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Abstract The steady-state absorption and fluorescence, as
well as the time-resolved fluorescence properties of dimethox-
ycurcumin and bis-dehydroxycurcumin dissolved in several
solvents differing in polarity and H-bonding capability are
presented. The singlet oxygen generation efficiency of the two
compounds relative to curcumin is estimated. The photo-
degradation quantum yield of the former compound in
acetonitrile and methanol is determined. The dimethoxycurcu-
min and bis-dehydroxycurcumin decay mechanisms from the
S state are discussed and compared with those of curcumin,
dicinnamoylmethane and bis-demethoxycurcumin.

Keywords Curcuminoid - Fluorescence decay mechanisms -
Intramolecular hydrogen bonding - Solute-solvent
interactions - Excited state intramolecular proton transfer

Introduction

Curcumin (CURC), the main yellow orange pigment
derived from the rhizome of the plant Curcuma longa L.,

L. Nardo (<) + A. Andreoni

Department of Physics and Mathematics,
University of Insubria and C.N..S.M.-C.N.R.,
Via Valleggio,

11-22100 Como, Italy

e-mail: luca.nardo@uninsubria.it

A. Andreoni
e-mail: andreoni@uninsubria.it

M. Bondani

Institute for Photonics and Nanotechnology,
C.N.R. (Consiglio Nazionale delle Ricerche),
Via Valleggio,

11-22100 Como, Italy

e-mail: maria.bondani@uninsubria.it

is being extensively studied because of its notable biomed-
ical properties, including anti-inflammatory [1-3], antioxi-
dant [2, 3], chemopreventive [4, 5] and chemotherapeutic
[6, 7] potentials. CURC also seems to have a potential in
the treatment of Alzheimer disease [8] and cystic fibrosis
[9], and is being considered as a model substance for the
treatment of HIV-infections [10-12] and as an immune-
stimulating agent [10]. Combination with light induces
additional biological activities in CURC [13-19]. Upon
excitation to the S;-state CURC becomes phototoxic to
bacteria [15-19] and to mammalian cells, both cancerous
[14] and healthy [13], via mechanisms that are still to be
elucidated [14, 20-23].

As shown in Fig. 1, CURC belongs to the group of f3-
diketones. Thus, it exhibits tautomerism between enol- and
keto- structures, as shown in Fig. 2a and b, respectively.
The closed cis enol tautomer of -diketones, see Fig. 2a, is
characterized by an intramolecular hydrogen bond (H-
bond) between the keto and the enol moieties (keto-enol
intramolecular H-bond, KEIHB). When the enol group
forms the KEIHB, the {3-diketone system undergoes
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Fig. 1 Chemical structures of (0]
the curcuminoids cited in this
article

changes towards the total 7t-system delocalization [24].
There is a strong correlation between the strength of the
KEIHB and the 7t-system delocalization.

Determination of the S; dynamics and identification of
the deactivation pathways of CURC and other biologically
active curcuminoids may be relevant in assessing the
molecular mechanisms that lead to the photosensitizing
activity. Indeed, assessment of the dependence of the S;-
decay mechanisms on both the molecular substituents and
the environmental conditions is a relevant step towards the
rational design of synthetic CURC analogues featuring
enhanced biological activity, allowing full exploitation of
the photosensitizing potential of curcuminoids. Practically,
any decay mechanism competing with that triggering the
photosensitizing reactions should by inhibited as much as
possible. Particularly, any mechanism leading to photo-
chemical degradation, which has been reported to be
significant for CURC in certain environments [25, 26],
would be particularly undesirable.

In a previous work [21], we proposed a model which was
capable to explain the data on the decay from the S; state of
CURC. The following radiationless decay mechanisms were
considered to concur with fluorescence emission: (i) direct
excited-state intra-molecular proton transfer (ESIPT) from
the enol to the keto group of the closed cis-enol tautomer
[27, 28]; (ii) reketonization [29, 30]; (iii) charge/energy
transfer to the solvent molecules [24]; (iv) slow, solvent-
rearrangement moderated ESIPT. The latter occurs in case a
trans enol or open cis enol molecule isomerizes to the closed
cis enol conformer while in the S; state, and then decays to
So by means of ESIPT [21]. We showed that the fastest non-
radiative Sj-decay process for CURC is direct ESIPT.
Obviously, the ESIPT rate is the faster the stronger is the
KEIHB. The high potential barriers calculated for the

R‘04CH“E’R R\\CF:¢CH_E/R R...\?,CH‘?/R

1

o] 0 o._ .0 Q. -0

T ~H oy
open cis-enol closed cis-enol
b
) RME/CHL{I:I,R 0;:?,0%
o] o} R
cis-diketo

R1
CURC: R1=0CH;; R2=OH

DMOC: R1=0CH,; R2=0OCH,
bisDHC: R1=H; R2=OCH,
bisDMC: R1=H; R2=0OH

DCMeth: R1=H; R2=H
RrR2

exchange of the enol proton in enolized [-diketone systems
[27] lead us to postulate that ESIPT can take place only if the
KEIHB is formed. Both the polarity of the solvent and its
capacity to form intermolecular H-bonds may influence the
KEIHB strength: any negative residual charge on the
carbonyl oxygen prevents the KEIHB formation and the 7t-
system delocalization whereas intermolecular H-bonding
perturbs the KEIHB, [13, 21]. Namely, hydrogen bond
donating solvents interact with the keto moiety, while
hydrogen bond acceptors interact with the enol proton.
Indeed, our conclusion was that the ESIPT process takes
place for CURC only in non-polar environment.

Studies on the crystal structure of several symmetric
curcuminoids differing as to their phenyl ring substituents
indicate that, at least in the solid state, changes in the
phenolic moieties influence the electron delocalization and
induce differences in the KEIHB strength, as well as in the
intermolecular H-bonding capability [31-35]. Similar dif-
ferences are probably induced in solution as well. As an
example, electron-withdrawing groups, such as the
methoxy groups in the meta- position of CURC (Hammett
constant o, = 0.12 [36]), might conjugate with the enol
double bond and increase the acidity of the enol proton,
thereby strengthening the KEIHB [47]. On the contrary, the
phenolic hydroxyl groups in the para- position of CURC
(Hammett constant ofy, = —0.37 [36]) might exert an
overall electron donating effect, induce a decrease in the
enol proton acidity and weaken the KEIHB. However, the
combined effect of the methoxy and hydroxyl phenolic
moieties in CURC might possibly depend on their mutual
interactions as well [38], thus the KEIHB strength in CURC
is influenced in an unpredictable way.

In order to elucidate the substituents effect on the
KEIHB strength, with the aim of gathering preliminary
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Fig. 2 a Enol conformers and b diketo conformers of the investigated curcuminoids. For R-structures see Fig. 1
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information in view of the design of a photosensitizing drug
in which ESIPT will be inhibited, we recently studied the
excited-state photophysics of dicinnamoylmethane
(DCMeth) [22] and bis-demethoxycurcumin (bisDMC)
[23]. It turned out that our model was capable to explain
also the very complex phenomenology observed for these
two compounds. Moreover, the observed proneness to
undergo ESIPT was dramatically enhanced in the case of
DCMeth, in which the phenyl rings have a reduced electron
donating character with respect to those of CURC and the
m-system delocalization of the keto-enol moiety is superior
in the solid state [34]. Finally, the ESIPT mechanism was
significantly inhibited in the case of bisDMC, whose
phenyl rings have a higher tendency to electron donation
and whose solid structure suggested the enol proton to be
more localized [32, 33].

The present work describes the ground- and excited
singlet state characteristics of another two synthetic
curcumin analogues, dimethoxycurcumin (DMOC) and
bis-dehydroxycurcumin (bisDHC). The structures of
DCMeth, bisDMC, DMOC, and bisDHC are sketched
in Fig. 1, along with that of the parent compound, CURC.
Absorption, steady-state fluorescence and fluorescence
decay measurements, performed on HPLC purity degree
samples of DMOC and bisDHC dissolved in several
solvents differing in polarity and H-bonding capability,
are presented. As a preliminary attempt to estimate the
relevance of singlet-triplet intersystem crossing as a S
deactivation mechanism, the photosensitized singlet oxy-
gen generation efficiency relative to that of CURC is
reported in both polar non-protic (acetonitrile) and polar
protic (methanol) environment. This data also yield
preliminary information on the ability of the two com-
pounds to photosensitize the generation of reactive oxygen
species, i.e. of working as conventional photosensitizers
for photodynamic therapy. The photodegradation quantum
yields of DMOC in acetonitrile and methanol are also
reported. The most relevant decay mechanisms of DMOC
and bisDHC are identified by taking advantage of our
previous studies on CURC [21], DCMeth [22], and
bisDMC [23]. The ESIPT rate, and thus the strength of
the intramolecular keto-enol H-bond, is shown to decrease
at increasing the electron donating character of the
phenolic substituents.

Materials and Methods
Chemicals and Sample Preparation
DMOC and bisDHC were synthesized as previously

described [39]. All the solvents were >99.5% pure and
were used as received, except ethyl acetate, which was

dried over sodium sulfate. Samples in organic solvents were
prepared the same day they were used for measurements.

Absorption and Fluorescence Spectra, Fluorescence
Quantum Yield

The UV-VIS absorption spectra were measured by an UV-
2401 PC UV-VIS recording spectrophotometer (Shimadzu,
Tokyo, Japan).

Steady-state fluorescence measurements were carried out
with the PTI modular Fluorescence System (PTI, London,
Ontario, Canada) described in [21]. The samples thermo-
stated at 25.0+0.1 °C were excited at 420 nm, which is the
wavelength of the laser used as the excitation source in the
time-resolved fluorescence measurements. The system was
equipped with a software (Felix™ for Windows)
performing automatic correction of the acquired spectra
with regard to the spectral response of both the excitation
lamp and the detector.

Fluorescence quantum yields were determined from the
spectrum integrated fluorescence by using, as a reference
value, that of quinine sulfate in 0.05 M H,SO, excited at its
344 nm absorption peak: @Prpp=0.51 [40]. The calculated
quantum yields were corrected for differences in peak
absorbance and in refractive index of the solvents (obtained
from the product specification). The reported values are
calculated as the average of three parallels, with errors
given by the maximum spread between the experimental
data.

Fluorescence-Decay Measurements

The fluorescence decays were detected by Time-Correlated
Single-Photon Counting (TCSPC). The used TCSPC setup
has ~30 ps time resolution (full width at half maximum of the
detected excitation pulse) and is fully described elsewhere
[21-23, 41]. The fluorescence of the solutions, which were
contained in a 1x1 cm? fluorimeter quartz cuvette, was
excited at 420 nm by the second harmonic (SH) output of a
mode locked Ti:sapphire laser (Tiger-ps SHG, Time Band-
width Products, Zurich, CH). The fluorescence at A>500 nm
was collected at 90° to the excitation beam through a cut-off
filter (LL-500, Corion, Holliston, MA) by a 20X microscope
objective and focused onto the sensitive area of a PDM50
single-photon avalanche diode (Micro-photon-devices, Bol-
zano, IT). All fluorescence decays were collected up to
10,000 peak counts in strict single photon regime by suitably
attenuating the excitation beam with neutral-density filters.
The maximum absorbance of the solutions at the excitation
wavelength was 0.05.

Six decay curves were acquired for each sample. The
fluorescence decay data were fitted, without deconvolving
the system pulse response, to either single or triple
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exponentials above a constant background, by minimizing
the chi-square value through a Levenberg-Marquardt
algorithm. The number of exponential components was
established by adding, one by one, exponential components
to the fitting function until the fitting routine converged to
yield two components of equal time constant. The means of
the values obtained from the fits of the six parallels, with
errors given by the standard deviations, were assumed as
the time constant, 7;, and initial amplitude, A4;, of the i-th
decay component, being the A; values calculated at the peak
channel of the experimental data.

Luminescence Detection of Singlet Oxygen

The generation of singlet oxygen ('0,) was measured by
steady-state detection of luminescence at 1270 nm. A PTI
modular Fluorescence System (PTI, London, Ontario,
Canada) equipped with an EQ-817 Germanium Detection
system operated under liquid nitrogen conditions was used
[21].

Photodegradation Quantum Yields

The photodegradation quantum yield of DMOC in selected
solvents was measured using the potassium ferrioxalate
chemical actinometer [42]. The samples were irradiated by
using a monochromator (Applied Photophysics Ltd., f 3.4,
900 W xenon arc lamp) operated with a bandwidth of
20 nm at the selected wavelength. The number of sample
molecules reacted per unit time and per unit volume as a
function of exposure time was quantified by means of
reversed phase HPLC. The separation was performed on a
150%3.9 mm Nova Pak® C;3 column (Waters, Milford,
USA). The mobile phase was a mixture of acetonitrile and
0.5% citric acid buffer, adjusted to pH 3 with KOH. The
samples were detected at 350 nm. This detection wave-
length was selected in order to reveal tentative degradation
products. The chromatic system consisted of a LC-9A
pump, a SP D-10A UV-VIS detector, a SIL-10 DV auto
sampler and a C-R3A integrator (Shimadzu, Japan). Similar
measurements were not undergone for bisDHC due to poor
solubility of the compound in the above solvents.

Results

The solvents used in the present study were divided into the
following categories: non-polar (cyclohexane), polar weak-
ly H-bonding (chloroform, ethyl acetate, acetone, acetoni-
trile), strong H-bond acceptors (dimethylformamide,
DMFA, and dimethylsulfoxide, DMSO), and alcohols
(isopropanol, ethanol, methanol, and ethylene glycol). The
dielectric constant ¢ was adopted as the indicator of the
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solvent polarity. The Kamlet acidity parameter o and
basicity parameter 3, were used as the indicators of the
solvent H-bond donating and accepting properties, respec-
tively [43]. The above-mentioned solvent properties are
summarized in Table 1.

Steady-State Absorption and Emission

The absorption maxima, A, of DMOC and bisDHC in
the different solvents are listed in Table 2a and b,
respectively. Some representative spectra are displayed in
Fig. 3a and b, respectively. In all solvents except
cyclohexane the absorption spectra were broad and
essentially structureless. In the case of DMOC, the
absorption maximum was significantly blue-shifted with
respect to that of CURC [21] in all the strongly H-bonding
solvents (minimum blue shift 5 nm in DMSO and ethylene
glycol, maximum blue shift 10 nm in isopropanol), while
in polar weakly H-bonding solvents we observed values
equal within 1-2 nm. In the case of bisDHC a systematic
blue shift with respect to CURC was observed in all the
solvents (in analogy with bisDMC). In cyclohexane the
main absorption band displays two peaks. This is
consistent with observations made for CURC [21],
DCMeth [22] and bisDMC [23]. In the case of DMOC
each of the peaks are slightly red shifted compared to the
corresponding CURC peak, while for bisDHC they are
both blue shifted. For both compounds a systematic red
shift was observed when changing from cyclohexane to
solvents with higher dielectric constants. However, unlike
CURC [21] and bisDMC [23], a further red shift from
weaker to stronger H-bonding solvents of comparable
polarity was not observed. From a quantitative standpoint,
there was no linear correlation between either €, o or f3
and A .

Table 1 Solvent properties: hydrogen bonding donor parameter, «;
hydrogen bonding acceptor parameter, /3; dielectric constant measured
at 20 °C, ¢

Solvent € « 16]
Non polar Cyclohexane 202 0 0
Polar weakly H-bonding ~ Chloroform 481 044 O
Ethyl acetate 602 0 0.45
Acetone 20.60 0.08 048
Acetonitrile 38.8 0.19 031
Strong H-bond acceptors  DMFA 37.6 0 0.69
DMSO 48.9 0 0.76
Alcohols Isopropanol 1992 0.78 095
Ethanol 25.07 083 0.77
Methanol 3362 093 0.62

Ethylene glycol 37.70 090 0.52
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Table 2 Absorption and fluo- s
rescence emission maxima, A, Solvent Adps (NM) Mg (nm) Av(10° cm ™)
and \g (excitation wavelength:
420 nm), and Stokes shifts, Aw, a
of dimethoxycurcumin (DMOC)  Non polar Cyclohexane 410, 432 505, 473, 445 -
Lr;ri{lxlii’ogisglféhi d{)(;xy- Polar weakly H-bonding Chloroform 421 492 35
Ethyl acetate 418 492 3.6
Acetone 419 510 43
Acetonitrile 419 521 4.7
Strong H-bond acceptors DMFA 423 522 44
DMSO 429 530 44
Alcohols Isopropanol 421 534 5.1
Ethanol 421 542 53
Methanol 417 554 59
Ethylene glycol 428 562 5.6
b
Non polar Cyclohexane 404, 425 492, 466, 438 -
Polar weakly H-bonding Chloroform 414 473 3.1
Ethyl acetate 409 478 3.5
Acetone 411 486 3.7
Acetonitrile 410 486 3.8
Strong H-bond acceptors DMFA 417 494 3.8
DMSO 420 503 3.9
Alcohols Isopropanol 412 502 44
Ethanol 412 507 4.6
Methanol 412 513 4.8
Ethylene glycol 421 525 4.8

The fluorescence spectra of both DMOC and bisDHC
are broad and essentially structureless in all solvents except
cyclohexane, in which three emission maxima were
identified. This is consistent with observations made for
CURC and bisDMC. Some representative spectra are
displayed in Fig. 4a and b for DMOC and bisDHC,
respectively. The emission maxima, A, are listed in
Table 2a and b, respectively. In cyclohexane, the two
compounds display Stokes shifts of each of the three
fluorescence peaks almost identical to those measured for
CURC. In the other solvents, the Stokes shifts measured for
DMOC (see Table 2a are roughly similar to those measured
for CURC [21] (maximum difference 5000 cm™ in
chloroform). On the other hand, the bisDHC fluorescence
spectra are notably blue-shifted compared to the CURC
spectra [21], so that the Stokes shifts are smaller for
bisDHC than for CURC (and DMOC) in all solvents (the
minimum differential Stokes shift between bisDHC and
CURC is 4000 cm™' in ethyl acetate, the maximum
difference is 11000 cm™' in methanol).

The fluorescence quantum yield, @5, of DMOC
(Table 3a) is generally higher than that of bisDHC
(Table 3b), with only two exceptions: methanol and
ethylene glycol. For both compounds, the lowest @, value
was obtained in cyclohexane. A similar result was obtained

for CURC [21]. However, CURC had higher @, values in
the polar, weakly H-bonding solvents (ranging from ®z=
0.094 in chloroform to ®=0.174 in acetone) than in the
strongly H-bonding solvents (from ®,,=0.022 in ethylene
glycol to ®=0.041 in DMFA), with the only exception of
isopropanol (®=0.114) [21]. In contrast, the quantum
yields of DMOC are not significantly dependent from the
H-bonding properties of the solvent. Moreover, DMOC
exhibits the maximum ®z; in the strong H-bond acceptor
DMSO (®=0.218, see Table 3a). On the other hand,
bisDHC exhibits the maximum @, in ethylene glycol,
which is a strongly H-bonding solvent (®=0.182, see
Table 3b), and the ®,; values seem to be generally
somewhat higher in strongly than in weakly H-bonding
solvents.

Excited-State Dynamics

The decay times, 7;, together with the relative initial
amplitudes, A4;, as determined by the multi-exponential fits
of the fluorescence decays of DMOC and bisDHC are
reported in Table 4a and b, respectively. Average fluores-
cence lifetimes 7,, were calculated for each solvent as 7, =
> 7idi/>"; A; and are reported in Table 3a and b for the
sake of comparison to the ®r; data. The radiative (k) and
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Fig. 3 a Absorption spectra of a dimethoxycurcumin (DMOC) and b
bisdehydroxycurcumin (bisDHC) in cyclohexane (solid black line),
acetone (solid grey line), DMSO (full dots) and methanol (empty
circles)

non-radiative (kyz) rate constants were calculated from the
®; and 7, values listed in Table 3a and b according to the
following equations:

Dp

av

(1)

kg =

1
kg = — — kpy (2)

av

The obtained values are reported in the same Tables.
The values of kyg are substantially higher than the
corresponding k;; values in all solvents for both com-
pounds. Thus, it can be concluded that the deactivation of
S occurs predominately via non-radiative pathways. This
is consistent with previous observations on CURC [21],
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Fig. 4 a Fluorescence emission spectra of a dimethoxycurcumin
(DMOC) and b bisdehydroxycurcumin (bisDHC) in cyclohexane
(solid black line), acetone (solid grey line), DMSO (full dots) and
methanol (empty circles)

DCMeth [22], and bisDMC [23]. Three exponential
components were resolved in the fluorescence decay of
both DMOC and bisDHC in cyclohexane, like for CURC
and bisDMC. Both DMOC and bisDHC display single-
exponential decays in all the other solvents. This behavior
is similar to that observed for bisDMC, and very different
from that of CURC, for which two decay components
were identified in all the strongly H-bonding solvents
except isopropanol (in which a single exponential decay
was observed).

The kg, values for DMOC and bisDHC are very similar
for the two compounds and from a solvent to the other.
They are also comparable to those calculated in the case of
CURC [21]. The only exception to this rule is observed in
cyclohexane, where the kz; value calculated for DMOC is
similar to that of bisDMC [23], i.e., more than twice the
value calculated for bisDHC, which in turn is very similar
to that calculated for CURC.
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Table 3 Photophysical properties of a) DMOC and b) bisDHC in the
different solvents. Fluorescence quantum yield, ®; average fluores-
cence decay time (see text for details), 7,,; radiative and non-radiative

decay rates, kz; and kyg, as calculated from Eq. 1 and Eq. 2,
respectively. Quantum yield of photodegradation, @, (only for
DMOC in acetonitrile and methanol)

Solvent Ddpy

a

Non polar Cyclohexane 0.012+0.001

Polar weakly H-bonding Chloroform 0.141+0.004
Ethyl acetate 0.116+0.004
Acetone 0.189+0.001
Acetonitrile 0.202+0.004

Strong H-bond acceptors DMFA 0.127+0.007
DMSO 0.218+0.007

Alcohols Isopropanol 0.186+0.004
Ethanol 0.155+0.010
Methanol 0.049+0.014
Ethylene glycol 0.079+0.012

Solvent Dpy

b

Non polar Cyclohexane 0.0060+0.0003

Polar weakly H-bonding Chloroform 0.067+0.002
Ethyl acetate 0.033+0.002
Acetone 0.067+0.003
Acetonitrile 0.077+0.004

Strong H-bond acceptors DMFA 0.064+0.006
DMSO 0.132+0.001

Alcohols Isopropanol 0.102+0.003
Ethanol 0.134+0.001
Methanol 0.088+0.008
Ethylene glycol 0.182+0.008

T (05) ki (10757 kg (10”571 Dpegr
66 0.18 14.97
566 0.25 1.52
489 0.24 1.80
757 0.25 1.07
862 0.23 0.93 0.101+0.005
893 0.14 0.98
888 0.25 0.88
936 0.20 0.87
689 0.22 1.23
418 0.12 2.27 0.059+0.008
410 0.19 2.25
T (08) kg (107 s7) ke (10° 57
97 0.063 10.25
292 0.22 3.20
196 0.17 493
276 0.24 3.38
317 0.24 291
392 0.16 2.39
478 0.28 1.81
466 0.22 1.92
549 0.24 1.58
580 0.15 1.57
818 0.22 1.00

This similarity in the ky; values displayed by different
curcuminoids even in very different environments suggests
that the decay photophysics, as well as the ®5 and 7,
values, are mainly dictated by the rates of the non-radiative
decay processes.

The kyr values measured for DMOC spanned from kyz=
0.87x10° s' in isopropanol to kyz=14.97x10° s™' in
cyclohexane. The values were very similar in weakly and
strongly H-bonding solvents. The kyz values measured for
bisDHC spanned from kyz=1.00x10° s' in ethylene
glycol to kyg=10.48x10" s™' in cyclohexane. They were
generally higher in weakly H-bonding solvents than in
strongly H-bonding solvents (similarly to what observed for
bisDMC [23] and opposite to that observed for CURC
[21]). Moreover, in the polar weakly H-bonding solvents
the kyz values calculated for bisDHC (and bisDMC) were
more than twice as high as the corresponding values
calculated for CURC [21] and DMOC, while in strongly
H-bonding solvents the kyz values were comparable for
DMOC, bisDHC, and bisDMC [23] and much higher for
CURC [21].

Singlet Oxygen Generation

As for CURC [21], also for DMOC and bisDHC we
observed barely detectable singlet oxygen luminescence
signals in both acetonitrile and methanol. Besides indicat-
ing that the three compounds are very modest 'O,
generators, the above results also suggest that at least in
these solvents S| deactivation through intersystem crossing
dynamics is negligible. Singlet oxygen is most efficiently
produced by DMOC dissolved in acetonitrile. The relative
amounts of 'O, produced with respect to DMOC in
acetonitrile (1) are: 0.44 for DMOC in methanol; 0.73 and
0.19 for CURC; 0.08 and 0.14 for bisDHC, in acetonitrile
and methanol, respectively.

Photodegradation Quantum Yields
The quantum yield of photodegradation, ®p,g,, of DMOC
was measured in acetonitrile and methanol (Table 3a). It is

significantly higher than that measured for CURC [21] in
the same solvents (acetonitrile: ®p.,-=0.061 +0.011;
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Table 4 Decay times, 7;+stan-
dard deviation (ps), and relative
initial amplitudes, 4;, that fit the
experimental fluorescence
decays of a) CURC and b)
bisDMC in the different solvents
@i=1to 3)

Solvent T1(41) T>(43) 73(43)
a
Non polar Cyclohexane 49+3 (.89) 20842 (.11) 864+27 (<.01)
Polar weakly H-bonding Chloroform 566+4 (1)
Ethyl acetate 489+7 (1)
Acetone 757£3 (1)
Acetonitrile 862+6 (1)
Strong H-bond acceptors DMFA 893+3 (1)
DMSO 888+1 (1)
Alcohols Isopropanol 936=+1 (1)
Ethanol 689+3 (1)
Methanol 418+2 (1)
Ethylene glycol 41042 (1)
b
Non polnar Cyclohexane 59+3 (.80) 250410 (.20) 1334+100 (<.01)
Polar weakly H-bonding Chloroform 292+3 (1)
Ethyl acetate 196+1 (1)
Acetone 276+3 (1)
Acetonitrile 317+£2 (1)
Strong H-bond acceptors DMFA 392+2 (1)
DMSO 47842 (1)
Alcohols Isopropanol 466+3 (1)
Ethanol 54943 (1)
Methanol 580+5 (1)
Ethylene glycol 818+6 (1)

methanol: 0.021+0.010). However, in acetonitrile ® p,,=1/
2®p; and in methanol it is only slightly higher than ®p;.
Thus, in neither of these solvents photochemical decompo-
sition is the most relevant deactivation mechanism of S; for
DMOC.

Discussion

In references [21-23] we proposed a model which was
capable to explain the data on the decay from the S; state of
CURC and its analogues DCMeth and bisDMC. It was
postulated that the curcuminoids in solution at room
temperature are essentially present in their enol conformers
only (see Fig. 2a, in agreement with previous studies [20,
37, 44-46]. For both CURC and bisDMC, the H-bonded
closed cis enol structure is dominant in non-polar environ-
ments, while either the open cis enol or the trans enol
conformers, which cannot form the KEIHB, are dominant
in polar weakly H-bonding and polar strongly H-bonding
solvents, respectively [21, 23, 37]. Tiny amounts of the
minimally polar trans (anti) diketo conformer (see Fig. 2b)
can be found in non-polar environments [44]. Conversely,
DCMeth, which is endowed with a much stronger KEIHB
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and undergoes almost complete 7t-system delocalization, is
mostly present in the closed cis enol conformer in all of the
solvents, as evidenced by the substantial inertness of its
spectroscopic parameters with respect to the solvent
properties and by the very fast non-radiative decay rate,
which was interpreted as the capacity of transferring the
enol proton by direct ESIPT regardless to the environment.

The results of the above-mentioned works can be used as a
guideline in ascribing a decay mechanism to each of the
exponential components of the DMOC and bisDHC fluores-
cence decays detected in the various solvents. The quantum
yield and decay data suggest that all the tested curcuminoids
decay through the same deactivation pathways in cyclohex-
ane. Moreover, alike the curcuminoids that we previously
studied [21-23], also DMOC and bisDHC display minimum
Stokes shifts in cyclohexane, which is a symptom of KEIHB
formation and consequent prevention of out-of-plane vibra-
tions. Hence, the three decay components observed for both
DMOC and bisDHC in cyclohexane are ascribed to: (i)
decay through direct ESIPT (7; in Table 4a and b); (ii) de-
excitation by reketonization (7,); (iii) radiative decay of the
trans (anti) diketo conformer (73). Interestingly, a compari-
son of the decay data concerning the five analyzed
curcuminoids in cyclohexane, which is the most inert solvent



J Fluoresc (2012) 22:597-608

605

among those used in the present studies, yields valuable
information about the relative efficiency of the ESIPT
mechanism, and consequently on the strength of the
unperturbed KEIHB. Such a comparison should take into
account that ESIPT occurs only through the low-activation-
potential reaction coordinate pathway for the four substituted
curcuminoids: CURC, bisDMC, DMOC, and bisDHC.
Conversely, in the case of the non-substituted CURC
analogue DCMeth the high-activation-potential direct trans-
fer pathway is also followed, due to the superior symmetry
of its semiaromatic ring. For a full discussion on these two
ESIPT mechanisms we refer to [22] and references therein.
Obviously, the latter decay mechanism is slower, and this
reduces the overall kyz of DCMeth. However, the superior
strength of the KEIHB in this compound, whose phenyl
rings are the least electron donating, is testified by the
presence of major components of the fluorescence decay
ascribed to direct ESIPT in all the solvents. For the other
compounds, the calculated kyz values can be considered to
be good approximations of the ESIPT rate through the
reaction coordinate pathway, which is the main decay
mechanism. Notably, there is a good linear correlation (R*=
0.9869, see Fig. 5a) between the ki values and the electron
donating character of the phenyl rings, quantified by means
of the sum of the Hammett parameters of the phenolic
substituents. Moreover, including also DCMeth, both the
decay times of the components associated to ESIPT through
the reaction coordinate pathway (Fig. 5b) and the fraction of
molecules decaying through ESIPT (in the case of DCMeth

expressed by the sum of the relative amplitudes of the decay
components associated to both ESIPT mechanisms, see
Fig. 5c) roughly correlate with the electron donating
character of the phenyl rings (R*=0.87 and R*=0.93,
respectively). These results seem to suggest that the strength
of the KEIHB is primarily dictated by the electron donating
character of the phenyl rings.

The lack of a decay component with lifetime as fast as
the 7; measured in cyclohexane in both weakly- and
strongly H-bonding polar solvents suggests that KEIHB is
perturbed and direct ESIPT does not occur in these solvents
in the cases of DMOC and bisDHC. This is consistent with
observations made on CURC and bisDMC [21, 23]. The
KEIHB seems to be so strong as to survive in any
environment only in the case of DCMeth, which may be
ascribed to the superior delocalization of its 7-system and
with the relatively weakly electron donating phenyl rings.
The single exponential decays obtained for both DMOC
and bisDHC in the polar, weakly H-bonding solvents
indicate that, similarly to what was observed for CURC
and bisDMC, the only relevant non-radiative decay mech-
anism in such solvents is solvent-rearrangement moderated
ESIPT. DMOC decay times and quantum yields in these
solvents are similar to those measured for CURC. Con-
versely, bisDHC shows shorter decay times and lower
quantum yields, which are very similar to those measured
in the case of bisDMC. Thus, solvent rearrangement seems
to be faster for the latter curcuminoids, indicating an overall
S excited state molecular dipole moment lower than that of

Fig. 5 Plots of a the non-
radiative decay rate, kyg,
(DCMeth excluded); b the time
constant of the decay compo-
nent ascribed to ESIPT through
the reaction coordinate path; ¢
the fraction of molecules decay-
ing by ESIPT; measured for the
curcuminoids of Fig. 1 dissolved
in cyclohexane, versus the elec-
tron donating character of their

ESIFT

phenyl rings (expressed in terms
of Hammett constants of the
phenyl substituents)
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CURC and DMOC. Indeed, the S; dipole moment of
CURC has been reported to be exceptionally high, and, in
particular much higher that that of other curcuminoids,
including, e.g., DCMeth [47]. Interestingly, in none of the
three compounds the time needed for solvent-
rearrangement moderated ESIPT to take place does not
monotonically increase at increasing the solvent dielectric
constant. It should be noted, however, that also the solvent
viscosity, 1, has a relevant role in establishing both the
desolvation and the proton transfer kinetics. This might
explain, e.g., why in chloroform (7=0.58 cP) we observed
slower decay dynamics than in ethyl acetate (n=0.45 cP)
for both DMOC and bisDHC. The situation is further
complicated by the non-completely negligible and solvent-
dependent tendency of all the considered weakly-H-
bonding solvents to form H-bonds (see v and 3 values in
Table 1).

In the strongly H-bonding solvents, both DMOC and
bisDHC have slower decay and higher fluorescence
quantum yield than CURC. The lack of a decay component
with time constant of the same order of magnitude as that of
the shortest CURC decay component suggests that, as
observed for bisDMC, inter-molecular H-bond formation
does not induce alternative mechanisms of deactivation of
the excited state. Indeed, the 7-values measured for DMOC
and bisDHC in strongly H-bonding solvents are in the
range of those ascribed to decay by means of solvent
rearrangement moderated ESIPT for either CURC,
bisDMC, or DCMeth [21-23]. In the case of DMOC the
value was typically longer than that measured for CURC
and similar to those measured for bisDMC and DCMeth,
indicating tighter inter-molecular H-bonding in H-bonding
solvents for DMOC compared to CURC keto-enol moiety.
However, while for bisDMC the interaction with H-bond
donors and acceptors was similarly strong [23], DMOC,
like DCMeth [22], seems to interact preferentially with H-
bond acceptors. Conversely, with the exception of the very
long decay time measured for bisDHC in ethylene glycol,
the decay data suggest that solvent rearrangement moder-
ated ESIPT occurs for bisDHC and CURC in strongly H-
bonding solvents, on the same, faster time scale.

Even though H-bonding solvents seem to interact only
weakly with the CURC keto-enol moiety, intermolecular H-
bond mediated decay by charge/energy transfer is observed
exclusively for this compound. This observation suggests
that this decay mechanism should involve the phenolic
hydroxyl moieties of CURC rather than its keto or enol
groups. Indeed, it has been shown [47, 48] that both
deprotonation and electron transfer occur at the phenyl
rings. Obviously, as both DMOC and bisDHC lack
hydroxyphenyl groups, they cannot undergo similar
excited-state reactions. The detection, in H-bonding sol-
vents, of small amounts of DCMeth decaying with a time
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constant similar to that of the component ascribed to decay
by intermolecular charge/energy transfer in CURC [21, 22]
might indicate that in DCMeth the enolic proton is more
acidic than in CURC, and has a pKa similar to that of the
CURC phenolic hydroxyl protons.

Conclusion

The excited-state dynamics of the curcuminoids DMOC
and bisDHC were investigated by means of steady-state
absorption and fluorescence and fluorescence decay meas-
urements performed on the compounds dissolved in several
solvents of different polarity and H-bonding capability. The
decay mechanisms of both compounds from the S, state
were elucidated and compared with those of CURC,
DCMeth and bisDMC. Information about the relative
strength of the KEIHB in the unperturbed molecular
structures of the five curcuminoids has been derived from
the measured rates of decay by means of direct ESIPT in
inert solvent. The KEIHB strength has been shown to
decrease as the electron donating character of the phenolic
substituents increases.

In polar solvents the KEIHB is disrupted in the case of
both DMOC and bisDHC. The same holds true for CURC
and bisDMC, but not for DCMeth. Neither DMOC nor
bisDHC excited states seem to decay through mechanisms
mediated by intermolecular-H-bond formation which were
demonstrated for CURC in strongly H-bonding solvents.

The photodecomposition of DMOC seems to be faster
than that of CURC under similar conditions. Consequently,
modification of the CURC molecule by substitution of the
hydroxyl with methoxy groups, while increasing the S-
state lifetime, thus improving the photosensitizing potential,
reduces the photostability of the sensitizer. On the other
hand, removal of the hydroxyl substituents (such as in
bisDHC) results in a significant increase of the S;-state
lifetime only in strongly H-bonding solvents. The con-
sequences for photostability were not investigated due to
limited solubility of bisDHC in the actual solvents.
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