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Near-Infrared Photoluminescence and Electrochemiluminescence 

from an Exceptionally Simple Boron Difluoride Formazanate Dye 

Ryan R. Maar†, Ruizhong Zhang†, David G. Stephens, Zhifeng Ding* and Joe B. Gilroy* 

Abstract: Electrochemiluminescence involves the generation of light 

via electrochemical reactions and has recently shown utility for 

single-cell imaging. To further develop this novel imaging platform, it 

is necessary to produce readily available dyes that photoluminesce 

and electrochemiluminesce in the near-infrared region to limit 

absorption by biological tissue. To address this need, we prepared a 

boron difluoride formazanate dye that exhibits near-infrared 

photoluminescence and electrochemiluminescence in two 

straightforward synthetic steps. Examination of its solid-state 

structure suggests that the N-aryl substituents have significant 

quinoidal character, which narrows the S1-S0 energy gap and leads 

to near-infrared absorption and photoluminescence. Electrochemical 

properties were probed using cyclic voltammetry and revealed four 

electrochemically reversible waves. Electrochemiluminescence 

properties were examined in the presence of tri-n-propylamine, 

leading to maximum intensity at 910 nm, at least 85 nm (1132 cm
‒1

) 

red-shifted compared to all other organic dyes. This work sets the 

stage for the development of future generations of dyes for emerging 

applications, including single-cell imaging, that require near-infrared 

photoluminescence and electrochemiluminescence. 

Materials capable of near-infrared (NIR) light absorption and 

photoluminescence (PL) are of considerable interest to the fields 

of materials science[1] and biomedical imaging.[2] For the latter, 

NIR light is minimally absorbed by the skin and other biological 

tissues, which enhances light penetration[3] and minimizes 

autofluorescence from biological molecules (e.g., hemoglobin).[4] 

As a result, NIR dyes have enhanced utility for photodynamic[5] 

and photothermal therapy,[6] and for in vivo cellular imaging.[2b, 7] 

Recently, electrochemiluminescence or electrogenerated 

chemiluminescence (ECL)[8] microscopy has also been utilized 

for single-cell imaging.[9]  

For ECL to occur, highly reactive radical species must be 

electrochemically generated in the vicinity of the working 

electrode. These intermediates then participate in an electron-

transfer reaction to generate an excited state, which returns to 

the ground state via radiative relaxation.[8a, 8b] ECL spectroscopy 

is an extremely sensitive analytical technique capable of 

picomolar to femtomolar (i.e., 10‒12‒10‒15 M) detection levels.[10] 

In addition, it benefits from impressive signal-to-noise ratios, 

excellent temporal and spatial control, and low-cost.[11] As a 

result of these advantages, the development of dyes capable of 

NIR ECL is of paramount importance for future application in 

biological sensing and imaging. While NIR ECL systems based 

on inorganic nanomaterials[12] (e.g., Au25(SC2H4Ph)18
‒,[13] 

Au38(SC2H4Ph)24,
[14] and CuInS2

[15]) have been reported, only a 

few organic dyes capable of NIR ECL are known.[16] For 

example, Bard and co-workers explored the NIR ECL of a 

heptamethine cyanine dye 1 and tricarbocyanine dye 2. Both 

molecules require extended π-systems to achieve efficient NIR 

absorption and luminescence.[17] Dyes 1 and 2 have 

wavelengths of maximum absorption (λmax) and PL (λPL) in the 

NIR region and in the presence of tri-n-propylamine (TPrA), 

exhibited peak ECL intensity at wavelengths (λECL) of 805 nm 

and 825 nm, respectively. Despite an approximate two-fold 

increase in molecular weight from dye 1 (570.91 g mol‒1) to dye 

2 (1008.35 g mol‒1) the λECL was only shifted by 20 nm. In order 

to red-shift the maximum further into the NIR region, a larger        

π-system would likely need to be realized. This represents a 

major hurdle in the development of organic dyes which exhibit 

NIR ECL, as routes to generate extended/fused π-systems can 

be synthetically demanding. Herein, we describe a low 

molecular weight boron difluoride (BF2) formazanate dye 3 

capable of NIR PL and ECL. Its straightforward, two-step 

synthesis in combination with its exceptionally simple structure 

represent a significant advantage in the development of readily 

accessible dyes for NIR PL and ECL applications.  

Formazan 4 was prepared by adapting a published 

procedure.[18] Its identity and purity were confirmed using NMR 

spectroscopy, FT-IR spectroscopy and UV-vis absorption 

spectroscopy, and mass spectrometry (Figures S1‒S3). 

Formazan 4 gave rise to a singlet at 12.05 ppm in its 1H NMR 

spectrum as well as a low-energy λmax of 534 nm that are 

comparable to structurally related 3-cyanoformazans.[18,19] BF2 

formazanate 3 was prepared by heating formazan 4 at 80 °C in 

toluene with excess NEt3 and BF3•OEt2 (Scheme 1). Purification 

via column chromatography afforded the dye in 60% yield, which 

was characterized using NMR spectroscopy, FT-IR 

spectroscopy, and mass spectrometry (Figures S4 and S5). This 

transformation was accompanied by a colour change from 

purple to blue-green, as well as a loss of the diagnostic NH 
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Scheme 1. Synthesis of BF2 formazanate 3. 

resonance associated with formazan 4 and the appearance of a 

triplet at ‒0.4 ppm in the 11B NMR spectrum and a quartet at 

‒137.4 ppm in the 19F NMR spectrum.  

Single crystals suitable for X-ray diffraction were grown by 

vapor diffusion of hexanes into a saturated CH2Cl2 solution 

containing 3 (Tables S1 and S2). The asymmetric unit of dye 3 

contained two unique conformers (Figures 1 and S6). Further 

analysis revealed that the boron atoms adopt a slightly distorted 

tetrahedral geometry and the average angles between the plane 

defined by the N-aryl substituents and the four nitrogen atoms of 

the formazanate backbone (N4: N1, N2, N3, N4) were 18.63° 

(conformer A) and 27.44° (conformer B). In addition, the boron 

atoms are displaced from the N4 plane by 0.136 Å and 0.321 Å 

for conformers A and B, respectively. The N-C 

[1.3315(16)‒1.3434(15) Å] and N-N [1.3113(13)‒1.3143(13) Å] 

bond lengths of the formazanate ligand backbone are between 

what would normally be expected for single and double bonds of 

the same atoms[20] indicating that the π-system is highly 

delocalized. The latter are elongated compared to typical N-N 

bond lengths reported for related BF2 formazanates.[19, 21] 

Examination of the average N-C [N6-C6: 1.3647(16), N7-C12: 

1.3629(16)] bond lengths between the dimethylamino nitrogen 

atom and the adjacent carbon atom are indicative of a bond 

order of ca. 1.5. Similarly, the average N1-C3 [1.4110(16)] and 

N3-C9 [1.4110(16)] bond lengths also indicate a bond order of 

ca. 1.5 and are substantially shorter than those observed for 

related BF2 formazanates.[19] These metrics suggest that the N-

aryl substituents of dye 3 possess significant quinoidal character, 

a trait that has not previously been observed for this family of 

dyes. Given that the frontier molecular orbital isosurfaces 

calculated for related BF2 formazanates include density at both 

the formazanate backbone and the N-aryl substituents,[19] this 

quinoidal character is expected to dramatically enhance 

electronic delocalization and shift absorption, PL, and ECL 

spectra to lower energies. 

Figure 1. Top and side views of one conformer of BF2 formazanate 3 found 

within the unit cell of the determined solid-state structure. Anisotropic 

displacement ellipsoids are shown at the 50% probability level and hydrogen 

atoms have been omitted for clarity. N-aryl substituents (side view) have been 

displayed as wireframe for clarity.  

Figure 2. Normalized UV-vis absorption (black line) and PL (blue line) spectra 

recorded for a 6 µM dry, degassed CH3CN solution of dye 3. 

The UV-vis absorption and PL spectra of dye 3 were 

recorded in toluene, CH2Cl2, THF, and CH3CN (Figures 2 and 

S7, Table S3) and are consistent with the enhanced 

delocalization evident in the solid-state structure. Dye 3 is 

strongly absorbing (ε = 38600‒47800 M‒1 cm‒1) in the NIR 

spectral region and the λmax values observed were relatively 

insensitive to the solvent polarity (toluene: λmax = 728 nm, 

CH2Cl2: λmax = 733 nm, THF: λmax = 731 nm, CH3CN: λmax =     

728 nm). Previous work on related BF2 formazanates showed 

that the HOMO and LUMO are the dominant orbital pair involved 

in the lowest energy excitation, which has significant π→π* 

character.[22] The PL spectra showed that the solvent polarity 

has a larger effect on the λPL and ranges from 834 nm to 888 nm 

(Figures 2 and S7, Table S3). The appreciable PL quantum 

yields (ΦPL, Equation S1 in the Supporting Information) 

determined for BF2 formazanate 3 varied minimally in four 

different solvents [ΦPL: 8% (toluene), 4% (CH2Cl2), 5% (THF), 

3% (CH3CN)]. It should be noted that dyes which exhibit NIR PL 

often give rise to lower ΦPL values compared to systems that 

luminesce within the visible region as the former have smaller 

S1-S0 energy gaps, which can result in an increased probability 

of non-radiative relaxation events, as described by the energy 

gap law.[23] This is particularly important given that dye 3 exhibits 

PL (ca. 750‒1050 nm) in both the NIR 1 and NIR 2 regions. Dye 

3 also exhibits relatively large Stokes shifts (vST) ranging from 

106 to 160 nm (1746‒2475 cm‒1) depending on the solvent 

(Table S3). 

A cyclic voltammogram (CV) was collected for dye 3 at a 

scan rate of 0.10 V s‒1 in CH3CN containing [nBu4N][PF6]  

(Figure 3A and Table S3). Upon scanning to negative potentials, 

two reversible one-electron waves were evident and correspond 

to the reduction of BF2 formazanate 3 to its ligand-centred 

radical anion (3•‒, E'red1 = ‒1.02 V relative to the 

ferrocene/ferrocenium redox couple) and dianion (32‒, E'red2 = 

‒2.05 V). Upon scanning to positive potentials, two reversible 

one-electron oxidations were also observed and assigned to the 

formation of ligand-centred radical cation (3•+, E'ox1 = 0.27 V) 

and dication (32+, E'ox2 = 0.56 V), respectively. The unique 

electrochemical features of BF2 formazanate 3 in combination 

with its NIR PL prompted us to investigate its potential NIR ECL. 

The ECL of BF2 formazanate 3 was examined in the absence 

and presence of TPrA as a coreactant. In the absence of a 

coreactant, ECL was not detected between ‒2.35 V and 0.85 V 

(Figure 3A). This is likely a result of the insufficient lifetimes of 
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the electrogenerated species in the vicinity of the working 

electrode that would be required for ECL.  

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.[8a, 8b, 11a]       

Figure 3B displays the CV along with the ECL-voltage curve for 

3 in the presence of TPrA (15 mM). The TPrA• radical, 

generated upon oxidation of TPrA and subsequent loss of a 

proton, has emerged as a useful coreactant for the 

enhancement of ECL and is a potent reductant.[24] The onset of 

ECL for dye 3 was observed at 0.35 V and the ECL-voltage 

curve had a maximum intensity at a potential of 0.54 V, where 

3•+ and TPrA• co-exist in appreciable quantities (Equations 1 and 

2).[11a, 24] An excited state 3* is generated when 3•+ and TPrA• 

react (Equation 3), leading to ECL when the excited state 

relaxes to the ground state (Equation 4). On scanning to more 

positive potentials, a second ECL maximum was observed at a 

potential of 0.95 V. At this potential, the solution likely contains 

significant quantities of electrogenerated 32+ and TPrA•. We 

postulate that 32+ and 3 can undergo a comproportionation 

reaction based on previous computational studies (Equation 

5),[25] and that lower ECL intensity in this region likely relates to 

the two-step process required to generate 3•+ in the vicinity of the 

working electrode at these higher potentials. 

ECL efficiencies (ΦECL) were calculated relative to the 

[Ru(bpy)3][PF6]2/TPrA coreactant system using the ratio of ECL 

intensity obtained from the accumulated ECL spectra and the 

total charge from the corresponding CV (Equation S2 in 

Supporting Information). To obtain the optimal experimental 

results, we explored the scan rate dependence of a CH3CN 

solution containing 0.05 mM 3, 15 mM TPrA, and 0.1 M 

[nBu4N][PF6] as supporting electrolyte by scanning eight 

consecutive cycles from ‒0.35 to 0.95 V (Figure S8, Table S4). 

These experiments revealed a maximum ΦECL of 17.5% at a 

scan rate of 0.20 V s‒1. Despite the red-shifted λECL that should 

lead to diminished ΦECL according to the energy gap law,[23] the 

observed efficiency of 3/TPrA was similar to 1/TPrA             

(ΦECL = 21%)[16a] and 2/TPrA (ΦECL = 17%)[16b], which possess 

significantly larger π-systems and more complex structures. At 

reduced scan rates, the 3/TPrA system exhibited lower ΦECL 

values likely due to decreased concentrations of 3•+ as a result of 

decomposition that is enhanced on these longer timescales. 

Furthermore, we explored the effect of increasing the 

concentration of TPrA from 15 to 30 mM in 5 mM increments 

(Figure S9, Table S5). Increasing the concentration of TPrA led 

to higher ECL intensities, but also higher electrochemical 

currents in the CVs. Ultimately, lower ΦECL values were obtained 

as the concentration of TPrA increased.  

Spooling ECL spectroscopy allowed for the evolution and 

devolution of ECL intensity to be monitored in real time     

(Figure 3). Spooling ECL experiments were conducted at 

various scan rates and using different concentrations of TPrA 

(Figures S10‒S15). Figures 3C and 3G show the spooling ECL 

spectra and the corresponding CV recorded at a scan rate of 

0.0125 V s‒1 in the presence of 15 mM TPrA. The ECL onset 

potential was found at 0.40 V (t = 15 s) and reached its 

maximum intensity at 0.55 V (t = 18 s), in close agreement with 

the ECL-voltage data shown in Figure 3B. The maximum ECL 

intensity remained at 910 nm throughout the experiment 

demonstrated by the evolution and devolution ECL spectra 

(Figures 3D and 3E). This finding indicates that a single excited 

state is implicated in the ECL process. The ECL accumulated 

spectrum obtained over the course of eight consecutive scan 

cycles between ‒0.35 V and 0.95 V had a maximum intensity at 

910 nm (Figure 3F). The 22 nm difference between the λECL (910 

nm) and λPL (888 nm) maxima is likely a result of the inner filter 

effect caused by self-absorption (Figures 2 and S7).[26] However, 

we cannot rule out excimer formation[27] as BF2 complexes of 

formazanate ligands have been shown to aggregate via π-type 

interactions.[28] The λECL observed during these studies is at least 

 

Figure 3. (A) CV (red line) and ECL-voltage curve (blue line) of a 0.05 mM CH3CN solution of 3 containing 0.1 M [nBu4N][PF6] as supporting electrolyte 

recorded at a scan rate of 0.10 V s
‒1

. The arrow indicates the scan direction. (B) CV (red line) and ECL-voltage curve (blue line) of a 0.05 mM CH3CN 

solution of 3, 15 mM TPrA, and 0.1 M [nBu4N][PF6] as supporting electrolyte recorded at a scan rate of 0.20 V s
‒1

. (C) Spooling ECL spectra, (D) Evolution, 

(E) Devolution spectra collected for a CH3CN solution containing 0.05 mM of dye 3, 15 mM TPrA, and 0.1 M [nBu4N][PF6] as supporting electrolyte acquired 

by reversibly scanning between ‒0.35 and 0.95 V at a scan rate of 0.0125 V s
‒1 

and a time interval of 4 s for each spectrum. The potential window is shown 

from ‒0.10 V to 0.95 V for clarity. (F) PL spectrum of dye 3 (blue line) and accumulated ECL spectrum of dye 3/TPrA (red line) in CH3CN. The accumulated 

spectrum was recorded at a scan rate of 0.02 V s
‒1

. (G) CV of dye 3/TPrA recorded at 0.0125 V s
‒1

.   
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85 nm (1132 cm‒1) red-shifted compared to all other ECL 

organic dyes reported to date. 

In conclusion, we report a BF2 formazanate dye with a 

remarkably simple structure, synthesized via a straightforward 

two-step procedure from commercially available starting 

materials and capable of NIR PL and ECL. Analysis of the solid-

state structure of dye 3 revealed that the N-aryl substituents 

possess significant quinoidal character, leading to enhanced 

electronic delocalization over the -system that includes both the 

formazanate backbone and the N-aryl substituents. This 

delocalization results in a drastic red-shift in both the absorption, 

PL, and ECL maxima compared to related BF2 formazanates 

without the need for elaborate structure alteration. The 

electrochemical properties of our dye were probed using cyclic 

voltammetry and these studies revealed two reversible 

reductions and two reversible oxidations within the 

electrochemical solvent window afforded by CH3CN. The unique 

PL and electrochemical characteristics observed prompted us to 

investigate the ECL properties of dye 3. In the absence of a 

coreactant, no ECL was observed. However, ECL was induced 

upon the addition of tri-n-propylamine and reached a maximum 

intensity at 0.54 V relative to the ferrocene/ferrocenium redox 

couple. The wavelength of maximum ECL intensity was centred 

at 910 nm with an efficiency of 17.5% relative to the benchmark 

[Ru(bpy)3][PF6]2/TPrA system. Based on the simplicity of this dye 

and its unique properties, we envision that this study will inspire 

the development of future generations of organic dyes required 

for emerging applications involving NIR photoluminescent and 

electrochemiluminescent materials. Our future work will focus on 

compound 3, its protonated/methylated analogues, and 

structurally related compounds in order to develop the chemistry 

of this family of near-IR dyes in a variety of different solvents 

and biologically-relevant media. 
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