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Abstract: Morin (M) is one of the most widely distributed flavonoids with several beneficial effects on
human health, and has the potential of being used as a possible treatment for COVID-19. To achieve
a better understanding of the process of M dissolution, the fluorescent (FL) emission from M solu-
tions prepared with different polar and nonpolar solvents (methanol, DMSO, and chloroform) was
measured and compared with the FL emission from M powder and M crystals. In the FL spectra of
the solutions with high M concentration, as well as in the spectra of M in solid state, two features,
at 615 nm and 670 nm, were observed. As the solution concentration decreases, the maxima of FL
spectra of the M solutions in all considered solvents shift to the blue side of the spectrum until
reaching the value of 520 nm. To explain the experimental results, the TDDFT-M06-2X/6-31++G(d,p)
method was used to determine the possible electronic transitions in the M molecule. The compu-
tations show that the FL emission in the spectral range of detection of our setup (405–800 nm) is
related to the excited state intramolecular proton transfer (ESIPT). Comparison of the experimental
data with the computations strongly suggests that in low-concentrated solutions, the FL emission is
mostly due to electronic transitions in the keto OH3 form, whereas in aggregated states, the dominate
contribution to the FL emission spectra is due to the transitions in keto OH5 form. Moreover, the time
evolution of the M solutions FL spectra was observed, measured and explained for the first time.

Keywords: morin; fluorescence; TDDFT; ESIPT

1. Introduction

Morin (M), 3, 5, 7, 2′, 4′-pentahydroxyflavone is one of the most widely distributed
flavonoids found in a variety of plants, such as branches of white mulberry, almonds,
oranges, fig fruits, mill, old fustics, sweet chestnuts, onions, apples, leaves of guajava,
etc. [1–3]. Usually, M is present in solid phase as Morin Hydrate (MH) where two different
molecular configurations, molecular configuration A (MCA) and molecular configuration B
(MCB), are reported (Figure 1a,b) [4]. M exhibits a variety of types of pharmacological activ-
ities, such as free radical scavenging, anti-inflammatory action, xanthine oxidase inhibitor
property, protective action on DNA from damage caused by free radicals, prevention of
low-density lipoprotein oxidation, anti-cancer activity, etc. [1,5–9]. New studies show that
M also has a high potential to be used as a possible treatment for COVID-19 [10,11]. M is a
very promising compound, having some advantages over another flavonoid, Quercetin (Q),
3,5,7,3′,4′-pentahydroxyflavone (see Figure 1c). Q is more widely represented in nature and
is commonly used as a food supplement. It was shown in rats that the bioavailability of M is
higher than that of Q. Additionally, the response to the higher doses of M is superior to that
of Q [12]. This suggests that a small change in the molecule configuration, i.e., the change
of the OH group’s position from 3′ in Q to 2′ in M, can lead to a noticeable increase in the
compound’s bioavailability. Nevertheless, the M bioavailability and, therefore, its practical
relevance are limited because of its low solubility.
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the structure of the Q molecule (c). A, B and C are labels typically used for flavonoid molecule’s 
rings. 
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(FL) emission of M methanol–water mixtures with different water proportions were stud-
ied in reference [13]. A wide FL peak with a maximum at approximately 490 nm was ob-
served in the FL spectra of M solutions in methanol. The increase in the water content of 
the solution has induced the red-shift of the FL emission peak and a noticeable decrease 
in its intensity. If acetonitrile was used instead of methanol, two FL peaks at 500 and 560 
nm were observed. Yu et. al. [14] studied the FL emission spectra of the M solutions with 
a concentration of 50 μM, in pure DMSO and in DMSO with different amounts of added 
water. The FL emission spectra of M solutions in pure DMSO contained the FL peak with 
a maximum at 560 nm and a shoulder at 500 nm. The increase in the water amount of the 
M solution has led to a lower intensity in the FL peaks, without changing their spectral 
position. The FL emission of M aqueous solutions with a low M concentration having 
different values of pH was studied in reference [15]. To obtain the aqueous solutions of 
M, it was first dissolved in methanol. It was found that the maximum of the FL emission 
peak of the M solution shifted from 525 to 560 nm when increasing the pH of the solution. 

In all these papers, the solutions with low to moderate M concentrations were stud-
ied; however, as far as we know, neither solutions with moderate to high M concentra-
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spectra, also addressing the issue of the time evolution of the FL emission of M solutions, 
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Figure 1. Two molecular configurations of M reported in crystals of MH [4] MCA (a), MCB (b) and
the structure of the Q molecule (c). A, B and C are labels typically used for flavonoid molecule’s rings.

Optical properties of M solutions were studied previously by several authors to
achieve a better understanding of the M dissolution process. Absorption and fluorescent
(FL) emission of M methanol–water mixtures with different water proportions were studied
in reference [13]. A wide FL peak with a maximum at approximately 490 nm was observed
in the FL spectra of M solutions in methanol. The increase in the water content of the
solution has induced the red-shift of the FL emission peak and a noticeable decrease in its
intensity. If acetonitrile was used instead of methanol, two FL peaks at 500 and 560 nm
were observed. Yu et al. [14] studied the FL emission spectra of the M solutions with a
concentration of 50 µM, in pure DMSO and in DMSO with different amounts of added
water. The FL emission spectra of M solutions in pure DMSO contained the FL peak with a
maximum at 560 nm and a shoulder at 500 nm. The increase in the water amount of the
M solution has led to a lower intensity in the FL peaks, without changing their spectral
position. The FL emission of M aqueous solutions with a low M concentration having
different values of pH was studied in reference [15]. To obtain the aqueous solutions of M,
it was first dissolved in methanol. It was found that the maximum of the FL emission peak
of the M solution shifted from 525 to 560 nm when increasing the pH of the solution.

In all these papers, the solutions with low to moderate M concentrations were studied;
however, as far as we know, neither solutions with moderate to high M concentrations,
nor the spectral position of the FL peaks as a function of the M solution concentration have
been considered yet. Additionally, to the best of our knowledge, the computation results
were only presented for calcium–M systems [15].

The present work is closely linked to our previous study of the dependence of the
FL emission peak spectral position on the Q concentration in the solution [16]. In that
paper, we studied how the FL emission of Q molecule changed with the variation of
the concentration of solutions in different types of solvents. Our study showed that
the FL spectra presented a noticeable spectral shift of the FL emission peaks when the Q
concentration was decreased, and that this shift is similar for all three types of used solvents
(polar protic, polar aprotic and nonpolar). In this paper, we perform a similar study of
the M FL spectra, also addressing the issue of the time evolution of the FL emission of M
solutions, and show that the FL spectra can be used to study the process of M dissolution.

This paper is organized as follows: after an introduction given in Section 1, Section 2
exposes images of the M crystals and displays the FL spectra of M in its solid state, and of
M solutions prepared with different solvents. Then, the results of computation of the
characteristic wavelengths are shown. In Section 3, computational results are discussed and
compared with that obtained experimentally. In Section 4, the materials and experimental
procedure are described together with the computational details. Conclusions are given
in Section 5.
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2. Results
2.1. Fluorescent Properties of Morin

The luminescent characteristics of M in its solid state (powder and crystals), and of M
solutions prepared with different solvents were studied and compared to each other.

Morphology of Morin Crystals. FL Spectra of M Crystals and Powder

Crystals of M were obtained at room temperature from the MH powder saturated
solution in methanol. In Figure 2, M crystal images obtained by scanning electron micro-
scope (SEM) are shown. M crystals are needle-like, sharp crystals, very similar to that of Q
obtained by the same method and studied in our previous work [16]. The FL spectra of the
crystals are shown in Figure 3, and are compared with the spectra obtained on MH powder.
MH powder was measured as received from the supplier, i.e., without any additional
treatment.
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Figure 2. SEM images of the M crystals shown with different magnification.
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Figure 3. FL emission spectra of MH powder and M crystal at 300 K, and of M crystal at 10 K
measured with two different excitation wavelengths (blue curves for 405 nm and green curves for
532 nm). To facilitate comparison the spectra are shown in arbitrary units.

To study FL properties of the M solid state, we used two different excitation wave-
lengths: 405 nm and 532 nm. At room temperature, the FL spectra obtained on M crystals
and MH powder are very similar, reaching their maximum at approximately 615 nm; they
are also similar to the spectra of Q shown in reference [16]. To our surprise, the FL spectrum
at 10 K does not show significant changes. When excited by the light with the wavelength
of 532 nm, the spectrum of the M crystal at 10 K showed the same FL peak at 615 nm and
revealed the feature at 670 nm. Furthermore, at low temperature, the full width at half
maximum (FWHM) of the spectrum does not reduce significantly.
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2.2. FL Spectra of Morin Solutions

Solubility of M defines its potential to interact with other molecules and, therefore,
its use as a potential drug, as well as the drug’s dose. To understand the role of the solvent
in M solutions, three different types of solvents were used: methanol as the polar protic,
dimethyl sulfoxide (DMSO) as the polar aprotic and chloroform as the nonpolar solvent.
The solubility of M in the nonpolar solvent is less than in the polar one and, therefore,
the time needed to dissolve the MH powder in chloroform was significantly greater than
that used for the preparation of solutions based on polar solvents. As far as we know,
there is no data about M solubility in chloroform; therefore, we first prepared a saturated
solution of M, and then the upper part of that solution was separated and dissolved several
times in order to make solutions with different concentrations. The fact that the solubility
of M in polar solvents is better than in the nonpolar one points out to the considerable
value of the dielectric moment of M molecule. On the other hand, its dissolution in water
is very low. The same was observed on Q solutions [16].

Further, we observed that the FL spectra of all solutions were changing with time,
this effect being greater for solutions with low M concentrations: the spectral maximum
of the M solution spectrum slowly shifts with time towards the blue side of the spectra
until reaching the value of 520 nm, and then it remains stable. We observed the same time
dependence of the FL emission peak spectral position for different solutions of Q [16].

The evolution with the time of the FL emission spectra of M solutions in methanol
(a, c) and in DMSO (b, d) with different concentration is shown in Figure 4. We show the
FL spectra of M solution with a concentration of 40 µM in Figure 4c, since all the spectra of
aged M solutions in methanol with the concentration lower than that value have the same
spectral shape and position, and differ only in their intensity. Moreover, the FL spectrum of
low-concentrated aged M solution in DMSO (see blue curve in Figure 4d) shows a spectral
feature at 670 nm that was also detected in the FL spectrum of the M crystal.
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Figure 4. Time dependence of the FL spectra of M solutions in methanol (a,c) and DMSO (b,d).
The spectra of solutions with moderate (a,b) and low (c,d) M concentrations are shown. All the
spectra were normalized to one by dividing each spectrum by its highest value. The sharp peaks in
(d) at approximately 460 nm are due to the emission of DMSO solvent.
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The FL spectra of M solutions with different concentrations are shown in Figure 5.
The same FL spectrum of low-concentrated M solution in methanol is shown in Figures 4c and 5a.
The same FL spectrum of low-concentrated M solution in DMSO is shown in Figures 4d and 5b.
All the M solutions were measured after a time long enough to reach a stable spectral posi-
tion of the FL spectrum. The solution stabilization process normally takes approximately
2 months. The FL spectra of M solutions have only one wide peak with its maximum located
at 550–580 nm for high-concentrated solutions, which is close to the characteristic wave-
lengths observed on the FL spectra of the M solid state. Spectra of the low-concentrated
solutions in all selected solvents are narrower and their maxima are shifted to the blue side
of the spectrum. It can be seen that the FL spectra of low-concentrated M solutions in the
considered solvents are similar: all of them have their maxima at 520 nm and similar values
of FWHM.
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Figure 5. FL emission spectra measured at room temperature on M solutions in: (a) methanol,
(b) DMSO, and (c) chloroform, with different concentrations. The sharp emission peak in (b) at
approximately 460 nm is due to the emission of DMSO solvent. To facilitate comparison, all the
spectra were normalized to one by dividing each spectrum by its highest value.
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2.3. Computation of FL Characteristic Wavelengths

The molecular structure of M is similar to that of the Q molecule: it has two co-
planar rings, A and C, and a B-ring, which can be rotated around the C2-C1′ single bond
(see Figure 1). However, the change in the hydroxyl group’s position from 3′ to 2′ in M
molecule removes the hydrogen bond (H-bond) in the B ring, and leads to the formation of
the H-bond between the rings B and C in both molecular configurations, MCA and MCB,
of the MH crystal [4]. O2′-H2′ . . . O3 H-bond is formed in the MCA, while−OH3 hydroxyl
group is rotated 180◦ in the MCB to form O3-H3 . . . O2′ H-bond. The importance of the
H-bonds in crystal structures is described in [17]. Both the MCA and MCB are noticeably
non-planar having −43.4◦ (for MCA) and 51.0◦ (for MCB) torsion angles around the C2-C1′

bond [4]. All these characteristics require the use of a DFT functional capable of reproducing
both the non-planarity of the molecule and the H-bond formation; therefore, the functional
M06-2X was chosen. Additionally, the use of this functional provided a good agreement
with the experimental data reported in our previous paper [16].

Since the molecular structure of M is very similar to that of Q, its FL emission can also
be attributed to the excited state intra-molecular proton transfer (ESIPT) [16,18–21]. As in
reference [16], we will use the terms: “enol” for the molecular structures in Figure 1a,b;
“keto OH3” for the tautomer form with H3 proton transferred towards O4 atom forming
hydroxyl group –OH4 (Figure 6a); and “keto OH5” for the tautomer form with transferred
H5 proton (Figure 6b,c). As can be seen in Figure 6, both keto OH3 and keto OH5 forms
are possible for the MCA, while only the keto OH5 form exists for MCB. Consequently,
the MCA was considered for all solvents, while for MCB only the computations in methanol
and in vacuum were performed. Our computations show that, even with relatively strong
changes in the distribution of H-bonds in M molecular configurations, the FL emission
wavelengths do not change significantly (the difference is less than 25 nm). In Table 1,
our computational results for absorption and emission wavelengths for the enol and keto
forms of the MCA and MCB (see Figures 1 and 6) in vacuum and in solvents are shown.

Molecules 2022, 27, x FOR PEER REVIEW 7 of 12 
 

 

1a,b; “keto OH3” for the tautomer form with H3 proton transferred towards O4 atom 
forming hydroxyl group –OH4 (Figure 6a); and “keto OH5” for the tautomer form with 
transferred H5 proton (Figure 6b,c). As can be seen in Figure 6, both keto OH3 and keto 
OH5 forms are possible for the MCA, while only the keto OH5 form exists for MCB. Con-
sequently, the MCA was considered for all solvents, while for MCB only the computations 
in methanol and in vacuum were performed. Our computations show that, even with rel-
atively strong changes in the distribution of H-bonds in M molecular configurations, the 
FL emission wavelengths do not change significantly (the difference is less than 25 nm). 
In Table 1, our computational results for absorption and emission wavelengths for the 
enol and keto forms of the MCA and MCB (see Figures 1 and 6) in vacuum and in solvents 
are shown. 

   
(a) (b) (c) 

Figure 6. Keto forms of M: MCA in keto OH3 form (a), MCA in keto OH5 form (b), MCB in keto 
OH5 form (c). 

Table 1. Absorption and emission of MCA and MCB obtained at TDDFT-M06-2X/6-31++G(d,p) level 
of theory. 

 
ES0 (a.u) 
S0 opt 

ES1(a.u) 
S0 opt 

ES1-ES0 
(eV) 

λab 
(nm) fab  

ES1 * (a.u) 
S1 opt 

ES0 * (a.u) 
S1 opt 

ES1 *-ES0 * 
(eV) 

λem 
(nm) fem 

MCA 
enol (Figure 1a) 

Vacuum −1103.8349 −1103.6882 3.990 310.60 0.53 −1103.6991 −1103.8237 3.390 365.71 0.62 
Methanol 

DMSO 
Chloroform 

−1103.8526 −1103.7081 3.933 315.29 0.63 −1103.7200 −1103.8379 3.207 386.68 0.98 
−1103.8529 −1103.7087 3.923 316.07 0.65 −1103.7203 −1103.8382 3.206 386.80 0.98 
−1103.8477 −1103.7035 3.922 316.19 0.66 −1103.7142 −1103.8339 3.258 380.62 0.88 

keto OH3 (Figure 6a) 
Vacuum −1103.8153 −1103.7102 2.860 433.45 0.56 −1103.7170 −1103.8102 2.535 489.08 0.55 
Methanol 

DMSO 
Chloroform 

−1103.8364 −1103.7221 2.983 398.72 0.65 −1103.7327 −1103.82857 2.609 475.22 0.82 
−1103.8368 −1103.7225 2.976 398.69 0.67 −1103.7329 −1103.8289 2.611 474.86 0.83 
−1103.8304 −1103.7193 2.925 410.13 0.68 −1103.7283 −1103.823555 2.592 478.35 0.75 

keto OH5 (Figure 6b) 
Vacuum −1103.8104 −1103.6973 3.080 402.91 0.24 −1103.7137 −1103.7896 2.065 600.47 0.06 
Methanol 

DMSO 
Chloroform 

−1103.8323 −1103.7142 3.213 385.90 0.35 −1103.7353 −1103.8178 2.244 552.60 0.35 
−1103.8327 −1103.7151 3.201 387.36 0.37 −1103.7356 −1103.8186 2.257 549.35 0.36 
−1103.8261 −1103.7134 3.066 404.41 0.35 −1103.7299 −1103.8112 2.213 560.37 0.23 

MCB 
enol (Figure 1b) 

Vacuum −1103.8212 −1103.6689 4.147 298.98 0.31 - - - - - 
Methanol −1103.8476 −1103.7013 3.982 311.40 0.53 −1103.7148 −1103.8301 3.136 395.46 0.83 

keto OH5 (Figure 6c) 
Vacuum - - - - - −1103.7064 −1103.7849 2.134 581.07 0.08 
Methanol - - - - - −1103.7336 −1103.8184 2.307 537.47 0.37 

Figure 6. Keto forms of M: MCA in keto OH3 form (a), MCA in keto OH5 form (b), MCB in keto
OH5 form (c).

The calculated values of the absorption wavelengths for M enol forms are 299–310 nm
in vacuum and 311–316 nm in all solvents. Thus, using the wavelength of 405 nm for
excitation, we did not observe the FL emission due to the M enol electronic transition,
but only the emission due to M keto forms. For the Q enol transition, the absorption
wavelengths are 301 nm in vacuum and 328–329 nm in solvents [16]; so, the absorption in
solutions for enol forms of M and Q molecules is red-shifted with respect to the absorption
in vacuum. Additionally, the FL emission of the M enol form of MCA is very close to that
of Q (λem in solvents is 381–395 nm for M vs. 381–388 nm for Q).

To estimate the characteristic wavelengths of absorption due to the electronic transition
in keto OH5 form of MCA, we restricted the H5 proton position for the ground state, S0,
since in the ground state the keto OH5 form does not has a local minimum. The correspond-
ing values are shown in cursive in Table 1. Our computations show that both M keto forms
of the MCA are stable in their excited states, S1, for all three solvents. The obtained values
of the absorption wavelength due to the electronic transition in M keto OH3 form are of
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order of 399–433 nm, whereas the wavelengths due to the keto OH5 form are 386–404 nm.
Therefore, both M keto OH3 and M keto OH5 transitions can be excited by the 405 nm
laser line.

Table 1. Absorption and emission of MCA and MCB obtained at TDDFT-M06-2X/6-31++G(d,p) level
of theory.

ES0 (a.u)
S0 opt

ES1(a.u)
S0 opt

ES1-ES0
(eV) λab (nm) fab

ES1* (a.u)
S1 opt

ES0* (a.u)
S1 opt

ES1*-ES0*
(eV)

λem
(nm) fem

MCA
enol (Figure 1a)

Vacuum −1103.8349 −1103.6882 3.990 310.60 0.53 −1103.6991 −1103.8237 3.390 365.71 0.62
Methanol

DMSO
Chloroform

−1103.8526 −1103.7081 3.933 315.29 0.63 −1103.7200 −1103.8379 3.207 386.68 0.98
−1103.8529 −1103.7087 3.923 316.07 0.65 −1103.7203 −1103.8382 3.206 386.80 0.98
−1103.8477 −1103.7035 3.922 316.19 0.66 −1103.7142 −1103.8339 3.258 380.62 0.88

keto OH3 (Figure 6a)
Vacuum −1103.8153 −1103.7102 2.860 433.45 0.56 −1103.7170 −1103.8102 2.535 489.08 0.55

Methanol
DMSO

Chloroform

−1103.8364 −1103.7221 2.983 398.72 0.65 −1103.7327 −1103.8286 2.609 475.22 0.82
−1103.8368 −1103.7225 2.976 398.69 0.67 −1103.7329 −1103.8289 2.611 474.86 0.83
−1103.8304 −1103.7193 2.925 410.13 0.68 −1103.7283 −1103.8236 2.592 478.35 0.75

keto OH5 (Figure 6b)
Vacuum −1103.8104 −1103.6973 3.080 402.91 0.24 −1103.7137 −1103.7896 2.065 600.47 0.06

Methanol
DMSO

Chloroform

−1103.8323 −1103.7142 3.213 385.90 0.35 −1103.7353 −1103.8178 2.244 552.60 0.35
−1103.8327 −1103.7151 3.201 387.36 0.37 −1103.7356 −1103.8186 2.257 549.35 0.36
−1103.8261 −1103.7134 3.066 404.41 0.35 −1103.7299 −1103.8112 2.213 560.37 0.23

MCB
enol (Figure 1b)

Vacuum −1103.8212 −1103.6689 4.147 298.98 0.31 - - - - -
Methanol −1103.8476 −1103.7013 3.982 311.40 0.53 −1103.7148 −1103.8301 3.136 395.46 0.83

keto OH5 (Figure 6c)
Vacuum - - - - - −1103.7064 −1103.7849 2.134 581.07 0.08

Methanol - - - - - −1103.7336 −1103.8184 2.307 537.47 0.37

Note: ES0 is the energy of the molecule optimized in the ground state S0; ES1 is the energy of the first excited
state, S0, at the ground state optimized geometry, S0, from the non-equilibrium solvation state-specific calculation.
For vacuum, ES1 is the energy of the first excited state, S1, at the ground state optimized geometry, S0; ES1* is
the energy of the first excited state, S1, at its optimized geometry from the equilibrium solvation state-specific
calculation. For vacuum ES1* is the energy of the first excited state, S1, at its optimized geometry; ES0* is the
energy of the ground state, S0, with non-equilibrium solvation, at the optimized geometry of the excited state, S1.
For vacuum ES0* is the energy of the ground state, S0, at the optimized geometry of the excited state, S1; fem and
fab are the oscillator strengths for emission and absorption, respectively.

3. Discussion
3.1. Low-Concentrated Solutions

The PCM model, which considers one M molecule surrounded with implicit solvent,
was used for the computations of the FL emission wavelengths in solutions. Thus, the com-
putation results should describe better the experimental data obtained on low-concentrated
solutions, i.e., on the solutions having the FL spectra with the greater shift towards the
smaller wavelengths (see blue curves in Figure 5). For all the considered solvents, the values
of calculated emission wavelengths are very close to each other for both M keto forms: the
obtained values for the keto OH5 (OH3) are of 549–560 nm (475–478 nm) for the MCA and
537 nm for the MCB (for MCB keto OH3 does not exist). This finding is consistent with
the fact that the FL emission peaks for different M solutions with low concentration have
the same spectral positions (see Figure 5). The oscillator strength (fem) obtained for the
electronic transition in the keto OH5 form of MCA is less than a half of that for the transition
in the keto OH3 form. This indicates that the keto OH3 transition is more probable than
that of keto OH5. On the other hand, the FL spectra shown in Figure 5 are broad, indicating
that FL emission has several contributions; as a result, the FL emission corresponding to
the keto OH5 transition with the maximum at approximately 550 nm can be covered by
peaks with higher intensity.
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The calculated values obtained for keto OH3 emission in methanol are also close to
experimental data obtained in reference [13]. In that study, the FL emission peak at 495 nm
for M solutions in methanol with concentration of 41 µM was reported. For M solutions
in methanol with the same concentration, we obtained the FL emission peak at 520 nm.
This difference in the spectral peak position can be attributed to the difference in excitation
wavelengths (390 nm in reference [13] vs. 405 nm in this study).

3.2. Solid State

For calculations of absorption and emission wavelengths for M in solid state, the op-
timized molecule geometries starting from the enol forms of MCA and MCB were used
(Figure 1a,b). During the geometry optimization in vacuum of the enol form of the MCB
in the first excited state S1, the spontaneous H5 proton transition toward O4 oxygen takes
place, and the electronic transition in the resulting keto OH5 form generates the FL emission
at 581 nm. However, the enol form of the MCA presents a minimum in the first excited
state S1 with the corresponding FL emission at 366 nm, that cannot be observe in our
experimental setup. Nevertheless, the keto OH5 form of the MCA also exists having the
minimum with the corresponding FL emission at 600 nm. Thus, for solids, the calculated
FL emission wavelengths for the MCA and MCB in vacuum (considering the tautomer
keto OH5 emission) are close to experimentally obtained values (615 nm vs. calculated
581–600 nm).

3.3. Moderate-High Concentrated Solutions

The FL spectra maxima of M solutions with moderate-high concentrations correspond
to approximately 560 nm for all solvents. The spectrum of the M solution in DMSO with
a concentration of 50 µM (see Figure 4b) is very similar to that reported by Yu et al. [14]
(the spectrum of the M solution in pure DMSO in Figure 1b in reference [14]). These
experimental values of 560 nm match the results of our calculations for the keto OH5 form’s
radiative transition. On the other hand, this spectrum can be seen as the sum of two
contributions: one of them due to the FL emission of the M molecule in solutions with
low concentration described in Section 3.1, and another one due to the FL emission of the
undissolved clusters of MH powder. The spectral position of the FL emission peaks of these
clusters has to be close to that found for the solid state (see Section 3.2). The observed time-
dependent blue shift of the FL emission peak shown in Figure 4 also could be explained
by the fact that with time more M clusters are dissolved. Furthermore, in reference [14]
it was also suggested that the FL emission with wavelength of 560 nm is related to the
aggregation of M molecules.

4. Materials and Methods
4.1. Experimental Setup

A conventional experimental set-up, including a TRIAX550 monochromator and a
liquid-nitrogen-cooled charge-coupled device (CCD) detector was used for recording the FL
emission. Optical excitation was provided by a laser diode with a wavelength of 405 nm or
by a solid-state laser with a wavelength of 532 nm. To avoid degradation, a low excitation
light intensity of approximately 5 mW was used in all measurements.

Morin Hydrate (M4008 powder with >85% purity) was acquired from the Sigma-
Aldrich. Methanol (>99.5%), DMSO (>99.60%), and chloroform (>99.8%) were purchased
from J.T. Baker.

4.2. Computational Details

The density functional theory (DFT) [22] method was used for full geometry optimiza-
tion and for vibrational frequency calculations of the M molecule. For computation of the
excited states, the time dependent DFT (TDDFT) [23] approach was used via the Minnesota
functional M06-2X [24] and 6-31++G(d,p) basis set [25], including polarization and dif-
fuse functions implemented in Gaussian 16 [26]. The influence of the solvents (methanol,
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DMSO, chloroform) in the FL emission wavelength was simulated by using the polarizable
continuum model (PCM) within the self-consistent reaction field (SCRF) method [27].

5. Conclusions

1. Crystals of M were fabricated from saturated M solutions and their morphology and
FL emission spectra were measured and compared with the FL spectra of MH powder.
The FL spectra obtained on M crystals and MH powder are very similar, having their
maximum at approximately 615 nm.

2. The FL emission spectra of solutions of M in different types of solvents were obtained
and compared with FL emission spectra of the M solid state. The spectral position
of the FL maximum depends on the concentration of the solution: when the M
concentration decreases, the FL spectra of the low-concentrated aged M solutions
have a spectral blue shift up to 520 nm.

3. The FL emission spectra of M solutions in all solvents change with time: in fresh
solutions the maxima of the FL emission peaks correspond to the longer wavelengths.
With time, the FL spectra of low-concentrated solutions shift towards the blue side of
the spectrum and settle at 520 nm. As far as we know, the effect of the change with
time of the spectral position of the M solutions FL spectra was not reported before.

4. Computations performed using TDDFT-M06-2X/6-31++G(d,p) level of theory show
that the keto OH3 form’s FL emission wavelengths (490 nm in vacuum, 475–478 nm
in solvents) are significantly smaller than that found for keto OH5 form’s (581–600 nm
in vacuum and 537–553 nm in solvents). In the computations for solvents, the PCM
model that considers a molecule surrounded completely by the solvent molecules
and, thus, suitable for comparing with the results obtained in to low-concentration
solutions was used. The comparison of the experimental data with the computations
strongly suggests that in aggregated states (as in solids or high-concentrated solutions),
the keto OH5 form’s contribution to the emission spectra is the predominant one,
while for low-concentrated solutions, the keto OH3 form’s FL emission dominates.

5. Both experimental results and theoretical estimations show that for all considered
solvents, the difference between the characteristics wavelengths is small; moreover,
earlier we obtained similar results for Q [16]. This shows that the results of this work
can be extended to other solvents, as well as to other flavonoids.

6. Our study allows the establishing of a criterion of the flavonoid’s molecules dissipation
in the low concentrated solutions: the molecules are dissipated when the FL emission
peak of the solution is stable at its lowest wavelength.

Author Contributions: Conceptualization, A.D. and T.P.; methodology, T.P. and A.D.; software, A.D.,
L.C.T. and M.P.S.G.; investigation, T.P., A.D., L.C.T., M.P.S.G. and E.G.J.; resources, T.P. and A.D.;
data curation, T.P.; writing—original draft preparation, T.P. and A.D.; writing—review and editing,
M.P.S.G. and E.G.J.; visualization, T.P., A.D. and M.P.S.G.; funding acquisition, T.P., A.D. and E.G.J.
All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by VIEP-BUAP, grant number 100517025-VIEP2021. The APC
was funded by BUAP.

Data Availability Statement: Data is contained within the article and can also be obtained from the
corresponding authors.

Acknowledgments: The authors gratefully acknowledge the Notre Dame University Integrated
Imaging Facility for help provided in the characterization of the M crystals and the Laboratorio
Nacional de Supercomputo del Sureste de Mexico, a member of the CONACYT network of national
laboratories, for computer resources, technical advice and support.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript,
or in the decision to publish the results.



Molecules 2022, 27, 4965 10 of 11

References
1. Venu Gopal, J. Morin Hydrate: Botanical Origin, Pharmacological Activity and Its Applications: A Mini-Review. Pharmacogn. J.

2013, 5, 123–126. [CrossRef]
2. Wijeratne, S.S.K.; Abou-Zaid, M.M.; Shahidi, F. Antioxidant Polyphenols in Almond and Its Coproducts. J. Agric. Food Chem.

2006, 54, 312–318. [CrossRef] [PubMed]
3. Rattanachaikunsopon, P.; Phumkhachorn, P. Bacteriostatic Effect of Flavonoids Isolated from Leaves of Psidium Guajava on Fish

Pathogens. Fitoterapia 2007, 78, 434–436. [CrossRef] [PubMed]
4. Cody, V.; Luft, J.R. Conformational Analysis of Flavonoids: Crystal and Molecular Structures of Morin Hydrate and Myricetin

(1:2) Triphenylphosphine Oxide Complex. J. Mol. Struct. 1994, 317, 89–97. [CrossRef]
5. Kawabata, K.; Tanaka, T.; Honjo, S.; Kakumoto, M.; Hara, A.; Makita, H.; Tatematsu, N.; Ushida, J.; Tsuda, H.; Mori, H. Chemo-

preventive Effect of Dietary Flavonoid Morin on Chemically Induced Rat Tongue Carcinogenesis. Int. J. Cancer 1999, 83, 381–386.
[CrossRef]

6. Middleton, E.; Kandaswami, C.; Theoharides, T.C. The Effects of Plant Flavonoids on Mammalian Cells:Implications for
Inflammation, Heart Disease, and Cancer. Pharmacol. Rev. 2000, 52, 673–751. [PubMed]

7. Naderi, G.A.; Asgary, S.; Sarraf-Zadegan, G.N.; Shirvany, H. Anti-Oxidant Effect of Flavonoids on the Susceptibility of LDL
Oxidation. In Vascular Biochemistry; Molecular and Cellular Biochemistry: An International Journal for Chemical Biology in Health
and, Disease; Zahradka, P., Wigle, J., Pierce, G.N., Eds.; Springe: Boston, MA, USA, 2003; pp. 193–196. ISBN 978-1-4615-0298-2.

8. Yu, Z.; Fong, W.P.; Cheng, C.H.K. Morin (3,5,7,2′,4′-Pentahydroxyflavone) Exhibits Potent Inhibitory Actions on Urate Transport
by the Human Urate Anion Transporter (HURAT1) Expressed in Human Embryonic Kidney Cells. Drug Metab. Dispos. 2007, 35, 981–986.
[CrossRef] [PubMed]

9. Sinha, K.; Sadhukhan, P.; Saha, S.; Pal, P.B.; Sil, P.C. Morin Protects Gastric Mucosa from Nonsteroidal Anti-Inflammatory Drug,
Indomethacin Induced Inflammatory Damage and Apoptosis by Modulating NF-KB Pathway. Biochim. Biophys. Acta (BBA)-Gen.
Subj. 2015, 1850, 769–783. [CrossRef]

10. Rithiga, S.B.; Shanmugasundaram, S. Virtual Screening of Pentahydroxyflavone—A Potent COVID-19 Major Protease Inhibitor.
Asian J. Res. Pharm. Sci. 2021, 11, 7–14. [CrossRef]

11. Solnier, J.; Fladerer, J.-P. Flavonoids: A Complementary Approach to Conventional Therapy of COVID-19? Phytochem. Rev. 2021,
20, 773–795. [CrossRef] [PubMed]

12. Hou, Y.C.; Chao, P.D.L.; Ho, H.J.; Wen, C.C.; Hsiu, S.L. Profound Difference in Pharmacokinetics between Morin and Its Isomer
Quercetin in Rats. J. Pharm. Pharmacol. 2010, 55, 199–203. [CrossRef]

13. Park, H.-R.; Im, S.-E.; Seo, J.-J.; Kim, B.-G.; Yoon, J.A.; Bark, K.-M. Spectroscopic Properties of Morin in Various CH3OH-H2O and
CH3CN-H2O Mixed Solvents. Photochem. Photobiol. 2015, 91, 280–290. [CrossRef] [PubMed]

14. Yu, X.; Gao, Y.; Li, H.; Wu, Y. Fluorescent Properties of Morin in Aqueous Solution: A Conversion from Aggregation Causing
Quenching (ACQ) to Aggregation Induced Emission Enhancement (AIEE) by Polyethyleneimine Assembly. Macromol. Rapid
Commun. 2020, 41, 2000198. [CrossRef]

15. Thaviligadu, D.J.; Labarrière, L.; Moncomble, A.; Cornard, J.-P. Spectroscopic and Theoretical Study of the PH Effect on the
Optical Properties of the Calcium–Morin System. Spectrochim. Acta Part A Mol. Biomol. Spectrosc. 2020, 225, 117492. [CrossRef]
[PubMed]

16. Prutskij, T.; Deriabina, A.; Melendez, F.J.; Castro, M.E.; Castillo Trejo, L.; Vazquez Leon, G.D.; Gonzalez, E.; Perova, T.S.
Concentration-Dependent Fluorescence Emission of Quercetin. Chemosensors 2021, 9, 315. [CrossRef]

17. Khalid, M.; Ali, A.; Asim, S.; Tahir, M.N.; Khan, M.U.; Curcino Vieira, L.C.; de la Torre, A.F.; Usman, M. Persistent Prevalence of
Supramolecular Architectures of Novel Ultrasonically Synthesized Hydrazones Due to Hydrogen Bonding [X–H· · ·O; X=N]:
Experimental and Density Functional Theory Analyses. J. Phys. Chem. Solids 2021, 148, 109679. [CrossRef]

18. Sengupta, P.K. Pharmacologically Active Plant Flavonols as Proton Transfer Based Multiparametric Fluorescence Probes Targeting
Biomolecules: Perspectives and Prospects. In Reviews in Fluorescence 2016; Reviews in Fluorescence; Geddes, C.D., Ed.; Springer
International Publishing: Cham, Switzerland, 2017; pp. 45–70. ISBN 978-3-319-48260-6.

19. Yang, Y.; Zhao, J.; Li, Y. Theoretical Study of the ESIPT Process for a New Natural Product Quercetin. Sci. Rep. 2016, 6, 32152.
[CrossRef]

20. Ji, F.; Wu, Z.; Wang, M.; Guo, Y.; Wang, C.; Wang, S.; Zhao, G. New Insights into the Excited State Intramolecular Proton
Transfer (ESIPT) Competition Mechanism for Different Intramolecular Hydrogen Bonds of Kaempferol and Quercetin in Solution.
J. Lumin. 2022, 248, 118914. [CrossRef]

21. Qin, T.; Liu, B.; Du, B.; Huang, Y.; Yao, G.; Xun, Z.; Xu, H.; Zhao, C. Solvatofluorochromic Flavonoid Dyes with Enlarged
Transition Dipole Moments Enable the Ratiometric Detection of Methanol in Commercial Biodiesel with Improved Sensitivities.
J. Mater. Chem. C 2020, 8, 16808–16814. [CrossRef]

22. Parr, R.G.; Weitao, Y. Density-Functional Theory. In Density-Functional Theory; Oxford University Press: Oxford, UK, 1995.
23. Bauernschmitt, R.; Ahlrichs, R. Treatment of Electronic Excitations within the Adiabatic Approximation of Time Dependent

Density Functional Theory. Chem. Phys. Lett. 1996, 256, 454–464. [CrossRef]
24. Zhao, Y.; Truhlar, D.G. The M06 Suite of Density Functionals for Main Group Thermochemistry, Thermochemical Kinetics,

Noncovalent Interactions, Excited States, and Transition Elements: Two New Functionals and Systematic Testing of Four
M06-Class Functionals and 12 Other Functionals. Theor. Chem. Acc. 2008, 120, 215–241. [CrossRef]

http://doi.org/10.1016/j.phcgj.2013.04.006
http://doi.org/10.1021/jf051692j
http://www.ncbi.nlm.nih.gov/pubmed/16417285
http://doi.org/10.1016/j.fitote.2007.03.015
http://www.ncbi.nlm.nih.gov/pubmed/17553634
http://doi.org/10.1016/0022-2860(93)07867-V
http://doi.org/10.1002/(SICI)1097-0215(19991029)83:3&lt;381::AID-IJC14&gt;3.0.CO;2-X
http://www.ncbi.nlm.nih.gov/pubmed/11121513
http://doi.org/10.1124/dmd.106.012187
http://www.ncbi.nlm.nih.gov/pubmed/17325024
http://doi.org/10.1016/j.bbagen.2015.01.008
http://doi.org/10.5958/2231-5659.2021.00002.3
http://doi.org/10.1007/s11101-020-09720-6
http://www.ncbi.nlm.nih.gov/pubmed/32982616
http://doi.org/10.1211/002235702487
http://doi.org/10.1111/php.12407
http://www.ncbi.nlm.nih.gov/pubmed/25534424
http://doi.org/10.1002/marc.202000198
http://doi.org/10.1016/j.saa.2019.117492
http://www.ncbi.nlm.nih.gov/pubmed/31487563
http://doi.org/10.3390/chemosensors9110315
http://doi.org/10.1016/j.jpcs.2020.109679
http://doi.org/10.1038/srep32152
http://doi.org/10.1016/j.jlumin.2022.118914
http://doi.org/10.1039/D0TC04542J
http://doi.org/10.1016/0009-2614(96)00440-X
http://doi.org/10.1007/s00214-007-0310-x


Molecules 2022, 27, 4965 11 of 11

25. Frisch, M.J.; Pople, J.A.; Binkley, J.S. Self-consistent Molecular Orbital Methods 25. Supplementary Functions for Gaussian Basis
Sets. J. Chem. Phys. 1984, 80, 3265–3269. [CrossRef]

26. Frisch, M.J.; Trucks, G.W.; Schlegel, H.B.; Scuseria, G.E.; Robb, M.A.; Cheeseman, J.R.; Scalmani, G.; Barone, V.; Petersson, G.A.;
Nakatsuji, H.; et al. Gaussian 16 Revision C.01 2016; Gaussian Inc.: Wallingford, UK, 2016.

27. Tomasi, J.; Mennucci, B.; Cammi, R. Quantum Mechanical Continuum Solvation Models. Chem. Rev. 2005, 105, 2999–3094.
[CrossRef] [PubMed]

http://doi.org/10.1063/1.447079
http://doi.org/10.1021/cr9904009
http://www.ncbi.nlm.nih.gov/pubmed/16092826

	Introduction 
	Results 
	Fluorescent Properties of Morin 
	FL Spectra of Morin Solutions 
	Computation of FL Characteristic Wavelengths 

	Discussion 
	Low-Concentrated Solutions 
	Solid State 
	Moderate-High Concentrated Solutions 

	Materials and Methods 
	Experimental Setup 
	Computational Details 

	Conclusions 
	References

