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Broad-Spectrum Chemiluminescence Covering 400-1400 nm 

Spectral Region and its Use as White-Near Infrared Light Source 

for Imaging 

Xiuping Zheng,
ab

 Wenqiang Qiao
*a

 and Zhi Yuan Wang
*ac 

Broad-spectrum chemiluminescence (CL) from 400 nm to 1400 nm was simultaneously generated from a mixture of visible 

and near-infrared (NIR) fluorophores by reaction with oxalyl chloride and hydrogen peroxide. By adjusting the proportions 

of each of fluorophores, the white-NIR CL light could be generated and was used as a light source for tissue imaging. The 

samples of fresh peach leaf and a live mouse were examined under the white-NIR light using a colour camera and a NIR 

camera at the same time. The white-NIR CL light offered more comprehensive and in-depth information on the thin leaf 

tissues acquired by both colour and NIR cameras. Owing to the presence of the NIR light, this unique light source can also 

be used for imaging of thick animal tissues. Therefore, the white-NIR CL can be considered and employed as a universal 

light source for use with various imaging techniques. 

Introduction  

Since the “bluish-white” light or chemiluminescence (CL) was 

observed by Chandross from the reaction involving a peroxyoxalate 

generated from hydrogen peroxide, oxalyl chloride and a 

fluorescent dye (9,10-diphenylanthracene),
1
 research on CL has 

focused on mechanistic study,
2
 exploration of new fluorophores 

and applications. The chemiluminescent reactions involving 

peroxyoxalate is highly effective.
3,4

 Typically, a certain colour is 

generated when an oxidizing agent (hydrogen peroxide or oxygen) 

reacts with phthalhydrazide derivatives (e.g., luminol),
5,6

 imidazole 

derivatives (lophine and 2-methyl-6-(p-methoxyphenyl)-3,7-

dihydroimidazo[1,2-α]pyrazin-3-one or MCLA),
7,8,9

 and acridinium 

derivatives.
10,11,12

 In addition, oxalyl chloride has been a common 

reagent in CL reactions since the work by Chandross and widely 

used in the visible or NIR CL systems.
1,13,14

  

Due to high sensitivity and elimination of autofluorescence 

interference by photoexcitation, CL is applied in ultrasensitive 

analysis, for example, detection of hydrogen peroxide in vivo
15

 and 

bioactive compounds (e.g., glucose
16

 and hydrogen sulfide
17,18

), 

food analysis,
19

 organic pollutants in the environment,
20

 and blood 

in forensic analysis.
21 

The CL is also widely used as a light source in 

imaging for biological research and physical therapy.
22,23,24

 

Compared with high energy radiation from radioisotopes, the CL 

imaging is particularly attractive because the chemiluminescent 

light is low-energy, relatively less harmless to tissues and easily 

detected by technically straightforward instrumentation.
25,26,27

  

At present, most CL occurs in the visible spectral region, e.g., 420-

480 nm for luminol and 465 nm for MCLA in Cypridina luciferin 

analogs.
5,28

 The Burgess group demonstrated the through-bond 

energy-transfer cassettes based on UV-absorbing donors (luminol) 

and fluorescent acceptors.
 
The cassettes of luminol-fluorescein and 

luminol-Nile Red emitted at 524 nm and 634 nm, respectively.
29

 The 

visible CL is sensitive for the imaging of superficial or thin biological 

tissues, but less sensitive for thick tissues.
30

 Due to the reduced 

absorption and scattering, the NIR light (700−1100 nm) has better 

penetration through biological tissues, which is beneficial for 

imaging in depth.
31,32,33

 The NIR CL has been reported in recent 

years. Smith and coworkers reported the interlocked fluorescent 

squaraine rotaxane endoperoxides, which were stable at low 

temperature and emitted the NIR light near 750 nm at the elevated 

temperatures.
25

 Ansaldi and coworkers achieved the CL at 800 nm 

by the chemiluminescence resonance energy transfer from luminol-

generated blue light to nanoparticles.
30

 In addition, NIR CL tunable 

from 900 nm to 1700 nm was achieved using the low-bandgap 

compounds and polymers.
14 

 

With different tissue penetrability, both visible and NIR light are 

useful for bio-imaging and other imaging techniques. For example, 

the photosensitizers used in conventional photodynamic therapy 

are mostly activated by visible light to treat the tumors on or just 

under the skin.
33

 In biometrics, the finger vein patterns could be 

acquired using NIR light.
34

 Hyperspectral imaging techniques were 

introduced for the determination of adulteration in minced meat to 

overcome the disadvantages of specific wavelength 

measurement.
35

 Thus, the broad-spectrum CL covering both visible 
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and NIR spectral regions are deemed to be universal and beneficial 

for imaging applications. However, the currently available CL light is 

either colour
36

 or NIR
37

, rather than both or white-NIR.  

Herein we present the CL covering both the visible and NIR 

spectral regions and its potential use as a white-NIR CL light source 

for tissue imaging. The white-NIR CL light was achieved using a 

group of fluorescent materials I-VII with the emission wavelengths 

in a range of 400−1400 nm (Chart 1). Under this broad-spectrum CL 

light, the animal and plant tissues were imaged concurrently with 

two cameras, colour (400−1000 nm) and NIR (900−1700 nm) 

cameras.  

Chart 1. Chemical structures of fluorophores I–VII. 

 

Experimental 

1. Reagents and Materials 

Hydrogen peroxide (30% in water) and oxalyl chloride were 

obtained from commercial sources. Solvents for the emission test 

were purified by distillation. All the other chemicals and reagents 

were used as received without further purification. Polymeric 

fluorophore I and fluorescent compounds II-V were obtained 

according to the reported methods.
38-41

 Compounds VI and VII were 

synthesized as the routes in Scheme S1 (Supporting Information). 

2. Methods 

1
H (400 MHz) and 

13
C (100 MHz) NMR spectra of all the samples in 

chloroform were obtained using a Bruker Avance 400 NMR 

spectrometer. Matrix-assisted laser desorption ionization time-of-

flight mass spectrometry was recorded from Bruker Daltonics 

Autoflex III TOF/TOF. The UV−vis−NIR absorpOon spectra were 

recorded from a Shimadzu UV-3600 spectrophotometer. The 

photoluminescence (PL) and chemiluminescence (CL) spectra in 

visible region were measured with a UV-vis fluorimeter (PE LS55). 

The CL was studied with light source closed and in biolum-mode. 

NIR PL and CL spectra were obtained using a PTI fluorescence 

system with InGaAs detector. For the NIR CL measurement, the 

excitation source in PTI fluorescence system was turned off and the 

CL signal was modulated by placing a chopper between the reaction 

cell and the detector. The CL signals were recorded in time-base 

mode right after fluorescent compounds, hydrogen peroxide and 

oxalyl chloride were mixed together. 

3. Imaging study 

For imaging a plant tissue, a fresh peach leaf was picked in 

September in the city of Changchun, China and then was used 

without further treatment. The leaf thickness is about 0.5 mm.  

For imaging an animal tissue, a KM mouse, aged 6–8 weeks, with 

a weight of 31.5 g was selected and anaesthetized using chloral 

hydrate through intraperitoneal injection.  

For the study of maximum penetration depth by this method, 

thinly sliced products of fresh meat were used and measured with a 

vernier caliper for the thickness values. 

The tissue images were captured with a colour camera (Sony 

NEX-5TY, silicon detector with a spectrum cut-off at 1000 nm) and a 

NIR camera (NIRvana camera, Princeton Instruments LightField, 

InGaAs detector, spectral response of 900−−−−1700 nm). 

 

Results and Discussion 

1. Optical Property 

The absorption, photoluminescence and chemiluminescence 

spectra of fluorophores I-VII were recorded in chloroform (Fig. 

1). The absorption bands in the UV–vis region below 500 nm 

are ascribed to π−π* and n–π* transitions of the conjugated 

aromatic sections (Fig. 1a and Table 1); while the absorption 

bands above 500 nm are mainly owing to the charge transfer 

between peripheral donors and central acceptor groups. With 

the stronger donors or acceptors, the absorption bands shift to 

the lower energy regions.
14 

The PL spectra of I−VII in 

chloroform cover the region from 400 nm to 1400 nm (Fig. 1b 

and Table 1). The maximum emission wavelength is 420 nm for 

I with a quantum efficiency of 74.8%. Due to the presence of 

donor and acceptor groups in III-VII, the maximum 

wavelengths of the fluorescence spectra gradually shift from 

636 nm to 1105 nm, along with a decrease in the emission 

efficiency. CL occurred when fluorophores were mixed with 

oxalyl chloride and hydrogen peroxide. As expected, the CL 

spectra (Fig. 1c) are similar to the corresponding PL spectra 

(Fig. 1b), which confirms the presence of the singlet-excited 

state of fluorophores I−VII as the light-emitting species.
14

  The 

slight redshift of CL maxima may be caused by reabsorption of 

short-wavelength emission by the fluorescent dyes in systems. 
42
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Fig. 1 (a) Absorption, (b) photoluminescence and (c) chemiluminescence spectra of I-VII in chloroform (1× 10
-5 

M). For CL, hydrogen peroxide (3.93 × 10
-2 

M) and oxalyl 

chloride (3.65 × 10
-2

 M) were added. The PL and CL spectra of I-IV were recorded with a UV-vis fluorimeter (PE LS55) and those of V-VII were taken with a NIR 

fluorimeter (PTI fluorescence system). All the spectra are normalized relative to the maximal absorption or emission wavelengths. 

Table 1 Absorption, photoluminescence and chemiluminescence of I–VII 

 Abs λmax  

(nm)
a
 

PL λmax 

(nm)
a
 

φf  

(%)
b
 

CL λmax 

(nm)
c 

I 392 420 74.8 
d
 420

 

II 478 536 60.9
 d

 540 

III 514 636 49.0 
e
 645 

IV 588 696 14.2 
e
 704 

V 704 885 2.2 
f
 926 

VI 830 995 <1 
f
 1000 

VII 946 1105 <1 
f
 1100 

a 
Absorption and fluorescence maxima in chloroform with a concentration of 1 × 

10
−5 

M. 
b 

Fluorescence quantum yield. 
c 
CL maximum from reaction of oxalyl 

chloride (3.65 × 10
-2

 M) and hydrogen peroxide (3.93 × 10
-2

 M). 
d
 Relative to 

quinine sulfate (ɸf = 0.55 in 0.5 M H2SO4). 
e
 Relative to fluorescein (ɸf  = 0.95 in 

0.1 M NaOH). 
f
 Relative to IR-125 (ɸf = 0.13 in DMSO).  

 

2. Time course of CL 

In a typical CL reaction, hydrogen peroxide firstly reacts with oxalyl 

chloride to generate highly energetic dioxetanedione that excites a 

fluorescent compound and then the light emits.
3,43

 From the flash 

CL profiles (Fig. S1, Supporting Information), the CL intensity 

markedly increased once the CL reaction began and then decreased 

after very short time. Taking compound II as an example, the CL 

intensity at 510 nm increased to the maximum (vertical axis about 

900) in 20 seconds after oxalyl chloride was injected into the 

system. Then, the CL intensity decreased to the minimum rapidly. 

The durations of the CL light and the HOMO values of the 

fluorophores were summarized in Table S2. Obviously, the 

durations of light emission from V, VI and VII were significantly 

shorter than I, II, III and IV. The possible reason was that HOMO 

values of NIR fluorophores (V, VI and VII) were higher than the 

visible fluorophores (I, II, III and IV), which were considered to be 

more susceptible to be oxidized by dioxetanedione intermediate 

and therefore leading to a much faster bimolecular rate between 

intermediate and NIR fluorophores.  

 

3. Effects of concentrations on chemiluminescence 

There was no emission detected in absence of any of the three 

reactants (fluorescent compound, oxalyl chloride and hydrogen 

peroxide). The dependence of CL intensity on reactant 

concentrations was investigated by keeping the concentrations of 

two of the three reactants constant while varying the other one’s 

concentration. The tests were done by monitoring CL intensity at 

the maximum emission wavelengths for I, III and V (Fig. 2). The CL 

intensity increased almost linearly with the concentration of I in a 

range of 10
-6 
−10

-5 
M (Fig. 2a) and with the concentration of 

hydrogen peroxide being kept within a range of 7.9 × 10
-4
−2.7 × 10

-3
 

M (Fig. 2b). In the interval of 1.8 × 10
-4
−3.7 × 10

-1
 M for oxalyl 

chloride concentration, only at a low concentration (below 1.46 × 

10
-2

 M), the CL intensity had a nonlinear increase (Fig. 2c). However, 

at a higher concentration of oxalyl chloride, a large amount of 

hydrochloric acid was generated, thus inhibiting the formation of 

dioxetanedione and hindering the further CL process.
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Fig. 2 Studies of the effect of the reactant concentrations on the CL process. (a) Changes in fluorophore concentration; constant concentrations of hydrogen peroxide 

(3.93 × 10
-2 

M) and oxalyl chloride (3.65 × 10
-2 

M). (b) Changes in hydrogen peroxide concentration; constant concentrations of fluorophores (1 × 10
-4 

M) and oxalyl 

chloride (1.83 × 10
-2 

M). (c) Changes in the oxalyl chloride concentration; constant concentrations of fluorophores (1 × 10
-4 

M) and hydrogen peroxide (1.96 ×10
-3 

M). 

The CL from fluorophores I and III were recorded with a UV-vis fluorimeter (PE LS55) and those from fluorophore V were recorded with the NIR fluorimeter (PTI 

fluorescence system).   

4. CL spectra  

4.1  CL spectra of single-fluorophore and multi-fluorophores 

Under the optimized concentrations of hydrogen peroxide and 

oxalyl chloride, the CL spectra from a single fluorophore to multi-

fluorophores were recorded (Fig. 3). Fig. 3a shows the CL spectrum 

of fluorophore I in chloroform (1 × 10
-5 

M) and the inset illustrates 

the photos of its solution taken before (left) and after (right) being 

treated with oxalyl chloride and hydrogen peroxide. The CL with a 

maximum at 420 nm is consistent with the PL maximum emission 

wavelength. To broaden the CL spectral range, fluorophores II-IV 

were individually introduced into the CL systems. Fig. 3b displays 

the CL spectrum of the mixture of fluorophores I and II with a molar 

ratio of 10/1. Clearly, the CL spectral range expanded from 420 nm 

to 550 nm and the colour of CL light became green (Figure 3b). With 

the three (I−−−−III) and four (I−−−−IV) fluorophores, the CL spectra 

extended to 700−−−−800 nm and the systems emitted the white light 

(Fig. 3c and 3d). Similarly, a mixture of NIR fluorophores V, VI and 

VII (molar ratio 1/1/2) gave the broad CL spectrum from 800 nm to 

1400 nm (Fig. 3e). The invisible CL light was captured using the NIR 

camera (inset, Fig. 3e). 
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Fig. 3 CL spectra of single-fluorophore (a) and multi-fluorophores (b−−−−e) containing hydrogen peroxide (3.93 × 10
-2 

M) and oxalyl chloride (1.46 × 10
-2 

M). Insets are the 

photos taken before (left) and after (right) the addition of oxalyl chloride. The photos on the right (inset in a-d) were taken with a colour camera and the right one in (e) 

was taken with a NIR camera. 
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4.2 White-NIR CL 

Accordingly, by blending the visible and NIR fluorophores I-VII in 

certain proportions, the broad-spectrum CL from 400 nm to 1400 

nm was achieved (Fig. 4). The image a (inset in Fig. 4) shows the 

original colour of the mixture of I−−−−VII in chloroform observed by 

the naked eyes (or a colour camera). When CL occurred, the colour 

appeared to be white as observed with a colour camera (image b in 

Fig. 4), and the NIR CL light (image c in Fig. 4) was revealed using a 

NIR camera.  

 

400 600 800 1000 1200 1400
0

20

40

60

80

100

120

140

160

180

 

 

 

 

In
te
n
s
it
y
 i
n
 N
IR
 r
e
g
io
n
 (
a
.u
.)

In
te
n
s
it
y
 i
n
 v
is
ib
le
 r
e
g
io
n
 (
a
.u
.)

Wavelength(nm)

0.00

0.05

0.10

0.15

0.20

0.25

0.30

 

Fig. 4 White-NIR CL spectra generated from a mixture of I-VII. Concentrations: I 

(1.97 × 10
-6

 M), II (3.94 × 10
-7 

M), III (9.85 × 10
-7 

M), IV (3.94 × 10
-6 

M), V (7.39 × 

10
-6

 M), VI (2.61 × 10
-6

 M), VII (1.48 × 10
-5 

M), hydrogen peroxide (3.93 × 10
-2

 M) 

and oxalyl chloride (1.46 × 10
-2 

M). Inset: photos (a) and (b) taken with a colour 

camera before and after addition of oxalyl chloride; photo c taken with a NIR 

camera.  

 

5. Energy transfer in CL systems 

Considering the energy transfer (ET) between fluorescent 

compounds during the CL process, molar ratios of these 

fluorophores were adjusted to achieve broad-spectrum CL. For 

example, the molar ratio of I/II was adjusted to 10/1 in order to 

obtain the similar CL intensity at the respective maximum emission 

wavelengths (420 nm for I and 500 nm for II, Fig. 3b). Because the 

fluorescent molecules in solution could diffuse freely and 

intermolecular collisions were expected to take place, the non-

radiative ET in the CL process was mainly governed by the Dexter 

exchange mechanism.
44

 The main factors of influencing the energy 

transfer efficiency are spectral overlap, the relative orientation of 

the transition dipoles and relative distance between the host 

(energy donor) and guest (energy acceptor).
45,46

 Spectral overlaps 

between the normalized host emission and guest absorption (Fig. 1 

and Table 1) indicated that a fairly easy energy transfer between 

fluorescent compounds could occur in the system. Under the same 

conditions (e.g., solvent, concentration and temperature), the 

probability of fluorescent molecules being excited by the energetic 

dioxetanedione intermediate was different because of the distinct 

oxidation potentials (according to the HOMO in Table S2) and steric 

effects of fluorophores, resulting in unequal reaction rate between 

the intermediate and fluorophores. Due to the very short duration 

time of CL (Fig. S1) and long intermolecular distances in diluted 

solutions, energy transfer between fluorescent compounds 

occurred partially but not completely. So the higher energy could 

not be completely quenched but weakened to a certain extent. 

Therefore, only by adjusting the proportion of fluorescent 

molecules, could the CL with nearly equal intensity over a wide 

spectral region be achieved. 

 

6. Imaging Application 

CL imaging in vitro under this white-NIR light source for biological 

tissues has been explored. Two independent studies were carried 

out with a leaf and a live mouse as samples. 

6.1 Leaf imaging 

The detailed experimental setup for CL imaging of fresh leaf was 

depicted in Fig. 5a. The CL light from a small groove containing a 

solution of fluorophores, hydrogen peroxide and oxalyl chloride 

passed through the leaf (positioned on the transparent plate) 

between the groove and the camera. Under the daylight without 

CL, the leaf appeared to be normal green colour with main veins on 

surface (Fig. 5b). In dark, under the white-NIR CL light, more 

structural details and fine veins were revealed with a colour camera 

(Fig. 5c). Meanwhile, being observed by a NIR camera, main veins in 

leaf became translucent, as a result of the NIR light penetrating 

through the veins (Fig. 5d).  

Furthermore, leaf imaging under the single-fluorophore CL light 

was carried out for comparison (Fig. S2). Leaf veins under green 

light from II (Fig. S2c) had better definition compared with blue light 

from I and red light from III or IV (Fig. S2b and Fig. S2d), which were 

mainly attributed to less absorption of green light by leaf cells. 

However, none of them gave a better image than that obtained 

under the white-NIR CL light. In the NIR region, the results from 

single-fluorophore V, VI and VII were basically identical and similar 

to the white-NIR light (Fig. S2e). Therefore, in comparison with 

daylight or single-fluorophore CL, the white-NIR CL light offered 

more comprehensive and in-depth information on the leaf tissues 

acquired by both colour and NIR cameras. 
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Fig. 5 Imaging studies of a leaf and a live mouse: Experimental set-up for the leaf (a) and mouse (e) imaging; Photographs of the leaf (b) and the live mouse (f) taken 

with a colour camera under daylight; Photographs of the leaf (c) and the live mouse (g) taken with a colour camera under white-NIR CL light; Photographs of the leaf 

(d) and the live mouse (h) taken by a NIR camera under white-NIR CL light. The location to be observed on the mouse leg was marked by the red circle (f). Hydrogen 

peroxide (3.93 × 10
-2 

M), oxalyl chloride (1.46 × 10
-2

 M), the concentrations of the fluorophores I-VII were ten times as those for the white-NIR CL spectrum in Fig. 4.  

 

6.2 Mouse imaging 

The CL imaging of a live mouse was studied. The experimental 

operation was similar to that for the leaf imaging except for the use 

of a black baffle to allow a beam of light to pass through (Fig. 5e). 

The mouse was anaesthetized and put on the transparent plate 10 

minutes later. Fig. 5f shows the photograph of the mouse in bright-

field and the imaging position at the rear leg (4.2 mm) is marked by 

a red circle. Under the white-NIR CL light, the images were obtained 

with a colour camera and as well NIR camera. As shown in Fig. 5g, 

with a colour camera the image was dark and unsatisfactory 

because no white light could be expected to pass through the thick 

tissues. Similarly, for imaging under the colour CL light from I, II, III 

or IV, no signal was detected by the colour camera because of very 

low penetration of colour light through thick tissues.  

In contrast, with a NIR camera, the bright region at the mouse 

leg was observed under the white-NIR CL light (Fig. 5h) or under 

the NIR light from single-fluorophore V, VI and VII. Thus for thick 

tissues imaging, it is necessary to use the NIR light regardless of 

the image diffusion due to planar optical imaging.
47

 Furthermore, 

the maximum penetration depth by this method was studied 

using several thicknesses of fresh meat tissues and the depth was 

approximately 1.87cm (Fig.S3, Supporting Information). Therefore, 

this white-NIR CL light can be very useful for the imaging of thick 

animal tissues.  

Conclusions 

The broad-spectrum CL from 400 nm to 1400 nm has been readily 

accessible by selecting a group of visible-NIR fluorescent materials. 

The CL spectral profiles were adjusted simply by changing the 

proportion of each of fluorophores, in order to realize the white-

NIR CL. As demonstrated, thin plant tissues (fresh leaf) or thick 

animal tissues (live mouse) could be examined by direct imaging 

under the white-NIR CL light concurrently with a colour camera and 

NIR camera. Accordingly, the white-NIR CL can be considered and 

employed as a universal light source for use with various imaging 

techniques. Comprehensive information of the tissues with 

different thicknesses can be acquired simultaneously by 

examination with two cameras (colour camera and NIR camera), 

thus avoiding replacement of the single-fluorophore CL source, 

simplifying the experimental process and improving the reliability of 

the imaging results at the same time. 

(b) under daylight, colour camera (d) CL on, NIR camera (c) CL on, colour camera 
(a) 

(f) under daylight, colour camera (g) CL on, colour camera (h) CL on, NIR camera (e) 
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Broad-spectrum chemiluminescence has been achieved and used as a white-near infrared light source for imaging techniques. 
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