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Abstract  

Riboflavin (vitamin B2) is usually present in water courses, lakes and seas, and acts as a 

photosensitizer in the photoxidation of a range of contaminants. However, little is 

known about the interaction of this compound with aromatics sorbed on silica sediments 

or on suspended silica particles. This article describes the modification and 

characterization of silica nanoparticles by condensation of the silanol groups of the 

particles with E-cinnamic alcohol. The reaction was confirmed by FTIR, solid-state 13C 

and 29Si Cross-Polarization MAS (CPMAS) NMR, reduction of the specific surface area 

measured by BET, thermal analysis, and fluorescence spectroscopy. Toxicity to the 

marine bacteria Vibrio fischeri of the modified particles was also measured. 

Riboflavin fluorescence was quenched in aqueous medium in the presence of dissolved 

E-cinnamic alcohol or in suspensions of the modified particles. The results are 

interpreted in terms of formation of 1:1 complexes between the ground-states of 

riboflavin and the free or adsorbed cinnamic alcohol. DFT calculations in aqueous 

medium support the existence of the complex and explain the observed quenching of 

riboflavin fluorescence upon addition of cinnamic alcohol without affecting the 

emission maximum of riboflavin. 

 

Keywords: surface modification, DFT, vitamin B2, chemisorbed complex, adsorption 
enthalpy, Vibrio fischeri. 

Introduction 

The photochemistry and photophysics of isoalloxazines (10-substituted 2,3,4,10-

tetrahydro-benzo[g]pteridine-2,4-diones), and especially flavins (7,8-dimethyl 

substituted isoalloxazines), are of considerable interest due to the biological relevance 

of these compounds. It is widely recognized that the relatively strong fluorescence of 

flavins makes observation of their spectral and photophysical properties the best tool to 
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evaluate the physical properties of binding sites of flavoproteins.1 The fluorescence of 

Riboflavin (Rf) can be quenched by aromatics by different mechanisms, such as 

electron transfer, hydrogen bonding, hydrophobic effects and π–π interaction.2 Binding 

of riboflavin to hen egg riboflavin-binding protein results in an almost complete 

quenching of the riboflavin fluorescence, which is attributed to the ground-state π-

stacking of the isoalloxazine ring and the aromatic residues.3 π-Stacking of riboflavin 

with aromatic residues and the concomitant quenching of the riboflavin fluorescence 

has also been reported for other riboflavin-binding proteins.4 The remarkably low 

fluorescence yield of flavin adenine dinucleotide (FAD) with respect to free riboflavin 

was explained by the coplanar stacking of the flavin and adenine ring systems, most 

likely through a mechanism of photoinduced electron transfer of a non-fluorescent 

intramolecular ground-state complex between the isoalloxazine ring and the adenine 

moiety.5 Binding of Rf to salycilate ion in aqueous solution was also reported to yield a 

non-fluorescent complex.6 

Besides the biological relevance of Rf, this molecule is usually present in water courses, 

lakes and seas7, and acts as a photosensitizer in the photoxidation of a range of 

contaminants through both Type I and Type II processes.8,9,10 Chemical adsorption of 

organic compounds, such as alcohols and phenols, on the silica surface of sediments and 

on silica-based natural or manufactured nanomaterials in contaminated waters is a 

relevant process in the environment.11 For these reasons, we have recently investigated 

the interaction of the excited states of Rf, a molecule employed as proxy of 

chromophore dissolved organic matter12, with phenolic pesticides chemisorbed on silica 

nanoparticles.13,14
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E-Cinnamic alcohol (E-3-phenyl-2-propene-1-ol, CIN) is an aromatic compound which 

belongs to the group of fragrances, i.e., chemicals incorporated in most cosmetic and 

other personal care products, such as sunscreens.15 Many cosmetic products, which are 

therefore released into domestic waste water, also contain silica particles able to act as 

light scattering centers protecting the organic molecules from high load of UV energy. 

Recent studies have been focused on encapsulation or incorporation methods for 

photostable organic UV absorbers that reduce skin penetration16 and on the design of 

effective sunscreen carriers based on emerging technologies in controlled delivery. 

Among them, immobilization on silica particles of compounds structurally related to 

cinnamic alcohol was recently proposed.17 

This background motivated us to investigate the interaction between Rf both with CIN 

and with silica nanoparticles modified with CIN (NP-CIN) in aqueous medium. To this 

purpose, fluorescence quenching experiments of Rf were performed. The results were 

complemented with Rf adsorption experiments on NP-CIN. Theoretical calculations 

within the context of the density functional theory (DFT) facilitated the interpretation of 

the experimental data.  

The silica nanoparticles modification proceeded according to reaction 1.  

 

HO Si OSi OH + + H
2
O

 
 

 

 

(1) 

  (NP)      (NP-CIN) 

 

The modified nanoparticles were characterized by Fourier transform infrared 

spectroscopy (FTIR) and 13C and 29Si NMR spectra of the solid material and UV-visible 
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absorption and fluorescence spectra and quantum yields of suspensions in different 

solvents. The specific surface area (SSA) was measured from nitrogen adsorption 

isotherms (BET method). The organic content of the modified particles was calculated 

from the mass loss of the samples in the thermogravimetry (TG) experiments. 

Additionally, the hydrolysis of the nanoparticles and their toxicity to the marine bacteria 

Vibrio fischeri were also studied. 

Materials 

Fumed silica (Sigma, surface area; SSA = 390 ±40 m2g-1, particle size estimated from 

the SSA = 0.007 µm) was employed. o-Xylene (Baker, analytical grade) was distilled 

onto molecular sieves previously dried at 250 oC for 4 h.  

Ethyl acetate (Ciccarelli, p.a.), CaH2 (Fluka), CaCl2 and Rf (Sigma-Aldrich), methanol, 

acetonitrile and ethanol (Baker, analytical grade), dichloromethane and 2-propanol 

(Anedra), cinnamic alcohol (Meroar), KOH and HCl (Merck) were used without further 

purification. Distilled water (> 18 MΩ cm-1, < 20 ppb of organic carbon) was obtained 

from a Millipore (Bedford, MA) system.  

E-Z Photo-isomerization of Cinnamic Alcohol 

To determine the presence of Z- and/or E- isomers in the commercial cinnamic alcohol 

(CIN) employed for all the experiments, photo-isomerization assays were performed. 

For this purpose, 5 mL solutions of CIN (10 mg) in methanol (10 mL) were irradiated 

with three lamps in a Pyrex container placed at 7.5 cm from the lamps, under magnetic 

stirring (lamp emission λ =  290 to 320 nm, with emission maximum at 300 nm; 

Rayonet, S. N. E. Ultraviolet Co., RPR-3000 Å lamp, Branford, Ct 06405 USA). The 1H 

NMR spectra in Cl3CD of the irradiated and non-irradiated samples recorded at 200 

MHz on a Bruker AC-200 spectrometer unambiguously show the existence of only the  
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E- isomer in the non-irradiated sample (CIN) and the formation of the Z- isomer upon 

irradiation (E-Z photo-isomerization).18 See Supporting Information, Figures S1 and S2. 

Synthesis of the modified nanoparticles 

The synthesis procedure was similar to those employed for obtaining silica 

nanoparticles modified with other organic groups.19,20 Briefly, 120 g of CIN was added 

to the mixture of 3 g of silica and 150 ml of o-xylene. The reaction was carried out in a 

Soxhlet extractor containing 1.5 g of CaH2 and a condenser with anhydrous CaCl2. The 

mixture was refluxed during 24 h. The products were filtered through 20 nm- nylon 

filters and washed with ethyl acetate. After drying the resulting gel at 0.1 Torr and at 

room temperature for 3 h and then at 120 ºC for 5 h, a white powder was obtained. The 

modified particles (NP-CIN) were characterized by UV-visible and FTIR 

spectroscopies, 13C and 29Si Cross-Polarization MAS (CPMAS) NMR, TG, and nitrogen 

adsorption isotherms. Characterization techniques and instrumentation, as well as the 

methodology employed for the hydrolysis and Vibrio fischeri assays are described in the 

Supporting Information. 

Adsorption Experiments 

Batch-mode adsorption kinetics experiments were carried out to investigate the contact 

time needed to reach equilibrium conditions. To this purpose, 2.0 mg of NP-CIN or NP 

were shaken with 5.0 mL of Rf aqueous solutions of pH = 5.0 in the concentration range 

5.6 × 10-6 to 1.1 × 10-4 M in Erlenmeyers flasks at 25oC. The concentration of adsorbed 

Rf ([Rf]ads) was calculated with equation (1): 

 

tads RfRfRf ][][][ 0 −=    (1) 
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Where [Rf]0 and [Rf]t are the molar concentrations of Rf at time = 0 and time = t, 

respectively. To measure [Rf]t the dispersions were filtered with 0.1 micron filters. Both 

[Rf]0 and [Rf]t were determined spectrophotometrically at 445 nm (ε445 = 10834 M-1 cm-

1). The equilibrium condition was achieved after 2 h (results not shown). Thus, the 

equilibrium adsorption capacity of the adsorbents, was obtained as [Rf]ads,eq/ CNP or  

[Rf]ads,eq/ CNP-CIN, where [Rf]ads,eq is the value of [Rf]ads at equilibrium; CNP and CNP-CIN 

are the concentrations of dispersed NP and NP-CIN in gL-1. The temperature was 

controlled at 298.0 ±0.1 K with a Grant model GD 1200 thermostat.  

Fluorescence spectroscopy 

Fluorescence measurements were made using a Jobin-Yvon SPEX Fluorolog 

spectrofluorometer (model FL3-11) equipped with a steady-state Xe lamp as the 

excitation source. The slit widths for both excitation and emission were fixed at 2 nm. 

The bandpass gap was 1 nm and the integration time 0.3 s. For recording the emission 

spectra, the excitation wavelength was set to 250 nm. Fluorescence quantum yields of 

the solutions of CIN and suspensions of NP-CIN in different solvents were determined 

by comparison of the corrected fluorescence spectra of the samples with that of a 

fluorescence standard considering the refractive index correction.21 Tryptophan in water 

at pH = 7.2 was used as the standard (ΦF = 0.14 ± 0.02).22 The method assumes that the 

flux of absorbed photons is the same in the homogeneous and in micro-heterogeneous 

media. To guarantee this condition, for the NP the scattering component at the 

excitation wavelength was subtracted according to Ruiz et al.23 For the time-correlated 

single photon counting experiments, a Nanoled® at 340 nm operating at 1 MHz was 

employed as the excitation source.  
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The steady-state fluorescence of Rf was measured at the excitation wavelength of 460 

nm (A460 = 0.1) with air-saturated solutions or suspensions pre-incubated under stirring 

(120 rpm) during 2 h in the temperature range 283-303 K. For the time-correlated single 

photon counting experiments a Nanoled® at 460 nm operating at 1 MHz was employed 

as the excitation source.  

Computational details 

One of the interests of the present work is the formation of a complex between Rf and 

CIN by means of π-π interactions, hydrogen bonds or a combination of those two types 

of interactions. Thus, ground state geometry optimizations were performed within the 

context of the density functional theory24,25,26 using the GGA exchange-correlation 

functional B97-D, which includes a long-range dispersion correction.27 The Hessian 

matrix of the energy with respect to the nuclear coordinates was diagonalized and its 

eigenvalues were used to verify whether the optimized geometries were local minima or 

saddle points on the potential energy surface of the molecules and complexes. 

Both geometry optimization of excited states and the calculation of electronic 

transitions were carried out within the framework of the time-dependent density 

functional theory.28,29 In this case, the hybrid GGA exchange-correlation functional 

PBE0 was used.30  

Geometry optimizations were accomplished using the Def2-SVP basis set for all the 

atoms.31 That basis set is of double-zeta quality augmented with polarization functions. 

For the calculation of the electronic transitions, the Def2-SVP basis set for nitrogen and 

oxygen was further augmented with diffuse functions.32   

Solvent effects (water) were included implicitly. The Conductor-like Polarizable 

Continuum Model33,34 was used to calculate the electrostatic contribution to the free 
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energy of solvation, whereas the non-electrostatic contributions were obtained with the 

SMD solvation model.35 

Numerical integration of exchange-correlation functionals, both for geometry 

optimizations and electronic transitions, was performed on a grid containing 99 radial 

points and 302 angular points around each atom. 

To compare with the experiments, simulated spectra were obtained by representing each 

electronic transition with Gaussian-shaped functions centered at the calculated band 

maximum. Finally, the whole spectrum was obtained by adding the contribution of 

every transition to the entire range of wavelengths. A Gaussian band-width of 0.25 eV 

was used to interpret the experimental spectra. 

All the calculations were carried out with the GAMESS-US package.36,37,38 and the  

figures were produced with the aid of the Gabedit program.39 
 

Results and Discussion 

Characterization, stability and Toxicity of NP-CIN 

FTIR, 29Si NMR spectroscopic data of the solid NP-CIN samples, as well as UV-visible 

spectra of the water suspensions are in complete agreement with the modification of NP 

according to reaction 1. 13C NMR are indicative of the presence of both chemically and 

physically sorbed CIN on the surface of the nanoparticles (see Supporting Information).  

The value of SSA obtained for the modified particles from BET experiments is 168 ± 1 

m2g-1. The decrease in SSA compared to the value of the bare silica nanoparticles (in the 

present case 390 m2g-1) upon silica functionalization with organic groups was observed 

for different systems.19,20    

The percentage of organic groups in mass (%OG = 7 ± 1) was calculated from the mass 

loss of the samples in the TG experiments from 200 to 700 oC.40  
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The hydrolysis experiments show that after 2 h of boiling 2 gL-1 suspensions of NP-CIN 

in acid (0.1 M HCl) or alkaline (0.01 M KOH) aqueous medium, the observed loss of 

surface organic matter is only 20% and 14%, respectively. It was necessary to boil the 

suspensions of NP-CIN for 24 h to achieve mass losses of 50% and 30% in acid and 

alkaline media, respectively. These data support the thermal stability of the samples 

during the fluorescence and adsorption experiments performed in the present work.  

To complete the characterization of the new material NP-CIN, toxicity measurements 

were performed. The toxicity of a chemical substance is characterized by the value of 

EC50, the concentration of the compound that produces an inhibition of bioluminescence 

of 50% compared to a blank assay. Vibrio fischeri assays with NP showed no toxicity 

for suspensions of concentrations up to 1.0 g L−1. For aqueous suspensions of NP-CIN 

EC50 was found to be (25.4 ± 0.8) mgL-1 (data not shown). Considering the %OG value, 

this EC50 value can be expressed as (1.85 ± 0.05) mgL-1 of bonded CIN. Comparative 

results with aqueous solutions of the free alcohol yield EC50 = (10.9 ± 0.7) mgL-1. This 

means that a much higher toxicity is observed for the same amount of the alcohol when 

it is bonded to the nanoparticles compared to when it is free in solution. Similar results 

were found for other alcohols.20  

For comparison of the toxicity of CIN and NP-CIN, we should consider that the toxicity 

of the nanoparticles is related to surface composition, which rules the toxicity of a 

nanomaterial.41 Consequently, the higher toxicity of the alcohol bonded to the 

nanoparticles could be caused by the favored bacterial adhesion to the hydrophobized 

surfaces.42 As a result, the local concentration of organic groups in contact with the 

bacteria is higher than in solution.42
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Absorbance and Fluorescence of CIN in solution and suspensions of NP-CIN. 

Figure 1 shows the absorption spectrum of CIN in water. The absorption maxima in 

several solvents (all in the range from 250 to 252 nm) are shown in Table S1 in the 

Supporting Information.  

 

 

Figure 1: UV-visible spectrum and fluorescence emission spectrum of CIN (solid line), 

fluorescence emission spectrum of NP-CIN (dashed line), in aqueous medium. The 

wavelengths (nm) of the main maxima and shoulders are shown. 

 

The room-temperature emission spectra (λexc = 250 nm) of both CIN solutions and 

suspensions of NP-CIN in different solvents showed emission maxima in the range 

from 307 to 310 nm (see Supporting Information Table S1). The emission spectra of 

suspensions of the particles resulted very similar to those of solutions of CIN in the 

same solvent, as can be seen in Figure 1 for water.  
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As far as we know, the only reported emission spectrum of CIN in ethanol at 77 K.43 

exhibits a fingered pattern of five bands with emission maximum also at 308 nm.  

In order to assign the electronic transitions involved in the UV absorbance and 

fluorescence of CIN, DFT calculations were performed. The E isomer of CIN was 

found to be 10.17 kJ mol-1 more stable than the Z isomer, a fact that is in agreement 

with experimental evidence obtained for similar compounds.44 

According to the Maxwell-Boltzman classical statistics, the Z isomer should contribute 

less than 5% to the conformational space of CIN. The optimized geometry of E-CIN  is 

shown in Figure 2. The O-C-C=C torsion angle defining the relative orientation of the 

OH group with respect to the planar moiety is found to be 128.5°. For simplicity, we 

will refer to E-CIN as CIN from now on. 

 

Figure 2: Optimized geometries of the E isomer of cinnamic alcohol (a) and riboflavin 

(b) as obtained at the B97-D/Def2-SVP level of theory. 

 

The calculated absorption spectrum of CIN in water reveals three vertical transitions at 

275 nm, 254 nm and 220 nm, in good agreement with the experimental data. 

Calculations indicate that the transition at 275 nm is dominated by an excitation from 
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the HOMO to the LUMO, whereas the other two transitions exhibit many-body effects 

and are characterized by excitations from the HOMO – 1 to the LUMO and from the 

HOMO to the LUMO + 1 with similar contributions. Figure S7 (Supporting 

Information) depicts the four relevant MO's needed to explain the absorption features of 

isolated E-form for CIN. The first excited state of CIN was optimized to study the S1 → 

S0 emission process. The transition from the LUMO to the HOMO during emission was 

calculated at 328 nm. 

Table S2 (Supporting Information) shows the measured fluorescence quantum yields 

(ΦF) for CIN and NP-CIN in different media. As can be seen in the table, the 

fluorescence quantum yields of the modified nanoparticles are, within the experimental 

error, coincident with or slightly lower than those measured for the alcohol in the same 

solvent. All the values are in the range 0.07-0.13. These results seem reasonable 

because there is no apparent reason (e.g. electronic interaction) to expect a lower 

fluorescence efficiency for the chemisorbed chromophore compared to that of the free 

alcohol. 

Calculated Riboflavin Absorption and Fluorescence Spectra 

The calculated absorption spectrum of Rf in water shows three vertical transitions at 

422 nm, 359 nm and 319 nm. These results compare well with the vertical transition at 

423 nm calculated elsewhere for the larger wavelength in DMSO 45, but differ from the 

experimental value of 468 nm obtained in ethanol at 77 K.43 Calculations indicate that 

the transition at 422 nm corresponds to an excitation from the HOMO to the LUMO, 

whereas the other two transitions are dominated by excitations from the HOMO – 1 to 

the LUMO and from the HOMO – 2 to the LUMO, respectively, suggesting that many-

body effects are negligible. Figure S8 (Supporting Information) shows the four relevant 

MO's needed to describe the absorption spectrum of Rf. The first excited state of Rf was 
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chosen to study the S1 → S0 emission process. The transition responsible for the 

emission was calculated at 483 nm, in reasonable agreement with the vertical transition 

at 506 nm calculated elsewhere in DMSO.45 Those values differ, however, from the 

experimental emission line at 520 nm obtained here in water and also with data reported 

by Moore et al.44 .  

Riboflavin Fluorescence Quenching  

The steady-state emission spectrum of Rf (λexc = 460 nm) in air-saturated suspensions 

of NP-CIN showed a decrease of the emission intensity (IF) with increasing 

concentration of NP-CIN in the range from 0 to 1.6 gL-1 (Figure 3).  

 

 

Figure 3: Riboflavin fluorescence intensity in the presence of variable amounts (0, 0.3, 

0.5, and 0.9 gL-1) of NP-CIN.   

It is noteworthy that similar experiments with bare SiO2 nanoparticles in the same 

concentration range did not lead to fluorescence quenching of the Rf emission (data not 

shown). However, the emission of Rf was quenched upon addition of increasing 
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amounts of CIN to the solutions. Thus, the quenching effect observed by the NP-CIN is 

due to the organic moieties (see below). 

Conversely to the steady-state results, the singlet lifetime of Rf remained constant and 

equal to (4.7 ± 0.2) ns after addition of increasing amounts of CIN or NP-CIN. This fact 

pointed to the formation of ground-state complexes as the species responsible for the 

observed fluorescence quenching (static quenching). Assuming formation of 1:1 non-

fluorescent ground-state complexes between Rf and CIN, either free  or chemisorbed on 

NP (NP-CIN), reactions 2 and 3 can be written. 

Rf + CIN � Complex      (2) 

Rf + NP-CIN � NP-Complex    (3) 

Where NP-Complex represents chemisorbed molecules of CIN:Rf complex. 

Data were fitted to equation 4. 

  

][10 QK
I

I
×+=      (4) 

Where I and I0 stand for the Rf emission intensity in the presence and absence of the 

quencher, respectively. K stands for K2, the equilibrium constant of reaction (2) for the 

experiments performed in homogeneous medium, or for K3, the equilibrium constant of 

reaction (3) for the experiments done with the NP-CIN suspensions. 

From the slope of the linear plots of I0 /I vs. the molar concentration of cinnamic 

alcohol in solutions or in suspensions of NP-CIN (not shown), the equilibrium constant 

K2 = 130 ± 3 and K3= 596 ± 36 are obtained at 293 K. The van´t Hoff plots of lnK2 and 

lnK3 vs T-1 (Figure 4) yield the enthalpy changes ∆Ho
2 = -21 ± 2 and ∆Ho

3 = -31 ± 6 
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kJmol-1, respectively. These values are in excellent agreement with that measured for 

the formation of a 1:1 complex between Rf and the aromatic compound caffeine (∆H =-

24 kJmol-1).46 The larger ∆Ho found for the NP-CIN system seems to suggest that Rf 

could present an additional interaction with the silica nanoparticle. 

 

 

Figure 4: van´t Hoff plots of lnK2 (����) and lnK3 (●) vs T-1.   

To further support the formation of a complex between Rf and NP-CIN, adsorption 

experiments of Rf on NP-CIN and bare SiO2 nanoparticles (NP) were performed. The 

linear plots of [Rf]ads,eq/ CNP vs. [Rf]eq and [Rf]ads,eq/ CNP-CIN vs. [Rf]eq (see Figure S9 in 

the Suppoting Information) yielded qe values of (2.2 ± 0.3) g-1L and (0.16 ± 0.03) g-1L, 

respectively. These results are indicative of the preferential adsorption of Rf on NP-CIN 

compared to NP and support the interaction between the ground-states of Rf and CIN. 

To further support the experimental evidence for the formation of the CIN-Rf complex 

in water, a theoretical study was carried out. Four starting geometries differing mainly 
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in the relative orientation of CIN with respect to Rf are constructed both for E-CIN-Rf 

and for Z-CIN-Rf. The comparison of the total electronic energies of the B97-D/Def2-

SVP optimized geometries shows that one stable complex formed by the E conformer of 

CIN contributes to about 81% to the conformational space of CIN-Rf. On the other 

hand, the most stable Z-CIN-Rf complex contributes to about 11%. To alleviate the 

effect of the incompleteness of the basis set, the basis set superposition error47 was 

calculated in the gas phase at the HF/Def2-SVP level of theory. The optimized 

geometries of the two more stable complexes are shown in Figure 5, in which it can also 

be seen that their BSSE-corrected complexation energies, calculated from the total free 

energies in solvent, are in the range from -64 to -61 kJ mol-1. Those values greatly 

overestimate the enthalpy changes of -31 and -21 kJ mol-1 reported in the present work. 

Interestingly, BSSE-corrected complexation energies of higher-energy conformations of 

the CIN-Rf complex are in the range from -51 to -32 kJ mol-1, which are closer to 

experimental enthalpy values. The optimized geometries of the remaining complexes 

are shown in Figure S11 (see Supporting Information). The optimized Cartesian 

coordinates of complexes I-VIII are shown in Tables S4-S11 (Supporting Information). 

A topological analysis carried out with Bader's Quantum Theory of Atoms in 

Molecules48 on the equilibrium geometries of all the conformers indicates that Rf and 

CIN interact through hydrogen bonds involving the OH group of the CIN moiety and O 

or N atoms from Rf, and through π-π interactions between the CIN ring and the middle 

ring of Rf mainly. Nevertheless, an important difference in the nature of the 

intermolecular hydrogen bonds found between CIN and Rf lies in the fact that 

complexes I to VI form bonds characterized by the CIN-OH•••Rf interaction, whereas a 

CIN-(H)O•••Rf bond is found in complexes VII and VIII, see Figures 5 and S11 for the 

drawings and Table S3 (Supporting Information) for selected topological properties of 
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the intermolecular hydrogen bonds. In light of these findings, we argue that complex I 

is formed when NP's are absent or when CIN is not bound to the NP. However, the 

thermal motion of water molecules reduces the π-π interactions and, consequently, the 

complexation energy of about -60 kJ mol-1 becomes greatly reduced. When it is 

chemisorbed on the Silica NP's, CIN looses the H atom of the OH group. Thus, 

complexes I to VI no longer exist and complexes VII and VIII are the new candidates 

to describe the CIN-Rf interaction. Moreover, due to the presence of the silica NP, the 

thermal motions are greatly diminished and the new complexation energy of about -30 

kJ mol-1 is almost unaltered. 
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Figure 5: Optimized geometries of the most stable complexes formed by E- and Z-

cinnamic alcohol and riboflavin, I and II, respectively, as obtained at the B97-D/Def2-

SVP level of theory. Complexation energies, in kJ/mol, are also given. Dashed lines 

show intermolecular hydrogen bonds. 

The calculated absorption spectrum of complex I indicates that many-body effects are 

negligible for the CIN-Rf system and every transition is dominated by one excitation 

only. Thus, the four vertical transitions found at 486 nm, 442 nm, 372 nm and 365 nm 

could be characterized by excitations from the HOMO to the LUMO, the HOMO – 1 to 

the LUMO, the HOMO – 2 to the LUMO and the HOMO – 3 to the LUMO, 
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respectively. The calculated absorption spectra of complex I is shown in Figure 6. 

Interestingly, complex II, the second most stable complex, and complex VII, one of the 

candidates to describe the CIN-Rf interaction after CIN chemisorption on the NP, 

exhibit four vertical transitions at 499 nm, 429 nm, 382 nm and 374 nm, and at 501 nm, 

422 nm, 401 nm and 353 nm, respectively, which are characterized by the same 

excitations as the ones for complex I. 

The absorption spectra of an aqueous solution of 2.03 x 10-5 M Rf and an aqueous 

mixture containing 2.03 x 10-5 M  Rf and 1.49 x 10-3 M CIN are shown in the inset of 

Figure 6. From the value of K2 it can be calculated that under these conditions 16% of 

the total amount of Rf is complexed, whereas 84% remains free. Figure 6 also shows the 

calculated absorption spectra of Rf and the above aqueous mixture. This latter spectrum 

was obtained as the sum of 0.16 times the calculated spectrum of complex I plus 0.84 

times the calculated spectrum of Rf. Comparison of the experimental and theoretical 

spectra depicted in Figure 6 clearly shows that the spectral changes observed upon Rf 

complexation can be well reproduced by the theoretical calculations. 

Figure S10 (see Supporting Information) shows the five relevant MO's needed to 

explain the absorption spectrum of the CIN-Rf complex I (see Supporting Information). 

It can be seen from the figure that the LUMO of complex I correlates with the LUMO 

of Rf, see Figure S8 (Supporting Information), whereas the HOMO and HOMO – 1 of 

the complex correlate with the HOMO's of CIN and Rf, respectively, see also Figure S7 

(Supporting Information). The HOMO – 2 and HOMO – 3 of the complex correlate 

with combinations of the HOMO – 1 of CIN and the HOMO – 2 of Rf. Thus, to 

investigate changes in the emission process of Rf after complexation with CIN, the 

geometry of the second excited state of complex I should be optimized. After geometry 
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optimization of the second excited state of complex I, the LUMO → HOMO – 1 

vertical transition is found at 486 nm. 

 

Figure 6: Calculated absorption spectra of Rf (solid line), complex I (dotted line) and a 

mixture containing 84% of Rf and 16% of complex I (dashed line). Inset: Experimental 

absorption spectra of an aqueous solution of 2.03 x 10-5 M Rf (solid line) and an 

aqueous mixture of 2.03 x 10-5 M Rf and 1.49 x 10-3 M CIN (dashed line). 

 

Present results, then, indicate that the emission process of Rf is almost unaltered after 

complexation, passing from 483 nm in isolated Rf to 486 nm in complex I. Moreover, 

taking the oscillator strength as a measure of band intensities, calculations reveal that 

the band describing the emission process decreases its intensity from 0.3342 atomic 

units in isolated Rf to 0.2568 atomic units in complex I. These results support the 

interpretation trough the formation of 1:1 complexes (reactions 2 and 3) of both the 
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observed quenching effect and constancy of the emission spectrum of Rf upon addition 

of CIN or NP-CIN respectively. 

For completeness, the geometry of the second excited state of complexes II and VII 

was also optimized. After optimization, the LUMO → HOMO – 1 vertical emission is 

found at 486 nm for both complexes, exactly the same value found for complex I. 

Moreover, the oscillator strength of the band described above is found to be 0.2379 and 

0.2440 atomic units for complexes II and VII, respectively, exhibiting a decrease with 

respect to the value of 0.3342 atomic units in isolated Rf. The fact that three distinct 

CIN-Rf complexes, I, II and VII, with different equilibrium geometries, present very 

similar absorption and emission spectra reinforces the argument that Rf could bind the 

NP-CIN system in a higher-energy conformation. 

 

Conclusions 

Silica nanoparticles modified with cinnamic alcohol (NP-CIN) were prepared and 

characterized. The alcohol fluorescence resulted unaffected by chemisorption on the 

particles. A higher toxicity of cinnamic alcohol to the marine bacteria Vibrio fischeri 

was observed for the same amount of the alcohol when it is bonded to the nanoparticles 

compared to when it is free in solution.  

Riboflavin fluorescence was quenched in aqueous medium in the presence of dissolved 

cinnamic alcohol or in suspensions of the NP-CIN. The results are interpreted in terms 

of formation of 1:1 complexes between the ground-states of riboflavin and the free or 

adsorbed cinnamic alcohol. DFT calculations including solvent effects support the 

quenching results. Moreover, those calculations allow us to propose that CIN and Rf 

form different complexes when CIN is free and when CIN is chemisorbed on Silica 

NP's.  
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Supporting Information. 1H NMR spectra of irradiated and non-irradiated solutions of 

cinnamic alcohol. Characterization of the modified nanoparticles (FTIR and UV 

absorption spectra, BET, thermogravimetry, 13C and 29Si NMR spectra), hydrolysis and 

toxicity assays, absorbance and fluorescence (λexc = 250 nm) maxima obtained for 

solutions of cinnamic alcohol and suspensions of NP-CIN in different solvents, 

fluorescence quantum yields (ΦF) of CIN solutions and suspensions of NP-CIN in 

different media, relevant molecular orbitals to describe the absorption spectra of 

cinnamic alcohol, riboflavin, and the complexes, plots of [Rf]ads,eq/ CNP vs. [Rf]eq and  

[Rf]ads,eq/ CNP-CIN vs. [Rf]eq for the adsorption of Rf on NP and NP-CIN, respectively. 

Selected topological properties of the intermolecular hydrogen bonds found in 

complexes I-VIII. Optimized Cartesian coordinates of complexes I-VIII. This material 

is available free of charge via the Internet at http://pubs.acs.org. 
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