
panels is much smaller (91˚) than that of p-1 (148˚), due to the 
closer distance of the two N atoms on the phenylene donor 
(Figure 2b). The saddle-shaped macrocyclic molecules form a 1D 
self-assembled structure, where intermolecular DBPHZ units 
stack, with contact between adjacent molecules being 3.43 Å 
(Figure 2c). Although p-1 exhibited two different polymorphs with 
different conformers (helical and saddle conformers),[11] m-1 
formed only one conformer.  
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Scheme 1. Synthetic route to macrocycle m-1. 

 
Figure 2. a) Molecular structure of m-1 (hydrogen atoms and solvent 
molecules are omitted for clarity); b) a side view of m-1 (hydrogen atoms, the 
N-Ph groups and solvent molecules are omitted for clarity); c) packing structure 
of m-1. 

Upon the irradiation of a UV light, the solids of m-1 
displayed orange photoluminescence (lem 636 nm) with a low 
PLQY (FPL 0.04) (Figure 3). When compared with the solid-state 
PL of the saddle conformer polymorphs of p-1 (saddle: lem 654 
nm, FPL 0.01),[11] the emission wavelength of the solids of m-1 
appeared in a slightly blue-shifted region. This suggests that m-
1 has a weaker charge-transfer character in the excited states 
than p-1, which is seen by the solvatochromic behavior of m-1 in 
organic solvents (vide infra). 

 
Figure 3. PL spectrum of m-1 in the solid states. The inset photograph shows 
the image of emission under a UV lamp (lex 365 nm). 

Steady-state photophysical properties of diluted solutions 
of m-1. 

To investigate the fundamental photophysical properties of m-1, 
the steady-state UV-vis absorption and photoluminescence (PL) 
spectra of the diluted solutions (c 10–5 M) of m-1 were acquired 
(Figure 4a and Table 1). The solubility of macrocycle m-1 toward 
cyclohexane is very low, and due to this, it was not possible to 
obtain well-resolved UV-vis spectra. In other solvents such as 
toluene, THF, CH2Cl2, CHCl3, and DMF, m-1 displayed similar 
UV-vis absorptions comprising of intramolecular charge-transfer 
(ICT) transition at around labs 470 nm, which is mainly ascribed 
to the HOMO→LUMO transition (for the details of theoretical 
calculations, see the SI), and p–p* transitions at around labs 315 
nm (Figure 3a, dotted lines). The simulated absorption spectra 
of m-1 in toluene, using the conformation found in the single 
crystal (saddle shape), nicely agreed with the experimental one 
(Figure S11). Also, according to the conformational search, the 
saddle shape is the most stable conformer (ca. 4 kcal/mol more 
stable than the secondarily stable conformer). Taken together, 
we can conclude that almost all the m-1 molecules take saddle 
conformer in solutions, as is the case with p-1.[11] The absorption 
onset in the lower energy region (l 500–550 nm) slightly red-
shifts as the solvent polarity increases (Figure 4a), indicating the 
absorption peaked at around labs 470 nm is ascribed to a hybrid 
type CT. This characteristic is very similar to that of p-1.[11] When 
the absorption spectra of m-1 are compared with those of p-1,[10] 
one would notice that as a whole the spectra shapes are very 
similar to each other but different in absorption peaks. Both of 
the ICT and p–p* bands of m-1 locales in the bluer region than 
p-1 by ca. 10 nm, due to shorter effective conjugation length of 
the phenylenediamine unit of m-1 than p-1.  The experimental 
absorption spectra for m-1 and p-1 qualitatively agree with the 
calculated ones (Figure S11), which were calculated by the TD-
DFT method using an optimally tuned range separated hybrid 
functional (wPBE) and a state-specific non-equilibrium PCM 
solvation model. The macrocycle m-1 nicely displayed positive 
solvatoluminochromism as a function of solvent polarity (Figure 
4a). Given the UV-vis absorption spectra are less affected by 
solvent polarity than PL spectra, macrocycle m-1 has a much 
larger charge transfer nature in the excited states rather than in 
the ground states, as is the case with p-1.[11] A large difference 
in PL behavior of m-1 and p-1 is the degree of solvatochromism, 
which indicates a much larger CT character of p-1 in the excited 
states. It would be interesting to note that the solvatochromic 
behavior of m-1 is very similar with that of 3,11-bis(N,N-
diphenylamino)-substituted DBPHZ,[25] suggesting that the 
topology of the phenylene unit in the D–A–D–A macrocycles 
strongly affects the CT nature in the excited states, probably due 
to the difference in effective p-conjugation length through the 
molecule. 
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Since TADF is irradiated via RISC from the triplet excited 
states, TADF emission is sensitive toward the presence of 
oxygen gas, which promptly quenches the long-lived triplet 
excited states through energy transfer or electron transfer 
mechanisms. In fact, the PL intensity of the TADF-active p-1 
compound in degassed toluene drastically decreased upon the 
injection of oxygen gas.[11] The PL intensity of the degassed 
dichloromethane and THF solutions of m-1 dropped after the 
saturation with oxygen gas by about 10% (Figure 4b and c), 
indicating the involvement of triplet states character in the PL. It 
is noted that the decline rate of m-1 is much smaller than that of 
p-1 (ca. 60%), which indicates less TADF contribution in PL of 
solutions of m-1 than those of p-1. The TADF contribution is 
much smaller in the toluene solvent (3%, Figure S8), which 
suggests that the decrease of the RISC component is mostly due 
to the ΔEST gap.  
 

 
Figure 4. a) UV-vis absorption and PL spectra of solutions of m-1 in various 
solvents (c~10–5 M); b) PL spectra of m-1 (10 µM) in b) dichloromethane and 
c) THF with aerated (purple lines) and degassed (green lines). 

Table 1. Summary of steady-state photophysical data of solutions of m-1.  

Solvent[a] labs [nm] lem [nm] FPL[b] 

Cyclohexane[c] — 481 0.30 

Toluene 285, 316, 466 509 0.39 

THF 275, 313, 467 554 0.46 

CH2Cl2 277, 315, 469 591 0.43 

CHCl3 277, 316, 470 564 0.35 

DMF 277, 310, 470 629 0.07 

[a] Concentration: 10–5 M. [b] Determined with an integrated sphere. [c] 
Saturated solution (concentration < 10–6 M) was used, due to the low solubility 
in cyclohexane. 

 
Electrochemistry. 
The electrochemical behavior of m-1 was investigated with the 
cyclic voltammetry (CV) method. The cyclic voltammogram 
displayed one reversible reduction at redE1/2 –1.93 V and one 
irreversible oxidation at oxE1/2 0.41 V (Figure 5a). According to 
the oxidation and reduction potentials, the HOMO and LUMO 
energy levels of m-1 are calculated as –5.51 eV and –3.17 eV, 
respectively. These values are close to the HOMO of the donor 
unit N,N,N‘,N‘-tetraphenyl-m-phenylenediamine (–5.52 eV)[26] 
and the LUMO of the acceptor unit DBPHZ (–3.22 eV),[12] 
respectively. This suggests that the HOMO and LUMO are 
localized on the donor and acceptor units, respectively, and 
which is favorable for achieving small DEST. It is noted that m-1 
showed significantly different electrochemical behavior when 
compared to p-1. The macrocycle m-1 displayed only one 
irreversible oxidation peak at the potential 0.46 V (Figure 5a). 
When the cycle was repeated, the peak current was increased 
(Figure 5b), indicating the oxidative polymerization of m-1 on the 
electrode. The polymerization started at around 0.30 V, and the 
onset potential gradually shifted to the lower regime in every 
scan (Figure 5b). Since the macrocycle p-1 shows distinct 
electrochemically and chemically reversible 2 step oxidation at a 
similar potential,[11] the polymerization of m-1 should be ascribed 
to the difference in phenylene topology. This significant 
difference in the electrochemical behavior would be rationalized 
by the spin density distribution of diradical dication generated by 
the 1st oxidation step (Figure 5c and Figure S14). In both cases, 
the spin densities are largely localized on the phenylene donor 
units, but m-1••+2 has a larger density at the o-positions of the 
amino units (Figure 5c) when compared with p-1••+2 (Figure 5c), 
probably due to the decoupling of conjugation in the phenylene 
unit. In addition to the difference in the spin density, the o-
positions of the amino units in m-1••+2 are sterically much less 
congested than p-1••+2 (Figure 5c). Taken together, we suppose 
that m-1 more easily undergoes oxidative polymerization at the 
o-position of the amino units than p-1. Since within the EL 
devices organic emitters are electrically excited, this unstable 
electrochemical behavior of m-1 might not be suitable for the 
application of m-1 as an emitter for OLEDs. Instead, such an 
electropolymerization behavior of m-1 might find alternative 
electroactive material applications such as electrochromic 
devices (Figure S7) or semiconducting polymeric materials.  
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Figure 5. a) Cyclic voltammogram of m-1, b) sweep-repeated cyclic 
voltammograms of m-1 in the positive potential regime; c) spin density of 
diradical dications of m-1 and p-1 calculated at the PBE0/aug-cc-pVDZ level. 
CV experiments were conducted with 0.5 mM CH2Cl2 solution of m-1 
containing 0.1 M (n-Bu)4NBF4 supporting electrolyte using Pt disc as a working 
electrode, Pt wire as a counter electrode, and Ag wire as the reference 
electrode. The potential was scanned at the rate of 50 mV s–1. 

Time-Resolved Spectroscopic Analysis. 
To investigate the detailed photophysics of m-1, time-resolved 
spectroscopic analysis of a blending film (1wt% m-1 in Zeonex®, 
and 10wt% m-1 in CBP) was conducted (Figure 6). Prompt 
emission (time delay: 5 ns) at 80 K and 300 K from the film 
displayed Gaussian-type spectra centered at around 520 nm 
(blue and black lines, Figure 6a, respectively). It should be noted 
that at a delayed emission observed at 100 µs at ambient 
temperature (300 K) nicely matched with the prompt emission 
(red line, Figure 6a), indicating the delayed emission is radiated 
from the singlet excited state (S1). The slope of the plot of the 
integral of the delayed emission intensity against the laser pulse 
energy is 1.00 (Figure S9), confirming the delayed emission of 
m-1 in the film is TADF. The phosphorescence spectra (green, 
Figure 6a) displayed one similar to DBPHZ (3LEA),[12] which is 
characteristic to DBPHZ-cored D–A–D compounds[5j] and 
macrocycle p-1.[11] The triplet energy (ET1) calculated from the 
phosphorescence spectra is 2.39 eV, which is a little bit higher 
than that of p-1 (ET1 = 2.19 eV in Zeonex®)[11] but almost the 
same as those of DBPHZ-cored twisted D–A–D TADF 
emitters.[5j] This significant increase in the T1 energy when 
compared to p-1 should be derived from the break in the p-
conjugation by the meta substitution pattern. The singlet excited 
state (1CT) of m-1 is also destabilized when compared to that of 
p-1, giving higher singlet energy (ES1 = 2.70 eV), which is also 
higher than those of previously reported D–A–D TADF 
compounds by about 0.3 eV. As a result, DEST of m-1 in Zeonex® 
is 0.31 eV, which is a little bit wider than that of p-1 (0.24 eV).[11] 
This was qualitatively reproduced by the theoretical calculations: 
calcDEST for m-1 is 0.37 eV (Table S2) and calcDEST for p-1 is 0.30 
eV.[11] What is also important in comparison with p-1, meta-type 
macrocycle m-1 in CBP does not present TADF emission, or the 
TADF emission component is very weak. The time-resolver 
analysis in the CBP matrix did not reveal a delay component, and 
even at low temperatures, the phosphorescence was not 
observed (Figure 6b and d). Such behavior excludes this 
compound as an efficient OLED emitter. Taken together with the 
electrochemical instability of m-1, the analysis of m-1 in an 
OLED device was not performed.  

 
Figure 6. Prompt fluorescence, delayed fluorescence, and phosphorescence 
spectra of (a) 1% m-1 in Zeonex, (b) 10% m-1 in CBP  (w/w) thin films. 
Photoluminescence decay of (c) 1% m-1 in Zeonex, (d) 10% m-1 in CBP (w/w) 
thin films. 

Conclusion 

In summary, we have successfully synthesized and 
characterized a new donor–acceptor-repeating p-conjugated 
macrocycle m-1. In the single crystals, m-1 takes a saddle 
conformer with a larger bending angle than that of p-1, due to 
the shorter distance between two amino unit. The absorption and 
photoluminescence spectra of solutions along with theoretical 
calculations revealed the shorter effective length and weaker 
charge-transfer character in the excited states of m-1 than those 
of p-1, which allowed distinct solvatoluminochromism of m-1 
over the full range of visible-light regime. The topology of the 
phenylenediamine donors significantly gives impacts on the 
distribution of the spin-density on the donor units and thereby 
results in unique oxidative electropolymerization. Time-resolved 
spectroscopy revealed that the DEST of m-1 is slightly larger than 
that of p-1, leading to weaker TADF character. Although m-1 
would be less promising as TADF-OLED emitting materials, yet, 
the compound m-1 represents a rare example of a TADF 
macrocyclic compound and could find other applications by 
taking advantages of distinct solvatoluminochromism and 
electropolymerization. 
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A new donor–acceptor–donor–acceptor macrocyclic p-conjugated compound comprising of two electron-donors (N,N’-diphenyl-m-
phenylenediamine) and two electron-acceptors (dibenzo[a,j]phenazine) has been synthesized, and its structure and physicochemical 
properties have been investigated. In comparison with para-linked macrocyclic analogue, the influence of topology of the 
phenylenediamine donors on properties has been revealed.  

 

 


