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Abstract  

The condensation reactions of 2-formylpyrrole (1) or 2-formylphenanthro[9,10-c]pyrrole (2) 

with various aliphatic amines afforded the corresponding 2-iminopyrrole ligand precursors 3‒

10, which, upon stoichiometric reaction with BPh3, led to the new mononuclear boron chelate 

compounds Ph2B[NC4H3C(H)=N-R] (R = Me 11; iPr 12; tBu 13; nOct 14; Cy 15; Adam 16), 

and Ph2B(NC16H9C(H)=N-R) (R = Me 17; Adam 13), respectively. Boron complexes 11‒16, 

containing a simple 2-(N-alkylformimino)pyrrolyl ligand, are violet emitters and showed 

relatively modest fluorescence quantum efficiencies in solution (10% ‒ 16%), whereas 

complexes 17 and 18, bearing the π-extended 2-(N-alkylformimino)phenanthro[9,10-

c]pyrrolyl ligand, are blue emitters presenting enhanced quantum efficiencies of 35% and 

43%, respectively, in THF solution. DFT and TDDFT calculations were in good agreement 

with experimental results, showing that π systems (pyrrolyl and phenanthropyrrolyl in this 

case) have a strong influence on the observed optical properties by changing the nature of the 

low energy transitions. Non-doped single-layer light-emitting diodes (OLEDs) were 

fabricated with complexes 11‒18, deposited essentially by spin coating, those of complexes 

17 and 18 revealing maximum luminances of 69 and 88 cd m-2, respectively. 
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Highlights 

 

• Several 2-(N-alkylimino)pyrrolyl diphenyl boron complexes were synthesized 

• Fluorescence properties of these blue-violet emitting compounds were studied 

• Non-radiative decays are much weaker than those of the N-2,6-R2-arylimino 

analogues 

• DFT and TDDFT calculations support the experimental results 

• Simple OLED devices reveal maximum luminances of ca. 90 cd m-2 
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1. Introduction 

 

Organic Light Emitting Diode (OLED) based flat panel displays for cell phones, digital 

cameras, and TV sets are already commercially available. Despite this success, there is a 

strong claim for a next generation of flexible, highly luminous and economically improved 

red, green, blue and white OLEDs for displays and lighting applications, the two latter colors 

being highly requested. Because of these needs, research involving luminescent organic and 

organometallic complexes has received considerable attention [1]. 

Among them, the four-coordinate organoboron compounds are promising light emitting 

materials owing to their intense luminescence and high carrier mobility. Various types of 

tetracoordinate boron compounds containing different types of ligands, such as N,O-, N,N-, 

N,C-, C,C-, C,O-, and O,O-chelates, have been analyzed, their photophysical properties being 

strongly dependent upon the nature of the chelate ligand [2].  

The 2-iminopyrrolyl ligands are an important class of anionic bidentate (N,N‒) chelates, 

containing a pyrrolyl anionic ring and a neutral imine as donor moieties [3]. The first 

homoleptic metal complexes of Co(II), Ni(II), Pd(II), Cu(II), and Zn(II) containing these 

ligands were reported in the 1960s [4]. There has been a resurgence of interest in such systems 

for various applications such as in catalytic organic transformations [3]. Another important 

focus of these ligands has been the synthesis of coordination compounds with 

photoluminescent and/or electroluminescent properties [5‒10]. 

In the last few years, our group has been involved in the synthesis of a variety of metal 

complexes using 2-(N-arylimino)pyrrolyl derived ligands. In particular, we reported some 

luminescent zinc complexes containing 2-(N-arylformimino)phenanthro[9,10-c]pyrrolyl 

ligand [7], in which the π-conjugation was extended by fusing the phenanthrene ring on the 

pyrrolyl C3-C4 bond. We also reported the luminescent properties of several new 
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tetracoordinate mononuclear organoboron complexes containing 2-(N-arylformimino)pyrrolyl 

ligands, having varied the electronic and steric nature of the N-aryl group (Chart 1, A) [8]. It 

was found that the color of emission could be tuned from blue to bluish-green by increasing 

the substituent’s electron-donating power. We extended our work to the synthesis of 

polynuclear boron complexes [9], where the iminopyrrolyl ligands have different aromatic 

bridging spacers (Chart 1, B), varying thereby the π-conjugation length and thus the color 

tuning range from blue to yellow. We further used a third strategy for the color tuning by 

extending the π-conjugation through the use of ligands containing fused aromatic fragments 

onto the 2-iminopyrrolyl C4-C5 or C3-C4 bonds; in fact, the employment of 2-(N-

arylformimino)indolyl or the above mentioned 2-(N-arylformimino)phenanthro[9,10-

c]pyrrolyl ligands in the coordination to boron (Chart 1, C and D) provided colors in the 

range blue to orange [10]. 

 

 

Chart 1. 
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Among the family of reported mononuclear [BPh2(κ
2N,N’-NC4H3C(H)=N-Ar)], the 

complexes with bulky aryl groups, such as Ar = 2,6-Me2C6H3 or 2,6-iPr2C6H3 (Chart 1, A; R1 

= Me or iPr; R2 = R3 = H) gave rise to violet emission [8c], In these cases, the hindered 

rotation of the N-aryl fragment, which is unable to reach coplanarity with the 2-iminopyrrolyl 

fragment, reduces the π-extension of the chromophore, thus blue-shifting the emission 

spectra. However, the achievement of such a demanded violet emission occurs with very low 

fluorescence quantum efficiencies (0.5% and 2.3%, respectively, in solution), because of the 

extensive non-radiative quenching of the emission (knr = 27.6 and 7.52 ns-1, respectively) 

operating in these molecules. This efficient non-radiative decay is essentially due to the 

internal conversion (kic ≈ knr) [8c]. 

In the present work, we describe the synthesis of a family of violet-blue emitting 2-

iminopyrrolyl boron diphenyl complexes, in which significant non-radiative decay is avoided 

by replacing the 2,6-disubstituted N-aryl fragments by N-alkyl groups. In both the 2-

iminopyrrolyl and 2-iminophenanthropyrrolyl boron chromophore frameworks, different N-

alkyl substituents with several stereochemical features were used, in order to vary the solid 

state packing. The new mononuclear organoboron compounds of the types [BPh2(κ
2N,N’-

NC4H3C(H)=N-Alkyl)] and [BPh2(κ
2N,N’-NC16H9C(H)=N-Alkyl)], containing 2-(N-aliphatic 

imino)pyrrolyl chelating ligands, were synthesized and characterized by multinuclear NMR, 

single crystal X-ray diffraction, when possible, and cyclic voltammetry. Their photophysical 

characterizations were performed using steady state photoluminescence (in solution and in the 

solid state) and time-resolved fluorescence (in solution). Density-functional theory (DFT) and 

time-dependent DFT (TDDFT) calculations were also carried out for these new boron 

complexes to determine the geometry of the ground and first excited singlet state, and to 

assign the nature of electronic transitions. 
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2. Results and discussion 

 

2.1. Synthesis and characterization of new 2-(N-aliphatic formimino)pyrrolyl boron 

complexes 11-18 

 

The 2-(N-aliphatic imino)pyrrole ligand precursors 3‒5, 7 and 8 (Scheme 1) used in this 

study were synthesized and characterized according to the literature protocols [11]. The new 

ligand precursors 6, 9 and 10 were also synthesized, their characterization data being 

presented in the experimental section. 

In general, the ligand precursors HNC4H3C(H)=N-CH3 (3), HNC4H3C(H)=N-CH(CH3)2 

(4), HNC4H3C(H)=N-C(CH3)3 (5), HNC4H3C(H)=N-CH2(CH2)6CH3 (6), HNC4H3C(H)=N-

C6H11 (7), HNC4H3C(H)=N-C10H15 (8), HNC16H9C(H)=N-CH3 (9) and HNC16H9C(H)=N-

C10H15 (10) were synthesized by condensation of the appropriate formyl precursors 

HNC4H3C(H)=O (1) or HNC16H9C(H)=O (2) with the respective aliphatic amines under 

reflux. The 2-formylphenanthro[9,10-c]pyrrole 2 was prepared by a multistep procedure, 

starting from phenanthrene [12]. 

All compounds are solids, although some with low melting points, and were characterized 

by 1H and 13C NMR spectroscopies, their spectra being consistent with those reported in the 

literature. 

The reactions of the 2-(N-aliphatic imino)pyrrole chelate precursors 3‒10 with 

triphenylboron (BPh3) in hot toluene, overnight, under a nitrogen atmosphere, afforded the 

corresponding organoboron bidentate complexes 11‒18, which are depicted in Scheme 1. 
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Scheme 1. Syntheses of the 2-(N-aliphatic imino)pyrrole ligand precursors 3‒10 and the new 

corresponding 2-(N-aliphatic formimino)pyrrolyl diphenylboron complexes 11‒18. 

 

The new organoboron compounds 11‒18 are moderately air stable, and were fully 

characterized by 1H, 13C and 11B NMR spectroscopies (see Experimental section and Figs. 

S1‒S30 in Supporting Information). The absence of the typical broad NH resonance in the 1H 

NMR spectra of the complexes confirms the anionic coordination of the pyrrolyl-N to the 

boron center. The imine proton (HC=N) resonances of the complexes appear as singlets in the 

range δ 8.04 to 8.64, downfield-shifted in relation to the respective ligand precursor, 

evidencing the neutral imine coordination to the boron atom. Furthermore, the 11B NMR 

resonance of these compounds is in the range of δ 3.61 to 7.17, confirming the formation of 

tetracoordinate boron compounds, being also consistent with our earlier reports [8a,c,9]. 

Moreover, the elemental compositions of all the complexes were determined and the results 

confirmed the formation of the desired products (see Experimental section). Finally, the 
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molecular structures of the boron complexes 14, 15 and 18 were determined by single-crystal 

X-ray diffraction studies. 

 

2.2. X-ray diffraction studies 

 

Perspective views of the molecular structures of 14, 15 and 18 are shown in Fig. 2–4. Selected 

bond lengths and bond angles are given as captions in the corresponding figures. Crystals 

suitable for single crystal X-ray diffraction studies were obtained by cooling ethereal 

solutions of 14, 15 and 18 double-layered with n-hexane, at -20 °C, for 2 days. Boron 

complexes 14 and 15 crystallized with two molecules in the unit cell, in triclinic and 

orthorhombic crystal systems, with P-1 and Pna21 space groups, respectively. Compound 16 

also crystallized in the triclinic system within P-1 space group, showing, however, an 

asymmetric unit composed by one boron complex and one Et2O molecule. In the three 

molecular structures, the boron centers are tetracoordinate adopting typical distorted 

tetrahedral geometries. The N-aliphatic 2-iminopyrrolyl ligands chelate each boron center via 

the N1, N2 atoms to form a virtually planar five membered chelate ring in all the compounds, 

the remaining coordination sites being occupied by the quaternary (ipso) carbon atoms of two 

phenyl groups. The latter groups are located above and below the planes of the chelating 

ligand and the boron center. In addition, the B-CPh distance in all complexes was found to be 

in the range of 1.595(10)‒1.629(6) Å. The bond distances between the boron center and the 

two chemically different nitrogen atoms, i.e., B1-N1pyrrolyl of 1.565(9) and 1.571(9) (14), 

1.561(6) and 1.566(6) (15) and 1.580(4) (18) and B1-N2imine of 1.614(8) and 1.619(9) (14), 

1.605(6) and 1.615(5) (15), and 1.615(4) (18) Å, respectively, are quite comparable to the 

previously reported organoboron compounds [8a,c,9]. The chelating N,N' ligands exhibit bite 

angles  N–B–N  of  95.6(4)°  and  94.8(5)º (14),  95.6(3)° and 94.9(3)º (15), and 95.4(2)º (18), 
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Fig. 2. Perspective view of the molecular structure of complex 14. The ellipsoids were drawn 

at 50% probability level. All the calculated hydrogen atoms and the second molecule of the 

asymmetric unit were omitted for clarity. Molecule A – Selected Bond lengths (Å): B1A-

N1A, 1.565(9); B1A-N2A, 1.614(8); B1A-C15A, 1.595(10); B1A-C21A, 1.607(9); C5A-

N1A, 1.346(8); C2A-N1A, 1.382(8); C2A-C6A, 1.405(9); N2A-C6A, 1.302(8); N2A-C7A, 

1.458(8). Selected Bond angles (°): N1A-B1A-N2A, 95.6(4); N1A-B1A-C21A, 111.0(5); 

N1A-B1A-C15A, 111.1(5); N2A-B1A-C15A, 107.6(5); B1A-N1A-C2A, 112.0(5); B1A-

N1A-C5A, 139.9(5); B1A-N2A-C6A, 110.7(5); B1A-N2A-C7A, 123.8(5); C7A-N2A-C6A, 

125.4(5); C15A-B1A-C21A, 117.7(5). Molecule B – Selected Bond lengths (Å): B1B-N1B, 

1.571(9); B1B-N2B, 1.619(9); B1B-C15B, 1.615(9); B1B-C21B, 1.602(9); C5B-N1B, 

1.346(8); C2B-N1B, 1.371(8); C2B-C6B, 1.418(9); N2B-C6B, 1.318(9); N2B-C7B, 1.472(8). 

Selected Bond angles (°): N1B-B1B-N2B, 94.8(5); N1B-B1B-C21B, 111.8(5); N1B-B1B-

C15B, 112.9(5); N2B-B1B-C15B, 107.5(5); B1B-N1B-C2B, 112.9(5); B1B-N1B-C5B, 

139.6(6); B1B-N2B-C6B, 111.5(5); B1B-N2B-C7B, 122.5(5); C7B-N2B-C6B, 125.9(5); 

C15B-B1B-C21B, 115.8(5). 
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Fig. 3. Perspective view of the molecular structure of complex 15. The ellipsoids were drawn 

at 50% probability level. All the calculated hydrogen atoms and the second molecule of the 

asymmetric unit were omitted for clarity. Molecule A – Selected Bond lengths (Å): B1A-

N1A, 1.561(6); B1A-N2A, 1.605(6); B1A-C19A, 1.620(6); B1A-C13A, 1.605(6); N1A-C5A, 

1.342(5); N1A-C2A, 1.378(5); N2A-C6A, 1.301(5); N2A-C7A, 1.476(5); C2A-C6A, 

1.409(6). Selected Bond angles (°): N1A-B1A-N2A, 95.6(3); N1A-B1A-C13A, 110.8(3); 

N1A-B1A-C19A, 112.7(4); N2A-B1A-C13A, 112.7(4); N2A-B1A-C19A, 110.4(3); C5A-

N1A-C2A, 107.8(3); C5A-N1A-B1A, 140.3(4); C6A-N2A-B1A, 111.5(3); C6A-N2A-C7A, 

122.4(3); C13A-B1A-C19A, 113.4(3); B1A-N2A-C7A, 125.9(3). Molecule B – Selected 

Bond lengths (Å): B1B-N1B, 1.566(6); B1B-N2B, 1.615(5); B1B-C19B, 1.620(6); B1B-

C13B, 1.629(6); N1B-C5B, 1.369(5); N1B-C2B, 1.347(5); N2B-C6B, 1.303(5); N2B-C7B, 

1.471(5); C5B-C6B, 1.412(6). Selected Bond angles (°): N1B-B1B-N2B, 94.9(3); N1B-B1B-

C13B, 111.7(4); N1B-B1B-C19B, 111.1(3); N2B-B1B-C13B, 108.5(3); N2B-B1B-C19B, 

111.9(3); C5B-N1B-C2B, 107.4(3); C5B-N1B-B1B, 112.3(3); C6B-N2B-B1B, 111.6(3); 

C6B-N2B-C7B, 122.8(3); C13B-B1B-C19B, 116.7(3); B1B-N2B-C7B, 125.6(3). 
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Fig. 4. Perspective view of the molecular structure of complex 18. The ellipsoids were drawn 

at 50% probability level. All the calculated hydrogen atoms and one Et2O molecule were 

omitted for clarity. Selected Bond lengths (Å): B1-N1, 1.580(4); B1-N2, 1.615(4); B1-C29, 

1.617(4); B1-C35, 1.613(4); N1-C5, 1.338(3); N1-C2, 1.384(3); N2-C6, 1.310(3); N2-C19, 

1.503(3); C2-C6, 1.406(4). Selected Bond angles (°): N1-B1-N2, 95.4(2); N1-B1-C29, 

110.7(2); N1-B1-C35, 107.2(2); N2-B1-C29, 109.8(2); N2-B1-C35, 114.0(2); C5-N1-C2, 

108.8(2); C5-N1-B1, 139.1(2); C6-N2-B1, 110.6(2); C6-N2-C19, 119.7(2); C29-B1-C35, 

117.5(2); B1-N2-C19, 129.2(2). 

 

which are much smaller than the ideal bond angle (109°) for a regular tetrahedral geometry, 

strongly supporting the observed distortion.  

The supramolecular packing of complex 14, 2-(N-octylimino)pyrrolyl diphenylboron, 

shows, along the a axis, a 3D multilayer structure (see Fig. S31 in Supporting Information), 

formed by the aligned nonpolar aliphatic n-octyl chains in a bilayer type tail-to-tail 

arrangement. The layers are held together by C-H···πC(Ar) weak hydrogen bonds and π-π 

stacking of phenyl rings (see Fig. S32 and Table S2 in Supporting Information). Compound 

15, 2-(N-cyclohexylimino)pyrrolyl diphenylboron, displays weak C‒H···πC(Ar) short contacts 
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(see Fig. S33 and Table S2 in Supporting Information) with no special orientation or motifs 

being observed. The crystal packing of 18, 2-(N-adamantylimino)phenanthro[9,10-c]pyrrolyl 

diphenylboron, shows head-to-tail dimers formed by C-H···πC(Ar) short contacts and 2D-sheets 

containing the phenanthro[9,10-c]pyrrolyl-boron moieties (see Fig. S34 and Table S2 in 

Supporting Information), which also exhibit π-π stacking with neighboring dimers through the 

phenanthrenic rings of the ligands (πC(Ar)⋯πC(Ar), ca. 3.51 Å). 

 

2.3. Photoluminescence studies 

 

The UV-Vis absorption and fluorescence spectra of complexes 11‒18 in THF are shown in 

Fig. 5. 
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Fig. 5. Normalized absorption (a) and emission (b) spectra of complexes 11‒18 in THF. 

 

The absorption spectra of 2-(N-alkyl formimino)pyrrolyl boron chelates 11‒16 in THF 

virtually superimpose (Fig. 5a), showing very similar features, namely wavelength maxima in 

the range 346‒352 nm, increasing with the polarizability of the aliphatic N-alkyl group (Table 

1). The  same  occurs  with  the  absorption  spectra  of  the 2-(N-alkyl formimino)phenanthro- 
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Table 1 Wavelength maximum (max
absλ ) and molar extinction coefficient (εmax) of the first 

absorption band, wavelength maximum (max
emλ ) and wavelength of the first vibronic transition 

( 0 0
emλ − ) of the emission band, fluorescence quantum yield (φf), lifetime (τf), rate constants (kf), 

sum of non-radiative rate constants (knr) of the boron complexes 11‒18, in THF, at 293 K.  

 a 104 L mol-1 cm-1; b kf = φf /τf; 
c knr = (1-φf)/τf. 

 

Compound 

No. 
Complex 

max
absλ  

(nm) 

εmax 
a 

 

0 0
emλ −  

(nm) 

max
emλ  

(nm) 

0 0 max
em absλ λ− −

(nm) 

φf 

 

τf 

(ns) 

kf 
b 

(ns-1) 

knr 
c 

(ns-1) 

11 

 

346 1.31 377 395 49 0.15 0.90 0.17 0.94 

12 

 

349 1.82 378 397 48 0.10 0.59 0.17 1.52 

13 

 

350 1.72 379 398 48 0.15 0.95 0.16 0.89 

14 

 

350 1.51 379 398 48 0.10 0.71 0.14 1.27 

15 

 

351 1.41 379 397 46 0.10 0.61 0.16 1.48 

16 

 

352 1.51 380 399 47 0.16 0.89 0.18 0.94 

17 

 

410 2.15 428 431 21 0.35 2.60 0.13 0.25 

18 

 

418 2.32 432 432 14 0.43 2.34 0.18 0.24 
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pyrrolyl boron derivatives 17 and 18, which also exhibit maxima at very close wavelengths 

(410 and 417 nm, respectively), though significantly red-shifted in relation to those of 11‒16, 

owing to their higher π-conjugation length. These close similarities clearly indicate that the 

chromophores within each of these two families of molecules are basically the same, 

coinciding with the 2-iminopyrrolyl or  π-extended 2-iminophenanthropyrrolyl fragments, 

respectively.  

For the same reasons, the fluorescence spectra of each type of complexes nearly 

superimpose (Fig. 5b), showing wavelength maxima within 395‒399 nm for the simple 2-

iminopyrrolyl complexes, and 431‒432 nm for the 2-iminophenanthropyrrolyl derivatives, in 

dilute solutions of THF. In this solvent, complexes 11‒16 emit in the violet region (Fig. 6) 

with fluorescence quantum yields (ϕf) varying between 0.10 and 0.16, which can be 

considered much higher than the efficiencies reported previously for the violet emitters 

[BPh2(κ
2N,N’-NC4H3C(H)=N-Aryl)] containing bulky aryl groups (2,6-iPr2C6H3 and 2,6-

Me2C6H3) [8c]. 

 

 

Fig. 6. Colors of complexes 11–18 in THF under UV-irradiation at 365 nm. 

 

The fluorescence decays of all compounds 11‒18 are single-exponentials with shorter 

lifetimes (τf) for 11‒16 (ca.0.6-0.9 ns) than for 17 and 18 (2.6 and 2.34 ns, respectively; 

column 9 in Table 1). The radiative rate constant (kf = φf/τf) values (column 10, Table 1) of 
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11‒16 are, in fact, similar to those of the bulky N-aryl substituted derivatives (and others) 

[8c], but the corresponding non-radiative decay constants (knr) are 5 to 30 times lower because 

the N-alkyl groups are not intrinsically involved in the electronic transition as the N-aryl 

groups. On the other hand, the knr values of 11‒16, and thus their fluorescence quantum 

yields, are similar to those measured for [BPh2(κ
2N,N’-NC4H3C(H)=N-Aryl)] complexes 

containing non-bulky aryl groups substituted by electron-releasing substituents in positions 3 

or 4 [8c]. 

Within the family 11‒16 two subgroups may be differentiated: the one with compounds 

bearing more rigid N-alkyl groups, such as the methyl (11), and the tertiary t-butyl (13) and 

adamantyl (16), and the other one containing less rigid primary or secondary N-substituents, 

such as the n-octyl (14), i-propyl (12) and cyclohexyl (15). The latter subgroup shows higher 

non-radiative constants (1.27‒1.52 ns-1) than the former (0.89‒0.94 ns-1), and thus lower φf 

values (0.10 vs. 0.15-0.16). 

Complexes 17 and 18, bearing the rigid phenanthrene moiety fused on the 2-iminopyrrolyl 

ring, exhibit good fluorescence quantum yields (0.35 for 17 and 0.43 for 18) and are blue 

emitters (Fig. 6). They show sizeable bathochromic shifts of 64 and 66 nm in relation to their 

corresponding simple 2-formiminopyrrolyl derivatives 11 and 16, respectively, due to their 

extended π-conjugation. Their kf values are in the same order of magnitude of those of 11‒16 

but their non-radiative rate constants knr are considerably lower (0.25 ns-1 vs. 0.89‒1.52 ns-1), 

which is related to the higher rigidity of these extended π-conjugated fluorophores. 

In summary, it is possible to set the fluorescence emission of the 2-iminopyrrolyl boron 

diphenyl chromophore to the violet region of the spectrum by using N-alkyl substituents, by 

limiting the π-system of the chromophore to the pyrrolyl ring and the 2-imino arm, still 

reaching quantum efficiencies of 10 to 15%. The fusion of a phenanthryl fragment on the C3-
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C4 pyrrolyl bond of the 2-(N-alkyl formimino)pyrrolyl ring shifts the emission to the red, 

largely increasing the quantum efficiencies to 35‒43%. 

 

2.4. Computational studies 

 

The geometries of all boron complexes 11‒18 were optimized, based on the crystal structures 

of 14, 15 and 18 described above [8,9]. The DFT [13] methodology was the same as reported 

before for analogous compounds, using the ADF program [14] with a BP86 functional and 

TZ2P basis sets for all atoms, without symmetry constraints (see also Computational details). 

We also optimized the geometry of the first singlet states by promoting one electron from the 

HOMO to the LUMO (same spin) and the geometry optimization was carried out as described 

for the ground state.  

In the previous studies, all the boron derivatives had a phenyl substituent on the 2-

iminopyrrolyl scaffold and it was shown that the dihedral angle α (Chart 2), associated with 

the planarity of the bidentate ligand, changed upon excitation to the singlet excited state, 

being therefore of major relevance in the definition of the photophysical properties. Although 

the phenyl group is absent in all complexes of this work, this dihedral angle seems a suitable 

parameter to compare different electronic states.  

 

 

Chart 2. 

 

Our analysis will address mostly four compounds (11, 16-18), allowing the comparison of 

two ligands (methyl and adamantyl) and two types of π systems (2-formiminopyrrolyl and 2-
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formiminophenanthropyrrolyl). In the two complexes with methyl substituents (11 and 17), α 

is 3.5° and 4.0°, respectively, in the ground state and increases to 50.1° in the singlet state in 

11, suggesting that the pyrrolyl group does not constrain rotation, while it only reaches 35.5° 

in 17. In the adamantyl complexes, the ground state α angles are 48.9° and 47.0°, increasing 

only to 54.8° and 52.5° in the singlet state, for 16 and 18, respectively. The bulkiness of the 

adamantyl prevents a different orientation in the ground state, so that the angle barely change 

upon reaching the singlet state. The same angles in the crystal structures described above are 

53.87° (18) and 3.05° for 14 (n-octyl, a good model for methyl 11). This contrasting behavior 

parallels the different photophysical properties of the two groups of complexes. 

The absorption spectra of all the complexes were obtained from TDDFT calculations [15], 

using the implementation in ADF [14], with the BP86 functional and a TZ2P basis set, as in 

the geometry optimization, both in gas phase and in solvent (COSMO in ADF), and also with 

the SOPERT [16] method (spin-orbit coupling, SO, PBE0 functional and an all electron TZP 

basis set), which allows the calculations of excited states lifetimes (see subsection 

Computational Studies in the Experimental Section). Though the results should be the same, 

since all atoms are light, the approach with spin-orbit coupling often provides the best 

agreement with experimental data (maintaining the nature of the transitions) due to the use of 

different functional and basis set.  

The lower energy absorption of the four complexes (11, 16-18) is a broad band involving 

transitions from the HOMO, HOMO-1 and HOMO-2 to the LUMO, for the pyrrolyl 

derivatives 11 and 16, and from the HOMO and HOMO-1 to the LUMO in the case of the 

phenanthropyrrolyl ones 17 and 18 (Fig. 7, top and bottom, respectively; Table 2). In the 

pyrrolyl derivatives 11 and 16, both the HOMO and LUMO are localized in the 2-

iminopyrrolyl ligand, while the HOMO-1 and HOMO-2 have their greatest contribution from 

the phenyl groups (one in each orbital). Therefore, the transition can be described as ILCT + 
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LLCT (intraligand charge transfer + ligand-to-ligand charge transfer). On the other hand, in 

complexes 17 and 18, the HOMO-1 is completely localized in the phenanthropyrrolyl moiety, 

while the HOMO extends to the imino nitrogen. The electronic transition can therefore be 

assigned as IL. 

 

 

 

Fig. 7. The frontier orbitals of complexes 11, 16 (top) and 17, 18 (bottom) involved in the two 

transitions leading to the low energy absorption. 

 

The conclusion to be taken is that the extension of the π system modifies the nature of the 

frontier orbitals and the transition. This has already been observed before in the boron 

complexes with aryl substituents at the imino nitrogen, though the effect is not exactly the 

same [10]. Moreover, despite the differences between methyl and adamantyl, none of their 

fragment orbitals contribute to the frontier orbitals and the excitations. 
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Table 2 Wavelength (λ), energy (E), composition and oscillator strength (O.S.) of the most 

intense TDDFT electronic transitions calculated for complexes 11, 16–18 (SO). 

 

Although the difference is not very relevant, two subgroups were identified with the 

complexes 11-16. Since we analyzed 11 and 16, and saw that their frontier orbitals and 

electronic transitions showed no difference, we also looked at one of the others, the isopropyl 

derivative 12. The dihedral angle α defined in Chart 2 surprisingly decreases a little, from 

69.4° to 64.9°. The lowest energy absorption is calculated in relatively good agreement with 

experimental values (Fig. S35, Table S3), as for the complexes 11 and 16-18 (Table 3 and 

Fig. 7). Only two transitions are responsible for the broad band calculated at 3.97 eV (312 

nm) and both start either at the HOMO, HOMO-1, or HOMO-2, ending in the LUMO as in 

complexes 11 and 16, being also assigned as mixed ILCT and LLCT. The HOMO-2 is similar 

to that of 11 and 16 (Fig. 7), with a stronger contribution from the two phenyl groups. 

  

Transition λ (nm) E (eV) Composition O.S. 

Complex 11 

1 316 3.92 H→L (64%), H-1→L (25%) 0.151 

2 308 4.02 H-1→L (66%), H-2→L (18%), H→L (12%) 0.056 

3 303 4.08 H-2→L (68%), H→L (20%) 0.099 

Complex 16 

1 324 3.83 H→L (71%), H-1→L (24%) 0.196 

2 308 4.02 H-1→L (70%), H→L (17%), H-2→L (11%), 0.109 

3 301 4.11 H-2→L (82%) 0.058 

Complex 17 

1 376 3.30 H→L (90%) 0.260 

2 368 3.37 H-1→L (90%) 0.221 

Complex 18 

1 380 3.26 H→L (93%) 0.364 

2 370 3.35 H-1→L (93%) 0.192 
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Table 3. Experimental wavelength maxima (max
absλ ) of the first absorption band, absorption 

energies ( ), wavelength maxima (max
emλ ) of the emission bands, and fluorescence 

rate constants (kf). Calculated (TDDFT) absorption energies ( , ), wavelength 

maxima ( max
emλ (THF)) of the emission band, and fluorescence rate constants (kf (SO)) of the 

boron complexes 11‒18. 

a kf = φf /τf  

Compound 
No. 

Complex 
max
absλ  

(nm) (eV) (eV) (eV) 

max
emλ  

(nm) 

max
emλ (THF) 

(nm, eV) 

kf 
a 

(ns-1) 

kf (SO) 

(ns-1) 

11 

 

346 3.58 3.76 4.02 395 
522 

2.38 
0.17 0.10 

12 

 

349 3.55 3.74 3.97 397 
516 

2.40 
0.17 0.11 

13 

 

350 3.54 3.76 3.97 398 
503 

2.46 
0.16 0.09 

14 

 

350 3.54 3.77 4.01 398 
521 

2.38 
0.14 0.16 

15 

 

351 3.53 3.73 3.94 397 
538 

2.31 
0.16 0.14 

16 

 

352 3.52 3.73 3.94 399 
527 

2.35 
0.18 0.13 

17 

 

410 3.02 2.93 3.34 431 
595 

2.08 
0.13 0.12 

18 

 

418 2.97 2.98 3.93 432 
604 

2.05 
0.18 0.17 
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The emissions directly calculated from the difference between the energy of the first singlet 

excited state, obtained by promoting one electron from the HOMO to the LUMO and 

optimizing, and the energy of the ground state with the same geometry, reproduce the 

experimental trends. The emissions from 17 and 18 occur at higher wavelengths than 

emissions from 11 and 16, though the absolute values are shifted. 

 

2.5. Electrochemical Studies 

 

The electrochemical properties, namely the ionization potential (IP) and the electron affinity 

(EA) of the complexes 11‒18 were investigated by cyclic voltammetry. These measurements 

were performed in dichloromethane solutions with tetrabutylammonium tetrafluoroborate as 

electrolyte salt, at room temperature and under inert (N2) atmosphere. The IP and EA values 

(Table 2) were determined from the measured reduction and oxidation onset potentials, after 

being converted to the absolute scale, using Fc/Fc+ (ferrocene/ferrocenium ion redox couple) 

as external reference [8a]. As the energy level of Fc/Fc+ (ferrocene/ferrocenium ion redox 

couple) is at 4.80 eV below the vacuum level we calculate IP (-HOMO) (eV) = Eonset,ox (eV) + 

(4.80-EFc/Fc+) and EA (eV) = Eonset,red (eV) + (4.80- EFc/Fc+) where EFc/Fc+ represents the half-

wave potential of Fc/Fc+ measured in the investigated solvent media under our setup. The 

values obtained are summarized in Table 4 (see also cyclic voltammograms in Figs. S36‒S43 

in Supporting Information), along with the energies of the HOMOs and LUMOs of the 

corresponding complexes calculated by DFT with solvent correction (THF). 

As expected, the values of ‒IP correlate relatively well with the energies of the HOMOs, 

with the IP values differing between 0.18 and 0.27 eV from the calculated ones (see Fig. S44a 

in ESI). The ‒EA values also correlate well with the calculated LUMO energies, with 

differences varying between 0.03 and 0.27 eV (see Fig. S44b in ESI).  
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Table 4. Ionization potentials (IP), electron affinities (EA) of complexes 11‒18, estimated 

from cyclic voltammetry measurements, and corresponding energies of HOMOs and LUMOs, 

determined by DFT (THF). 

 Cyclic Voltammetry  DFT (THF) 

Complexes 
IP 

(eV) 

EA 

(eV) 
 

EHOMO 

(eV) 

ELUMO 

(eV) 

11 5.67 2.53  -5.406 -2.493 

12 5.63 2.34  -5.409 -2.487 

13 5.62 2.34  -5.388 -2.513 

14 5.65 2.35  -5.381 -2.512 

15 5.60 2.32  -5.372 -2.511 

16 5.60 2.36  -5.346 -2.500 

17 5.40 2.59  -5.215 -2.777 

18 5.39 2.52  -5.171 -2.791 

 

 

2.6. Electroluminescent properties 

 

Non-doped single-layer light-emitting diodes (LEDs) with the structure 

ITO/PEDOT:PSS/complex/LiF/Al were prepared and characterized for all complexes except 

for 12. The films of the complexes were prepared by spin coating. In the series 11‒16, we 

could not obtain LEDs with reasonable performances. The best device with 11 gave a 

maximum luminance of 1 cd m-2, and that based on 14 gave 18 cd m-2. The remaining ones 

(13, 15 and 16) showed negligible light emission. Conversely, OLEDs based on 17 and 18 

showed reasonable performances (as shown in Fig. 8), with a maximum luminance of 69 and 

88 cd m-2, respectively, and with a maximum luminous efficiency of 0.041 and 0.019 cd A-1, 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

25 
 

respectively. Nevertheless, their emission is strongly controlled by aggregation, which is 

consistent with the observation of a dimeric supramolecular structure, involving π- π stacking, 

in the X-ray packing of complex 18 (see above in subsection “X-ray diffraction studies”). The 

recorded electroluminescence (EL) spectra are compared with the solution and film 

photoluminescence spectra in Fig. 9. The EL maximum occurs at 630 nm for the device based 

on 17, and at 625 nm for that based on 18, while their solution emission maxima occur at 431 

nm and 432 nm, respectively. The EL spectra appear to be extended to shorter wavelengths, 

showing higher energy tails, which are attributed to the emission of the residual “isolated” 

complexes. The photoluminescence (PL) spectra recorded for the spin coated films are similar 

to the EL ones. In case of complex 17, we also recorded the PL spectrum of a sublimed film, 

where two main emission bands are observed, with intensity maxima at 527 and 621 nm, 

which may be attributed to different types of aggregates and a residual emission from 

disordered complexes. This behavior shows that the film preparation details have a significant 

effect on the films photoluminescence, which is consistent with aggregation. It is worth 

mentioning that, upon naked eye inspection, while the sublimed film of 17 was clear and 

homogeneous, that prepared by spin coating was somewhat heterogeneous with macroscopic 

aggregates, having the spin coated films of 18 a similar appearance. 

 

Fig. 8. Current (I) and luminance (L) of the devices based on 17 and 18 as function of the 

applied voltage. 
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Fig. 9. Electroluminescence (EL) spectra of (a) 17 and (b) 18 compared to their photoluminescence 

(PL) spectra in THF solutions and in films prepared by spin-coating and, for the case of complex 17, 

also by sublimation (sublim). 

 

Compounds 17 and 18 exhibit similar fluorescence quantum yields and similar HOMO and 

LUMO energies, all determined in solution, yet device performance is significantly different, 

as shown in Fig. 8. In particular, the LED based on 17 shows a higher light-onset voltage and 

a much lower current. This, we believe, is due to a stronger detrimental effect of the 

aggregation on the charge transport as a minimum balanced current (electrons and holes) is 

required to lead to measurable light emission. Aggregation will definitely modify also the 

HOMO and LUMO energies with respect to the solution situation, and therefore the charge 
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injection barriers. However, based on the available data, we cannot compare such effects for 

both compounds. 

This behavior shows that the film preparation details have a significant effect on the films 

photoluminescence and also on the LEDs performance, which is consistent with aggregation. 

In conclusion, the aggregation of these boron complexes has a strong effect on their EL 

emission spectrum and efficiency. Their blending, for instance with conjugated polymers with 

adequate frontier levels energy, is expected to prevent or strongly suppress their aggregation 

and thereby improve the performance of the LEDs.  

 

3. Conclusion 

 

The synthesis of new mononuclear violet or blue emitting 2-iminopyrrolyl boron diphenyl 

complexes, containing either the 2-(N-alkylformimino)pyrrolyl (11‒16) or the more π-

extended 2-(N-alkylformimino)phenanthro[9,10-c]pyrrolyl ligands (17 and 18), respectively, 

with N-alkyl groups possessing different stereochemical features, was achieved in good 

yields. The simple 2-iminopyrrolyl boron violet emitters 11‒16 showed fluorescence quantum 

yield values in the range φf = 0.10 ‒ 0.16, though significantly larger than those previously 

reported for related violet emitters [BPh2(κ
2N,N’-NC4H3C(H)=N-Ar)] containing bulky aryl 

groups, such as Ar = 2,6-Me2C6H3 or 2,6-iPr2C6H3 (structure A in Chart 1, with R1 = Me or 

iPr, and R2 = R3 = H) (φf = 0.005 and 0.023, respectively, in THF solution), which presented 

extensive non-radiative processes (knr = 27.6 and 7.52 ns-1, respectively) [8c]. Conversely, the 

corresponding π-extended 2-iminophenanthropyrrolyl blue emitters 17 and 18, showed 

enhanced quantum yields (φf = 0.35 and 0.43, respectively, in THF solution). This different 

behavior is associated with the lowest energy absorption, being ILCT + LLCT (intraligand 
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charge transfer + ligand-to-ligand charge transfer) in complexes 11‒16, involving also the 

phenyl groups, and simply ILCT in complexes 17 and 18. 

Non-doped single-layer electroluminescent devices were fabricated using these 

compounds as both emitter and ambipolar charge-transporting materials. In general, 

complexes 11‒16 led to OLEDs with poor or negligible performances, complex 14 giving rise 

to the best device with a maximum luminance of 18 cd m-2. Conversely, OLEDs based on 17 

and 18 showed reasonable performances, with a maximum luminance of 69 and 88 cd m-2, 

respectively, and maximum luminous efficiencies of 0.041 and 0.019 cd A-1, respectively. 

Nevertheless, their emission is strongly controlled by aggregation, which is clearly observed 

by the presence of highly red-shifted emission bands in the electroluminescence (EL) spectra 

in relation to those of the “isolated” complexes.  

 

4. Experimental section 

 

4.1. General Procedures 

 

All experiments dealing with air- and/or moisture-sensitive materials were carried out under 

inert atmosphere using a dual vacuum/nitrogen line and standard Schlenk techniques. 

Nitrogen gas was supplied in cylinders by Air Liquide and purified by passage through 4 Ǻ 

molecular sieves. Unless otherwise stated, all reagents were purchased from commercial 

suppliers (e.g., Acrös, Alfa Aesar, Aldrich, Fluka) and used without further purification. All 

solvents to be used under inert atmosphere were thoroughly deoxygenated and dehydrated 

before use. They were dried and purified by refluxing over a suitable drying agent followed 

by distillation under nitrogen. The following drying agents were used: sodium (for toluene, 

diethyl ether, and tetrahydrofuran (THF)), calcium hydride (for n-hexane and 
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dichloromethane). Solvents and solutions were transferred using a positive pressure of 

nitrogen through stainless steel cannulae and mixtures were filtered in a similar way using 

modified cannulae that could be fitted with glass fiber filter disks.  

Nuclear magnetic resonance (NMR) spectra were recorded on Bruker Avance III 300 or 

Bruker Avance III 400 (1H, 13C and 11B) spectrometers. Deuterated solvents were dried by 

storage over 4 Ǻ molecular sieves and degassed by the freeze-pump-thaw method. Spectra 

were referenced internally using the residual protio solvent resonance relative to 

tetramethylsilane (δ=0). All chemical shifts are quoted in δ (ppm) and coupling constants 

given in hertz. Multiplicities were abbreviated as follows: broad (br), singlet (s), doublet (d), 

triplet (t), quartet (q), heptet (h) and multiplet (m). For air- and/or moisture sensitive 

materials, samples were prepared in J. Young NMR tubes in a glove box. Elemental analyses 

were obtained from the IST elemental analysis services. 

The ligand precursors, HNC4H3C(H)=N-CH3 (3), HNC4H3C(H)=N-CH(CH3)2 (4), 

HNC4H3C(H)=N-C(CH3)3 (5), HNC4H3C(H)=N-C6H11 (7) and HNC4H3C(H)=N-C10H15 (8), 

were synthesized according to adapted literature procedures (see Scheme 1 and general 

procedure below) [11]. 

 

4.2. Syntheses 

 

4.2.1. General procedure for the syntheses of N,N’ chelate ligand precursors 6, 9 and 10 

 

In a round-bottom flask, fitted with a condenser and a CaCl2 guard tube, an equimolar ratio of 

2-formylpyrrole (1) or 2-formylphenanthro[9,10-c]pyrrole (2) and of the corresponding 

aliphatic amine, with a catalytic amount of p-toluenesulfonic acid, were suspended in absolute 

ethanol or toluene (20 mL). The mixture was stirred between 23‒50 °C for about 2-48 hours 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

30 
 

turning to a yellow-orange solution. All the volatiles were removed and the residue 

recrystallized to obtain the corresponding ligand precursors in moderate yields. 

 

4.2.1.1. Synthesis of HNC4H3C(H)=N-CH2(CH2)6CH3 (6) 

 

In the same manner as described above, ligand precursor 6 was obtained from the reaction 

between 2-formypyrrole (1) (0.380 g, 4 mmol) and octylamine (0.516 g, 4 mmol) with stirring 

at 50 °C, for 24 hrs. All the volatiles were removed and the light brown solid was 

recrystallized with n-hexane or ethanol. Yield: 0.444 g (52%). 1H NMR (300 MHz, CDCl3): δ 

8.04 (s, 1H, CH=N), 6.89 (s, 1H, Pyrr), 6.49 (dd, JHH = 3.4, 1.1 Hz, 1H, Pyrr), 6.25-6.23 (m, 

1H, Pyrr), 3.51 (t, JHH = 6.9 Hz, 2H, N-CH2), 1.67-1.58 (m, 2H, CH2), 1.34-1.26 (m, 10H, 

CH2), 0.88 (t, JHH = 6.5 Hz, 3H, CH3). 
13C{1H} NMR (75 MHz, CDCl3): δ 151.5, 130.0, 

122.5, 114.8, 110.0, 60.6, 32.0, 31.3, 29.5, 29.4, 27.4, 22.8, 14.2. Anal. Calcd (%) for 

C13H22N2·0.5 C2H5OH: C, 73.31; H, 10.99; N, 12.21. Found: C, 73.64; H, 11.31; N, 12.57. 

 

4.2.1.2. Synthesis of HNC16H9C(H)=N-CH3 (9) 

 

In the same manner as described above, ligand precursor 9 was obtained by utilizing 2 (0.490 

g, 2 mmol) and methylamine (33% in ethanol) (0.181 g, 2 mmol) suspended in 20 mL of 

toluene in a closed J. Young ampoule, and stirred at 60 °C, for 24 hrs. The mixture was 

cooled, filtered and all the volatiles were evaporated. The light brown solid was used as such 

after vacuum dried or recrystallized with ethanol. Yield: 0.131 g (61%). 1H NMR (300 MHz, 

CDCl3): δ 8.98 (s, 1H, CH=N), 8.57-8.46 (m, 2H, Phen), 8.28-8.25 (m, 1H, Phen), 8.06-8.03 

(m, 1H, Phen), 7.74 (s, 1H, Phen), 7.57-7.44 (m, 4H, Phen), 3.61 (s, 3H, CH3). 
13C{1H} NMR 

(75 MHz, CDCl3): δ 153.1, 130.5, 128.7, 128.4, 127.4, 127.2, 125.9, 125.5, 125.4, 124.3, 
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124.1, 123.6, 123.1, 122.2, 120.5, 115.8, 47.3. Anal. Calcd (%) for C18H14N2·0.25 C2H5OH: 

C, 82.35; H, 5.79; N, 10.38. Found: C, 82.80; H, 5.52; N, 10.71. 

 

4.2.1.3. Synthesis of HNC16H9C(H)=N-C10H15 (10) 

 

The reaction was performed according to the procedure described for 6, utilizing 2 (0.245 g, 1 

mmol) and adamantylamine (0.151 g, 1 mmol), affording ligand precursor 10. The brown 

solid was used as such after vacuum dried or recrystallized with ethanol. Yield: 0.215 g 

(57%). 1H NMR (300 MHz, CDCl3): δ 8.77 (s, 1H, CH=N), 8.59 (br, 1H, Phen), 8.52 (d, JHH 

= 4.3 Hz, 1H, Phen), 8.20 (br, 1H, Phen), 8.12 (d, JHH = 3.7 Hz, 1H, Phen), 7.97 (d, JHH = 1.7 

Hz, 1H, Phen), 7.56 ‒ 7.49 (m, 4H, Phen), 2.24 (s, 3H, adamantyl-CH), 1.96 (s, 6H, 

adamantyl-CH2), 1.81 ‒ 1.73 (m, 6H, adamantyl-CH2). 
13C{1H} NMR (75 MHz, CDCl3): δ 

144.6, 130.6, 128.6, 128.5, 128.4, 127.3, 127.2, 127.1, 126.0, 125.9, 125.3, 125.0, 124.4, 

124.3, 123.6, 123.5, 123.14, 56.5, 43.6, 36.4, 29.7. Anal. Calcd (%) for C27H26N2·0.5 

C2H5OH: C, 84.69; H, 7.11; N, 7.18. Found: C, 84.92; H, 7.14; N, 6.54. 

 

4.2.2. General procedure for syntheses of new organoboron complexes 11‒18 

 

In a typical experiment, equimolar proportions of triphenylboron and the desired 2-

iminopyrrolyl ligand precursor, dissolved in 25 mL of toluene, were heated to reflux 

overnight (16‒20 h), under nitrogen atmosphere (Scheme 1). The reaction mixture was cooled 

to room temperature and all the volatiles were evaporated. The residue was extracted with the 

appropriate solvent, such as n-hexane or Et2O, in about 5‒10 mL and, if needed in the latter 

case, double layered with n-hexane. The resulting solution was kept at -20 °C to afford the 

corresponding boron complexes 11‒18. 
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4.2.2.1. Synthesis of [B(C6H5)2(κ
2N,N’-NC4H3C(H)=N-CH3)] (11) 

 

According to the general procedure described above, a mixture of 3 (0.216 g, 2 mmol) and 

B(C6H5)3 (0.484 g, 2 mmol) was used, resulting in complex 11 as a pale brown solid. The 

pure microcrystalline complex was obtained by extraction with Et2O, followed by double 

layering with n-hexane and storage of the resulting solution at -20 °C. Yield: 0.359 g (66%). 

1H NMR (300 MHz, CD2Cl2): δ 8.04 (s, 1H, CH=N), 7.30 ‒ 7.19 (m, 10H, B-Ph), 7.11 (s, 1H, 

Pyrr), 6.83 (d, JHH = 3.7 Hz, 1H, Pyrr), 6.46 (dd, JHH = 3.4 Hz, JHH = 1.8 Hz, 1H, Pyrr), 3.35 

(s, 3H, CH3). 
13C{1H} NMR (75 MHz, CD2Cl2): δ 155.0, 146.1 (br), 133.9, 133.2, 130.0, 

128.0, 127.0, 115.6, 112.3, 37.7. 11B NMR (96.29 MHz, CD2Cl2): δ 3.63. Anal. Calcd (%) for 

C18H17BN2: C, 79.44; H, 6.30; N, 10.29. Found: C, 79.36; H, 6.27; N, 10.26. 

 

4.2.2.2. Synthesis of [B(C6H5)2(κ
2N,N’-NC4H3C(H)=N-CH(CH3)2)] (12) 

 

According to the general procedure described above, a mixture of 4 (0.328 g, 2.4 mmol) and 

B(C6H5)3 (0.580 g, 2.4 mmol) afforded complex 12 as a brown sticky solid. The pure 

microcrystalline complex was obtained by extraction with n-hexane and storage of the 

resulting solution at -20 °C. Yield: 0.367 g (51%). 1H NMR (300 MHz, CD2Cl2): δ 8.24 (s, 

1H, CH=N), 7.31 ‒ 7.20 (m, 10H, B-Ph), 7.10 – 7.09 (m, 1H, Pyrr), 6.84 (dd, JHH = 3.7 Hz, 

JHH = 0.8 Hz, 1H, Pyrr), 6.48 (dd, JHH = 3.7 Hz, JHH = 2.0 Hz, 1H, Pyrr), 4.12 – 3.99 (m, 1H, 

CH-(CH3)2), 1.14 (d, JHH = 6.7 Hz, 6H, CH3). 
13C{1H} NMR (75 MHz, CD2Cl2): δ 151.5, 

147.3 (br), 134.5, 133.4, 129.4, 127.9, 127.0, 115.6, 112.1, 49.8, 24.1. 11B NMR (96.29 MHz, 

CD2Cl2): δ 3.92. Anal. Calcd (%) for C20H21BN2: C, 80.02; H, 7.05; N, 9.33. Found: C, 79.90; 

H, 7.20; N, 9.39. 
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4.2.2.3. Synthesis of [B(C6H5)2(κ
2N,N’-NC4H3C(H)=N-C(CH3)3)] (13) 

 

In the same manner as described above, a mixture of 5 (0.300 g, 2 mmol) and B(C6H5)3 

(0.484 g, 2 mmol) afforded complex 13 as a brown sticky solid. The pure microcrystalline 

complex was obtained by extraction with n-hexane storage of the resulting solution at -20 °C. 

Yield, 0.346 g (55%). 1H NMR (300 MHz, CD2Cl2): δ 8.44 (s, 1H, CH=N), 7.41 ‒ 7.38 (m, 

4H, B-Ph), 7.31 ‒ 7.22 (m, 6H, B-Ph), 6.87 (s, 1H, Pyrr), 6.82 (d, JHH = 3.6 Hz, 1H, Pyrr), 

6.41 (br, 1H, Pyrr), 1.30 (s, 9H, CH3). 
13C{1H} NMR (75 MHz, CD2Cl2): δ 154.0, 147.6 (br), 

134.1, 133.4, 128.6, 127.8, 126.8, 115.9, 112.1, 59.4, 31.3. 11B NMR (96.29 MHz, CD2Cl2): δ 

4.47. Anal. Calcd (%) for C21H23BN2: C, 80.27; H, 7.38; N, 8.91. Found: C, 80.04; H, 7.51; 

N, 8.89. 

 

4.2.2.4. Synthesis of [B(C6H5)2(κ
2N,N’-NC4H3C(H)=N-CH2(CH2)6CH3)] (14) 

 

In the same manner as described above, a mixture of 6 (0.206 g, 1 mmol) and B(C6H5)3 

(0.242 g, 1 mmol) afforded complex 14 as brown solid. The pure complex was obtained by 

extraction with Et2O followed by double layering with n-hexane and storage of the resulting 

solution at -20 °C. Prism brown crystals suitable for single crystal X-ray diffraction studies 

were obtained from the mixture. Yield: 0.215 g (58%). 1H NMR (300 MHz, CD2Cl2): δ 8.12 

(s, 1H, CH=N), 7.29 ‒ 7.18 (m, 10H, B-Ph), 7.08 (brs, 1H, Pyrr), 6.82 (dd, JHH = 3.7, 0.6 Hz, 

1H, Pyrr), 6.46 (dd, JHH = 3.7 Hz, JHH = 2.0 Hz, 1H, Pyrr), 3.59 (t, JHH = 7.5 Hz, 2H, N-CH2), 

1.48 ‒ 1.39 (m, 2H, CH2), 1.30 ‒ 1.15 (m, 10H, CH2), 0.87 (t, JHH = 6.9 Hz, 3H, CH3). 

13C{1H} NMR (75 MHz, CD2Cl2): δ 153.3, 146.4 (br), 134.2, 133.3, 129.5, 128.0, 127.0, 

115.6, 112.1, 49.8, 32.1, 29.9, 29.4, 27.0, 23.0, 14.2. 11B NMR (96.29 MHz, CD2Cl2): δ 3.68. 
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Anal. Calcd (%) for C25H31BN2: C, 81.08; H, 8.44; N, 7.56. Found: C, 81.19; H, 8.68; N, 

7.52. 

 

4.2.2.5. Synthesis of [B(C6H5)2(κ
2N,N’-NC4H3C(H)=N-C6H11)] (15) 

 

In the same manner as described above, a mixture of 7 (0.352 g, 2 mmol) and B(C6H5)3 

(0.484 g, 2 mmol) afforded complex 15 as a pale yellow solid. The pure complex was 

obtained by extraction with Et2O followed by double layering with n-hexane and storage of 

the resulting solution at -20 °C. Yellow crystals suitable for single crystal X-ray diffraction 

studies were obtained from the mixture. Yield: 0.567 g (83%). 1H NMR (400 MHz, CD2Cl2): 

δ 8.20 (s, 1H, CH=N), 7.28 ‒ 7.21 (m, 10H, B-Ph), 7.07 (s, 1H, Pyrr), 6.82 (d, JHH = 3.7 Hz, 

1H, Pyrr), 6.47 ‒ 6.46 (m, 1H, Pyrr), 3.61 (t, JHH = 11.7 Hz, 1H, N-CH), 1.73 ‒ 1.62 (m, 5H, 

CH2), 1.37 ‒ 1.12 (m, 5H, CH2). 
13C{1H} NMR (100 MHz, CD2Cl2): δ 151.7, 147.0 (br), 

134.5, 133.3, 129.3, 127.9, 127.0, 115.6, 112.0, 57.9, 35.1, 26.1, 25.8. 11B NMR (128 MHz, 

CD2Cl2): δ 3.85. Anal. Calcd (%) for C23H25BN2: C, 81.18; H, 7.41; N, 8.23. Found: C, 81.08; 

H, 7.53; N, 8.31. 

 

4.2.2.6. Synthesis of [B(C6H5)2(κ
2N,N’-NC4H3C(H)=N-C10H15)] (16) 

 

In the same manner as described above, a mixture of 8 (0.228 g, 1 mmol) and B(C6H5)3 

(0.242 g, 1 mmol) afforded complex 16 as a white solid. The pure microcrystalline complex 

was obtained by extraction with n-hexane and storage of the resulting solution at -20 °C. 

Yield: 0.239 g (61%). 1H NMR (300 MHz, CD2Cl2): δ 8.47 (s, 1H, CH=N), 7.39 ‒ 7.19 (m, 

10H, B-Ph), 6.80 ‒ 6.77 (m, 2H, Pyrr), 6.37 (d, JHH = 1.6 Hz, 1H, Pyrr), 1.98 (s, 3H, 

adamantyl-CH), 1.88 (s, 6H, adamantyl-CH2), 1.59 (d, JHH = 12.3 Hz, 3H, adamantyl-CH2), 
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1.49 (d, JHH = 12.3 Hz, 3H, adamantyl-CH2). 
13C{1H} NMR (75 MHz, CD2Cl2): δ 152.3, 

147.2 (br), 133.7, 132.8, 127.9, 127.2, 126.3, 115.3, 111.4, 60.1, 43.1, 35.6, 29.7. 11B NMR 

(96.29 MHz, CD2Cl2): δ 4.42. Anal. Calcd (%) for C27H29BN2: C, 82.65; H, 7.45; N, 7.14. 

Found: C, 81.97; H, 7.52; N, 7.18. 

 

4.2.2.7. Synthesis of [B(C6H5)2(κ
2N,N’-NC16H9C(H)=N-CH3)] (17) 

 

In the same manner as described above, a mixture of 9 (0.258 g, 1 mmol) and B(C6H5)3 

(0.242 g, 1 mmol) afforded complex 17 as a pale green solid. The pure complex was obtained 

by extraction with toluene, followed by double layering with n-hexane and storage of the 

resulting solution at -20 °C. Yield: 0.295 g (70%). 1H NMR (300 MHz, CD2Cl2): δ 8.65 ‒ 

8.62 (m, 2H, CH=N + Phen), 8.60 ‒ 8.56 (m, 1H, Phen), 8.26 ‒ 8.23 (m, 1H, Phen), 8.13 ‒ 

8.10 (m, 1H, Phen), 8.04 (s, 1H, Phen), 7.64 ‒ 7.60 (m, 2H, Phen), 7.55 – 7.51 (m, 2H, Phen), 

7.31 ‒ 7.24 (m, 10H, B-Ph), 3.48 (s, 3H, CH3). 
13C{1H} NMR (75 MHz, CD2Cl2): δ 153.7, 

133.3, 130.3, 128.6, 128.5, 128.2, 128.1, 127.7, 127.5, 127.2, 126.8, 126.7, 125.7, 125.0, 

124.4, 123.9, 123.6, 122.1, 37.8. 11B NMR (96.29 MHz, CD2Cl2): δ 3.61. Anal. Calcd (%) for 

C30H23BN2: C, 85.32; H, 5.49; N, 6.63. Found: C, 84.43; H, 5.46; N, 6.60.  

 

4.2.2.8. Synthesis of [B(C6H5)2(κ
2N,N’-NC16H9C(H)=N-C10H15)] (18) 

 

In the same manner as described above, a mixture of 10 (0.215 g, 0.6 mmol) and B(C6H5)3 

(0.138 g, 0.6 mmol) afforded complex 18 as a pale green solid. The pure complex was 

obtained by extraction with toluene, followed by double layering with n-hexane or diethyl 

ether and storage of the resulting solution at -20 °C. Yield: 0.225 g (73%). 1H NMR (400 

MHz, CD2Cl2): δ 9.05 (s, 1H, CH=N), 8.64 ‒ 8.62 (m, 1H, Phen), 8.58 ‒ 8.54 (m, 1H, Phen), 
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8.35 (dd, JHH = 7.8 Hz, JHH = 1.2 Hz, 1H, Phen), 8.01 – 7.97 (m, 1H, Phen), 7.75 (s, 1H, 

Phen), 7.67 (td, JHH = 7.5 Hz, JHH = 1.3 Hz, 1H, Phen), 7.61 (td, JHH = 7.6 Hz, JHH = 1.5 Hz, 

1H, Phen), 7.51 ‒ 7.47 (m, 6H, B-Ph), 7.30 ‒ 7.21 (m, 6H, B-Ph + Phen), 2.04 – 2.02 (m, 9H, 

adamantyl-CH2 + adamantyl-CH), 1.63 (d, JHH = 12 Hz, 3H, adamantyl-CH2), 1.56 (d, JHH = 

12 Hz, 3H, adamantyl-CH2). 
13C{1H} NMR (100 MHz, CD2Cl2): δ 151.5, 147.4, 134.3, 130.3, 

128.7, 128.5, 127.9, 127.6, 127.4, 127.1, 127.0, 126.6, 125.6, 125.1, 124.4, 123.8, 123.6, 

123.3, 121.8, 66.1, 43.8, 36.1, 30.3. 11B NMR (128 MHz, CD2Cl2): δ 3.94. Anal. Calcd (%) 

for C39H35BN2·0.5 C4H10O: C, 84.96; H, 6.96; N, 4.83. Found: C, 85.23; H, 6.67; N, 5.02. 

 

4.3. X-Ray data collection 

 

Crystallographic and experimental details of crystal structure determinations are listed in 

Table S1 in Supporting Information. Crystals were selected under an inert atmosphere, 

covered with polyfluoroether oil, and mounted on a nylon loop. Crystallographic data for 

complexes 14, 15 and 18 were collected using graphite monochromated Mo-Kα radiation (λ 

=0.71073 Å) on a Bruker AXS-KAPPA APEX II diffractometer equipped with an Oxford 

Cryosystem open-flow nitrogen cryostat, at 150 K. Cell parameters were retrieved using 

Bruker SMART software and refined using Bruker SAINT on all observed reflections. 

Absorption corrections were applied using SADABS. Structure solution and refinement were 

performed using direct methods with the programs SIR2004 [17] and SIR2014 [18] and 

SHELXL [19], included in the package of programs WINGX-Version 2014.1 [20]. All non-

hydrogen atoms were refined anisotropically. All hydrogen atoms were inserted in idealized 

positions and allowed to refine riding on the parent carbon atom, with C–H distances of 0.95, 

0.98, 0.99 and 1.00 Å for aromatic, methyl, methylene and methine H atoms, respectively, 

and with Uiso(H) = 1.2Ueq(C). Graphic presentations were prepared with Mercury [21]. The 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

37 
 

supramolecular arrangements were performed based on the available information on short 

contacts determined by PLATON [22]. Data was deposited in CCDC under the deposit 

numbers 1496968 for 14, 1496967 for 15, and 1496966 for 18. 

 

4.4. Cyclic Voltammetry measurements 

 

Cyclic voltammetry (CV) measurements were performed on a Solartron potentiostat with a 

three-electrode cell with a 0.1 M tetrabutylammonium tetrafluorborate (TBABF4)/CH2Cl2 

supporting electrolyte, at a scan rate of 50 mV/s, at room temperature, and under inert (N2) 

atmosphere. A saturated calomel electrode (SCE), a platinum wire, and a platinum disk were 

used as reference electrode, counter electrode, and working electrode, respectively. 

 

4.5. Spectroscopic measurements 

 

Absorption and fluorescence spectra of 11‒18 solutions in freshly distilled THF were run with 

an Agilent Cary 8454 UV-Visible spectrophotometer and a SPEX Fluorolog 212I, 

respectively. The fluorescence spectra were collected with right angle geometry, in the S/R 

mode, and corrected for instrumental wavelength dependence. Fluorescence quantum yields 

were determined by comparison with the quantum yields of α-terthiophene (for compounds 

11 to 16) and α-pentathiophene (for compounds 17 and 18) in dioxane at 25 ºC. 

 Fluorescence decays were measured using the time-correlated single photon counting 

technique with a previously described home-made apparatus [23]. Briefly, the excitation 

pulses were provided by a Millennia Xs/Tsunami lasers system from Spectra Physics, 

operating at 82 MHz, and frequency-doubled. The sample emission was collected at the 

magic angle (Glan Thompson polarizer), passed through a monochromator (Jobin-Yvon H20 
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Vis), and detected with a microchannel plate photomultiplier (Hamamatsu R3809u-50). The 

FWHM of the instrumental response (obtained with a scattering Ludox solution) is ca. 18 ps 

with 814 fs/channel resolution. Pulse profile and sample emissions were collected until 

approximately 5×103 total counts had been accumulated at the maximum. Fluorescence 

decays were deconvoluted from the excitation pulse using the modulation functions method 

(Sand program) [24]. 

 

4.6. Computational Studies 

 

Density Functional Theory [13] calculations were performed using the Amsterdam Density 

Functional program package (ADF) [14]. Gradient corrected geometry optimizations, without 

symmetry constraints, were performed using the Local Density Approximation of the 

correlation energy (Vosko-Wilk-Nusair) [25], and the Generalized Gradient Approximation 

(Becke’s [26] exchange and Perdew’s [27] correlation functionals). Relativistic effects were 

treated with the ZORA approximation [28]. Unrestricted calculations were performed for 

excited singlet states. The core orbitals were frozen for B, C, and N (1s). Triple ζ Slater-type 

orbitals (STO) were used to describe the valence shells B, C, and N (2s and 2p). A set of two 

polarization functions was added to B, C, and N (single ζ, 3d, 4f). Triple ζ Slater-type orbitals 

(STO) were used to describe the valence shells of H (1s) augmented with two polarization 

functions (single ζ 2s, 2p). Time Dependent DFT [15] calculations in the ADF 

implementation were performed to determine the excitation energies. The solvent effect was 

included with the COSMO approach in ADF in single point calculations on the optimized 

geometries. The geometry of the excited state was calculated by promoting one electron from 

the HOMO to the LUMO with S=0. The perturbative method in the time-dependent density-

functional theory (TDDFT) formalism with the influence of spin-orbit coupling effect 
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(SOPERT) [16] was used in order to calculate the excited states lifetimes. In these 

calculations, complete basis sets were used for all elements (same as above, without any 

frozen core) with the hybrid PBE0 functional [29]. We checked that the absorption spectra 

calculated with this approach were the same that were obtained in the same conditions 

without including spin-orbit coupling since all the atoms are light.  

The structures were modeled after those of compounds 14, 15 and 18 described above. 

Three-dimensional representations of the orbitals were obtained with Molekel [30] and 

electronic spectra with Chemcraft [31]. 

 

4.7. Light-emitting Diodes Studies 

 

Light-emitting diodes were prepared on glass/ITO substrates (ITO=indium-tin oxide), which 

were cleaned with detergent, distilled water, acetone and isopropanol. They were treated with 

oxygen plasma, prior to the deposition of PEDOT:PSS (poly(3,4-ethylenedioxythiophene) 

doped with polystyrene sulfonic acid, CLEVIOS P VP.AI 4083 from Heraeus Clevios GmbH) 

by spin coating. The PEDOT:PSS films (40 nm thick, as measured with a DEKTAK 

profilometer) were annealed in air for 2 minutes at 120 oC, and then transferred into a 

nitrogen filled glove box. 

Films of the complexes 11–18 were deposited on top of PEDOT:PSS by spin coating, 

from their THF solutions, inside the glove box. The complexes films thicknesses were in the 

range 60-80 nm. The substrates were then placed inside an evaporation chamber, and the top 

electrode consisting on 1.5 nm LiF and ca. 80 nm of aluminum, was deposited at a base 

pressure of 2×10-6 mbar through a shadow mask, defining pixel areas of 4 mm2. 

Devices were tested under vacuum, using a K2400 Source Meter and a calibrated silicon 

photodiode, as described previously [32]. The electroluminescence (EL) spectra were 
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obtained with a CCD spectrograph (from Ocean Optics or from ScanSci). External quantum 

efficiency values were estimated as detailed in Ref. [32]. 
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• 2-(N-alkylimino)pyrrole ligand precursors and its boron complexes were synthesized 

• Fluorescence properties of these blue/violet emitting compounds were studied 

• Non-radiative decays are much weaker than those of the N-2,6-R2-arylimino analogues 

• DFT and TDDFT calculations support the experimental results  

• Simple OLED devices reveal maximum luminances of ca. 90 cd m-2 


