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ABSTRACT Second harmonic generation (SHG) spectroscopy
is a recently developed technique for the investigation of sur-
face properties of particles. To apply the method to technical
colloidal systems, the dependences of several experimental pa-
rameters on the signal have to be studied. In this work the
influence of particle concentration on the SHG signal from the
surfaces of colloids (polystyrene beads in a size range of 0.1 pum
to 2.9 pm) is investigated. A simple model, based on Lambert—
Beer’s law, to describe the measured dependences is derived.
The model agrees with the experimental observations for par-
ticles smaller 1.1 pum and with a small modification also for
larger particles. Based on the new model an analytical equation
for determining the optimum concentration, where highest sig-
nals in colloidal SHG spectroscopy measurements are obtained,
is derived.

PACS 42.25.Fx; 42.65.-k; 82.70.Dd

1 Introduction

Manufacturing and handling of colloidal particles
is vigorously determined by the particle interface proper-
ties. Coagulation and stabilization, rheology, filtration and
many other processes are influenced by particle interactions
and thus by the surface properties of the particles. For ex-
ample, nanoparticle production by comminution in stirred
media mills finds a lower limit for product particle size when
reaching an equilibrium of breakage and agglomeration [1].
Changing the surface charge of the particles or adsorbing
steric polymers on the surfaces increases the suspension sta-
bility with respect to agglomeration. Thus, lower particle sizes
can be obtained. For controlling such processes it would be
convenient to measure the particle surface properties during
the production processes. The only technique that has the po-
tential to study chemistry and physics on such buried surfaces
and even with high time resolution is nonlinear optical spec-
troscopy, i.e. second harmonic generation (SHG) and sum
frequency generation (SFG) spectroscopy [2].

Second order nonlinear effects are electrically dipole for-
bidden in centrosymmetric media. At an interface between
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two such media there is always a symmetry break leading to
a nonvanishing nonlinear susceptibility x ®, which gives rise
to a nonlinear signal. In SHG this is a frequency-doubled sig-
nal with respect to the incident light. SHG spectroscopy was
developed in the early 1980s [2,3] and has become an es-
tablished technique for the investigation of planar surfaces.
The advantages are the intrinsic surface specificity, the ap-
plicability to all optically accessible surfaces and the high
temporal resolution. In 1996, Wang et al. showed the pos-
sibility of applying the method to the investigation of col-
loidal surfaces [4]. Since then the technique has proven to be
a powerful method for characterizing adsorption processes on
polymer beads [4-8], clay particles [9] and emulsions [10].
The surface charge of colloidal particles was also observed
by electric field induced SHG (EFISHG) [11, 12] as well as
charge-transfer processes of semiconductor particles [13].

All these experiments have been realized at ‘model’ sys-
tems like monodisperse spheres at fixed number concentra-
tion. For establishing the method and applying it to techni-
cal suspensions, several experimental parameters have to be
taken into account. A very important one is the particle con-
centration: in a common transmission setup, the SH signal
should rise with increasing number of particles. At the same
time higher absorption and scattering of the incident as well
as the generated light should decrease the detected signal. For
the characterization of surface properties of particles in real
systems this concentration dependence has to be known and
taken into account. In the following some experimental re-
sults about the SHG concentration dependence of polystyrene
(PS) microspheres with different diameters will be shown.
A simple model based on Lambert—Beer’s extinction behav-
ior is developed to describe the concentration dependence of
the SHG signal theoretically. This model allows a prediction
of the concentration behavior for a certain suspension if the
linear extinction coefficients at the wavelengths of interest are
known. These can be determined by simple UV-Vis measure-
ments or by applying Mie’s theory. To our best knowledge, we
are the first who studied in detail the influence of concentra-
tion on the SHG signal generated at surfaces of particles.

2 Theoretical description
of the concentration dependence

The electric field of the generated SH signal (E>,)
is proportional to the square of the incident E field (E,,) and
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the second order nonlinear susceptibility x ®:

Esp o x P E2. (1)
In this work, independence of the signals generated by differ-
ent particle surfaces and a homogeneous particle distribution
are assumed. Thus, we can introduce an effective nonlinear
susceptibility 8. The total SHG intensity Igw(r) generated at
the interface of one particle, located at the position r some-
where within the suspension, which is illuminated by light of
intensity 1,,(r), will then be described by

L, =1 r). (2)
In a colloidal suspension the incident light is attenuated by the
particles due to scattering and to some extent by adsorption
(if the influence of the solvent is neglected). For systems with
moderate concentrations this attenuation behavior can be de-
scribed by Lambert-Beer’s law as a function of the position
(z) in the propagation direction. I, (r) then becomes, in the
case of a TEM(y Gaussian beam profile for the incident light,

2 x24y2
wo 22 +>2
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(2)

with the intensity of the incident light Iy, the linear extinction
coefficient «,, for the incident wavelength (A = 846 nm) in the
forward direction, the number concentration c of the particles
and the position of the cuvette entrance zp. The beam waist
wy at the focus and w(z) at the position z depend on the focal
length f of the applied lens.

The generated light will be attenuated by scattering as
well, when passing the remaining path within the suspension.
We also assume an exponential behavior. However, the ex-
tinction factor will surely be lower than the linear extinction
coefficient for the half wavelength a5, (A = 423 nm): not the
light in the forward direction (which is actually zero [5, 14])
but in contrast a large fraction of the scattered signal is de-
tected (see the setup below with an angle of acceptance of
about 60°). Therefore, we assume an extinction coefficient
a,/t with a factor ¢ that has to be determined. In our work
the values of 7 will be obtained by a numerical fit of (6) to the
experimental data. But, in general, it should be possible to de-
termine the value of ¢ theoretically, as well, if the scattering
behavior of the generated nonlinear light within the cuvette
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was known. In this case, taking into account the experimen-
tal aperture, the part of the light reaching the detector could
be calculated accurately. First experimental and theoretical
works on the nonlinear scattering behavior in colloids can be
found in the literature [5, 14—18].

If # is known, the detected nonlinear signal generated by
one particle will therefore be
[y = 1o 100179, 4)
with the position of the cuvette exit z; . To obtain the total SHG
signal generated in the suspension, the individual signals of all
particles have to be summed. Since the number of particles in
the volume element dN is given by dN = ¢dV, the following
integral has to be solved:

o0 o0 7|

b, = pc f f / I, (r) e*a%c(*""*")dxdydz. 5)
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Performing the integration over dx and dy leads to
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b4
with 8* =~ I28.

4
3 Experimental

To assure a high peak power and a low absorption,
short laser pulses are usually applied for SHG experiments.
We used a Ti:sapphire femtosecond laser (Millenia-pumped
Tsunami, Spectra Physics), which provides pulses of approxi-
mately 60 fs at a repetition rate of 82 MHz. The wavelength
is tunable from 700 to 1000 nm. All experiments in this work
were performed at a wavelength of 846 nm and a mean power
of 1.4 W. We used a transmission setup, schematically shown
in Fig. 1. After blocking SH signals, possibly generated at
the mirror surfaces before reaching the lens by a glass filter
(RG695), the beam is focused into a sample cell (rectangular,
2-mm path length). The scattered light as well as the scattered
signal are collimated by a second lens which is situated in
the forward direction. The angle of acceptance is about 60°.
A low-pass glass filter (BG38) separates the SH light from the

single
photon
counting

FIGURE 1
spectrometer

Transmission setup of the SHG
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incident light. After a beam-size reduction and focusing into
a monochromator for a more accurate separation, the signal
is detected by a photomultiplier tube (Hamamatsu R-7205-
01) and processed by a photon counter. The signals are finally
recorded by a computer. All SHG experiments as well as the
calculations were performed for vertically polarized incident
light. Since in SHG spectroscopy at colloidal surfaces the in-
teresting quantity is the intensity, the total generated light was
detected independently from the polarization state. However,
all the ideas applied in this work to describe the signal behav-
ior for one special polarization configuration are expected to
be transferable to any different configuration without loss of
generality.

For measuring the linear attenuation behavior of the inves-
tigated suspensions, UV-Vis transmission experiments were
performed. The scanning option of a Cary 100 from Variant
was applied. Thus, the ratio of transmitted and incident light
as a function of wavelength was measured. Scans were per-
formed from 400 nm to 850 nm. The values at 423 nm and
846 nm, respectively, were chosen to calculate the attenuation
coefficient due to Lambert—Beer’s law. Rectangular cuvettes
of 2-mm path lengths were used.

The investigated colloids consisted of polystyrene (PS)
microspheres of different diameters from Polysciences with
plain surfaces (polybeads) in a size range from 107 nm to
2.98 wm (see Table 1). Concentrations of the original suspen-
sions were between 2.5 and 2.7 vol.%. On the particle surfaces
malachite green (MG) hydrochloride (from Aldrich without
further purification), a cationic dye with a high nonlinearity,
was adsorbed. Therefore, a defined amount of the original sus-
pensions was mixed with a solution of MG. The particle as
well as the MG concentration were varied in the experiments
for different particle sizes. The MG molecules lead to SH
signal increases up to 1000 times in comparison to the plain
surfaces [4], whereas the normalized trend for the particle
concentration dependence is not influenced, as will be shown
below. Thus, the signal to noise ratio is strongly enhanced
and measurement time can be reduced. Detailed information
about the investigation of MG adsorption on PS particles by
SHG can be found in the literature [4, 5, 8, 10].

The stability of the suspensions was validated by dynamic
light scattering (DLS) particle sizing in a Malvern Zetasizer
Nano, before and after the SHG experiments. These experi-
ments showed a narrow size distribution for all particles.

rms [%] rms new [%]
(norm. intensity) (norm. intensity)

Diameter [pum] Variance [pum]

0.107 0.005 4.3 -
0.203 0.010 3.1 -
0.356 0.014 7.7 -
0.465 0.011 8.1 -
0.535 0.010 7.7 -
0.771 0.025 6.3 -
1.093 0.032 49 -
1.826 0.046 27.6 6.3
2.979 0.139 17.1 34
TABLE 1 Particle diameters and variances of the investigated PS par-

ticles. Additionally, the rms values as a quantity for the degree of correspon-
dence between experimental data and calculated trends in the concentration
behavior are listed

To directly compare SHG and UV-Vis measurements all
experiments were performed in rectangular cuvettes with
a path length of 2mm. After measuring the SHG signal
the sample was removed from the cell and diluted with
millipore water to obtain a lower particle concentration.
By this procedure a well-dispersed suspension is guaran-
teed for each sample. Measurements were performed within
the first 30 s after filling the cuvette. Thus, changes in sig-
nal with time due to heating effects or particle sedimenta-
tion were avoided. Effectively, no significant signal changes
could be noticed when measuring the sample for several
minutes.

4 Results and discussion

4.1 UV-Vis measurements

Figure 2 shows exemplary UV-Vis spectra of the
0.771-pm PS particles for different number concentrations in
the wavelength range from 400 nm to 850 nm. At high con-
centrations a small absorption peak at 623 nm resulting from
a two-photon resonance of the MG can be observed, whereas
no influence of MG absorption can be seen at the wave-
lengths of interest (846 nm and 423 nm). The corresponding
extinction behavior is illustrated in Fig. 3. The logarithmic

absorbance
—

0.5
number

concentration [10'%mi] wavelength [nm]

FIGURE 2 UV-Vis extinction experiment for 0.771-pm PS particles with
MG

0 400

0.771um PS (I=2mm)

10
o A=423nm (20)
= A=846nm (®)
107}
_O
1072}

number concentration [101O/ml]

FIGURE 3 Extinction behavior at the wavelengths corresponding to
(846 nm) and 2w (423 nm) in a 2-mm cuvette
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scale demonstrates the exponential Lambert—Beer decay (dot-
ted line) up to a certain number concentration (0.5 x 10" /ml
for 846 nm, 0.2 x 10'° /ml for 423 nm). At higher concentra-
tions the curve deviates from this behavior due to multiple
scattering leading to another exponential decay. The total ex-
tinction behavior can thus be described by the sum of these
two exponential functions (solid line). Figure 4 shows that
for higher concentrations the exact solution decays slightly
more weakly than for the Lambert—Beer assumption. Never-
theless, the difference is not as strong as one would expect
due to the significant change in slope that can be observed
in Fig. 3.

4.2 Comparison of theory and experiments

Since no absorption of the MG at the wavelengths
of interest can be observed, only 8* in (6) depends on the MG
concentration, and thus only the absolute intensity values.

Figure 4 shows the normalized SHG intensity of the
0.771-pum PS particles as a function of particle concentration
for different amounts of MG and two different focusing lenses
with 100 mm and 50 mm focal lengths. The figure verifies
the statement that the normalized concentration dependence
is not influenced by the addition of MG to the suspension
nor by the focusing, since the trends of all four experiments
coincide. The results shown for the 0.771-wm particles are
valid for all investigated particle sizes, as clearly proven by the
experiment.

The figure shows further a good agreement between the
experimental concentration dependence and the calculated
one (by numerical integration of (6)) and determining the
factor ¢+ by a numerical fit. The obtained values of ¢ for the
different particle sizes, thereby, all lie between 4.5 and 6.
No general dependence between this factor and the corres-
ponding particle size could be observed. In fact, using the
mean value of ¢ = 5.2 for calculating the concentration depen-
dence with (6) also matches well the trend of the experimental
data.

10 0.771um PS
+ 16.8uM MG (100mm)
08 = 11.7uM MG (100mm)
> < 8.0uM MG (100mm)
é 0.6 o 8.0uM MG (50mm)
= ---"exact"
€ 04t — Lambert-Beer
e .
0.2 )
O 1 L L L ~ J
0 0.2 0.4 0.6 0.8 1

number concentration [1010/ml]

FIGURE 4 Experimental data for the concentration dependence for
0.771-pum PS particles for different MG concentrations of the basic so-
lution in a 2-mm cuvette. The lines represent the calculated trends using
the Lambert-Beer extinction for the intensities and the ‘exact’ extinction
behavior

The absolute root mean square (rms) values for the devi-
ations between the measured and the calculated data points,
which are listed in Table 1, confirm a similar matching for
other particle sizes as long as the diameter is below 1.1 pum.
The corresponding trends can be found in the appendix of this
work.

The concentration behavior of the linear signal was inves-
tigated with the same setup, detecting only light of the original
wavelength (corresponding to w) after exchanging the blue
glass filter by an infrared filter (which further blocked the cen-
tral cone of the signal) and adjusting the monochromator to
846 nm. The trend can be seen in Fig. 5. To apply the model
from above to the linear behavior, the extinction factor for
the generated light (orp,,) has to be substituted by the linear
one («,,). The dependence from the incident intensity is fur-
ther linear (not quadratic). An interesting point is the resulting
value for the parameter ¢ (r = 1.8) in comparison with the
value for the SHG experiment (t = 5.6). This shows the strong
differences in the nonlinear and linear scattering behavior. De-
tails about the nonlinear scattering behavior can be found in
Fig. 12.

For larger particles the assumption in the derivation of
(6) that scattered light does not contribute to the generation
of SH light is not applicable any more. Due to Mie theory
most of the light scattered by ‘larger’ particles will propa-
gate in almost the forward direction. Furthermore, the in-
tensity of this forward-scattered light from larger particles
will be higher than in the case of smaller particles. Thus,
the scattered light will also produce nonlinear signals. This
idea can be included in (6) by assuming a lower extinc-
tion coefficient (o) for the incoming light. A numerical
fit revealed that the extinction factors of the 1.8-pum and
the 2.9-um particles have to be divided by 3.5 to obtain
a good agreement between the calculated trend and experi-
mental data again (see Fig. 6 and the resulting rms values (rms
new) in Table 1). It is somewhat surprising that the values

0.771um PS
Ty
¥ * linear signal
0.8l — linear fit
' — -SHG
2
2
¢ 0.6
£
E
o 0.4
0.2
0 1 1 1 1 —l
0 0.2 0.4 0.6 0.8 1
number concentration [1O1O/ml]
FIGURE 5 Comparison of the concentration behaviors of the scattered lin-

ear signal and the SHG signal measured with the same transmission setup.
The experiment was performed for 0.771-pum PS particles in a 8 uM MG
basic solution (2-mm cuvette)
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0.8f

norm. intensity

1.826um PS

-
o experimental data~ _
— —theoretical model T~

——theoretical model (a.(®)/3.5)

0.8r

norm. intensity

0.05 0.1
number concentration [1010/ml]

0.15 0

FIGURE 6 Concentration depen-
dence for ‘large’ particles. (a) 1.826-
wm PS particles, (b) 2.979-um PS
particles. The dashed lines represent
the calculated trends with the ex-
tinction factor (@) in the forward
direction. The solid lines result from
the same calculation but with a re-
duced extinction factor («,/3.5)

2.979um PS

s experimental data
— —theoretical model
— theoretical model (a(w)/3.5)
0.02 0.04 0.06
number concentration [1010/ml]

for the reduction of the extinction coefficients for these two
particle sizes coincide, especially because a jump from the
factor 1 (1.1-pm particles) to the factor 3.5 (2.8-um par-
ticles) is observed. To obtain a deeper insight into this is-

-10

10
NE‘ 10—127
<
.0
L
§10”5
5 /) . O (experiment)
-:EJ 6] T o Oy (experiment)
Py 10 | _ _o_ (Mie theory)
[
I S (Mie theory)
10—18 ) )
0 1 2 3

particle diameter [um]

FIGURE 7 Comparison of experimentally obtained and calculated (Mie
theory) extinction coefficients for the 0.771-um-sized particles with refrac-
tive index of 1.591 4 0.003i

1 -
—25mm
---50mm
o8-t -\« e 100mm
--=-200mm
2 ——approx
2 0.6F
2
£
£
5 0.4
c
0.2
0 ‘ ===
0 0.5 1 1.5

number concentration [1010/ml]

FIGURE 8 Comparison of the approximated (8) and the ‘exact’ solution of
(6) for different focal lengths of the lens

sue, the behavior in the intermediate size range has to be
investigated.

4.3 Extinction coefficients by Mie theory

By applying the Mie theory the extinction coeffi-
cients for the investigated colloidal systems can be calculated
for the accordant wavelengths and particle sizes, without per-
forming any experiments (a refractive index for PS of 1.591 +
0.003i was assumed). Figure 7 illustrates a good agreement
between the experimentally obtained coefficients and the the-
oretically derived ones for the particles of 0.771-pm diameter.
Therefore, if the factor ¢ in (6) is known for a certain particle
system the concentration behavior for the system can be pre-
dicted theoretically.

44 Determining the optimal concentration

By numerical integration of (6) for different num-
ber concentrations the optimum concentration (cop) for a par-
ticle system where highest SHG signals can be obtained is
theoretically accessible. However, an analytic expression for

10"
? o experiment
) —calculation (oo by UV-Vis, mod)
107 | - —calculation (a. by Mie)
E
e 0
S 10 |
3
OO
1072}
10 ‘ ‘
0 1000 2000 3000

particle diameter [nm]

FIGURE 9 Comparison of the experimentally obtained optimal particle
concentrations (circles) and the corresponding theoretical concentrations.
The calculations were separately performed with theoretical values of «,,
by Mie (dotted line) and by UV-Vis (solid line) already modified for larger
particles (by dividing by 3.5)



338 Applied Physics B — Lasers and Optics

1
0.8 1
-
o 06] ]
=
3
(@) 04’ 7
b : [
0211 b i
0 1 1
0 5 10

| [mm]

FIGURE 10 Verifying the constancy of the product lcop for 0.771-pum PS
particles with MG

0.771um PS

0.8

0.6

0.4

norm. intensity
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0 0.2 0.4 0.6 0.8 1
number concentration [1010/ml]
FIGURE 11 Verifying (6) for different path lengths with 0.771-wm PS par-
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FIGURE 12 Comparison of the experi-
mental and theoretical trends of the con-
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this optimum concentration can also be derived: neglecting
the factor 1/w(z)? in (6) leads to an integral which can be
solved analytically:

2]

—_ Z—7Z —_— * Z1—2
Iza(ijr — *ngcfe 20 c(z "O)G O‘ZwC(*'l ")dZ, (7)
20
’3**2 , el
apr __ —009)C —20cl
[y SRS ®
2aw — 02y

where ! = z; — zo is the cuvette length. In this case the changes
in intensity with propagating distance z due to focusing will
be neglected. Thus, the resulting equation will not be applica-
ble to describe the absolute values of the SHG signal intensity
@if B* was known). Nevertheless, the behavior of the con-
centration dependence is not strongly affected for moderate
focusing (f > 100 mm). The lens used in our experiments had
a focal length of 100 mm. And, even for lower focal lengths
at least the peak of the SHG intensity can be found at the
same number concentration. Figure 8 demonstrates these as-
sumptions, where the concentration behavior for different fo-
cal lengths calculated by (6) is illustrated besides the trend
resulting from (8). Thus, differentiating (8) and solving the
resulting homogeneous equation leads to an analytical expres-
sion for the optimal concentration:

1 Q20
= ————In 222 . 9
¢ a (O(Zm - 20((0) l ! <2(¥w> ( )

Figure 9 shows the optimal concentration calculated by (9)
using the extinction coefficients obtained by the UV-Vis
measurements (solid line) modified for the larger particles (by
dividing by 3.5) as well as the calculated ones (by Mie theory).
Good agreement between the calculated and the experimental
values for the optimal concentration can be seen.

4.5 Testing the model

Corresponding to (9), the product of cop and the
path length / should be constant. This assertion can be veri-
fied by ascertain experimentally the optimal concentration for
the same suspension in cuvettes of different lengths. Figure 10
shows the result for the 0.771-pwm particles. An approximately
constant value for the different cuvettes can be seen. The
concentration dependences for these particles in the different
cuvettes are demonstrated in Fig. 11. The solid lines represent
the calculated trends by (6), with the adapted values for the cu-
vette entrance (zo) and exit (z;). In these calculations the same
value for ¢ (r = 6) was used. Since the theoretical and the ex-
perimental trends coincide, another hint of accuracy for the
model is given.

5 Conclusion and outlook

An investigation of the concentration dependence
in colloidal SHG spectroscopy was presented. In this context

a simple theory shows a high correspondence with the ex-
perimental data. Based on this model the trend of the SHG
signal as a function of concentration can be predicted numer-
ically. For the determination of the optimal concentration
an analytical equation was derived. Due to this equation the
optimal concentration depends only on the linear extinction
coefficients and the optical path length (cuvette length). It
shows the possibility of adapting the path length in an ex-
periment where the suspension concentration is fixed due to
external constraints, e.g. in technical processes for particle
formation.

In future experiments the obtained insights have to be ex-
tended to different particle systems (consisting of different
materials) and especially for particles with a certain size dis-
tribution. In the latter case the effective nonlinear susceptibil-
ity cannot be assumed as constant any more. The interesting
question would be if a mean effective susceptibility (aver-
aged over the different size fractions) can be used to apply
the model derived here for such a system also. An amplifi-
cation of our investigations in this context would be the de-
termination of the effective nonlinear susceptibility for the
monodisperse systems by fitting the experimental data apply-
ing (6) with * as the only fitting parameter. The thus obtained
values would be a direct indication of the signal strength for
the SHG light generated at the surface of particles with differ-
ent sizes.
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