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Abstract
The kinetic investigation of reaction of 3,6-diamino-10-methylacridin-10-ium chloride (acriflavine) with l-cysteine in aque-
ous acidic medium at maximum absorption = 460 nm, ionic strength (I) = 0.1 mol  dm−3 and temperature (T) = 307 K has 
been carried out spectrophotometrically. Using a pseudo first order approach, the rate of the redox reaction resulted to first 
order with respect to the [acriflavine, (AF)] and [l-cysteine, (CSH)] and second order total. Stoichiometric determination 
confirms that a mole of the acriflavine is consumed by a mole of l-cysteine at a time for the attainment of product forma-
tion. The reaction followed a one-way acid independence path. The adjustment in ionic strength (NaCl) and solvent polarity 
(water/acetone mixture) of the reaction system showed no reasonable effect and there was a fairly decrease in the reaction 
rate, respectively. The reaction rate is also characterised by neither catalysis nor inhibition of added ions. The negative 
magnitude of entropy of activation, ΔS‡, (− 151.39 ± 031 J  mol−1  K−1) and positive value of enthalpy of activation, ΔH‡, 
(+ 31.378 ± 030 kJ  mol−1) suggest that the reaction proceeds via an associative pathway and reasonable energy are needed 
to lower the activation energy for a tangible products formation. Two acridine unit products polymerised afterward forming 
a dimer as a result of an intramolecular coupling. A determinable intermediate has been observed through a spectroscopic 
test and confirmed by Michaelis–Menten’s plot. Based on Taube’s inorganic electron transfer reaction, an inner-sphere 
mechanistic pathway is implicated with a stable intermediate complex formation as shown below;
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1 Introduction

Acriflavine (3,6-diamino-10-methylacridin-10-ium chlo-
ride) is a topical antiseptic dye derived from acridine with 
a �-conjugated structure in its backbone. It was used to 
counter sleeping sickness. It is used in fluorescently label-
ling of high molecular weight ribonucleic acid (RNA), 
genetically active agent, antibacterial agent, and anticancer 
agent [1, 2]. It has been reported to inhibit the develop-
ment of asexual phases of both chloroquine-sensitive and 
resistant strains of the human malarial parasite, plasmo-
dium falciparum in-vitro at nano-molar concentration [3]. 
Likewise, it has also been documented that acriflavine 
overturns the propagation of tumour cells. The anti-tumour 
and anticancer effects of acriflavine have been reported in 
a variety of biological systems [4, 5]. The identification of 
acriflavine as an active papain-like protease inhibitor for 
countering COVID-19 caused by SARS-CoV-2 is promis-
ing and essential in the sense that it inhibits viral replica-
tion in cellular models of mice (in vivo) and human (ex 
vivo) airway epithelia cultures. Its actions on the active 
site of the enzyme involve an unprecedented binding mode 
by blocking the virus infection outside a living organism 
(in vitro) [6–10].

Compounds with thiol group are readily oxidised to 
disulphide and sulfenic acid, and this resulted in their 
frequent biological investigations [11]. Thus, l-cysteine 
(CSH) is a semi-essential proteinogenic amino acid that 
plays a vital role in protein denaturation and an essential 
part of enzymes. Its thiol group (–SH), thiolate ion  (CS−), 
and thiyl radical species  (CS*) are capable of initiating 
reduction reaction in acidic, aqueous, or buffer media 
[11–13]. The electron transfer reactions of l-cysteine have 
been investigated in a good number of researches such as 
reduction of trinuclear Mn(IV) species in which the rate 
was found to increase in aqua media [14],  [Mn4O6]4+ core 
resulted in a significant decrease in the observed second-
order rate constants in aqua media enriched with deute-
rium water and a proton-mixed single electron transfer 
reaction was proposed [15], 11-tungstophosphovanate(V) 
resulted in a first order with respect to [redox species] 
[16], Hexacyanoferrate(III) showed an increased reac-
tion rate with increase in hydroxide ion concentration 
and the product was found to be sulfenic acid [17], and 
 [CoSalophen]+ complex established the importance of 
deprotonated and protonated form of l-cysteine in the 
electron transfer process [18]; in the view to gain more 
understanding of the character of enzymes containing thiol 
group in bio-systems.

However, the knowledge of probable side-reaction of 
acriflavine in cellular models prompted this study in order 
to understand the working mechanism of it on SARS-
CoV-2, cancer progression and tumour-stromal interplay 
in temperature-regulated media. Also, this study is to 
understand the chemistry of the sulfhydryl group of the 
l-cysteine (–SH) with that of the acridine and diamine 
side chain of acriflavine in an aqueous medium in order to 
expand the frontier of knowledge on the biological impor-
tance of thiols like cysteine in living cells.

2  Experimental

2.1  Materials

Acriflavine, Scheme 1, and l-cysteine were obtained from 
Sigma-Aldrich, Germany. Sodium chloride, NaCl, (BDH, 
United Kingdom, UK) was used to keep the reaction’s ionic 
strength constant. Calcium chloride,  CaCl2, (BDH, UK) 
and sodium sulphate,  Na2SO4, (May and Baker, Nigeria) 
were used to ascertain the effect of additives (added ion) 
on the reaction rate. Hydrochloric acid, HCl, (BDH, UK) 
was used to study the effect of  [H+] on the rate of reaction. 
Acetone (May and Baker, Nigeria) was used to investigate 
the effect of solvent polarity (dielectric constant) on the 
reaction mixture. Hydrogen peroxide (BDH, UK) was used 
as part of the product analysis. Acrylamide with methanol 
(May and Baker, Nigeria) was used to check the participa-
tion of unstable atoms in the reaction. Kinetic investigations 
were performed with a SHERWOOD Colorimeter Model 
254 and a Grant JB1 thermostated water bath was used to 
maintain the temperature. UV/Visible spectrophotometer 
(Double Beam Cary 300 Series UV–Vis Spectrophotom-
eter, Agilent Technologies, USA) and FTIR (FTIR-8400S 
Fourier Transform Infrared Spectrophotometer, Shimadzu, 
Double Beam) were used for characterisation of acriflavine 
and reaction products.

Scheme 1  The structure of acriflavine (AF)



733Chemistry Africa (2021) 4:731–740 

1 3

2.2  Stoichiometry

The stoichiometry of the reaction was determined 
spectrophotometrically under the reaction condition 
[AF] = 3.6 ×  10−5  M, [CSH] = (0.72  —  14.4) ×  10−5  M, 
I = 0.1 mol  dm−3 and T = 307 K. For a series of solutions 
containing constant [AF], the [CSH] was varied and the 
absorbance of the reaction mixtures were measured for an 
interval of six (6) hours after the initial measurement before 
arriving at constant absorbance at the fourth interval [19, 
20].

2.3  Kinetic Measurement

The reaction order was determined by observing the bleach-
ing of the reaction system as the reaction proceed at a maxi-
mum absorbance = 460 nm. The process was done using 
pseudo-first-order settings with the [CSH] 100-fold in 
excess over [AF] at a constant ionic strength of 0.1 mol  dm−3 
(NaCl). Graphs of absorbance (A) against time (t) was done 
for all the folds (550 – 1000), and the observed rate con-
stants,  k1 were obtained as the gradients of the graphs rep-
resented by Eq. 1:

where  At and  A0 are the absorbances at the time t, and 0 
respectively, k is the observed rate constant and t is the time 
(seconds). The second-order rate constants,  k2 were deter-
mined from Eq. 2:

The effect of hydrogen ion concentration was determined 
by a change 0.001–0.008 M, the salt effect of reaction 
medium within the range of 0.1 – 0.8 mol  dm−3 (NaCl), and 
the solvent polarity was varied by the addition of acetone 
(0.04 – 0.32  cm3) at constant concentrations of the reactants 
and temperature of 307 K [19, 21, 22].

2.4  Effect of Added Ions on the Rate of Reaction

The effect of added ions was investigated under a constant 
concentration of oxidant, reductant, ionic strength, and at 
 [X2±] = 3.0 – 27 ×  10–4 M [23–25].

(1)
A
t

A0

= exp(−kt)

(2)k2 = k1∕[CSH]

2.5  Test for Free Radical Species and Product 
Intermediate Complex

The investigation of the existence of unstable atoms in 
the reaction mixture was carried out by adding 0.4  cm3 of 
acrylamide solution (0.1 M) to an incompletely reacted acri-
flavine mixture and excess methanol [26–29].

The product intermediate complex was examined spec-
troscopically by scanning the partially reacted mixture at 
wavelength 400–800 nm, and Michaelis–Menten’s plot of 
 k1

−1 against  [CSH]−1 was equally done [30, 31].

2.6  Temperature Dependence Investigation

The impact of temperature on the system mixture was done by 
changing the temperature at six different degrees (307 – 327) 
K, and all other conditions were fixed. The activation param-
eters for the second-order rate constant  (k2) were evaluated by 
means of Eyring-Polanyi Eq. 3.

where Kb is Boltzmann’s constant, h is Planck’s constant,  k2 
is second rate constant, T is temperature, R is gas constant, 
ΔS‡ is the entropy of activation and ΔH‡ is the enthalpy of 
activation. The ΔS‡ and ΔH‡ were calculated from the inter-
cept and gradient of the plot of ln 

(

k2

T

)

 against 1
T
 [23].

2.7  Analysis of the Product

Excess methanol was introduced at the end of the reaction, 
and a separation funnel was used to separate the two layers 
(gelatinous and non-gelatinous layers) that were formed. 
Fourier Transform Infrared (FTIR) spectroscopic was run 
for the gelatinous layer, and the UV–Visible spectrum of the 
l-cysteine (CSH) treated with two drops of 5% hydrogen per-
oxide was compared with the spectrum of the non-gelatinous 
layer of the reaction product [2, 18].

3  Results and Discussion

3.1  Stoichiometry and Product Analysis

The stoichiometric titration shows that two moles of acrifla-
vine required two moles of l-cysteine in the course of the reac-
tion, and it is represented by Eq. 3 and Fig. 1;

(3)ln

(

k2

T

)

= ln

(

K
b

h

)

+
ΔS‡

R
−

ΔH‡

RT
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The result of the stoichiometry is in the simili-
tude of the previous report in the reduction of N,N1-
phenylenebis(salicyalideneiminato)cobalt(III) by l-cysteine 
[18].

The FTIR spectroscopy of acrif lavine shows 
3022  cm−1 n(C–H) phenyl, 1628  cm−1 n(C=N) aromatic 
ring, 1598   cm−1 n(C=C) phenyl, 1321   cm−1 n(C–N), 
3310–3164  cm−1 n(N–H), and that of polymerised acridine 

(4)

includes 3030  cm−1 n(C–H) phenyl, 1658  cm−1 n(C=N) aro-
matic ring, 1597  cm−1 n(C=C) phenyl, 3152  cm−1 n(N–H).

The stretching band of the aromatic C–H bond at 
3022  cm−1 was detected at 3030  cm−1 in the dimer assem-
bly of acridine. The sharp absorption peaks at 1622 and 
1594  cm−1 corresponded to the C=N and C=C stretching 
bands for acriflavine, which became broader (1658 and 
1597  cm−1, respectively) due to an enhancement in conjuga-
tion after polymerisation. The absorption peaks at 3310 and 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0 1 2 3 4 5

A
b

so
eb

an
ce

Mole Ratio (Acriflavine/l-cysteine)

Ini�al Abs Final Abs

Fig. 1  Stoichiometric plot of the reaction of acriflavine with 
l-cysteine at [AF] = 3.6 ×  10–5  M, I = 0.1  mol   dm−3 (NaCl), 
[CSH] = (0.72 – 14.4) ×  10–5 M, λmax = 460 nm, and T = 307 K
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Fig. 2  Pseudo-first-order plot for the reaction of acriflavine and 
l-cysteine at I = 0.1 mol  dm−3, λmax = 460 nm, and T = 307 K
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3164  cm−1 which is ascribable to the N–H stretching modes 
of the –NH2 groups are substituted by one broader peak at 
3152  cm−1 for the dimer acridine units which indicates the 
conversion of the  10 amine to a  20 amine through polymeri-
sation that took place on N-atoms of  10 amine groups that 
changed to the C–N coupled unit.

The correspondence of UV–Visible spectra of the 
l-cysteine (CSH) treated with two drops of 5%  H2O2 and 
that of the non-gelatinous layer of the reaction product is 
indicative of successful oxidation of the thiol in the reaction 
mixture to disulphide.

3.2  Reactions Order and Rate Constant

The reaction resulted in a first order with respect to the [AF] 
due to consecutive linearity of the graphs of log  (At –  A∞) 
against time and a typical one is shown in Fig. 2, and first-
order with respect to the concentration of CSH as proven 
by the logarithmic plot of  k1 against [CSH] that is one-
dimensional with a slope 0.871 and a correlation coefficient 
 R2 = 0.9673 (Fig. 3) which is reinforced by the consistency 
of the  k2 in Table 1.  

3.3  Salt and Solvent Polarity Effects

The salt effect on the reaction mixture was not noticeable 
on the rate of the reaction which is an indication of neutral 
Brønsted salt effect interplay (Table 1 and Fig. 4), and this 
is reinforced by a fair decrease in the reaction rate as the 
solvent polarity of the reaction mixture decreases (Table 2). 
This suggests that the strength of the intermolecular hydro-
gen bonds between the –NH group of acriflavine and the 
–OH functional group of the solvent moiety influenced it.

y = 0.871x - 0.6865
R² = 0.9673
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Fig. 3  Plot of  logk1 against log[CSH] for the reaction of acriflavine 
and l-cysteine at I = 0.1 mol  dm−3, λmax = 460 nm, and T = 307 K

Table 1  Second-order and pseudo-first-order rate constants for 
the reaction of acriflavine with l-cysteine at [AF] = 3.6 ×  10–5  M, 
T = 307 K and λmax = 460 nm

102[CSH], M I, mol  dm−3 103k1,  s−1 101k2,  M−1  s−1

1.80 0.10 6.01 3.33
1.98 0.10 6.81 3.44
2.16 0.10 7.21 3.34
2.34 0.10 7.99 3.41
2.52 0.10 8.89 3.52
2.70 0.10 8.95 3.31
2.88 0.10 9.14 3.17
3.06 0.10 9.48 3.10
3.24 0.10 10.4 3.21
2.88 0.10 9.14 3.17
2.88 0.20 8.91 3.09
2.88 0.30 9.02 3.13
2.88 0.40 9.09 3.15
2.88 0.50 8.63 2.99
2.88 0.60 9.09 3.15
2.88 0.70 9.12 3.16
2.88 0.80 9.14 3.17
2.88 0.90 8.93 3.10
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Fig. 4  Plot of  logk2 versus √1 for the reaction of acriflavine and 
l-cysteine at λmax = 460 nm, and T = 307 K, I = (0.1 – 0.9) mol  dm−3

Table 2  Effect of solvent polarity on the rate of reaction of acriflavine and l-cysteine at [AF] = 3.6 ×  10−5  M, [SCH] = 2.88 ×  10−2  M, 
I = 0.1 mol  dm−3, T = 307 K and λmax = 460 nm

D 80.1 79.3 78.6 77.9 77.2 76.5 75.7 75.0 74.3
103k1  (s−1) 9.14 8.77 8.65 8.45 8.22 8.03 7.87 7.76 7.66
101k2  (M−1  s−1) 3.17 3.04 3.00 2.95 2.85 2.79 2.73 2.69 2.66
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3.4  Other Determinations

The influence of hydrogen ion concentration on the rate of 
reaction was negative which is an indication of a reaction 
taking place through an independent hydrogen ion concen-
tration [29].

The introduction of additives  (Ca2+ and  SO4
2− ions) into 

the reaction mixture has an insignificant influence on the 
rate of reaction (Table 3), and this suggests the possibility 
of a neutral intermediate complex at the slow step (Eq. 7).

The participation of unstable atoms in the reaction was 
positive as there was a polymerisation of the acrylamide in 
the incompletely reacted acriflavine/l-cysteine mixture when 
excess methanol was added.

The spectroscopic investigation of the intermediate com-
plex showed a reasonable shift in λmax as shown in the spec-
trum of the partially reacted mixture (Fig. 5) which is an 
indication of the presence of stable intermediate complex 
formation, and this is supported by the linearity of Michae-
lis–Menten’s plot of  k1

−1 against  [CSH]−1 with an intercept 
(Fig. 6) which is one of the kinetic evidence used in ascer-
taining the possibility of existence of detectable intermedi-
ate complex. This further confirms a reaction proceeding 
through an inner-sphere mechanistic pathway.

3.5  Determination of Activation Parameters

The effect of change in temperature of the reaction mix-
ture (Fig.  7) resulted in a negative magnitude of ΔS‡ 
(− 151.39 ± 031 J  mol−1  K−1) and a positive value of Δ
H‡ (+ 31.378 ± 030 kJ  mol−1) which suggest that the acti-
vated complex is more ordered than the reacting species and 
is indicative of an associative process which points to the 
inner-sphere mechanism. The value of activation energy, Ea, 
(28.82 ± 030 kJ  mol−1) shows that the product formation 
was fairly fast since Ea is relatively lower than ΔH‡. The Δ
G‡ (+ 77.85 ± 030 kJ  mol−1) reinforced the occurrence of 
an endothermic process during the reaction.

Table 3  Effect of additives 
on the rate of reaction of 
acriflavine and l-cysteine 
at [AF] = 3.6 ×  10−5 M, 
[SCH] = 2.88 ×  10−2 M, 
I = 0.1 mol  dm−3, T = 307 K and 
λmax = 460 nm

104[Ca2+] M 103k1  s−1 101k2  M−1  s−1 104[SO42−] M 103k1  s−1 101k2  M−1  s−1

3.0 9.14 3.17 3.0 9.14 3.17
6.0 9.12 3.16 6.0 9.09 3.15
9.0 9.14 3.17 9.0 9.16 3.18
12.0 9.09 3.15 12.0 9.09 3.15
15.0 9.14 3.17 15.0 9.18 3.19
18.0 9.09 3.15 18.0 9.12 3.16
21.0 9.12 3.16 21.0 9.14 3.17
24.0 9.16 3.18 24.0 9.09 3.15
27.0 9.12 3.16 27.0 9.14 3.17
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Fig. 5  Spectrum of acriflavine and the reaction mixture of acrilfavine 
and l-cysteine
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3.6  Reaction Mechanism

Owing to kinetic and non-kinetic parameters obtained in 
this investigation, an inner-sphere mechanism (Eqs. 5–12) 
is presented for this reaction on the evidence that:

(1) Michaelis–Menten’s plot (Fig.  6) of  k1
−1 against 

 [CSH]−1 was linear with a reasonable intercept.

(2) The spectrophotometric scanning of the reaction mix-
ture showed a significant shift in λmax (Fig. 5).

(3) Added cation and anion did not have an effect on the 
rate of reaction.

(4) The negative value of ΔS‡ has been ascribed to reac-
tions occurring via an inner-sphere mechanism.

(5)

(6)

(7)

(8)
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where

from Eq. 6,

Substituting Eq. 15 into 14;

(9)

(10)

(11)

(12)

(13)Rate = k4[I.M] + k5[AF][CSH]

(14)[I.M] = k3[AF][CS
−
]

(15)[CS−] = K1

[CSH]

[H+]

Substituting Eq. 16 into 13;

where

also, [I.M] = Intermediate complex in Eq. 7.

(16)[I.M] = k2k3[AF]
[CSH]

[H+]

(17)Rate = k3k4K1

[

H+
]−1

[AF][CSH] + k5[AF][CSH]

(18)Rate = k3k4K1

[

H+
]−1

+ k5[AF][CSH]

(19)Rate = k[AF][CSH]

(20)k = k3k4K1

[

H+
]−1

+ k5
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4  Conclusion

Thermodynamics and kinetic investigation of the reaction 
of acriflavine with l-cysteine in an aqueous medium have 
been studied. It was found that the order of the reaction with 
respect to the concentration of acriflavine and l-cysteine is 
first order and second-order overall. It was established that 
one mole of acriflavine requires a mole of l-cysteine for the 
product formation, and the reaction proceeds through an 
associative pathway, and a lowered activation energy is nec-
essary for an enhanced product formation. The dimerisation 
of acridine product revealed the significance of intramolecu-
lar coupling in physiochemical and biochemical processes, 
and the sulfhydryl group of the l-cysteine (–SH) was impera-
tive in initiating and activating the reaction to the transition 
state and product. The participation of an intermediate com-
plex as a mechanistic route director in biochemical activities 
is one of the driving forces in understanding complex reac-
tion systems, and its role is key in a wide variety of meta-
bolic and cellular processes. The study further buttresses the 
important of free atoms (radicals) in bio-system and nuclear 
reactor that can lead to formation of macromolecules.
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