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ABSTRACT: A one-pot protocol has been developed to
obtain a series of luminescent heteroleptic diarylborinic
complexes bearing the 2-fluoro-3-pyridyl and another aryl
group attached to the boron atom chelated with a simple or
functionalized 8-oxyquinolinato ligand. The tetrahedral geom-
etry around the boron atom in all compounds has been
established by the 11B NMR spectroscopy and/or X-ray
diffraction technique. In the solution, the obtained complexes
have emission maxima ranging from 502 to 525 nm at room
temperature. The quantum yield of emission significantly
depends on the type and position of the substituents in the
8-oxyquinolinato ligands and aryl rings. An interpretation of the
experimental UV−vis absorption and emission spectral data is
supported by theoretical calculations of the frontier molecular orbitals. Marcus theory was used to theoretically evaluate charge-
transport properties of the obtained complexes.

■ INTRODUCTION

Organoboron complexes are important candidates for the
application in light-emitting devices as bright emissive
components.1−7 The first organoboron complexes R2BQ with
an 8-oxyquinolinato (Q) ligand were obtained and charac-
terized by Letsinger and Skoog in 1955.8 Since then, the
chemistry of borinic derivatives has been vigorously developed.
This is because they have become a good alternative to the
well-known fluorescent aluminum complexes used in the
organic light-emitting devices (OLEDs).9 However, the good
luminescent parameters of aluminum complexes are counter-
balanced by their limited stability.10,11 For instance, it was
proven by Wang et al.12−15 that aluminum 7-azaindole
complexes are less stable than their corresponding boron
counterparts. Furthermore, comparative studies showed that
selected boron 8-oxyquinolinates are more efficient emitters
than analogous aluminum complexes.16,17

Synthetic developments of new luminescent borinic systems
are focused mainly on adjusting the wavelength of emission and
improving the emission efficiency as well as the stability of
these compounds.1−4,18−22 Chemical functionalization of 8-
hydroxyquinoline, especially at the 5 and 7 positions, allows for
tuning of the emission color. In most cases, this is responsible
for a decrease in the quantum yield (QY) with respect to the
reference compound [Ph]2B[Q], where QY = 23−30%.23−25
Systematic studies revealed that there are only two known
exceptions from this rule, namely, compounds bearing 2-
methyl-8-oxyquinolinato (2-Me-Q) and 5-(pinacolatoboron)-8-

oxyquinolinate (5-BPin-Q) ligands,23−26 where a blue-shifted
emission band and a significant increase in the QY was
observed (34% and 39%, respectively). On the other hand, it
seems that modification of the organic substituents attached to
the boron center (e.g., by functionalization of the aromatic
rings) solely affects the QYs of emission.20,23−25,27 However,
contrary to detailed examination of functionalized 8-hydrox-
yquinolines, no systematic studies in this area have been
performed, so far. In general, diarylborinic 8-oxyquinolinates
possess sufficiently high melting points and are not volatile,
which is essential for the fabrication of OLEDs, whereas simple
dialkylborinic complexes have not appeared to be promising.28

In this contribution, we describe a protocol that provides
heteroleptic diarylboron complexes, i.e., those containing two
different aryl substituents at the boron atom because their
chemistry is less explored in comparison with homoleptic
analogues.29 Specifically, our objective was to synthesize
complexes bearing at least one heteroaromatic 2-fluoro-3-
pyridyl (py) moiety. It should be noted that many nitrogen-
based compounds (e.g., aromatic amines, imines, and amides)
are commonly used as charge-transport materials in OLEDs.30

Hence, we assumed that switching from phenyl to py could
boost the charge-transport properties of luminescent borinic
systems.31 Experimental results have been supported by
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theoretical calculations in order to rationalize the observed
optical properties.
In addition, an interesting phenomenon is observed for some

borinic complexes with the iodine atom attached to phenyl
rings. According to Lakowicz,32 compounds containing heavy
halogens should have their emission quenched because of the
formation of an excited triplet state from which molecules can
undergo a nonradiative relaxation. Surprisingly, a few examples
of iodinated borinic complexes featuring very strong emission
(QY = 36−64%) were reported.22 Therefore, we have also
investigated the influence of the iodo substituent on the
properties of our systems.
Finally, we were interested in the evaluation of the potential

of the synthesized pyridylborinic systems as luminescent
ligands able to coordinate to metal centers. Thus, we have

studied the complexation of ZnCl2 with selected pyridylborinic
systems. The structure and optical properties of the resulting
complexes were investigated.

■ RESULTS AND DISCUSSION

Synthesis of Heteroleptic (2-Fluoro-3-pyridyl)-
arylborinic 8-Oxyquinolinates. The key step involves the
reaction of 2-fluoro-3-pyridineboronic diethyl ester (A) with an
appropriate aryllithium at −78 °C in tetrahydrofuran (THF).
The resultant diarylborinic “ate” complex of the general formula
[py][Ar]B[OEt]2Li is then carefully hydrolyzed with aqueous
H2SO4 to give the free diarylborinic acid B, which is
immediately treated with an appropriate H-Q to give a
crystalline colorful final product, 1−16. The results are
collected in Table 1. This general approach proved problematic

Table 1. Synthesis of Diarylborinic Complexes 1−16a

aThe yields of the isolated products are given in parentheses.
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in the synthesis of homoleptic bis(2-fluoro-3-pyridyl)borinic
complex 1. We realized that in this case the free borinic acid is
unstable; presumably, it is prone to rapid hydrolysis. The
problem was overcome by the addition of H-Q prior to
hydrolysis, which gave the fairly stable complex 1. Unfortu-
nately, we were unable to synthesize analogues of 1 by
employing substituted Q ligands. We suppose that a low
solubility of the functionalized 8-hydroxyquinolines significantly
decreases the rate of complexation, and thus a significant
decomposition of bis(2-fluoro-3-pyridyl)borinic acid occurs
prior to the formation of a desired product. After complexation
with Q, the obtained diarylborinic compounds present an
excellent long-term stability in the solid state. It should be
stressed that some of them can be used for further
transformations because of the presence of reactive functional
groups attached to the aryl ring. For instance, the vinyl
derivative 8 is a potential monomer for oligo- or polymer-
ization, whereas the iodo derivatives 4−5 and 12−13 could be
used in coupling reactions.
Complexation of ZnCl2 with Selected Azaesters.

Currently, the chemistry of zinc pyridine complexes is rapidly
expanding.33−41 Recently, Jak̈le and co-workers reported that
complexation of a borinic polymeric system bearing attached
pyridine moieties with zinc tetraphenylporphyrin changed the
wavelength of emission.42 This has prompted us to investigate
the formation of complexes between our compounds and
ZnCl2. For compounds 2−16 bearing one py group, one can
expect the formation of two types of complexes depending on
the zinc/ligand ratio (ZnCl2L or ZnCl2L2). In the case of
bis(pyridyl) ligand 1, oligomers or even coordination polymers
can potentially be formed. We have prepared complexes of the
type ZnCl2L2, where L = 2, 10, and 12, by the addition of
ZnCl2 to the ligand (in a ratio of 1:2) dissolved in CH2Cl2. The
respective products 17−19 were isolated by precipitation with
hexane as yellow or greenish solids in good yields. We have
confirmed the assumed composition for all obtained complexes
by elemental analysis. We have also compared their 1H NMR
spectra with those recorded for free ligands (Figure 1). They
show that there is a low-field shift of signals attributed to the py
moiety in the zinc complexes (up to ca. 0.5 ppm), which
suggests a charge depletion within the heterocycle due to the
formation of Zn−N dative bonds. On the other hand, the 11B
NMR spectra remain essentially unchanged in accordance with
the weak effect of the complex formation on the boron atom
environment. Specifically, this indicates that the potential
translocation of the 8-oxyquinolinato ligand from boron to zinc
does not occur to any extent. In addition, we have found that
mixing equimolar amounts of ZnCl2 and 1 resulted in the
precipitation of a yellow solid from the CH2Cl2 solution.
Elemental analysis revealed that the approximate composition
of this material can be given as 3[ZnCl2]·2[1]. However, the
product was not completely soluble in CDCl3, and the slow
evaporation of the resulting solution in the NMR tube gave a
few single crystals of the dinuclear zinc complex {ZnCl2[1]}2
(20). We are planning to extend these studies toward the
synthesis of complexes with other metal centers.
Crystal Structure Analysis. The crystal structures of 1, 3,

4, and 10 have been determined by using single-crystal X-ray
diffraction. In addition, the complexes of ZnCl2 with 1 and 2
have also been crystallographically characterized (20 and 17,
respectively). Single crystals were obtained by a slow
evaporation of acetone (for 1 and 3) or CH2Cl2 (for 4 and
10) solutions. As expected on the basis of 11B NMR spectra, all

compounds display a typical tetrahedral geometry, with Q
chelating the boron atom to form the five-membered ring.
Details of data collection and structure refinement are
summarized in Table 2. Selected bond lengths and angles are
listed in Table 3.
The molecular structures of 1, 3, 4, and 10 are depicted in

Figure 2. Parameters that describe the geometry of the boron
coordination sphere, both the bond lengths and valence angles,
do not significantly differ within the studied compounds. The
values of the tetrahedral character (THC) parameter43 (Table
3) proved that the deviation from ideal tetrahedral geometry is
similar for all crystal structures. The crystal packing in 1, 3, 4,
and 10 is dominated by weak interactions, including mainly C−
H···O, C−H···π, and π···π contacts (Figure 3). Their
distribution was characterized by Hirshfeld surface44−47

analyses (Figure S2 in the Supporting Information).
In the case of 17, single crystals suitable for X-ray analysis

were obtained by slow evaporation of the solution in a mixed
solvent (acetone/toluene, ca. 1:1). The X-ray structure of 17
shows that the geometry around the zinc coordination center is
similar to that observed in related complexes of ZnCl2 with two
pyridine ligands.48−52 It should be noted that there is a
possibility for the formation of two diastereomers of 17 because
of ligand chirality. However, the crystal structure of 17
comprises homochiral enantiomeric molecules (R,R and S,S)
related by the center of symmetry (Figure 4). The metric
parameters of the bound ligand 2 (Table 4) are comparable to
those found for structurally characterized free ligands described
above. X-ray analysis of 20 revealed a dimeric macrocyclic

Figure 1. Complexation of ZnCl2 with selected borinic ester ligands
illustrated by changes in the 1H NMR spectra (400 MHz, CDCl3).
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structure where 1 acts as a ditopic ligand for two zinc atoms. A
few related macrocycles have been reported.53−58 The
geometry around the zinc atom is similar to that found for
17. In both complexes, the crystal packing is based mainly on
weak C−H···π and π-stacking interactions, which occurred
between two neighboring quinoline moieties, with interplanar
separation distances equal to 3.360(6) Å (17) and 3.567(4) Å
(20).
Optical Properties. The optical properties of 1−19 were

investigated by UV−vis absorption and photoluminescence
spectroscopy in THF or CH2Cl2 solutions at ambient
conditions (Figure 5a−c). The photophysical data for model

compounds [Ph]2B[Q] and [Ph]2B[2-Me-Q] and 1−19 are
summarized in Table 5. The experimental results were
complemented by theoretical (time-dependent density func-
tional theory, TD-DFT) calculations. They were performed
separately for two rotamers of 3 and 11 with two opposite
positions of the 2-thienyl (Th) ring similar to those observed in
the disordered crystal structure of 3.
Compounds 1−8 exhibit absorption maxima in the range

381−390 nm, arising from the Q chromophors.59 These bands
exhibit a hypsochromic shift relative to [Ph]2B[Q] (396 mm).
A slightly stronger blue shift is observed for the 2-Me-Q
complex 9 (378 nm). Conversely, a bathochromic shift is

Table 2. Selected Crystal Data and Refinement Details for Compounds 1, 3, 4, 10, 17, and 20

1 3 4 10

chemical formula C19H12BF2N3O C18H12BFN2OS C20H13BFIN2O C20H13BClFN2O
Mr 347.13 334.17 454.03 362.58
space group P21/n P21/c P21/n Pna21
cell settings: a, b, c (Å) 6.9910(6), 12.7231(12),

17.5105(15)
9.5208(3), 14.3566(4),
12.1658(4)

6.8035(2), 14.6623(3),
17.1152(4)

6.0002(7), 22.295(3),
12.1967(13)

α, β, γ (deg) 90.000, 91.999(8), 90.000 90.000, 109.901(4), 90.000 90.000, 90.967(2), 90.000 90.000, 90.000, 90.000
V (Å3) 1556.6(2) 1563.59(8) 1707.08(7) 1631.6(3)
Z 4 4 4 4
d (Mg m−3) 1.481 1.420 1.767 1.476
no. of measd, indep, and obsd [F2 >
2σ(F2)]

18466, 4717, 2147 54028, 3074, 2608 30788, 4171, 3575 9273, 2959, 1637

Rint (%) 6.4 5.1 2.4 8.8
θmax (deg) 30.51 26.02 28.72 25.68
R1 [F2 > 2σ(F2)], wR2 (F2), GOF 0.0343, 0.0494, 0.705 0.0774, 0.1905, 1.102 0.0185, 0.0438, 1.069 0.0402, 0.0673, 1.000
no. of param 235 224 235 235
Δρmax, Δρmin (e Å−3) 0.22, −0.19 1.44, −0.79 0.51, −0.45 0.70, −0.65

17 20

chemical formula 2C40H28B2Cl2F2N4O2Zn·H2O 2C38H24B2Cl4F4N6O2Zn2·3CDCl3
Mr 1603.16 2294.77
space group Pbcn P1̅
cell settings: a, b, c (Å) 14.281(1), 8.148(1), 31.200(1) 9.553(1), 11.982(1), 24.289(1)
α, β, γ (deg) 90.00, 90.00, 90.00 91.79(1), 97.60(1), 104.20(1)
V (Å3) 3630.6(1) 2665.9(2)
Z 2 1
d (Mg m−3) 1.466 1.429
no. of measd, indep, and obsd [F2 > 2σ(F2)] 93231, 6456, 4835 49567, 11988, 6532
Rint (%) 8.3 11.5
θmax (deg) 32.56 32.64
R1 [F2 > 2σ(F2)], wR2 (F2), GOF 0.047, 0.102, 1.10 0.115, 0.351, 1.04
no. of param 245 631
Δρmax, Δρmin (e Å−3) 0.48, −0.37 2.02, −0.78

Table 3. Selected Bond Lengths (Å) and Angles (deg) for 1, 3, 4, and 10a

1 3b 4 10

B(1)−O(1) 1.517(2), 1.521 1.519(6), 1.519/1.518 1.513(2), 1.521 1.542(7), 1.521
B(1)−N(1) 1.627(2), 1.646 1.622(5), 1.651/1.651 1.630(2), 1.661 1.610(7), 1.656
B(1)−C(Ar) 1.609(2), 1.616 1.552(6), 1.604/1.607 1.609(2), 1.613 1.595(8), 1.614
B(1)−C(py) 1.606(2), 1.617 1.614(6), 1.619/1.618 1.613(2), 1.623 1.623(8), 1.619
C(py)−B(1)−C(Ar) 114.2(1), 116.1 115.0(4), 115.6/116.6 114.6(1), 117.4 114.1(4), 116.1
C(Ar)−B(1)−O(1) 110.7(1), 109.7 111.2(3), 111.2/109.3 109.6(1), 110.9 110.9(4), 111.4
O(1)−B(1)−N(1) 99.43(9), 98.8 99.6(3), 98.4/98.7 99.5(1), 98.1 98.7(4), 98.3
N(1)−B(1)−C(py) 111.2(1), 110.3 111.2(3), 110.9/110.9 113.8(1), 110.9 108.1(4), 110.8
C(py)−B(1)−O(1) 109.8(1), 110.1 109.2(3), 111.2/111.1 108.7(1), 108.2 110.8(4), 110.5
N(1)−B(1)−C(Ar) 110.6(1), 110.5 109.6(3), 108.4/108.8 109.4(1), 109.7 113.1(4), 108.3
THC 80(2), 77 78(6), 70/73 86(2), 75 77(7), 70

aTheoretical values obtained at the RB3LYP/6-31+g(d,p) level of theory are presented in italics. bTwo sets of values calculated for two rotamers 3A/
3B with two opposite positions of thienyl ring.
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observed for compounds bearing 5-Cl-Q and 5-Cl-7-I-Q
ligands. The emission data for all compounds were obtained
after excitation at the longest-wavelength absorption band. One
maximum of emission is observed for all compounds. There is
no correlation between the bond lengths derived from the
crystal structures (or from geometry optimization) and the
observed λem values. It is clear that functional groups attached
to the boron atom do not influence the maxima of emission,
which is in agreement with previous results.1−4

All compounds (except for zinc complexes) are medium-
intense emitters with QY up to 20%. Functionalization of Q
resulted in lower QY values. However, the synthesized 5-Cl-Q
complexes (10−16) have higher QYs with respect to the
related complex synthesized by Jak̈le et al.26 (QY = 8%). The
effect of iodine was position-dependent because m-iodophenyl
derivatives have their QYs higher than the para-substituted
analogues (for both Q and 5-Cl-Q; Table 5). It is known1−4

that the highest occupied molecular orbitals (HOMOs) span
across the phenolate ring and the lowest unoccupied molecular
orbitals (LUMOs) across the pyridine ring of the Q ligand.
Thus, introduction of an electron-withdrawing substituent into
the 5 and 7 positions of Q should result in a lowering of the
HOMO level. As a consequence of a greater HOMO−LUMO
energy gap, a blue shift in the absorption and emission spectra
should be found. However, the complexes with 5-Cl-Q and 5-
Cl-7-I-Q (10−16) exhibit a red shift in the obtained spectra,
which indicates that the electron-withdrawing inductive effect
of halogen on the Q moiety is weaker than the mesomeric
donation of the electron density. On the other hand, the
electron-donating group in the second position of the Q ligand
should decrease the LUMO energy level, resulting in a red shift.
This is not confirmed by the absorption and emission spectra of
9, where a slight blue shift is observed. Zinc complexes 17−19

exhibit absorption at a slightly longer wavelength with respect
to the free ligands 2, 10, and 12. On the other hand, the
wavelength of emission was not affected by formation of the
Zn−N dative bond. However, it should be stressed that the
QYs of emission were decreased to 2−3%. This indicates that
complexation with ZnCl2 opens new effective pathways for
nonradiative relaxation.

Electrochemical Properties. We have performed cyclic
voltammetry (CV) studies of selected compounds (1 and 3−5)
in order to establish their electrochemical redox properties in
an organic solvent (CH3CN). Potentials were assigned versus
the ferrocene−ferrocenium (FeCp2/FeCp2

+) redox couple
(Table 6). The recorded CV curves are shown in Figure 6.
All of them show irreversible oxidation and reduction. Scanning
at a faster scan rate did not improve the reversibility of the
redox processes. The irreversible nature of the oxidation of
these compounds could be caused by the electron-deficient py
ring, which destabilizes the oxidized forms of the analyzed
compounds. Compound 1 shows one oxidation peak, whereas
two oxidation peaks can be distinguished for compounds 3−5.
For the latter compounds, the HOMO energies were calculated
based on the lower oxidation potentials. Thus, the obtained
values are −6.09 eV for 1 and −5.99 eV for 3−5. These values
are slightly lower than the one reported for [Ph]2B[Q] (−5.8
eV).60 We suppose that this effect can be attributed mainly to
the presence of a py substituent and can be compared to the
lowering of the HOMO in the perfluoro compound
[C6F5]2B[Q] (−5.9 eV).60

Molecular Orbital Calculations. In order to establish the
precise electronic structure of the synthesized compounds and
the nature of the orbitals involved in the electronic transitions,
we have performed geometry optimization of isolated
molecules using DFT methods at the B3LYP/6-31+g(d,p)

Figure 2. Molecular structures of 1, 3, 4, and 10 with atom-labeling schemes. Thermal ellipsoids were generated at the 50% level of probability.
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Figure 3. Crystal packing motifs for compounds 1, 3A, 4, and 10.

Figure 4. Molecular structures of the complexes of ZnCl2 with 2 (17) and 1 (20) together with atom-labeling schemes. Thermal ellipsoids were
generated at the 50% level of probability. Solvent molecules incorporated into the structures are omitted for clarity.
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level of theory for both the ground state and the first singlet
excited state (TD-DFT).61−63 According to the calculations,
vertical excitations for these compounds are observed
predominantly because of the HOMO → LUMO (1−2, 6−7,

9−10, 14, and 16) or simultaneously HOMO and HOMO−1
→ LUMO transitions (3−5 and 12−13). The pure HOMO−1
→ LUMO excitations are observed for 8, 11, and 15. All
observed excitations correspond to π−π* transitions. For all

Table 4. Selected Bond Lengths (Å) for 17 and 20

17 20

B(1)−O(1) 1.514(2) B(1)−O(1) 1.51(1) B(2)−O(2) 1.49(1)
B(1)−N(1) 1.616(2) B(1)−N(1) 1.62(1) B(2)−N(4) 1.63(1)
B(1)−C(Ar) 1.613(2) B(1)−C(10) 1.61(1) B(2)−C(29) 1.62(1)
B(1)−C(py) 1.628(2) B(1)−C(15) 1.63(1) B(1)−C(34) 1.63(1)
Zn(1)−N(2) 2.075(1) Zn(1)−N(2) 2.048(7) Zn(2)−N(3) 2.043(8)

Zn(1)−N(6) 2.069(6) Zn(2)−N(5) 2.073(7)
Zn(1)−Cl(1) 2.230(4) Zn(1)−Cl(1) 2.215(3) Zn(2)−Cl(3) 2.216(3)

Zn(1)−Cl(2) 2.216(3) Zn(2)−Cl(4) 2.214(3)

Figure 5. UV−vis absorption (left) and fluorescence (right) spectra of (a) 1−8 in THF, (b) 9−16 in THF, and (c) 17−19 in CH2Cl2.
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compounds, the py moiety does not contribute significantly to
either the HOMO or LUMO, although it may contribute to

HOMO−1. Distribution of the frontier orbitals for 1 and 2
(Figure 7) is representative for the entire series of complexes.
The complete listing of generated orbitals and their energies for
1−16 is provided in the Supporting Information (Tables S4
and S5).
Visualization of the orbital energies for 1−16 has been

shown in Figure 8. We have found that the HOMO−LUMO
gap is decreased by attaching functional groups such as 5-Cl
and 5-Cl-7-I to the Q ligand, which is consistent with
bathochromic shifts observed in the experimental spectra.
Theoretical calculations for 9 predict a narrowing of the
HOMO−LUMO band gap, which is in contradiction with an
observed blue-shifted absorption. It seems that the energy gap
can be further tuned by functional groups introduced onto an
aryl group attached to the boron atom. Compounds 4 and 12
with the p-iodophenyl group have their HOMO levels higher

Table 5. Experimental and Calculated Photophysical Properties

experimental data TD-DFT

compound λmax [nm] ε [M−1 cm−1] λem [nm] Φ [%]b λmax [nm]e λem[nm]e

[Ph]2B[Q]
f 396 504 30c/23d 416 (n/a) 516 (n/a)

[Ph]2B[2-Me-Q]f 396 497 34c

1 [py]2B[Q]
a 381 3800 502 18 430 (0.057) 567 (0.036)

2 [Ph][py]B[Q]a 384 4400 503 20 422 (0.054) 561 (0.038)
3 [Th][py]B[Q]a 382 2800 504 20 425 (0.051)/425 (0.050) 589 (0.032)/591 (0.030)
4 [4-I-Ph][py]B[Q]a 391 2600 504 15 419 (0.037) 561 (0.039)
5 [3-I-Ph][py]B[Q]a 390 3500 503 18 417 (0.058) 561 (0.036)
6 [2-Ph-Ph][py]B[Q]a 390 3100 504 16 421 (0.043) 551 (0.031)
7 [4-CF3-Ph][py]B[Q]

a 388 3300 503 16 416 (0.060) 562 (0.038)
8 [4-vinyl-Ph][py]B[Q]a 390 1700 504 14 415 (0.071) 489 (0.086)
9 [Ph][py]B[2-Me-Q]a 378 3300 500 20 434 (0.043) 580 (0.029)
10 [Ph][py]B[5-Cl-Q]a 395 870 522 10 448 (0.067) 628 (0.038)
11 [Th][py]B[5-Cl-Q]a 397 2900 525 11 446 (0.061)/446 (0.062) 603 (0.039)/633 (0.035)
12 [4-I-Ph][py]B[5-Cl-Q]a 399 3400 521 14 440 (0.052) 602 (0.045)
13 [3-I-Ph][py]B[5-Cl-Q]a 401 4000 523 18 438 (0.069) 602 (0.041)
14 [2-Ph-Ph][py]B[5-Cl-Q]a 407 3700 522 12 441 (0.055) 589 (0.037)
15 [4-Br-2-F-Ph][py]B[5-Cl-Q]a 399 3900 523 18 415 (0.071) 601 (0.042)
16 [Ph][py]B[5-Cl-7-I-Q]a 405 3700 520 19 449 (0.057) 608 (0.037)
17 ZnCl2·[2]2

c 389 6700 502 3 n/a n/a
18 ZnCl2·[10]2

c 404 8300 522 3 n/a n/a
19 ZnCl2·[12]2

c 406 8900 521 2 n/a n/a
aMeasured in THF. bRelative to DPA in cyclohexane at room temperature. Excited at the longest-wavelength absorption band. cMeasured in
CH2Cl2.

dMeasured in CHCl3.
eThe values of the oscillator strength ( f) are given in parentheses. fData taken from refs 23−25.

Table 6. Electrochemical Data and Calculated HOMO−
LUMO Energies for Compounds 1 and 3−5

compound Eox [V]
a Ered [V]

a
HOMO
[eV]

LUMO
[eV]

energy gap
[eV]

1 1.290 −1.724 −6.09 −3.08 3.01
3 1.195,

1.310
−1.735 −5.99 −3.06 2.93

4 1.194,
1.296

−1.730 −5.99 −3.07 2.92

5 1.192,
1.304

−1.724 −5.99 −3.08 2.91

aValues calculated on the basis of the peak potentials and given with
respect to the FeCp2/FeCp2

+ redox pair.

Figure 6. Cyclic voltammograms of 1 and 3−5 (1 mM) in 0.1 M Bu4NPF6/CH3CN. v = 0.1 V s−1.
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than the corresponding m-iodo derivatives 5 and 13, while
LUMO energies remain essentially unchanged. This can be
rationalized by the weaker electron-withdrawing effect of the p-
iodo derivative. However, a comparison of the QY values
measured for our compounds (Table 5) does not allow one to
draw strong conclusions regarding the correlation of the optical
properties with the electronic effects of iodine.
Charge-Transport Properties. The charge-transport

properties of 1−16 were evaluated using Marcus theory.64

Because the recombination of holes and electrons takes place in
the emitting layer of OLEDs, the compounds that create
emitting layers should have balance between the hole injections
and electron acceptance. Hence, the most promising and
efficient emitters should have low values of electron and hole
reorganization energies (Λelectron and Λhole), and these energies
should be similar. The values calculated for 1−16 (Table 7)
indicate that, from the standpoint of the reorganization energy,
the studied compounds could act as hole-transport materials.

The most efficient hole-transport ability (significantly better
when compared to Al[Q]3) was predicted for 5 and 13 based
on the relatively low values of Λhole. However, these
compounds (bearing 3-I-Ph group) possess relatively high
values of Λelectron. The balanced hole- and electron-transport
properties are essential for compounds used in OLEDs. Such a
balance is observed for 3A, 11A, and 15. It is not clear what the
origin of different reorganization energies of two conformers of
3 and 11 is. This is quite intriguing because molecular orbital
calculations proved that both Th and py do not contribute to
HOMO and LUMO, although the former contributes
significantly to HOMO−1. We suppose that the reorganization

Figure 7. Plots of the HOMO−1, HOMO, and LUMO levels of
compounds 1 and 2 (contour 0.03 e Å−3).

Figure 8. Calculated HOMO and LUMO energies and ΔE values, ΔE = ELUMO − EHOMO.

Table 7. Reorganization Energies (eV) for 1−16

compound Λhole Λelectron |ΔΛ|

Al[Q]3
a 0.24 0.28 0.04

1 [py]2B[Q] 0.22 0.41 0.19
2 [Ph][py]B[Q] 0.23 0.45 0.22
3A [Th][py]B[Q] 0.37 0.41 0.03
3B 0.20 0.46 0.26
4 [4-I-Ph][py]B[Q] 0.24 0.42 0.18
5 [3-I-Ph][py]B[Q] 0.13 0.47 0.34
6 [2-Ph-Ph][py)B[Q] 0.25 0.42 0.17
7 [4-CF3-Ph][py]B[Q] 0.26 0.42 0.16
8 [4-vinyl-Ph][py]B[Q] 0.29 0.42 0.13
9 [Ph][py]B[2-Me-Q] 0.21 0.40 0.19
10 [Ph][py]B[5-Cl-Q] 0.29 0.40 0.10
11A [Th][py]B[5-Cl-Q] 0.38 0.41 0.03
11B 0.34 0.46 0.12
12 [4-I-Ph][py]B[5-Cl-Q] 0.24 0.42 0.18
13 [3-I-Ph][py]B[5-Cl-Q] 0.16 0.44 0.28
14 [2-Ph-Ph][py]B[5-Cl-Q] 0.24 0.42 0.18
15 [4-Br-2-F-Ph][py]B[5-Cl-Q] 0.31 0.39 0.07
16 [Ph][py]B[5-Cl-7-I-Q] 0.27 0.40 0.14

aData taken from ref 65.
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energies in the conformers 3A and 11A may be influenced by
the interaction between sulfur and oxygen atoms, which is not
the case for 3B and 11B.
Analysis of the calculated reorganization energies may lead to

the conclusion that compounds 1−16 are hole-transport
materials. It should be noted that comparable results were
reported for other borinic 8-oxyquinolinates.66 This is in
contradiction with the experimental evidence for the electron-
transport properties of [Ph]2B[Q].

28 Similarly, theoretical
analysis of the charge-transport properties of Al[Q]3 based
solely on the reorganization energies indicated that Al[Q]3
should act as a hole-transport material despite experimental
evidence of its electron-transport properties. However, addi-
tional calculations of the transfer integrals (HAB) for Al[Q]3
resulted in the proper correlation with the experiment. This
may be due to the fact that the reorganization energies for our
systems and Al[Q]3 were conducted in the gas phase. Thus, we
have expanded our research by calculations of the transfer
integrals for systems characterized by X-ray diffraction (1, 3, 4,
and 10). On the basis of the Marcus−Hush two-state model,67

HAB of a given system can be approximated by the energy
splitting of the electronic levels. When two molecules approach
to each other, their HOMOs and LUMOs start to interact, and
new HOMO/HOMO−1 and LUMO/LUMO+1 are being
formed. The energetic splitting for the hole transfer is equal to
the half of the energy difference between HOMO and
HOMO−1 calculated for the pair of interacting molecules.
Similarly, the splitting for the electron transfer is equal to the
half of the energy difference between LUMO and LUMO+1 for
the pair of interacting molecules. The results obtained with the
B3LYP potential are summarized in Table 8. Calculations

proved that crystal lattices of compounds 1, 4, and 10 present
electron-transport properties, whereas both virtual crystal
lattices of 3 composed of either conformer 3A or 3B are
predicted to be more suitable for hole transport. However, it is
possible that this approach is not a good approximation because
it does take into account the mutual interactions between
disordered 3A and 3B conformers in the real crystal lattice.

■ CONCLUSIONS
In conclusion, we have developed a synthetic approach to a
novel class of fluorescent diarylborinic 8-oxyquinolinates
bearing at least one py moiety. By changing the substituents
attached to the Q ligand, we were able to obtain compounds
with the wavelength of emission ranging from 502 to 525 nm
and moderate QY values varying in the range 10−20%. In
addition, NMR and X-ray diffraction studies point to the
formation of complexes with ZnCl2 through the coordination of
zinc with the pyridyl nitrogen atom. Further examination of
complexes with other metal coordination centers is planned. It
is plausible that complexes 1−16 could be used as building
blocks in the construction of various supramolecular

luminescent systems, specifically those based on the formation
of a metal−nitrogen dative bond.
There are no simple correlations between the molecular

parameters of the boron coordination sphere (in both gas and
solid states) and the observed optical properties. On the other
hand, theoretical calculations indicate that the energy and
distribution of frontier orbitals can be modified by chemical
functionalization. The charge-transport properties were eval-
uated in the framework of Marcus theory. It was demonstrated
that calculations limited to gas-phase conditions may give
misleading results. Thus, analysis of the interactions in the solid
phase proved to be necessary for the more accurate prediction
of the charge-transport character of studied systems. The
obtained results indicate that the analyzed compounds can be
regarded as electron-transport systems. This is also suggested
by the electrochemical estimation of the HOMO/LUMO
energies for selected compounds, although these results should
be interpreted with care because of the lack of reversibility of
the redox processes.

■ EXPERIMENTAL SECTION
Syntheses of 1−19. All reactions involving air- and moisture-

sensitive reagents were carried out under an argon atmosphere. Et2O
and THF were stored over a sodium wire before use. Starting materials
2-fluoropyridine, halogenated benzenes, 8-hydroxyquinolines, and
other important reagents including n-BuLi (10 M in hexanes),
diisopropylamine, chlorotrimethylsilane, triethyl borate, and ZnCl2 (1
M in Et2O) were received from Aldrich and used without further
purification. The NMR chemical shifts are given relative to
tetramethylsilane [Si(CH3)4] by using known chemical shifts of
residual proton (1H) or carbon (13C) solvent resonances. In the 13C
NMR spectra of arylborinic complexes, the resonances of boron-
bound carbon atoms were not observed in most cases as a result of
their broadening by a quadrupolar boron nucleus. 1H and 13C NMR
spectra were recorded on a Varian Mercury 400 MHz spectrometer,
and 11B NMR spectra were recorded a Varian Unity Plus 200 MHz
spectrometer.

Synthesis of Diethyl (2-Fluoropyridin-3-yl)boronate (A). To the
solution of lithium diisopropylamide (0.1 mol) freshly prepared from
diisopropylamine (10.7 g, 0.105 mol) and n-BuLi (10 M, 10 mL, 0.1
mol) in THF (100 mL) was added at −78 °C 2-fluoropyridine (9.7 g,
0.1 mol). After 1 h, triethyl borate (16.0 g, 0.11 mol) was added
dropwise. The resulting mixture was stirred for 2 h, then allowed to
warm to −30 °C, and treated with Me3SiCl (15 mL, 0.12 mol). The
mixture was allowed to warm to room temperature and then stirred for
1 h at 35−40 °C. The resulting suspension was filtered under argon.
The filtrate was concentrated to leave a yellow oily residue. The
product was obtained as a colorless liquid by distillation under reduced
pressure. Bp: 90−94 °C (2 Tr). Yield: 15.4 g (78%). 1H NMR (400
MHz, CDCl3): δ 8.26−8.23 (m, 1H, py), 7.92−7.84 (m, 1H, py),
7.22−7.15 (m, 1H, py), 4.00 (t, JHH = 7.2 Hz, 4H, OCH2CH3), 1.25 (t,
JHH = 7.2 Hz, 6H, OCH2CH3).

11B NMR (64.16 MHz, CDCl3): δ 28
(w1/2 = 380 Hz).

Synthesis of [py]2B[Q] (1). n-BuLi (1.0 mL, 0.01 mol) was added to
a stirred solution of diisopropylamine (1.16 g, 0.01 mol) in THF (10
mL) at −78 °C. Then 2-fluoropyridine (1.11 g, 0.01 mol) was added.
The resulting yellow suspension was stirred for 15 min followed by
treatment with diethyl (2-fluoropyridin-3-yl)boronate (1.97 g, 0.01
mol). The reaction was allowed to warm to ca. 0 °C, and then 2 M
HCl in Et2O (5 mL, 0.01 mol) was added dropwise. The solution of 8-
hydroxyquinoline H-Q (1.46 g, 0.01 mol) in THF (10 mL) was next
added, and the mixture was finally quenched with H2O (5 mL). The
product was precipitated as a green solid. It was filtered, washed with
H2O (10 mL) and Et2O (10 mL), and dried in a vacuum. Yield: 2.54 g
(73%). Mp: 245−248 °C. 1H NMR (400 MHz, DMSO-d6): δ 9.03 (d,
J = 5.2 Hz, 1H, Q), 8.87 (d, J = 8.4 Hz, 1H, Q), 8.11−8.10 (m, 2H,
py), 7.97 (dd, J = 5.6 and 5.6 Hz, 1H, Q), 7.78−7.71 (m, 3H, Q + py),

Table 8. Total Charge-Transport Integrals (HAB) for
Compounds 1, 3, 4, and 10

HAB (eV)

compound hole electron charge transport

1 1.39 1.63 electron
3A/3B 1.11/1.09 0.92/0.87 hole
4 0.77 1.15 electron
10 1.34 1.53 electron
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7.50 (d, J = 8.4 Hz, 1H, Q), 7.25−7.22 (m, 3H, Q + py). 13C NMR
(100.6 MHz, DMSO-d6): δ 165.5 (d, JCF = 233 Hz, py), 156.9 (s, Q),
146.9 (d, JCF = 15 Hz, py), 145.2 (d, JCF = 10 Hz, py), 142.6 (d, JCF = 6
Hz, py), 141.1 (s, Q), 136.4 (s, Q), 132.3 (s, Q), 128.0 (s, Q), 124.6
(s, Q), 121.7 (d, JCF = 4 Hz, Q), 114.1 (s, Q), 109.4 (s, Q). 11B NMR
(64.16 MHz, acetone-d6): δ 5 (w1/2 = 900 Hz). Anal. Calcd for
C19H12BF2N3O (347.13): C, 65.74; H, 3.48; N, 12.11. Found: C,
65.41; H, 3.63; N, 12.08. DSC (second heating cycle): Tg1 = 107.4 °C,
Tg2 = 187.8 °C, Tm = 253.2 °C. UV−vis (1.9 × 10−5 M in THF): λmax

= 381 nm, ε = 3800 M−1 cm−1. Fluorescence: λexc = 381 nm, λem = 502
nm, Φ = 18%.
Synthesis of [Ph][py]B[Q] (2). n-BuLi (1.0 mL, 0.01 mol) was added

to a stirred solution of bromobenzene (1.57 g, 0.01 mol) in THF/
Et2O (1:2, 15 mL) at −78 °C. After ca. 15 min, diethyl (2-
fluoropyridin-3-yl)boronate (1.97 g, 0.01 mol) was added, and the
mixture was stirred for 20 min, followed by quenching with 2 M
aqueous HCl (5 mL, 0.01 mol). A solution of H-Q (1.46 g, 0.01 mol)
in THF (10 mL) was added, and the crude product was precipitated. It
was filtered, washed with H2O (10 mL) and Et2O (10 mL), and dried
in a vacuum. Yield: 2.47 g (75%). Mp: 186−189 °C. 1H NMR (400
MHz, DMSO-d6): δ 9.11 (d, J = 5.0 Hz, 1H, Q), 8.81 (dd, J = 8.4 Hz,
1H, Q), 8.08−8.07 (m, 1H, py), 7.93 (dd, J = 8.4 and 5.0 Hz, 1H, Q),
7.80 (m, 1H, py), 7.70 (t, J = 8.4 Hz, 1H, Q), 7.45 (d, J = 8.4 Hz, 1H,
Q), 7.35−7.33 (m, 2H, Ph), 7.25−7.15 (m, 5H, Q + py + Ph). 1H
NMR (400 MHz, CDCl3): δ 8.86 (d, J = 5.2 Hz, 1H, Q), 8.44 (dd, J =
8.0 and 1.2 Hz, 1H, Q), 8.12−8.08 (m, 2H, py + Q), 7.69−7.65 (m,
2H, py + Q), 7.38 (dd, J = 8.0 and 1.5 Hz, 2H, Ph), 7.30−7.26 (m, 4H,
Ph + Q), 7.19 (dd, J = 7.2 and 0.5 Hz, 1H, Q), 7.12 (m, 1H, py). 13C
NMR (100.6 MHz, DMSO-d6): δ 165.8 (d, JCF = 235 Hz, py), 157.3
(s, Q), 146.4 (d, JCF = 15 Hz, py), 145.7 (d, JCF = 9 Hz, py), 142.0 (d,
JCF = 5 Hz, py), 140.4 (s, Q), 136.4 (s, Q), 132.3 (s, Q), 131.0 (s, Ph),
128.0 (s, Q), 127.5 (s, Ph), 126.9 (s, Ph), 124.3 (s, Q), 121.4 (d, JCF =
4 Hz, Q), 113.4 (s, Q), 109.0 (s, Q). 11B NMR (64.16 MHz, DMSO-
d6): δ 11 (w1/2 = 640 Hz). Anal. Calcd for C20H14BFN2O (328.15): C,
73.20; H, 4.30; N, 8.54. Found: C, 73.21; H, 4.33; N, 8.50. DSC
(second heating cycle): Tc = 114.5 °C, Tm = 189.6 °C. UV−vis (1.8 ×
10−5 M in THF): λmax = 384 nm, ε = 4400 M−1 cm−1. Fluorescence:
λexc = 384 nm, λem = 503 nm, Φ = 20%.
Synthesis of ZnCl2·[2]2 (17). Compound 2 (440 mg, 1.34 mmol)

was dissolved in CH2Cl2 (10 mL), and then ZnCl2 (1 M solution in
Et2O, 0.67 mL, 0.67 mmol) was added with a syringe. The solution
was filtered, and hexane (30 mL) was added to precipitate a pale-green
solid. The mixture was stirred for 30 min, and the product was filtered
and dried in vacuo. Mp: 211−213 °C. Yield: 420 mg (79%). 1H NMR
(400 MHz, CDCl3): δ 8.66 (d, J = 4.8 Hz, 1H, Q), 8.48 (dd, J = 5.2
and 2.0 Hz, 1H, py), 8.42 (dd, J = 8.2 and 1.2 Hz, 1H, Q), 7.65 (dd, J
= 8.4 and 7.6 Hz, 1H, Q), 7.59 (dd, J = 8.4 and 7.6 Hz, 1H, Q), 7.36−
7.32 (m, 1H, py), 7.29 (m, 1H, Ar), 7.26 (m, 1H, Ar), 7.24 (m, 2H,
Ph), 7.21−7.18 (m, 3H, Ph), 7.16 (m, 1H, Q). 13C NMR (100.6 MHz,
CDCl3): δ 165.3 (d, JCF = 249 Hz, py), 157.6 (s, Q), 150.2 (d, JCF = 14
Hz, py), 146.1 (d, JCF = 6 Hz, py), 141.0 (d, JCF = 9 Hz, py), 139.7 (s,
Q), 137.3 (s, Q), 132.6 (s, Q), 131.2 (s, Ph), 128.3 (s, Q), 127.9 (s,
Ph), 127.6 (s, Ph), 123.3 (s, Q), 121.8 (d, JCF = 2 Hz, Q), 113.3 (s, Q),
110.0 (s, Q). 11B NMR (100.6 MHz, CDCl3): δ 10 (w1/2 = 580 Hz).
Anal. Calcd for C40H28B2Cl2F2N4O2Zn·H2O (810.60): C, 59.27; H,
3.73; N, 6.91. Found: C, 59.19; H, 3.94; N, 6.97. UV−vis (5 × 10−6 M
in CH2Cl2): λmax = 389 nm, ε = 6700 M−1 cm−1. Fluorescence: λexc =
389 nm, λem = 502 nm, Φ = 3%.
Synthesis of {ZnCl2[1]}2 (20). Compound 1 (350 mg, 1.00 mmol)

was dissolved in CH2Cl2 (10 mL), and then ZnCl2 (1 M solution in
Et2O, 1.00 mL, 1.00 mmol) was added with a syringe. A yellow solid
precipitated after a few minutes. It was filtered, washed with CH2Cl2 (5
mL), and dried in vacuo. Its composition was determined by elemental
analysis to be approximately 3ZnCl2·2[1]. Yield: 0.35 g. Mp: >210 °C.
This material was not completely soluble in CDCl3.

1H NMR (400
MHz, CDCl3): δ 8.85 (d, J = 5.0 Hz, 1H, Q), 8.67 (d, J = 4.0 Hz, 2H,
py), 8.61 (d, J = 8.0 Hz, 1H, Q), 7.91 (br, 2H, py), 7.86 (dd, J = 8.0
and 5.0 Hz, 1H, Q), 7.74 (t, J = 8.0 Hz, 1H, Q), 7.42 (d, J = 8.0 Hz,
1H, Q), 7.31 (t, J = 6.0 Hz, 2H, py), 7.25 (d, 1H, Q). A few single

crystals of the complex 20 (CDCl3 solvate) were grown by slow
evaporation of the solution in the NMR tube.

Compounds 3−16 and 18−19 were synthesized according to the
procedures described for compounds 2 and 17, respectively. Details
are given in the Supporting Information.

X-ray Data. Single-crystal X-ray measurements for compounds 1,
3, 4, 10, 17, and 20 were performed on a Kuma KM4CCD k-axis
diffractometer with graphite-monochromated Mo Kα radiation (λ =
0.71073 Å) and an Oxford Cryostream cooling device. Data reduction
and analysis were carried out with the Oxford Diffraction Ltd. suite of
programs.68 Structures were solved by a direct method algorithm using
SHELXS.69 The IAM refinements, based on F2, were performed with
the SHELXL69 program for all structures except of 10. The structure of
compound 10 was refined with the CRYSTALS70 program. Weighted
R factors (wR2) and all goodness-of-fit (GOF) values are based on F2.
Conventional R factors are based on F with F set to zero for negative
F2. The Fo

2 > 2σ(Fo
2) criterion was used only for calculating R factors

and is not relevant to the choice of reflections for the refinement. The
R factors based on F2 are about twice as large as those based on F. For
structures of compounds 1, 3, 4, 17, and 20, statistical weights were
applied. For structure 10, Chebychev (F2) weights were applied.
Atomic scattering factors, in their analytical form, were taken from the
International Tables for Crystallography.71 All non-hydrogen atoms
were refined anisotropically, and all of the hydrogen atoms were placed
in idealized positions (with 0.96 Å for C−H bond distances) within
the riding model for atomic displacement parameters (ADPs) (with
Uiso

H = 1.2Ueq
C ). In all cases except the disordered Th ring in

compounds 3, hydrogen atoms were clearly visible on the residual
density maps. In the case of 3, the position of the Th ring was
disordered and the refinement led to ca. 0.4:0.6 occupancies. Carefully
chosen constraints were used to stabilize the crystallographic model.
Because of the strong disorder present in the structure, we were unable
to refine a more stable model with lower values of the residual
densities.

In the case of 17, the structure features a partial occupancy factor
(50%) of the water molecule. This was also confirmed by calculations
of the solvent-accessible volume performed with PLATON,72 which
show that the amount of void residual electron density corresponds to
one solvent molecule per two molecules of the complex on average. In
the case of 20, the positions of CDCl3 are characterized by different
occupancy values. The C(39)DCl3 molecule is ordered, and the
position of this molecule is fully occupied. We suppose that this is due
to the fact that this molecule forms quite short Cl···F and Cl···Cl
intermolecular contacts [dCl(7)···F(3) = 3.151(6), 3.210(6), and 3.491(6)
Å] and is stronger bonded to the structure. In contrast, the molecules
C(40)DCl3 (occupancy value equal to 0.35) and C(41)DCl3
(occupancy value equal to 0.15) interact with the crystal framework
very weakly and, therefore, are more likely to desorb from the
structure. Large peaks of the residual electron densities (1.0−2.0 e
Å−3) were found near the C(41)DCl3 molecule, which indicates
disorder. It is also possible that other guest molecules (for example,
acetone) were partially incorporated during crystal growth. However,
we were not able to propose any reasonable model for this case. The
unrefined density results in high R1 and wR2 parameter values.
Hydrogen and deuterium atoms were included in the SFAC and
UNIT instructions, but for both atoms, a hydrogen scattering factor
number was employed. This procedure enables the formula weight and
density to be correctly calculated. The CHECKCIF’s alerts regarding
the calculated chemical formula should not be taken into account. The
DIAMOND program was used to generate crystal structures.73 The
CHECKCIF’s “Alert B” for 3 is a consequence of identification of the
sp2 carbon atom as the sp3 carbon atom by automatic algorithms
implemented in the CHECKCIF program. CCDC 920413−920416,
950560, and 950561 contain the supplementary crystallographic data
(CIF files) for this paper (for compounds 1, 3, 4, 10, 17, and 20,
respectively). They can be obtained free of charge from the Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/
cif or from the authors.

Optical Properties. UV−vis emission spectra were recorded using
a Fluorolog 3-2-IHR320-TCSPC (from JobinYvon) spectrometer
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equipped with a CCD detector calibrated with a Spectral Fluorescence
Standard Kit74 (certified by BAM Federal Institute for Materials
Research and Testing). All emission data were obtained after excitation
at the longest-wavelength absorption. The absorption spectra were
recorded using a Shimadzu RF-5301 PC spectrometer. QYs of
emission were determined using known procedures.32 All measure-
ments were carried out under room temperature. 9,10-Diphenylan-
thracene (DPA) was used as the standard for QY determination. The
QY of DPA (ϕw) was adopted from Lakowicz.32

Electrochemical Properties. CV experiments were done in a
three-electrode arrangement, with Ag/AgNO3 (0.01 M) in acetonitrile
as the reference electrode, platinum foil as the counter electrode, and
glassy carbon as the working electrode. The reference electrode was
separated from the working solution by an electrolytic bridge filled
with the electrolyte solution 0.1 M tetrabutylammonium hexafluor-
phosphate/acetonitrile (Bu4NPF6/CH3CN). The reference electrode
potential was calibrated using a ferrocene electrode process in the
same Bu4NPF6/CH3CN solution [E0(FeCp2

+/FeCp2) = 0.087 V].
Differential Scanning Calorimetry (DSC) Measurements.

DSC measurements were performed on a DSC Q200 calorimeter
from TA Instruments. Melting points (Tm), glass transition temper-
atures (Tg), and crystallization temperatures (Tc) were calculated.
Theoretical Calculations. Geometry optimizations for 1, 3, 4, and

10 were performed using their experimental X-ray geometries as the
starting points at the RB3LYP/6-31+g(d,p) and UB3LYP/6-31+g-
(d,p) levels of theory. For other compounds, full optimizations were
done. Orbital energies of the interacting molecules in the crystal
structures of 1, 3, 4, and 10 were calculated with the HF, RB3LYP, and
B97D75 levels of theory. In all cases, the C−H bond lengths were
adjusted to standard neutron distances (1.083 Å)76 prior to
optimization/single-point calculations. Unrestricted DFT calculations
were checked against spin contamination. For the iodine atom, the
LANL2DZ effective core potential and the LANL2DZ basis set were
used with additional d and f polarization functions according to a
modification proposed by Glukhovtsev et al., with its complete-core
relativistic effective core potential.77 The obtained LANL2DZdf basis
set in several tests proved to be more accurate than pure
LANL2DZ.78,79 Geometries of the excited states along with absorption
and emission spectra were obtained using the TD-DFT method with
the same basis set on the basis of the geometries obtained from
ground-state optimizations. Subsequently, the vibrational frequencies
were calculated, and the results showed that optimized geometries are
stable structures. Tight-convergence criteria were used along with
high-precision integrals (int=UltraFine) to obtain a good description
of the boron coordination sphere. Wave functions were calculated
without the use of symmetry constraints. All calculations were
performed using the Gaussian0980 suite of programs. The VMD
program81 was used for the visualization of molecular orbitals.
Charge-Transport Marcus theory. The charge-transport (CT)

rate constant, kCT, can be evaluated by eq 1:

π
π

=
ℏ Λ

− Δ ° + Λ
Λ

⎡
⎣⎢

⎤
⎦⎥k H

k T
G

k T
2 1

4
exp

( )
4CT AB

2

B

2

B (1)

where Λ is the reorganization energy, HAB
2 is the electronic matrix

element that represents the electronic coupling between donor and
acceptor, T is the temperature, ΔG° is the standard free enthalpy, and
kB is the Boltzmann constant. The reorganization energy consists of
two terms: the inner reorganization energy of the molecule, which is a
fast process, and the reorganization energy of the surrounding
medium, which is a slower process compared to the former one. In the
condensed phase of an organic diode, the inner reorganization energy
dominates, which can be confirmed by theoretical calculations. The
inner reorganization energy for the hole transport (Λhole) is given by

Λ = Λ + Λ = − + −+
+

+ +
+E E E E( ) ( )GS

hole 1 0
( )

0
GS(0) GS(0) GS( )
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where E0
GS(0) and E+

GS(0) are the energies of the neutral and cationic
states with the optimized geometry of the neutral species, respectively,
while E0

GS(+) and E+
GS(+) are the energies of the neutral and cationic

states with the optimized geometry of the cationic species. In the same
manner, the inner reorganization energy for electron transport
(Λelectron) is evaluated by

Λ = Λ + Λ = − + −−
−

− −
−E E E E( ) ( )electron 2 0

GS( )
0
GS(0) GS(0) GS( )

(3)

Calculations of HAB were carried out with Hartree−Fock (reference
method), B3LYP, and B97D (more accurate potential with electron
correlation and Grimm’s dispersion correction). All calculations were
done with the 6-31+g(d,p) basis set in Gaussian09. Contacts that may
serve as pathways for charge hopping were chosen on the basis of their
energies obtained using a semiempirical PIXEL method.82−85 Detailed
results of the analyzed paths are given in the Supporting Information
(Tables S9−S28). All methods used gave qualitatively the same results.
In all cases, there is no correlation between the energy of
intermolecular contacts and the HAB values. This may be rationalized
by the fact that the strength of the interactions does not have to
coincide with the effective overlap of the frontier orbitals.
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