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pH-dependent  photochromic  behaviour of a curcumin analogue, 2,6-bis(2-
hydroxybenzilidene)cyclohexanone (HBC) has been investigated. The identification of stable and
unstable species from network reaction was done by combination of NMR, UV-vis and fluorescence
spectroscopy. The structure of stable species was established by '*C NMR, 'H NMR and 2D NMR spectra:
DQF-COSY, HSQC and HMBC. The results indicate that HBC could be used as pH sensor on a 1-5 scale.
Experimental results were correlated by theoretical calculations using ZINDO/S/CI semi-empirical
methods. HBC exhibits fluorescent properties both in acidic and neutral media and in basic environment
the fluorescence is quenched.
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1. Introduction

The network of chemical reactions involving anthocyanins and
related compounds has been shown to exhibit versatile applica-
tions besides its ubiquitous use by Nature to obtain most of the red
and blue coloursin flowers and fruits [ 1|. Further photochromic sys-
tems switching from a variety of colours in solution, [2] in micelles,
[3] or gels, [4] and model systems capable of behaving as optical
memories [5] or even mimicking elementary properties of neurons
[6] have been described.

All practical applications of these compounds are based on the
chemical transformations that they can be submitted to by the
actions of different stimuli, namely, light, pH, temperature, etc.
[7-11]. An illustrative example regarding the chemical reaction
network is presented in Scheme 1; herein the trans-chalcone suf-
fers several transformations leading to several species [12-15].

Curcumin analogues are compounds similar in structure
to the chalcones, whose photochromic behaviour has been
described beforehand. To the best of our knowledge the cur-
cumin analogues have been studied so far for their cytotoxic
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and antioxidant activity [16,17] but we envision a new direc-
tion of research and applications for these compounds based
on their network of chemical reactions when submitted to
different stimuli. Considering the above, we have synthesized
and characterized 2,6-bis(2-hydroxybenzylidene)cyclohexanone
(HBC), a curcumin analogue. Our main goal was to identify
the species involved in the network of chemical reactions of
2,6-bis(2-hydroxybenzylidene)cyclohexanone, which has a simi-
lar behaviour when submitted to different stimuli to the flavylium
cation [10]. Theoretical calculations have been carried out by AM1
and ZINDO/S/CI semi-empirical methods aiming to correlate the
experimental and theoretical UV spectral characteristics of the title
compound.

2. Experimental
2.1. Measurements and methods

All reagents and solvents used were of analytical grade.

The NMR spectra were measured in methanol-d4 on a Bruker
Avance III 500 spectrometer (500.13 MHz for 'H, 125.77 MHz for
13C) at 298 K. The centre of the solvent signal was used as an inter-
nal standard, which was related to TMS with § 3.31 ppm for 'H
and § 49.15 ppm for 13C. Chemical shifts § are reported in ppm,
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Scheme 1. Structural transformations of the flavylium-type compounds [10].

coupling constants are reported in Hz and following abbreviations
are used for splitting pattern: s (singlet), d (doublet), dd (doublet
of doublets), t (triplet), and m (multiplet). NMR assignments were
done on the basis of 'H, 13C, DEPT 135 and 2D NMR spectra: DQF-
COSY, standard multiplicity-edited HSQC (HSQCEDETGPSISP) and
standard HMBC (HMCETGPL3ND). The NMR measurements: (i) the
basic pH of the HBC solution in deuterated methanol was reached
by adding a solution of a 40 wt% NaOD in D,0; and (ii) the acidic
pH of HBC deuterated methanol was reached by adding a few drops
of a solution of DCIO4 in D,0. Analytical data were obtained by a
Perkin Elmer model 240C elemental analyzer for C, N, and H.
UV-vis absorption spectra were recorded on a Perkin-
Elmer Lambda 12 spectrophotometer. Fluorescence spectra were
recorded on Perkin Elmer LS-55 spectrometer on solution using
lex=361/365nm and Aem =439/443 nm; the excitation slit was
set at 15 and the emission slit at 7.5 and the scanning speed
was 100nm/min. The pH of solutions was measured with
a Wissenschaftlich-Technische Werkstatten 3301pH/ion metre.
UV-vis and luminescence measurements: the HBC solutions were

prepared using distilled water and absolute methanol. The pH of
solutions was adjusted by addition of HCl, NaOH or universal buffer
based on sodium citrate [18].

Quantum chemical molecular simulations were carried out by
the AM1 (Austin Model 1) [19,20] and ZINDO/S (Zerner’s Inter-
mediates Neglect of Differential Overlap/Spectroscopy) [21,22]
semi-empirical methods implemented in the HyperChem pro-
gramme [23]. Starting structure of the investigated compound
was created with the aid of the HyperChem package and the
ground state geometry was optimized employing the AM1/RHF
(RHF stands for Restricted Hartree-Fock) method. A root-mean-
square (RMS) gradient in the energy of 0.005 kcal A mol~! was used,
as a criterion for choosing an optimized conformation along with
the Polak-Ribiere conjugate gradient algorithm [20,23]. The theo-
retical UV spectrum was computed for the AM1 optimized structure
by the ZINDO/S-CI method considering singly excited electronic
configurations (CI). This method was parameterized to reproduce
electronic spectrum. The ZINDO/S-CI simulations were realized
by employing the default parameters. The CI matrix included
seven occupied and seven unoccupied molecular orbitals (99 singly
excited configurations).

2.2. Chemical synthesis

2.2.1. Synthesis of 2,6-Bis(2-hydroxybenzylidene)cyclohexanone

The synthesis of this curcumin analogue was carried out using a
literature protocol, adapted for this case [24]. 4.2 mL of salicylalde-
hyde (4.88 g, 40 mmol) were dissolved into 5 mL of ethanol, while
stirring at room temperature. 2.1 mL of cyclohexanone (1.96g,
20 mmol) are then added and stirred vigorously. 24 g of a NaOH
20%w. solution are added dropwise, slowly by maintaining the tem-
perature below 40°C. This mixture is left under stirring for 24 h,
then 30 mL of distilled water are added, afterwards the mixture
is neutralized to pH=5.5 by using a solution of HCl 6 N. The red-
dish precipitate was filtered and recrystallized from a MeOH/water
mixture. After dried the product a yellowish powder is obtained,
1 =68.62%, m.p.=148-150°C [lit. 148-149°C]. Elem. anal. calcd for
Cy0H1503 (306.36): C 78.41%, H 5.92%; found C 78.64%, H 5.76%.

Scheme 2. Structural transformation of the HBC depending on pH conditions.
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TH NMR (500 MHz, CD30D), § (ppm): 7.98 (s, 2H), 7.31 (d,
J=9.0Hz, 1H) 7.18 (t, J=7.7Hz, 1H), 6.91-6.77 (m, 2H), 2.83 (dd,
J=8.6,3.6Hz, 2H), 1.84-1.61 (m, 1H).

13C NMR (100 MHz, CD30D) § (ppm): 191.3, 156.6, 135.8, 132.9,
130.0,122.9,118.7, 115.1, 28.4, 23.2.

IR (cm~1):3366,3061,2953,2915,2838, 1649, 1599, 1577, 1549,
1452, 1335, 1280, 1169, 1158, 1094, 761, 749, 567.

3. Results and discussion

2,6-Bis(2-hydroxybenzylidene)cyclohexanone (HBC) was syn-
thesized in basic conditions, in a good yield.

HBC is a curcumin analogue with a great ability for colour
switching along pH modification. This ability can be attributed to
the several species involved (Scheme 2) in the interconversion of
the compound using different acidic/basic conditions [2], similar to
those registered for the flavylium system [25].

In order to highlight the stable species, the NMR experiments
were carried out at two extreme pH values (pH<1 and pH>13)
and neutral pH conditions.

In the basic condition the TH NMR spectrum recorded imme-
diately after the deuterated base was added, proved the total
transformation of Ct form into the deprotonated base Ct2~. The
conversion into the unprotonated base Ct2~ occurs practically
instantaneous from the moment the base was added. The spectrum
was recorded again, after 1 and 10 days; the features were the same,
which confirms the stability of this specie in basic conditions [26].

The NMR spectrum of the HBC at pH<1 was recorded imme-
diately and in time after the acidic conditions was created. In the
spectrum recorded immediately was detected the presence of sev-
eral species and the total conversion of Ct towards the cation AH*
was reached after 29 h (see Table 1).

Because the compound does not turn instantaneously into the
AH* compound, the protonated sample in the above conditions was
rerun several times in order to observe the moment when it turns
completely into the xanthylium derivative. Thus, several spectra
were recorded: immediately, after 20 min, then every 2 min for
30 min, every 20min for 3 h, 29h, 36h (1% days), and then from
time to time for 14 days. In the Fig. 1b, which presents the evolu-
tion of the NMR spectra of HBC in time, we can notice that even
after 50 min the sample has present the signals corresponding to
the neutral form of the compound and that the conversion of Ct into
AH" specie is complete only after about 29 h. The NMR analysis, run
after 15 days, confirms the stability of the cationic form AH* in the
given conditions [5].

Based onthe NMR spectrarecorded at different moments of time
and temperature of 25 °C, the kinetics of the Ct conversion into the
protonated adduct AH* can be described by the curve presented in
Fig. 2.

The conversion of HBC into related species (see Scheme 2) was
theoretically investigated in terms of energy released or absorbed
reflected by the heat of formation (AH). According to semiempirical
molecular orbital calculations (AM1), the theoretical stabiliza-
tion for the AH* cation species is AH=154.52 kcal/mol, relatively
high positive value compared to those computed for the Ct, and
Ct2~ species (AHc,=—48.56 kcal/mol, AHc%™ =—65.49 kcal/mol,
respectively). In this light, the most stable geometry was assigned
for the Ct2~ comparing with the relatively unstable geometry of
AH*. Moreover, the values suggest that the conversion between
these species is easier for e.g., Ct into Ct2~ and for Ct into Cc species
than for Ct into AH* species because the conformational flexibility
of these species is different. The main difference between the Ct and
AH* species is the increasing rigidity of the AH* system; the con-
formational rigidity of AH* system increases the thermodynamic
instability.

1817 40 LC Fieso8
1H_LB174cKkHD,

LB1.7.Acidb LC
HLB17AckHD

Fig. 1. The evolution of the "H NMR spectra of HBC in acidic media, at 25°C; the
signals marked with the red circle correspond to AH*; (a) at t=0; (b) at t=50 min
and (c)at t=29h.

The UV-vis spectrometry allowed in emphasizing the colour
shift behaviour of the compound depending on the pH increase.
Fig. 3 presents the superimposed UV-vis absorption spectra of the
compound in different pH solutions, ranging from 1.54 to 5. The
samples in acid pH are reddish and exhibit a broad band with a
maximum absorption at 498 nm, corresponding to the formation
of the AH" cation. As the pH value increases, the solutions became
non-coloured, corresponding to the neutral form of the compound.
The broad absorption band of 498 nm is not detectable for the neu-
tral form, and it practically disappears as the pH increases to values
beyond 2.25. Moreover, as the band from 498 nm increases in inten-
sity and the pH value drops, the absorption band from 258 nm
decreases in intensity, proving that the xanthylium cation has been
formed and the reddish colour of the solution is the straight conse-
quence. The UV-vis spectra also sustain the information obtained
via NMR, because even in acid environment both species, the



Table 1

Assignment of "H NMR and '>C NMR data for AH*, Ct and Ct?>~ forms in acid, neutral and basic conditions.

Labelling
THNMR, § (ppm) 13C NMR (ppm) TH NMR, & (ppm) 13C NMR (ppm) TH NMR, & (ppm) 13C NMR (ppm)
1 1.99 (qu, 2H, J=6.1Hz) 219 1.67, m, 2H 24.7 1.69, m, 2H 249
2 3.15(t2H J=6.2Hz) 29.2 2.80 (t,J=5.3 Hz, 2H) 29.9 2.83, m, 2H 30.0
3 3.04(t2H J=5.4Hz) 28.5 2.80 (t, ] =5.3 Hz, 2H) 29.9 2.83, m, 2H 300
4 - 1289 - 134.5 - 132.7
5 - 125.6 - 134.5 - 132.7
6 - 1743 - 193.1 - 194.0
7 8.95,s1H 154.4 7.84,s, 1H 137.4 8.32,s,1H 139.8
8 - 133.6 - 113.8 - 113.8
9 - 156.6 7.20 (t,J=8.5Hz, 1H) 1315 7.18(d, J=7.8 Hz, 1H) 131.1
10 8.05(d, 1H J=85Hz) 1195 6.84 (t, J=7.5Hz, 1H) 124.4 6.99 (t, ] =8.5Hz, 1H) 1323
11 8.15(m, 1H J=7.8 Hz) 139.3 6.92 (d,J=8.1Hz, 1H) 131.5 6.37 (t,J=7.4Hz, 1H) 126.3
12 783 (t,1H J=7.5Hz) 130.6 6.84 (t,J=7.5Hz, 1H) 12022 6.65 (d, J=8.3Hz, 1H) 121.6
13 8.15m, 1H J=7.8Hz) 131.3 - 158.1 - 1711
14 8.76,s 1TH 143.5 7.84,s, 1H 1374 8.32,s, 1H 139.8
15 - 1233 - 113.8 - 113.8
16 755d1H J=7.5Hz 132.4 7.20 (t,J=8.5Hz, 1H) 1315 7.18(d, J=7.8Hz, 1H) 131.1
17 6.87 (t 1H J=7.6Hz) 1209 6.84 (t,J=7.5Hz, 1H) 1244 6.99 (t, ] =8.5Hz, 1H) 1323
18 7.28 (t1H J=7.6Hz) 135.8 6.92 (d,J=8.1Hz, 1H) 131.5 6.37 (t,J=7.4Hz, 1H) 126.3
19 6.91(d 1H J=83Hz) 117.2 6.84 (t,J=7.5Hz, 1H) 120.2 6.65 (d, J=8.3Hz, 1H) 121.6
20 - 160.1 - 158.1 - 171.1
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Fig. 2. The conversion of Ct into AH* vs. time after addition of DCIO4.
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Fig. 3. UV-vis spectra vs. pH for HBC (5.04 x 10~ molL~! in H,0/MeOH 3: 2).

neutral and the cationic, are present, expressing different absorp-
tion maxima of 498, 298-292 and 258 nm, the last two being found
in both cases, while the first corresponds, as stated beforehand,
to the cation. Also, the superimposed UV-vis spectra reveal the
presence of an isosbestic point at 282 nm corresponding to the
conversion of the protonated cationic species AH* into the neutral
compound. The quinoidal form (A) is not detectable by UV-vis spec-
trometry, but that does not mean it cannot be formed considering
the given conditions [27].

MM T 17T T
0.8
521.0
Q
0.6
< 0.4 2155
280.1
23.8 319.8
0.2
240.9 266.2
(% T 348.1
0.0 | I 1 | 1 (?l ! 1 1 1
200 250 300 350 400 450 500

wavelength, nm

Fig. 5. Electronic absorption spectrum of AH* species calculated by the ZINDO/S
method (absorption bands highlighted by green sticks with circle).

This colouring behaviour of the sample may lead to its using as
a pH sensor on the studied range. Fig. 4 presents the absorbance
decay measured at 498 nm depending on the pH shift; the best fit-
ting is registered for an exponential decay. This expression can be
turned into a linear dependency, as the following:

InA= —0.0734 - 1.2378pH (1)

where A is the absorbance of the sample measured at 498 nm; this
expression can be applied for pH values ranging between 1 and 5.

To obtain a more comprehensive view about the AH* cation
specie we studied its electronic spectrum theoretically. The inter-
pretation of the theoretical UV spectrum was based on the ZINDO/S
calculations performed on the AM1 geometries. The simulated
spectrum is drawn in Fig. 5 by green sticks with circle.

The calculations predicted showed an intensive (oscillator
strength is about 0.632) long-wave-length absorption band at
521nm and three moderately intense bands at 215.53 nm,
280.12nm and 319.79nm, respectively. This intensive absorp-
tion band is generally an electron shift from HOMO to LUMO
orbital (e.g., transition from 54 orbital to 55 orbital). Both orbital
are distributed throughout the entire structure of the molecule.
Two shortest absorption bands are observed at 240.91 nm and
266.17 nm, respectively. These two bands are characterized by
rather weak absorption values (oscillator strength are about 0.117
and 0.126, respectively), and these mostly consist of the electron
shift between different orbitals (e.g., transitions from 50 orbital to
55). The results of the ZINDO/S calculations revealed a good corre-
lation between the positions of the bands in the experimental and
theoretical spectrum of the compound [28].

The structural and electronic modifications, that accompany
the interconversion of photochromic compounds, are reflected on
the absorption and emission properties of the compounds [29].

1.5 2 25

4.5 5

y =-1.2378x - 0.0734

R? = 0.9094

In A(498)
*

pH

Fig. 4. Logarithm of absorbance vs. pH, for a concentration of 5.04 x 10~ mol L',
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Fig. 6. Superimposed excitation (left) and emission (right) spectra of HBC at different pH values (5.04 x 10-> mol L~ in H,O/MeOH 3:2).

The normalized excitation and emission spectra of the compound
depending on the pH increase are presented in Fig. 6. Fluores-
cence emission/excitation spectra of HBC under acidic, neutral and
basic conditions were measured at an excitation wavelength of
361/365 nm and emission at 439/443 nm, respectively [30,31].

On the fluorescence spectra, the maximum emission intensity
was obtained for the acid species at pH=2.25 and the correspond-
ing Stokes shift is AA =77 nm. Fluorescence quenching appears at
higher pH, in basic media, effect caused by the deprotonation of the
phenolic hydroxyle of HBC.

4. Conclusions

The curcumin analogue, 2,6-bis(2-hydroxybenzilidene)-
cyclohexanone has been synthesized in good yield and tested for
photochromic behaviour considering the changes in colour due to
pH shift. In acid media it functions as a cation, having a reddish
colour, while in basic media it is in anionic form, displaying an
orange colour. These changes are also registered in UV-vis spectra,
the cationic form presenting a Amax of 498 nm, while the anionic
form has a Ammax of 456 nm. Good correlation of the theoretical and
experimental characteristics of the UV-vis spectra was obtained
by the method ZINDO/S for the wavelengths of the species stud-
ied. The acidic and neutral species of HBC exhibit fluorescent
properties.
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