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Push-pull azobenzene chromophores with negative halochromism 
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A B S T R A C T   

This work describes the synthesis and properties of monoazobenzene compounds carrying multiple electron- 
donating and electron-withdrawing substituents. The donors are methoxy and dialkylamine groups. The ac-
ceptors are cyano and nitro groups. The position of these groups has a strong influence on the absorption 
spectrum. When the nitro and cyano groups are located at the ortho and para positions to the azo bond, 
respectively, then the absorption maximum (λmax) can be found at 484 nm. However, switching this arrangement 
leads to a 57 nm red-shift (λmax = 541 nm). This shift can be enhanced further (λmax = 584 and 604 nm) by 
moving one of the methoxy groups from the ortho to the meta position and by encompassing the nitrogen atom in 
a five-membered ring. Interestingly, under acidic conditions, a reversible blue-shift (negative halochromism) is 
observed.   

1. Introduction 

Azobenzenes are a class of organic compounds that are useful in a 
variety of disciplines [1–7]. One particular avenue is their sensitivity 
towards chemical and biological reducing agents. When exposed to such 
reagents, the azo bond cleaves into two aniline fragments. This disso-
ciation concept has given rise to linkers useful in proteomics and im-
aging applications and led to the development of sulfa drugs [8,9]. We 
have harnessed this cleavage process to assemble and disassemble 
polymer nanoparticles and design colon-specific imaging agents 
[10–14]. During this work, we became aware that generally the azo 
bond scission is a relatively sluggish process that either requires a high 
concentration of the reductant or long reaction times. In proteomics 
applications, for example, these parameters can result in side reactions 
and background signals. This led us to examine simple molecular designs 
in which electron-withdrawing and electron-donating substituents were 
placed on the azobenzene scaffold. We observed that in a donor-acceptor 
arrangement, an increase in the number of donor substituents led to an 
enhancement of the cleavage rate. Due to the rapidity of the cleavage 
reaction, we called the structures ‘hypersensitive azobenzenes’ [15,16]. 
In these structures only one acceptor group (CO2CH3, CF3, CN, or NO2) 
was used. Therefore, a logical next question was: what will happen when 
we increase the number of electron-withdrawing groups in the system. 
In considering monoazobenzene scaffolds with multiple donors and 
acceptors, the study from Mustroph and Gussmann is particularly 
noteworthy [17]. This study utilized 2- and 3-methoxy-substituted-4-N, 

N-diethylaminoazobenzenes and showed that in such chromophores, an 
optimum bathochromic shift could be obtained when the strength of the 
electron withdrawing groups increases in the diazo component of the 
molecule. They employed a combination of cyano and nitro groups to 
achieve a maximum red shift. Hallas and coworkers pursued a slightly 
different line of investigation [18]. They considered cyclic analogues of 
the 4-dialkylamino group in the monoazo dyes. This study showed that 
the lone pair of the nitrogen atom interacts most efficiently with the rest 
of the aromatic system when incorporated into a five-membered ring. 
Inspired by these studies, 6 compounds carrying two 
electron-withdrawing groups (cyano and nitro) were prepared. Among 
these, one compound carried the amine donor in a five-membered ring. 
This study produced unexpected red and blue-shift trends in the ab-
sorption spectra of the azobenzene nucleus as described in the next 
section along with their sensitivities towards chemical and biological 
reducing agents. 

2. Results and discussion 

The synthesis is practical and begins with copper-catalyzed amina-
tion of the commercially available iodobenzenes with ethylethanol-
amine to afford the multi-donor fragments in 78–81% yield (Scheme 1). 
In the second step, these fragments are combined with electron-deficient 
anilines possessing cyano (CN) and nitro (NO2) groups through a diaz-
otization reaction [19,20]. The isolated yields for this step range from 60 
to 68%. In this way, the azobenzenes 1–3 can be prepared in two 
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synthetic steps beginning with commercially available starting materials 
(Figs. S1-S6). Compound 4 [21] with only one donor group could be 
prepared in one synthetic step from commercially available N-ethyl-
anilinoethanol in 68% isolated yield (Figs. S7-S8). The hydroxyl group 
was included in the molecular structure to aid water-solubility of the 
compounds. Despite this, use of dimethylsulfoxide (DMSO) was neces-
sary as a co-solvent to prepare aqueous solutions for UV–Vis 
spectroscopy. 

The UV–Vis absorbance spectra revealed many interesting features 
(Fig. 1). Compound 1 having the nitro group at the ortho and the cyano 
group at the para positions to the azo bond absorbed at 484 nm. How-
ever, compound 2 in which their positions were switched showed a red- 
shift of 57 nm. This meant that the electron withdrawing capabilities of 
the cyano and the nitro groups were optimum at the ortho and para 
positions, respectively. Interestingly, however, compound 3 with only 
one methoxy group showed the maximum shift of 71 nm. Compound 4 
with no methoxy group showed a shift of 58 nm. 

The fact that compound 3 exhibited the maximum red-shift indicated 
that the second methoxy group was not required at the ortho position. 
Therefore, inspired by the studies of Woolley and coworkers [22], 
compound 5 and 6 were prepared (Scheme 2 and Figs. S9-S16). In these 
compounds one of the methoxy group is located at the meta position to 
the azo bond. The difference between 5 and 6 is that in 6 the amine 
donor is part of a five-membered ring. From Hallas studies [18], a 
red-shift is expected with the five-membered cyclic donor. Indeed, the 
λmax in compounds 5 and 6 are located at 584 and 604 nm, respectively. 
These results indicated that by properly placing the acceptors and the 
donors, red absorbing azo compounds could be successfully accessed 

with synthetic ease. In considering azo compounds with a blue 
appearance (absorption in the red region), our design differs from 
Wooley’s design [22] in terms of structural symmetry and from com-
mercial azo blue/trypan blue in terms of compactness of the structure 
and underlines the importance of multiple donor/acceptors moieties and 
their relative arrangement on the aromatic scaffold. 

To further red-shift the absorption spectrum, we hypothesized that 
protonation of the azo bond under acidic conditions would be a useful 
strategy [23]. However, we observed that the addition of a drop of hy-
drochloric acid (solution pH = 1–2) shifted the absorption spectrum to 
the blue region (Fig. 1). The shift could be reversed by neutralization of 
the acid in the solution. This meant that we were observing a rare 
negative halochromism property in the monoazobenzene scaffolds [24]. 
The extent of the blue-shift depended upon the molecular structure. 
Compound 1 exhibited a minimum shift of 18 nm while compound 6 
displayed a maximum shift of 114 nm. 

Next, changes in the absorption spectra as a function of pH was 
studied with the help of buffer solutions (Fig. 2 and Figs. S17-S21). The 
pH was varied from near neutral (7.5) to acidic (2.5). This study pro-
duced complex results. For example, compounds 1 and 2 displayed a 
complete transition to the shorter wavelengths. However, in the case of 
1, the transition was very fast and a change of 1 pH unit (7.5–6.5) was 
enough to completely shift the spectra. Compound 2 had a gradual 
change and each unit of the pH change produced a significant change in 
the absorption spectrum and a complete shift was observed only at pH 4. 
Compound 3, 5, and 6 exhibited incomplete and slow transition and 
resisted any shift until the pH became lower than 4. Interestingly, 
compound 4 displayed no change in its absorption spectrum. Except for 
compound 4 (Fig. S19), a well-defined isosbestic point was observed in 
all cases indicating that no secondary reactions occurred under acidic 
conditions. 

The stability of the produced azo compounds against a biologically 
reducing agent was studied next (Figs. S22-S27). The compounds were 
exposed to 10 mM glutathione concentration as is typically found in 
biological systems. Here, compound 1 is reduced completely. Com-
pounds 2 and 5 showed a small reduction in the absorption intensity 
indicating that a small portion of the molecules reduced under these 
conditions. Compound 3 and 4 remained unchanged and indicated their 
stability towards 10 mM glutathione. The solution of compound 6 was 
observed to form a fine precipitate upon the addition of glutathione. 
Therefore, the reduction in absorption intensity in 6 can be presumed to 
be due to their reduction in solubility rather than the azo cleavage 
reaction. 

To further examine sensitivity to glutathione, a much higher con-
centration of 100 mM was used in the next set of experiments. This study 
indicated that compound 2 could not withstand the higher concentra-
tion of glutathione and was reduced completely. Compounds 3–5 
showed a small reduction in absorption intensity indicating some mo-
lecular decomposition. Compound 6 once again showed a much greater 
reduction in the absorption intensity. However, as mentioned before, 
this compound experienced poor solubility in the presence of gluta-
thione. Compounds 3–4, therefore, seem to be relatively robust towards 
biological reducing conditions created by glutathione. From these re-
sults, it appears that an ortho nitro substituent (as in compound 1) helps 
in the reduction of the azo bond presumably by stabilizing the hydra-
zobenzene intermediate (Fig. 3) with the oxygen atoms. To examine this 
hypothesis, a new compound, 7, was prepared (Fig. 4 and Figs. S28- 
S29). Compound 7 cleaved with 10 mM glutathione concentration to a 
larger extent than 2 but to a lower extent than 1 (Fig. S30). This result 
indicated that the ortho nitro substituent does indeed help to cleave the 
azo bond, however, the second acceptor is also an important parameter. 
The best sensitivity is obtained when the molecule contains three donors 
and two acceptors and the ortho acceptor is a nitro substituent. A com-
parison with a previously known compound 8 which is observed to be 
less sensitive to 1, 2, and 7 and more sensitive to 3 and 4 reinforces this 
conclusion (Fig. S31) [16]. 

Scheme 1. Synthesis of 1–4.  

Fig. 1. UV–Vis spectra of compounds 1–4 in 2:8 DMSO:Water mixture and 5–6 
in 3:7 DMSO:Water mixture before (black line) and after (red line) acidification 
with hydrochloric acid. 
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Having compound 7 which carries three donors, like compound 2, 
but only one acceptor allowed for examining whether two acceptors 
were necessary for the design of negative halochromatic compounds. 
Under acidic conditions, a slight bathochromic shift was observed for 7 
(Fig. S32). This meant that having two acceptors was critical in the 

design of halochromatic azobenzene compounds. To further study this 
aspect, known compounds 8–13 were acidified (Figs. S33-S38). How-
ever, no compounds were observed to undergo a significant blue-shift in 
their absorption spectrum. This meant that 2–3 donors and 2 acceptors 
were necessary to observe a strong blue-shift. Furthermore, the 
arrangement of the acceptors should be such that the stronger acceptor 
should be ortho to the azo bond. 

Finally, the reduction of the azo bond under chemically induced 
reducing condition by using sodium dithionite was investigated 
(Figs. S39-S44). Here, compounds 1–3 were reduced in a few seconds of 
exposure to 0.5 M sodium dithionite and indicated that these com-
pounds belong to the family of hypersensitive azobenzenes. Compounds 
4–6, however, behaved in a less predictable fashion and incomplete 
cleavage of the azo bond and competing nitro group reduction could be 
observed in these cases. Therefore, if azobenzene scaffolds are required 
for cleavage applications in a chemical environment, compounds 1–3 
are the most appropriate molecules as they cleanly break at the azo bond 
within a few seconds and in relatively less concentrated sodium 
dithionite solutions (0.5 mM). 

3. Conclusions 

In summary, simple monoazobenzene scaffolds with multiple donor 
and acceptor groups are capable of absorbing in the red region of the 
electromagnetic spectrum. They can be synthesized in two simple syn-
thetic steps from commercially available starting materials. In an acidic 
environment, contrary to the expected bathochromic shift, they display 
a negative halochromism. Some of these compounds are highly sensitive 
towards cleavage of the azo bond under biological and chemical 
reducing conditions. Their sensitivities can be tuned by the arrangement 

Scheme 2. Synthesis of 5–6.  

Fig. 2. Changes in the UV–Vis spectrum of compound 2 as a function of solu-
tion pH. 

Fig. 3. Chemical structure of the hypothetical hydrazobenzene intermediate.  

Fig. 4. Chemical structures of compounds 7–13.  
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of the donor and acceptors on the aromatic scaffold. Due to these 
characteristics, the described series of push-pull azo chromophores are 
of potential use in sensing applications [6]. 

Author statement 

Anzar Khan: Conceptualization, Writing- Original draft preparation, 
Supervision, Project administration, Funding acquisition. Taejun Eom: 
Methodology, Investigation, Formal analysis, Validation, Data curation, 
Writing- Reviewing and Editing. 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgements 

This research was funded by National Research Foundation of Korea 
grant funded by the Korean government (MSIP) (NRF- 
18R1D1A1B07048527). 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.dyepig.2021.109197. 

References 

[1] Bleger D, Hecht S. Visible-light-activated molecular switches. Angew Chem Int Ed 
2015;54(39):11338–49. 

[2] Dong M, Babalhavaeji A, Samanta S, Beharry AA, Woolley GA. Red-shifting 
azobenzene photoswitches for in vivo use. Acc Chem Res 2015;48(10):2662–70. 

[3] Van Den Mooter G, Maris B, Samyn C, Augustijns P, Kinget R. Use of azo polymers 
for colon-specific drug delivery. J Pharm Sci 1997;86(12):1321–7. 

[4] Elmes RB. Bioreductive fluorescent imaging agents: applications to tumour 
hypoxia. Chem Commun 2016;52(58):8935–56. 

[5] Thambi T, Park JH, Lee DS. Hypoxia-responsive nanocarriers for cancer imaging 
and therapy: recent approaches and future perspectives. Chem Commun 2016;52 
(55):8492–500. 

[6] Chevalier A, Renard PY, Romieu A. Azo-based fluorogenic Probes for biosensing 
and bioimaging: recent Advances and upcoming Challenges. Chem Asian J 2017;12 
(16):2008–28. 

[7] Kumari R, Sunil D, Ningthoujam RS, Kumar NA. Azodyes as markers for tumor 
hypoxia imaging and therapy: an up-to-date review. Chem Biol Interact 2019;307: 
91–104. 

[8] Mutlu H, Geiselhart CM, Barner-Kowollik C. Untapped potential for debonding on 
demand: the wonderful world of azo-compounds. Mater Horiz 2018;5(2):162–83. 

[9] Lesch JE. The first miracle drugs: how the sulfa drugs transformed medicine. New 
York: Oxford University Press; 2007. 

[10] Rao J, Khan A. Enzyme sensitive synthetic polymer micelles based on the 
azobenzene motif. J Am Chem Soc 2013;135(38):14056–9. 

[11] Rao J, Hottinger C, Khan A. Enzyme-triggered cascade reactions and assembly of 
abiotic block copolymers into micellar nanostructures. J Am Chem Soc 2014;136 
(16):5872–5. 

[12] Rao J, Khan A. Enzymatic ‘charging’of synthetic polymers. Polym Chem 2015;6(5): 
686–90. 

[13] Eom T, Yoo W, Lee Y-D, Park JH, Choe Y, Bang J, et al. An activatable anticancer 
polymer–drug conjugate based on the self-immolative azobenzene motif. J Mater 
Chem B 2017;5(24):4574–8. 

[14] Eom T, Yoo W, Kim S, Khan A. Biologically activatable azobenzene polymers 
targeted at drug delivery and imaging applications. Biomaterials 2018;185: 
333–47. 

[15] Eom T, Khan A. Hypersensitive azobenzenes: facile synthesis of clickable and 
cleavable azo linkers with tunable and high reducibility. Org Biomol Chem 2020; 
18(3):420–4. 

[16] Eom T, Khan A. Synthesis of azobenzenes with high reactivity towards reductive 
cleavage: enhancing the Repertoire of hypersensitive azobenzenes and examining 
their dissociation behavior. Tetrahedron Lett 2020:152018. 

[17] Mustroph H, Gussmann F. J Prakt Chem 1990;332:93–7. 
[18] (a) Hallas G, Marsden R, Hepworth JD, Mason DJ. Chem Soc Perkin Trans 1984;2: 

2–149.(b) Hallas G, Marsden R, Hepworth JD, Mason DJ. Chem Soc Perkin Trans 
1986;2:3–123.(c) Hallas G, Jalil MA. Dyes Pigments 1992;20:13.(d) Hallas G, 
Jalil MA. Dyes Pigments 1993;23:149. 

[19] Merino E. Synthesis of azobenzenes: the coloured pieces of molecular materials. 
Chem Soc Rev 2011;40(7):3835–53. 

[20] Garcia-Amoros J, Castro MCR, Coelho P, Raposo MMM, Velasco D. Fastest non- 
ionic azo dyes and transfer of their thermal isomerization kinetics into liquid 
crystalline materials. Chem Commun 2016;52:5132–5. 

[21] Mihelac M, Siljanovska A, Kosmrlj J. A convenient approach to arenediazonium 
tosylates. Dyes Pigments 2021;184:108726. 

[22] Dong M, Babalhavaeji A, Hansen M, Kalman L, Woolley G. Red, far-red, and near 
infrared photoswitches based on azonium ions. Chem Commun 2015;51(65): 
12981–4. 

[23] Lewis G. Structures of the mono-acid cations of 4-aminoazobenzene and its 
derivatives. Tetrahedron 1960;10(3–4):129–34. 

[24] Chu KY, Griffiths J. Cyanovinyl - substituted azo dyes. An unusual example of 
negative halochromism in a monosubstituted aminoazobenzene. Tetrahedron Lett 
1976;17(5):405–6. 

T. Eom and A. Khan                                                                                                                                                                                                                           

https://doi.org/10.1016/j.dyepig.2021.109197
https://doi.org/10.1016/j.dyepig.2021.109197
http://refhub.elsevier.com/S0143-7208(21)00065-6/sref1
http://refhub.elsevier.com/S0143-7208(21)00065-6/sref1
http://refhub.elsevier.com/S0143-7208(21)00065-6/sref2
http://refhub.elsevier.com/S0143-7208(21)00065-6/sref2
http://refhub.elsevier.com/S0143-7208(21)00065-6/sref3
http://refhub.elsevier.com/S0143-7208(21)00065-6/sref3
http://refhub.elsevier.com/S0143-7208(21)00065-6/sref4
http://refhub.elsevier.com/S0143-7208(21)00065-6/sref4
http://refhub.elsevier.com/S0143-7208(21)00065-6/sref5
http://refhub.elsevier.com/S0143-7208(21)00065-6/sref5
http://refhub.elsevier.com/S0143-7208(21)00065-6/sref5
http://refhub.elsevier.com/S0143-7208(21)00065-6/sref6
http://refhub.elsevier.com/S0143-7208(21)00065-6/sref6
http://refhub.elsevier.com/S0143-7208(21)00065-6/sref6
http://refhub.elsevier.com/S0143-7208(21)00065-6/sref7
http://refhub.elsevier.com/S0143-7208(21)00065-6/sref7
http://refhub.elsevier.com/S0143-7208(21)00065-6/sref7
http://refhub.elsevier.com/S0143-7208(21)00065-6/sref8
http://refhub.elsevier.com/S0143-7208(21)00065-6/sref8
http://refhub.elsevier.com/S0143-7208(21)00065-6/sref9
http://refhub.elsevier.com/S0143-7208(21)00065-6/sref9
http://refhub.elsevier.com/S0143-7208(21)00065-6/sref10
http://refhub.elsevier.com/S0143-7208(21)00065-6/sref10
http://refhub.elsevier.com/S0143-7208(21)00065-6/sref11
http://refhub.elsevier.com/S0143-7208(21)00065-6/sref11
http://refhub.elsevier.com/S0143-7208(21)00065-6/sref11
http://refhub.elsevier.com/S0143-7208(21)00065-6/sref12
http://refhub.elsevier.com/S0143-7208(21)00065-6/sref12
http://refhub.elsevier.com/S0143-7208(21)00065-6/sref13
http://refhub.elsevier.com/S0143-7208(21)00065-6/sref13
http://refhub.elsevier.com/S0143-7208(21)00065-6/sref13
http://refhub.elsevier.com/S0143-7208(21)00065-6/sref14
http://refhub.elsevier.com/S0143-7208(21)00065-6/sref14
http://refhub.elsevier.com/S0143-7208(21)00065-6/sref14
http://refhub.elsevier.com/S0143-7208(21)00065-6/sref15
http://refhub.elsevier.com/S0143-7208(21)00065-6/sref15
http://refhub.elsevier.com/S0143-7208(21)00065-6/sref15
http://refhub.elsevier.com/S0143-7208(21)00065-6/sref16
http://refhub.elsevier.com/S0143-7208(21)00065-6/sref16
http://refhub.elsevier.com/S0143-7208(21)00065-6/sref16
http://refhub.elsevier.com/S0143-7208(21)00065-6/sref17
http://refhub.elsevier.com/S0143-7208(21)00065-6/bib18a
http://refhub.elsevier.com/S0143-7208(21)00065-6/bib18a
http://refhub.elsevier.com/S0143-7208(21)00065-6/bib18b
http://refhub.elsevier.com/S0143-7208(21)00065-6/bib18b
http://refhub.elsevier.com/S0143-7208(21)00065-6/bib18c
http://refhub.elsevier.com/S0143-7208(21)00065-6/bib18d
http://refhub.elsevier.com/S0143-7208(21)00065-6/bib18d
http://refhub.elsevier.com/S0143-7208(21)00065-6/sref18
http://refhub.elsevier.com/S0143-7208(21)00065-6/sref18
http://refhub.elsevier.com/S0143-7208(21)00065-6/sref19
http://refhub.elsevier.com/S0143-7208(21)00065-6/sref19
http://refhub.elsevier.com/S0143-7208(21)00065-6/sref19
http://refhub.elsevier.com/S0143-7208(21)00065-6/sref20
http://refhub.elsevier.com/S0143-7208(21)00065-6/sref20
http://refhub.elsevier.com/S0143-7208(21)00065-6/sref21
http://refhub.elsevier.com/S0143-7208(21)00065-6/sref21
http://refhub.elsevier.com/S0143-7208(21)00065-6/sref21
http://refhub.elsevier.com/S0143-7208(21)00065-6/sref22
http://refhub.elsevier.com/S0143-7208(21)00065-6/sref22
http://refhub.elsevier.com/S0143-7208(21)00065-6/sref23
http://refhub.elsevier.com/S0143-7208(21)00065-6/sref23
http://refhub.elsevier.com/S0143-7208(21)00065-6/sref23

	Push-pull azobenzene chromophores with negative halochromism
	1 Introduction
	2 Results and discussion
	3 Conclusions
	Author statement
	Declaration of competing interest
	Acknowledgements
	Appendix A Supplementary data
	References


