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SI 1: The FTIR spectra are depicted for TiO2, TiO2-APTMS and TiO2-APTMS/FA conjugated 

nanoparticles. In pure TiO2, the characteristic bands at 3400 and 1634 cm
-1

 correspond to that of 

hydroxyl groups (OH bending vibration) indicating surface adsorbed hydroxyl groups (Reference 

1-SI). Upon APTMS functionalization of TiO2 distinctive bands appeared at 2926 and 2877 cm
-1

 

corresponding to symmetric and as asymmetric stretch of C-H respectively (Reference 2-SI). The 

band observed at 1607 cm
-1

 is the bending mode of NH- vibration and the peak at 1513 cm
-1

 

corresponds to the characteristic phenyl ring present in the folic acid (Reference 3-SI). The band 

at 1195 cm
-1

 observed for TiO2-APTMS/FA is attributed to C-N stretching. The peak due to 

C=O (1700 cm
-1

) stretching appears upon folic acid conjugation of TiO2-APTMS, indicating the 

formation of TiO2-APTMS/FA conjugation in the sample. 

 

  



SI 2.1 –X-ray Photoelectron Spectroscopy (XPS) is a common surface analysis technique 

(References 4-SI-10-SI) adopted by many researchers for analyzing the surface chemistry of 

organic-inorganic interaction and functionalization. In this study, the XPS measurements were 

performed using PHI 5400 system with a monochromatized Al Kα source. Before recording 

XPS, the binding energy was calibrated with respect to Au 4f7/2 core level at 83.9 eV±0.05 eV. 

Samples were exposed to minimum radiation in order to avoid any potential beam damage to the 

materials. The multiplex high resolution scans obtained from XPS were charge corrected to 

carbon (C1s) at 284.6 eV (Reference 11-SI) for further analysis in calculating binding energy 

shifts identify the nature of the functional groups and bonding. (a) The survey spectra for TiO2 

and TiO2-APTMS-FA reveals the appearance of Si and N peak (shown as inset (N(1s) for 

clarity) upon functionalization of TiO2 to TiO2-APTMS-FA. (b) XPS spectra for Ti 2p in TiO2-

APTMS-FA sample show the splitting of Ti 2p peak (Reference 12-SI). (c) The N 1s spectrum of 

TiO2-APTMS/FA was deconvoluted using a peak-fit 4.0 software to show the presence of 

different chemical environment around N (please refer to the schematic diagram) to identify the 

presence of functional groups resulting from functionalization. The peak fitting was done in a 

similar manner as published before (Reference 13-SI), briefly, Shirley background correction 

was performed on the XPS spectrum, followed by fitting to Gaussian-Lorentzian peak shapes. 

The N 1s reveals peak (Reference 14-SI) at (402.1 eV) corresponding to N in the ring and the 

peak at 399.1 eV corresponds to N-C=O, both of which are present in TiO2-APTMS-FA as 

depicted in the schematic diagram. The other peaks of N appear at 400.5 eV and 399.9 eV 

corresponding to N-C and N-H bonds. (d) The Si 2p spectrum of TiO2-APTMS-FA shows the 

presence of Si-C bonds (100.6 eV eV) and Si-O-Ti (102.5 eV). The Si peak at 103.8 eV 

corresponding The Si-O peak in TiO2-APTMS shifts to 102.5 eV (Si 2p peak in SiO2 is 103.5 

eV) corresponding to Si-O-M as explained in an earlier publication, where M is a non-negative 

element (when M is a metal cation, M-O bond is relative ionic which forces the Si-O bind to 

become more covalent than SiO2) (references 15-SI, 16-SI). The shift observed in the Si-O bond 

of TiO2-APTMS-FA, further suggests the functionalization chemistry. 



 

  

 

  



SI-2.2: Elemental analysis of TiO2-APTMS-FA was carried out using energy-dispersive X-ray 

spectroscopy 

  



SI-3 - High resolution TEM images of as prepared titania nanoparticles (a, b) depicting the size 

in the range of 7-10 nm. Upon conjugating TiO2 nanoparticles with APTMS and FA, the 

nanoparticles appear less agglomerated and the size of nanoparticles remained unchanged (c, d). 

 

 

 

  



SI-4 Computational details 

 

For the numerical analysis we used both TDDFT and DFT approaches. Namely, the optimized 

structure of the FA and APTMS/FA molecules were obtained from the DFT analysis by using 

the Gaussian03 code
23

 with the B3LYP exchange-correlation
24-26

 potential and the 6-31G(d) 

basis set in the case of FA and APTMS molecules. We have shown by using several GGA 

potentials that the results are stable with respect to the choice of the XC potential The TDDFT 

extension of this approach was used to calculate the excited energy levels and the transition 

moments for these molecules. The analysis of the TiO2, TiO2-APTMS and APTMS-TiO2/FA 

systems was performed by using the DFT calculations with the VASP 4.6 code with GGA-PAW 

potentials, including the GGA+U case
17-SI

. In order to study the surface properties of the TiO2 

nanoparticle, it was modeled by a 239-atom five-layer slab with two (110) surfaces. We have 

used the energy cut-off of 400eV and the Brillouin zone has been sampled according to the 

Monckhorst-Pack scheme
18-SI

 with the shrinking factors of three in the surface plane directions 

and one in the out-of-plane direction. 

  



SI 5 – Optimized structures for the APTMS and FA molecules. The red, yellow, grey and small 

blue balls are oxygen, carbon, nitrogen and hydrogen atoms, correspondingly. The large blue ball 

in the APTMS is a silicon atom.  

 

  



SI-6.1. Details of the analysis of the PL mechanism 

 

Calculations demonstrate that the OVs may tend to occupy a subsurface layer (with an energy 

lower than that of the surface bridge sites
28

). However, these states are also pretty close to the 

oxygen bridges where APTMS anchors have to be attached to the oxygen bridge row of the (110) 

surface through two-oxygen coupling. After the coupling, one of the three OCH3 groups remains 

on the molecule, while the other two are detached and bind to the surface Ti sites. Since the OVs 

and the APTMS oxygen atoms, which bind to the surface, are on the same oxygen-bridge rows, 

the vicinity enables excitation of these electrons to the molecular states and also facilitates 

trapping of the OV electrons by the APTMS/FA holes. Such processes do not take place in cases 

in which the molecule is attached to atoms far from the bridges (in TiO2-FA, for example, FA is 

attached to a titanium atom). In Fig.5 we present the densities of states and the scheme of the PL 

mechanism due to transition between the molecule-OV and molecule-molecule levels (details are 

given in caption to the Figure 1). In particular, since the lifetime of the holes on the APTMS/FA 

levels (M1-M5) below the molecular HOMO state (M6) considered in case (1) is much shorter 

than the lifetime of the holes in the molecular HOMO state (M6), mechanism (2) has to be 

considered as the dominant one. It is important to note that the latter value for the molecular 

excited lifetime of NP-APTMS/FA is significantly larger than the experimental result for the 

folic acid molecule (~10 ns, see Refs.32-33). This can be explained by an increase of the spatial 

separation between the charge distribution for the molecular   HOMO and LUMO states due to 

the APTMS molecule. The schematic PL mechanisms are presented in Figures 3e,f. 

Theoretically calculated PL of the TiO2, TiO2-APTMS and TiO2-APTMS/FA is presented in 

Fig. 3g. Clearly, our calculations agree with the experimental data (Fig. 2c and SI-6) reasonably 

well. In particular, given a large molecular coverage, the TiO2-APTMS spectrum is shifted to 

higher energies with respect to that of bare TiO2. Our calculations show that the OV state 

extends rather far inside the APTMS molecule (Fig. SI-6.2) which makes the OV to APTMS/FA 

excitations and the electron-hole recombination favorable. Since the FA molecule couples to Ti 

sites through two oxygen atoms (bottom part of the FA, Fig. SI-5) without any linker molecule, 

the FA holes are far from both the surface oxygen bridges and the OV electron states of titania, 

resulting in decreasing the probability of electron-hole recombination and consequently a 

reduced PL. 

 

  



Figure SI-6.2 – Charge distribution of the spin-up TiO2-APTMS/FA states relevant to the PL 

mechanism. The results were obtained by using the VASP 4.6 code with GGA-PAW potentials.
26

 

The different pictures correspond to the following states: a) the OV state N1; b) the LUMO-1 

(M5) state of APTMS/FA; c) the superposition of the OV states N2 and N3;  d)-e) HOMO (M6) 

and LUMO (M7 and M8) states of the APTMS/FA; f) the APTMS-FA LUMO+1 (M9) and g)  

TiO2 excited states (N4). As it follows from these Figures, due to vicinity of the OV states to the 

molecule, the probability of the charge transfer from the OVs to the molecule increases. The 

main contribution to the PL comes from the de-excitation process from the LUMO (e) to HOMO 

(d) in the APTMS/FA subsystem.   

              a)                                         b)                                                     c)    

                         

  



              d)                                                            e)  

 

                                      
  



f)                                                                          g)                                               
 

                                                           
  



SI-7 Estimation of the quantum yield 

In the case of photoemission, the quantum yield is defined as the ratio of number of emitted 

photons (see, for example Ref. 19-SI) to the number of absorbed photons. In our case, the 465nm 

photons can be mainly absorbed through two channels:  

1) OV to the molecular orbital transition 

2) Molecular HOMO to higher excited state transitions. 

 

The calculations of the transition oscillator strengths give the following ratio for two cases: 

f1:f2=7.23:1.0. Since the first process, is the main channel which leads to the photoemission, we 

may estimate that 7.23/(7.23+1.0)~87.8% of the absorbed photons will contribute to the 

photoemission. Next, the LUMO excited electrons can recombine either with a) the OV hole or 

b) with the molecular HOMO hole (the recombination times ratio tb/ta=49.6 can be estimated 

from the formula 
ii

i
fE

c
t

2

3

2∆
≈  presented also in the main text). Channel b is mostly responsible 

for the visible PL. Therefore, the quantum yield can be estimated as	0.878
�

���	/��
� 86%. It 

must be noted that this an estimation, and more accurate calculations including the inter-

molecular interaction and the contribution from anatase nanoparticles may result in ~10% 

correction of this result. 
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