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A B S T R A C T   

The kinetics and thermodynamics of the compound 7-diethylamino-2-(4′-dimethylaminostyryl)-1-benzopyrylium 
was studied in ethanol:water (1:1) and in microheterogenous media (SDS and CTAB micelles) and compared with 
its corresponding flavylium (7-diethylamino-4′-dimethylaminoflavylium) also known as 7-diethylamino-2-(4′- 
dimethylaminophenyl)-1-benzopyrylium. The introduction of a double bond between the benzopyrylium system 
and the phenyl group gives rise to vivid color changes resulting from the formation of violet protonated styr
ylbenzopyrylium cation (AH2

2+), green styrylbenzopyrylium cation (AH+), orange trans-chalcone (Ct) and 
magenta anionic trans-chalcone (Ct− ). All species except protonated styrylbenzopyrylium cation are stable for 
long periods. 

In ethanol:water the pH domain of the styrylbenzopyrylium cation and trans-chalcone are respectively ΔpH =
4.5 and 4.4 and the anionic trans-chalcone for pH > 10.5. In the presence of SDS micelles, there is an increase of 
the pH domain of the styrylbenzopyrylium cation ΔpH = 5.9 at the expense of the trans-chalcones, ΔpH = 2.95, 
while in CTAB it is the trans-chalcone the dominant species, ΔpH = 6.2, with concomitant decreasing of the 
styrylbenzopyrylium cation pH range ΔpH = 1. This can be due to the electric charge present on the surface of 
each micelle, for instance the negative charge surface of SDS micelles stabilizes the positive charge of styr
ylbenzopyrylium cation and its protonated form, while the positive charge surface of CTAB micelles stabilizes the 
negative and neutral charge of the trans-chalcones species. 

The peculiar behavior of the kinetics in basic medium was investigated by stopped-flow. It was verified that in 
ethanol:water, SDS and CTAB micelles a transient species resulting from the OH− attack to position 4 of the 
styrylbenzopyrylium cation (B4) behaves as a kinetic product delaying the kinetic toward the equilibrium.   

1. Introduction 

With a few exceptions, for example flavylium cations bearing an 
alkyl substituent in position 4, or pyranoflavylium compounds [1], 
synthetic flavylium cations generate a network of chemical species that 
is essentially the same observed in anthocyanins, exemplified in Scheme 
1 for malvidin 3-O-glucoside, Scheme 1a. 

These networks generated by flavylium cation are reversibly inter
connected by external stimuli, in particular pH, but also light and tem
perature [1]. The flavylium cation is the stable species in acidic medium, 
in anthocyanins for pH ≤ 1. Addition of base to the flavylium cation 
(direct pH jumps) triggers in anthocyanins a sequence of three kinetic 

processes that for final pH values in acidic medium are well separated in 
time. Proton transfer (sub microseconds) [3,4], hydration followed by a 
faster tautomerization, (seconds to minutes) and finally the much slower 
isomerization (hours). In the direct pH jumps to the basic medium, the 
isomerization is much faster than the OH− nucleophilic addition and 
only a second step is observed, which is controlled by this last process. 
Between the acidic and basic paradigms there is a pH region where after 
a direct pH jump the quinoidal bases immediately formed decompose 
faster than hydration and OH− nucleophilic addition [2]. 

Beyond the multiple functions of anthocyanins in biological systems 
and practical applications in these fields [1,5,6], the use of these natural 
compounds in other chemistry or materials science domains, faces a 
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severe drawback: their instability. However, it is possible to profit from 
this complex network of species, by means of synthetic flavylium com
pounds. The number of these molecules already reported is very high as 
well as the possibility of preparing new ones. In any flavylium-based 
systems, for each network species, Scheme 1b, its color, pH domain 
and stability are dramatically dependent on the nature and position of 
the substituents. 

In the sixties of the last century, Jurd claimed in a patent [7] that the 
instability of anthocyanins is primarily due to the substituents in posi
tion 3 and stability is achieved provided that hydrogen, lower alkyl, 
phenyl, alkoxy and phenoxy are used. On this line, Matsushima et al. [8, 
9] and Tron et al. [10] reported amine substituents in positions 7 and 4′ 
of the flavylium cation. Except in very acidic solutions for the proton
ated flavylium cation, this substitution pattern gives rise to the stability 
of the network species in an extended pH region, including the basic one, 
and intense blue flavylium cations, Scheme 1. 

In a previous paper [11] we compare the effect of the solvent con
ditions, Water/Ethanol (1:1), SDS and CTAB micelles on the pH domain 
of the species reported in Scheme 2, for 7-Dieth
ylamino-4′-dimethylaminoflavylium. Dramatic effects on the pH domain 
of the several species were observed. Moreover, the number of the 

observed species at the equilibrium is very simplified in basic medium, 
pH > 13, only flavylium cation (including its protonated form at 
extremely acidic pH values) and trans-chalcones (di-protonated, 
mono-protonated, neutral and anionic) were detected, Scheme 2. 

In the same patent by Jurd [7], styrylbenzopyrylium compounds are 
described with the aim of obtaining deeper hues. These facts prompted 
us to synthesize the bis-aminostyrylbenzopyrylium compound shown in 
Scheme 3b. 

One of the objectives of this work is to investigate the effect of the 
introduction of the styryl group over the phenyl group on the stimuli 
response of compounds and on the modification of the color’s pallet of 
the different species of the network. 

While bis-aminoflavylium cations are blue, the question was if 
extending the π-π conjugation it would be possible to get green styr
ylbenzopyrylium cations. Another question was to account for the ki
netic pathways that convert styrylbenzopyrylium cation in anionic trans- 
chalcone, particularly for pH > 13 and profit from the use of stopped- 
flow to monitor the fast kinetic steps upon pH jumps, which are not 
accessed by means of a standard spectrophotometer. 

Scheme 1. (a) Network of chemical species of malvidin 3-O-glucoside; (b) mole fraction distribution of malvidin 3-O-glucoside at the equilibrium. This scheme is 
also observed for synthetic flavylium systems. In the case of anthocyanins, there is a pH region where after a direct pH jump the anionic quinoidal bases immediately 
formed decompose faster than hydration and OH− nucleophilic addition [2]. 

Scheme 2. General kinetic scheme of the chemical species generated by bis-aminoflavylium cation. The species in grey are transients generally not directly detected 
in this system, except for colorless species in basic medium [12]. Flavylium cation can protonate in very acidic conditions and transient mono and di-protonated 
trans-chalcones can be observed. For pH > 13 there is spectral evidence for the formation of colorless transients. 
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2. Results and discussion 

2.1. Ethanol:water 

2.1.1. Direct pH jumps 
In Fig. 1 the spectral variations at the equilibrium of the compound 

BisNStB, 3.8 × 10− 5 M, upon a series of pH jumps from equilibrated 
flavylium cation in ethanol:water (1:1) are presented. Inspection of 
these figures indicates that styrylbenzopyrylium cation can protonate at 
very acid solutions, Fig. 1a, and equilibrate with trans-chalcone, in 
moderately acidic medium, Fig. 1b. The anionic trans-chalcone is 
observed for higher pH values, Fig. 1c. In this way the behavior of the 
styryl derivative is like the equivalent flavylium cation, BisNF. The 
protonated styrylbenzopyrylium cation degrades after several days. The 
titration curves at three representative wavelengths allow for the 
determination of the respective acid-base constants, Fig. 1d. 

When the pH domain of the species observed in BisNStB and the 
respective colors are compared with those of 7-Diethylamino-4′-Dime
thylaminoflavylium (BisNF), Fig. 2, all species of the bis-amino
styrylbenzopyrylium exhibit a significant red shift in the respective 
absorption bands, the highest difference occurring for the styr
ylbenzopyrylium cation, Fig. 2a and b. Concerning the acidity constants, 
the highest difference occurs for the protonation of the styr
ylbenzopyrylium cation. This is an expected result since the amine 
substituent in position 4′ is farther from the positive charge of ring C in 
the styryl compound, decreasing the electrostatic repulsion and making 
protonation easier. The most dramatic change is however the perception 

of the colors of all observed species, see below Scheme 5. It is worth 
noting the green colors of the styrylbenzopyrylium cation and magenta 
of the anionic trans-chalcone. 

The absorption spectra of the styrylbenzopyrylium cation in its large 
pH domain (1.6<pH < 6.1) do not change significantly after 7 days, in 

Scheme 3. (a) Bis-aminoflavylium (BisNF) and (b) Bis-aminostyrylbenzopyrylium (BisNStB).  

Fig. 1. Spectral variations of BisNStB (3.8 × 10− 5 M), in the ethanol:water (1:1) at the equilibrium after a series of pH jumps from equilibrated styrylbenzopyrylium 
cation; (a) equilibrium between AH2

2+ and AH + achieved for pK = 1.6; (b) equilibrium between AH+ and Ct pK = 6.1; (c) equilibrium between Ct and Ct− pK = 10.5; 
(d) Titration curves at three representative wavelengths. 

Fig. 2. (a) Comparison between the absorption spectrum of the cationic form 
(AH+) and its protonated form (AH2

2+) (full line the styryl compound, traced 
line the related flavylium); (b) the same for neutral (Ct) and anionic trans- 
chalcones (Ct− ). 
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contrast with its protonated form which is unstable. 
The spectral variations after a direct pH jump to the basic region are 

represented in Fig. 3a and b. The styrylbenzopyrylium cation disappears 
slowly at pH 7.7 to give the trans-chalcone. The presence of isosbestic 
points suggests that the species that necessarily are involved in the 
conversion of styrylbenzopyrylium cation to trans-chalcone are tran
sients, not observed directly. This behavior is like the kinetics of 3-deox
yanthocyanins in basic to neutral medium, where hemiketal (B2) and 
cis-chalcone are not observed (once formed disappear to give the 
respective trans-chalcone) [13]. 

A direct pH jump to pH 13.2 is different. The disappearance of the 
styrylbenzopyrylium cation is not observed in the time scale required to 
collect a spectrum by the standard spectrophotometer. The initial 
spectrum possesses an absorption band that is the same as the final 
spectrum identified as the anionic trans-chalcone and there is another 
band that can be attributed to colorless species. The question is: Why in 
Fig. 3b the anionic trans-chalcone is partially formed at a very fast rate, 
but the system takes circa 25 min to reach the equilibrium (constituted 
by the same anionic trans-chalcone)? 

2.1.2. Kinetics monitored by stopped flow. The B4 hypothesis 
More information regarding the direct pH jumps to pH > 13 was 

obtained by monitoring the direct pH jumps by stopped-flow, Fig. 4. 
As will be described below, the photochemistry of the chalcones is 

very inefficient but there is the possibility of the light interference in the 
transient species absorbing in the UV region of the spectrum. Due to the 
high intensity of the stopped-flow analyzing lamp a cutoff filter of 425 
nm was used, to prevent this possibility. Inspection of Fig. 4a shows a 
very fast disappearance of the styrylbenzopyrylium cation. After 0.1 s a 
transient equilibrium between styrylbenzopyrylium cation (minor spe
cies) and other eventual species not absorbing in the visible (whose 
absorption spectra cannot be visualized due to the filter) is reliable. In a 
second kinetic step, another transient equilibrium is achieved, with the 
absorption spectrum after 100 s coincident with the one of the anionic 
trans-chalcone, the species present at the equilibrium at pH > 13, see 
Fig. 3b. The obvious colorless candidate in the first transient equilibrium 
with AH+ after 0.1 s is the hemiketal B2 (in eventual equilibrium with 
Cc− ). It is worth noting that in basic medium the cis-trans isomerization 
is very fast, as already observed in anthocyanins [14]. This last 
assumption was confirmed by density functional theory (DFT) calcula
tions of the cis → trans isomerization energy barriers. The anionic 

chalcone requires an activation energy of 23.7 kcal mol− 1 while in the 
neutral form 40.8 kcal mol− 1. According to the Arrhenius equation, 
assuming a similar pre-exponential factor in the cis-trans isomerization 
mechanism of both anionic and neutral forms, the isomerization would 
be faster by a factor of 1013 in the anionic form. For more details see 
supplementary material. 

Consequently, it can be understood that the anionic trans-chalcone is 
the species observed after 100 s. However, this situation does not 
represent the (final) equilibrium which is much slower as reported in 
Fig. 3c. In conclusion, the kinetic model represented by eq. (1) to eq. (3) 
does not account for the present kinetics. 

AH+ +OH− ⇌ B2 KB2 (1)  

B2 ⇌ Cc− KCc− (2)  

Cc− ⇌ Ct− KCt− (3) 

Fig. 3. Spectral variations after a direct pH jump of BisNStB (3.8 × 10− 5 M) (a) to pH = 7.7; (b) to pH = 13.2.; (c) representation of the rate constants after direct pH 
jumps toward the equilibrium. 

Fig. 4. (a) Spectral variations after a direct pH jump of BisNStB in ethanol: 
water to pH 13.6 in the presence of a cutoff filter 425 nm, monitored by 
stopped-flow, faster kinetic step; (b) the same for the slower kinetic step. 
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An alternative model is to consider the formation of B4, eq. (4), 
Scheme 5. 

AH+ +OH− ⇌ B4 KB4 (4) 

This model is inspired by previous work by McClelland and co- 
workers, who observed in the case of flavylium systems, lacking the 
hydroxyl substituents, formation of the adduct B4 resulting in the attack 
of water to the position 4 of the flavylium cation [12]. According to this 
alternative interpretation the spectral variations of Fig. 4a (hidden by 
the filter) would result from the formation of B2, and B4 by two parallel 
reactions followed by the equilibrium between B2 and Cc− . In Fig. 4b all 
species of this first transient equilibrium (including AH+) evolve to Ct− , 
but B4 remains since it is a kinetic species that disappears to give the 
final species anionic trans-chalcone only via styrylbenzopyrylium 
cation. In other words, the rate of this slower process (presented in 
Fig. 3b) is a function of the mole fraction of styrylbenzopyrylium cation 
in its equilibrium with B4 (χAH+). As demonstrated in the appendix, the 
rate constant toward the equilibrium, Fig. 3c–is given by eq. (5). 

kobs = χAH+ keq.[OH− ] =
keq.[OH− ]

1 + KOH[OH− ]
(5)  

Where keq. is the rate constant of the OH− nucleophilic addition to the 
styrylbenzopyrylium cation and KOH is the equilibrium constant be
tween styrylbenzopyrylium cation and all other species after the first 
step that gives the kinetic reservoir B4. 

Eq. (5) could have two approximations: i) for very high concentra
tion [OH− ] the observed rate tends to a plateau given by keq./KOH; ii) 
when the concentration of OH− is not enough (as in the presence of SDS 
micelles) KOH[OH− ] could be ≪1 and the observed rate given by, 

keq.[OH− ]. 
In ethanol:water, fitting of the data of Fig. 3c was achieved for keq. =

2 M− 1 s− 1and KOH = 444 M− 1 

In the case of malvidin 3,5-O-diglucoside the chemical structure of 
B4

2− was recently fully characterized by 1H NMR [14]. While formation 
of B4

2− is too fast to be monitored by 1H NMR, its disappearance can be 
followed by lowering the temperature to 5 ◦C. For example, immediately 
after a direct pH jump to pH = 12.9, 80 % of B42− is formed and its decay 
is sufficiently slow at this temperature to run several 1H NMR spectra up 
to its total disappearance. 

2.1.3. Reverse pH jumps 
The reverse pH jumps were performed from anionic trans-chalcone at 

pH = 12.6 to lower pH values and monitored by stopped-flow. 
Fig. 5a reflects the equilibrium between the di and mono-protonated 

trans-chalcones mixed with the equilibrium between protonated trans- 
chalcone and neutral trans-chalcone. Due to the similarity of the ab
sorption spectra of Ct+ and Ct, it is not possible to clearly separate the 
two equilibria. Fig. 5b shows the equilibrium between neutral trans- 
chalcone and anionic trans-chalcone. The titration curves at three 
representative wavelengths allow for the determination of the respective 
acid base constants pKs 2.1, 4.0 and 10.5, Fig. 5c. 

The results are summarized in Scheme 5. 
According to Scheme 5, chalcones are the equilibrium species for pH 

values from neutral to basic. pH jumps in this range are unable to change 
the color. In acidic medium after a reverse pH jump the chalcones give 
spontaneously the styrylbenzopyrylium cation or its protonated form 
depending on the final pH. 

2.2. SDS micelles 

2.2.1. Direct pH jumps 
The spectral variations after a pH jump from equilibrated solutions of 

the styrylbenzopyrylium cation at pH = 5.1 in the presence of SDS mi
celles (0.1 M) upon the addition of acid are shown in Fig. 6a. The full 
lines represent the absorption spectra obtained immediately after 
addition of acid. The protonation of the styrylbenzopyrylium cation 
leading, AH2

2+, occurs for pK = 3, which compares with pK = 1.6 in 
ethanol:water (1:1). Again, the protonated styrylbenzopyrylium cation 
is not stable. A series of pH jumps to the pH domain of AH2

2+, was carried 
out and the absorption spectra collected after 6 days were plotted in 
Fig. 6a and b, traced lines. The fact the protonated styrylbenzopyrylium 
cation is not stable was confirmed by the addition of base to the solution 
at pH = 1.2 (after 6 days) to achieve pH circa 7. No recovery of any 
styrylbenzopyrylium cation was observed. Since the initial absorption 
spectra are coincident in all very acidic pH region there is no evidence 
for the protonation of the second amino substituent. The pH-dependent 
absorption spectra in the pH region 1.2<pH < 7.6 taken immediately 
after the pH jumps, Fig. 6b full lines, clearly indicate the existence of an 
equilibrium between styrylbenzopyrylium cation and its protonated 
species. The spectral variations at the equilibrium between 

Scheme 4. pH domain of the bis-aminostyrylbenzopyrylium (BisNStB) in 
ethanol:water at the equilibrium and its flavylium parent (BisNF), down, and 
the pH domain of the reverse pH jumps of the trans-chalcones immediately after 
the jump. 

Scheme 5. Alternative model based on the formation of B4, see appendix.  

P. Araújo et al.                                                                                                                                                                                                                                  



Dyes and Pigments 229 (2024) 112280

6

styrylbenzopyrylium cation and trans-chalcone and between this last 
one and its anionic form are shown respectively in Fig. 6c and d. 

When Fig. 6 is compared with the system in ethanol:water, Fig. 1, it 
can be concluded that the color of both network species is very similar, 
but the respective pH domain changes dramatically. 

In Fig. 7 the mole fraction distribution of all species in the presence of 
SDS micelles at the equilibrium is reported. Due to the degradation of 
the protonated styrylbenzopyrylium cation the acidity constant between 
this species and styrylbenzopyrylium cation, pK = 3, was calculated 
from absorption spectra taken immediately after the pH jump. For the 
other species the following equilibrium constants between styr
ylbenzopyrylium cation and trans-chalcone, pK = 8.85, and trans-chal
cone and its anionic form, pK = 11.8, were calculated. 

The spectral variations taking place in basic medium are illustrated 
in Fig. 8a. Initially the styrylbenzopyrylium cation is formed and evolves 
to the trans-chalcone or its anionic form to more basic solutions. The fact 
that the isosbestic point is red-shifted from Fig. 8a to b is a consequence 
of the formation of the anionic trans-chalcone in the last. 

As shown below, there is experimental evidence by stopped-flow that 
B4 is also formed. However, the inflection point and the plateau pre
dicted by eq. (5) are not observed. On the other hand, it is not possible to 
increase the OH− concentration because precipitation occurs after a few 
minutes. Due to the negative charge of the SDS micelles surface the 

Fig. 6. Spectral variations after a direct pH jump of BisNStB (4.2 × 10− 5 M) in the presence of SDS micelles (0.1 M) at the equilibrium. Traced lines after 6 days in 
very acidic medium: (a) in extremely acidic medium; (b) 1.2<pH < 7.6; (c) 7.6<pH < 10.2; (d) 10.5<pH < 13. 

Fig. 5. Spectral variations of BisNStB (3.8x10− 5 M) after a series of reverse pH jumps taken immediately after the addition of acid (a) there are two pKs, Ct2+/Ct+

and Ct+/Ct whose absorption spectra cannot be clearly separated; (b) Ct/Ct; (c) titration curves at three representative wavelengths. 

Fig. 7. Mole fraction distribution of BisNStB (4.2 × 10− 5 M) in the presence of 
SDS micelles (0.1 M). Fitting was achieved for the equilibrium between AH2

2+/ 
AH+, pK = 3; AH+/Ct, pK = 8.85; and Ct/Ct− , pK = 11.8. 

P. Araújo et al.                                                                                                                                                                                                                                  



Dyes and Pigments 229 (2024) 112280

7

effective concentration of OH− is much less than the one corresponding 
to the pH of the bulk solution. Fitting was achieved for keq = 0.05 
M− 1s− 1 by means of the second approximation of eq. (5) above reported 
(kobs = keq.[OH− ]). 

2.2.2. Reverse pH jumps 
A series of reverse pH jumps to determine the acid-base constants of 

the chalcones is reported in Fig. 9. The similarity of the absorption 
spectra of Ct+ and Ct prevents a clear visualization of the respective 
isosbestic points and consequently the absorption spectra of the two 
processes are presented together, Fig. 9a. Fig. 9b shows the equilibrium 
between neutral trans-chalcone and anionic trans-chalcone. Titration 
curves at three representative wavelengths are presented in Fig. 9c. 
Fitting was achieved for pK = 2.1 between Ct2+/Ct+, pK = 5.0 for Ct+/Ct 

and 11.8 for Ct/Ct− . 

2.2.3. Stopped-flow 
In Fig. 10 the spectral variations of BisNStB in the presence of SDS 

micelles after a direct pH jump to pH = 12.9 monitored by stopped-flow 
are presented. Fig. 10a–c were collected without any cutoff filter, while 
in Fig. 10d and e, a cutoff filter of 425 nm was used. A comparison of the 
two kinetics could also give some information regarding the photo
chemical behavior of the transient species. 

The stopped-flow experiments with filter are compatible with the 
model above presented in Scheme 4. After 2.5 s a transient equilibrium 
involving AH+, B2 (Cc-) and B4 is established, Fig. 10d. The next step 
could be assigned to the flow of AH+ and B2 (Cc− ) to give anionic trans- 
chalcone. B4 remains trapped in this time scale and retards the kinetics 

Fig. 8. (a) Spectral variations of BisNStB (4.2 × 10− 5 M) in the presence of SDS micelles (0.1 M), after a direct pH jump from styrylbenzopyrylium cation to pH =
10.2; (b) The same of (a) for pH = 12.6; (c) kinetic trace of the absorbance at 683 nm for pH = 10.2. Fitting was achieved with a mono-exponential kobs = 6.85 ×
10− 6 s− 1; (d) rate constant of the flavylium cation disappearance in basic medium. Fitting was achieved by means of eq. (5), for keq = 0.05 M− 1s− 1. The inflection 
toward a plateau was not achieved in this pH range. 

Fig. 9. Spectral variations upon a reverse pH jump from anionic trans-chalcone of BisNStB (4.2 × 10− 5 M) in the presence of SDS micelles (0.1 M); (a) spectral 
variations corresponding like in Fig. 5a to the two protonations of the trans-chalcones; (b) spectral variations regarding the acid-base equilibrium between trans- 
chalcone and its anionic species; (c) titration curves at three representative wavelengths. Fitting was achieved for pK = 2.1 between Ct2+/Ct+, pK = 5.0 for Ct+/Ct 
and 11.8 for Ct/Ct− . 
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toward the new equilibrium. 
Some information regarding the photo-induced reactions of the 

transient species can be achieved by comparing the spectral variations in 
the presence and absence of the cutoff filter. In the absence of the filter 
the styrylbenzopyrylium cation disappears faster. Light promotes a re
action that restores styrylbenzopyrylium cation. A possible explanation 
is the previously described light induced opening of the hemiketal [15]. 
Under light no anionic trans-chalcone is formed after 100 s in compar
ison with Fig. 10e. 

Scheme 6 summarizes the acid-base constants in the presence of SDS. 
Comparison of the pH domain of styrylbenzopyrylium with the analog 
flavylium shows again a similitude with the acidity constants in basic 
medium and a great difference in the protonation of the cationic form 
(AH2

2+). 
In SDS the pH domain of the trans-chalcone is reduced and the 

chalcones upon direct pH jumps give spontaneously the styr
ylbenzopyrylium cation or its protonated form for all acidic and slightly 
basic pHs. 

Fig. 10. Spectral variations of BisNStB (4.2 × 10− 5 M) in the presence of SDS micelles (0.1 M) after a direct pH jump to pH = 12.9 monitored by stopped-flow; (a) to 
(c) in the absence of cutoff filter; (d) and (e) with a cutoff filter of 425 nm. 

Scheme 6. pH domain of BisNStB in SDS micellles at the equilibrium and its 
flavylium parent (BisNF), down, and the pH domain of the reverse pH jumps of 
the trans-chalcones immediately after the jump. 
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Fig. 11. Spectral variations of BisNStB (4.2 × 10− 5 M) in the presence of CTAB micelles (0.1 M); (a) protonation equilibrium between styrylbenzopyrylium cation 
and its protonated form; (b) spectral variations referring to the deprotonation of the trans-chalcone. The acid-base constants regarding the protonation of the 
styrylbenzopyrylium cation and the equilibrium between this last and trans-chalcone are close and the two processes mixture preventing the appearance of isosbestic 
points in the pH range 2.1<pH < 4; (c) Titration curves at the equilibrium for three representative wavelengths. Fitting was achieved for pKAH22+/AH+ = 1.3; pKAH+/ 

Ct = 2.3; pKCt/Ct- = 8.5. 

Fig. 12. (A) Spectral variations of BisNStB (4.2 × 10− 5 M) in the presence of CTAB micelles (0.1 M), after a direct pH jump to pH = 6.7; (b) trace at 678 nm. Fitting 
was achieved with a mono-exponential of rate constant 1.6 × 10− 4 s− 1; (c) The same of (a) for pH = 8.7.; (d) Trace of (c) at 678 nm. Fitting was achieved with a bi- 
exponential rate constants 6.9 × 10− 3 s− 1 and 5.5 × 10− 4 s− 1; (e) The same of (c) for pH = 11.7; (f) Trace of (e) at 557 nm. Fitting was achieved for 2.6 × 10− 3 s− 1 

and 7.8 × 10− 5 s− 1. 

P. Araújo et al.                                                                                                                                                                                                                                  



Dyes and Pigments 229 (2024) 112280

10

2.3. CTAB micelles 

2.3.1. Direct pH jumps 
The spectral variations of BisNStB (4.2 × 10− 5 M) in the presence of 

CTAB micelles at the equilibrium after a series of direct pH jumps are 
shown in Fig. 11. The acid base constant for the protonation of the 
styrylbenzopyrylium cation (leading to an unstable form) pK = 1.3 and 
the equilibrium between styrylbenzopyrylium cation and trans-chalcone 
pK = 2.3 are close preventing a clear definition of isosbestic points as 
observed above in Fig. 9a. 

In Fig. 12 the kinetics toward the equilibrium after a direct pH jump 
are presented. Considering the equilibrium between neutral and anionic 
trans-chalcone pK = 8.5, the spectral variations at three representative 

pH values were selected: i) pH = 6.7 where only neutral chalcones are 
involved, ii) pH = 8.5 corresponding to a mixture of neutral and anionic 
chalcones; iii) pH = 11.7 only anionic chalcones are involved. 

In the case of a direct pH jump to pH = 6.7, the styrylbenzopyrylium 
cation gives directly the trans-chalcone with isosbestic points and mono- 
exponential kinetics. This behavior presupposes that B2 and Cc are 
transient species and is illustrated in Scheme 7A. In contrast, the spectral 
variations after a direct pH jump to pH = 11.7, Fig. 12e as well for higher 
pH values, show the almost total disappearance of the styr
ylbenzopyrylium cation at the initial spectrum requiring the use of the 
stopped-flow for the determination of the respective kinetics, see below. 
The anionic trans-chalcone is already present at the initial spectrum. In 
scheme 7B the first kinetic step after direct pH jumps to the basic region 
is schematized. As observed in anthocyanins the cis-trans isomerization 
in basic medium is very fast (in contrast with the neutral chalcones). In 
Fig. 12e since the initial time, the absorption spectrum of the anionic 
trans-chalcone is already observed. The question is why it takes almost 3 
h to reach the equilibrium (mainly anionic trans-chalcone). The hy
pothesis is again the formation of the B4 species, that retards the kinetics 
toward the equilibrium, see below the stopped-flow studies. 

Finally, at pH = 8.7 there is a mixture of the two kinetics, and it is 
possible to observe the fast process of the styrylbenzopyrylium cation 
disappearance leading to a transient species compatible with the for
mation of a cis-chalcone and its disappearance to give the final anionic 
trans-chalcone. 

In Fig. 13 the rates of the kinetic processes versus pH are represented. 
Inspection of this figure indicates that a fitting can be done considering 
the acid-base equilibrium between styrylbenzopyrylium cation, neutral 
and anionic cis-chalcones. The bell shape is proportional to the mole 
fraction of the neutral cis-chalcone in this last equilibrium. At higher pH 
values the system behaves as above reported, and can be fitted with eq. 
(5), the green curve for keq. = 1 M− 1 s− 1 and KOH = 400 M− 1. The 
ascending branch of the bell-shaped curve can be associated with the 
disappearance of styrylbenzopyrylium cation to give B2 (faster kinetics) 
leading to a type of “pseudo-equilibrium” as observed for anthocyanins 
in acidic medium, followed by a further kinetic step where styr
ylbenzopyrylium continues to disappear to give the final equilibrium 
product (trans-chalcone). The descending branch of the bell shape curve 
corresponds to the change of regime due to the formation of B4, 
accounted for by eq. (5). 

2.3.2. Reverse pH jumps 
The acid-base constant between diprotonated/protonated and pro

tonated/neutral trans-chalcones occurs for very acidic solutions. At 
these pH values the conversion of the trans-chalcones (mono and di- 
protonated) is very fast and the absorptions immediately after the pH 
jump are represented. As observed in ethanol:water and SDS micelles 
the definition of the two first pKs has a great uncertainty due to the 
similarity of the absorption spectra of Ct+ and Ct. Moreover, these two 
pKs in the presence of CTAB micelles are very close, Fig. 14a and b. The 
pK regarding the equilibrium Ct/Ct-is shown in Fig. 14c. A titration at 
two representative pH values is presented in Fig. 14d. 

2.3.3. Stopped-flow 
The spectral variations of BisNStB (4.2 × 10− 5 M) monitored by 

stopped-flow upon a direct pH jump to pH = 13.7 is shown in Fig. 15. 
Due to the high intensity of the stopped-flow analyzing lamp, it was 
necessary to use a filter to prevent the photochemical processes, 
Fig. 15a. The decay of the flavylium cation is mono-exponential with a 
rate constant 31 s− 1. No other process was observed up to 100 s. 

The information achieved in the stopped-flow experiments indicates 
that the equilibrium between the colorless species and styr
ylbenzopyrylium cation is extremely fast. The absorption spectrum after 

Scheme 7. First kinetic steps when neutral chalcones or anionic chalcones 
are involved. 

Fig. 13. Rate constants of BisNStB (4.2 × 10− 5 M) in the presence of CTAB 
micelles (0.1 M) after direct pH jumps as shown in Fig. 10. Fitting was achieved 
considering the equilibrium between AH+, Cc and Cc− for a pKAH+/Ct = 8.5; 
pKCc/Cc- = 10.8 (bell shaped contribution) and another contribution applying 
eq. (5) keq. = 1 s− 1M− 1, KOH = 400 M− 1 (traced green line). 
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0.25 s in Fig. 15a is the same as the initial one of Fig. 10c. The fact that it 
is necessary 1 h to reach the equilibrium is again explained by the ex
istence of B4, a kinetic reservoir that delays the kinetic process toward 
the equilibrium. The high intensity of the analyzing lamp gives some 
information regarding the photochemistry. The colorless species are 
converted in more anionic trans-chalcone Fig. 15b. This behavior could 
be attributed to photo-induced ring opening of B2 (already described for 

hemiketals) that not only forms more anionic trans-chalcone but also 
runs out B4. At this point the trans-chalcone disappears to give cis- 
chalcone that would convert rapidly in the dark to the anionic trans- 
chalcone the equilibrium species. 

In Scheme 8 the extraordinary pH range of the trans-chalcones can be 
visualized. Except for very acid pH values, the trans-chalcones are the 
equilibrium species. 

Fig. 14. (a) Spectral variations of BisNStB (4.2 × 10− 5 M) in the presence of CTAB micelles (0.1 M) at extremely acid solutions; (b) The same for very acidic so
lutions; (c) Spectral variations between Ct and Ct− ; (d) titration curves at three representative wavelengths (502, 557 and 680 nm). Fitting was achieved for pK 
between Ct2+/Ct+ ≈-0.1, Ct+/Ct ≈ 1.0 and Ct/Ct− = 8.6. 

Fig. 15. (a) Spectral variations of BisNStB (4.2 × 10− 5 M) upon a pH jump to pH = 13.7 monitored by stopped-flow with a filter 450 nm to cut the absorbance of the 
colorless species. Only one kinetics is observed during the first 100s (not shown); (b) In the absence of the filter the colorless species disappears to give the equi
librium species at this pH anionic trans-chalcone probably in equilibrium with the cis.; (c) further irradiation decreases the anionic trans-chalcone probably to reach 
another photostationary state involving an equilibrium between the anionic cis-chalcone in equilibrium with B2 and anionic trans-chalcone. 
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3. Photochemistry 

The photochemistry of amino flavylium compounds in water is in 
general very inefficient [11]. In the case of BisNStB there is photode
composition in the presence of SDS (pH = 10.2) or CTAB (pH = 4) mi
celles. In ethanol:water at pH = 6.2, styrylbenzopyrylium cation is 
formed upon irradiation of trans-chalcone at 436 nm, with quantum 
yield, Φ < 4 × 10− 5. 

4. Conclusions 

The introduction of a double bond between ring C and ring B gives 
rise to a system that can switch between violet (protonated styr
ylbenzopyrylium cation unstable) green (styrylbenzopyrylium cation) 
orange (trans-chalcone) and magenta (anionic trans-chalcone). It is 
possible to tune the pH domain of these colors by the addition of mi
celles, envisaging multiple applications of these types of compounds in 
the fields of chemistry and materials science. 

The evidence for the B4 formation and the results recently observed 
for the anionic quinoidal base of malvidin 3,5-O-diglucoside, suggests 
that in basic medium the OH− attacks not only in position 2 to give B2 
but also in position 4 leading to B4. Stopped-flow has shown to be an 
indispensable tool to account for the fast kinetic processes in flavylium 
and styrylbenzopyrylium-based chemical systems. 

5. Material and methods 

5.1. Reagents and solutions 

Sodium dodecyl sulfate (SDS) (≥98.5 %) and hexadecyl
trimethylammonium bromide (CTAB) (≥98.5 %) were obtained from 
the commercial company Sigma-Aldrich. A universal buffer of Theorell 
and Stenhagen was prepared from the mixture of phosphoric acid 85 % 
(w/w), monohydrated citric acid, boric acid and NaOH solution 1 M, in 
1 L of Millipore water with an ionic strength of 0.7 M. 

5.2. Synthesis of 7-diethylamino-2-(4′-dimethylaminostyryl)-1- 
benzopyrylium (BisNStB) 

The synthesis of BisNStB was performed as described in a previous 
work [16]. 

5.3. Direct and reverse pH jump 

5.3.1. Ethanol:Water (1:1) 
For direct pH jump experiments, firstly, it was prepared a stock 

solution (5.0 × 10− 4 M) of BisNStB in ethanol, and then it was prepared 
a set of solutions at different pH values (adjusted by addition of HCl, 
NaOH or universal buffer of Theorell and Stenhagen), with 3.8 × 10− 5 M 
of the pigment in 50 % ethanol. Each of these solutions was prepared in 
disposable cuvettes of 1 cm and the pigment was the last to be added. 
After preparing each cuvette, the direct pH jump was followed by Cary 
60 UV-VIS (Agilent) spectrophotometer, and at the end, the pH values of 
these solutions were checked in a WTW pH 320 pH Meter handheld/ 
Mettler Toledo InLab® Semi-Micro. 

Regarding reverse pH jumps, the stock solution (5.0 × 10− 4 M) of 
BisNStB was prepared in NaOH 0.1 M, with 95 % of ethanol and stabi
lized for approximately 20 h, until reaching the anionic trans-chalcone 
species. The set of solutions at different pH values was prepared in the 
same way as those in the direct pH jump experiment and read in the 
same way on the spectrophotometer. 

All experiments were performed at room temperature and protected 
from light. 

5.3.2. SDS and CTAB micelles 
Two stock solutions were prepared: BisNStB (5.0 × 10− 4 M) with SDS 

(0.1 M) and BisNStB (5.0 × 10− 4 M) with CTAB (0.1 M), both dissolved 
in distilled water. 

After this, several solutions at different pH values were prepared 
with 4.2 × 10− 5 M of the pigment (BisNStB) and 0.1 M of SDS or 0.1 M of 
CTAB. The remaining procedure was the same as in the ethanol: water 
experiment. 

For reverse pH jump experiments stock solutions of the pigment in 
the concentration of 5.0 × 10− 4 M were prepared with 0.1 M of SDS or 
0.1 M of CTAB, in NaOH 0.1 M (pH ≈ 13) and then a set of BisNStB 
solutions, with 4.2 × 10− 5 M of pigment concentration, in the presence 
of each micelle (0.1 M) were prepared in the same way of direct pH 
jumps experiments. 

The kinetics of reverse pH jump experiments were followed in the 
same way as the direct pH jumps, in the same spectrophotometer. 

The experiments in SDS micelles were performed at room tempera
ture, while in CTAB micelles were performed at 25 ◦C due to the ability 
of CTAB to crystallize at lower temperatures. 

Both experiments were protected from light. 

5.3.3. Stopped-flow experiments 
The stopped-flow experiments were performed on a SX20 Applied 

Photophysics (Surrey, UK) spectrometer equipped with a PDA 1/UV 
photodiode array detector. 

5.3.4. Photochemistry studies 
Continuous irradiation experiments were conducted in a Spex 

Fluorolog-2 Model F111 spectrofluorometer equipped with a 150 W Xe 
lamp. The light flux (I0) at λirr = 460 nm was determined using Aber
chrome 540 dissolved in toluene as the actinometer [17]. Photochemical 
quantum yields (Φ) were determined from equation (6), where ΔA/Δt is 
the slope of the plot obtained by measuring the absorbance of the 
product at the irradiation time, V is the irradiated volume, ε is the molar 
extinction coefficient of the product and Airr is the initial absorbance at 
the irradiation wavelength. 

∅=
n moles of product per unit time

n moles of absorbed photons per unit time
=

ΔA
Δt•ε • V

I0
(
1 − 10− Airr

) (6)  

5.3.5. Computational studies 
DFT calculations have been carried out with the program Gaussian 

16 using the B3LYP functional and the 6-31G** basis set. All calculations 
were performed considering the solvent effect with the PCM solvation 
method. The binary solvent mixture of ethanol:water (1:1) was defined 
by dielectric constant ε = 54.89 and the refractive index n = 1.3474 (ε∞ 
= n2) for 50 % Ethanol volume at 293 K [18]. Molecular structures were 
drawn using Chemcraft. 

Scheme 8. pH domain of BisNStB in CTAB micelles at the equilibrium and its 
flavylium parent (BisNF), down, and the pH domain of the reverse pH jumps of 
the trans-chalcones immediately after the jump. 
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