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Introduction
Nanoemulsion can be oil-in-water (o/w) or water-in-oil (w/o), a 

dispersing agent (surfactant) and a co-surfactant usually, a small chain 
alcohol. Nanoemulsion is thermodynamically stable, and it is known 
to solubilize both ionic and non-ionic molecules, and it is known 
not to be toxic. For this reason, it has been used for drug delivery, 
in pharmaceutical preparations and in dermatology. The synthesis, 
properties and functions of this unique system have been reviewed 
by numerous authors.1–9 It is used in this work as a medium to study 
the mechanism of electron transfer reaction between hemoglobin and 
curcumin. Hemoglobin is an iron-containing protein of vital biological 
importance. It consists of four heme molecules, and it is known as an 
oxygen carrier from the respiratory organs to other tissues in the body. 
A succinct review of hemoglobin and its relevance in oxygen transport 
and other biological uses/activities is abundant in the literature.10–13

On the other hand, curcumin, a yellow pigmented phytochemical 
isolated from the rhizome of Curcuma Longa L. has been used in 
pharmacy and in medicine. In fact, it is used as a pro-drug. Among its 
multifarious uses are anticancer, anti-inflammation and antioxidant. 
The literature is replete of the uses and applications of this pro-
drug.14–18 The chemical structure of curcumin, the heme moiety that 
make-up the hemoglobin, and the SEM image of nanoemulsion is 
shown in Figure 1. To the author’s knowledge, the mechanism, and the 
attendant energies of reaction between hemoglobin and curcumin in 
this unique medium (nanoemulsion) has not been reported, hence this 
study. Therefore, in this work, we used the steady state fluorometric 
method to obtain the relevant data that enables the formulation of 
the plausible reaction mechanism of these biologically important 
molecules in nanoemulsion.
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Abstract

Steady state fluorescence spectroscopy was used to study the mechanism of electron 
transfer reaction between hemoglobin and curcumin (biologically active molecules) in 
nanoemulsion. Nanoemulsion is a thermodynamically stable heterogeneous system made-
up of water, oil and a dispersing agent, usually a surfactant and a cosurfactant in appropriate 
ratios. The reaction is postulated as activation controlled and the requisite energies: Gibb’s 
free energy, ΔGo, (1.317 eV), the solvent reorganization energy, λ, (0.76 eV), the activation 
energy, ΔG±, (1.02 eV) and its attendant first order rate constant, kact, (1.68 x 1011/s) were 
determined. They were used to formulate a plausible electron transfer mechanism.
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Figure 1 The chemical structure of Hem, curcumin and the SEM of nanoemulsion.
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Experimental

Materials

Analytical reagent grade of curcumin, cetyltrimethyl ammonium 
bromide (CTAB) (surfactant), 1-pentanol as co-surfactant and 
tetradecane as oil, were obtained from Acros Chemicals. Lyophilized 
Horse Hemoglobin was obtained from Sigma chemical Co. These 
chemicals were used as obtained without further purification. 

Instrument

Perkin Elmer luminescent Spectrophotometer, model LS 50B was 
used to obtain all fluorescence spectra for this work.

Preparation of nanoemulsion

Table 1 lists the chemical components used in the preparation of 
nanoemulsion that is used in this work. Briefly, 12.0 g of CTAB were 
added to 174.0 mL of distilled, deionized water, and vigorously stirred 
using magnetic stirrer. Then 18.25 mL of the oil (tetradecane) were 
gradually added to the water-surfactant mixture. While still stirring, a 
co-surfactant (1-pentanol) was added dropwise until 31.8 mL. It was 
observed that the resulting solution was clear and translucent. This 
solution was taken and sonicated for about 12.0 minutes and then 
mechanically stirred again for another 10.0 minutes. This clear and 
translucent solution is stored and used as needed. It was observed that 
the prepared nanoemulsion was stable for a considerable length of 
time.

Table 1 Lists all the chemical components used in the preparation of the 
nanoemulsion used in this work

Component Wt., g Percentage, % Volume, mL

Water 174 76 174

CTAB (Surfactant) 12 5 12.63

Oil (tetradecane) 14 6 18.25

1-pentanol (co-surfactant 29.9 13 31.8

Methodology
1.135 x 10-4 M hemoglobin and 3.7875 x 10.4 M curcumin stock 

solutions were prepared in 25 mL and 10 mL, volumetric flasks, 
respectively, using the prepared nanoemulsion. From these, a 
volume of 3.0 mL of nanoemulsion solution were added to 7 5.0 mL 
volumetric flasks. Into the first flask, 1 mL of hemoglobin solution 
was added and swilled for a thorough mixing. Thereafter, aliquot 
volumes of 0.2, 0.3, 0.4. 0.5 0. 0.6 and 0.8 mL of curcumin solution 
were gently and carefully added to flasks 2-7. These solutions were 
diluted to the fiduciary mark of the flasks with the nanoemulsion 
solution. The final concentration of hemoglobin was 2.27 x 10-5 M 
and that of curcumin varied from 1.515 x 10-5 M to 6.06 x 10-5 M. The 
fluorescence measurement of these solutions was made in a 4-sided 
quarts cuvette. The excitation wavelength was kept constant at 325 
nm and the emission wavelength was observed at 647 nm.

Results and discussion
Shown in Figure 2 is the fluorescence spectra of hemoglobin 

with and without the quencher, curcumin. It can be seen that the 
fluorescence intensity of hemoglobin decreases as the quencher 
concentration is increased. The Stern-Volmer equation (equation 1) 
was used to analyze the data obtained from Figure 2.

( ) 1    1   1   o o
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Figure 2 The fluorescent spectra of hemoglobin without and with difference 
concentrations of curcumin.

In these equations, Io and I are the fluorescence intensity of 
hemoglobin in the absence of a quencher and in the presence of 
quencher, respectively. Ksv is the Stern-Volmer constant and kq and 

oτ are the bimolecular quenching rate constant and the fluorescence 
lifetime without any quencher, respectively. Figure 3 shows the 
Stern-Volmer plot of the ratio of the fluorescence Intensity observed 
at different concentrations of the curcumin concentration as per 
equation 1. This plot is quite linear with a slope of 11907.1216 M-1 
which is taken as the Stern-Volmer constant, KSV. With this, the 
kq was calculated using equation 1. The literature value of 270.0 
ps19,20 was used for oτ and kq thus calculate is 4.41 x 10!3/M-s. This 
value is clearly three orders of magnitude higher than the value of 
diffusion-controlled reaction values ≈ 1010/M-s.21,22 This implies a 
ground-state complexation, and the quenching is static. Therefore, in 
other to effect electron transfer, this complex requires activation and 
hence the quenching can be treated as activation-controlled, which 
is assumed in this work. However, in other to fully understand this 
activation-controlled mechanism, it is necessary to determine the 
solvent reorganization energy, λ , the free energy change, oG∆ , the 
activation energy, G± and the attendant activation rate constant, keT. 
We therefore proceed in the determination of these parameters.

Figure 3 Plot of Io/I versus [curcumin].

https://doi.org/10.15406/mseij.2024.08.00237


The study of the quenching mechanism of hemoglobin by curcumin in nanoemulsion 64
Copyright:

©2024 Iwunze

Citation: Iwunze MO. The study of the quenching mechanism of hemoglobin by curcumin in nanoemulsion. Material Sci & Eng. 2024;8(2):62‒65. 
DOI: 10.15406/mseij.2024.08.00237

Determination of free energy of reaction, oG∆
In other to determine the free energy change of the reaction, we 

used the Realm-Weller relation23,24 as given in equation 2.
2

½ ½  –   / 4o Ox Red
o o o s qG E E E eº º R π−∆ = − −                                     (2)

In this equation, E½
Ox and E½

Red are the electrochemical half-
wave potential of the oxidized and the reduced reactants in the 
solution, which were obtained from literature, hemoglobin4,25–30 and 
curcumin,31 respectively, Eo-o is the zero-zero excitation energy of 
hemoglobin which were estimated using the relation given,32,33 and Rq 
was approximated as the sum of the radii of the reactants, that is RA + 
RD and were obtained from the literature.34,35 e is electronic charge and 

o and s are the permittivity of vacuum and the dielectric constant of 
the medium (nanoemulsion),22,59 respectively.36 The value of oG∆
so determined using equation 2 is -1.317 eV. This value is in close 
agreement to an outer-sphere electron transfer reaction.37–39 

Determination of solvent reorganization energy, λs

The Marcus dielectric continuum theory given in equation 3 is used 
to determine the solvent reorganization energy, λ , in nanoemulsion 
medium.

2
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s                                (3)

In this equation, RA and RD are the radii of the reactants, donor and 
acceptor, respectively, and R is the sum of the radii of the reactants. 
Dop ≈ the square of the refractive index, n, and Ds is the static dielectric 
constant. The values of these parameters are given in reference 
36. When the appropriate values of the variables in equation 3 are 
inserted, the calculated λ is 0.76 eV. This value is in close agreement 
with values obtained by other workers.40–44

Determination of activation energy, ΔG±

We use the Marcus theory40 to evaluate the activation energy of 
this reaction in nanoemulsion by using equation 4.

 ( )2o
sG Gλ±∆ = + ∆  4 sλ                                                                  (4)

With the values of oG∆ and λs thus far calculated G±∆ is then 
calculated. A value of 1.02 eV is obtained.

In other to calculate the rate constant for this activation-controlled 
reaction, the rate constant, k, taking into consideration that kact is used 
interchangeably with kET.

44–49 We, therefore, use equation 5 to estimate 
the rate constant of the observed activation-controlled reaction of the 
system under study.

act
B

k Ae
k T

G−∆
=                                                                                 (5)

In this equation A (the pre-exponential factor) is a term that 
include the equilibrium constant of the formation of the complex 
of the reactants, the electronic transmission coefficient, kel, and the 
frequency factor, nν . For an adiabatic reaction, as in the case in this 
study, kel is approximated as 1. The value of nν  has been estimated as 
1 x 1013/s.49–52 The rate constant for this reaction is therefore, given in 
equation 6.

1e n
B

k k e G
k T

ν −∆
=                                                                                     (6)

With the values kel and nν given above, equation 6 is similar to 
equation 5 and thus the value of the first order activation-controlled 
in nanoemulsion between hemoglobin and curcumin is calculated to 

be 1.68 x 1011/s. The overall values of the parameter in this reaction 
are tabulated in Table 2. With the parameters thus obtained including 
those from the literature we postulate the following mechanism for the 
activation-controlled electron transfer in the hemoglobin-curcumin 
complex in nanoemulsion. 

Table 2 The observed/calculated parameters of the ET reaction of hemoglobin 
and curcumin in nanoemulsion

Parameter Value Unit

kq, Bimolecular quenching rate constant 11907.12 M-1

ΔGo , Free energy of reaction -1.317 eV

λs, Solvent reorganization energy 0.76 eV

ΔG±, Free energy of activation 0.102 eV

kact, activation rate constant 1.68 x 1011 s-1

Conclusion
It has been shown in this work that the fluorescence of the 

hemoglobin-curcumin system is observed to be not only static but 
complexation reaction as the bimolecular quenching rate constant, 
kq, obtained indicates This was explained by using the activated-
controlled theory. The requisite energies obtained were used to 
formulate a plausible reaction mechanism for the hemoglobin-
Curcumin complex solubilized in nano emulsion system. Furthermore, 
the observed quenching mechanism will enable an accurate prediction 
of the function of hemoglobin in the presence of curcumin. This is 
moreso since the observed fluorescence intensity of hemoglobin 
decrease with an increase in curcumin concentration. Also, both 
hemoglobin and curcumin are very active biomolecules and, an 
accurate prediction of the mechanism of their action becomes critical. 
This find also will generate further research work in chemosensory 
research field for detecting blood hemoglobin in a given solution of 
nano emulsion solution containing curcumin and its analogues.

Acknowledgments
The author is grateful to the Department of Chemistry of Morgan 

State University for its support of this work.

Conflicts of interest
The author declares that there is no conflicts of interest.

References
1. Preeti SS, Malik R, Bhatia S, et al. Nanoemulsion: an emerging novel 

technology for improving the bioavailability of drugs. Scientifica. 
2023;6640103.

2. Kumar M, Bishnol RS, Shukla AK, et al. Techniques for fomulation of 
nanoemulsion drug deliver. Prev Nutr Fod Sci. 2019;24(3):225–234.

3. Shaij NM, Vijayendra SSM, Nagoba SN, et al. Formulation and 
evaluation of nanoemulsion for topical application. J Drug Delivery. 
2019;9(4–9):370375.

4. Iwunze MO. The determination of the physico-chemical properties of 
nanoemulsion. David Publishing. 2017;7(1–2):19–24.

5. Gupta A, Eral HB, Halton TA, et al. Nanoemulsions: formation, 
properties, and applications. Soft Matter. 2016;12(11):2826–2841.

6. Jaiswal M, Dudhe R, Sharma PK. Nanoemulsion: an advanced mode of 
drug delivery. 3 Biotech. 2015;5(2):123–127.

7. Sutradha KB, Amin MDL. Nanoemulsions: increasing possibilities in 
drug delivery. Eur J Nanomed. 2013;5(2):97–110.

https://doi.org/10.15406/mseij.2024.08.00237
https://pubmed.ncbi.nlm.nih.gov/37928749/
https://pubmed.ncbi.nlm.nih.gov/37928749/
https://pubmed.ncbi.nlm.nih.gov/37928749/
https://pubmed.ncbi.nlm.nih.gov/31608247/
https://pubmed.ncbi.nlm.nih.gov/31608247/
https://jddtonline.info/index.php/jddt/article/view/3301
https://jddtonline.info/index.php/jddt/article/view/3301
https://jddtonline.info/index.php/jddt/article/view/3301
https://www.davidpublisher.com/index.php/Home/Article/index?id=30991.html
https://www.davidpublisher.com/index.php/Home/Article/index?id=30991.html
https://pubmed.ncbi.nlm.nih.gov/26924445/
https://pubmed.ncbi.nlm.nih.gov/26924445/
https://pubmed.ncbi.nlm.nih.gov/28324579/
https://pubmed.ncbi.nlm.nih.gov/28324579/
https://www.degruyter.com/document/doi/10.1515/ejnm-2013-0001/html?lang=en
https://www.degruyter.com/document/doi/10.1515/ejnm-2013-0001/html?lang=en


The study of the quenching mechanism of hemoglobin by curcumin in nanoemulsion 65
Copyright:

©2024 Iwunze

Citation: Iwunze MO. The study of the quenching mechanism of hemoglobin by curcumin in nanoemulsion. Material Sci & Eng. 2024;8(2):62‒65. 
DOI: 10.15406/mseij.2024.08.00237

8. Dernath S, Kumar S, Kumar GV. Nanoemulsion–a method to improve 
the solubility of lipophilic drugs. Pharmanest. 2011;2(23):72–83.

9. Mason TG, Wilking JN, Melesun K, et al. Nanoemulsions: formation, 
structure and physical properties. J Physics Condensed Matter. 
2006;18(41):R635–R666.

10. Hemoglobin.

11. Yuan Y, Tam MF, Simplaceanu V, et al. New look at hemoglobin 
allostery. Chem Rev. 2015;115(4):1702–1724.

12. Ahmed MH, Ghatge MS, Safo MK. Hemoglobin: structure, function and 
allostery. Subcell Biochem. 2020;94:345–382.

13. Lukin AJ, Ho C. The structure-function relationship of hemoglobin in 
solution at atomic resolution. Chem Rev. 2004;104(3):1219–1230.

14. Basu A, Kumar GS. Interaction of the dietary pigment curcumin 
with hemoglobin: energetics of the complexation. Food Funct. 
2014;5(8):1949–1955.

15. Hewlings SJ, Kalman DS. Curcumin: a review of its effects on human 
health. Foods. 2017;6(10):92–101.

16. Gupta SC, Patchva S, Aggarwal BB. Therapeutic roles of curcumin: 
lessons learned from clinical trials. AAPS J. 2013;15(1):195–218.

17. Aggarwal BB, Harikumar KB. Potential therapeutic effects of curcumin, 
the anti-inflammatory agent, against neurodegenerative, cardiovascular. 
Int J Biochem Cell Biol. 2009;41(1):40–59.

18. Higdon J. Curcumin. Linus Pauling Institute. 2005.

19. Esposito A, Tiffen T, Mauritz JMA, et al. FRET Imaging of hemoglobin 
concentration in plasmodium falciparum-infected red cells. PLoS One. 
2008;3(11):e3780.

20. Zheng W, Li D, Zeng Y, et al. Two-photon excited hemoglobin 
fluorescence. Biomedical Opt Express. 2011;2(1):71–79.

21. Lakowicz J. Principles of fluorescence spectroscopy. 3rd ed. 2006:303–
306.

22. Weller A. Photoinduced electron transfer in solution: exciplex and 
radical ion pair formation free enthalpies and their solvent dependence. 
Zeitschrift fur Physikalische Chemie. 1982;133(1):93–98.

23. Rehm D. Weller A. Kinetics of fluorescence quenching by electron and 
h-atom transfer. J Chem Phys. 1979;8(20):259–271.

24. Mollan TL, Jia Y, Banerjee S, et al. Redox properties of human 
hemoglobin in complex with fractionated dimeric and polymeric human 
haptoglobin. Free Radical Biol Med. 2014;69:265–277.

25. Abraham EC, Taylor F. Oxidation-reduction potentials of human fetal 
hemoglobin and γ chins. J Biol Chem. 1975;250(10):3929–3935.

26. Mollan TL, Alayash AI. Redox reactions of hemoglobin: mechanisms 
of toxicity and control. Antioxid Redox Signal. 2013;18(17):2251–2253.

27. Antonini E, Wyman J, Brunori M, et al. Studies on the oxidation-
reduction potentials of heme proteins. J Biol Chem. 1964;239(3):907–
9112.

28. Taylor JF, Hastings AB. Oxidation-reduction potentials of the 
methemoglobin-hemoglobin system. J Biol Chem. 1939;131(2):649–
662.

29. Conant JB, Pappenheimer M. A redetermination of the oxidation 
potentials of the hemoglobin-methemoglobin system. J Biol Chem. 
1932;1(1):57–62.

30. Brunori M, Alfsen A, Saggese U, et al. Studies on the oxidation-reduction 
potentials of heme proteins. VII oxidation-reduction equilibrium of 
hemoglobin bound to haptoglobin. J Biol Chem. 1968;241(11):2950–
2954.

31. Kumar Y, Garg A, Pandey R. Polarographic reduction of curcumin at 
dropping mercury electrode. Int J Pharm Pharm Sci. 2012;4(2):314–
318.

32. Loos PF, Galland N, Jacquemin D. Theoretical 0-0 energies with 
chemical accuracy. J Phys Chem Lett. 2018;9(16):4646–4651.

33. Franck-Codon principle. 

34. Armstrong JK, Wenby RB, Meiselman HJ, et al. The hydrodynamic 
radii of macromolecules and their effect on red bood cell aggregation. 
Biophys J. 2004;87(6):4259–4270.

35. Iwunze MO. Fluorescence quenching Studies of curcumin by hydrogen 
peroxide in acetonitrile. Monatschefte fur Chemie. 2004;135:231–240.

36. Iwunze, MO. The Determination of the physico-chemical properties of 
nanoemulsion. J Mat Sci Eng A. 2017;7(12):19–24.

37. Inada TN, Kikuchi K, Takahashi Y, et al. A comparative study on 
electron-transfer fluorescence quenching by aliphatic and aromatic 
amines. J Photochem Photobiol Chem. 2000;137(2):93–97.

38. Kikuchi K, Niwa T, Takahashi Y, et al. Quenching mechanism in a 
highly exothermic region of the rehm-weller relationship for electron-
transfer fluorescence quenching. J Phys Chem. 1993;97(19):5070–5073.

39. Kikuchi K. A new aspect of photoinduced electron transfer in acetonitrile. 
J Photochem Photobiol Chem. 1992;65(1):149–156.

40. Marcus RA. On the theory of oxidation-reduction reactions involving 
electron transfer. II. Applications to data on the rates of isotopic 
exchange reactions. J Chem Phys. 1957;26(4):867–871.

41. Lopez LM, Sanchez F, Marchena M. Determination of reaction and 
reorganization free energies of electron transfer reactions under restricted 
geometry conditions. Progress Reaction Kinetics and Mechanism. 
2012;37(3):203–248.

42. Vath P, Zimmt MB. A spectroscopic study of solvent reorganization 
energy: dependence on temperature, charge transfer distance, and the 
type of solute-solvent interactions. J Phys Chem A. 2000;104(12):2626–
2633.

43. Hupp JT, Weaver MJ. Prediction of electron-transfer reactivities from 
contemporary theory: unified comparisons for electrochemical and 
homogeneous reaction. J Phys Chem. 1985;89(13):2795–2804.

44. Clark CD, Hoffman MZ. Solvent reorganization energy in excited-state 
electron-transfer reactions. Quenching and geminate-pair back electron 
transfer. J Phys Chem. 1996;100(35):14688–14693.

45. Tokmakoff A. 15.5 Marcus theory for electron transfer. 

46. Marcus RA. Electron transfer reactions in chemistry. Theory and 
experiment. Rev Mod Phys. 1993;69(1):13–29.

47. Marcus theory. 

48. Leo A, Ambrosio F, Landi A, et al. Electron transfer rates in solutions: 
toward a predictive first principle approach. Chemistry. 2023;5(1):97–
105.

49. Sutin N, Creutz C. Electron-transfer reactions of excited state J Chem 
Educ. 1983;60(10):809–814.

50. Sutin N. Nuclear, electronic, and frequency factors in electro-transfer 
reactions. Acc Chem Res. 1982;15(9):275–282.

51. 6.8 Marcus theory. 

52. Marcus RA, Sutin N. Electron transfers in chemistry and biology. 
Biochimica et Biophysica Acta. 1985;811(3):265–322.

https://doi.org/10.15406/mseij.2024.08.00237
https://iopscience.iop.org/article/10.1088/0953-8984/18/41/R01/meta
https://iopscience.iop.org/article/10.1088/0953-8984/18/41/R01/meta
https://iopscience.iop.org/article/10.1088/0953-8984/18/41/R01/meta
https://en.wikipedia.org/wiki/Hemoglobin
https://pubmed.ncbi.nlm.nih.gov/25607981/
https://pubmed.ncbi.nlm.nih.gov/25607981/
https://pubmed.ncbi.nlm.nih.gov/32189307/
https://pubmed.ncbi.nlm.nih.gov/32189307/
https://pubmed.ncbi.nlm.nih.gov/15008621/
https://pubmed.ncbi.nlm.nih.gov/15008621/
https://pubmed.ncbi.nlm.nih.gov/24964031/
https://pubmed.ncbi.nlm.nih.gov/24964031/
https://pubmed.ncbi.nlm.nih.gov/24964031/
https://pubmed.ncbi.nlm.nih.gov/29065496/
https://pubmed.ncbi.nlm.nih.gov/29065496/
https://pubmed.ncbi.nlm.nih.gov/23143785/
https://pubmed.ncbi.nlm.nih.gov/23143785/
https://pubmed.ncbi.nlm.nih.gov/18662800/
https://pubmed.ncbi.nlm.nih.gov/18662800/
https://pubmed.ncbi.nlm.nih.gov/18662800/
https://lpi.oregonstate.edu/mic/dietary-factors/phytochemicals/curcumin
https://pubmed.ncbi.nlm.nih.gov/19023444/
https://pubmed.ncbi.nlm.nih.gov/19023444/
https://pubmed.ncbi.nlm.nih.gov/19023444/
https://pubmed.ncbi.nlm.nih.gov/21326637/
https://pubmed.ncbi.nlm.nih.gov/21326637/
https://link.springer.com/book/10.1007/978-0-387-46312-4
https://link.springer.com/book/10.1007/978-0-387-46312-4
https://www.degruyter.com/document/doi/10.1524/zpch.1982.133.1.093/html?lang=en
https://www.degruyter.com/document/doi/10.1524/zpch.1982.133.1.093/html?lang=en
https://www.degruyter.com/document/doi/10.1524/zpch.1982.133.1.093/html?lang=en
https://pubmed.ncbi.nlm.nih.gov/15945749/
https://pubmed.ncbi.nlm.nih.gov/15945749/
https://pubmed.ncbi.nlm.nih.gov/24486321/
https://pubmed.ncbi.nlm.nih.gov/24486321/
https://pubmed.ncbi.nlm.nih.gov/24486321/
https://pubmed.ncbi.nlm.nih.gov/236306/
https://pubmed.ncbi.nlm.nih.gov/236306/
https://pubmed.ncbi.nlm.nih.gov/23330885/
https://pubmed.ncbi.nlm.nih.gov/23330885/
https://pubmed.ncbi.nlm.nih.gov/6026227/
https://pubmed.ncbi.nlm.nih.gov/6026227/
https://pubmed.ncbi.nlm.nih.gov/6026227/
https://www.sciencedirect.com/science/article/pii/S0021925818734613
https://www.sciencedirect.com/science/article/pii/S0021925818734613
https://www.sciencedirect.com/science/article/pii/S0021925818734613
https://www.sciencedirect.com/science/article/pii/S002192581876136X
https://www.sciencedirect.com/science/article/pii/S002192581876136X
https://www.sciencedirect.com/science/article/pii/S002192581876136X
https://pubmed.ncbi.nlm.nih.gov/6026227/
https://pubmed.ncbi.nlm.nih.gov/6026227/
https://pubmed.ncbi.nlm.nih.gov/6026227/
https://pubmed.ncbi.nlm.nih.gov/6026227/
https://www.innovareacademics.in/journal/ijpps/Vol4Issue2/3427.pdf
https://www.innovareacademics.in/journal/ijpps/Vol4Issue2/3427.pdf
https://www.innovareacademics.in/journal/ijpps/Vol4Issue2/3427.pdf
https://pubmed.ncbi.nlm.nih.gov/30063359/
https://pubmed.ncbi.nlm.nih.gov/30063359/
https://en.wikipedia.org/wiki/Franck%E2%80%93Condon_principle
https://pubmed.ncbi.nlm.nih.gov/15361408/
https://pubmed.ncbi.nlm.nih.gov/15361408/
https://pubmed.ncbi.nlm.nih.gov/15361408/
https://link.springer.com/article/10.1007/s00706-003-0112-3
https://link.springer.com/article/10.1007/s00706-003-0112-3
https://www.davidpublisher.com/index.php/Home/Article/index?id=30991.html
https://www.davidpublisher.com/index.php/Home/Article/index?id=30991.html
https://www.sciencedirect.com/science/article/abs/pii/S101060300000352X
https://www.sciencedirect.com/science/article/abs/pii/S101060300000352X
https://www.sciencedirect.com/science/article/abs/pii/S101060300000352X
https://pubs.acs.org/doi/10.1021/j100121a037
https://pubs.acs.org/doi/10.1021/j100121a037
https://pubs.acs.org/doi/10.1021/j100121a037
https://www.sciencedirect.com/science/article/abs/pii/101060309285039W
https://www.sciencedirect.com/science/article/abs/pii/101060309285039W
https://pubs.aip.org/aip/jcp/article-abstract/26/4/867/204952/On-the-Theory-of-Oxidation-Reduction-Reactions?redirectedFrom=fulltext
https://pubs.aip.org/aip/jcp/article-abstract/26/4/867/204952/On-the-Theory-of-Oxidation-Reduction-Reactions?redirectedFrom=fulltext
https://pubs.aip.org/aip/jcp/article-abstract/26/4/867/204952/On-the-Theory-of-Oxidation-Reduction-Reactions?redirectedFrom=fulltext
https://journals.sagepub.com/doi/10.3184/146867812X13382026560489
https://journals.sagepub.com/doi/10.3184/146867812X13382026560489
https://journals.sagepub.com/doi/10.3184/146867812X13382026560489
https://journals.sagepub.com/doi/10.3184/146867812X13382026560489
https://pubs.acs.org/doi/10.1021/jp993667k
https://pubs.acs.org/doi/10.1021/jp993667k
https://pubs.acs.org/doi/10.1021/jp993667k
https://pubs.acs.org/doi/10.1021/jp993667k
https://pubs.acs.org/doi/10.1021/j100259a019
https://pubs.acs.org/doi/10.1021/j100259a019
https://pubs.acs.org/doi/10.1021/j100259a019
https://pubs.acs.org/doi/10.1021/jp9604958
https://pubs.acs.org/doi/10.1021/jp9604958
https://pubs.acs.org/doi/10.1021/jp9604958
https://chem.libretexts.org/
https://journals.aps.org/rmp/abstract/10.1103/RevModPhys.65.599
https://journals.aps.org/rmp/abstract/10.1103/RevModPhys.65.599
https://en.wikipedia.org/wiki/Marcus_theory
https://www.mdpi.com/2624-8549/5/1/8
https://www.mdpi.com/2624-8549/5/1/8
https://www.mdpi.com/2624-8549/5/1/8
https://pubs.acs.org/doi/10.1021/ed060p809
https://pubs.acs.org/doi/10.1021/ed060p809
https://pubs.acs.org/doi/pdf/10.1021/ar00081a002
https://pubs.acs.org/doi/pdf/10.1021/ar00081a002
https://chem.libretexts.org/
https://www.sciencedirect.com/science/article/abs/pii/030441738590014X
https://www.sciencedirect.com/science/article/abs/pii/030441738590014X

	Title
	Abstract
	Keywords
	Introduction
	Experimental
	Preparation of nanoemulsion 

	Methodology
	Results and discussion 
	Determination of free energy of reaction,  
	Determination of solvent reorganization energy,  
	Determination of activation energy, ΔG± 

	Conclusion
	Acknowledgments
	Conflicts of interest 
	References
	Figure 1
	Figure 2
	Figure 3 
	Table 1
	Table 2

