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Abstract: The bromination of the electron-deficient
2,2-dicyano-6,6-difluorobiphenyl with elemental bromine in
HNOs/H,S0, produces mainly 3,3-dibromobiphenyl (1) and
3-nitro-3-bromobiphenyl (2) in a total yield of 70 %. Compound
1 reacts with carbazole to yield the 3,3-dibromo-6,6-di(9H-
carbazol-9-yl)-[1,1-biphenyl]-2,2-dicarbonitrile (6). The struc-
tures of the products have been studied by spectroscopic
methods and X-ray diffraction, as well as DFT calculations. The
optical properties of some of the compounds have been inves-
tigated by UV/Vis or fluorescene spectrocopy, which show that
compound 6 has Thermally Activated Delayed Fluorescence
(TADF) and Aggregation-Induced Emission (AIE) properties
(ie. Aggregation-Induced Delayed Fluorescence, AIDF). These
biphenyl products may find potential applications in the field of
organic photofunctional materials.

Keywords: biphenyl; bromination; electron-deficient; Ther-
mally Activated Delayed Fluorescence (TADF); Aggregation-
Induced Emission (AIE)

1 Introduction

Organic photoluminescent materials have gained much
attention due to their applications in displays and lighting
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research and development. As a new generation of emitting
materials for organic light emitting diodes (OLEDs), Thermally
Activated Delayed Fluorescence (TADF) materials have been
receiving increasing attention because of their excellent
exciton utilization.”* Among the many types of small molecule
TADF materials, the biphenyl system stands out with their
great potential to afford materials and devices with excellent
photoluminescent and electroluminescent efficiencies,
including the axially chiral ones with circularly polarized
luminescence properties.® One of us*™® and other groups'*"
have been actively studying the related systems starting from
the 4,4-dibromo- or -difluorobiphenyl compounds (Figure 1)
followed by various further derivatizations. Despite some
progress made, other substitution positions on the hiphenyl
skeleton definitely merit further investigation, for which the
halogenated biphenyl species are generally needed.

The electrophilic halogenation reactions (especially
bromination reactions) of aromatics are well-defined reaction
types and the selectivity has been well studied for electron-rich
aromatics, however, there has been much less study on the
electron-deficient aromatic systems, and the reaction condi-
tions are clearly different from those of the electron-rich aro-
matics."* Compared with the mono(hetero)aromatic rings,>**
the bromination reactions of biphenyl-type compounds have
been relatively less studied, and the bromination reactions of
the electron-deficient biphenyl systems have been even less
studied.”™ In recent study of the axially chiral optoelectronic
materials and devices by Chen*® and Zheng'®" et al. the
electron-deficient 2,2-dicyanobiphenyl system (Figure 1) has
been involved. Among them, 4,4-dibromobiphenyl (C) (a
formally brominated derivative of compound A) is an impor-
tant intermediate, which reacts with carbazole derivatives to
generate compound D° with TADF properties (similar reaction
of compound A with carbazole gives analogous compound B)
and the transformation of the C-Br bond in compound D
through metal-catalyzed coupling reactions can generate a se-
ries of compounds with remarkable TADF properties,”  but an
important factor limiting the further development of this sys-
tem is the relatively complicated synthesis of 4,4-dibromobi-
phenyl (C), which requires a multi-step reaction process and
suffers from low yields."*

On the other hand, traditional organic luminescent
materials emit strongly in solutions but tend to quench in
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aggregate or solid state (the so-called Aggregation-Caused
Quenching Effect), but another type of Aggregation-Induced
Eemission (AIE) materials show the opposite emission
property that they emit strongly in aggregate or solid state
which have gained much current attention and have
demonstrated very broad applications in various fields.”>**
Therefore, it is also of interest to study the possible AIE-
related property in these biphenyl compounds. In this
respect, the related biphenyl system with Aggregation-
Induced Delayed Fluorescence (AIDF),*?* ie. combining
both AIE and TADF properties, has not been reported.

We envisioned that utilizing the readily available electron-
deficient biphenyl compound A to directly generate the
brominated biphenyl product C through bromination reaction
and other related compounds by further transformation, which
can accelerate the study of biphenyl TADF materials. To this
end, we have investigated the bromination reactions of com-
pound A with elemental bromine. The results show that the
bromination fails to produce the expected 4,4-dibromobi-
phenyl compound C. Instead, 3,3-dibromobiphenyl 1, 3-nitro-
3-bromobiphenyl 2, and 3,3',4,4-tetrabromobiphenyl 3 are ob-
tained, as well as a small amount of polybrominated products 4
and 5 (Figure 2). Compound 1 can be transformed into the
biscarbazolyl derivative 6 which displays AIDF properties. In
this paper, in order to study the substitution effect, we report on
the synthesis, structures and optical properties of compounds
1-3 and compound 6.

2 Experimental section
2.1 Instruments and reagents

IR spectra were recorded in the range 450-4,000 cm™ on a
Perkin Elmer Tensor II spectrometer using KBr pellets. 'H and

DE GRUYTER

Figure 1: Chemical structures of several
electron-deficient 2,2-dicyanobiphenyl sys-
tems including 4,4"-dibromobiphenyl com-
pounds C and D.

Br
D

3C NMR analyses were performed using a Bruker Avance III
600 MHz spectrometer. As internal references for 'H and **C
NMR spectroscopy the signals of CDCl; were used and calcu-
lated relative to tetramethylsilane (TMS). Melting points were
measured with a SGW X-4 apparatus and were not corrected.
The high resolution mass spectra were measured with a
Thermo Fisher Scientific LTQ FTICR-MS instrument (DART
positive ion mode or ESI positive, or AP MALDI ion mode). UV/
Vis spectra were recorded using a UV-9000S Plus spectrom-
eter. Fluorescence was measured on Edinburgh FLS920 and
FLS1000 spectrometers and absolute quantum yield was
tested using a barium sulfate integrating sphere. GC-MS was
measured on a GCMS-QP2020 coupled with SH-RXi-5SilMS
capillary column. The solvents were commercially available
and used without further purification.

2.2 Synthesis of bromobiphenyl compounds

The starting material 6,6"-difluoro-[1,1-biphenyl]-2,2"-dicar-
bonitrile (compound A) was synthesized according to the
literature methods.”"

2.2.1 Synthesis of 3,3’-dibromo-6,6’-difluoro-
[1,1°-biphenyl]-2,2’-dicarbonitrile (1) and 3-bromo-
6,6’-difluoro-3"-nitro-[1,1-biphenyl]-
2,2’-dicarbonitrile (2)

Reaction using 1 equiv. of bromine: In a reaction flask,
compound A (3.5g, 14.5mmol), elemental bromine (774 uL,
145mmol) and 9.1mL of concentrated nitric acid were
added. It was cooled with an ice-water bath and 18.2 mL of
concentrated sulfuric acid was added dropwise to form a
reddish-brown solution. The ice-water bath was removed
and the reaction mixture was heated in an oil bath to 80 °C

SN

Figure 2: Chemical structures of bromobiphenyl
products in this work.
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for 3 h. The resulting yellow solution was cooled with an ice-
water bath and diluted with 10 mL of water and neutralized
with sodium bicarbonate solution to pH > 8. The mixture was
separated and the water phase was extracted with ethyl
acetate (20 mL x 3). The organic phases were combined,
washed with brine, dried with anhydrous Na,SO,, concen-
trated, and separated by column chromatography (eluent
dichloromethane: petroleum ether (b.p. 60-90 °C) = 1:1, v/v)
to afford compounds 1 and 2.

Compound 1: Colorless powder (2.39 g, yield 41.4 %);
R¢ = 0.50 (dichloromethane: petroleum ether = 1:1, v/v); m.p.
201.3-202.5 °C. — UV/Vis (THF): Ayax (18 €max) = 225 nm (4.64),
303 nm (4.08). — IR (KBr) v = 2,926, 2,361, 2,239, 1,632, 1,439,
1,254,833 cm™. — 'H NMR (600 MHz, CDCl,, 25 °C, TMS): § = 7.83
(dd, J = 9.0, 4.3 Hz, 2H), 7.40 (t, J = 8.5 Hz, 2H). - °C NMR
(151 MHz, CDCl,): § = 159.37, 157.69, 136.33, 136.27, 124.88,
124.74, 122.29, 122.14, 121.47, 121.45, 114.40. — GC-MS: m/z = 398
[M]*. — HRMS (DART): m/z = 396.8781 (calcd. 396.8782 for
Cy4H5N,Br,Fy, [M+H]™).

Compound 2: Colorless powder (1.52g, yield 28.8 %);
Ry = 0.22 (dichloromethane: petroleum ether = 1:1, v/v);
m.p. 191.8-192.5 °C. — UV/Vis (THF): Ayax (8 €max) = 227 nm
(4.68), 302 nm (3.95). — IR (KBr) v = 2,924, 1,537, 1,348, 1,273,
833 cm™. - 'H NMR (600 MHz, CDCl3, 25 °C, TMS): § = 8.56 (dd,
J=9.3,4.6 Hz, 1H), 7.90 (dd, / = 9.0, 4.7 Hz, 1H), 7.71 (dd, ] = 9.3,
7.4 Hz, 1H), 7.45 (t, ] = 8.6 Hz, 1H). - °C NMR (151 MHz, CDCl,):
6 = 163.15, 161.41, 159.30, 136.87, 129.37, 126.17, 122.38, 122.23,
121.41, 121.26, 114.14, 111.67. — GC-MS: m/z = 363 [M]*. - HRMS
((+)-ESI): m/z = 385.9345 (calcd. 385.9347 for C;,H,O3N5BrF,Na,
[M+Na]").

Reaction using 1.5 equiv. of bromine: Same proced-
ures as those for the reaction using 1 equiv. of Br,, compound
A (360.0mg, 1.5mmol), elemental bromine (115.5pL,
2.25 mmol), 1.4 mL of concentrated nitric acid and 2.8 mL of
concentrated sulfuric acid. Compounds 1 (163.1mg, yield
27 %) and 2 (55.2 mg, yield 10 %) were obtained.

2.2.2 Synthesis of 3,3',4,4’-tetrabromo-6,6"-difluoro-
[1,1°-biphenyl]-2,2’-dicarbonitrile (3)

Same procedures as those for the reaction using 1 equiv. of
Br;, compound A (360.0 mg, 1.5 mmol), elemental bromine
(153.7 uL, 3.0 mmol), 1.8 mL of concentrated nitric acid and
3.6 mL of concentrated sulfuric acid. Compounds 1 (120 mg,
yield 20 %) and 3 were isolated.

Compound 3: Colorless powder (80mg, yield 10 %);
R¢ = 0.61 (dichloromethane: petroleum ether = 1:1, v/v); m.p.
204.3-205.4 °C. — UV/Vis (THF): Ajax (18 Emax) = 228 nm (4.71),
314 nm (4.08). — IR (KBr): v = 2,926, 1,572, 1,408, 1,371, 1,227,
874cm™. — 'H NMR (600 MHz, CDCls, 25°C, TMS): § = 7.82
(d, J = 7.9 Hz, 2H). - ®C NMR (151 MHz, CDCly): § = 158.59,
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129.76, 126.12, 125.95, 125.04, 123.41, 119.14, 114.30. — GC-MS:
m/z =556 [M]*. - HRMS (DART): m/z = 569.7257 (calcd. 569.7258
for C14H6N3Br4F2, [M + NH4]+)

2.2.3 Synthesis of 3,3’,4-tribromo-6,6’-difluoro-
[1,1°-biphenyl]-2,2’-dicarbonitrile (4) and 3,3",4,4,
5-pentabromo-6,6"-difluoro-[1,1"-biphenyl]-
2,2’-dicarbonitrile (5)

Same procedures as those for reaction using 1 equiv. of Br,
compound A (360.0 mg, 1.5 mmol), elemental bromine (231 uL,
45mmol), 27mL of concentrated nitric acid, 54mL of
concentrated sulfuric acid. Compound 3 (yield 10 %) and a very
small amount of a white powder were obtained. Based on the
results of GC-MS (m/z = 476, 633) and the above mentioned
bromination reactions, the white powder was assigned to be a
mixture of compounds 4 and 5, which were difficult to separate.

2.2.4 Synthesis of compounds 6-8

Under argon, to a Schlenk tube was added carbazole (60.2 mg,
0.36 mmol), NaH (60 % dispersion in mineral oil, 14.4 mg,
0.36 mmol) and 5 mL of anhydrous DMF, and the grey slurry
was stirred for 0.5 h before a solution of compound 1 (60.0 mg,
0.15 mmol) in 3 mL of anhydrous DMF was added. The resulting
mixture was heated at 80 °C (oil bath) for 12 h, and after cooling
to room temperature the mixture was pored to 15 mL of water.
After extraction with ethyl acetate (20 mL x 3), the organic
phases were dried with anhydrous sodium sulfate and after
filtration the filtrate was concentrated and separated by col-
umn chromatography (eluent dichloromethane: petroleum
ether = 1:1, v/v) to afford compound 6. A very small amount of a
yellow green solid was obtained which was identified by mass
spectrometry as compounds 7 and 8 which were inseparable.

Compound 6: Yellow green powder (46.4mg, yield
44.7 %); R¢= 0.48 (dichloromethane: petroleum ether = 1:1, v/v);
m.p. 243.4-244.0 °C; — UV/Vis (THF): Amax (€ €max) = 2871Nm
(4.80), 330 nm (4.43). — IR (KBr): v = 2,928, 1,454, 1,225, 746,
723cm™ . — 'H NMR (600 MHz, CDCl3 25 °C, TMS): § = 7.95 (d,
J=7.6Hz, 2H), 7.69 (t, ] = 9.3 Hz, 4H), 7.36 (t, ] = 7.6 Hz, 2H), 7.24
(m, J = 7.4 Hz, 2H), 7.19 (m, ] = 8.0, 3.8 Hz, 4H), 6.87 (t, ] = 7.4 Hz,
2H), 6.48 (t, ] = 7.6 Hz, 2H), 5.47 (d, J = 8.1 Hz, 2H). - °C NMR
(151 MHz, CDCl,): 6 = 141.18, 139.97, 138.57, 137.43, 135.53, 135.12,
126.22,125.83, 123.99,120.88, 120.41, 119.38, 116.54, 109.38,109.08,
77.23, 77.02, 76.81. — HRMS (AP-MALDI): m/z = 690.0048 (calcd.
690.0049 for CsgH,oN4Bry, [M]).

Compound 7: HRMS ((+)-ESI): m/z
565.9274 for Cy6H;,N3Br,FNa, [M+Na]").

Compound 8: HRMS (AP-MALDI): m/z = 778.1597 (calcd.
778.1601 for CsoHagNsBr, [M]*).

565.9273 (calcd.
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3 Results and discussion
3.1 Bromination reaction of compound A

The reactions of compound A with elemental bromine in
mixed acids are shown in Scheme 1. In this process, nitric
acid acts as an oxidizing agent with sulfuric acid to generate
an intermediate and interacts with Br, to form the Br* HSO,~
complex to react with compound A. In the reaction using 1
equivalent of bromine, the reaction occurs first at the posi-
tion next to the cyano group (i.e. 3,3-position) to produce the
dibromobiphenyl 1, which is in agreement with the results of
Mulliken’s charge distribution computed at the B3LYP/6-
311 + G(d,p) level of theory by using the density-functional
theory (DFT) method,” but not consistent with the results at
the B3LYP/6-31G(d,p) level (Figure 3), which suggests the
basis set dependence in such calculations. In addition, the
reaction produces 3 with a nitro group on the other benzene
ring, which results from the competing reactions of bromi-
nation and nitration under these conditions.'**® The total
yields of the main products 1 and 2 reach 70 %.

When the amount of bromine is increased to 1.5 equiv-
alents, the yield of product 1 is lower. When the amount of
bromine is increased to two equivalents, the yield of the
dibromo product 1 is only 20 %, but the nitration product 2 is
not separated, and a small amount of the tetrabromo prod-
uct 3 is obtained. When the amount of bromine is further
increased to three equivalents, no product 1 was obtained,
and product 3 is produced in a yield of 10 %, and a very small
amount of the polybrominated products 4 and 5 is formed,
and the latter two products are difficult to separate, and
insoluble in common organic solvents.

The above results of the bromination of compound A
with elemental bromine show that the optimal amount of
bromine is 1 equiv., and the main products are the dibromo
compound 1 and bromo/nitro product 2 with functionization
at the 3,3"-positions. With more than two equiv. of bromine,
the bromination occurs at the 4- or 4,4"-position(s) with the
corresponding products in much lower yields.

F ‘ CN B,
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Figure 3: Mulliken charges of some ring carbon atoms of compound A
(left: B3LYP/6-311 + G(d,p) level; right: B3LYP/6-31G(d,p) level).

3.2 Synthesis of carbazolyl biphenyls from
compound 1

When compound 1is reacted with carbazole in the presence of
a base such as NaH, the biscarbazolyl product 3,3-dibromo-
6,6'-di(9H-carbazol-9-yl)-[1,1-biphenyl]-2,2-dicarbonitrile (6) is
obtained in 45 % yield, together with a small amount of the
monocarbazolyl product 7 and triscarbazolyl compound 8
(Scheme 2). Compounds 7 and 8 are difficult to separate and
were characterized by high resolution mass spectrometry. The
substitution of a bromine atom by a carbazolyl group in the
formation of compound 8, via an aromatic nuleophilic sub-
stitution (SyAr) reaction, is due to the obvious electron defi-
ciency of the benzene ring in the starting compound 1, and is a
relatively rare example of metal catalyst-free C-N coupling
reaction.”®

3.3 Crystal structures of compounds 1-3 and 6

The major brominated biphenyl products 1-3 and the bis-
carbazolyl compound 6 were structurally characterized by
infrared, "H NMR, C NMR spectroscopy, and high-resolution
mass spectrometry. Single crystals of compounds 1-3 and 6
could be obtained and their crystal structures were

3.0
Br, (1.0 eq) (3.0 eq) 3 + 4+5
1 + 2 ~———— NC F
HNO4/H,S0, HNO3/H,SO4  (10%) (< 1%)
(41.4%) (28.8%)
A
Bry HNO4/ Br, HNO3/
(1.5eq) H,S0, (2.0 eq) H,SO04
1 + 2 1 + 3 - )
Scheme 1: Bromination of biphenyl compound
(27%) (10%) (20%) (10%) A with Br; (isolated yields are in parentheses).
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Br Carbazole
(2.4 eqiv.)
F _ NaH

Br ICNQ

1 s (44.7%)

(mlxlure small amount)

determined by X-ray diffraction, the details of which can be
found in the Supporting Information available online.

Single crystals of compound 1 were obtained by slow
evaporation of an ethyl acetate solution. Compound 1
crystallizes in the monoclinic space group C2/c with Z = 4.
Selected bond lengths, bond angles and torsion angles are
summarized in the Supporting information. The C-C bond
length between the two benzene rings is 1.488(5) A,
similar to those in the above-mentioned biphenyls
(1.488(5)-1.502(5) A).>"*"" The C-Br and C-F bond lengths
are 1.881(3) A and 1.341(3) A, respectively. The dihedral
angle of the two benzene rings of the biphenyl framework
is 63.48° (Figure 4). Intermolecular C-H---F (H(4)---F(1)
2.5724) and C-H.--N (H(5)---N(1) 2.717A) hydrogen
bonding interactions are present in crystals of compound
1 (Figure 5).

Single crystals of compound 2 were grown from an ethyl
acetate solution. The compound crystallizes in the mono-
clinic space group P2/c with Z = 4. Due to the problem of the
crystal quality, a discrepancy factor R1 of 0.1489 was ob-
tained in the refinement. Therefore, the bond lengths and
angles will not be discussed here. The molecular structure is

Figure 4: Molecular structure of compound 1 (left; displacement
ellipsoids are drawn at the 30 % probability level, H atoms as spheres with
arbitrary radii) and dihedral angle of the biphenyl (right). Note that the
entire molecule has crystallographic 2 (C;) symmetry, the two-fold axis
bisecting the C(7)-C(7) bond and lying approximately in the paper plane.
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Scheme 2: Reaction of 1 with carbazole (isolated
yields are in parentheses).

H4 /__\

Fi 2747

Figure 5: Weak intermolecular interactions in crystals of compound 1.

shown in Figure 6 (left). The dihedral angle of its biphenyl
framework is 113.25° (Figure 6, right). Weak C-H---O (H(5)
---0(2) 2.684 A) hydrogen bonding and C-F---m halogen
bonding'®*” (F--centroid distance of 3.688 A) interactions are
present in the crystals of compound 2 (Figure 7).

Single crystals of compound 3 were also obtained by the
same method as that for 1. Compound 3 crystallizes in the
monoclinic space group P2,/c with Z = 8. In the crystal
structure (Figure 8), there are two crystallographically in-
dependent molecules 3A and 3B. The C—C bond lengths be-
tween the benzene rings of the two molecules are 1.499(10) A
(C7-C8) and 1.500(10) A (C21-C22), respectively, which are
essentially the same as that in compound 1, indicating that
the number of bromine atoms has no significant effect on the

(P (he@)

@o
OH

Figure 6: Molecular structure of compound 2 (left; displacement
ellipsoids are drawn at the 30 % probability level, H atoms as spheres with
arbitrary radii) and dihedral angle of the biphenyl (right).
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Figure 7: Weak intermolecular interactions in crystals of compound 2.

C—C bond length of the biphenyl. In molecule 3A, the C-Br
bond lengths are 1.859(8) A-1.891(8) A and the C-F bond
lengths are 1.340(9) A (C1-F1) and 1.338(8) A (C9-F2),
respectively. In molecule 3B, the corresponding bond lengths
are 1.864(8) A-1.895(8) A (C-Br), and 1.339(9) A (C20-F3) and
1.318(9) A (C23-F4), respectively. The halogen-related bond
lengths are essentially the same in the two molecules, and
those in compound 1. Quite interestingly, in the biphenyl
framework, the dihedral angles of the biphenyl are 61.23°
(Cgl (C16-C17-C18)/Cg2 (C22—C23-C24) and 116.03° (Cg3
(C1-C2-C3)/Cg4 (C8-C9-C10), respectively, for the two

DE GRUYTER

independent molecules (Figure 8, right). Note that the
noticeably different dihedral angles imply grossly different
F---F and (CN)---(CN) intramolecular distances or, in other
words, they are not just the complementary dihedral angles
which in one molecule add to 180°.

In the crystals of compound 3, there are intermolecular
C-H.--N (H(2)---N(2) 2.535 A) hydrogen bonding and a num-
ber of C-Br---m halogen bonding®®* (Br---centroids dis-
tances of 3.501-3.843 A) interactions (Figure 9).

Single crystals of compound 6 were grown from a chlo-
roform solution. The compound crystallizes in the monoclinic
space group I2 with Z = 4. There are two crystallographically
independent molecules 6A and 6B, each of which has crys-
tallographic 2 (C;) symmetry, the two-fold axes bisecting the
central biphenyl C—C bonds (Figure 10). The C-C bond lengths
between the benzene rings of the two molecules are 1.508(9) A
(C19-C19) and 1.479(11) A (C38-C38), respectively, similar to
that 0f 1.502(5) A in compound DS’ indicating that the different
bromine positions have little effect on the length of this C-C
bonds. The C-Br bond lengths in compound 6 are 1.906(5) A
(C16-Br1) and 1.916(7) A (C35-Br2), respectively, similar to
those in the above-mentioned structures. The dihedral angles
of its biphenyl framework are 64.08° and 70.63° for the two
independent molecules. The corresponding dihedral angles

Figure 8: Molecular structure of compound 3 (left; two independent molecules 3A and 3B; displacement ellipsoids are drawn at the 30 % probability
level, H atoms as spheres with arbitrary radii) and dihedral angles of the biphenyls (right).

Figure 9: Weak intermolecular interactions in crystals of compound 3.
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6A 6B

Figure 10: Molecular structure of compound 6 (left; two independent molecules 6A and 6B; displacement ellipsoids are drawn at the 30 % probability
level, H atoms as spheres with arbitrary radii) and dihedral angles of the biphenyl (right).

between the planes of the carbazolyl and the biphenyl are
71.3° and 61.38°, respectively (Figure 10). In addition, weak
intermolecular C-H---m (C(14)-H(14)---Cg1/C(15)-H(15)---Cg2)
and C-H---N (C(4)-H®):---N(2)/C(9)-H(9)---N(2)) hydrogen
bonding interactions and the intramolecular n-- -t stacking of
the carbazolyl rings are present in crystals of compound 6
(Figure 11).

3.4 Electronic structures of compounds

DFT methods® have been utilized to study the electronic
structures of compounds A and 1-3, and their optimized
structures and frontier molecular orbital composition/en-
ergy levels are shown in Figures 12 and 13, respectively. The
HOMO of compound 1 is mainly concentrated on the

Figure 11: Weak intra- and intermolecular interactions in crystals of compound 6.
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benzene rings, the bromine and fluorine atoms, and the
cyano group is much less involved, while the LUMO mainly
resides on the cyano group and biphenyl skeleton. Similar to
that in 1, the HOMO of compound 3 is mainly concentrated
on the biphenyl skeleton, bromine and fluorine atoms, and
the LUMO is mainly distributed on the biphenyl skeleton and
cyan group, with trace on the bromine atoms; and the HOMO
of compound 2 is mainly distributed on the nitro group and
one benzene ring and fluorine atom, with a small amount of
distribution on the other benzene ring, and LUMO is mainly
on the nitro group and one benzene ring and cyan group.
Compared with compound A, the HOMO energy level of
compound 1 is essentially unchanged, but that of compound

LUMOE =-2.07 eV LUMO E =-2.28 ¢V

T I

AE =5.19 eV AE =4.97 eV

| 1

HOMO E =-7.26 eV

HOMOE =-7.25 eV

A 1

£

DE GRUYTER

Figure 12: Optimized structures of compounds
1-3 at the B3LYP/6-31G (d,p) level of theory.

3isslightly decreased and that of compound 2 is significantly
increased. The LUMO energy levels of compounds 1-3
decreased to different extent when compared to that of
compound A. The HOMO-LUMO energy gaps of compounds
1-3 are all significantly lower than that of compound A. The
above results show that the different substitutions lead to
the differences in the electronic structures.

As to compound 6 (Figure 14), the HOMO mainly resides
on the two carbazolyl rings, and the LUMO mainly on the two
cyano groups and the biphenyl framework, as expected. The
corresponding singlet-triplet energy gap (AEsy) is calculated
to be 0.09 eV, which is well within the range (< 0.3 eV) ex-
pected for a system with TADF property.’

LUMOE =-2.28 eV LUMOE =-2.73 eV

I I

AE =4.37 eV AE =4.66 eV

l |

HOMO E =-6.65 eV HOMOE =-739 eV

Figure 13: Frontier molecular orbitals and energy levels of compounds A and 1-3 (B3LYP/6-31G (d,p) level).
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LUMO

213 eV Eg, =2.89 eV
AEgr =0.09 eV
AE =3.55 eV m oV
HOMO
-5.68 eV

Figure 14: Frontier molecular orbitals and energy levels, and the singlet-
triplet energy gap of compound 6 (B3LYP/6-31G (d,p) level).

3.5 Optical properties

The UV absorption spectra of compounds 1-3 were measured
in THF solutions at room temperature (Figure 15). All three
compounds show two absorption peaks, with a stronger one
at 225-228 nm (compound 1: 225 nm, compound 2: 227 nm;
compound 3: 228nm) and a weaker one at 302-314 nm
(compound 1: 303 nm, 2: 302 nm, 3: 314 nm), respectively. In
this case, the short wavelength absorption peak is attributed
to the intramolecular m—n* electron transition and the longer
wavelength absorption peak is assigned to the intramolecular
charge transfer.%*?

The UV absorption spectrum of compound 6 in toluene
was measured at room temperature (Figure 16). It shows a
strong absorption band at 287 nm attributable to the intra-
molecular T—7* transition of the aromatic rings, and a weak
absorption band at 330 nm due to the intramolecular charge
transfer transition. The absorption bands of compound 6 are
red-shifted compared to those of 1-3, but similar to those of
the analogous compounds B (in toluene)® and D (in 2-MeTHF).?

The emission spectra of compound 6 were measured in
THF-H,0 system at room temperature with different water
fractions (Figure 17). The compound is hardly emissive in
dilute THF solution. As the water fraction increases to 90 %,
the emission is significantly enhanced. At a water fraction of
98 %, the emission is the strongest. This may be due to the
formation of molecular aggregates, which increases the ri-
gidity of the molecules and hinders the internal rotations,
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Figure 15: UV absorption spectra of compounds 1-3 (THF,
¢=10"molL™).
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Figure 16: UV absorption spectrum of compound 6 (toluene,
¢=10"mol L™.

resulting in enhanced emission and exhibiting typical
Aggregation-Induced Emission (AIE) properties.*® For a
sample with fiv = 98 % after 30 min, the emission intensity
further increases indicating that the emission of the aggre-
gates is time-dependent. Under these conditions, the emis-
sions are first red-shifted (518-543 nm) and then blue-shifted
(543-504 nm). These changes are mainly caused by the dif-
ferences in the aggregates formed. For comparison, com-
pound B also displays AIE phenomenon,” whereas
compound D is emissive in both solution and film states,
indicating that different bromination position has signifi-
cant effect on the emission property in this system.
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Figure 17: Fluorescence spectra of compound 6 in THF-H,0 (c =1 x 10~ mol L™, A, = 330 nm) with different water fractions (fw) and the one with
fw =98 % after 30 min (left), and the corresponding changes in intensity and wavelength (insets: photos of the systems under UV light at 365 nm).
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Figure 18: Fluorescence spectrum of compound 6 in powder
(Aex = 400 nm) (insets: photos of the powder under ambient (top) and UV
light at 365 nm (bottom)).

The solid-state fluorescence spectrum of compound 6
was measured at room temperature (Figure 18), with an
emission maximum at 503 nm, very similar to those of
compound B (in methanol)’ and D (in 2-MeTHF),’ indi-
cating that the bromination (position) and the state of the
compound have little effect on the emission wavelength.
The powder of compound 6 exhibits strong emission with
an absolute quantum yield of 72 %, at the higher end in
the reported PLQYs of AIDF materials. The photo-
luminescence decay curve of the doped film (in 9,9-(1,3-
phenylene)bis-9H-carbazole, mCP) displays a transient
fluorescence lifetime of 0.64 ns and a delayed fluorescence
lifetime of 5.1 ps (Figure 19). The former lifetime can be

10*

10?
]
=
8 2 w, 2 ® 7 00
Q 10 Time /ns

10' |

10°

0 50 100
Time /ps

Figure 19: Delayed fluorescence decay curve of compound 6 in powder
(5wt% in mCP) (inset: the corresponding transient decay curve).

attributed to the fluorescence of the S; to Sy transition; Due
to the small AEsy of compound 6, the latter lifetime comes
from the efficient reverse intersystem crossing (RISC)
process of T; upconversion to S; followed by radiative
decay. These results indicate that compound 6 is TADF-
active. Combining the AIE and TADF properties, compound
6 exhibits AIDF characteristics.

4 Summary

The one-step reaction of the electron-deficient biphenyl
compound 6,6-difluoro-1,1-biphenyl-2,2"-dicarbonitrile (A)
with elemental bromine in mixed acids led mainly to the
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corresponding brominated biphenyl products 1 and 3 at the
3,3-positions. Compound 1 reacts with carbazole to form
compound 6 which is both TADF- and AIE-active (i.e. AIDF-
active). The synthesis of emissive compound 6 provides new
research opportunities for the subsequent synthesis of
related organic optoelectronic materials (e.g. via metal-
catalyzed coupling reactions or further synthesis of the
related (axially) chiral compounds) and devices.

5 Supporting information

The 'H NMR, *C NMR, IR and MS spectra of compounds 1-3
and 6, GC-MS results of compounds 4 and 5, low resolution
mass spectrometry of mixtures 6-8, molecular stacking di-
agrams and crystal data of compounds 1-3 and 6, are given
as supplementary material available online (https://doi.org/
10.1515/znb-2025-0004).

CCDC 2369405, 2369404, 2370364 and 2413554 contain the
supplementary crystallographic data for this paper. These
data can be obtained free of charge from the Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_
request/cif.
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