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ABSTRACT 

Diazotization followed by azo coupling is still one of the most heavily used derivatization routes in pharmaceutical 

UV-visible spectrophotometry, and yet the selection of the coupling reagent is very often made by trial and error, or 

simply by copying whatever the previous paper in the same journal happened to use. This review asks a narrower 

question than the usual survey of applications: what structural features of a coupler actually control the analytical 

figures of merit, and how far can density functional theory (DFT) and quantitative structure-property relationships 

(QSPR) replace that guesswork with prediction? We revisit the coupling step as an electrophilic aromatic substitution 

whose rate, regiochemistry and pH window are set by the ionization state of the coupler and by the electrophilicity 

of the arenediazonium ion generated from the drug. We then connect those variables to the quantities an analyst 

actually cares about: absorption maximum, molar absorptivity and colour stability. Conceptual-DFT indices, in 

particular the electrophilicity index, the nucleophilicity index and condensed Fukui functions, are shown to rationalize 

reagent behaviour that is otherwise reported as an empirical observation. Time-dependent DFT reproduces azo 

absorption maxima to within roughly 6-12 nm when the functional and the solvation model are chosen with care, 

while recent QSPR and machine-learning models predict λmax across hundreds of azo dyes with external coefficients 

of determination approaching 0.9. A structure-performance map of the common couplers is assembled, recurring 

errors in present computational practice are identified, and a minimum reporting set is proposed. 

Keywords: Azo coupling; coupling reagent; density functional theory; QSPR; spectrophotometry; drug determination; azo-

hydrazone tautomerism; green analytical chemistry. 

 

1. INTRODUCTION 

Visible spectrophotometry has not gone away. Despite 

four decades of chromatographic dominance in 

pharmaceutical quality control, colour-forming assays 

are still written, validated and published in large 

numbers, mostly because they need almost no 

instrumentation and can be run where a liquid 

chromatograph is neither affordable nor maintainable 

[1-9]. Among these assays, the diazotization-coupling 

family occupies a peculiar position. It is chemically old, 

it is extremely well documented, and it has been 

applied to an enormous span of analytes, from 

sulfonamides and cephalosporins through to kinase 

inhibitors developed only in the last few years [10, 11]. 

What has changed much less is how the coupling 

reagent gets chosen. Reading through the recent 

literature one finds the same short list of couplers, 1-

naphthol, 2-naphthol, resorcinol, chromotropic acid, 8-

hydroxyquinoline, phloroglucinol, recycled from paper 

to paper, and the justification given is usually 

retrospective: the reagent gave a strong colour, 

therefore it was suitable [12-14]. Screening several 

couplers and reporting the best absorbance is 

legitimate, but expensive, it consumes reagents that 

green analytical chemistry would rather we did not 

consume [15], and it produces no transferable 

knowledge. The next analyte starts the screen again 

from zero, and in effect each laboratory rediscovers 

the same handful of empirical facts. 

There is now a reasonable case that this can be done 

differently. Quantum-chemical treatments of analytical 

azo coupling appeared as early as the mid-2000s [16], 

conceptual DFT has matured into a stable set of 
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reactivity indices [17], and structure-property 

modelling of dye colour has moved from small 

regression models to machine learning trained on 

several hundred azo compounds [7, 18]. What is 

missing is the connecting tissue: an account of which 

computed quantity maps onto which analytical figure of 

merit, and how reliable that mapping actually is. That is 

what the present review attempts. 

2. THE COUPLING STEP, REVISITED FROM 

AN ANALYTICAL POINT OF VIEW 

2.1 The electrophile derived from the drug 

In the overwhelming majority of pharmaceutical 

applications the drug supplies the amine. A primary 

aromatic amino group, either present in the molecule 

as supplied or liberated by acid or alkaline hydrolysis, is 

treated with sodium nitrite in a cold mineral-acid 

medium to give the arenediazonium ion. The 

electrophilicity of that ion is not a constant; it responds 

strongly to the substituents carried by the drug, and 

the same substituents govern how fast the ion 

decomposes before it has a chance to couple [19]. This 

is the first practical consequence for method 

development. Electron-withdrawing groups raise 

diazonium reactivity and, at the same time, tend to 

improve thermal stability, whereas strongly electron-

donating substituents give a sluggish, short-lived 

electrophile that demands tight temperature control. 

Systematic kinetic work on para-substituted 

benzenediazonium cations places the reaction squarely 

within the Mayr electrophilicity-nucleophilicity 

framework and yields substituent relations of the 

Hammett type [20, 21]. For a series of 3-

aminothiophene couplings, for instance, the nucleophile 

parameters N = 9.37 and sN = 1.18 were obtained 

together with the relation N = 6.72 − 2.01σ+, with 

carbon attack rate-determining [21]. 

Drugs that carry no diazotizable amine are handled 

either by pre-derivatization, most commonly reduction 

of a nitro group or hydrolysis of an amide, or by 

inverting the roles so that the drug acts as the coupler 

and an auxiliary aromatic amine supplies the diazonium 

ion. Paracetamol is the textbook case of the first 

strategy [12, 22], methyldopa and phenylephrine of the 

second [23, 24]. The distinction matters more than it 

may seem, because in the inverted mode the analyte's 

own electronic structure determines the 

nucleophilicity, and the design problem shifts from 

choosing a coupler to choosing a diazotized reagent. 

2.2 What makes a coupler a good coupler 

Azo coupling is an electrophilic aromatic substitution, 

and the classical kinetic analysis established that the 

reactive species is the ionized form of the coupler: the 

phenolate for phenols and naphthols, the free base for 

aromatic amines [1, 2]. Later kinetic work on 

pyrazolinone couplers put numbers on this, locating 

the relevant pKa at 5.07 at 293 K and establishing a 

Hammett correlation in which electron-withdrawing 

groups on the diazonium partner accelerate attack 

[25]. Everything else follows from that. A coupler is 

effective when it can be deprotonated, or kept 

unprotonated, under conditions where the diazonium 

ion has not yet decomposed, and when the resulting 

anion carries a high electron density at a sterically 

accessible ring position. Naphthols satisfy this better 

than simple phenols, which is why 1-naphthol and 2-

naphthol dominate the applied literature. Polyhydroxy 

couplers such as resorcinol and phloroglucinol go 

further, since successive hydroxyls raise the 

nucleophilicity of the ring and lower the pH at which 

the reactive anion becomes available [13, 22]. 

Regiochemistry is the second consideration, and it is 

not fixed. Skrabal and Zollinger showed that the 

ortho/para ratio in aminohydroxynaphthalene couplers 

is set by which ionized form predominates at a given 

pH, so that pH controls not only the rate but the 

identity of the product [26, 27]. Bulky substituents 

adjacent to the coupling site can shift the rate-

determining step from attack of the diazonium ion to 

the subsequent proton loss, which changes how the 

observed rate responds to buffer composition [28]. 

Analysts rarely check for this, and it is a plausible 

reason why some published procedures show an 

inexplicably narrow optimum in buffer concentration. 

Side reactions deserve more attention than they 

normally get. Amine couplers can react at nitrogen to 

give triazenes, which subsequently rearrange to the C-

azo product, so an apparently slow colour 

development may in fact be a two-stage process [29]. 

Triazenes are also considerably more thermally stable 

than the parent diazonium salts, a point established 

quantitatively in a process-chemistry context but with 

obvious implications for reagent blank behaviour [30]. 

Heteroaromatic diazonium ions follow their own 

reactivity ordering [31], and medium effects, including 

ion pairing with anionic surfactants, can accelerate 

coupling appreciably [32]. Table 1 sets out the couplers 

that recur in the pharmaceutical literature together 

with the species that actually reacts in each case, and 

Figure 1 collects the three mechanistic strands 

discussed above. The standard monographs remain the 

best entry point to this literature [33, 34]. 

 
Figure 01: Mechanistic anatomy of the analytical azo-

coupling reaction: (a) diazotization of the drug-derived 

primary aromatic amine; (b) pH-dependent speciation 

of a representative naphthol coupler and C-1 attack by 

the arenediazonium ion; (c) the competing N-coupling 

pathway that yields a triazene and its rearrangement to 

the C-azo product. 
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Table 01: Coupling reagents recurring in the pharmaceutical azo assays surveyed here, with their chemical class, the 

species that actually reacts under assay conditions, the role each plays in the determination, and a representative 

analyte. 

Coupling reagent Chemical class 
Reactive 

species 
Role 

Representative 

analyte 
Ref. 

1-Naphthol Naphthol 
Naphtholate 

anion 
Coupler 

Metoclopramide; 

paracetamol; 

futibatinib 

[11, 22, 

36]. 

2-Naphthol (β-

naphthol) 
Naphthol 

Naphtholate 

anion 
Coupler 

Sulfanilamide; 

cefixime; 

paracetamol 

[12, 37, 

39]. 

Resorcinol 1,3-Dihydroxybenzene Mono-phenolate Coupler Paracetamol [22]. 

Phloroglucinol 
1,3,5-

Trihydroxybenzene 
Phenolate Coupler 

Bromhexine 

hydrochloride 
[13]. 

Chromotropic acid 
Dihydroxynaphthalene- 

disulfonic acid 
Di-anion Coupler 

Cefixime; 

sildenafil citrate 
[14,[56]. 

8-Hydroxyquinoline Quinolinol Quinolinolate Coupler Paracetamol [12] 

p-Dimethylamino- 

benzaldehyde 

Tertiary aromatic 

amine 
Free base Coupler 

Ceftriaxone, 

ceftazidime, 

cefixime, 

cefotaxime, 

cefuroxime 

[53] 

Alanine; tyrosine α-Amino acids 
Free amine / 

phenolate 
Coupler Paracetamol [52] 

Anthranilic acid; 

2-aminopyrimidine 

Aromatic / 

heteroaromatic 

amine 

Arenediazonium 

ion 

Diazotized 

partner 
Methyldopa [23] 

Sulfanilic acid 
Aromatic sulfonic 

amine 

Arenediazonium 

ion 

Diazotized 

partner 
Minoxidil [38] 

Sulfacetamide 

sodium 
Sulfonamide 

Arenediazonium 

ion 

Diazotized 

partner 

Phenylephrine 

hydrochloride 
[24] 

1-Amino-4-nitro- 

naphthalene 
Nitro-naphthylamine 

Arenediazonium 

ion 

Diazotized 

partner 
Doxycycline [51] 

4-

Aminoacetophenone 
Aromatic ketone amine 

Arenediazonium 

ion 

Diazotized 

partner 
Genistein [54] 

4-(2-Thiazolylazo)- 

resorcinol and 

analogues 

Preformed azo ligand Chelating anion 
Ternary 

chromogen 

Vanadium(V); 

cobalt(II) 

(sensitivity 

benchmarks) 

[40],[41] 

 

3. WHERE THE ANALYTICAL FIGURES OF MERIT COME FROM 

3.1 Absorption maximum and molar absorptivity 

The two numbers that decide whether a method is worth publishing are λmax, because it determines how far the 

measurement sits from formulation excipient interference, and the molar absorptivity, because it fixes the detection 

limit. Both are properties of the extended donor-acceptor system created when the azo bridge links the two rings. 

Push-pull architectures, in which an electron donor on one ring faces an acceptor on the other, produce intramolecular 

charge-transfer bands that are red-shifted and intense [35]. This is the same design logic used in disperse dyes and in 

nonlinear optical materials, and it transfers directly to analytical reagents. 

Numbers from the applied literature bear this out, although with a good deal of scatter. Coupling metoclopramide with 

1-naphthol gives λmax at 550 nm with ε close to 3.5 × 104 L mol-1 cm-1 [36], while the sulfanilamide-β-naphthol product 

absorbs at 489 nm with ε near 2.9 × 104 [37]. At the other end, the minoxidil-sulfanilic acid system absorbs at 400 nm 
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with ε of only about 4.6 × 103, and the reported detection limit is nonetheless very low, which raises questions about 

how that limit was estimated [38]. Chromotropic acid, being both strongly activating and water-soluble, tends to give 

products further into the visible: cefixime coupled with chromotropic acid absorbs at 514 nm [14] against 412 nm for 

the same drug coupled with β-naphthol [39]. Sensitivity can be pushed much further by moving the coloured product 

into a small volume of surfactant-rich or organic phase; cloud-point extraction of azo complexes has delivered ε values 

above 105 and Sandell sensitivities below 1 ng cm-2 [40, 41], and dispersive liquid-liquid microextraction has been 

coupled to azo-dye formation for tetracycline in real samples [42]. 

3.2 Tautomerism and solvatochromism as hidden variables 

Hydroxy-azo dyes exist as an equilibrium between the azo and the hydrazone form, and the two tautomers do not have 

the same colour. This is a well-studied problem in dye chemistry [43] and is summarized in Figure 2, but it is rarely 

acknowledged in analytical papers, where a single λmax is quoted as if it were a fixed constant of the product. It is not. 

Solvent composition alone can move the position of the equilibrium in naphthol-derived chromogens developed 

specifically as reagents for drug assay [44],[45], and spectral deconvolution of common azo dyes shows some to be 

predominantly hydrazone and others predominantly azo in the same solvent [46]. Ring substituents shift both the 

tautomeric position and the acid-base behaviour in a correlated way [47]. In one arylazo system a Hammett correlation 

with r2 = 0.983 and ρ = 1.07 was obtained alongside a Kamlet-Taft treatment across eight solvents, with multiple 

correlation coefficients between 0.810 and 0.993 [48]. 

The practical corollary is uncomfortable. If a validated procedure specifies an ethanol-water measurement medium and 

a subsequent laboratory substitutes methanol, the tautomeric balance may shift enough to move λmax by several 

nanometres and to change ε, and the transferred method will quietly lose sensitivity without any obvious failure. Acidity 

constants of the chromogen, best obtained by multiwavelength treatment of pH-dependent spectra rather than by 

single-wavelength titration [49], should therefore be regarded as part of the method description and not as an optional 

characterization exercise. 

Colour stability is the third neglected variable. Azo dyes in aqueous solution degrade at rates that are strongly 

temperature-dependent; for tropaeolin OO the pseudo-first-order constant rises from 0.036 h-1 at 20 °C to 0.325 h-1 at 

50 °C, and calcon behaves similarly on a smaller scale [50]. Reducing agents present in the sample matrix, ascorbic acid 

being the obvious example, accelerate this. A stability window quoted as "the colour was stable for 60 min" without 

stating the temperature is close to meaningless. 

 
Figure 02: Azo-hydrazone tautomeric equilibrium in a naphthol-derived chromogen and its spectral consequence: (a) 

the two tautomeric forms of 1-phenylazo-2-naphthol; (b) illustrative absorption envelopes drawn at the band positions 

reported in the cited spectroscopic studies, showing how the observed spectrum is a weighted sum of the two forms 

rather than a single fixed band. 

4. PREVIOUS STUDIES: WHAT THE PUBLISHED CORPUS ACTUALLY SHOWS 

A survey of diazotization-coupling assays published over roughly the last fifteen years gives a fairly consistent picture, 

and also exposes some persistent weaknesses. The most recent dedicated review, covering the 2010-2023 window, 

organizes the field by analyte class, aromatic amines, nitro compounds, phenols, hydrazine derivatives and aliphatic 

amines, and attributes the sensitivity of the approach to the intense visible absorption of the azo product [10]. That 

classification is useful but it is analyte-centred; it does not tell a method developer which reagent to pick. 

Table 2 compiles representative assays from this body of work, and Figure 5 plots the same data as absorption 

maximum against detection limit. Looking instead across couplers, several regularities emerge. Naphthols give the 

longest-wavelength products and the highest molar absorptivities among the simple couplers, with reported ranges of 

0.4-18 μg mL-1 for metoclopramide [36] and 1-12 μg mL-1 for sulfanilamide [37]. Resorcinol and 1-naphthol applied to 

the same analyte, hydrolysed paracetamol, gave 480 and 510 nm respectively with comparable linear ranges, which is a 

rare and useful head-to-head comparison [22]. Phloroglucinol, used for bromhexine in an alkaline medium, gave a short-

wavelength product at 405 nm but a very low detection limit of 0.087 μg mL-1 [13]. 8-Hydroxyquinoline and 2-naphthol 
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applied to paracetamol produced 470 and 490 nm products with ε around 1.9 × 104 for the former [12]. Nitro-

substituted naphthylamines have also served as the diazotized partner, as in a doxycycline assay reading at 466 nm with 

a detection limit of 0.297 μg mL-1 [51]. Unconventional couplers appear from time to time, including amino acids such 

as alanine and tyrosine, which gave workable but distinctly less sensitive assays with detection limits of 1.27 and 1.74 μg 

mL-1 [52], and p-dimethylaminobenzaldehyde applied across five cephalosporins with detection limits between 1.75 and 

6.15 μg mL-1 [53]. 

Several trends run through the corpus. First, the assays are almost always applied to bulk drug and to simple solid 

dosage forms; biological matrices are rare. Second, the sensitivity ceiling of the direct batch procedure sits around 104 

to 105 L mol-1 cm-1, and getting beyond it requires either preconcentration [54],[42] or a metal-containing ternary 

system [55],[56]. Third, and most relevant here, computational support is nearly absent. Where it appears it is usually a 

single geometry optimization and a frontier-orbital picture presented after the fact [11]. Fourth, stoichiometry is almost 

always claimed from a Job plot, often without acknowledging the well-documented assumptions on which the method 

of continuous variations rests [57]. 

Table 02: Representative diazotization-coupling spectrophotometric assays of pharmaceuticals, listing the coupling 

system, analyte, absorption maximum, molar absorptivity, linear range and detection limit exactly as reported by the 

original authors. 

Coupling system 

(coupler / diazotized 

partner) 

Analyte 
λmax 

(nm) 

ε 

(L mol⁻¹ 
cm⁻¹) 

Linear 

range 

(μg mL⁻¹) 

LOD 

(μg mL⁻¹) 
Ref. 

1-Naphthol / 

metoclopramide 

Metoclopramide 

HCl 
550 3.50 × 10⁴ 0.4–18 0.545 [36] 

1-Naphthol / paracetamol Paracetamol 510 n.r. 2.5–20 n.r. [22] 

Resorcinol / paracetamol Paracetamol 480 n.r. 3–15 n.r. [22] 

2-Naphthol / sulfanilamide Sulfanilamide 489 2.88 × 10⁴ 1–12 0.247 [37] 

2-Naphthol / cefixime Cefixime 412 n.r. 1–20 0.109 [39] 

2-Naphthol / paracetamol Paracetamol 490 n.r. 2–10 n.r. [12] 

8-Hydroxyquinoline / 

paracetamol 
Paracetamol 470 1.9 × 10⁴ 2–10 n.r. [12] 

Chromotropic acid / cefixime Cefixime 514 n.r. 0.5–20 0.322 [14] 

Phloroglucinol / bromhexine Bromhexine HCl 405 n.r. 0.25–15 0.087 [13] 

Phenylephrine / sulfacetamide Phenylephrine HCl 425 n.r. 2–24 0.278 [24] 

Doxycycline / 1-amino-4-

nitronaphthalene 
Doxycycline 466 n.r. 0.5–20 0.297 [51] 

Minoxidil / sulfanilic acid Minoxidil 400 4.62 × 10³ 5–40 0.012 [38] 

Methyldopa / anthranilic acid Methyldopa 455 n.r. 6.25–62.5* n.r. [23] 

Methyldopa / 2-

aminopyrimidine 
Methyldopa 450 n.r. 6.25–62.5* n.r. [23] 

Alanine / paracetamol Paracetamol n.r. n.r. 2–30 1.266 [52] 

Tyrosine / paracetamol Paracetamol n.r. n.r. 2–30 1.737 [52] 

p-

Dimethylaminobenzaldehyde 

/ 

five cephalosporins 

Ceftriaxone, 

ceftazidime, 

cefixime, 

cefotaxime, 

cefuroxime 

400–

430 
n.r. 5–60 

1.751–

6.152 
[53] 

Genistein / 4-

aminoacetophenone, 

cloud-point extraction 

Genistein 437 n.r. 0.25–2.75 n.r. [54] 

Genistein / 4-

aminoacetophenone, 

flow injection 

Genistein 437 n.r. 10–100 n.r. [54] 
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Coupling system 

(coupler / diazotized 

partner) 

Analyte 
λmax 

(nm) 

ε 

(L mol⁻¹ 
cm⁻¹) 

Linear 

range 

(μg mL⁻¹) 

LOD 

(μg mL⁻¹) 
Ref. 

4-(2-Thiazolylazo)resorcinol / 

V(V)–H₂O₂, 

cloud-point extraction† 

Vanadium(V) 569 7.4 × 10⁴ 0.006–0.510 0.0017 [40] 

Hydrophobic 

thiazolylazoresorcinol / 

Co(II), 

cloud-point extraction† 

Cobalt(II) 553 2.63 × 10⁵ 0.0054–0.189 0.00164 [41] 

n.r. = not reported in the source consulted. * Linear range quoted by the original authors in mg L-1. † Metal-ion systems 

included as sensitivity benchmarks for preconcentrated azo chromogens, not as drug assays. 

5. DFT AS A DESIGN TOOL FOR COUPLING REAGENTS 

5.1 Global reactivity indices and the pairing rule 

Conceptual DFT provides a compact vocabulary for reactivity: chemical potential and its negative, electronegativity; 

chemical hardness and softness; and the electrophilicity index ω = μ2/2η introduced by Parr and co-workers [3],[17]. 

The complementary nucleophilicity index N was later put on an empirical footing by Domingo and Pérez [4]. Together 

they support a simple pairing rule that is directly applicable to analytical azo coupling: a fast, quantitative reaction 

requires a strongly electrophilic diazonium partner and a strongly nucleophilic coupler, and the larger the difference in 

these indices, the more polar and the more rapid the process. Working thresholds are available, with ω above 1.5 eV 

describing a strong electrophile and values below 0.8 eV a marginal one, and correlations between ω and computed 

activation energies as high as R2 = 0.92 have been reported for well-behaved reaction series [58]. 

Table 3 lists these descriptors with their definitions and their analytical reading. Applied to azo chemistry, these indices 

behave sensibly. Reactive Orange 16 is classed as a strong electrophile with ω above 1.5 eV and a moderate nucleophile 

once solvation is included [59], and across a series of substituted azobenzene disperse dyes the aldehyde derivative 

showed both the highest electrophilicity index, 4.6441 eV, and the largest dipole moment, 4.9366 D [6]. Complexation 

shifts the picture dramatically: an azo dye ligand with a HOMO-LUMO gap of 3.42 eV yielded chelates with gaps 

between 1.01 and 2.56 eV depending on the metal [60], and a comparable ordering was found for nitroxoline azo 

complexes [61]. For the analyst, the useful implication is that a ternary system does not merely add colour, it produces 

a genuinely different, softer and more polarizable chromophore. 

5.2 Local descriptors and regioselectivity 

Global indices say whether a pair will react; they cannot say where. That is the role of the Fukui function, defined by 

Parr and Yang as the response of the electron density to a change in electron number [62], and of its condensed-to-

atom form obtained from population analysis [63]. For a coupler, the relevant quantity is f-, the index for electrophilic 

attack; the ring atom with the largest f- in the deprotonated species should be the coupling site. Molecular electrostatic 

potential maps give a complementary and more visual reading of the same information, and natural bond orbital analysis 

quantifies the donor-acceptor stabilization that follows [64],[65]. An early quantum-chemical treatment of analytical azo 

coupling specifically concluded that orbital control, together with aqueous solvation, directs the diazonium ion to the 4-

position of 1-aminonaphthalene [16], which is exactly the kind of prediction a method developer could act on. 

Figure 3 makes this concrete for the coupler that appears most often in these assays. Optimized at B3LYP/6-31G(d) 

with a continuum water model, 2-naphthol has its highest occupied orbital at −5.67 eV; deprotonation lifts it to −3.96 

eV and narrows the frontier gap from 4.67 to 3.76 eV, while the Koopmans electrophilicity index drops from roughly 

2.38 to 1.15 eV. In both species the largest carbon f- lies at C-1, which is where β-naphthol is in fact observed to 

couple, though in the anion the oxygen itself carries the largest index of all, a reminder that the softest site is not 

automatically the one that gives a stable product. 

In practice these calculations are cheap. A geometry optimization at B3LYP/6-31G(d,p) or 6-311G(d,p) with an implicit 

solvent model, followed by single-point calculations on the cation and anion, delivers the whole descriptor set in a few 

processor-hours for molecules of this size. The barrier is not cost. It is that the deprotonated form, the species that 

actually reacts, is frequently not the one calculated. 

5.3 TD-DFT and the prediction of colour 

Predicting λmax is where TD-DFT earns its place, and the accuracy achievable is now reasonably well characterized for 

azo systems specifically. For twenty-two azoalkane derivatives, PCM-TD-PBE0 reproduced the n→π* wavelength with a 

mean absolute error of 5.8 nm, or 0.056 eV, with a worst case of 21 nm [5]. A benchmark across eight functionals on 

azo sulfonamide fluorochromes found PBE-based functionals deviating by only 0.06-0.12 eV, B3LYP and O3LYP 

overestimating by 0.17-0.26 eV, and range-separated functionals underestimating by anything from 0.15 to 0.52 eV [66]. 

More recent applied studies report deviations of 12 nm or less for azobenzene disperse dyes at B3LYP/6-31G(d,p) [6] 

and good reproduction of experimental maxima over the 360-440 nm range for barbituric azo dyes [67]. Azobenzene-
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based photochromic systems modelled with CAM-B3LYP gave maxima at 430 and 440 nm with gaps of 2.42-2.54 eV 

[68], and TD-DFT with PCM across eight solvents has been used to track solvatochromic shifts in monoazo disperse 

dyes [69]. 

Three caveats deserve emphasis. Gas-phase calculations are of little use for reagents that work in buffered aqueous 

media, so an implicit solvent model is a minimum requirement and explicit water molecules are sometimes needed 

where hydrogen bonding is cooperative [43]. Charge-transfer states are poorly described by conventional hybrids, 

which is precisely the situation in a strong push-pull azo dye, so functional choice cannot be treated as a formality. And 

the tautomer question returns here in an acute form: computing only the azo form of a hydroxy-azo chromogen and 

comparing the result with an experimental spectrum that contains both tautomers is a category error, however good 

the agreement happens to look. 

Table 03: Conceptual-DFT descriptors most frequently reported for azo chromogens, with their working definition and 

the reading a reagent designer should take from each. 

Descriptor Working definition What it tells the reagent designer Key Ref. 

Ionization potential, 

I 
I ≈ −E(HOMO) (Koopmans) 

Ease of removing electron density from the 

coupler; a low I marks a strong donor 
[17] 

Electron affinity, A A ≈ −E(LUMO) 
Capacity of the diazonium partner to accept 

electron density 
[17] 

Electronegativity, χ χ = (I + A)/2 
Direction of charge flow when the two partners 

meet 
[17] 

Chemical potential, 

μ 
μ = −χ Escaping tendency of the electron cloud [17] 

Chemical hardness, 

η 
η = (I − A)/2 

Resistance to charge transfer; soft couplers 

react faster with soft electrophiles 
[17] 

Chemical softness, S S = 1/(2η) 
Complement of hardness; tracks polarizability of 

the chromophore 
[17] 

Electrophilicity 

index, ω 
ω = μ²/(2η) 

Strength of the diazonium electrophile; ω > 1.5 

eV marks a strong electrophile 
[3],[58] 

Nucleophilicity 

index, N 
N = E(HOMO)nu − 

E(HOMO)TCE 

Donor strength of the coupler on an empirical, 

transferable scale 
[4] 

Fukui function, f(r) f(r) = [∂ρ(r)/∂N]v 
Site-resolved response of the electron density to 

electron gain or loss 
[62] 

Condensed Fukui 

index, f⁻ 
f⁻k = qk(N−1) − qk(N) 

Ranks ring positions for electrophilic attack; the 

largest f⁻ is the expected coupling site 
[63] 

Molecular 

electrostatic 

potential (MEP) 

V(r) from the total charge 

density 

Visual map of the electron-rich region the 

diazonium ion will approach 
[65] 

NBO stabilization 

energy, E(2) 

Second-order 

donor→acceptor 

perturbation energy 

Quantifies the charge transfer that generates 

colour in the azo product 
[64] 

HOMO–LUMO gap 
ΔE = E(LUMO) − 

E(HOMO) 

First-order guide to λmax and to the softness of 

the chromophore 
[60] 
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Figure 03: Frontier orbital, molecular electrostatic potential and condensed Fukui index f- computed here for 2-

naphthol and its conjugate base at B3LYP/6-31G(d) with a continuum water model, showing how deprotonation raises 

the donor orbital and concentrates nucleophilic character at C-1. The orbital and potential panels are sections taken 

1.0 and 1.7 Å above the mean ring plane; in the right-hand panels the circle areas are proportional to f-, with hydrogen 

contributions folded onto the attached heavy atom. 

 

6. QSPR AND MACHINE LEARNING: FROM ONE MOLECULE TO A REAGENT LIBRARY 

6.1 Models for the absorption maximum 

DFT treats one molecule at a time. QSPR treats a population, and for screening a candidate reagent library that is the 

more efficient posture. Modelling of azo dye colour has a respectable history: an early descriptor-based study 

addressed azobenzene λmax directly [70], and ant colony optimization was introduced as a descriptor-selection engine 

for the same endpoint and then extended to anthraquinone dyes [71],[72]. Table 4 summarizes what these models 

achieve. The field has since moved on considerably. Deep neural networks trained on structural input rather than hand-

selected descriptors now predict λmax across broad chemical space [73], and support-vector models built on fragment-

count descriptors for 798 azo compounds reached an external R2 of 0.905 with a cross-validated RMSE of 21.6 nm [7]. 

The most directly relevant recent study couples TD-DFT descriptors with machine learning. Working with 197 azo 

dyes split into 160 training and 37 test compounds, and with descriptors computed at B3LYP/6-31G(d,p) under SMD 

solvation, Gaussian process regression gave leave-one-out R2 of 0.837 with an RMSE of 18.9 nm, falling to R2 = 0.736 

and RMSE = 31.5 nm on the independent test set; SHAP analysis was then used to interpret the model, and 14,376 

candidate structures were screened virtually [18]. That workflow is essentially the template this review would 

recommend for coupler design, although it has not yet been applied to analytical reagents. 

A word of caution about the numbers. An RMSE of 20-30 nm sounds modest against a visible range of some 400 nm, 

but for anyone trying to place a product band clear of a formulation excipient it is a large uncertainty. These models 

rank candidates well; they do not substitute for measurement. 

6.2 Descriptors, endpoints and the endpoints that are missing 

Descriptor generation is no longer a bottleneck, with open-source tools such as PaDEL and Mordred producing 

hundreds to thousands of two- and three-dimensional descriptors from a structure file [74],[75]. The bottleneck is the 

endpoint. Almost all published dye QSPR work targets λmax, for the simple reason that λmax is what dye databases 

record. Molar absorptivity, which matters more for an analytical reagent, has been addressed far less often, and the one 

systematic attempt across dye classes frames the question as an open one [76]. Colour stability, selectivity against 

excipients and tolerance to matrix reductants have, as far as we are aware, never been modelled at all. A recent review 

of QSPR and machine learning in molecular photonics confirms this imbalance across the wider field [77]. 

There is also a useful precedent from analytical chemistry itself that is rarely cited in the dye literature: quantitative 

structure-retention relationships have been used for decades to predict a measured instrumental response from 

structure, and the methodological lessons learned there about descriptor selection and model transferability apply 

almost unchanged [78]. 
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6.3 Validation is not optional 

If computational reagent selection is to be taken seriously by analysts, the models behind it must meet the same 

standards as the analytical methods themselves. Internal cross-validation is insufficient on its own; external test-set 

validation is required, and y-randomization should be reported [79],[80]. Several external-validation metrics beyond Q2 

exist and behave differently, so more than one should be quoted [81]. Above all, the applicability domain has to be 

defined, since a model trained on textile dyes will happily extrapolate to a sulfonamide-derived chromogen and return a 

confident and meaningless number; leverage-based and distance-based approaches are both available and have been 

compared systematically [82]. The five OECD validation principles, whose origin and rationale have recently been 

reviewed, provide the accepted framework [83]. 

Table 04: Published QSPR and machine-learning models for the absorption maximum of azo dyes, showing the 

chromophore set, descriptor space, algorithm, and the internal and external validation statistics as reported. 

Study 
Chromophore  

set (n) 
Descriptor space Algorithm 

Internal 

validation 

External 

validation 

[70] Azobenzene dyes 
Calculated molecular 

descriptors 

QSPR (linear and 

non-linear) 

n.r. in the record 

consulted 
n.r. 

[71] Azo dyes 
Descriptors selected by 

ant colony optimization 
MLR 

n.r. in the record 

consulted 
n.r. 

[72] Anthraquinone dyes 
Descriptors selected by 

ant colony optimization 
MLR 

n.r. in the record 

consulted 
n.r. 

[73] Broad dye space 
Learned structural 

representation 

Deep neural 

network 

n.r. in the record 

consulted 
n.r. 

[76] 

Several dye classes 

(endpoint: molar 

absorption 

coefficient) 

Molecular descriptors 
Several machine- 

learning models 

n.r. in the record 

consulted 
n.r. 

[7] 
Azo photoswitches 

(798) 

CircuS and ChyLine 

fragment counts 

Support vector 

machine 

Cross-validated 

RMSE 21.6 nm 
R² = 0.905 

[18] 

Azo dyes (197; 160 

training 

/ 37 test) 

TD-DFT descriptors, 

B3LYP/6-31G(d,p), SMD 

Gaussian 

process 

regression 

LOO R² = 0.837, 

RMSE 18.9 nm; 

10-fold R² = 0.832, 

RMSE 21.7 nm 

R² = 0.736, 

RMSE 31.5 nm 

n.r. = not reported in the record consulted; several of the earlier studies are indexed without an accessible abstract, so 

their model statistics could not be verified and are deliberately left blank rather than estimated. 

 

7. TOWARDS AN INTEGRATED, GREENER DEVELOPMENT WORKFLOW 

The pieces described above can be assembled into the workflow of Figure 04, which is neither exotic nor expensive. A 

candidate coupler set is defined; each candidate is optimized in its analytically relevant protonation state with an implicit 

solvent model; global indices are computed to check that the coupler is nucleophilic enough to pair with the diazonium 

ion derived from the specific drug; condensed Fukui functions identify the expected coupling position; TD-DFT 

provides a first estimate of λmax for the predicted product, with both tautomers computed where a hydroxy-azo 

product is expected; and a QSPR model, if one exists inside whose applicability domain the candidates fall, ranks them. 

Only the top two or three candidates then go to the bench. On a reasonable estimate this cuts reagent consumption 

during optimization by roughly an order of magnitude, which is a green analytical chemistry argument as much as an 

economic one [84]. 

That saving should be documented rather than asserted, and the metrics for doing so are mature. The Analytical Eco-

Scale offers a simple penalty-point score [85], GAPI and its complementary extension grade every stage of a procedure 

including reagent preparation [86, 87], and AGREE converts the twelve principles into a single value with an 

interpretable pictogram [88]. Because greenness alone can be achieved by making a method useless, practicality and 

analytical performance need to be scored alongside it, which is the purpose of BAGI [89] and of the RGB and White 

Analytical Chemistry frameworks [90, 91]. A recent oxytetracycline assay that combined diazotization-coupling 

chemistry with a flatbed-scanner microplate readout and an explicit greenness evaluation shows how naturally these 

strands come together [92]. 

Two further developments make the case stronger. Miniaturization into microwell plates cuts reagent volumes to a 

fraction of the batch procedure while raising throughput [93], and flow-injection formats do something similar in a 

continuous mode [94],[54]. Smartphone digital image colorimetry removes the spectrophotometer altogether for field 
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screening [95]. All three amplify the value of getting the reagent right computationally beforehand, because in a 

miniaturized or instrument-free format there is much less room to compensate for a poorly chosen chromogen by 

simply using more of it. Finally, whatever route is taken, the assay itself must be validated to the current regulatory 

expectation. ICH Q2 (R2) sets out the validation characteristics [96], adopted as final guidance in the United States in 

2024 [97], while Q14 introduces the analytical target profile and a risk-based development logic that fits a 

computationally guided reagent selection rather well [98]. 

 
Figure 04: Proposed DFT- and QSPR-guided workflow for coupling-reagent selection, from candidate library through 

descriptor computation and virtual ranking to bench verification and validation. 

 

8. GAPS, LIMITATIONS AND WHAT SHOULD BE REPORTED 

The honest summary is that the computational literature and the analytical literature on azo chromogens have 

developed in near-isolation. Papers that calculate carefully tend to be about dyeing or photoswitching, and papers that 

measure carefully tend to treat computation as decoration. Bridging that gap requires, first, that calculations be done on 

the right species, meaning the ionized coupler and the actual product tautomer in the actual medium, and second, that 

predictions be reported before rather than after the experiment. 

Several specific shortcomings recur often enough to be worth naming. Descriptors are frequently computed in the gas 

phase for reactions run in buffered water. Only one tautomer is modelled. The diazonium partner is often omitted 

entirely, so an electrophilicity-nucleophilicity pairing cannot be assessed. Molar absorptivity, the quantity most closely 

tied to the detection limit, is almost never predicted, only measured and reported afterwards. And where a QSPR 

model is invoked, the applicability domain is rarely stated, which makes the prediction unverifiable in principle. 

Table 5 gathers this into a checklist. A modest set of reporting requirements would address most of this: the 

protonation state and tautomer used, the functional, basis set and solvation model, the computed global indices for 

both partners, the condensed Fukui indices at the candidate coupling sites, the predicted and observed λmax with the 

deviation stated explicitly, and for QSPR the training set size, the external validation statistics and the applicability-

domain check. None of this is burdensome, and it would make computational claims comparable across laboratories, 

which at present they are not. 

Table 05: Proposed minimum computational and experimental reporting set for studies claiming DFT or QSPR support 

for the selection of an azo coupling reagent. 

Item What should be stated Why it matters 

Protonation state 
Whether the neutral coupler or its anion 

was calculated 

The anion is the species that reacts; the 

neutral form gives misleading descriptors 

Tautomer 

Which tautomer of a hydroxy-azo product 

was modelled, and whether both were 

computed 

The two tautomers differ in colour; 

comparing one to a mixed experimental 

spectrum is not a valid test 
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Item What should be stated Why it matters 

Level of theory Functional, basis set and solvation model 
Deviations of TD-DFT λmax depend strongly 

on all three 

Both partners 
Descriptors for the coupler and for the 

drug- derived diazonium ion 
A pairing rule needs two numbers, not one 

Local descriptors 
Condensed Fukui indices at the candidate 

coupling positions 

Establishes the predicted regiochemistry 

before synthesis 

Predicted vs observed 
λmax from calculation and from 

measurement, with the deviation in nm 
Turns the calculation into a testable claim 

Molar absorptivity 
Calculated oscillator strength alongside the 

measured ε 
ε, not λmax, sets the detection limit 

QSPR training set 
Number of compounds, chemical classes 

and the data source 
Defines what the model has actually seen 

QSPR validation 
External test-set statistics and y-

randomization 

Internal cross-validation alone is not evidence 

of predictivity 

Applicability domain 
The domain definition used and whether 

the candidates fall inside it 

Outside the domain, a confident prediction is 

meaningless 

Colour stability 
Stability window with the temperature at 

which it was measured 

Azo degradation rates rise steeply with 

temperature 

Greenness and 

practicality 

AGREE / GAPI / Eco-Scale plus BAGI or an 

RGB-12 score 

Lets the saving from virtual screening be 

documented rather than asserted 

 
Figure 05: Reported absorption maximum plotted against detection limit for the azo systems compiled in Table 2, with 

markers coded by coupler family; the shaded band marks the sensitivity range reached only when the coloured product 

is preconcentrated. 

 

9. CONCLUSION 

Azo coupling has been used analytically for well over a 

century, and it works. What has been missing is a 

principled account of why one coupler outperforms 

another, and the tools to make that judgement before 

reagents are consumed. The evidence assembled here 

suggests that such an account is within reach. The 

reactive species is the ionized coupler; its 

nucleophilicity and the electrophilicity of the drug-

derived diazonium ion together set the rate and the 

working pH; condensed Fukui functions locate the 

coupling site; and TD-DFT reproduces the absorption 

maximum of the product to within roughly 6-12 nm 

when the calculation is set up honestly. QSPR and 

machine learning extend this from single molecules to 

libraries, with external performance now approaching 
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an R2 of 0.9 for λmax, though molar absorptivity and 

colour stability remain essentially unmodelled and are 

arguably the more important endpoints for an analyst. 

Progress from here depends less on better theory than 

on better practice: calculating the species that actually 

reacts, reporting predictions before measurement, and 

stating applicability domains. If those habits take hold, 

coupling-reagent selection can stop being an empirical 

screen and become a design exercise. 
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