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Rational Design of Color-Pure Blue Organic Emitters by
Poly-Heteroaromatic Omni-Delocalization

Sunwu Song, Siyang Feng, Liangxuan Wang, Jinwon Jun, Begofia Milidn-Medina,
Reinhold Wannemacher, Jaesang Lee, Min Sang Kwon,* and Johannes Gierschner*

1. Introduction

Current research on organic light emitters which utilize multiple resonance

-induced thermally activated delayed fluorescence (MR-TADF) materials

is gaining significant interest because of the materials’ ability to

efficiently generate color-pure blue emission. However, the underlying
reasons for high color purity remain unclear. It is shown here that these
emitters share a common electronic basis, which is deduced from resonance
structure considerations following Clar’s rule, and which is termed as “poly-
heteroaromatic omni-delocalization” (PHOD). The simple and clear design
rules derived from the PHOD concept allow extending the known chemical
space by new structural motifs. Based on PHOD, a set of novel high-efficiency
color-pure emitters with brilliant deep-blue hue is specifically designed.
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Research into multiple resonance-induced
thermally activated delayed fluorescence
(MR-TADF) materials has become a signifi-
cant focus within the field of organic light
emitting diodes (OLED) due to their po-
tential for efficient deep blue emission;!!~7]
within the OLED architecture, these blue
emitters are used as fluorescence sen-
sitizers, now often termed as “hyper-
fluorescent” materials.®1% Their unsur-
passed color purity is particularly crucial,
as it enables the development of ultra-
high-definition OLED displays,!!!! featur-
ing exceptional realism and color reproduc-
tion, all without the need for color filters.
Consequently, this simplifies the device structure and en-
hances energy efficiency. Since the Hatakeyama group re-
ported DABNA-1 as an ultrapure blue emitter in 2016,[!?) the
design of color-pure blue emitters has primarily relied on
DABNA-1 analogues with modest structural variations,['7] see
Scheme 1.

Fundamentally, the main parameter for spectral broadening is
effective coupling of vibrational modes.['** Therefore, narrow
emission bandwidths require the reduction of geometry change
in the molecular core structure upon electronic de-excitation; this
concerns in particular the bond lengths (Ay,), and bond length
(BL) alternation along the conjugated path in alternating systems
(Appa).2%%) This was also realized in the context of DABNA-
type emitters,[??] and vibronic coupling patterns of selected com-
pounds were explicitly calculated.?>>] However, the underlying
electronic reasons for the small Ay, were not elucidated, while
this is key for the envisaged targeted design of color-pure emit-
ters.

In this work, we deduce the unreported underlying con-
cept for small Ay in narrow-band blue emitters, based on
resonance structure considerations following Clar’s rule, and
which is termed as “poly-heteroaromatic omni-delocalization”
(PHOD). This allows to formulate clearly defined simple de-
sign rules, which pave the way for targeted design of narrow-
band emitters, expanding the known structural chemical space;
such versatility may be important to enhance (temporal) sta-
bility of host-guest interactions in the device. Following these
guidelines, we introduce a novel structural motif to design
new compounds DOBFT, DOBFIT (Scheme 1), which provide
high-efficiency color-pure emitters with a brilliant deep blue
hue.
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Scheme 1. Molecular structures of novel compounds DOBFT, DOBFIT,
along with DABNA-1,['2] an extended structure (V-DABNA)[™*I and ana-
logues DOBOA,!'l QAO;["®] annelated NBA/OBP and NBA/NBA units
are indicated (with annelation angle); for details see text.

2. Spectral Narrowing

Phenomenologically, the most commonly used parameters to
characterize spectral properties (color and color purity) are 4.,
and the full width at half maximum (FWHM), usually given
in nanometers; in any case, in order to secure that numbers
can be properly compared, we will provide them as well in en-
ergy values (eV). Furthermore, we note that both parameters
(Amax, FWHM) can be misleading for vibronically structured
spectra, as we will discuss in a forthcoming perspective. There-
fore, we will additionally use more robust parameters to charac-
terize the spectra, that is the weighted mean E of the emission
spectrum I(E)

[ E-1(E)dE

E= [ 1(E)dE

1)

where I(E) is obtained from the spectrum recorded in A under
variable substitution as I(E) = I(A)- 42 (to ensure equal areas). Fur-
thermore, from the variance o2 of the spectrum

2_/(15—1‘5)2.1(15)0115 ,
CE T T (B dE @
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the effective width y can be defined; this reads, in analogy to the
Gaussian width y, as

ye=2V2In2- 0, (3)

being indeed a robust measure for color pureness.

From vibronic coupling (VC) theory,'*] a normal mode of
vibration is effective, if the nuclear motion coincides with the ge-
ometry change upon electronic de-excitation from the lowest ex-
cited state to the ground state, S;—S,. This gives rise to a Franck-
Condon (FC) progression, and, in a multi-mode picture, to in-
tercombinations, being convolutions of the individual FC pro-
gressions. This geometry change is induced by the change in the
electronic structure, which concerns essentially the conjugated
core with 7, z*-type frontier molecular orbitals (FMOs). VC to
a symmetry-allowed transition can take place by (i) linear cou-
pling (LC) of symmetry-allowed in-plane modes, both in the low-
frequency (50-700 cm™!; mainly carbon core deformations), and
high-frequency domain (1200-1700 cm~!; mainly C—C stretch-
ing), and by (ii) quadratic coupling (QC) via thermal activation of
low-frequency out-of-plane modes (5-50 cm™'; mainly torsions).
These contributions have been disentangled by us in the past on
vastly different systems.[20:21:26-31]

The coupling efficiency is quantified by the reorganization en-
ergy E., which correlates with the spectral width, and which
corresponds to the difference between the adiabatic and vertical
energies

Ere = E'00 - Evert (4)

where E, ., as the most probable energy of transition, corre-
sponds to E,[2°] see Equation (1). For mirror symmetrical absorp-
tion and emission, E, corresponds to the intersection between
the spectra.[33]

Furthermore, optical spectra are broadened by environmental
effects, mainly due to static and dynamic variations of the polar-
izability of the host environment close to the emitter; this is dif-
ficult to quantify,*"** and can be little influenced under practi-
cal conditions, in particular in devices. Nevertheless, the effect is
quite invariant for weakly polar molecules in disordered nonpo-
lar environments at room temperature, resulting in a Gaussian-
shaped convolution function with a width y. of about 500-600
cm™! (~0.07 eV; see the Experimental Section);?!! this broaden-
ing typically leads to a collapse of the complex vibronic fine struc-
ture to one “apparent” progression.!?]

Therefore, central task to obtain narrow emission is to reduce
the geometry change upon electronic (de)excitation; the main pa-
rameter herein is Ay, within the carbon core.[2*2!] The latter is
often (however not always) directly related to the topologies im-
posed by the highest (lowest) (un)occupied MOs, i.e., HOMO
(LUMO), which frequently constitute the S;—S, transition. An
illustrative example for strong Ay, is stilbene, where the main
geometry change takes place in the vinylene unit; here, S, ex-
hibits strong BLA, here dictated mainly by the HOMO topol-
ogy, while S, shows small BLA, reflecting a more polar charac-
ter as the LUMO exhibits a quinoid topology, see Figure 1 and
the Experimental Section for details. Thus, in-plane bending and
stretching modes couple efficiently by LC. At the same time, the
strong Ay, largely increases the frequency of the out-of-plane
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Figure 1. Vibronic coupling in stilbene and a model cyanine. DFT-calculated MO topologies and resulting geometries in ground and first excited sin-
glet states (Sq, S;) with relevant C—C (green) and C—N (violet) bond lengths (and, for stilbene, torsional frequencies; in bluel3®l); resulting emission

bandshapes (red, green; schematic).

torsional modes in S|, giving rise to significant QC.[2% It is noted
that QC in such polyene-like structures can be effectively re-
duced through rigid environments,!23%-32] or by using rigidified
structures,?2%] as, e.g., in oligoacenes!**% or -thiocacenes./?’! In
these compounds, much higher vibronic resolution is observed
compared to floppy structures (as in stilbene); however, LC is only
little affected by rigidification, giving rise to still considerable E,.,
reflected in very significant vibronic side bands.

One recipe to reduce Ay, is to move from polyene-like struc-
tures (as in stilbene) to cyanine (polymethine) structures, as
here the resonance structures are identical. Therefore, the BLA
is already small in S, and, consequently, remains small in S,
(Figure 1). This is reflected in narrow spectral shapes for cyanine
dyes, due to largely reduced LC and QC.[*!] Nevertheless, the cya-
nine recipe is not viable for pure blue emitters, as cyanines emit
in the green to (deep) red spectral range,*! due to the inevitable
low-lying S, state as imposed by the cyanine structure.!*]

3. The PHOD Concept

Therefore, the recipe to generate small Ay, for blue emitters
has to be chosen on a different basis. In fact, a known possi-
bility to reduce the BLA in the ground state is to make use of
Clar’s rule; the latter states that in polycyclic aromatic hydrocar-
bons the resonance structure (RS) with the highest number of
disjoint delocalized 7-sextets is the most relevant for the proper-
ties (e.g., reactivity).l*1*?] For instance, in anthracene (a linear an-
nelated aromatic “acene”),!*®*! from the four RS only one (mov-
ing) Clar sextet is observed, see Figure 2. On the other hand,
in the z-isoelectronic phenanthrene (an angular annelated aro-
matic “phene”), 3543 five RS and two Clar sextets can be formu-
lated in the outer rings (B, f’, see Figure 2). As well established
in resonance theory, this directly impacts geometry.*14? In fact,
bond orders can be estimated from the RS,!*?l and, with a few
reasonable assumptions (see the Experimental Section), bond
lengths; indeed, the latter agree well with the density functional
theory (DFT) calculations (Tables S2 and S5, Supporting Infor-
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mation). According to the bond lengths, anthracene shows sig-
nificant BLA in the outer rings (Figure 2; Tables S2 and S5, Sup-
porting Information), whereas in phenanthrene the outer rings
are predominantly delocalized. Still, in the central ring (a) of
phenanthrene, significant BLA is observed. Therefore, it is not
expected that, upon electronic excitation, Ag; in phenanthrene
is significantly smaller than in anthracene; this is indeed con-
firmed in the (TD)DFT calculations and in the experimental UV-
vis spectra.’>%] Furthermore, even for a larger number of rings,

the HOMO—LUMO excitation of phenes remains in the UV
range.3>*] Thus, reduction of the BLA in the connecting rings
is key to obtain a predominant delocalized character here as well;
this can be indeed achieved by proper substitution.

For this, we first consider di-substitution in the 9,10-positions
with X = BH or NH (it is noted that these systems are not iso-
electronic to the acenes). The calculations now predict predom-
inant delocalized outer rings, both for the substituted phenan-
threne as well as anthracene, while the central ring has mainly
single bond character, see Table S5 (Supporting Information);
accordingly, non-negligible Ay upon electronic excitation is ex-
pected. Therefore, in the next step, we consider an isoelectronic
(and isosteric) anthracene analogue, i.e., 9,10-azaboraanthracene
(NBA), see Figure 2. Here, four neutral RS can be formulated,
as well as four zwitterionic RS; the latter are expected to con-
tribute significantly, as they are promoted by the electron defi-
cient character of B and the electron rich character of N in para-
position to each other.**] The neutral RS give rise to two Clar
sextets, which results in a predominant delocalized character in
the outer rings. On the other hand, as the good agreement be-
tween DFT and simple RS estimations clearly evidences (Table
S2, Supporting Information), the zwitterionic RS provide equally
predominant delocalized character of B—C and N—C bonds in the
central azaborine ring. In fact, all calculated C—C bonds are less
than |+0.02 A| with respect to an averaged single/double bond
(1.40 A; see the Experimental Section), and similarly for C—B
and C—N bonds; see Figure 2 and Table S2 (Supporting Informa-
tion). Upon electronic excitation, most of the bonds experience
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Figure 2. Formulation of the PHOD Concept, depicting anthracene and phenanthrene, and the 9,10-hetero-analogues NBA and OBP. Resonance struc-
tures (RS) and corresponding Clar sextets. The gray-shaded structures correspond to the resulting DFT-calculated geometries; where predominantly
delocalized bonds are given in black (1.38 A< C—C <142 A; 1.45A<C—B <153 A 132A<C—N<139A 126 A<C—0 < 133A; 1.35A<B-0O <
1.43 A); red (green) bond color indicate predominant double (single) bond character.

only small changes Ag; of about +0.01 A, while only two bonds
are elongated by 0.03 A (Table S5, Supporting Information). The
small A, is due to the small changes in the bonding characteris-
tics of each individual bond upon excitation; see the Experimental
Section for details, and the MO topologies in Figure S10 (Sup-
porting Information). In all, this suggests small E . and thus nar-
row emission for NBA. In fact, NBA serves as the central motif
of DABNA-1, and its extensions,!**] alongside with analogues
of N:B such as O:B,[** S:B, Se:B or N:CO,[!>4] in other color-
pure DABNA-type blue emitters (Scheme 1).}~7] This constitutes
a general design concept, which we term as “poly-heteroaromatic
omni delocalization” (PHOD). Besides this central structural fea-
ture, which largely reduces Ay, against the acene family, it also
breaks the symmetry of the un-/occupied MOs (minimizing alter-
nant pairing effects; see the Supporting Information for details),
and reduces the HOMO-LUMO gap toward the blue spectral
region.

The PHOD concept allows to design new structural motifs;
in fact, applying the concept to phenanthrene, one obtains 9,10-
azaboraphenanthrene (NBP),[*’] or its oxa-analogue OBP,!*] see
Figure 2. Although PHOD in these compounds shows up in a
similar manner as in NBA, we note predominant single bond
character in the interring C—C bond as well as in the C—B bond;
this is due to the fact that only in one of the nine RS these bonds
exhibit double bond character. Therefore, we expect a modest in-
crease of the spectral width compared to NBA. On the other hand,
the new motifs allow to extend the core structure; in fact, while
NBA allows extension only in a linear fashion, or angular by 60°
(as in DABNA-1), OBP or NBP allow for angular annelation at
90°, see Scheme 1. This enhances structural versatility and en-
ables precise color tuning, as we will see below. Moreover, it is im-
portant to note that the use of multiple NBA, NBP, OBP motifs in-
creases the number of zwitterionic resonance structures and with
this the delocalization in the heteroaromatic rings. For instance,
going from NBA to the DABNA core structure, the percentage of
zwitterionic structures increases from x,; = 4/8 = 50% (Figure 2)
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to %, = 16/24 = 67%, see Scheme S3 (Supporting Information).
For the combined NBA/OBP motifs, being the core structure of
DOBFT, DOBFIT (Scheme 1), x,, yields 18/26 = 69%, as com-
pared to OBP with x,; = 5/9 = 55%; see Scheme S3 (Supporting
Information).

Therefore, utilizing the PHOD concept, the recipe for effi-
cient pure blue fluorophores can be formulated as follows: to
(i) maintain a rigid core structure, to (ii) avoid direct annela-
tion of benzene moieties, but instead co-annelation via NBA or
NBP/OBP muotifs, to (iii) extend the core structures by using mul-
tiple NBA/NBP/OBP motifs, to (iv) fine-tune the properties by
further substitution/annelation, but to avoid hereby (v) structures
with dominant BLA, and (vi) excessive long-range CT character.

4. PHOD-Based Design of Novel Color-Pure Blue
Emitters

In this spirit, we have designed two novel molecular structures,
DOBFT and DOBFIT (see Scheme 1; for full name and syn-
thesis, see the Experimental Section and Supporting Informa-
tion). These structures incorporate, for the first time, the OBP
motif besides NBA. This enlarges the available structural versa-
tility by a new type of 90°-angular annelation; additional bulky
tert-butyl side groups suppress z—rz stacking; this largely im-
proves the solubility, and increases the material stability for
OLED applications.*% The core structure allows for the for-
mulation of four (DOBFT) and five (DOBFIT) Clar sextets (ben-
zene moieties), which fine-tunes the optical properties, vide in-
fra. The resulting emitting S, state of DOBFT (corresponding to
the HOMO—LUMO excitation), provides a moderate oscillator
strength f,, = 0.22 with partial CT character, see Figure 3 and
Table S4 (Supporting Information). The absence of substantial
QC, due to the rigid core structure, is in particular visible in
the mirror symmetry between the vibronically structured absorp-
tion and emission spectra,?*?] see Figure 4. Thus, E, can be
precisely determined from the intersection of absorption and
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Figure 3. Geometrical and electronic properties of the DOBFT core struc-

ture. a) (TD)DFT calculated geometry change Ag = BL(S;)-BL(Sp); b)
HOMO and LUMO energies and topologies.

HOMO: -5.30 eV

emission at 2.87 eV (432 nm), see Table 1. The emission peaks at
2.84 eV (436 nm) in the first subband (F,), and E,.,, is determined
to be 2.75 eV (451 nm) from Equation (1). Hence, E,. amounts
to 0.12 eV via Equation (4); the low value for E,, directly reflects
the narrow nature of emission. In fact, the F, subband (sepa-
rated from F; by 0.15 eV) is significantly lower in intensity, i.e.,
F,/F, = 0.46. The FWHM is therefore very small, determined to
be 0.11 eV (16 nm). Similar considerations apply for DOBFIT,
with A, =441 nm, A, = 456 nm, and with an even reduced

vert

Table 1. Spectroscopic parameters of the compounds under study in
toluene solution.

DOBFT DOBFIT DABNA-1

E [eV] A [nm] E[eV] A[nm] E[eV] A[nm]

Ego ¥ 2.87 432 2.84 437 2.78 446
Ermax 2.84 436 2.81 441 2.74 453
Eyer ¥ 2.75 451 2.72 456 2.67 465
Ee© 0.12 0.12 0.11
FWHM 0.11 16 0.09 15 0.14 23
re 0.30 0.29 0.24
CIE X 0.150 0.147 0.140

y 0.045 0.053 0.058
@ ©) 0.92 0.96 0.94
7¢ /nsh 8.1(6.2) 6.3 (5.2) 7.6 (5.8)

% from the intersection of absorption and emission; ® from Equation (1); 9 from
Equation (4); 9 from Equations (2) and (3); ) from relative quantum yield measure-
ments under Ar-purged conditions (see the Supporting Information); intensity-
weighted average lifetimes from time-correlated single-photon counting experiments
in toluene under Ar-purged (unpurged) conditions (see the Supporting Information).
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FWHM of 0.09 eV (15 nm), see Table 1. Along with a few other
compounds,'”] these are the lowest widths reported so far, rep-
resenting the practical expected minimum. Nevertheless, as we
emphasized above, the effective width y; is significantly larger
than FWHM, giving in fact y; = 0.30 eV for DOBFT (0.29 eV for
DOBFIT), see Table 1. This is larger than in DABNA-1 (0.24 eV;
Table 1), corresponding to somewhat superior color pureness of
the latter. In any case, DOBFT and DOBFIT emit a brilliant blue
hue, whose appearance in daylight under UV irradiation perfectly
match their CIE coordinates, see Figure 4.

The small E . of DOBFT and DOBFIT is a direct result of the
small Ay, as seen from the quantum chemical calculations, see
Figure 3 and Table S5 (Supporting Information). In fact, most of
the changes in bond lengths upon electronic excitation |Ay, | are
smaller than 0.01 A, and even the maximum |A, | is not larger
than 0.03 A. We then performed a full vibronic coupling calcu-
lation of the DOBFT and DOBFIT spectra. Applying a Gaussian
broadening of y, = 0.07 eV, the calculated absorption and emis-
sion spectra agree well with experiment, see Figure 4. On the one
hand, this confirms the reliability of the (TD)DFT-based A, cal-
culations; on the other hand, it allows to disentangle the differ-
ent contributions to the observed bandwidth. Focusing first in
the low-energy region around F; (which determines FWHM), the
FC broadening can be determined to be 0.08 eV (see the Exper-
imental Section), so that we can conclude that linear coupling
and environmental broadening (i.e., y; = 0.07 eV) have similar
contributions to the FWHM. Since the minimum FWHM is very
similar in DABNA-1 (see analysis in Figure S11, Supporting In-
formation) and other color-pure blue emitters,122>5154] this in-
dicates that the coupling of low-frequency in-plane deformations
of the core structure is apparently difficult to reduce further. On
the other hand, this is different for the high-energy region, which
gives rise to more visible vibronic side bands (F,; ) of DOBFT
and DOBFIT (Figure 4) compared to DABNA-1 (Figure S2, Sup-
porting Information), expressed in the smaller y. for the latter,
see Table 1. This is directly correlated with the presence of a few
somewhat elongated C—C bonds in the ground state of DOBFT
and DOBFIT (Table S5, Supporting Information); indeed, the vi-
bronic coupling analysis in Tables S7 and S9 (Supporting Infor-
mation) proves significant coupling (with a Huang—Rhys factor of
S = 0.04-0.07) for a few modes in the 1340-1450 cm™ range, be-
ing more prominent compared with DABNA-1 (Table S11, Sup-
porting Information). Therefore, the use of the OBP muotif in
DOBFT and DOBFIT with its enriched structural versatility and
color tuning, comes at the cost of inevitable broadening; never-
theless, the somewhat inferior behavior has no significant impact
on color brilliance and hue.

Final crucial factors for the application in OLEDs are the flu-
orescence quantum yield @ and lifetime 7. This is intrinsi-
cally provided by PHOD through the rigid core structure, and
moderately high oscillator strengths f;. In fact, in fluid solu-
tion (toluene, Ar-purged), we obtained @ = 0.92 for DOBFT, see
Table 1. The corresponding @y is 8.1 ns; the latter permits some
0, quenching under unpurged condition (z ,, = 6.2 ns). From
®;. and 7y, the radiative and nonradiative rates are calculated to
bek, = @, /7, = 1.1 x 10° s~ and k,, = (1- ®;)/7; = 1.0 x 10
s71. The relatively small k, is due to a moderate f;, of the transi-
tion (Table S4, Supporting Information),>>°¢! which is, however,
sufficient to compete effectively with the very low k.. The low
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Figure 4. Optical properties of DOBFT and DOBFIT. a) Experimental absorption (blue) and emission (red) spectra, with calculated spectra in black
(convoluted with a Gaussian of y5 = 0.07 eV); b) CIE diagram, and fluorescence photograph upon UV irradiation under daylight.

k,, reflects the rigidity of the core (suppressing IC and ISC) and
the absence of heavy atom effects (minimizing ISC). Therefore,
even under low temperature conditions, only very weak phospho-
rescence is observed, which is redshifted by —0.41 eV against
fluorescence; see Figure S2 and Table S1 (Supporting Informa-
tion). For DOBFIT, k, amounts to 1.5 x 10® s7!; which reflects
a larger f;; of DOBFIT (Table S4, Supporting Information), and
which reduces the lifetime to 6.3 ns, making DOBFIT less vul-
nerable against O, quenching, see Table 1. Finally, ®; amounts
to 0.96, being very close to unity. In all, these properties make
DOBFT, and even more DOBFIT, attractive candidates for OLED
applications.

For potential application in OLEDs we performed preliminary
tests, preparing films at 3 wt% doping ratioin PMMA and mCBP;
all data are given in Figure S6 (Supporting Information). Both
compounds maintain high ®; in the films (0.69 and 0.75 for
DOBFT and DOBFIT in mCBP, respectively); this is equally re-
flected in only somewhat shortened 7, compared to solution.
The fluorescence spectra in both matrices are bathochromically
shifted by a few nanometers compared to solution. At the same
time, in all film spectra, the vibronic side bands are found to be
enhanced, which points to specific host-guest interactions. The
more intense side bands enlarge the FWHM by nearly a factor
of three; however, the effective width y; (being in fact a more
robust number) is much less affected, being larger by around
30% than those in solution. Nevertheless, the impact on the CIE
coordinates is pronounced, deteriorating the color pureness in
the films; this depends sensitively on compound and matrix (see
Figure S7, Supporting Information).

The device characteristics for DOBFIT are reported in Figure 5,
while the results for DOBFT (and DABNA-1 for comparison) are
found in Figures S8 and S9 (Supporting Information). The spec-
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tral response of DOBFIT approximately follows that of the solu-
tion and the thin film, concerning hue and FWHM; however, the
external quantum efficiency (EQE) is relatively low. The latter ef-
fect is ascribed to the lack of TADF characteristics, as in related
MR compounds; subsequently, higher EQE requires a more elab-
orated device architecture using sensitization through Coulomb-
type energy transfer.¥-1% This, and further device optimization,
are currently under investigation and will be reported in a forth-
coming paper.

5. Conclusion

In conclusion, we have demonstrated the general recipe to gen-
erate color-pure blue and efficient emitters. This requires rigid
core structures, where Clar sextets are co-annelated through BN
or BO containing heteroaromatic rings; here, the large weight
of zwitterionic resonance structures induces a strong reduction
of bond length alternation; this effectively reduces the geome-
try change upon electronic excitation, which is responsible for
spectral broadening by linear coupling of vibrational modes. This
concept, termed as PHOD, is the common structural basis for
DABNA-type emitters, relying on the NBA motif and its ana-
logues. PHOD allowed to extend the accessible structural chem-
ical space by further heteroaromatic motifs NBP, OBP. Based on
our analysis, we have designed two novel emitters based on an-
nelated NBA/OBP motifs with A, = 451 nm (4,,,, = 436 nm)
for DOBFT and A, = 456 nm (4,,,, = 441 nm) for DOBFIT, and
FWHM representing the lower expected limit of 0.11 eV (16 nm)
and 0.09 eV (15 nm), respectively. The effective width was deter-
mined to y; = 0.30 and 0.29 eV, respectively, providing in all a
brilliant hue of deep blue color with high fluorescence quantum

vert
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Figure 5. a) Stacked OLED device structure (for more details, see the Supporting Information); b) photoluminescence (PL) spectrum (with solution
spectrum for comparison), and electroluminescence (EL) emission as inset with CIE coordinates; c) External quantum efficiency (EQE) vs current density

characteristics.

yield @ of 92% and 96%, and moderately short lifetimes 7 of
8.1 and 6.3 ns, respectively.

In all, the simple and clear PHOD design rules promise rapid
progress in the search for color-pure high-efficiency blue emit-
ters with precisely tuned CIE coordinates, and their extension to-
ward a wider spectral region. More fundamentally, PHOD pro-
vides a comprehensive interpretation of heteroaromatic systems
in a broader context, extending beyond the current understand-
ing of B,N-based heteroaromatics,[**5738] a concept not encom-
passed by the existing Clar’s rule. This is anticipated to offer sig-
nificant inspiration not only to researchers in the OLED field but
also to those across various materials science disciplines.

6. Experimental Section

Synthesis:  The  novel  compounds  7-(tert-butyl)—10-(4-(tert-
butyl)phenyl)—10H-5,16-dioxa- 10-aza-5a-borafluoreno[3,2,1-
ghltetraphene (DOBFT) and 9-(tert-butyl) —6- (4-(tert-butyl) phenyl)—13,13-
dimethyl-6,13-dihydro-11,19-dioxa-6-aza-10b-borafluoreno[3,2,1-
ghlindeno[1,2-lJtetraphene (DOBFIT) were synthesized by five-step
reaction with a yield of 51% and 91%, respectively; details of the synthesis
and characterization are given in the Supporting Information. DABNA-1
was synthesized as described in literature.['?]

Spectroscopy and Data Analysis: The compounds were dissolved in
toluene (spectroscopic grade), and purged with Ar. UV-vis absorption
was recorded on a Cary 5000 UV-vis—NIR spectrometer (Varian). Fluores-
cence emission was obtained using a Jobin Yvon Fluorolog-3 spectrom-
eter (HORIBA), and corrected for the sensitivity of the photomultiplier.
Fluorescence decay times were recorded by time-correlated single photon
counting (TCSPC; see the Supporting Information for details). To obtain
the FC broadening contribution from the experimental FWHM (0.11 eV;
see text), we use the additivity relation of variances upon convolution; us-
ing Equations (2) and (3), the FC width is extracted via y¢c = (Ypwum?® —
7622 with 7w = 0.11 eV and yg = 0.07 eV to y¢c = 0.08 eV.

Device Fabrication: The device structures were devices were fabricated
using vacuum thermal evaporation. Further details regarding fabrication
and structural characterization can be found in the Supporting Infor-
mation. The EQE-] characteristics were assessed using a two-channel
Source-Measure Unit (Keithley 2604b) alongside a calibrated photodi-
ode (Thorlabs FDS1010-CAL). Electroluminescence (EL) spectra were
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acquired using a fiber-coupled, calibrated spectrometer (Ocean Optics
FLAME-T-VIS-NIR).

Quantum Chemical Calculations: Ground and excited state optimiza-
tion, MO analysis, vibrations, and single point time-dependent (TD) cal-
culations were done at the DFT level, using the dispersion (D3)-corrected
B3LYP functional and 6-311G* basis set with implicit solvent (toluene;
PCM), as defined in the Gaussian 16 program package.[**! Itis noted that,
although standard DFT methods are not able to reproduce triplet state en-
ergies for MR-TADF compounds,®% Sy and S; geometries are expected to
be well reproduced, as in fact shown in the current study. Vibronically re-
solved spectra were obtained using FCclasses3,[%" including thermal pop-
ulation at 298 K. A Gaussian broadening with a width of y; = 0.07 eV was
applied to compare with experiment.

Bond Order and Bond Length: The value for a delocalized C—C bond
dp, g in the electronic ground state was obtained from DFT calculations of
polyenes,[6?] extracting averaged single (double) bonds dsg (dpg) of ~1.45
A (1.34 A); with this, dp, gives 1.395 A, and the range for delocalization
(Figure 2) is set as 1.38 A < C—C < 1.42 A. From resonance theory, if all RS
contribute equally, each C—C bond length is estimated by the abundance of
double bond character xpg in the different RS (see Figure 2 and Figure S2,
Supporting Information). For a given bond, that is xpg = Npg/Nyq; this
allows to calculate the bond length as d = dpg-xpg + dsg-(1—xpg). The
resulting values for the C—C bonds agree reasonable with the DFT results
not only for anthracene and phenanthrene, but also for NBA and OBP (see
Table S2, Supporting Information); for both structures, this points to equal
relevance of zwitterionic RS compared to the neutral ones.

The change in the bond length Ag, for a bond between atoms y, v
upon electronic de-excitation S;—Sy can be obtained from bond order
calculations in the corresponding states. In case that the transition cor-
responds mainly to a simple HOMO—LUMO excitation (as for the com-
pounds under study), this gives Ag () = ¢y, = € u-CH,, Where ¢,
cy are the LCAO (linear combination of atomic orbitals) in the LUMO
and HOMO orbitals, respectively. Therefore, an educative guess on Ag.
can be directly obtained from simple frontier MO topology considera-
tions, and Ag, will be large for strong changes in the bonding character
in the FMOs for a given bond; see for instance the example of stilbene in
Section 2.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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