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Cyclocurcumin (CyCUR) is a non-diarylheptanoid curcuminoid characterized by an o,B-unsaturated dihy-
dropyranone moiety generally existing as trans isomer in the ground state but able to convert into the cis
form by photoisomerization. Herein the kinetics of thermal cis-trans isomerization of cyclocurcumin was
spectroscopically determined in ethanol, pure water and silver nanoparticles (AgNPs) aqueous solution.
Energetic parameters were calculated by Arrhenius and Eyring plots in the temperature range 294-314 K.
The presence of AgNPs increases the rate of the reaction, according to the polarizability of the environ-
ment. The solvatochromism of cyclocurcumin was also studied by using the Catalan empirical solvent
parameters scale in a series of organic solvents. The bathochromic shift of CyCUR suggests that polariz-
ability of the medium plays the major role in the investigated conditions.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

Generally, the bioactive behavior of curcuminoids, natural
polyphenols isolated from Curcuma Longa L., is attributed to cur-
cumin, the major component in turmeric followed by demethoxy-
curcumin, bisdemethoxycurcumin and cyclocurcumin [1-3]. In
some cases, synergic effects in using their mixtures were observed
[4,5]. Except for cyclocurcumin, curcuminoids exhibit diketo/keto-
enol tautomerism in solution due to the presence of the B-diketone
moiety and most of their properties seem to be dependent on the
enol concentration [6,7].

Interestingly, antioxidant, anti-vasoconstrictive, immune-
modulating and neuroprotective effects of cyclocurcumin were
recently reported [8-11]. Cyclocurcumin is a non-diarylheptanoid
curcuminoid characterized by an o,B-unsaturated dihydropyra-
none moiety which excludes diketo/keto-enol tautomerism but
allows trans-cis photoisomerization by rotation around the ethyle-
nic double bound (Scheme 1). The molecule exists entirely as trans
isomer in both nature and solution and can be converted to cis
form by exposition to light. Interestingly, it was observed that
the physicochemical properties of the environment, such as
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polarity and viscosity, may affect the fluorescence quantum yield
of the isomers [12,13].

Generally, isomerization reactions are involved in a large vari-
ety of applications, including light-sensitive devices, due to the
spectral differences between the isomers [14-18]. Despite
cyclocurcumin exhibits a photophysical behavior, the trans to cis
photoisomerization is still rarely investigated, while the thermal
cis to trans conversion was very marginally reported. The aim of
our work was to kinetically study the thermal cis-trans isomeriza-
tion of cyclocurcumin in three eco-friendly environments, as etha-
nol, pure water and AgNPs aqueous solution. The activation energy
(E,), the frequency factor (A), the activation enthalpy (AH™) and
the activation entropy (AS™) were calculated for each environment
in the temperature range 294-314 K. Additionally, the photosta-
tionary state of CyCUR was observed for the first time by using
in situ photo-NMR spectroscopy.

The solvatochromism of CyCUR was also studied in a series of
organic solvents at 298 K and the contribute of each solvent
parameter, as polarizability (SP), dipolarity (SdP), acidity (SA) and
basicity (SB) was extrapolated by using the Catalan multiparamet-
ric empirical solvent parameters scale. To the best of our knowl-
edge the Kkinetics of the cis-trans isomerization and
solvatochromism of cyclocurcumin in the investigated conditions
were unprecedented.
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2. Experimental
2.1. Materials

Cyclocurcumin powder (purity 99%) was purchased from Muse-
Chem. All solvents (ethanol, methanol, tetrahydrofuran, acetoni-
trile, chloroform, toluene, cyclohexane, 1,4-dioxane, isooctane,
acetic acid, acetone, 1-octanol, 1-pentanol, ethyl acetate, N,N-
dimethylformamide, 2-propanol, dimethyl sulfoxide, 99% solvent
spectroscopy grade) were purchased from Sigma-Aldrich. Silver
nanoparticles (0.02 mg/mL) was purchased from AlfaAesar. All
reagents were used without further purification.

2.2. Sample preparation

Milli-Q water was used for the preparation of the AgNPs solu-
tions (2 ppm; pH 5.5). Stock ethanolic solution of cyclocurcumin
was prepared at a concentration of 3 x 107> M and kept in the dark
at room temperature. Then, an aliquote of the solution was trans-
ferred to 1 cm light path quartz thermostated cuvette containing
2 mL of the solvent to obtain a CyCUR final concentration of
1.0 x 107> M.

2.3. Kinetic measurements

The sample was irradiated for 10 min in the temperature range
294-314 K by using a Hg arc lamp (200 W) equipped with a band-
pass interference filter centered at 365.0 + 2/—0 nm wavelength
and 10.0 +2/—2 nm bandwidth in order to induce the photoisomer-
ization of cyclocurcumin. The UV-vis spectra were recorded at the
investigated temperature by using a spectrophotometer Jasco
V570. The decreasing of the high-intensity absorption band and
the simultaneous increasing of the peak at lower wavelength were
used as evidence for the trans-cis conversion of the sample. Similar
spectra changes were obtained by irradiation with a filter centered
at 254 nm and 436 nm (Supporting Material). The thermal cis-
trans isomerization was spectrophotometrically followed by
recording the absorption increasing as a function of time in the
dark under stirring. The kinetics of the reaction follows a first-
order profile and the corresponding first-order rate constants,
(kobs) in the temperature range 294-314 K were determined
according to Eq. (1):
ln(Ainf — At) = kobst (])
where Ajr and A, are the absorbance of the sample before irradia-
tion and the time-dependent absorbance, respectively.

The activation energy (E,) and the pre-exponential factor (A)
were calculated from the Arrhenius plot according to Eq. (2):

Inkops = INA — Eq/RT )
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Scheme 1. Representation of the trans—cis and cis-trans isomerization of cyclocurcumin.

where R is the universal gas constant and T is the absolute
temperature.

The activation enthalpy (AH™) and the activation entropy (AS™)
were obtained by the

Eyring plot according to Eq. (3):

In(Kyps/T) = —AH” /RT + In(Kp/h) + AS™ /R (3)

where Kz and h are the Bolzmann and Planck constants,
respectively.

2.4. HPLC measurements

HPLC analysis were performed on ThermoFischer instrument
equipped with TSP 2000 pump, UV6000LP DAD detector. A chiral
column R,R-DACH-DBN, 250 x 4.6 mm, 5 pum, was used at 30 °C
with methanol 70% as eluent, 0.7 mL/min. The sample (20 pL)
was injected before and after irradiation at 365 nm. Toluene was
added as internal standard.

2.5. Solvatochromic measurements

The solvent-dependent wavenumbers of the maximum adsorp-
tion band (vnax) were obtained from the spectrophotometrically
determined Amax at 298 K in a series of organic solvents (ethanol,
methanol, tetrahydrofuran, acetonitrile, chloroform, toluene,
cyclohexane, 1,4-dioxane, isooctane, acetic acid, acetone, 1-
octanol, 1-pentanol, ethyl acetate, N, N-dimethylformamide, 2-
propanol, dimethyl sulfoxide) and water. The Catalin empirical
parameters, as solvent polarizability (SP), solvent dipolarity
(SdP), solvent acidity (SA) and solvent basicity (SB) were correlated
to the vax by multiple linear regression analysis [19], according to
Eq. (4):

Vmax = Vo + C1(SP) + C2(SdP) + C5(SA) + C4(SB) (4)

where v, corresponds to the extrapolated value of vy, in gaseous
state, while C;, C;, C3 and C4 are solvent-independent coefficients
related to the single contributions of the respective solvatochromic
parameters [20,21].

2.6. NMR spetroscopy measurements

NMR analysis was performed on a Bruker Avance Il HD
300 MHz spectrometer equipped with a 5 mm BBO probehead.
All NMR data were processed using TopSpin (Bruker) software.

One dimensional '"H NMR measurements were acquired with
65k points over a 6009 Hz frequency window centered at
6.17 ppm. 16 scans were accumulated with an interscan delay of
2 s with 4 preceding dummy scans. Two dimensional 'H-COSY
experiments were acquired with 8 k points over a 3606 Hz
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frequency window centered at 5 ppm in the direct dimension and
512 points over 3094 Hz centered at 5 ppm in the indirect dimen-
sion. 8 scans were accumulated with an interscan delay of 2 s with
4 preceding dummy scans. In situ sample irradiation was per-
formed by directly coupling a 375 nm LED (Thorlabs, M375L4) with
a 400 um multimode optical fiber (Thorlabs, FG400AEA, 0.22 NA).
At the tip of the fiber, the jacket was removed and the fiber was
inserted into a coaxial insert tube filled with D,0. This coaxial tube
was then inserted in the 5 mm NMR tube containing the cyclocur-
cumin sample dissolved in DMSO at the concentration of
5.4 x 1073 M. This setup (Fig. I in Supplementary Material) was
inpired from the work from Feldmeier et al. [22], but the length
of the fiber was adjusted to shine light from above the coil mea-
surement area onto the sample solution. The role of the coaxial
insert was to center the fiber inside the NMR tube and allow a
more homogeneous “radial type” irradiation with a light path
length of about 0.1 cm since the insert in the center of the NMR
tube is filled with transparent D,0. The light intensity of 1 mW,
emitted from the fiber tip, was measured with a powermeter by
immersing the tip in an integrating sphere (thorlabs).

3. Results and discussion

The UV-vis spectra of cyclocurcumin in ethanol were recorded
before and after irradiation at 365 nm for 10 min in the tempera-
ture range 294-314 K by using a Hg arc lamp (200 W) as described
in the Experimental Section. Before irradiation the spectrum shows
a maximun absorption band at 370 nm according to the data pre-
viously reported [12] and weak intensity peaks at 233, 260 and
286 nm.

The spectral changes induced by irradiation consist in the
decreasing of the absorption band at 370 nm from 0.88 to 0.64
and the simultaneous increasing of the peak at 286 nm from 0.20
to 0.23 in the investigated conditions. Moreover, the ratio between
the absorbance at 370 and 286 nm is 4.60 before irradiation and
2.80 after irradiation: this decreasing is most reasonably due to
the conversion of a part of the trans isomer into the cis form in
agreement with the spectral behavior of a natural photoswitch as
resveratrol [23]. In Fig. 1 the UV-vis spectra of CyCUR at 298 K
before and after irradiation at 365 nm was reported as an example.

The presence of the cis isomer after irradiation was tested by
HPLC analysis. The peaks shape of an on-column interconversion
is usually observed as a profile between the two resolved peaks
that does not reach the baseline. In most cases the cis-trans iso-

1.0+

0.8

Abs / a. u.

0.6

0.4

0.2+
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Fig. 1. UV-vis spectra of 3 x 107> M CyCUR in ethanol before (black line) and after
irradiation (red line) at 365 nm.
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merism is significantly fast and does not enable the separation of
isomers [24,25]. The dynamic chromatogram obtained after the
irradiation of cyclocurcumin in ethanol (Fig. 2) could be attributed
to two resolvable stereoisomers interconverting on the separation
time scale.

Deeper insights on the photoisomerization process are provided
by in situ photo-NMR measurements where the products of the
photoisomerization and thermal back reaction can be monitored
directly during the irradiation and temperature treatments. NMR
measurements on the cis-CyCUR photoisomer have not been
reported before and our approach allows the measurement and
assignment of the photoproduct along with the observation of cur-
cumin as a thermal degradation product. Clear evidence for the
photoisomerization is the reduction of the homonuclear 3] ethyle-
nic 'H coupling from 16 Hz (trans isomer) to 12.8 Hz (cis isomer).
Fig. 3 shows that upon irradiation, the signals from trans-CyCUR
(3.812/3.808 ppm) are reduced in favor of the appearance of the
signals from cis-CyCUR (3.678/3.773 ppm). After about 12 h irradi-
ation a photostationary state is reached, resulting in the produc-
tion of 44% cis isomer (Fig. 3b). These signals subsequently
disappear when irradiation is turned off and the sample is heated
up to 353 K for a few hours (Fig. 3c). The return to the same pho-
tostationary state as before heating is then verified for a second
irradiation step (Fig. 3d). As can be observed, an additional signal
is present on the spectra; this signal resonating at 3.845 ppm cor-
responds to the methoxy 'H signal from curcumin. From the com-
parison between the spectra, it is clear that curcumin results from
irreversible thermal degradation of CyCUR since the amount
increases to 14% after the heating process (Fig. 3¢) and no further
increase is observed despite a new irradiation step. The full 'H
NMR spectra with peak assignment, along with the spectral signa-
tures for the individual species can be found in the Supporting
Material (Fig. ] and K).

From the results of these different characterizations, it is possi-
ble to assume that irradiation around 370 nm mainly results in
trans to cis photoisomerization and that significant thermal degra-
dation towards curcumin occurs after high temperature treatment.

Kinetic rate constants can be spectroscopically measured for
different reaction [26,27]. The kinetics of the cis-trans isomeriza-
tion of CyCUR was determined in ethanol in the temperature range
294-314 K. The first-order kinetic rate constants (kops) were spec-
troscopically obtained by monitoring the absorption increasing at
the maximum wavelength in the dark as a function of time. The
first-order kinetic profile obtained at 314 K was shown in Fig. 4
as an example.

before irradiation

0,20+ after irradiation
8
<
0,154
0,104
0,054 \
|
| \
ool Al oA N
)
T T T !
0 5 10 15 20
t/ min

Fig. 2. Chromatograms of CyCUR in ethanol injected before (black line) and after
irradiation (green line) at 365 nm.
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Fig. 3. Evolution of the 'H NMR spectra of 5.4 x 10~ M cyclocurcumin in DMSO, upon successive in-situ irradiation (375 nm) and heating (353 K) steps. (a) Spectrum before
irradiation at 310 K. (b) Spectrum after 18 h irradiation at 310 K. (¢) Spectrum acquired at 310 K after heating to 353 K for 22 h. (d) Spectrum after re-irradiating for 18 h at
310 K. For clarity, only the MeOH region (4-3.5 ppm) is displayed. Full spectra are displayed in Supplementary Material (Figure J).

The kops were determined in ethanol, pure water and AgNPs in
the investigated temperature range as reported in Table 1.

Generally, temperature tends to enhance the isomerization rate
in solution [28] and a similar trend can be observed in the case of
cyclocurcumin in the investigated conditions. The cis-trans con-
version of CyCUR occurs faster in pure water than in ethanol at
each temperature. Interestingly, further increasing in the ko5 val-
ues were observed in the presence of AgNPs confirming their cat-
alytic activity [29-31]. The Arrhenius and the Eyring plots lead to
linear relationships (Supporting Material) and the energetic
parameters calculated from Eq. (2) and Eq. (3) are reported in
Table 2.

Since both E, and AH* depend on the solute-solvent interac-
tions involved in the initial state of the thermal cis-trans isomer-
ization that consists in the solvation of the cis isomer [32] the
lower E, and AH* suggest a better solvation of CyCUR in ethanol
in comparison to pure water and AgNPs aqueous solution. More-
over, since largest AS* implies largest A value and reflects faster

Abs / a. u.
o
N
()]

0.24 4

0.22 4

0.20

018I T T T T T T T
0 100 200 300 400 500 600 700
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Fig. 4. Kinetic profile of CyCUR cis-trans isomerization in ethanol at 314 K.

Table 1
Kinetic rate constant values (kops) of the CyCUR cis-trans isomerization in the
investigated media.

Ethanol Pure water AgNPs solution
T/K kops/107> 57! kops/107> 7! Kkops/1073 571
294 (0.1) 1.30 (£0.01) 1.65 (£0.01) 1.93 (+0.02)
298 (+0.1) 1.83 (x0.01) 2.31 (+0.02) 2.96 (+0.01)
302 (20.1) 2.64 (£0.02) 3.73 (£0.02) 4.54 (+0.01)
306 (£0.1) 3.59 (£0.01) 5.51 (0.01) 6.93 (£0.02)
310 (0.1) 5.01 (+0.02) 8.00 (+0.01) 10.9 (+0.03)
314 (20.1) 6.77 (20.01) 11.2 (20.01) 16.0 (£0.03)
Table 2

Activation energy (E,), pre-exponential factor (A), activation enthalpy (AH*) and
activation entropy (AS¥) for the cis-trans isomerization of CyCUR in the investigated
conditions.

Ethanol Pure water AgNPs solution
E./k] mol~! 63.8 75.2 81.9
Als™! 2.50 x 108 3.55 x 10'° 6.56 x 10"
AH*[K] mol ! 61.1 72.7 79.3
AS*/JK 'mol ! —922 —51.1 -27.2

isomerization rates [18,33] the energetic parameters trend is in
agreement with the kinetic data by which the cis-trans isomeriza-
tion of CyCUR in AgNPs aqueous solution is improved in compar-
ison to ethanol and pure water. Recently [34], it was observed
that the rate of cis-trans isomerization of azobenzene derivatives
increases when the dipole moment of the molecule in the transi-
tion state is higher than the dipole moment of the cis isomer:
the ko,s measured in the presence of AgNPs suggest that the nega-
tively charged nanoparticles might promote the isomerization of
the dipolar cis form of CyCUR as previously observed in the case
of 4-methoxyazobenzene [35]. The solvent effect in term of polar-
izability and dipolarity was determined by using the Catalan
empirical solvent scale. The solvatochromism of cyclocurcumin
was described from the wavenumber maximum absorption value
(Vmax) in the series of organic solvents (Supporting Material). The
normalized UV-vis spectra of CyCUR in isooctane, 1,4-dioxane, N,
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Fig. 5. Normalized UV-vis spectra of CyCUR in different solvents at 298 K.

N-dimethylformamide and 1-octanol are shown in Fig. 5 as an
example.

The solvent parameters as polarizability (SP), solvent dipolarity
(SdP), solvent acidity (SA) and solvent basicity (SB) were correlated
to the measured vp,a.x in @ multiparametric regression analysis
according to Eq. (4). The solvent-independent correlation coeffi-
cients Cq, Cp, C3 and Cy4, the correlation coefficient R, the number
of solvents n, the standard deviation SD and the significance f for
the solvatochromism of CyCUR are reported in Eq. (5):

Vmax(10°cm™1) = 30.839 — 3.390SP — 0.116SdP — 1.411SA
— 1.330SB (5)

(R=0.9332;n=18;SD = 0.256;f < 0.0001).

The negative algebraic sign of all the correlation coefficients
indicate a positive solvatochromism for CyCUR in the investigated
series of solvents [36]. Moreover, the highest absolute values of C,
over C, suggests that polarizability plays the major role in the
solute-solvent interactions in comparison to dipolarity [37], while
C3 and C4 seem to indicate that also acid-base interactions occur.
The quantification of the solvent parameters as percentage contri-
bution are 54% for the polarizability, 2% for dipolarity, 23 and 21%
for the solvent acidity and basicity, respectively.

4. Conclusion

Irradiation with UV (365 nm) or visible light (43 6 nm) can trig-
ger the trans-cis photoisomerization of cyclocurcumin in solution.
The 'H NMR spectrum of CyCUR at the photostationary state and
HPLC analysis demonstrate the presence of cis isomer. The cis-
trans thermal kinetic rate constants were determined in ethanol,
pure water and AgNPs aqueous solution. In particular higher values
were measured in the presence of silver nanoparticles in the tem-
perature range 294-314 K. The spectral behavior of CyCUR in a ser-
ies of organic solvent at 298 K indicates that polarizability
represents the dominant parameter over dipolarity, acidity and
basicity in the investigated conditions, according to the Catalan
empirical multiparametric approach.

The results reported herein are unprecedented and allow the
CyCUR to be included in the class of photoswitches and solva-
tochromic molecules extending the application range to the devel-
opment of photoreactive-based materials and to the

characterization of solvents, respectively. Moreover, the interac-
tion between CyCUR and AgNPs may favour the design of bioactive
supramolecular systems as recently demonstrated for curcumin-
AgNPs association [38,39].
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