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Abstract 

Flavones and flavonols are naturally-occurring organic molecules with interesting biological, chemical and 

photophysical properties. In recent years their interaction with silica surfaces has received increasing 

attention. In this work, the flavonol 3-hydroxyflavone (3HF) and the flavone 7-hydroxyflavone (7HF) have 

been encapsulated in MCM-41 mesoporous silica nanoparticles (NP) via a post-doping procedure, and their 

photophysics characterized by both steady state and time-resolved spectroscopic techniques. Both flavonoid-

doped NPs resulted to be highly fluorescent, even after two months of exposure to air at room temperature. 

UV light irradiation results in a moderate decrease of the fluorescence quantum yield. Complementary UV-

Vis and fluorescence experiments of 3HF and 7HF in solutions and TD-DFT calculations to simulate 

absorption and emission spectra have been carried out in order to better rationalize the exact nature of the 

emitting species. Whereas for 3HF-doped NPs the tautomer emission in the green predominates, the 

fluorescence of 7HF-doped NPs is likely to arise from the cationic or the phototautomeric form of the 

flavonoid. The results show that organic fluorophore-based fluorescent silica NPs can be easily obtained by 

a post-doping procedure and represent a first step towards the development of a simple strategy for the 

encapsulation in MCM-41 NPs of flavonoids and other organic molecules.  
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Introduction 

The flavonoid moiety, that consists of two aromatic rings (A, B in Fig. 1a) connected by a pyrane core C, is 

largely diffuse in the vegetal kingdom. Most molecules belonging to this class play a key role in plants, as 

photoprotective agents [1] and antioxidants [2] as well as in plant physiology [3]. Furthermore, flavonoids 

exhibit interesting biological properties [4, 5], including, among others, antioxidant [6-9], neuroprotective 

[10-12] and anti-cancer activity [13-15]. Flavonoids have also found wide application in analytical 

chemistry [16, 17].  

3-hydroxyflavone (3HF) and 7-hydroxyflavone (7HF) are widely studied (often in parallel) as they possess a 

hydroxyl group in a key position [18-21]. Furthermore, both 3HF and 7HF have interesting biological [22-

24], chemical [9, 21] and photochemical properties [25, 26 and refs therein]. 

Their photophysical behaviour is of particular interest. Both molecules are fluorescent [25,26], showing 

strong environment-dependent emission properties, but whereas 3HF has been widely studied and 

characterized in detail [26 and refs. therein], the photophysics of 7HF has been rationalized only a few years 

ago [25]. 

 In 3HF, absorption of UV light from the ground state N leads to the singlet N* (hν1) excited state. This 

excitation is followed by the excited-state intramolecular proton transfer (ESIPT) from the 3-OH to the C=O 

group to give to the tautomeric excited form T*, which emits in the 500-540 nm region (hνT), showing a 

remarkable Stokes shift value. However, in polar or protic media, the ESIPT process is hampered due to 

specific 3HF-solvent interactions, so that fluorescence from the N* state (hνN) can take place competitively. 

As a result, in these media a dual fluorescence is normally observed [26]. This is the main reason for the 

widespread use of 3HF (and of its derivatives) as fluorescent probes in several fields (see [27, 28] for 

reviews): the ratio between the intensity of the N* and T* bands - as well as parameters such as, among the 

others, the bandwidth, fluorescence lifetimes and the exact position of emission bands- strictly depends on 

the microenvironment.  

3HF-based sensors for the detection and monitoring of several analytes have also been developed (see for 

instance [28-31] and references therein). In addition, the molecular environment around 3HF (solvents, but 

also protein binding pockets, nanocavities, etc) can also induce a partial, ground state deprotonation of the 3-

OH group, leading to the formation of an anionic species with completely different photophysics [26, 27, 

32].  The anion absorbs at higher wavelength than the neutral form and emits (hν2 and hνA in Figure 1, 

respectively) in the 460-490 nm region, half-way between the two emission peaks of the dual fluorescence 

(which becomes therefore a triple fluorescence). As an example, for 3HF in methanol (MeOH) N* emits at 

406 nm, T* at 528 nm, and A* at 481 nm [26]. 

7HF has a different photophysics [25], since direct ESIPT cannot take place. The molecule can exist as 

neutral N, anion A, and cation C, depending on the basic/acid properties of the surrounding 
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microenvironment, while four excited state forms can exist, namely neutral N*, cation C*, anion A*, and 

phototautomer T*. A* can be formed either by direct excitation of the ground-state anion, or by 

photodissociation of the N* form; the T* formation depends on the acidity of the environment and can be 

formed by C* photodissociation or via photoinduced protonation of A* (see Figure 1). Despite the different 

species involved in its photophysics, 7HF emission has so far found much less applications than 3HF (see 

for instance [33]).  

The interaction between flavonoids and silica matrices is an active research topic interesting several fields, 

ranging from optics [34, 35 and refs therein] to analytical chemistry (see for instance [36, 37]). Among the 

different applications, one should mention the development of silica nanoparticles (NPs) for flavonoid 

delivery [38, 39] or with special characteristics given by the flavonoids, such as antioxidant [40, 41] or 

fluorescent properties [42, 43]. 

MCM-41 silica NPs are particularly interesting matrices and their relevance goes even beyond the already 

mentioned fields, as they are used for in chromatography of flavonoids [44], solid-state extraction of 

flavonoids [45] and encapsulation of flavonoids for their preservation [40, 46, 47]. However, a better 

understanding of the interaction of flavonoids with the silica surface of MCM-41 nanopores is actually 

lacking.   

In the present article we describe a simple procedure for the encapsulation of 3HF and 7HF in MCM-41 

silica NPs and the detailed characterization of the so-prepared materials, with a special emphasis on their 

emission properties. A series of parallel experiments were carried out on isolated flavonoids in solution 

under specific conditions, in order to rationalize the nature of the emitting species. Besides their obvious 

relevance for their possible application in fluorescence, the particular environment-sensitive photophysics of 

the two monohydroxyflavones can also provide information on the interactions of the two molecules with 

the silica surface in MCM-41 NPs. 
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Figure 1. Upper panel: Photophysics of 3-hydroxyflavone (3HF). ESIPT : Excited State Intramolecular 

Proton Transfer. The numbering scheme of flavonoids is also shown. Lower panel: Photophysics of 7-

hydroxyflavone (7HF), according to Ref. [25]. 
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Materials and methods 

Chemicals. 3-HF and 7-HF were purchased from Sigma-Aldrich and recrystallized from cyclohexane. 

Acetonitrile (MeCN) for post-doping procedure was of spectroscopic grade; for fluorescence analysis 

anhydrous acetonitrile was employed. 

Synthesis of silica NPs. MCM-41 NPs were prepared by following the protocol described by Meynen et al. 

[48]. An aqueous solution of cetyltrimethylammonium bromide (CTAB), mixed with aqueous ammonia was 

left under stirring at a constant temperature of 35°C. Then tetraethyl orthosilicate (TEOS) was added. The 

TEOS/CTAB/NH4OH mixture was left at the same temperature for 2 hours; afterwards, the system was 

transferred to a tightly sealed Teflon bottle placed in a drying oven at100°C and left under autogenous 

pressure overnight. After filtration, the final step was the removal of CTAB within the pores of the MCM-41 

by calcination. The calcination process was the following: the solid sample was placed in a crucible in a 

programmable calcination oven under ambient air and the temperature was increased from 20°C to 300°C in 

2 ½ hours. Then the temperature was kept constant at 300°C for 2 hours. Subsequently, temperature was 

increased from 300 to 550°C in 2 hours. Then the temperature was kept constant at 550°C for 12 hours. This 

liberated the mesoporous space of the MCM-41 silica material. 

Nitrogen physisorption (see Figure 2) was performed on the solid material at 77K. The BET analysis 

showed a high surface area for the MCM-41 around 885m2/g. The pore size distribution was determined 

using BJH (Barrett–Joyner–Halenda) treatment, resulting in a sharp peak for a pore size of 2.62 nm. The 

porous volume was 0.8002 cm3/g.   

Preparation of flavonoid-doped NPs MCM-41 NPs were added to MeCN solutions of 3HF and 7HF. 

Samples were stirred for 5 minutes, centrifuged for 45 minutes at 4000 rpm in order to separate the solid 

(containing MCM-41 matrix with the flavonoids encapsulated). The precipitate was left exposed to air for 

48h in a Petri dish to let the MeCN evaporate. 

Characterization of flavonoid-doped NPs X‐ray diffraction (XRD) patterns of the samples were recorded 

with a Bruker D8 Advance powder diffractometer, using Cu Kα radiation generated at 40 kV and 40 mA and 

equipped with an X′Celerator detector. 

Fourier Transform Infrared (FTIR) experiments were performed on a Bruker Vertex 80 rapid-scan 

spectrometer in the transmission mode equipped with a MCT detector. Samples were sandwiched between 

two CaF2 disks and sealed with parafilm.  

UV-Vis spectra of flavonoids in silica NPs were recorded with an Agilent Cary5000 spectrophotometer. An 

integrating sphere was used to record reflectance; spectra were obtained through Kubelka-Munk transform.  

Steady-state photoluminescence spectra of flavonoids in silica NPs were recorded with Edinburgh 

instruments FLS980 spectrofluorimeter. A Xenon arc lamp was used as excitation source. Quantum yield 
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was determined by measuring scattering/absorption and emission in an integrating sphere. Photobleaching 

tests were performed by doing repeated emission scans of the samples on silica in 3-minute intervals. 

Time-resolved photoluminescence spectra of flavonoids in silica NPs were recorded with Edinburgh 

instruments LS980 spectrofluorimeter. A 372 nm picosecond pulsed diode laser was used as excitation 

source.  The lifetime was determined by deconvoluting the measured data and the instrument response 

function, then fitting the data with a multi-exponential function. The relative number of photons from each 

decay path is indicated in the plots. 

UV-Vis absorption spectra in MeCN solutions were carried out by means of a Jasco V-550 

spectrophotometer or by a Agilent Cary 5000 spectrophotometer. Fluorescence spectra of MeCN solution 

were carried out on a Perkin Elmer LS-55 spectrofluorometer or on a Edinburgh instruments FLS980 

spectrofluorimeter. 

Theoretical calculations. Density functional theory (DFT) [49] and time-dependent DFT [50] calculations 

were performed on both flavonoids in different states (neutral, tautomer, anion, cation). DFT was used to 

calculate the ground-state S0 geometries and vibrational spectra; TD-DFT for the photon absorption and 

fluorescence spectra, the latter in the first singlet state S1. We employed the B3LYP [51] as the 

approximation in the exchange-correlation functional. The basis set cc-pVTZ in the calculation of the 

vibrational spectra and aug-cc-pVTZ in the calculations of TDDFT were used unless otherwise mentioned. 

The calculations have been performed with a free-standing molecule and using implicit solvation within the 

conductor-like polarisable continuum model (CPCM) [52] for acetonitrile. 

The computer codes ORCA [53] and Gaussian09 Revision A.02 [54] were used. We applied large 

integration grids and strict convergence criteria, "Grid5" and "$a" in the input of ORCA and 

"Integral(UltraFine)" in the input of G09. 
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Figure 2. BJH pore distribution (upper panel) and full N2 physisorption isotherm (lower panel) 
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Results and discussion 

UV-vis spectra of MCM-41 NPs fabricated by impregnation of the bare MCM-41 NPs in 10-3 M solutions of 

3HF and 7HF in MeCN and subsequent solvent evaporation are shown in Fig. 3. The spectra confirm that 

3HF and 7HF have been successfully encapsulated in the silica NPs. 

 

  

Figure 3. UV-Vis, fluorescence excitation spectra, and emission spectra of 3HF-doped MCM-41 NPs (upper 

traces) and of 7HF-doped MCM-41 NPs (lower traces). For a detailed description see also Table 1 and 2. 
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It was not however possible to precisely quantify the amount of flavonoid encapsulated (normally carried 

out by looking at the variation of the absorbance of the solution before and after the impregnation) because 

of turbidity problems, as some MCM-41 was remaining as a suspension. Interestingly, when carrying out the 

procedure with much more diluted 10-5 M solutions (not shown), the absorbance of the solution after the 

withdrawal of flavonoids by MCM-41 impregnation was just divided  - roughly - by a factor of two. This 

suggests that there are some sites with a rather strong affinity (strongly negative free enthalpy of adsorption) 

of the silica for the two flavonoids, since adsorption is already significant at a low equilibrium 

concentration.  

XRD results clearly indicate that no formation of 3HF or 7HF microcrystals occurs (see Figures S1 and S2 

in ESI). This suggests that 3HF and 7HF are molecularly adsorbed on the surface and thus, that the 

maximum adsorption capacity of the NP is not reached.  The low intensity of characteristic  IR peaks (see 

later) confirms that only a limited amount of flavonoid is adsorbed. 

FTIR spectra of flavonoid-loaded NPs (see Figure S3 in ESI) shows that MeCN is partially retained within 

the structure in both cases (peaks at 1375, 1421, 1443, 2294-8 cm-1); however, the interaction of MeCN 

molecules with the surface seems to be different in the presence of 3HF and 7HF (see the band at 2253 cm-1 

that is present in 7HF-loaded NPs but absent in 3HF-loaded NPs, and the band at 2263 cm-1 that is very 

intense in 3HF-loaded NPs but visible as a weak shoulder in 7HF-loaded NPs, Figure S3). It should be 

noticed that FTIR spectra show very low intensity bands arising from the two flavonoids (see band at 1483 

cm-1 for 3HF [55]; band at 1646 cm-1 for 7HF [56]), suggesting a low loading in both cases. This is not 

surprising, given the hydrophilic character of the silica surface and the rather hydrophobic character of the 

two flavonoids. It should be pointed out however that IR bands from the silica matrix, from adsorbed water 

and MeCN probably hide other IR flavonoid bands (for instance the relatively intense band of 3HF expected 

at ~1620 cm-1 [57] which is not distinguishable in our FTIR spectrum). 
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 UV-Vis spectra clearly show that inside the silica matrix the main absorbance properties of the flavonoids 

remain unaltered compared to those observed in solution, suggesting that in the majority of 3HF and 7HF 

molecules no chemical modification is taking place because of the interaction of the silica matrix. However, 

some significant shifts are observed for the main UV absorption band. All the main bands see their 

amplitude strongly diminished after 10 minutes of strong UV illumination in all samples, most probably due 

to photodecomposition of the flavonoids [58-60]. This is consistent with the disappearance of the flavonoid 

IR bands and, in the case of 3HF-loaded NPs, with the appearance of small IR band(s) in the 1700-1760 cm-

1 region (not shown), as expected for the photorearrangement product [60, 61]. 

 

Conditions Absorption bands 

3HF in MeCN 

[29] 

305 nm 341 nm ~352 nm ~410 nm (traces, 

anion) 

3HF in MCM-41 315 nm 344 nm, broad   

3HF in MCM-41 

aged sample 

315 nm 342, broad   

7HF in MeCN 237 nm (sh) 250 nm 300 nm  

7HF in MCM-41  251 nm 311 nm 321 nm (sh) 

368 (very weak 

sh) 

7HF in MCM-41 

aged sample 

 251 nm 312 nm 320 nm (sh) 

368 (very weak 

sh) 

 

Table 1. UV-Vis absorption bands observed for 3HF and 7 HF under different conditions. 
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The fluorescence spectra of flavonoid-loaded NPs suggest that the emitting species have different 

interactions with the surrounding environment as compared to the same molecules in solutions. This can 

easily be seen by the comparison of the emission spectrum of 3HF in MCM-41 with the one obtained in pure 

solvents. The main emission band of the fluorescence spectrum (λexc = 320 nm) of 3HF in MCM-41 is 

centred at 506 nm, a value much lower than what is observed in MeCN, but also in many other solvents, 

with only the significant exception of 2,2,2-trifluoroethanol [26]. This suggests that 3HF experiences a 

surrounding environment characterized by high hydrogen bonding donating (HBD) acidity, as it can be 

expected given the acidity of silanol groups and the high HBD capability of water molecules adsorbed on 

the silica surface. This is also confirmed by the presence of a relatively intense band at ~403 nm, typical of a 

N* emission (always present in hydrogen bonding donating environment [26]; this band is much weaker in 

MeCN solutions [32]). In the case of 3HF in MCM-41, stable and strong hydrogen bond interactions 

between the silanol and the OH and C=O groups of the flavonoid are likely to be formed. This is consistent 

with a previous study on quercetin in MCM-41 NPs, where the authors underlined the relevance of the 

hydrogen bonds interactions between silanols and quercetin [46].  

The width of the blue-shifted 3HF emission band (extending to ~440 nm, see Figure 3) cannot exclude the 

presence of some fluorescence from a minor population of 3HF cation, whose emission is expected in the 

420-450 nm region (see Table 3; see also [59]). 

Excitation at 300 nm of 7HF-MCM-41 samples gives an emission peaking at 390 nm. In order to figure out 

the nature of the emitting species, fluorescence spectra for 7HF in different MeCN solutions (exposed to air, 

to mimic the conditions of 7HF in NPs) were recorded. When the fluorescence spectrum of 7HF in neutral 

MeCN is recorded (λexc = 300 nm) a weak band at 370 nm is observed, along with a weaker and broader 

band at ~530 nm (see Figure 4). Spectra recorded after some minutes of illumination show an increase of the 

intensity of the 370 nm band, strongly suggesting that this band can be ascribed to a photodecomposition 

product1. It cannot be excluded that a small contribution arises also from the neutral form of 7HF, given that 

the excitation spectrum recorded at 400 nm shows a maximum at 293 nm (i.e. very close to the absorption 

band of neutral 7HF). TD-DFT calculations also foresee an emission at 378 nm for the neutral form of 7HF. 

However this is at odds with previous results [25] where neutral 7HF in MeCN was reported to be non-

fluorescent. Whereas this apparent discrepancy could be  explained by the high sensitivity of our instrument 

(the fluorescence quantum yield value is 0.001), the most likely explanation is that the 370 nm emission is 

essentially given by a photodecomposition product. 

  

                                                           
1 This is also in agreement with TLC analysis of a MeCN solution of 7HF after 30 minutes of illumination (not shown), showing 
indication of a photoproduct more polar than 7HF. 
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Figure 4. Upper panels: Left, UV-Vis absorption spectrum of 7HF in neutral MeCN. Right, Fluorescence 

spectrum of 7HF in neutral MeCN with λexc = 300 nm. Inset: fluorescence excitation spectra of 7HF in 

neutral MeCN, λem = 390 nm 

Middle panels: Left, absorption spectra of 7HF in neat MeCN (black, dotted line) and in MeCN in the 

presence of 0.02 M H2SO4 (red). Right panel: Emission spectrum (λex = 300 nm) of 7HF in a 0.02 M H2SO4 

solution in MeCN. Inset: excitation spectrum (λem = 449 nm) of 7HF in a 0.02 M H2SO4 solution in MeCN. 

Lower panels: left, absorption spectra of 7HF in neat MeCN (black dotted line) and in MeCN in presence of 

Et3N 0.05 M. Right: emission (black, λex=370 nm) of 7HF in presence of Et3N 0.05 M. Inset: excitation 

spectrum (red, λem = 529 nm) of 7HF in in MeCN in the presence of Et3N 0.05 M  
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On the basis of these experiments, we have tried to understand the nature of the fluorescent form of 7HF in 

MCM-41. The huge increase of fluorescence weighs in against neutral 7HF: it is unlikely that the neutral 

form N would be responsible for such an intense emission. The fluorescence spectra recorded after some 

minutes of illumination (see [62]), on the other hand, suggests that the fluorescence is probably not due to a 

photodecomposition product (in such case, an increase of its intensity would be expected, as observed in 

MeCN solution).Fluorescence of the 7HF anion is expected to be at λ > 520 nm (see Figure 4 and TD-DFT 

results in Table 3; see also [25]) and therefore is not compatible with the observed fluorescence at 390 nm. 

Furthermore, despite the presence of MeCN molecules in the NPs, it is unlikely that they would be able to 

reproduce conditions observed in MeCN solutions, given the presence of adsorbed water molecules and 

acidic Si-OH groups on the silica surface. Such an acidic environment could suggest partial formation of a 

cationic form of 7HF through a silanol-to-carbonyl proton transfer. Indeed, the fluorescence excitation 

spectrum of 7HF in MCM-41 has a maximum at 337 nm. Interestingly, this excitation wavelength is in 

rough agreement with the one observed for 7HF cation C in MeOH/H2O (λ = 366 nm)  [25]. The 

fluorescence of the cation of MeOH is observed at much longer wavelength (λem = 464 nm) but it has been 

shown that the position of the emission band depends on the acidity of the surrounding medium [25, 63].  To 

get more precise information on this point, we have carried out 7HF absorption and fluorescence studied in 

MeCN in presence of H2SO4 (concentration 0.02 M) and performed some TD-DFT calculations to 

reproduced the experimental spectra. In acidified MeCN an absorption maximum is observed at 363 nm (see 

Figure 4), in good agreement with the maximum of the fluorescence excitation spectrum (361 nm). TD-DFT 

calculations (Table 3) foresee a UV-Vis absorption maximum at 370 nm. The experimental fluorescence 

maximum (λexc = 300 nm) is observed at 448 nm, in good agreement with the calculated TD-DFT values of 

453 nm (for the conformer “cation2” with the OH of the protonated carbonyl pointing towards the hydrogen 

in position 3; see Figure S4 in ESI) and of 421 nm (for the conformer “cation1” with the OH pointing in the 

opposite direction). However, following the discussion in [25], in such conditions phototautomer formation 

can take place. Our TD-DFT calculation foresee a fluorescence emission for the tautomer in the 594-610 nm 

range, which seems too far from the observed 448 nm emission peak. However, it is not excluded that the 

phototautomer contributes at least to he red-shifted tail of the fluorescence band, which extends beyond 550 

nm (see Figure 3). 

This may help to clarify the real identity of the emitting species in 7HF-doped NPs, because its emission 

maximum is at 390 nm (with a long tail extending beyond 550 nm) when the excitation wavelength is 300 

nm. Whereas there is no clear evidence that the environment around 7HF (cation) inside MCM-41 pores can 

be properly simulated by the dielectric constant of MeCN (such assumption was based on the presence of 

several MeCN molecules per flavonoid molecule inside the NP, and on the polarity of the internal silica 

surfaces), no speculation can be made on specific 7HF-surface interactions (e.g. hydrogen bonds) and/or on 

peculiar conformations adopted by 7HF inside the pores of the NP. It is however significant to notice that 
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previous DFT calculations have shown that specific solute-solvent interactions may significantly affect the 

energetics and electronic structure of 7HF [25]. Furthermore, our TD-DFT calculations foresee a 32 nm shift 

in the emission wavelength by simply changing the orientation of the OH of the protonated carbonyl, 

suggesting that any surface-induced peculiar conformation of 7HF cation may entail a change from the 

behaviour observed in solution, i.e. an isotropic environment. However, as mentioned above, according to 

[25], in acidic conditions phototautomer can be formed from the cation. This suggests that the emitting 

species could be the phototautomer originating from the cationic form of 7HF. The position of the emitting 

band is far (~200 nm) from what is foreseen by TD-DFT calculation for the tautomer in MeCN, but it should 

be underlined that these calculations are probably not appropriate to simulate the fluorescence of a 

phototautomer formed from a cation adsorbed on a hydrated silica surface.  

Finally, it is important to underline that the observed UV-Vis spectrum of 7HF-doped NPs shows a 

maximum at 311 nm and a shoulder at ~321 nm, with a weak shoulder at 368 nm. This suggests that several 

sub-populations of 7HF exist in MCM-41 NPs, the most fluorescent being probably of cationic or 

phototautomeric (originating from 7HF cation) forms. The presence of the 311 nm band however suggests 

that a large fraction of 7HF molecules exist in neutral state.  

Time-resolved emission analysis show that both flavonoids have a longer fluorescence lifetime inside NPs 

compared to solutions (see Figure 5). This outcome is not unexpected: in silica NPs, flavonoid rotation is 

most probably strongly restricted, and this could reduce the non-radiative dissipation of the excitation 

energy, leading to and increase of fluorescence lifetime. 

The presence of three different lifetime constants in the in both 3HF- and 7HF- loaded NPs suggests that in 

both cases three subpopulations of flavonoids are present. For 7HF NPs this observation is in agreement 

with the presence of three absorption bands at 311, 321, and 368 nm.  
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 Blue-shifted 

emission (nm) 

Red-shifted 

emission (nm) 

Overall 

quantum yield 

Excitation 

spectrum (nm) 

3HF in MeCN 395  

(very weak) 

526 0.081 305, 340 

(λem = 600) 

3HF in MCM-

41 fresh sample 

403 (broad) 

(λexc = 320) 

506 

(λexc = 320) 

0.078 349, 362 

(λem = 575) 

3HF in MCM-

41 aged sample 

403 broad 

(λexc = 320) 

506 

(λexc = 320) 

0.068 348 (shoulder), 

364; 427 

(weak, broad) 

(λem = 575) 

7HF in MeCN 372 weak; 

530 very weak, 

broad 

(λexc = 300) 

 0.001 293  

(λem = 400) 

7HF anion 

(7HF + TEA) 

in MeCN  

533 (weak) 

(λexc = 300); 

529  

(λexc = 375) 

 - 325; 352 sh; 

377 sh 

(λem = 529) 

 

7HF anion 

(7HF + DBU) 

in MeCN  

583 

(λexc = 350) 

 -  

7HF cation 

(7HF+ 0.02 M 

H2SO4 in 

MeCN) 

447 

(λexc = 300) 

 - 360, 372 sh 

(λem = 449) 

7HF MCM-41 390 

(λexc = 300) 

 0.033 337, 390 (very 

weak) 

(λem = 550) 

7HF in MCM-

41 aged sample 

394 

(λexc = 300) 

 0.036 338, 428 

(λem = 550) 

 

Table 2. Fluorescence properties of 3HF and 7HF in different systems under different conditions. 
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Figure 5. Time-resolved fluorescence of 3HF-doped NPs (upper panel, left; λexc = 372 nm; λem = 500 nm).  

Time resolved fluorescence of 3HF in MeCN (upper panel, right; λexc = 372 nm; λem = 530 nm).  

Time-resolved fluorescence of 7HF-doped NPs (lower panel, left; λexc = 372 nm; λem = 420 nm), 7HF in 

MeCN (lower panel, right; λexc = 372 nm; λem = 540 nm) 
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Both flavonoid-loaded NPs shows a decrease in photoluminescence after prolonged illumination (see Figure 

6 and fluorescence spectra in [62]), but without significant modification in the emission spectrum. It is 

interesting to compare this result to the photostability of the flavonoids in MeCN solutions. Both 3HF and 

7HF look more stable inside NPs, suggesting a role of the silica matrix in preserving the fluorophore (see 

Figure 6). Interestingly, both 3HF-doped and 7HF-doped NPs remain fluorescent after two months of 

exposure to air at room temperature, with roughly the same quantum yield (see Table 2). 

 

 

 

Figure 6. Left panel: Kinetics of decrease of fluorescence intensity  recorded every 3 minutes during 

continuous exposure to UV-light of 3HF-doped NPs (upper left panel; λexc = 320 nm) and 7HF-dopep NPs 

(upper right panel λexc = 300 nm). Right panel: kinetics of fluorescence intensity for 3HF and 7HF in MeCN 

solution. For 7HF the 540 nm band diminishes its intensity, whereas it grows for the 395 nm. This strongly 

suggests that the 395 nm is – at least partially – due to a photodecomposition product. Entire fluorescence 

spectra after increasing illumination times are reported in [62]. 
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 Absorbance Fluorescence 

3HF neutral   

free/gas phase 

 

3.552 eV 
349.1 nm 

3.128 eV 
396.4 nm 

MeCN 3.496 eV 
354.7 nm 

2.908 eV 
426.4 nm 

3HF tautomer   

free/gas phase 

 

2.572 eV 
482.1 nm 

2.295 eV 
540.3 nm 

MeCN 2.607 eV 
475.7 nm 

2.182 eV 
568.1 nm 

3HF anion   

free/gas phase 

 

2.335 eV 
531.0 nm 

2.029 eV 
611.2 nm 

MeCN 2.597 eV 
477.4 nm 

2.184 eV 
567.6 nm 

3HF cation 1   

free/gas phase 

 

3.126 eV 
396.7 nm 

2.390 eV 
518.8 nm 

MeCN 3.172 eV 
390.9 nm 

2.756 eV 
449.9 nm 

3HF cation 2    

free/gas phase 

 

3.345 eV 
370.7 nm 

2.823 eV 
439.2 nm 

MeCN 3.331 eV 
372.2 nm 

2.818 eV 
440.0 nm 

7HF neutral   

free/gas phase 

 

3.532 eV 
351.0 nm 

2.845 eV 
435.8 nm 

MeCN 3.780 eV 
328.0 nm 

3.281 eV 
377.9 nm 

7HF tautomer 1   

free/gas phase 

 

2.655 eV 
467.0 nm 

1.734 eV 
713.0 nm 

MeCN 2.855 eV 
434.3 nm 

2.086 eV 
594.4 nm 

7HF tautomer 2   

free/gas phase 

 

2.590 eV 
478.7 nm 

1.680 eV 
738.1 nm 

MeCN 2.742 eV 
452.2 nm 

2.033 eV 
609.9 nm 

7HF anion   

free/gas phase 

 

2.049 eV 
605.0 nm 

1.496 eV 
828.8 nm 

MeCN 2.891 eV 
428.9 nm 

2.194 eV 
565.2 nm 

7HF cation 1   

free/gas phase 

 

3.352 eV 
369.9 nm 

3.003 eV 
412.9 nm 

MeCN 3.350 eV 
370.1 nm 

2.943 eV 
421.3 nm 

7HF cation 2   

free/gas phase 

 

3.330 eV 
372.4 nm 

2.736 eV 
453.2 nm 

MeCN 3.338 eV 
371.4 nm 

2.894 eV 
428.4 nm 



20 

 

Table 3. Calculated absorption and emission spectra for the different species. For the absorption spectra, 

only the more red-shifted band is indicated. The comparison between gas phase and solvated (MeCN) 

molecules gives an estimation of the influence of the surrounding environment. See [62] for more detailed 

data.   
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Conclusions 

In this work, we have prepared 3HF and 7HF doped silica MCM-41 NPs by a simple post-doping procedure. 

Both kinds of NPs have proved to be highly fluorescent, their emission properties being little affected by 

ageing and only moderately by UV exposure. For 3HF, interestingly, despite its overall hydrophobic 

character and the capability of donating and accepting hydrogen bonds of the 3OH group and the hydrogen 

bond basicity of its C=O moiety, the photophysics is strikingly similar to the one observed in solution. For 

7HF, the emitting species is probably the cationic and/or the phototautomeric form.  

Such results show a simple and efficient way of encapsulating the two flavonoids in silica NPs, keeping their 

fluorescence properties. On the other hand, it provides some initial information on the interactions between 

3HF and 7HF with silica surfaces. Spectroscopic data also suggest that both flavonoids form strong 

hydrogen bond interactions with silanol groups and adsorbed water molecules; at least in the case of 7HF, a 

surface-to-flavonoid proton transfer seems to take place in a significant fraction of flavonoid molecules. 
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