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Hyper-Rayleigh Scattering (HRS) technique was used to study the second-order nonlinear optical (NLO) responses
of aqueous titanium dioxide (TiO2) nanoparticles of 10nm in size, and two nanoparticles-dye composites prepared by
adding rhodamine B (Rh610) or the organic tosylate salt of dimethylaminostilbazolium (DAST). Results showed that
the “per particle” first hyperpolarizability 8 for TiO2 nanoparticles is very large, in the range of 10726 esu. With
adding Rh610 and DAST, the HRS signals of the composites were further enhanced. And in TiO2/Rh610 composite
the enhancement was obviously greater than that of TiO2/DAST composite. It has proved that non-centrosymmetry
of the nanocrystal/solution interface contributes mainly to its large “per particle” 3, overwhelming the nanocrystal
core. So the interactions between nanoparticles surfaces and adsorbed dyes were very important for their second-
order NLO responses. HRS technique provides a useful new NLO method to characterize the surface structures and

microenvironment of nanoscale materials.
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I. INTRODUCTION

The area of Nonlinear Optics and Optoelectron-
ics has observed great progress during the past 30
years, many new nonlinear optical (NLO) phenom-
ena were found and investigated successfully, and
more attempts were made to find or synthesize high-
quality NLO materials and to fabricate new opto-
electronic devices. They are playing a very impor-
tant role in the applications to such as optical com-
puting, optical communication, optical information
storage and signal processing. Investigations were
initially focused on inorganic crystals, and then ex-
panded to organic and semiconductor materials. In
comparison with inorganic materials, organic mate-
rials have many advantages such as larger nonlin-
earities, faster response time, higher damage thresh-
old and more flexible processability.[!] With the de-
velopment of modern integrated microelectronics and
opto-electronic techniques, functional components be-
come smaller and smaller, thus nanoscale NLO ma-
terials now attract more and more attention.?! Semi-
conductor or metal nanoparticles exhibit interesting
optical properties due to the confinement of the elec-

tronic wavefunctions, the drastically changed surface-

The

optical properties include linear absorption, fluores-

to-volume ratio, and their surface conditions.

cence and electroluminescence as well as NLO proper-
ties such as bleaching, electro-optic Stark effect, non-
linear absorption, and multiphoton fluorescence. Re-
cently, many new composite material systems also ap-
pear and show very bright futures in application, such
as organometallic compounds!®! and inorganic-organic
host-guest systems.[*! For nanoparticle-organic com-
posites, it is believed to show good NLO properties be-
cause it may combine the advantages of organic mate-
rials with the nanoscale materials. And it needs more
thorough studies to clarify their NLO mechanisms, to
design and control their physical properties, and to
characterize their microstructures.

Up to now, most studies published about the
NLO properties of nanoscale crystals were concen-
trated on the third-order nonlinearity x(3) or v. It
is usually believed that the centrosymmetry or near-
centrosymmetry structure (spherical model) of the ul-
tra small particle eliminates its second-order nonlin-
earity x(2) or first hyperpolarizability 8 to zero or
near zero. And for a long time it remains a problem
to directly study the second-order NLO properties of

such small nanoscale particles by conventional NLO
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techniques. The x(2) or (3 represents the lowest order
asymmetric response. Up to the present time, the
technique of electric-field-induced second harmonic
generation (EFISHG) has been most widely used for
measuring the § value of a NLO chromophore.l! In
this method, one requires the knowledge about ground
state dipole moment u, local field factors at fundamen-
tal frequency w, at second harmonic frequency 2w, and
at zero frequency. Since an external electric field is
applied to the sample, the third-order nonlinearity =
also contributes to the EFISHG intensity. More im-
portantly, it relies on the existence of a permanent (or
ground state) dipole moment to orient the NLO chro-
mophore so as to remove the macroscopic centrosym-
metry of the chromophore solution. Hence it cannot
be used for molecules or systems that do not have
permanent dipole moment. And it cannot be used for
conducting solutions, i.e. ionic species. In as much as
a reasonable electric field can be established for a con-
ducting solution, the field will cause migration of the
ionic species rather than dipolar orientation. There-
fore EFISHG technique cannot be used to study the
second-order NLO properties of organic salts and some
nanoparticles, which usually carry excess charges on
their surfaces. Another conventional NLO technique is
called second harmonic generation (SHG).®l However,
because of the corresponding coherence length for the
required incident radiation, practical sample size lim-
itation (lower limit, about an order of magnitude less
than the wavelength of the incident light) exists and
it cannot be applied to the microscopic domain of a
nanoscale particle.

Recently, some workers have made use of the
newly developed Hyper-Rayleigh Scattering (HRS),
i.e. the incoherent harmonic light scattering technique
to study the second-order NLO properties of organic
salts!”) and nanoparticles.[®9! For normal molecules,
the HRS signal arises from the random fluctuations
of the chromophore density or chromophore orienta-
tion, which instantaneously break the centrosymme-
try of the isotropic media in the microscopic area
of the incident laser beam.!'®) Thus HRS technique
is not constrained by the orientation, charge or size
restrictions as mentioned above. For nanoparticles
the mechanism is similar. In nanoparticle colloids
the random density fluctuations and orientation fluc-
tuations still exist, and one new mechanism named
surface fluctuations is also very important. Surface
fluctuations can be explained in terms of the dy-

namic ion exchanging, molecular adsorption and des-

orption processes between the surface and solution,
which can also instantaneously break the centrosym-
metry of the isotropic media. Here we make use of
HRS technique to study the second-order NLO re-
sponses of aqueous titanium dioxide (TiO3) nanopar-
ticles, and two nanoparticle-dye composites prepared
by adding rhodamine B (Rh610) or the organic tosy-
late salt of dimethylaminostilbazolium (DAST). TiOq
nanocrystal has been well investigated as a photoelec-
tric conversion material for solar cells or photocat-
alytic agents, which is cheap, safe and usually sta-
ble. Rh610 and DAST are both excellent NLO or-
ganic materials with very large NLO responses. It is
then interesting to study the compound TiO3/Rh610
or TiO2/DAST composites.

I. EXPERIMENTS

A. Preparation and characterization of samples

TiO; aqueous colloid solution was prepared by
hydrolysis of tetrabutyl titanate.'l] The size of the
colloidal particles was about 10nm, which was de-
termined by the transmission electron microscope
(TEM). Its UV-visible absorption spectrum was also
measured, showing the absorption threshold at about
330nm.

The TiO2/Rh610 or TiO3/DAST composites
were prepared by simply mixing TiOs solution with
aqueous Rh610 or DAST solutions. The chemical

structures of the two dyes are shown in Fig.1.

The pH value of the TiO5 colloid solution is about
0.90, thus both the dye solutions were adjusted to the
pH of 0.90 when mixing with TiOs colloid solution.
The UV-visible absorption spectra of the two dyes
were measured at pH=0.9. The absorption peak A, .x
for Rh610 is 557nm, for DAST is 329nm. It should
be pointed out that the Ay.x for DAST has a great
blue shift as compared to its Apax (about 480nm) in
organic solvents, for example, methanol. Here the sol-
vent effect is remarkable, which can change the molec-
ular structure and aggregation due to the interactions
between DAST and water, and the H in the acid so-

lution may also have some influences on its structure.

After the mixing of the TiO4 colloid solution and
dye solutions, the TiO5 nanoparticles did not aggre-
gate and their size was not changed much (still about
10 nm). The UV-visible absorption thresholds for
TiO5 nanoparticle and their TEM images could con-
firm this.
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Fig.1. Chemical structures of (a) Rh610 and (b) DAST.

B. HRS and multi-photon fluorescence experi-

ments

The measurements are performed by using a setup
similar to that of Clays.['®! The incident beam of a
Q-switched Nd:YAG laser (Continuum Surelite II) at
1064 nm operating at 5 Hz with 8-10ns pulse width
is focused into a 5cm glass cell with the pulse energy
lower than 1mJ. A 532nm (3nm bandwidth) interfer-
ence filter is used at the entrance to the photomulti-
plier tube (PMT) to prevent any luminescence of the
sample at other wavelength from reaching the detec-
tor. The signal from the PMT is analyzed with a
microprocessor-based boxcar integrator (EG&G 4400,
4402) which is triggered by the Q-switch of the laser.

Because some samples have strong (in comparison
with HRS signal) fluorescence emission due to multi-
photon absorption of the incident photon, their multi-
photon fluorescence (MPF) emission spectra were also
measured. The MPF setup is the same as that of HRS
but only the 532 nm interference filter is replaced by a
series of interference filters (about 12nm bandwidth)
at different wavelengths. In HRS experiments, the
bandwidth for 532nm interference filter is only 3nm,
which is already narrow enough to eliminate most of
the MPF signals. But we still use another 532nm in-
terference filter with 12nm bandwidth to obtain more
information about the MPF in the neighborhood of
HRS wavelength. And therefore we can obtain more
accurate 3 values after cutting off the MPF from the
HRS signals.

Hyper-Rayleigh scattering experiment allows for
the direct assessment of sample first-order hyperpo-
larizability 8 (orientational average of the § tensors
of the chromophores) in multi-component systems if 3
for other components has been previously established.
It is called the internal reference method (IRM). If the
incident intensity is I*, then the frequency-doubled

light (I?*) observed for a two-component system can

be described by Eq.(1) for low solute concentration as

follows:
I** = G(Ny < B > +Na2 < 3 >)(I¢)%. (1)

In Eq.(1), N is the number density of each com-
ponent, G is a constant parameter for low solute con-
centration that encompasses a large number of factors
including collection efficiencies and local-field correc-
tion factors, subscriptions 1 and 2 denote solvent and
analyte respectively, and the brackets indicate the ori-
entational averaging. [Ny is constant for low solute
concentration and the plot of Ny versus I2¢/(I%)?
yields a straight line of slope G < 32 > and intercept
GN; < B2 >. As a result, 32 can be obtained from
the slope divided by the intercept when (; is known.
To ascertain that our measurement gives a result con-
sistent with the accepted data, we have calibrated our
experiment procedure using para-nitroaniline (p-NA)
dissolved in chloroform as the sample. And we ob-
tained the B value of p-NA to be 37x1073° esu in
the density lower than 2mM, which is in satisfactory

agreement with the literature value.!'?!

. RESULTS AND DISCUSSION

A. Pure TiO; nanoparticle, Rh610 and DAST

samples

Shown in Fig.2 is a plot of the concentration de-
pendence of the HRS intensity from TiOs colloids at
pH=0.9. As predicted by Eq.(1), the signals scaled
linearly with the concentration of the colloids. From
the linear fitting results, the value of 8 per TiO5 for-
mula unit was determined to be 3.49x 10728 esu by us-
ing water as an internal standard (Bwater=0.56% 1030
esu). This B value is very large in comparison with
commonly studied organic chromophore. For exam-
ple, it is larger than p-NA by about eight times. Fig-
ure 3 shows the MPF emission spectra of TiO4 colloids
in water at pH=0.9. Because the bandwidth of each
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interference filter is about 12nm, the MPF emission
spectra were grossly measured and could not provide

delicate substructures of the spectra. From this we

can see that the influence of MPF is negligible if we
use the interference filter of 3nm bandwidth at 532nm

wavelength.
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Fig.2. HRS intensities as function of molar densities

for TiO2 nanoparticles in water at pH=0.9.
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Fig.3. The MPF emission spectra of TiOg colloids in
water at pH=0.9.

The foregoing analysis assumed that the HRS
signal originating from the collective effects of
the nanoscale particles, especially from the surface
molecules with highly non-symmetry because of im-
perfection or defect of the surface crystal lattice.
Hence a “per particle” [ value is more suitable for
assessment. Here we have estimated that one TiO,
nanoparticle of 10 nm contains about 1.5x10* TiO,
units. The “per particle” g value for TiO5 nanoparti-
cle was estimated to be 4.3x107 25 esu.

Similarly, we can gain the (3 values for Rh610
and DAST at pH=0.9 to be 1.55%x10727 esu and
1.47x10728 esu respectively. The MPF measurements
showed that Rh610 has very strong MPF signal even
near 532 nm, but for DAST it is much weaker. Both

(B values for the two samples above have taken into

consideration the influences of MPF and already cut
them off.

B. TiO;/Rh610 and TiO;/DAST composites

Figure 4 shows the HRS signal of TiO3/Rh610
composites by adding more and more TiOs nanopar-
ticles to the Rh610 solution with the same concen-
tration of 3.9x1075M. The “particle concentration”
for TiO5 varies from 5.3x107°M to 2.6x10~3M. We
can see that the HRS signal increases almost linearly
with the addition of TiO5, and we find that the signal
is larger than the linear sum of signals from Rh610
and TiO;. Figure 5 shows the change of UV-visible
absorption spectra of Rh610 before and after the addi-
tion of TiOy nanoparticles. The A,,.x almost remains
unchanged but the absorbance decreases at A, and
increases at side wavelengths. This gives us two hints:
one is that there do exist some kinds of interactions
between nanoparticle surface and Rh610, the other is
that the interaction is not strong enough to change
much of the electronic structure of Rh610 molecule.
Thus the great enhancement of second order NLO re-
sponses for TiO3/Rh610 composites is mainly due to
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Fig.4. HRS signal of TiO2/Rh610 composites with adding
TiO2 nanoparticles to 3.9x10~5M Rh610 solution.
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Fig.5. UV-visible absorption spectra of Rh610. (a)
after, (b) before the adding of TiO2 nanoparticles.
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the interactions between nanoparticle surface and
Rh610, and hence the change of surface conditions.
The reason of HRS signal enhancement can be
roughly illustrated as follows. In an acid environ-
ment, the surface of TiO5 nanoparticles is abundant
with H atoms and Ti atoms, only a small part of
O atoms is present. And the O atom of carbonyl
part of Rh610 molecule can bond with the Ti atom
of the surface. The interaction is something like that
for organometallic compounds, and the metal-ligand
charge transfer (MLCT) may enhance the oscillator
strength and contribute to the great NLO responses.
Here the ligand is the Rh610 molecule with large -
conjugation system and the metal ion is Ti atom.
For TiO2/DAST composites we can have similar
results. The HRS response was also enhanced but it
is not so obvious as the former one. The differences
between the two composites could be explained as fol-
lows: Firstly, the chromophore part (the part which
carries positive charge) of DAST (see Fig.1) has no ef-
fective functional groups which can combine with the
Ti atoms (because of steric hindrance). It may in-
directly interact with TiOs nanoparticle through the
tosylate part of its counterpart ion (the O atom of ben-
zosulfonate can bond with Ti atom), therefore the in-
teractions is not as strong as that of TiO2/Rh610 com-
posite. Secondly, Rh610 is a dish-like big molecule,
while the tosylate part of DAST is a rod-like small
group, consequently the latter is easier to interact
with and passivate the surface and might eliminate the
surface defects and some of the surface states. This
would be a negative factor to the second order NLO
responses because it is usually believed that defects
on the surface can benefit the generation of HRS sig-
nal. Finally the absorption peak A, .x for Rh610 is
very close to the HRS wavelength at 532nm, so the
HRS signal of TiO2/Rh610 composite will be reso-
nantly enhanced. But for TiO2/DAST composite the

resonant enhancement is very weak because both TiO,
and DAST have almost no absorption at 532nm. The
classical two-level model can roughly interpret the res-
onance effect.

IV. CONCLUSION

We have synthesized aqueous titanium diox-
ide (TiO2) nanoparticles of 10nm in size, and two
nanoparticle-dye composites which can be denoted by
TiO3/Rh610 and TiO2/DAST with adding rhodamine
B (Rh610) and the organic tosylate salt of DAST re-
spectively. Results obtained show that the “per parti-
cle” first hyperpolarizability 8 for TiOs nanoparticle
is very large, being in the range of 10725 esu. For
TiO2/Rh610 and TiOy/DAST composites the HRS
signals are further enhanced. And for TiO5/Rh610
composite the enhancement is obviously greater than
that of TiO2/DAST composite. This shows that TiOq
and TiOy/Dye composites are good candidates for the
applications in optoelectronic and NLO areas. The re-
sults reveal that non-centrosymmetry of the nanocrys-
tal/solution interface contributes mainly to its large
“per particle” 3, overwhelming the nanocrystal core.
And the interactions between nanoparticle surface and
adsorbed dyes are very important for their second-
order NLO responses. HRS signal is very sensitive to
the structure of nanoscale interface and can give some
useful information that cannot be obtained by nor-
mal physical, chemical or optical methods. Therefore
HRS technique is a useful new NLO method to char-
acterize the surface structures and microenvironment

of nanoscale materials.
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