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ABSTRACT 

The synthesis and characterization of a new family of phosphine-oxide-supported aluminum 

formazanate complexes (7a, 7b, 8a, 9a) are reported. X-ray diffraction studies revealed that the 

aluminum atoms in the complexes adopt an octahedral geometry in the solid state. The equatorial 

positions are occupied by an N2O2
3‒

 formazanate ligand, and the axial positions are occupied by 

L-type phosphine oxide donors. UV-vis absorption spectroscopy revealed that the complexes 

were strongly absorbing (ε ~ 30,000 M
‒1

 cm
‒1

) between 500 and 700 nm. The absorption 

maxima in this region were simulated using time-dependent density-functional theory. With the 

exception of 3-cyano substituted complex 7b, which showed maximum luminescence intensity in 

the presence of excess phosphine oxide, the title complexes are non-emissive in solution and the 

solid state. The electrochemical properties of the complexes were probed using cyclic 

voltammetry. Each complex underwent sequential one-electron oxidations in potential ranges of 

‒0.12 to 0.29 V and 0.62 to 0.97 V, relative to the ferrocene/ferrocenium redox couple. 

Electrochemical reduction events were observed at potentials between ‒1.34 and ‒1.75 V. When 

combined with tri-n-propylamine as a coreactant, complex 7b acted as an 

electrochemiluminescence emitter with a maximum electrochemiluminescence intensity at a 

wavelength of 735 nm, red-shifted relative to the photoluminescence maximum of the same 

compound. 

INTRODUCTION 

Aluminum coordination chemistry is an attractive route to functional molecular materials for 

researchers working in numerous fields, including catalysis
1-5

 and organic photovoltaics,
6-9

 due 

to the low cost of aluminum (~$2.00 kg
‒1

) and its high natural abundance (~8% of Earth’s 

crust).
10

 Generally, multidentate chelating ligands such as functionalized α-diiminates,
11-12

 8-

hydroxylquinolinates,
7-9

 salen,
13-14

 bis(iminopyridines),
15-16

 and dipyrrinates
17-18

 are used as 
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scaffolds to generate aluminum(III) coordination complexes, with many examples possessing 

unique electrochemical and spectroscopic properties. For instance, Berben and co-workers 

synthesized bis(iminopyridine) complex 1, which generates H2 from H
+
 upon application of a 

reducing potential.
19

 The Coates group produced fluorinated complex 2, which proved to be an 

effective catalyst for the polymerization of tricyclic anhydrides with minimal side reactivity.
20

 

The Nabeshima group synthesized dipyrrinate complex 3, which exhibited colourimetric and 

fluorometric responses to alkaline earth metals.
21

 Ma and colleagues designed β-diketiminate 

complex 4 and demonstrated its use as an effective catalyst for the ring-opening polymerization 

of cyclic esters.
22

 The aforementioned complexes utilize a π-conjugated, multidentate ligand with 

at least two nitrogen atoms chelated to aluminum. Another class of N-donor ligands that are 

structurally related to β-diketiminates
23

 (5) are formazanates (6).
24

  

 

 

Transition metal complexes of formazanates have attracted considerable interest due to 

the redox-active nature of the formazanate scaffold,
25-27

 their spectroscopic activity within the 

visible region of the electromagnetic spectrum,
28

 and unique magnetic properties.
29-30

 Boron 

difluoride (BF2) complexes of formazanate ligands have been extensively studied by the  

Gilroy
31

 and Otten
32

 groups. These compounds have been used as fluorescent cell-imaging 

agents,
33

 acted as precursors to unusual boron-based heterocycles,
34-35

 and employed as 
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electrochemiluminescence (ECL) emitters.
36

 By contrast, the coordination chemistry of 

formazanate ligands and heavier group-13 elements (i.e., Al, Ga, In) has been investigated to a 

lesser extent.
37

 In an effort to further develop group-13 formazanate chemistry, we report the 

synthesis and physical characterization of a series of hexacoordinate aluminum complexes 

bearing two L-type phosphine oxide donors and a tetradentate N2O2
3‒ 

formazanate ligands. In 

doing so, we demonstrate the potential of this class of functional materials for use in 

optoelectronic applications. 

 

EXPERIMENTAL SECTION 

General Considerations 

Reactions and manipulations were carried out under an N2 atmosphere using standard 

glove box or Schlenk techniques unless otherwise stated. Reagents were purchased from Sigma-

Aldrich or Alfa Aesar, stored at room temperature, and used as received unless otherwise 

specified. Tri-n-propylamine (TPrA) was stored at 4 C. Solvents were purchased from Caledon 

Laboratories, dried using an Innovative Technologies Inc. solvent purification system, collected 

under vacuum, and stored under an N2 atmosphere over 4 Å molecular sieves. 

Tri(ethylferrocene)phosphine
38

 and formazan 6b
39

 were synthesized according to literature 

procedures. NMR spectra were recorded on 400 MHz (
1
H: 399.8 MHz; 

13
C{

1
H}: 100.5 MHz) or 

600 MHz (
1
H: 599.3 MHz; 

13
C{

1
H}: 150.7 MHz, 

31
P: 242.6 MHz) Varian INOVA spectrometers 

at 25 °C or at variable temperatures. 
1
H NMR spectra were referenced to residual CHCl3 ( = 

7.27) or C6D5H ( = 7.16), and 
13

C{
1
H} NMR spectra were referenced to CDCl3 ( = 77.0) or 

C6D6 ( = 128.1). 
31

P NMR spectra were referenced with respect to H3PO4 ( = 0). Mass-

spectrometry data were recorded in positive-ion mode using a high-resolution Finnigan MAT 

8200 spectrometer using electron impact ionization or a Micromass LCT electrospray time-of-
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flight mass-spectrometer. UV-vis absorption spectra were recorded using a Cary 5000 UV-Vis-

nIR spectrophotometer for solutions of the analyte in the absence/presence of excess phosphine 

oxide. Molar extinction coefficients were determined from the slope of a plot of absorbance 

against concentration using four solutions with known concentrations ranging between 5 and 50 

μM. Photoluminescence (PL) spectra of 0.08 mM CH2Cl2 solutions were recorded on a Photon 

Technology International (QM-7/2005) spectrometer at an excitation wavelength of 467 nm. 

Fluorescence quantum yields (ΦF, %) were determined using equation 1: 

ΦF = 
Ix

Ist

Ast

Ax

(


x


st

)

2

× 100%                     (1) 

where I is the integrated fluorescence intensity, A is the optical density and η is the refractive 

index of the solvent. The subscript “st” refers to standard and “x” refers to the analyte. Infrared 

spectra were recorded on a PerkinElmer Spectrum Two instrument using an attenuated total 

reflectance accessory. The relative standard employed was [Ru(bpy)3][PF6]2 in CH3CN (ΦF = 

9.5%).
40

 Elemental analyses (C, H, N) were carried out by Laboratoire d’Analyse Élémentaire de 

l’Université de Montréal, Montréal, QC, Canada and Canadian Microanalytical Services Ltd., 

Delta, BC, Canada.  

Purity of new compounds 

The purity of new compounds described in this study was demonstrated by providing clean 
1
H, 

13
C{

1
H}, and 

31
P NMR spectra, high-resolution mass-spectrometry, and elemental analysis data. 

For complexes 7a, 7b, and 8a, elemental analysis for carbon was consistently low, while H and 

N analysis matched well across several independent batches. However, these data are provided to 

illustrate the best values obtained to date. 
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Cyclic Voltammetry 

Cyclic voltammetry experiments were performed in an Ar-filled glovebox using a Bioanalytical 

Systems Inc. (BASi) Epsilon potentiostat and analyzed using BASi Epsilon software. Typical 

electrochemical cells consisted of a three-electrode setup including a silver pseudo-reference 

electrode, glassy carbon working electrode, and platinum counter-electrode. Experiments were 

run at a scan rate of 0.25 V s
−1

 in dry and degassed CH2Cl2 solutions of the analyte (1 mM),  

phosphine oxide (~50 mM), and supporting electrolyte (0.1 M [nBu4N][PF6]). Cyclic 

voltammograms were referenced relative to the ferrocene/ferrocenium or 

decamethylferrocene/decamethylferrocenium redox couples (1 mM internal standard) and 

corrected for internal cell resistance using the BASi Epsilon software. The 

decamethylferrocene/decamethylferrocenium oxidation wave was found at ‒0.55 V relative to 

ferrocene/ferrocenium under identical conditions. 

Electrochemiluminescence Measurements 

Electrochemiluminescence (ECL) experiments were carried out in a conventional three-electrode 

cell at room temperature in a 25 cm length glass cylinder cell with an inner diameter of 2.5 cm 

and equipped with a flat Pyrex window at the bottom for light detection. A 2 mm diameter 

platinum disk inlaid in a glass sheath and two coiled platinum wires were used as working, 

counter-, and pseudo-reference electrodes. Before each experiment, the working electrode was 

polished carefully with 0.1 and 0.05 μm alumina slurry on a cloth pad to obtain a mirror finish 

and washed repeatedly with deionized water. The working electrode was then electrochemically 

polished in 0.1 M H2SO4 between ‒1.0 and 1.0 V at a scan rate of 0.5 V s
‒1

 to obtain a clean and 

reproducible Pt surface. The working electrode was finally washed repeatedly with deionized 

H2O and dried with a stream of Ar. The counter- and reference-electrodes were sonicated in  
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deionized H2O for 5 min before they were thoroughly rinsed with deionized H2O, dried at 120 C 

for 12 h, and cooled to room temperature before use. For coreactant ECL experiments, 5 mM 

TPrA was added to a 0.6 mM solution of 7b in dry CH2Cl2 containing 30 mM OPPh3 and 0.1 M 

[nBu4N][PF6] as the supporting electrolyte and degassed with Ar to remove dissolved oxygen. 

The electrochemical potential window was calibrated after the experiment using the 

ferrocene/ferrocenium redox couple as an internal standard. 

ECL experiments were conducted using a CH Instruments (CHI 610A) electrochemical 

analyzer. The ECL intensity was detected as a photocurrent by a Hamamatsu photomultiplier 

tube (R928) and transformed to a voltage signal using a Keithley 6487 picoammeter/voltage 

source. The sensitivity setting on the picoammeter was set manually to avoid photosaturation. 

The potentials, current signals from the electrochemical analyzer, and the ECL photocurrent 

signal from the picoammeter were sent simultaneously through a National Instruments DAQ data 

acquisition board (DAQ 6052E) to a computer. The data acquisition system was controlled from 

a custom-made National Instruments LabVIEW program (ECL-PMT610a.vi). Accumulated and 

spooling ECL spectra were obtained by placing the ECL cell onto a Princeton Instruments Acton 

2300i spectrometer with a grating of 50 l mm
‒1

 blazed at 600 nm and an Andor Technology CCD 

camera (Andor iDUS, model DU401-BR-DD-352) cooled at ‒65 C. The system was calibrated 

before each experiment using an Ocean Optics Mercury-Argon lamp. The exposure time and 

kinetic series lengths were optimized to produce the clearest ECL spectra. The CHI 610A 

electrochemical analyzer and the Andor technology programs were run simultaneously. 

Accumulated ECL spectra were recorded during four successive scan segments in each 

experiment. For the spooling ECL spectroscopy studies, the following parameters for a cyclic 

potential scan at 0.025 V s
‒1

 in the range between ‒0.24 and 1.26 V, for instance, were used for 

the Andor Technology program under the kinetic parameters option tab: exposure time = 2 s, 
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number of accumulations = 1, kinetic series length = 60, kinetic cycle time = 1, and the 

spectrometer was centered at 546 nm using the 50 l mm
‒1

 grating. During ECL experiments, the 

lights in the experimentation room were switched off and blackout curtains were employed to 

reduce background interference.  

ECL efficiency, ΦECL (%), was determined by comparing the ratio of the integrated ECL 

intensity to the charge of the analyte in reference to that of [Ru(bpy)3][PF6]2/TPrA,
41-44

 using 

equation (2): 

ΦECL = 

(
∫ ECL dt

∫ Current dt
)

x

(
∫ ECL dt

∫ Current dt
)

st

  × 100%                 (2) 

where “ECL” and “Current” represent ECL intensity and electrochemical current values 

respectively, “st” refers to the [Ru(bpy)3][PF6]2/TPrA standard and “x” refers to the analyte.   

X-ray Crystallography Methods 

Single crystals for X-ray diffraction studies were grown by vapor diffusion of pentane into a 

saturated solution of the compound in CH2Cl2 (7a, 7b, 8a, and 9a). Samples were mounted on a 

MiTeGen polyimide micromount with a small amount of Paratone N oil. X-ray diffraction 

measurements were made on a Bruker Kappa Axis Apex2 (7a and 8a) or Nonius KappaCCD 

Apex2 (7b and 9a) diffractometer at a temperature of 110 K. The data collection strategy 

involved a number of ω and φ scans which allowed for data acquisition over a range of angles, 

2θ. The frame integration was performed using SAINT.
45

 The resulting raw data was scaled and 

absorption corrected using a multi-scan averaging of symmetry equivalent data using 

SADABS.
46

 The structure was solved by using a dual space methodology using the SHELXT 

program.
47

 All non-hydrogen atoms were obtained from the initial solution. The hydrogen atoms 

were introduced at idealized positions and were allowed to ride on the parent atom. The 
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structural model was fit to the data using full matrix least-squares based on F
2
. The calculated 

structure factors included corrections for anomalous dispersion from the usual tabulation. The 

electron density difference map of 9a showed regions that could not be modeled accurately. 

Thus, the  PLATON SQUEEZE program
48

 was used, and analysis was continued on these data. 

The structure was refined using the SHELXL-2014 program from the SHELXTL program 

package.
49

 See Table S1 and CCDC 1548211‒1548213 and 1553985 for additional 

crystallographic data.  

1,5-bis(2-hydroxyphenyl)-3-phenylformazan 

In air, phenylpyruvic acid (1.07 g, 6.52 mmol) and sodium hydroxide (2.68 g, 67.0 mmol) were 

dissolved in deionized water (150 mL). The pale-yellow solution was cooled to ‒10 °C in an 

acetone/ice bath and stirred for 30 min. In a separate flask, 2-aminophenol (2.02 g, 18.5 mmol) 

was combined with concentrated sulfuric acid (5.52 g, 3.00 mL, 56.3 mmol) in deionized water 

(13 mL) and stirred for 15 min at ‒10 °C. A solution of sodium nitrite (1.34 g, 19.4 mmol) in 

deionized water (6 mL) was also cooled to ‒10 °C for 15 min before it was added dropwise over 

a 15 min period to the 2-aminophenol solution. The resulting red/brown diazonium salt solution 

was stirred for 10 min at ‒10 °C before it was added dropwise to the alkaline phenylpyruvic acid 

solution described above over a 15 min period. Upon addition, the solution turned dark 

red/purple and a precipitate of the same colour formed. The mixture was stirred for 3 h before the 

precipitate was collected by vacuum filtration to afford a dark-purple solid. This solid was 

dissolved in EtOAc and transferred to a neutral alumina column (1.0″ × 3.0″). Using EtOAc as 

eluent, 1,5-bis(2-hydroxyphenyl)-3-phenylformazan (Rf = 0.95) was isolated from the column 

and concentrated in vacuo. The dark-purple solid was triturated with chilled MeOH (~15 mL) 

and collected via vacuum filtration to afford 1,5-bis(2-hydroxyphenyl)-3-phenylformazan as a 

dark-purple microcrystalline solid. Yield = 0.21 g, 10%. M.p.: 166‒168 °C. 
1
H NMR (599.3 
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MHz, CDCl3):  15.65 (s, 1H, NH), 11.02 (s, 2H, OH), 7.80 (d, JHH = 7 Hz, 2H, aryl CH), 7.48 

(t, JHH = 8 Hz, 2H, aryl CH), 7.43‒7.41 (m, 3H, aryl CH), 7.22‒7.19 (m, 2H, aryl CH), 7.03‒7.00 

(m, 4H, aryl CH). 
13

C{
1
H} NMR (150.7 MHz, CDCl3):  150.4, 138.9, 135.5, 132.3, 129.3, 

129.0, 128.6, 125.3, 124.1, 120.6, 118.3. FT-IR (ATR): 3314 (br, s), 3057 (w), 1601 (m), 1581 

(m), 1589 (s), 1507 (s), 1463 (s), 1222 (s), 1208 (s), 1147 (s), 1031 (m) 737 (s), 686 (s), 649 (s), 

605 (s), 579 (m), 536 (m) cm
‒1

. UV-vis (CH2Cl2): max = 558 nm (ε = 16,300 M
−1

 cm
−1

), 309 nm 

(17,200 M
−1

 cm
−1

), 289 nm (ε = 16,200 M
‒1

 cm
‒1

). MS (EI = +ve mode): exact mass calculated 

for [C19H16N4O2]
+
: 332.1273; exact mass found: 332.1267; difference: −2.0 ppm. 

Tri(ethylferrocene)phosphine Oxide 

In air, tri(ethylferrocene)phosphine (0.50 g, 0.75 mmol) was dissolved in THF (10 mL) in a 50 

mL flask. Using a 250 μL syringe, a 2.87 M H2O2 solution (0.25 mL, 0.72 mmol) was added to 

the phosphine solution. After stirring for 3 h, the resulting solution was concentrated in vacuo. 

The dark orange residue was dissolved in CHCl3 and transferred to a silica gel column (1.5″ × 

8.5″). Using 1:1 hexanes:EtOAc as eluent, tri(ethylferrocene)phosphine (Rf = 0.66) was isolated 

from the column before tri(ethylferrocene)phosphine oxide was eluted using EtOAc (Rf = 0.54). 

The solution containing tri(ethylferrocene)phosphine oxide was concentrated in vacuo to yield an 

orange solid. Yield = 0.43 g, 87%. M.p.: 140‒142 °C. 
1
H NMR (599.3 MHz, CDCl3): δ 4.13 (s, 

15H, C5H5), 4.11 (s, 12H, C5H4R), 2.71‒2.60 (m, 6H, CH2), 2.00‒1.88 (m, 6H, CH2). 
13

C{
1
H} 

NMR (150.7 MHz, CDCl3): δ 88.1 (d, JCP = 15 Hz), 68.6, 67.9, 67.6, 30.1 (d, JCP = 64 Hz), 22.0 

(d, JCP = 3 Hz).
 31

P{
1
H} NMR (242.6 MHz, CDCl3): δ 45.6 (s). FT-IR (ATR): 3082 (w), 2906 

(w), 1444 (w), 1471 (w), 1410 (w), 1323 (w), 1226 (w), 1212 (w), 1191 (w), 1170 (w), 1159 (m), 

1156 (m), 1104 (s), 1045 (w), 998 (s), 941 (w), 921 (7), 810 (s), 774 (m), 733 (w),  674 (w), 668 

(w) cm
−1

. UV-Vis (CH2Cl2): λmax = 438 nm (ε = 350 M
–1

 cm
–1

). Mass Spec. (EI, +ve mode): 
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exact mass calculated for [C36H39Fe3OP]
+
: 686.0787; exact mass found: 686.0794; difference: 

+1.0 ppm. Anal. Calcd. (%) for C36H39Fe3OP: C, 63.01; H, 5.73. Found: C, 62.70; H, 6.01. 

Representative Procedure for the Preparation of Aluminum Formazanate Complexes 7a, 

7b, 8a, and 9a. 

Complex 7a 

Formazan 6a (0.39 g, 1.2 mmol) was dissolved in dry toluene (40 mL) and stirred for 5 min 

before Al(OiPr)3 (0.26 g, 1.3 mmol) was added. The resulting purple mixture was stirred for 5 

min before triphenylphosphine oxide (0.69 g, 2.5 mmol) was added and the mixture heated at 

120 °C for 16 h. The colour of the mixture gradually changed from dark purple to green-blue. At 

this time, the mixture was cooled to 20 °C and concentrated in vacuo. In air, the dark-purple 

solid was washed with hexanes (~50 mL) and collected via vacuum filtration. The crude solid 

was recrystallized by vapor diffusion of pentane into a saturated CH2Cl2 solution to afford dark-

purple plates. Yield = 0.77 g, 70%. M.p.: 218−220 °C. 
1
H NMR (599.3 MHz, CDCl3):  8.18 (d, 

JHH = 8 Hz, 2H, aryl CH), 7.87 (d, JHH = 8 Hz, 2H, aryl CH), 7.54‒7.32 (m, 33H, aryl CH), 7.14 

(t, JHH = 8 Hz, 2H, aryl CH), 6.96 (d, JHH = 8 Hz, 2H, aryl CH), 6.79 (t, JHH = 8 Hz, 2H, aryl 

CH). 
13

C{
1
H} NMR (150.7 MHz, CDCl3):  157.4, 145.5, 140.4, 138.6, 132.8, 132.1 (d,          

JCP = 12 Hz), 129.3, 128.7 (d, JCP = 12 Hz), 128.2, 127.1, 125.6, 117.5, 117.4, 114.2. 
31

P{
1
H} 

NMR (242.6 MHz, CDCl3):  35.3. FT-IR (ATR): 3054 (m), 1590 (m), 1472 (m), 1438 (m), 

1305 (s), 1242 (s), 1180 (s), 1121 (s), 895 (m), 724 (s), 692 (s), 538 (s) cm
–1

. UV-vis (CH2Cl2): 

max = 641 nm (ε = 28,000 M
−1

 cm
−1

), 596 nm (ε = 21,800 M
−1

 cm
−1

), 329 nm (ε = 19,300 M
−1

 

cm
−1

; with 50 equiv. of OPPh3, max = 639 nm (ε = 26,600 M
−1

 cm
−1

), 596 nm (ε = 20,500 M
−1

 

cm
−1

), 329 nm (ε = 16,300 M
−1

 cm
−1

). Mass Spec. (ESI, +ve mode): exact mass calculated for 
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[C55H43AlN4O4P2 + Na]
+
: 935.2473; exact mass found: 935.2477; difference: +0.4 ppm. Anal. 

Calcd. (%) for C55H43AlN4O4P2: C, 72.36; H, 4.75; N, 6.14. Found: C, 71.71; H, 5.09; N, 6.17. 

Complex 7b 

From formazan 6b (0.40 g, 1.4 mmol), Al(OiPr)3 (0.52 g, 2.6 mmol), and triphenylphosphine 

oxide (0.85 g, 3.1 mmol). Yield = 0.88 g, 73% of dark-purple needles. M.p.: 239−241 °C. 
1
H 

NMR (599.3 MHz, CDCl3):  7.54‒7.51 (m, 8H, aryl CH), 7.43‒7.35 (m, 24H, aryl CH), 7.10 (t, 

JHH = 8 Hz, 2H, aryl CH), 6.82 (d, JHH = 8 Hz, 2H, aryl CH), 6.65 (t, JHH = 8 Hz, 2H, aryl CH). 

13
C{

1
H} NMR (150.7 MHz, CDCl3):  159.4, 138.6, 132.4, 132.1 (d, JCP = 10 Hz), 130.1, 129.1, 

128.5 (d, JCP = 13 Hz), 123.9, 120.4, 118.5, 116.2, 114.6.
 31

P{
1
H} NMR (242.6 MHz, CDCl3):  

32.3.  FT-IR (ATR): 3063 (w), 2921 (w), 2217 (m), 1589 (m), 1471 (m), 1439 (s), 1356 (s), 1305 

(s), 1267 (s), 1258 (s), 1176 (s), 1121 (s), 897 (w), 745 (m), 723 (s), 693 (s), 539 (s) cm
–1

. UV-

vis (CH2Cl2): max = 629 nm (ε = 24,700 M
−1

 cm
−1

), 586 nm (ε = 20,700 M
−1

 cm
−1

), 317 nm (ε = 

8,100 M
−1

 cm
−1

); with 50 equiv. of OPPh3, max = 630 nm (ε = 21,700 M
−1

 cm
−1

), 589 nm (ε = 

17,700 M
−1

 cm
−1

), 318 nm (ε = 6,300 M
−1

 cm
−1

). Mass Spec. (ESI, +ve mode): exact mass 

calculated for [C50H38AlN5O4P2 + Na]
+
: 884.2112; exact mass found: 884.2118; difference: +0.7 

ppm. Anal. Calcd. (%) for C50H38AlN5O4P2: C, 69.68; H, 4.44; N, 8.13. Found: C, 68.21; H, 

4.57; N, 8.01. 

Complex 8a 

From formazan 6a (0.25 g, 0.75 mmol), Al(OiPr)3 (0.18 g, 0.88 mmol), and tri-n-butylphosphine 

oxide (0.36 g, 1.7 mmol). Yield = 0.51 g, 86% of dark-purple plates. M.p.: >250 °C. 
1
H NMR 

(599.3 MHz, CDCl3):  8.29 (d, JHH = 8 Hz, 2H, aryl CH), 7.99 (d, JHH = 8 Hz, 2H, aryl CH), 

7.44 (t, JHH = 8 Hz, 2H, aryl CH), 7.32 (t, JHH = 7 Hz, 1H, aryl CH), 7.17 (t, JHH = 7 Hz, 2H, aryl 

CH), 7.00 (d, JHH = 8 Hz, 2H, aryl CH), 6.83 (t, JHH = 8 Hz, 2H, aryl CH), 1.65‒1.61 (m, 12H, 



13 
 

CH2), 1.35‒1.29 (m, 24H, CH2), 0.85‒0.83 (m, 18H, CH3). 
13

C{
1
H} NMR (150.7 MHz, CDCl3): 

 157.6, 145.3, 140.5, 138.7, 129.4, 128.3, 127.0, 125.4, 117.6, 117.3, 114.1, 26.3 (d,               

JCP = 64 Hz), 24.0 (d, JCP = 15 Hz), 23.3 (d, JCP = 3 Hz), 13.4. 
31

P{
1
H} NMR (242.6 MHz, 

CDCl3):  58.9. FT-IR (ATR): 3058 (m), 2957 (s), 2930 (m), 2870 (m), 1595 (m), 1465 (m), 

1336 (m), 1305 (s), 1243 (s), 1135 (s), 1112 (s), 1019 (m), 896 (m), 765 (m), 741 (s),              

578 (s) cm
–1

. UV-vis (CH2Cl2): max = 641 nm (ε = 33,700 M
−1

 cm
−1

), 596 nm (ε = 25,100 M
−1

 

cm
−1

), 329 nm (ε = 20,000 M
−1

 cm
−1

); with 50 equiv. of OPBu3, max = 639 nm (ε = 31,700 M
−1

 

cm
−1

), 596 nm (ε = 24,800 M
−1

 cm
−1

), 329 nm (ε = 19,400 M
−1

 cm
−1

). Mass Spec. (ESI, +ve 

mode): exact mass calculated for [C43H67AlN4O4P2 + Na]
+
: 815.4351; exact mass found: 

815.4346; difference: ‒0.6 ppm. Anal. Calcd. (%) for C43H67AlN4O4P2: C, 65.13; H, 8.52; N, 

7.07. Found: C, 62.84; H, 8.55; N, 6.78. 

Complex 9a 

From formazan 6a (0.08 g, 0.2 mmol), Al(OiPr)3 (0.07 g, 0.3 mmol), and was 

tri(ethylferrocene)phosphine oxide (0.34 g, 0.50 mmol). Yield = 0.18 g, 52% of dark-purple 

plates. M.p.: 208‒210 °C. 
1
H NMR (599.3 MHz, C6D6):  8.82 (d, JHH = 7 Hz, 2H, aryl CH), 

8.51 (d, JHH = 7 Hz, 2H, aryl CH), 7.45 (t, JHH = 8 Hz, 2H, aryl CH), 7.37‒7.29 (m, 4H, aryl 

CH), 7.21‒7.19 (m, 1H, aryl CH), 6.98 (t, JHH = 7 Hz, 2H, aryl CH), 4.12 (s, 30H, C5H5), 3.96 (s, 

12H, C5H4R), 3.94 (s, 12H, C5H4R), 2.33‒2.26 (m, 12H, CH2), 1.65‒1.58 (m, 12H, CH2). 

13
C{

1
H} NMR (150.7 MHz, C6D6):  160.6, 143.3, 142.1, 141.4, 129.1, 128.7, 126.2, 125.6, 

118.0, 117.0, 114.9, 88.1 (d, JCP = 15 Hz), 69.2, 68.4, 67.9, 28.4 (d, JCP = 63 Hz), 21.7. 
31

P{
1
H} 

NMR (242.6 MHz, C6D6):  51.9. FT-IR (ATR): 3092 (m), 2929 (m), 2860 (w), 1589 (m), 1472 

(s), 1328 (m), 1298 (s), 1241 (s), 1140 (s), 1105 (s), 1000 (m), 818 (m), 744 (m), 682 (m), 672 

(m), 578 (m) cm
–1

. UV-vis (CH2Cl2): max = 641 nm (ε = 28,200 M
−1

 cm
−1

), 596 nm                      
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(ε = 21,400 M
−1

 cm
−1

), 329 nm (ε = 18,900 M
−1

 cm
−1

). Mass Spec. (ESI, +ve mode): exact mass 

calculated for [C91H91Al
54

Fe2
56

Fe4N4O4P2]
+
: 1724.2521; exact mass found: 1724.2523; 

difference: +0.1 ppm. Anal. Calcd. (%) for C91H91AlFe6N4O4P2:C, 63.22; H, 5.31; N, 3.24. 

Found: C, 63.37; H, 5.59; N, 3.18. 

 

RESULTS AND DISCUSSION 

Synthesis and NMR Spectroscopy 

Formazan 6a was prepared by adapting a literature procedure
33

 whilst formazan 6b has been 

reported previously.
39

 Their identity and purity were confirmed using 
1
H, 

13
C{

1
H}, FT-IR, and 

UV-vis absorption spectroscopy and mass-spectrometry. The 
1
H NMR spectrum of formazan 6a 

includes a diagnostic NH signal ( = 15.65) and the corresponding UV-vis absorption spectrum 

contains a wavelength of maximum absorbance (λmax) of 558 nm, which is consistent with data 

obtained for related formazans (Figures S1 and S2).
50

 

Aluminum formazanate complexes were obtained by refluxing the parent formazan in dry 

and degassed toluene with Al(OiPr)3 and two equivalents of triphenyl-, tri-n-butyl-, or 

tri(ethylferrocene)phosphine oxide for 16 h (Scheme 1). The tri(ethylferrocene)phosphine oxide 

was prepared through careful oxidation of the parent phosphine
38

 using H2O2 (Figures S3 and 

S4). 

 

Scheme 1. Synthesis of complexes 7a, 7b, 8a, and 9a. 
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Complexes 7a, 7b, 8a, and 9a were isolated in purified yields ranging from 52 to 86% 

and characterized using 
1
H, 

13
C{

1
H}, 

31
P, FT-IR, and UV-vis absorption and PL spectroscopy, 

cyclic voltammetry, and mass spectrometry (Figures S5‒S12). The formation of the phosphine-

oxide-bound aluminum formazanates was evidenced by a colour change from purple to green-

blue and confirmed by the loss of the NH resonance in the respective 
1
H NMR spectra. In 

addition, the 
31

P{
1
H} NMR spectra of 7a ( = 35.3), 7b ( = 32.3), 8a ( = 58.9), and 9a ( = 

51.9) were comprised of a broad singlet shifted downfield relative to the free phosphine oxide. 

The broad signal is indicative of dynamic ligand exchange at room temperature. In the case of 

complex 7a, at ‒90 °C, three signals were observed; one due to the hexacoordinate complex, one 

due to free triphenylphosphine oxide, and one due to an intermediate species, likely containing a 

five-coordinate aluminum atom with a single phosphine oxide donor (Figure S13). Furthermore, 

the addition of one equivalent of triphenylphosphine oxide to a solution of 7a yielded a 
31

P{
1
H} 

NMR spectrum comprised of a single broadened resonance at 25 °C and two signals at ‒80 °C; 

one due to the six-coordinate species and one due to free triphenylphosphine oxide (Figure S14). 

Given these findings, our solution-phase characterization was conducted in CH2Cl2 to avoid the 

competitive binding of polar, coordinating solvents. Furthermore, we studied the solution-based 

properties both in the presence and absence of excess phosphine oxide to probe the effect of 

ligand association/dissociation on the physical properties of the complexes. 

X-ray Crystallography 

Single crystals of 7a, 7b, 8a, and 9a suitable for X-ray analysis were grown via vapour diffusion 

of pentane into a saturated CH2Cl2 solution of the appropriate compound at room temperature 

(Figure 1, Table 1). The aluminum atoms adopt octahedral geometries in each solid-state 

structure with the four equatorial sites occupied by the N2O2
3‒

 formazanate ligand and two 

phosphine oxide donors coordinated in the axial binding sites. The -electrons of the 
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formazanate backbones are fully delocalized, as evidenced by the nitrogen-nitrogen and carbon-

nitrogen bond lengths falling between those associated with single and double bonds of the 

respective atoms.
33

 The PO bond lengths of 7a [1.4961(5) Å], 7b [1.502(3) Å], 8a [1.5211(11), 

1.5171(10) Å; 1.5215(10), 1.5222(11) Å]
51

 and 9a [1.512(3) and 1.497(3) Å] are similar to those 

of triphenylphosphine oxide aluminum trichloride adducts [1.519(4) Å] reported by Burford and 

co-workers,
52

 despite differences in the aluminum ligand field. This suggests that the phosphine 

oxides are acting as neutral L-type donors. Focusing on the axial Al-O bond lengths of 7a 

[1.9441(5) and 1.9442(6) Å], 7b [1.935(4) and 1.904(4) Å], 8a [1.9574(11), 1.9303(11) Å; 

1.9647(12), 1.9252(11) Å] and 10a [1.903(3) and 1.948(3) Å], it is evident they are substantially 

longer than those found in Burford’s complexes [Al-O: 1.733(4) Å],
52

 but still well within the 

range of typical Al-O bond lengths (1.80‒2.0 Å).
53

 We postulate that the relatively long axial Al-

O bonds are a result of steric repulsion between the phosphorus-bound substituents and the 

formazanate ligand framework. The P-O-Al bond angles of 7a [162.28(4)°], 7b [162.3(2)°, 

157.1(2)°], 8a [136.60(6)°, 133.99(6)°; 137.11(7)°, 134.65(6)°], and 9a [139.7(2)°, 138.4(2)°] 

also fall within the range observed for other structurally characterized phosphine oxide 

complexes reported in the literature (P-O-Al: 140‒180°).
52, 54-56

 The differences in the bond 

angles observed in complexes supported by aryl phosphine oxides 7a and 7b and alkyl phosphine 

oxides 8a and 9a likely arise due to steric repulsion associated with the phosphine oxide donors 

and the formazanate ligand backbones. The Al-N and Al-O bonds of the N2O2
3‒

 binding pocket 

are similar to those for related structures
21

 and demonstrate that, in all cases, the equatorial Al-O 

bonds are significantly shorter than the axial Al-O bonds. 
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Figure 1. Solid-state structures of complexes 7a, 7b, 8a, and 9a. All anisotropic displacement 

ellipsoids are shown at 50% probability. In all cases, one of the axial phosphine oxide donors has 

been shown as wireframe for clarity. Hydrogen atoms have been omitted for clarity. 

 

 

 

 

 

 

 

 

 

 



18 
 

Table 1. Selected bond lengths (Å) and angles (°) for complexes 7a, 7b, 8a, and 9a. 

 7a 7b 8a
a
 9a 

   Molecule A Molecule B  

N1-N2 1.3023(8) 1.288(5) 1.3060(16) 1.3083(16) 1.304(6) 

N3-N4 ‒ 1.299(5) 1.3061(15) 1.3056(15) 1.306(6) 

C1-N2 1.3536(6) 1.363(7) 1.3545(18) 1.3558(18) 1.350(6) 

C1-N2’ 1.3536(6) ‒ ‒ ‒ ‒ 

C1-N4 ‒ 1.343(6) 1.3513(18) 1.3560(18) 1.357(6) 

P1-O2 1.4961(5) ‒ ‒ ‒ ‒ 

P1-O2’ 1.4961(5) ‒ ‒ ‒ ‒ 

P1-O3 ‒ 1.502(3) 1.5211(11) 1.5171(10) 1.512(3) 

P2-O4 ‒ 1.502(3) 1.5215(10) 1.5222(11) 1.497(3) 

P1-O2-Al 162.28(4) ‒ ‒ ‒ ‒ 

P1-O3-Al ‒ 162.3(2) 136.60(6) 133.99(6) 139.7(2) 

P2-O4-Al ‒ 157.1(2) 137.11(7) 134.65(6) 138.4(2) 

O1-Al 1.8314(6) 1.822(4) 1.8381(12) 1.8469(12) 1.846(3) 

O1’-Al 1.8314(6) ‒ ‒ ‒ ‒ 

O2-Al 1.9441(5) 1.837(4) 1.8372(12) 1.8444(12) 1.846(3) 

O2’-Al 1.9442(6) ‒ ‒ ‒ ‒ 

O3-Al ‒ 1.935(4) 1.9574(11) 1.9303(11) 1.903(3) 

O4-Al ‒ 1.904(4) 1.9647(12) 1.9252(11) 1.948(3) 

N1-Al 1.9709(6) 1.981(4) 1.9671(14) 1.9698(13) 1.962(4) 

N1’-Al 1.9710(6) ‒ ‒ ‒ ‒ 

N3-Al ‒ 1.986(4) 1.9683(13) 1.9711(13) 1.968(4) 

N1-Al-O1 86.11(3) 85.97(16) 86.12(5) 86.08(5) 86.03(16) 

O1-Al-O2 102.89(4) ‒ 102.95(5) 103.03(5) 102.93(16) 

O2-Al-N3 86.11(3) ‒ 85.76(5) 85.65(5) 85.86(16) 

N3-Al-N1 84.89(3) ‒ 85.18(5) 85.24(5) 85.06(16) 

O1-Al-O1’ ‒ 103.84(16) ‒ ‒ ‒ 

O1’-Al-N1’ ‒ 85.22(16) ‒ ‒ ‒ 

N1’-Al-N1 ‒ 85.00(16) ‒ ‒ ‒ 
a
The asymmetric unit determined for complex 8a contains two unique molecules.

 

 

UV-vis Absorbance Spectroscopy 

The UV-vis absorption spectra recorded for complexes 7a, 7b, 8a, and 9a in CH2Cl2 as well as 

those recorded in the presence of 50 equivalents of phosphine oxide are presented in Figures 2 

and S15, and the data are summarized in Table 2.
57

 Each of the complexes studied is strongly 

absorbing within the UV-vis region of the electromagnetic spectrum. The λmax values observed 

for the complexes change minimally upon addition of excess phosphine oxide and are red-shifted 
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relative to the parent formazans (Figure S17) due to the increased rigidity of the molecule 

backbone as well as the anionic nature of the ligand. Complex 7b is luminescent in solution (λem 

= 690 nm, ΦF = 2%, equation 1) and the intensity of the luminescence reached a maximum when 

50 equivalents of OPPh3 (λem = 690 nm, ΦF = 8%, equation 1) were added to the analyte solution. 

The solution-based equilibria involved in these measurements are heavily shifted toward the six-

coordinate complexes in the presence of excess phosphine oxide. We therefore conclude that it is 

these complexes that give rise to the optical properties observed. 

 

 

 

Figure 2. (a) UV-vis absorbance spectra of complexes 7a (L = OPPh3, R
3
= Ph), 7b (L = OPPh3, 

R
3
= CN), 8a (L = OPBu3, R

3
= Ph), 9a (L = OP(CH2CH2Fc)3, R

3
= Ph) recorded for 5 µM CH2Cl2 

solutions and (b) normalized UV-vis absorbance spectra of complex 7b with 0 and 50 

equivalents of OPPh3 added. (c) Structure of 7a and its M06/6-311+G(d,p) frontier molecular 

orbitals computed in CH2Cl2 solution at the experimental solid-state geometry.  
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Table 2. Spectroscopic and electrochemical characterization data for complexes 7a, 7b, 8a, and 

9a in the absence/presence of excess phosphine oxide. 

 
 λmax (nm)

a
 Epc (V)

b
 Epa1, Eox1 (V)

b,c
 Epa2, Eox2  (V)

b,c
 Epa3 (V)

b
 

0 equivalents excess phosphine oxide  

7a 641 ‒1.55 0.06, ‒0.03 0.65, 0.61 ‒ 

 596     

 329     

7b 629 ‒1.34 0.29, 0.27 0.97, 0.93 ‒ 

 586     

 317     

8a 641 ‒1.54 0.03, ‒0.07 0.65, 0.63 ‒ 

 596     

 329     

9a 641 ‒1.54 0.01 0.63 ‒ 

 596     

 329     

50 equivalents excess phosphine oxide 

7a 639 ‒1.75 ‒0.03 0.62 1.08 

 596     

 329     

7b 630 ‒1.50 0.22, 0.19 0.88 1.08 

 589     

 318     

8a 639 ‒1.68 ‒0.12, ‒0.17 0.65 1.10 

 596     

 329     
a
Spectra were recorded for 5 µM solutions of analyte in dry and degassed CH2Cl2. 

b
Cyclic 

voltammetry experiments were conducted in dry and degassed CH2Cl2 solutions containing ~1 

mM analyte and 0.1 M [nBu4][PF6] at a scan rate of 0.25 V s
‒1

 and internally referenced to the 

ferrocene/ferrocenium redox couple. 
c
Half wave oxidation potentials (Eox1, Eox2) are included for 

reversible processes. 

Aluminum complexes 7a, 8a, and 9a absorb ca. 330, 595, and 640 nm in CH2Cl2 

indicating that the nature of the phosphine oxide donor [OPPh3 vs. OPBu3 vs. OP(CH2CH2Fc)3] 

had minimal effect on the spectra collected. The corresponding spectrum recorded for complex 

7b was qualitatively similar (λmax ca. 318, 588, 630 nm), although less intense and blue-shifted, 

due to decreased electronic delocalization associated with the 3-cyano substituent of 7b 

compared to the 3-phenyl substituents of 7a, 8a, and 9a. Similar to iron(III) and cobalt(III) 
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complexes of 6b,
25

 the spectra of the aluminum(III) complexes recorded in this study each 

contain two low-energy absorption features between 500 and 700 nm.  

To aid interpretation of the UV-vis absorption spectra of 7a, 7b, 8a, and 9a, we used 

time-dependent density-functional theory (TDDFT) as implemented in the Gaussian 09 

program
58

 to calculate the five lowest electronic excitation energies of one of these complexes, 

7a, in CH2Cl2 solution at the experimental solid-state geometry of the molecule. As a means of 

reducing the bias associated with the use of one particular methodology, we employed four 

different density-functional approximations: M06,
59

 M06-2X,
59

 PBE1PBE,
60

 and LC-ωPBE.
61

 

The 6-311+G(d,p) basis set was adopted in all cases, and solvation effects were treated implicitly 

using the polarizable continuum model. These calculations consistently predicted a very strong 

first absorption at wavelengths ranging from 563 to 636 nm, depending on the functional (see 

Table S2). We identified this lowest-energy transition with the intense experimental absorption 

band at λmax = 641 nm. The second-lowest excitation was predicted to occur at a much shorter 

wavelength ranging between 426 and 507 nm, depending on the functional (Table S2), and had a 

very low intensity, in stark contrast with the observed spectrum which contains a strong 

absorption band with a maximum at 596 nm (Figure 2a,b). The clear absence of a second strong 

band above 450 nm in any of the calculated spectra led us to conclude that the observed λmax = 

596 nm band is not a pure electronic excitation but rather a vibronic transition associated with 

the vibrational excitation of the rigid N2O2
3‒

 formazanate backbone. The remaining bands 

observed at λmax = 329 nm and below appear to correspond to the third-lowest and higher 

electronic excitations seen in all of the calculated spectra (Table S2).  

The calculations also revealed that the highest occupied molecular orbital (HOMO) and 

the lowest unoccupied molecular orbital (LUMO) were the dominant orbital pair involved in the 

lowest energy excitation (*). The HOMO and LUMO isosurfaces (Figure 2c) are indicative 
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of highly delocalized electronic structures and closely resemble those of related boron difluoride 

formazanate complexes,
62-63

 with minor orbital contributions located on the oxygen atoms of the 

phosphine oxide donors. The lack of frontier orbital density on the phosphorus atoms and their 

substituents are consistent with the experimental observation that the phosphine oxide donors 

have a negligible effect on the low-energy absorption maxima of the aluminum complexes 

described here.   

Cyclic Voltammetry 

The electrochemical properties of complexes 7a, 7b, 8a, and 9a were studied using cyclic 

voltammetry, as were solutions containing 50 equivalents of phosphine oxide (Figures 3, S18 

and S19 and Table 2).
64

 The voltammograms recorded were qualitatively similar in the 

absence/presence of excess phosphine oxide. Each complex gave rise to both reductive and 

oxidative events within the potential window of CH2Cl2. Upon scanning to positive potentials, 

each complex underwent two sequential one-electron oxidations corresponding to the formation 

of ligand-centred radical cations and dications. The reversibility of these events was affected by 

the presence of excess phosphine oxide, potentially as a result of poor solution conductivity. 

Under these conditions, a third oxidation event also emerged at anodic peak potentials (Epa) of 

1.08‒1.10V, relative to the ferrocene/ferrocenium redox couple. Upon scanning to negative 

potentials, each complex was reduced electrochemically by one-electron at cathodic peak 

potentials (Epc) between ‒1.34 and ‒1.75 V to form the corresponding ligand-centred radical 

anions. The cyclic voltammogram of complex 9a (Figure S19) shared many of the features 

described above, but was comprised of an intense cathodic peak observed at ca. ‒0.12 V. This is 

likely a result of electrode fouling due to the formation of insoluble species comprised of a 

formazanate-based cation and up to six ferrocenium cations and stripping upon cathodic 

scanning. As we are most interested in the six-coordinate complexes in solution, the data 
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collected for solutions containing 50 equivalents of phosphine oxide will be discussed below. 

Changing the R
3
-substituent from Ph in 7a to CN in 7b resulted in a shift in the first (ΔEpa1) and 

second (ΔEpa2) oxidation events by 0.25 V and 0.26 V, respectively. This can be attributed to the 

electron-withdrawing character of the 3-cyano substituent relative to the 3-phenyl substituent.
65

 

Altering the axial ligand from triphenylphosphine oxide (7a) to tri-n-butylphosphine oxide (8a) 

had a less dramatic effect on the oxidation potentials observed (ΔEpa1 = ‒0.09 V, ΔEpa2 = 0.03 V). 

Upon scanning to negative potentials, we observed irreversible one-electron reductions for each 

complex, likely associated with the formation of a ligand-centred radical anion. Substituent 

variation at the 3-position in 7a and 7b resulted in a ΔEpc of 0.25 V. The nature of the axial 

ligand had minimal effect on the reduction potentials observed (ΔEpc = 0.07 V). 

 

Figure 3. Cyclic voltammograms recorded for (a) complex 7a (L = OPPh3, R
3
= Ph) and (b) 

complex 7b (L = OPPh3, R
3
= CN in degassed CH2Cl2 containing ~1 mM analyte and 0.1 M 

[nBu4N][PF6] at a scan rate of 0.25 V s
‒1 

with 0 (black lines) and 50 equivalents OPPh3 (blue 

lines). The arrows denote the scan direction. 
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Electrochemiluminescence Studies 

Based on the unique PL and electrochemical properties of complex 7b in the presence of 

50 equivalents of OPPh3, we conducted ECL studies. In the absence of a coreactant, ECL was 

not detected between ‒2.25 and 1.25 V, relative to the ferrocene/ferrocenium redox couple. 

Figure 4a displays the cyclic voltammogram along with the corresponding ECL-voltage curve 

for 7b in the presence of 5 mM TPrA. The introduction of a coreactant often results in enhanced 

ECL, as the coreactant and analyte-based radicals required to produce the excited state exist at 

similar potentials. The electrogenerated radical TPrA
•
 has emerged as a useful coreactant for the 

enhancement of ECL. The first ECL peak observed for 7b in the ECL-voltage curve appears at 

0.51 V, a potential at which 7b
+•

 and TPrA
•
 coexist.

42, 66
 When these species meet in the vicinity 

of the working electrode, we postulate that a single electron is transferred from TPrA
•
 to 7b

+•
, 

generating an emissive excited state (7b*).  

When scanning towards more positive potentials, a second ECL maximum was observed 

at a potential of 0.86 V, whereby 7b
2+

 was produced in the vicinity of the working electrode. 

Based on conclusions drawn from detailed studies of related BF2 adducts of formazanates,
36

 we 

postulate that the dication is implicated in a comproportionation reaction (7b
2+ 

+ 7b  2 7b
+•

), 

ultimately resulting in the production of 7b
+•

 in the vicinity of the working electrode that can 

further react with TPrA
•
 to produce the emissive excited state 7b*. The relatively low ECL 

intensity at this potential is a reflection of the poor stability of dication 7b
2+

 in solution. Upon 

scanning the potential in the reverse direction, the ECL intensity decreased due to reduced 

concentrations of TPrA
• 
and 7b

+•
. The ECL efficiency of the 7b/TPrA system was calculated to 

be 7% relative to the [Ru(bpy)3][PF6]2/TPrA system under identical conditions using equation 2.  

The ECL of the 7b/TPrA system was further studied with ECL spectroscopy. The PL 

spectrum of 7b revealed a maximum intensity at 690 nm, while the ECL accumulated spectrum 
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obtained in the course of two consecutive potential scan cycles between ‒0.24 V and 1.26 V had 

maximum intensity at a wavelength of 735 nm (Figure 4b). The 45 nm difference between the 

PL and ECL maxima is likely a result of the inner-filter effect caused by self-absorption,
67

 but 

we cannot conclusively rule out excimer formation
44,68

 as boron difluoride complexes of 

formazanate ligands have been shown to aggregate via a number of different -type interactions 

during studies of their aggregation-induced emission.
69

  

Spooling ECL spectroscopy is an ideal technique to monitor in real time the evolution 

and devolution of ECL during the scanning of applied potentials.
70

 As shown in Figure 4c, the 

ECL onset potential was found at t = 10 s (0.26 V), and the ECL spectra showed a peak 

wavelength of 735 nm. The ECL emission intensity reached its maximum intensity at t = 15 s 

(0.51 V). The ECL evolution and devolution patterns demonstrated by spooling spectroscopy 

agree well with the ECL-voltage curve exhibited in Figure 4a. Furthermore, Figure 4d and 4e 

demonstrate that there is no shift in the ECL peak wavelength during the potential scanning, 

indicating that there is a single excited state implicated during ECL evolution and devolution. 

This conclusion agrees well with the ECL mechanisms described above.  
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Figure 4. (a) Cyclic voltammogram (red) and ECL-voltage curve (blue) collected for a CH2Cl2 

solution containing 0.6 mM of complex 7b, 5 mM TPrA, 30 mM OPPh3, and 0.1 M 

[nBu4N][PF6] as supporting electrolyte. (b) Photoluminescence spectrum of complex 7b (red) 

and accumulated ECL spectrum of complex 7b/TPrA (blue) in CH2Cl2. (c) Spooled ECL spectra, 

(d) evolution, and (e) devolution spectra collected for a CH2Cl2 solution containing 0.6 mM of 

complex 7b, 5 mM TPrA, 30 mM OPPh3, and 0.1 M [nBu4N][PF6] as supporting electrolyte 

acquired by reversibly scanning between ‒0.24 V and 1.26 V at a scan rate of 0.025 V s
‒1

 and a 

time interval of 2 s for each spectrum.  

 

CONCLUSIONS 

We have synthesized a new family of aluminum(III) complexes of N2O2
3‒ 

formazanate ligands 

supported by L-type phosphine oxide donors. The aluminum atoms in these complexes exist in 

octahedral geometries in the solid state, with the formazanate ligands occupying the four 
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equatorial coordination sites and two phosphine oxide donors occupying the axial sites. Each of 

the complexes can be oxidized or reduced electrochemically, as evidenced by cyclic 

voltammetry experiments; replacing the 3-phenyl substituent with an electron-withdrawing 3-

cyano substituent shifted both the reduction and oxidation potentials to more positive values, 

whereas the nature of the axial phosphine oxide had a less dramatic effect. Similarly, the identity 

of the axial phosphine oxide had minimal influence over the observed UV-vis absorbance 

maxima, whereas the introduction of a 3-cyano substituent resulted in a blue-shift in λmax. 

TDDFT calculations revealed that the HOMO and LUMO of the respective compounds were the 

dominant orbital pair involved in the lowest-energy transition. We also investigated the solution-

based equilibria associated with phosphine-oxide ligation/dissocation and confirmed that the 

emission intensity of the six-coordinate complex 7b was maximized in the presence of excess 

ligand. The unique electrochemical and PL properties of 7b prompted us to study its 

electrochemiluminescence properties in the presence of tri-n-propylamine and excess OPPh3, 

revealing an ECL maximum that was red-shifted by ca. 45 nm relative to the PL maximum 

wavelength recorded independently. These studies have demonstrated the potential of six-

coordinate aluminum formazanate complexes as functional materials. 
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A new family of aluminum formazanate complexes were synthesized and characterized with 

multinuclear NMR spectroscopy, X-ray crystallography, cyclic voltammetry, and UV-vis 

absorption/emission spectroscopy. The electrochemiluminescence of one representative complex 

was probed in detail and DFT calculations were performed to rationalize the experimental 

findings.  
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