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he interactions of the surface of nano-
Tmaterials with high quantum-absorp-

tion efficient dye molecules are useful
in chemical and physical sensing applica-
tions and form the basis for molecular
photoelectronic devices. Small highest oc-
cupied molecular orbital—lowest unoccu-
pied molecular orbital (HOMO—-LUMO)
gap (in the visible range) and charge/
electron transfer properties of different or-
ganic and dye molecules are often used in
designing modern photovoltaic devices
such as dye sensitized solar cells (DSSCs).'
In fact, such molecules attached to semi-
conductor (nano-) structures can also result
in a strong increase in visible light photo-
absorption. The inverse process of photo-
absorption, photoluminescence (PL), also
provides a wide area of applications, from
organic solar concentrators to fluorescence
tagsin nanomedicine.? For instance, in solar
concentrators the absorbed solar energy is
re-emitted and transported through wave-
guides from the original place of absorption
to avoid the use of focused mirrors.? In
therapeutic applications of nanoparticles,
the strong PL of organic-(dye-)molecule/
nanoparticle systems is used to detect dif-
ferent malignant tumors.* Such a combina-
tion of nanoparticles and dye molecules
offers great promise in chemical® and bio-
logical® sensing applications, and especially
in fluorescent labeling.”

To covalently bind the nanoparticles to
organic molecules (such as fluorescent tags,
biomolecules, antibodies, and receptors)
various molecular linkers are often used. In
particular such silanes as the APTMS mole-
cule can be used very effectively for this
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nosize Ti0, and Ce0, partides demonstrates a dramatic increase of photoemission intensity at

wavelengths between 500 and 700 nm when derivatized using aminopropyl trimethoxysilane

(APTMS) as spacer-linker molecules between the metal oxide and FA. Using density-functional theory

(DFT) and time-dependent DFT calculations we demonstrate that the strong increase of the PL can be

explained by electronic transitions between the titania surface oxygen vacancy (0V) states and the

low-energy excited states of the FA/APTMS molecule anchored onto the surface oxygen bridge sites in

close proximity to the OVs. We suggest this scenario to be a universal feature for a wide class of metal

oxide nanoparticles, induding nanoceria, possessing a s

imilar band gap (~3 eV) and with a large

surface-vacancy-related density of electronic states. We demonstrate that the molecule—nanoparticle

linker can play a crucial role in tuning the electronic and optical properties of nanosystems by bringing

optically active parts of the molecule and of the surface close to each other.
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purpose.®~ '3 Having a large HOMO—LUMO
gap (~4.4 eV),'* APTMS is not optically
active by itself.

Interestingly, our experiments show that
the covalent linking (according to Scheme 1)
of a folic acid (FA)/APTMS molecule to either
titanium oxide (TiO,) or cerium oxide (CeO,)
nanoparticles (5—10 nm in diameter) results
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Scheme 1. Surface functionalization of TiO, nanoparticles.
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In-suspension images of NP, NP—APTMS, NP-FA, NP—APTMS/FA (NP =TiO,, CeO,, SiO,) under 465 nm excitation at

different emission wavelengths of 525, 600, and 700 nm. Various permutations and combinations show that nanoceria or
nanotitania linked to FA with the spacer shows bright fluorescence, in contrast to nanosilica, which does not show any
fluorescence upon linking with spacer and FA. It was clearly observed that only FA/APTMS-functionalized nanoceria and
nanotitania show bright fluorescence, whereas direct linking of nanoparticles with APTMS alone or with FA alone do not lead
to any significant observed fluorescence. Taken together, these observations emphasize the importance of covalent linking of
both the APTMS linker (spacer) and FA units to the ceria and titania nanoparticles.

in a strong visible PL of the APTMS/FA-nanoparticle
system under 465 nm excitation (Figure 1). Such an
increase in PL is central to the particles of nanoscale
dimensions since this was not observed for covalently
linked micrometer-sized particles. Treating TiO, nanopar-
ticles as a prototype support, we demonstrate that this
enhancement in PL is due to a combined effect of a
decrease in the HOMO—LUMO gap of FA caused by
covalent linking with APTMS and the direct involvement
of TiO, surface OV states. This conclusion is supported by
our analysis of the possible mechanisms of electron
transfer between the covalently linked molecules and
the nanoparticle surface, and estimation of the character-
istic time scales for the optical response of the
TiO,—APTMS/FA nanosystem (from electron excitation
and electron—hole recombination). The role of surface
states and band gap is further corroborated by our results
in examining two other systems, nanoparticles of CeO,
(with a band gap close to that of TiO,) and silicon dioxide
(SiO5) (with a band gap higher than that of TiO,). Despite
the fact that the idea of linking nanoparticles and dye
molecules through a ligand is well-known, in particular
for enabling Graetzel cell,'* and it is actively used in
different areas of nanotechnologies (see also refs 15 and
16, where the linker was responsible for alignment of the
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nanoparticle and molecule energy levels), to our knowl-
edge this is the first demonstration that the interaction of
surface defect states of nanoparticles with organic mol-
ecules, brought close by a linker, leads to a strong
enhancement of PL.

RESULTS

The fluorescence imaging of bare and folic-acid
functionalized nanoparticles (<10 nm in size) using
APTMS (labeled as spacer) is depicted in Figure 1.
The nanoparticles were imaged by exciting the well-
dispersed suspension at 465 nm, and the images
were collected at emission wavelengths of 525, 600,
and 700 nm. A comparison of the observed fluores-
cence from bare TiO, and various controls such as
TiO,—APTMS, TiO,—FA, and TiO,—APTMS/FA shows
that high-fluorescence intensity is observed only when
TiO, is covalently linked to FA using APTMS as a linker
(spacer) molecule. A very weak fluorescence is ob-
served for nonconjugated nanoparticles and FA. Nor
does direct conjugation of APTMS with FA or conjuga-
tion of nanoparticles with only FA improve the fluo-
rescence properties of the metal—oxide nanoparticles.
In comparison to TiO,, SiO, nanoparticles functiona-
lized under the same protocol does not show such an
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Figure 2. Optical absorption spectra for TiO,, TiO,—APTMS, TiO,—APTMS/FA, and FA systems. (a) The case of TiO,,
TiO,—APTMS, and TiO,—APTMS/FA. A marginal blue shift from 415 to 385 nm (3 to 3.22 eV) was observed upon attaching
APTMS but a red shift to 490 nm (2.5 eV) resulted upon conjugating with APTMS/FA. (b) UV —vis absorption spectrum of FA in
water and corresponding UV—vis absorption spectrum of a FA film cast from the solution in water. A significant broadening
and red-shift of the absorption spectrum can be observed. (c) PL spectra (excitation at 465 nm) for TiO,, TiO,—APTMS, and
TiO,—APTMS/FA show broad fluorescence only from functionalized TiO, nanoparticles.

increase in fluorescence intensity (Figure 1b), whereas
Ce0, nanoparticles show a much greater increase in
fluorescence intensity after functionalization. The ob-
served fluorescence of TiO, and CeO, nanoparticles
conjugated with APTMS/FA over a broad range of
wavelengths suggests that the nanoparticle system
can emit over a range of wavelengths from a single
excitation wavelength. A comparison of the intensities
reveals that the TiO,—APTMS/FA nanoparticles display
the highest intensity, followed by those of CeO,—
APTMS/FA, while (interestingly) SiO,—APTMS/FA na-
noparticles were barely fluorescent (Figure 1). Thus it is
evident that for strong emission to occur, the band gap
of the metal oxide nanoparticles is a critical factor.
Nano-CeO, and nano-TiO, (with a band gap in the
range of 3.0—3.2 eV) fulfill all requirements for the
highly fluorescent composite system. It was shown
previously that photoelectrodes composed of only
FA/TiO, hybrid material which can generate a photo-
current in the 300—600 nm window,'” can be used in
optoelectronic switches. However, the same study
showed that direct linking of FA to TiO, did not display
significantly visible PL. For the harvesting and trans-
portation of solar energy it would be extremely useful
to modify these materials, however, in such a way as to
produce a significant PL as well. In the present work, we
find that by selectively alignment of the electronic
states of the participating molecules and nanoparticles
linker molecules can lead to a strong increase (about 5
times) in the visible PL over that of the hybrid nano-
particle—FA system. We identify two critical require-
ments for designing such a composite nanoparticle
system: (a) relative broadness of band gap and (b)
presence of surface states (or oxygen vacancies [OVs]).
[t must be noted that mere physical mixing of the
nanoparticle, linker, and FA does not lead to any
increase in fluorescence (data not shown). It is only
when the molecules are linked covalently that there is
an enhancementin the PL signal, since covalent linking
causes the electronic fields of the participating molec-
ular orbitals to overlap and be perturbed. The covalent
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linking of the molecules to the nanoparticles under
consideration (CeO,, TiO,, and SiO,) was confirmed
using Fourier transform infrared (FTIR) spectroscopy
as well as X-ray photoelectron spectroscopy (XPS)
(Supporting Information, Figures SI-1 and SI-2).
Furthermore, results from high resolution transmission
electron microscopy (HRTEM) verify that the size of the
nanoparticles remains unaltered after their surface
modification (see SI-3 for TiO, as an example). We
further evaluated the changes in the absorption and
emission properties of nanoparticles upon surface
modification. Optical absorption spectra of bare TiO,
nanoparticles as well as APTMS- and APTMS/FA-
conjugated TiO, nanoparticles are shown in Figure 2a.
The attachment of APTMS to TiO, resulted in a blue shift
in the absorption edge to 385 nm (3.22 eV) and the
attachment of FA to TiO,—APTMS resulted in a broad
spectrum with a red shift in the absorption edge to
490 nm (2.5 eV). The observed red shift can most likely
be ascribed to the aggregation of FA molecules on the
surface of the metal-oxide nanoparticles, leading to a
red shift in the absorption of FA. The red-shift and
broadening of the FA absorption spectrum into the
visible region was confirmed by preparation of FA films,
as shown in Figure 2b. The corresponding photolumi-
nescence spectra of TiO, TiO,—APTMS, and TiO,—
APTMS/FA are shown in Figure 2c. Upon excitation at
465 nm neither pure TiO, nor TiO, conjugated with
APTMS showed any characteristic emission, but the
TiO,—APTMS/FA system exhibited a broad band cen-
tered at 525 nm.

It is important to note that a red shift in the optical
absorption of nanoparticles was previously observed in
TiO, 4N, sputtered films as a result of nitrogen sub-
stitution in the lattice.'® Moreover, an increase in the
visible PL of the system was reported as well.'” The
TiO,—APTMS/FA system considered herein is different
and has several advantages over the one with doping.
Besides the fact that in our samples the surface mod-
ification of nanoparticles with linker and organic mol-
ecules leads to higher PL, our technique does not rely
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Figure 3. Numerical analysis of the properties of TiO,(110)—APTMS/FA system. (a) The model structure of the APTMS/FA
molecules coupled to the TiO,(110) surface. (b) The structure of the TiO,(110) surface together with the details of the coupling
of trimethoxylane molecules to the surface.” Two —OCH; groups on the right are attached to the surface titanium atoms, and
the remaining part of the APTMS molecule is coupled to two oxygen bridge atoms. (c) The excitation energy levels of the FA
and APTMS/FA systems (with corresponding dipole moments). The experimental PL peaks and the visible light range are also
shown. (d) Calculated density of states of the TiO, nanoparticle with the (110) surface and the occupied OV states lie

approximately 0.7 eV below the conduction band.

on doping, which may affect the crystalline properties
of material by modifying the bulk lattice structure
(substitutional or interstitial doping), making the sys-
tem less controllable for further applications. Also,
doping is not feasible to the same extent for many
materials. In contrast, material-surface modification of
the type obtained here is, in principle, suitable for
all materials for which proper surface states and
band gaps are present. The strategy proposed here is
thus universal and offers the prospect of eventually
enabling the manipulation of molecular levels in ele-
ctronics.

In addition, the use of biomolecules such as folic acid
as an alternative to dye molecules has several ad-
vantages from the biotechnical point of view. The
TiO,—APTMS/FA conjugated system can be used for
more efficient light harvesting and (coherent) charge
transfer, in which the APTMS/FA molecule serves as the
light-harvesting part, and TiO, as the charge separator.
Lastly, the anchoring groups on the APTMS and FA
can be chemically linked to the surface of various
nanoparticles.

It has been reported that the surface OV states can
lead to a small PL at A = 505 nm at temperatures below
(approximately) 600 K even in the case of bare un-
conjugated TiO, nanoparticles?® irradiated with A=
325 nm photons. Since this effect disappeared as the
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temperature was increased, it was suggested that TiO,
nanoparticles form the anatase structure with many OV
states at low temperatures, and the rutile structure at
higher temperatures, with few such states. However,
as calculations, including the present ones, demon-
strate,>’*? the oxygen vacancy states are occupied,
that s, they lie below the Fermi level, so that excitations
from the valence band to these states are forbidden. In
addition, since in the current study the external light
source has wavelength 4 = 465 nm, the attendant
energy (~2.7 eV) cannot lead to any absorption of
light by the bare unconjugated nanoparticles.

DISCUSSION

Model of the Photoluminescense Mechanism. To under-
stand the effect of linking of APTMS and FA on the
electronic/fluorescence properties of FA, the opti-
mized structures of the FA and APTMS molecules as
well as of the coupled APTMS/FA system were calcu-
lated by DFT using the Gaussian 03 code?® with the
B3LYP exchange correlation-potential®*~2¢ (see also
Supporting Information, section SI-4). The results are
presented in Figures 3a, 3b and Figures SI-5, SI-6.2,
which show that the geometrical structure of the
molecules does not change much after the coupling
(For the structural and electronic properties of FA and
APTMS, see refs 13, 17, and 27). However, the coupling

VOL.6 = NO.6 = 4854-4863 = 2012 ACNJANIC)

WWww.acsnano.org

4857



5
45 (e) LaserPower-8nW _
" 1000+ g1
35 2
3 %500 550 500
2t 500 L Wavelength (nm)
2

=]
! © TiO,-APTMS
0: 0 " s L
* 2 (Hh L P 0.2 nW

‘@ aser Power — 0.2 nW _

< 1000} gs

[ ]
120 & |4
100 %50 550 600

Wavelength (nm )
80 500+
60
40 TiO,-APTMS-FA
0 \ \ .

20 500 600 700
N Wavelength (nm)

Figure 4. Confocal fluorescence images under 488 nm laser excitation of (a) TiO, nanoparticles (excitation power, 6 W/cm?;
scan range, 20 x 20 um?); (b) APTMS (excitation power, 6 W/cm?; scan range, 30 x 30 um?); (c) TiO,—APTMS nanoparticles
(excitation power, 6 W/cmz; scanrange, 10 x 10 Mmz) and (d) TiO,—APTMS/FA nanoparticles (excitation power, 0.15 W/cmz;
scan range, 10 x 10 umz). Fluorescence intensity is represented as counts/dwell (5 ms). To obtain a similar count rate for
TiO,—APTMS/FA nanoparticles as compared to TiO,—APTMS nanoparticles the excitation power had to be lowered by a
factor of 40, illustrating the significant enhancement of TiO, emission in the presence of FA. SPS ensemble spectra of (e)
TiO,—APTMS nanoparticles under 8 nW excitation and (f) TiO,—APTMS/FA nanoparticles under 0.2 nW excitation. The inset

presents the emission peak wavelength distribution histogram.

does lead to a significant change in the position of the
energy levels of the molecules. This is further verified
by our calculations based on TDDFT, which show that
the presence of the APTMS molecule leads to a de-
crease of the HOMO—LUMO gap of the FA system
(Figure 3c), so that a larger part of the visible spectrum
can be absorbed. Particularly, we find absorption at A =
465 nm (the absorption of pure FA is very low at
wavelengths above A = 360 nm). The acceptor part of
the FA is on top of the molecule (the LUMO excitation),
but as shown in ref 15 some of the molecular orbitals
for higher excited states occupy the lower part of the
FA, making the charge transfer between the adsorbed
molecules and the nanoparticles possible. In principle,
packing of the FA molecules into a molecular crystal
could have led to absorption at 1 = 450 nm (for details,
see for example, ref 17), resulting in some (rather weak)
visible PL. Our experiments in solution indicate a red
shift in the TiO,—APTMS/FA sample, which could arise
from the molecular packing of FA as well. However, the
absorption of free FA in solution suggests that molec-
ular packing is absent in solution and may occur only
upon drying the samples as films (Figure 2b). Thus the
absorption of TiO,—APTMS/FA in the visible region
cannot be ascribed solely to the molecular packing,
as we have observed the absorption and emission
from aqueous suspension of TiO,—APTMS/FA samples
(Figures 1a and 2a).

The in-solution data as shown in Figure 1 depict the
fluorescence properties of the conjugated system in
suspension. To further evaluate the properties of the
TiO,—APTMS/FA system and exclude the effects of
solvent, nanoparticle precipitation and aggregation
nanoparticles were studied on an individual basis in
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the solid state through single particle spectroscopy
(SPS). As shown in Figure 4a,b, samples of TiO, nano-
particles or APTMS drop-cast directly on cover glass
slides do not show any fluorescence signal under an
excitation power of 6 W/cm?2 No emission was ob-
served even under 10-fold higher excitation power for
either sample (data not shown). In contrast, when
APTMS was chemically linked to TiO, nanoparticles,
the resulting TiO,—APTMS nanoparticles exhibited a
detectable photoluminescence under 6 W/cm, excita-
tion power (Figure 4c). That the corresponding SPS
ensemble spectrum of the TiO,—APTMS conjugate in
Figure 4e shows an emission maximum at 4 = 555 nm
can be attributed to radiative recombination of TiO,
self-trapped states.”® When FA is conjugated with
TiO,—APTMS nanoparticles, the photoluminescence
signal is again strongly enhanced. To obtain an emis-
sion intensity for the TiO,—APTMS/FA nanoparticles
that is similar to the case of the TiO,—APTMS nano-
particles, the excitation power had to be lowered by a
factor of 40, illustrating the significant enhancement of
TiO, emission in the presence of APTMS/FA (Figure 4d,
f). The relatively weak emission in the TiO,—APTMS
case can be explained by a mechanism related to the
surface OV states, as in the TiO, case.®

The absence of any significant visible light PL (not
shown) for commercial microparticles (size ~ 1000 nm)
conjugated to APTMS/FA suggests that the surface of
the nanoparticles plays an important role (since in the
5—10 nm particles the number of surface and bulk
atoms is comparable). The changes in emission char-
acteristics of the nanoparticle-conjugated APTMS/FA
system can be further understood from the results of
DFT calculations. We considered a representative case
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Figure 5. Theoretical analysis of the optical properties of the TiO,—APTMS/FA system. (a) Density of states of the TiO,
nanoparticle as a function of energy for the spin up (red) and spin down (black) states. The Fermi energy corresponds to E =
0 eV. The small peak just below the Fermi energy corresponds to the OV states. (b) The total (red) and APTMS subsystem
(black) density of states of the TiO,—APTMS system. The APTMS density of states is multiplied by 30. The curves with positive
and negative values are the spin up and spin down densities of states, correspondingly. (c) The density of states of
TiO,—APTMS/FA. The notations are the same as in panel a. (d) The partial densities of states of spin-up electrons of APTMS/FA
(red) and TiO, (blue) of the TiO,—APTMS/FA system in the optically active region. VB and CB stand for the valence and
conduction bands, correspondingly. M1—M?9 correspond to the molecular levels and N1—N4 to the TiO, states inside the gap,
while N1T—N3 correspond to the OV states. () Coupling between the APTMS/FA and TiO,(110) subsystems shows that the
lowest energy coupled configuration of TiO,(110) surface and trimethoxylane molecules corresponds to the case in which the
silane group (the bottom of the APTMS molecule in our case) is attached to the raw oxygen bridge of the (110) surface by a two
oxygen coupling. (f—g) The schematic mechanisms of the main processes which lead to the PL of TiO,—APTMS/FA system.
The TiO, and the molecule states are on the left and right, correspondingly. The Fermi level is right above the OV band. The
blue, red, and green arrows correspond to the absorption, PL, and nonradiative (weakly radiative) processes. (f) A photon
absorbed by the molecule (right blue) creates an excited electron above the LUMO and a hole below the HOMO states. The
hole recombines with OV electron owing to the vicinity of both states, leading to the PL (red). The excited electron on the
molecule electron fills the empty OV state (green). The injection of electrons from the highly excited FA—APTMS states to the
conduction band of TiO, is also rather efficient since FA, which contains a large part of the lowest excited state (larger than
HOMO energy) charge, is a good charge donor (see, e.g., ref 17). (g) As a result of the photon absorption, the molecular HOMO
electron moves to an excited state with the energy higher than that of the LUMO (right blue) and an OV electron moves to the
molecular LUMO state (middle blue). The LUMO—HOMO de-excitation process leads to the PL (red). Similarly to the previous
case, the remaining excited on the molecule electron fills the empty OV state (right green). As our calculations show, the last
mechanism can be considered as the dominant one. (h) The theoretical results for the emission spectrum of the TiO,,
TiO,—APTMS, and TiO,—APTMS/FA system (arbitrary units).
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of the rutile TiO, nanoparticle with the lowest energy
(110) surface® coupled to the APTMS/FA molecules.
Note that the case of anatase TiO, should be similar,
since in anatase the lowest-energy surface (TiO, (101))
has oxygen bridges, and the lowest-energy surface OV
states present on the bridges. Calculations demon-
strate that the OVs may tend to occupy a subsurface
layer (with energy lower than that of the surface bridge
sites®®). However, these states are also pretty close to
the oxygen bridges where APTMS anchors have to be
attached.

In both free TiO, and molecular-conjugated-TiO,
with and without the APTMS linker, we find that the
nanoparticle Fermi level is above the OV band
(relatively small red-curve peaks on red right below
0.0 eV in Figure 5a,b, and right below the Fermi energy
at 4 eV in Figure 3¢, see also Figure 3d, where the OV
DOS is shown), indicating that these states are occu-
pied. This explains the absence of the TiO, absorption
at 1 =465 nm. The OVs occupy the oxygen bridge rows
on the surface (Figure 5e). As shown in Figure 5e, the
OVs are close to the molecular two-oxygen bonds
coupled to the surface; however since the OV band
electron wave function is spread over several bridging
oxygen atoms (Supporting Information, Figure SI-6.2),
the vacancies should not necessarily be too close to
APTMS. The correlation effects were included to obtain
the OV band in accordance with previous reports.®'
The calculations of the band structure of the TiO, five-
layer slab were performed using the VASP4.6 code (ref 17
in SI) (also see SI) with the GGA+U exchange correla-
tion potential. We find that the OV states and their
vicinity to the APTMS/FA states are crucial for explain-
ing the PL of the TiO,—APTM/FA system.

A scheme of the coupling of the APTMS/FA struc-
ture to the TiO, (110) surface is presented in Figure 5e.
Consistent with ref 9, the lowest energy coupled
configuration of the TiO,(110) surface and trimethoxy-
silane molecules corresponds to the case where the
silane group (the bottom of the APTMS molecule in our
case) is attached to the oxygen bridge row of the (110)
surface through two-oxygen coupling.

After the coupling, one of the three OCH; 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 TiO,/FA,
for example, FA is attached to a titanium atom). The
density of states of the coupled system presented in
Figure 5¢,d suggests the following channels by which
the excited system might generate the PL:

TURKOWSKI ET AL.

(1) The APTMS/FA molecule absorbs the light by
exciting electrons to state M7 and above and leaving holes
behind in the M1—M6 states. Recombination of these
holes with the OV band electrons (states N1—N3) leads to
the PL. The excited electrons on the molecules (states M7
and above) refill the empty OV band states through
nonradiative or weak, nonvisible radiative processes.

(2) The OV electrons are excited to the APTMS/FA
LUMO state. They recombine with the HOMO holes of
the APTMS/FA molecule excited to higher states, lead-
ing to a strong emission. The other excited electrons on
the APTMS/FA molecule refill the empty OV states
irradiatively or with some possible weak infrared emis-
sion. It is important to note that for this specific
mechanism the 465 nm (2.7 eV) source cannot excite
the APTMS/FA electrons from the HOMO to the LUMO
state (2.3 eV); the role of the OV states is thus critical. A
very large dipole moment of the OV to APTMS/FA
LUMO transition (~0.58) also favors this particular
mechanism. Additionally, in agreement with ref 11,
the absorption and emission spectra of FA are rather
different from the ones observed in the APTMS/FA-
conjugated TiO, nanoparticles, suggesting again that
the surface states of TiO, nanoparticles play a very
important role.

Since the lifetime of the holes on the APTMS/FA
levels (M1—MS5) 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), me-
chanism (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 signifi-
cantly larger than the experimental result for the folic
acid molecule (~10 ns, see refs 32 and 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
Figure 5f—g. Theoretically calculated PL of the TiO,,
TiO,—APTMS, and TiO,—APTMS/FA is presented in
Figure 5h, obtained using the formula below.

_ah o(q)|dm[*T
eV (5 () — Em — 0(q)* +T72

ILum (Q)

where V is volume of the system, w(q) is the photon
spectrum, E; and E,, are the energy levels, d, is the
corresponding dipole moment, and I is the level
broadening (see, e.g., ref 34). This equation is valid at
moderate temperatures and minimal perturbation
from external fields. Clearly, our calculations agree with
the experimental data (Figure 2c and Figure 4f) reason-
ably well. In particular, given a large molecular cover-
age, the TiO,—APTMS spectrum is shifted to higher
energies with respect to that of bare TiO,. Our calcula-
tions show that the OV state extends rather far inside
the APTMS molecule (Supporting Information, Figure
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S1-6.2) 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, Figure 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 elec-
tron—hole recombination and consequently a reduced
PL. Analysis of the dipole moments for the states in
Figure 5d, shows that the external source with energies
24—-28¢eV (443—517 nm) will lead toa PLat2—2.3 eV
(539—620 nm), while there will be no PL if the external
source energy is below 2 eV (above 620 nm). It is
important to note that in the calculation of the PL
spectrum, the GGA results for the energy levels (TiO,
bandwidth and the APTMS/FA HOMO—LUMO gap)
presented in Figure 5d were corrected (by using the
experimental values of 3 and 2.3 eV, correspondingly),
since DFT calculations underestimate the value of the
band gap (more details on the PL mechanism calcula-
tions can be found in SI-6.1).

The estimated times 7 for the electron excitation
and electron—hole recombination processes for the
transitions between states / and m can be obtained by
using for 7 (in atomic units):

3

TR 5,
2(EI 7Ern) flm

where c is speed of light and f,,, is the corresponding
oscillator strength.3? In particular, for the main pro-
cesses that lead to the PL (Figure 5g) we obtained
estimated values ~41 ns for the PL process transition
(red arrow) and an order of magnitude longer time for
the absorption transition processes (middle and right
blue arrows). Our estimation of quantum yield gives an
approximate value of 86%. Such a high value results
from the fact that the OV and molecular excited states
are close to each other, which favors the excitation
transition. On the other hand, the molecular LUMO to

MATERIALS AND METHODS

Synthesis of Nano-titanium Oxide and Cerium Oxide. TiO, nanopar-
ticle suspensions were synthesized by the hydrolysis of
titanium(IV) isopropoxide (Sigma Aldrich) at elevated tempera-
ture. Titanium isopropoxide (15 mL) was added dropwise to a
rapidly stirred solution of water (100 mL), ethanol (100 mL), and
HNOs (1 N, 1 mL), which was held at reflux at 840 °C and stirred
for 24 h. The particles were then washed three times with DI
water by centrifugation, then dried and ground by mortar and
pestle. CeO, nanoparticles were synthesized using base hydro-
lysis of solution of cerium nitrate hexahydrate (Sigma Aldrich
99.999%). A 30 mL portion of 1 N ammonium hydroxide was
added dropwise under constant stirring to a solution of 4 g of
cerium nitrate hexahydrate in 500 mL of water. The stirring was
continued overnight, and the final pH of the solution was
adjusted to 10.0 using 1 N ammonium hydroxide. The precipi-
tate was so obtained, then dried at 100 °Cin a vacuum oven. The
fnal crystals were ground by a mortar and pestle and used for
further testing.

TURKOWSKI ET AL.

HOMO photoluminescence transition happens with
efficiency close to 100%. Some of the light is absorbed
by the nanoparticle (valence to conduction band) and
by the molecule (HOMO to higher excited) states,
which decreases “the constructive” (OV—molecule)
absorption and hence the efficiency of luminescence
(see Supporting Information, section SI-7).

Our results also show that strong PL due to con-
jugation of APTMS/FA also takes place in the case of
surface-derivatized CeO, nanoparticles; while such an
effect is absent in the derivatized SiO, nanoparticles
(Figure 1). We hypothesize that in the case of surface-
derivatized CeO,, the mechanism responsible for the
PL is essentially the same as in the TiO, case. In fact, both
oxides have a band gap of approximately 3 eV. Also, one
can expect similar defects (like OVs and oxygen-holes
centers), in these nanoparticles. In the case of silica the
situation can be very different because of a much larger
band gap (7—9 eV, see, e.g., ref 35) and different positions
of the OV states in these nanoparticles,'***~3” inasmuch
as these are situated almost in the middle of the gap.
Owing to a rather large energy gap in silica, PL due to a
resonant energy transfer from an excited molecule to the
nanoparticle looks also improbable. Indeed, such a PL
was not observed experimentally. Thus the PL process
cannot be activated by the 465 nm source in the case of
surface-derivatized SiO,.

CONCLUSION

This work demonstrates that the linkers/spacers can
be effectively used to modify the optical properties of
the system by bringing the optically active states of
both molecule and nanoparticle subsystems closer and
changing the electronic structure of the system. We
believe that the mechanism proposed in this paper can
be of general relevance for other metal—oxide nano-
particles with similar values of the bandgap and types
of vacancies, in particular CeO,, where the defect states
play an important role.

Preparation of Ti0,—APTMS (Scheme 1). A suspension of TiO,
nanoparticles (700 mg) in toluene (10 mL) was stirred with an
excess of (3.5 g) 3-aminopropyltrimethoxy silane, (APTMS, NH,-
(CH,)3Si(OCHs)3) under refluxing conditions for 36 h. After the
reaction mixture was cooled to room temperature (RT), the
nanoparticles were centrifuged, washed successively with tol-
uene (three times) and dichloromethane (2 times) and dried
under vacuum, resulting in white, free-flowing nanoparticles
(650 mg).

Preparation of Ti0,—APTMS/FA. TiO,—APTMS nanoparticles
(600 mg) were added to a well-stirred solution of folic acid
(FA, CyoH19N;0g, 449 g, 942 mmol) in dimethylsulfoxide
(DMSO) (175 mL) at room temperature. O-(7-Azabenzotria-
zole-1-yl)-1,1,3,3 tetramethyluroniumhexafluoro-phosphate
(HATU) (3.59 g, 9.42 mmol) and 1-hydroxy-7-azabenzotriazole
(HOA1) (1.281 g, 9.42 mmol) were added to the flask, followed
by the addition of diisopropylethylamine (DIPEA) (3.37 mL,
18.8 mmol). The reaction mixture was stirred for 36 h at RT then
centrifuged, washed repeatedly with DMSO (four times), water
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(two times), and acetone (two times), and dried under vacuum,
resulting in light-brownish free-flowing folic-acid conjugated
nanoparticles (565 mg).

Ce0; and SiO, nanoparticles were functionalized following
the same protocol, using the same amounts of nanoparticles
and reagents.

Characterization. The size and structural characteristics of
nanoparticles were investigated by X-ray diffraction (XRD-
Rigaku) and transmission electron microscopy (TEM-Tecnai).
To understand the functional group modifications, infrared
(IR—Perkin-Elmer Spectrum One) and X-ray photoelectron spec-
troscopy (XPS—PHI 5400) techniques were used. The XPS
studies were carried out after the binding energy was calibrated
with respect to Au 4f,,, core level at 83.9 eV. Samples were
exposed to minimum radiation so as to avoid any potential
damage. To understand the modifications in optical properties,
optical absorption and photoluminescence spectra were inves-
tigated. The absorption studies from dry powder and from a
sample suspended in water were studied using a Perkin-Elmer
750 S UV—vis NIR spectrophotometer. The photoluminescence
(PL) spectra were collected from the Hitachi-7000 spectrofluo-
rometer. Equal amounts (by weight) of powder samples were
loaded in a powder cell accessory to obtain PL from each
sample. The SiO, nanoparticles (5—15 nm BET) were purchased
from Aldrich and used as received.

Confocal Fluorescence Imaging. Single-particle fluorescence
images and spectra were acquired using an in-house custom
built sample-scanning confocal microscope. The 488 nm line of
an argon-ion laser (Melles Griot 43 series) was used as the
excitation source. The laser was focused to a spot size of
~300 nm using a Zeiss 100x Fluar objective lens (NA 1.3, WD
0.17 mm). The sample was raster-scanned across the focused
laser beam using a Mad City Laboratories piezoelectric stage
(Nano-LP100) to create a fluorescence image of the sample.
The single-particle fluorescence was detected using an ava-
lanche photodiode (PerkinElImer SPCM-AQR-14). The single-
particle fluorescence spectra were obtained by dispersing the
fluorescence on a spectrograph (Pl Acton SP-2156) with the
grating (150 g/mm blaze, 500 nm) centered at 600 nm con-
nected to a thermoelectrically cooled electron multiplying
charge coupled device (EM-CCD, Andor iXon EM+ DU-897 BI).
Each single-particle fluorescence spectrum was collected by
averaging three consecutive 10 s exposures. The single-particle
ensemble spectra were constructed by averaging the single-
particle spectra.

Imaging of the Derivatized Nanoparticles. /n vitro imaging was
performed using the Kodak in-Vivo Multispectral Imaging Sys-
tem FX (Carestream Health, Woodbridge, CT). Briefly, well-
dispersed nanoparticles (200 uL of 1 mg/mL suspension) in
PBS buffer were loaded into individual wells of a clear-bottom
96-well plate (Corning, Corning, NY), which was then exposed to
the excitation light source. The excitation wavelength was
465 nm. The corresponding emission wavelengths were 525,
600, and 700 nm. The exposure time was 5 min per image for
four images. The images were further analyzed using computer
software (Kodak Molecular imaging software, v4.5.0). All imag-
ing experiments were conducted by suspending the particles in
50 mM phosphate containing 50 mM NaCl (pH = 8.0). Since all
the experiments were performed at the same pH in the case of
different systems (with and with no APTMS and others), the
results clearly demonstrate strong enhancement of the inten-
sity due to linker.
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