Est. 1984

ORIENTAL JOURNAL OF CHEMISTRY

An International Open Free Access, Peer Reviewed Research Journal

www.orientjchem.org

ISSN: 0970-020 X
CODEN: OJCHEG
2018, Vol. 34, No.(4):
Pg.2170-2179

Studies on Photophysical Properties of Mono-carbonyl
Curcumin Analogues: Experimental and Theoretical approach

MANJULA RAYANAL, PRASAD PRALHAD PUJAR* and SRIDHAR D

Department of Chemistry, Christ (Deemed to be University), Bengaluru-560 029, India.
*Corresponding author E-mail: prasad.pujar @ christuniversity.in

http://dx.doi.org/10.13005/0jc/3404059

(Received: March 17, 2018; Accepted: May 30, 2018)

ABSTRACT

The solvatochromic fluorescence behaviour of mono-carbonyl curcumin analogues has been
studied in ten different solvents ranging from non-polar to polar. The solvent effect on the spectral
properties of analogues has been discussed. The ground state dipole moments were estimated
experimentally by Bilot-Kawski equation which is a function of Stokes shift with the solvent polarity
parameters and Guggenheim method and theoretically by TD-DFT studies. The excited state dipole
moment was determined using Bilot-Kawski equations. The excited state dipole moments for the
two molecules were found to be higher than their corresponding ground state dipole moments.
Theoretically Frontier molecular orbital (HOMO/ LUMO) energies were determined by Gaussian

09 W software using TD-DFT.

Keyword: Curcumin, Dipole moment, TD-DFT, HOMO/LUMO energies, 2,6-bis(4 chlorobenzylidene)
cyclohexanone(CBCH) and 2,6 dibenzylidenecyclohexanone(DBCH).

INTRODUCTION

The golden spice curcumin is a hydrophobic
natural product present in turmeric, a yellow active
component isolated from plant curcuma longa
L3, which has been used for ages as a spice,
cosmetics and in traditional medicines*. Curcumin,
its derivatives and analogues have shown extensive
range of beneficial activities including antimicrobial,
anticancer®®, antioxidant', anti-inflammatory'"'2,
anti-tumour®'  anti-malarial'®, anti-mutagenic,
free radical scavenging activity'®, anti-carcinogenic
activity, cytotoxic activity'” and also found to show

cyclooxygenase™ and tubulin polymerization
inhibitory activities'®.

In addition to the biological and
pharmacological application of curcumin, its
electronic absorption and fluorescence properties
are of extraordinary significance for analytical and
molecular scale functional and structural studies. The
variation of absorption, fluorescence properties with
nature of solvent has given important information
on the interaction of curcumin with proteins such as
liposomes and human albumin? etc. Curcumin and its
analogues exhibit a marked solvent dependence on
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the electronic absorption and emission spectra. The
photo physical properties of curcumin analogues are
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widely explored using absorption and fluorescence
study in various solvents2°,

JUTC

(b) DBCH

Fig. 1. Structure of curcumin and mono-carbonyl analogues of curcumin (a) CBCH and (b) DBCH

The Solvatochromism describes the strong
reliance of absorption and fluorescence spectra
on different solvents. The spectral behaviour of
organic compound is directly related to the electronic
structure of the solute and solvent molecules. A
change in the nature of solvent is accompanied
by a change in polarity, dielectric constant and
polarizability of the surrounding medium. A change
in solvent polarity will cause difference in stabilization
of the ground and excited states of solute molecule
and hence, a change in the energy gap between
ground state and the excited state, accordingly the
difference in the shape, position and intensity of the
emission and absorption spectra.

The information of ground state and excited
state dipole moments is useful in understanding
the electronic and geometric structures of organic
compounds and in designing new molecules with
non-linear optical characters and in determining
the progress of a photochemical conversion®. The
excited state dipole moment of organic compounds is
also useful in determining the tunability range of their
emission energies using polarities of the solvent.

In the present study, we have
demonstrated the effects of different solvents on
electronic absorption and fluorescence spectra
of two biologically active curcumin analogues viz,
2,6-bis(4-chlorobenzylidene)cyclohexanone (CBCH)
and 2,6-dibenzylidenecyclohexanone(DBCH).

Further, the ground state dipole moment is
experimentally calculated using Bilot-Kawski method
and Guggenheim method and theoretically by
TD-DFT studies and excited state dipole moment
was estimated using Bilot-Kawski approach.
Computational analysis of mono-carbonyl
curcumin analogues were done to supplement the
experimentally determined values.

EXPERIMENTAL

Curcumin analogues viz, CBCH and DBCH
were prepared as given in the literature®'. The
structure and purity of analogues were confirmed
by NMR spectra and melting point. The structures
of CBCH and DBCH are presented in Fig. 1. In the
current investigations we have used ten solvents
which are hexane, toluene, diethyl ether, chloroform,
dichloromethane, acetone, ethyl acetate, acetonitrile,

ethanol and methanol.

Absorption spectra were recorded using
Shimadzu UV-visible spectrophotometer (UV-visible
1800). The fluorescence spectra were recorded using
Shimadzu spectrofluorometer (RF5301FC). All these
measurements were recorded in very dilute solutions
at room temperature. Origin 8.0 Professional
program was used to analyse solvatochromic results.
All the chemicals used were purchased from SD Fine
Chemicals Ltd.
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Experimental calculation of ground and excited
state dipole moments

The excited state dipole moment of the
organic compound is calculated using the effect
of internal or external electric field on its spectral
band positions. To calculate the excited state dipole
moments spectral shifts of absorption and emission
in different solvents are used. Dipole moments of
the mono-carbonyl analogues have been calculated
using two methods. Method | contains calculation of
the ground state and excited state dipole moments
using Bilot-Kawski approach and Method Il contains
the estimation of the ground state dipole moments
using Guggenheim method.

Method |

In the first method the ground state and
excited state dipole moments was calculated using
Bilot-Kawski approach3®23® which is a function of
Stokes shift with parameters which dependence on
refractive index and dielectric constant of the solvent
molecule.

9 aps—F1uo=S"f5(&,n)+C ()
9 bt 0 ="S®d4(e,n)+C @)
Where

¢y(e,n)fy(e,n)+2g,(n) ©)

Where 8, - absorption maxima and
9,,,— fluorescence maxima in wavenumber
(cm™), & represents the dielectric constant, n
represents the refractive index of different solvents
and C is integration constant. f, (e,n) and g, (n) are
solvent polarity parameters based on refractive index
and dielectric constant.

2P+ 1)[E-1 w1
fa(em) = (m?+2) [(s + 2) - ("2 + 2)] @
w2 2] ©

The plots of 8, -9,  against f, (¢,n) and
9,,.+9,, against f, (e,n) gives a linear plot with
respective slopes Sm and S(Z). These slopes are
given by

2 ()[‘f'ex - Augsjz (6)

s =
hCa?
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hCa® (7)
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Where Hs - the ground state and p_.- the
excited state dipole moment, h-Planck’s constant,
a-Onsagers cavity radius and c-velocity of light.
The value of the Onsager’s cavity radius for both
compounds were estimated using Suppan’s
equation3*

a= 3/[3M/4Nmd] (8)

Where M, N, d represents the molecular
weight, Avogadro’s number and d density (assumed
to be 1 g cm™®)

The change of the dipole moment during
transition is expressed as

ape = [est ©)

Solvatochromic shift can be important in
determining the type of interaction between the solute
molecule and nature of solvent and in estimating
the dipole moments of organic compounds in the
ground state and in the excited state. Assuming the
ground state and excited state dipole moments are
parallel®.

The ground state and excited state
dipole moments were estimated using following
equations.

(10)

(5D —5D) nea? RE

Hgs 2 25

1
(s +5M) [head] /2
B 2 [zs<13

(11)

J L

The ratio of excited dipole moment to the
ground state dipole moment is given by

par _ [(62150)

= (s@-sm) (12)

Where S@ = s
Hgs

When Hs and p,, are not parallel than the
angle ¢ is formed between them and that can be
estimated by following equation(13)

s(1)

- [(“.USZ +#912) - E(Uexz - ﬂgsz)]

2ldgs lex

cosQ = (13)
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Method I

The ground state dipole moment (pgs) is
calculated from the dielectric measurements in dilute
solutions using number of methods. One of such
method is Guggenheim method?.

In Guggenheim method p, is estimated
using following expression(14)

27KT ._f\.]

2 _ a
Hgs = [4nN(Dl+2)[E12+2) c (14)

Where A = (D,,—n,,2)-(D,,2)

k-Boltzmann constant, T-Absolute
temperature and N- Avogadro’s number, C-
concentration of the compound in given solvent and
D,, D,, represents the dielectric constant of solvent
and solution and n, and n,, represents the refractive
index of the solvent and that of solution.

The dielectric constant of the dilute solutions
are estimated by determining the capacitance of the
solution using the equation (15)

C.—C.
D,, = —=—%= (15)
Ca—Cx
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Where C_- capacitance due to leads,
C, - capacitance of solution and C, - capacitance
in air.
RESULTS AND DISCUSSION

Solvent effect on the absorption spectra

Absorption spectra of the mono-carbonyl
curcumin analogues were recorded in ten different
organic solvents varying from non-polar to polar
at room temperature. In our study, the absorption
spectrum of CBCH and DBCH were recorded in
solvents with dielectric constants varying from 1.88
to 37.5. The absorption maximum of CBCH in ten
different solvents was obtained in the range of 325
nm to 331 nm and for DBCH in the range 324 nm
to 330 nm (Fig. 2). It has been observed that shift in
absorption maximum was very small. The smaller
shift in the electronic absorption spectrum with
varying solvent polarity, suggests that the energy
distribution in the ground state is not affected to a
larger extent. This is may be due to the ground state
of CBCH and DBCH are less polar than the excited
state.

1 Acctoninle
2 Chloroform
3 Dicthylether
4 Methanol

£ Ethanol

Absocebance

409 450
Wavelengib{nm)

Fig. 2. Electronic absorption spectra of CBCH and DBCH

Solvent effect on the emission spectra

The fluorescence spectra of CBCH and
DBCH were recorded in ten different organic
solvents of varying solvent polarities. Stokes shifts
were calculated and tabulated in Table 2 and solvent
polarity parameters are depicted in Table 1. For
the curcumin analogues, CBCH and DBCH when
we increase the solvent polarity from non-polar to
polar, the emission spectra was shifted to the longer
wavelength from 430 nm to 603 nmi.e. fluorescence

spectra exhibits large band sensitivity to the medium
effect. The emission spectra of CBCH and DBCH are
displayed in Fig. 3. The bathochromic shift from 328
nm to 603 nm corresponding to 275 nm shift confirms
n-n* transitions which arises from conjugation of
o-B unsaturated carbonyl group to aromatic ring
system.

The emission spectrum shows a large shift
than the absorption shift. As we increase the solvent



PUJAR et al., Orient. J. Chem., Vol. 34(4), 2170-2179 (2018)

polarity, bathochromic shift has been observed in
fluorescence spectra due to the large variance in
the charge distribution of molecule in the excited
than in the ground state, which causes a stronger
interaction of polar solvents in the excited state than
in the ground state.

The value of Stokes shift varies from 6737
to 13262 cm™ for CBCH and 7231 to 13904 cm™' for

| Dichloomethane
e [ 2 Ethanol

3 Methanel
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T T v
L] 0 650 To0

Wavelength(nm)
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DBCH.This indicates inter molecular charge transfer
transitions. The large value of Stokes shift implies
that the geometry of the molecule in the excited state
may be different from that of the ground state. It has
been observed that Stokes shift values increased
with changing solvent polarities form non polar to
polar. This suggests the charge transfer transition in
CBCH and DBCH molecule resulting in increased
excited state dipole moment values.

1 Acctonitnile
= P 2 Chloroform
e o 3 Dicthylether
2 0l 3 4 Ethanol
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Fig. 3. Fluorescence spectra of CBCH and DBCH in different solvents

Table 1: Solvent polarity functions for
Bilot-Kawski method

Solvents 15 (&) gg (n) Xg(e,n)
n-Hexane 0.0240 0.2550 0.5126
Toluene 0.0310 0.3289 0.6917
Diethyl ether 0.3790 0.2457  0.8704
Chloroform 0.3720 0.3022 0.9753
Ethyl acetate 0.4930 0.2530 0.9958
Dichloromethane 0.5952 0.2877 1.1703
Acetone 0.7927 0.2443 1.2814
Ethanol 0.8169 0.2457  1.3083
Methanol 0.8870 0.2241 1.3041
Acetonitrile 0.8630 0.2342 1.3310

Estimation of ground state and excited state
dipole moments

The shifts of emission maxima on changing
the solvent polarities are more prominent than the
shifts of absorption maxima. This implies that change
in dipole moments (Ap) is positive and dipole moment
of both compounds increase on excitation. According
to Bilot-Kawski approach, the plots of (8, _-9,,,) with
/s (&.n) and (9, +9,,) with f_ (e,n) for CBCH and
DBCH molecules have given linear plots with good
correlation coefficient.

For CBCH molecule the plot of (3, -9, )
with f, (g,n) has given a good correlation coefficient
(0.9245) with slope (S™) 6457.19 and intercept at
7134.01 and the graph (9, +9,,) with f; (¢,n) has
also given good correlation coefficient 0.8788 and
slope (S®) 7147.67 and intercept at 57564.66. The
values of slope S and S® are used to calculate the
ground and excited state dipole moments of CBCH
using equations (10) and (11) and these were found
to be p =0.5268 and p_=10.379. All these values
are displayed in (Fig. 4 Table 3, 4). Using u,  and p,
the change in dipole moment and the ratio of Hos and
u., has been calculated.

For DBCH molecule the plot (8, -9, ) with
/5 (g,n) has given graph with most of the points were
fitted linearly with good correlation of 0.96307 and
corresponding slope (S™) 6678.02 and intercept
at 7331.84 and the plot (8, +9,,) with f; (g,n) the
correlation coefficient was 0.8837 with slope (S®)
6887.92 and intercept at 57384.86 was obtained
(Fig. 5). Using the values of slopes S and S® the
dipole moments of DBCH was calculated by using
equation (10) and (11) and these values are equal
to p, = 0.1407 and p_=9.099. All these values are
presented in Table 3 and 4. Using p,_ and y_ the
change in dipole moment and the ratio of p  and
M., has been calculated
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Table 2: Spectral parameters of CBCH and DBCH molecules

2175

Curcumin

analogue Solvents }\’abs A’fluo Sabs 9fluo abs _Sfluo Sabs _Sfluo
n-Hexane 331 426 30211.48 23474.17 6737.31 53685.65
Toluene 332 439 30120.48 22779.04 7341.44 52899.52
Diethyl ether 326 501 30674.84 19960.07 10714.77 50634.91
Chloroform 325 475 30769.23 21052.63 9716.6 51821.86
Ethyl acetate 331 510 30211.48 19607.84 10603.64 49819.32

CBCH Dichloromethane 334 503 29940.11 19880.71 10059.4 49820.82
Acetone 328 539 30487.8 18552.87 11934.93 49040.67
Ethanol 332 559 30120.48 17889.08 12231.41 48009.56
Methanol 331 590 30211.48 16949.15 13262.33 47160.63
Acetonitrile 329 564 30395.13 17730.49 12664.64 48125.62
SOlVentS }Labs kfluo Sabs 8fluo Sabs 78flu0 9abs +9qucA
n-Hexane 328 430 30487.8 23255.81 7231.99 53743.61
Toluene 329 439 30395.13 22779.04 7616.09 53174.17
Diethyl ether 326 485 30674.84 20618.55 10056.29 51293.39
Chloroform 330 501 30303.03 19960.07 10342.96 50263.1

DBCH Ethyl acetate 330 510 30303.03 19607.84 10695.19 49910.87
Dichloromethane 329 507 30395.13 19723.86 10676.27 50118.99
Acetone 325 539 30769.23 18552.87 12216.36 49322.1
Ethanol 328 558 30487.8 17921.14 12566.66 48408.94
Methanol 328 603 30487.8 16583.37 13904.43 47071.17
Acetonitrile 324 563 30864.19 17761.98 13102.21 48626.17
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Fig. 4.The plot of (3

abs Vfluo: abs

In method II: We have calculated the
ground state dipole moments of CBCH and DBCH
using Guggenheim method using equation 14 and all the
values of dipole moments are summarized in Table 4.

Debye(D) = 3.33564 x 10°°Cm = 108 esu cm.
Hgs = Ground state dipole moments

fluo:

R = 087885

o4 06

08 10
9{en)

9, ) with f(e,;n) and (3, + 9, ) with ¢(e,n)using Bilot-Kawski method for CBCH

u,, = Excited state dipole moments
A Gaussian 09 W Software.
B Guggenheim method.

C Bilot-Kawski equation.

D Bilot-Kawski equation.

EThe p/ p, is calculated from equation (12).

FThe Ap calculated from Bilot-Kawski method.



PUJAR et al., Orient. J. Chem., Vol. 34(4), 2170-2179 (2018)
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Table 3: Statastical prameters obtained for
Bilot-Kawski approach

Curcumin Slope R2 Number
analogues of data
CBCH(1) 6457.19 0.9245 10
DBCH(1) 6678.02 0.963 10
CBCH(2) -7147.67 0.8788 10
DBCH(2) -6887.92 0.8837 10

1.  Statastical parameters obtained for the graph
of 9.~ 9, with f(en)

2. Statistical parameters obtained for the graph
of (9,,.+9,,) With ¢(e,n)

For CBCH molecule the ground state dipole
moment calculated using Guggenheim method was
equalto p  =5.9818 D, Gaussian 09W software was
equal to Mg = 5.261 D and Bilot-kawski equation
was equal to Hgs = 5.268 D and the excited state
dipole moment calculated by Bilot-Kawski method
was equal to p, = 10.379 D. The excited state dipole
moment of CBCH was found to be greater than its
ground state dipole moment. This indicates the more
polar nature of CBCH in its excited state and also
indicates the better solute-solvent interaction in the
excited state.

For DBCH molecule the ground state dipole
moment calculated using Guggenheim method was

2176
54000 4 ¥ = 687,92 + 5738486
53600 4 = R'=08837
52000 4
< 510004
)
- 50000 -
.
»* 49000 4
48000 -
47000 < =
04 06 08 10 12 14

@ (e.n)

with f(e,n) and (3, _+ 9,,.) With ¢(¢,n) using Bilot-Kawski method for DBCH

fluo!

equaltop = 3.2162 D, Gaussian 09W software was
equal to Hye = 2.784 D and Bilot-kawski equation
was equal to Hye = 1.407 D and the excited state
dipole moment calculated by Bilot-Kawski method
was equal to p_ = 9.099 D. The excited state dipole
moment of DBCH was found to be greater than its
ground state dipole moment. This indicates the more
polar nature of DBCH in its excited state and also
indicates the better solute-solvent interaction in the
excited state.

When the molecules CBCH and DBCH are
excited the charge transfer occurs from the H atom
of the phenyl ring to O atom of the ketone group.
Both electron donar and acceptor are present in
the same molecule. When the molecule absorbs the
energy interms of photon the migration of electron
from the H atom of phenyl group to the O atom of
the ketone group takes place. This indicates the
intramolecular charge transfer transition and implies
that both CBCH and DBCH are more polar in their
excited state.

Computational analysis

The energies of HOMO and LUMO and
ground state dipole moments of CBCH and DBCH
were determined using time dependent density
functional theory (TD-DFT). The computations

Table 4: Onsagers radius(A°) and dipole moments (D) of CBCH and DBCH

Curcumin analogues o pgsA pgsB pgsc pgSD u/ pgsE Auf
CBCH 5142 5261 5.9818 5.268 10.379 19.7 5.111
DBCH 4772 2784 3.2162 1.407 9.099 64.63 7.692
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were done using Gaussian 09W software. The 3D
structures of frontier molecular orbitals are displayed
in Fig. 6 and 7. The intermolecular charge transfer
can be estimated using the frontier molecular orbital
energies. The energies of HOMO and LUMO of
CBCH and DBCH were estimated which explains
the direction of charge transfer in the molecule.
The E and E of CBCH were equal to

(HOMO) (LUMO)

(@)

2177

-5.0689 eV and -1.1202 eV and that of DBCH were
equal to -4.714 eV and -2.062 eV respectively. The
band gap between HOMO-LUMO is calculated and
it was found to be 3.9487 eV for CBCH and 2.654 eV
for DBCH. The small energy values of HOMO-LUMO
energy gap indicate easier n-n* transition of electron
from HOMO to LUMO. Therefore both CBCH and
DBCH molecules are highly reactive.

(b)

Fig. 6. HOMO and LUMO orbitals of CBCH molecule

(@)

The study of frontier molecular orbitals gives
important information on softness and hardness of
organic compounds. If the energy gap between
HOMO and LUMO is less then such molecules are
soft and more reactive whereas if the energy gap
between HOMO-LUMO is more then such molecules
are hard and less reactive®. The chemical hardness
(n) can be calculated using following equation(16).
n= [E-E, )2 (16)

Where E,, - energy of HOMO and E, - energy
of LUMO. The hardness of the CBCH is equal to n
=2.357 eV and DBCH is equal ton = 1.031 eV. We
obtained chemical softness (S) using the value of
chemical hardness from equation (17)
S=1/n (17)
The chemical softness values for these
molecules were equal to S = 0.4242 for CBCH and

(b)
Fig. 7. HOMO and LUMO orbitals of DBCH molecule

S =0.9699 for DBCH. The small values of chemical
hardness imply that these molecules are soft and
more reactive.

The chemical potential (u) can be calculated
using the frontier molecular orbital energies using
following empirical formula
pu=[E+E ]2 (18)
The chemical potential value for CBCH

molecule is found to be equal to 3.0945 and for
DBCH molecule p = 3.388.

CONCLUSION

In summary, the solvent effects on
absorption and emission spectra and the estimated
dipole moments of biologically active mono-carbonyl
curcumin analogues CBCH and DBCH have been
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discussed in detail. A red shift was observed on
increasing the polarities of the solvent indicative of
n-rt* transition. The ground state dipole moment has
been determined theoretically using Gaussian 09 W
software and experimentally by Bilot-Kawski method
and Guggenheim method and the experimental
excited state dipole moment was calculated using
Bilot-Kawski method. It has been observed that the
excited state dipole moment values are higher than
the ground state dipole moment values for both
the molecules CBCH and DBCH. This implies that
both the molecules CBCH and DBCH are polar in
the excited state than in the ground state. We also
determined HOMO/LUMO energies theoretically by

2178

TD-DFT study. Based on these observations, CBCH
and DBCH can be considered as good candidates
for designing non-linear optical materials and
fluorescent probes.
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