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A novel application of vibrational sum frequency generation (VSFG) is developed to study the
molecular properties of the surface of submicron particles in suspension. The Rayleigh-Gans-Debye
scattering theory is extended to extract the local molecular response from the macroscopic nonlinearly
scattered spectral intensity. These results demonstrate the use of VSFG to investigate quantitatively the
surface molecular properties of submicron particles, dispersed in solution. It provides information on
the order and density of alkane chains and allows us to determine the elements of the local second-order

surface susceptibility.
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Second-order nonlinear optical spectroscopies have
become well-established and versatile tools to investigate
planar interfaces, because of their sensitivity to broken
inversion symmetry. Particularly vibrational sum fre-
quency generation (VSFG) has emerged as an important
technique in surface studies, owing to its molecular sur-
face specificity [1-6]. It allows one to, e.g., determine the
orientation and molecular order of molecules constituting
biological membranes and Langmuir-Blodgett films [7-
12]. Ideally, one would want to enjoy the advantages of
VSFG to obtain information on nonplanar local sur-
faces of, e.g., liposomes and cells. Although the inherent
macroscopic inversion symmetry in these media seems
to exclude the application of VSFG to such systems,
recent experimental [13,14] and theoretical [15] reports
of second harmonic generation provide good prospects.
In addition, reflection sum frequency experiments have
been successfully performed on strongly corrugated sur-
faces comprised of micron-sized powdered crystalline
particles [16], 15 nm gold nanoparticles deposited on
water and silicon/air interfaces [17], and 200 nm latex
beads at the air/liquid, and air/solid interface [18]. These
observations suggest that it should, in principle, be pos-
sible to probe the usually weak vibrational modes of
molecules on the surface of submicron particles in a dilute
suspension.

In this Letter we demonstrate the use of VSFG to study
the interface of submicron particles in suspension. As a
model system we use a suspension of silica particles
covered with alkane chains anchored by one end to the
sphere. We obtain information on the molecular order and
density of the molecules at the surface by analyzing both
the vibrational response and the angle dependent scat-
tered intensity, as a function of polarization of the in-
cident and emitted fields. The Rayleigh-Gans-Debye
scattering theory is further developed to extract local
second-order nonlinear susceptibility elements from the
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macroscopic scattered spectral intensity. The results dem-
onstrate the possibility of using VSFG to investigate the
molecular properties of the nonplanar surface of sub-
micron particles dispersed in a solution.

The VSFG experiments were performed using 10 wJ
(120 fs) infrared (IR) pulses (repetition rate 1 kHz,
FWHM bandwidth of ~180 cm™!) centered around
2900 cm™! and 3.0 wJ, 800 nm visible (VIS) pulses
with a 10 cm™! bandwidth. A schematic representation
of the experimental geometry can be found in Fig. 1 (left
panel). The selectively polarized IR and VIS pulses
were incident under a relative angle of 15° (8) and fo-
cused down to a ~0.4 mm beamwaist. The scattered light
was collimated with a lens, polarization selected and
dispersed onto an intensified charge coupled device cam-
era [19,20]. Typical recording times were ~600 s. The
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FIG. 1. Left panel: the experimental geometry, with a sche-

matic illustration of one particle. Right panel: the scattering
geometry. kg is the wave vector of the IR field, kyg is the
wave vector of the VIS field, kgg = kgpi is the wave vector of
the scattered sum frequency field, ng =k + Kyig, q is the
scattering wave vector, r = rii is the detector position, and r’ is
a point on the surface of the sphere. All k vectors and r lie
in the horizontal x-z plane. The IR, VIS, and SFG fields are
either polarized parallel (H) or perpendicular (V) to the scat-
tering plane.
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angular resolution was controlled by an aperture placed
in front of the collimating lens and was typically 12°.

The samples consist of dry stearic alcohol (C;gH3;0H)
coated [21] silica particles [22] dispersed in CCl, (99.9%,
Baker Analyzed) with a colloid volume fraction of 4.4%.
The sample cell consists of two CaF, plates separated by a
1 mm Teflon spacer. In this Letter we report on particles
with a radius (R) of 342 nm * 36 nm and a spherical
shape factor of 0.98. The particle size distribution was
determined from an analysis of transmission electron
microscopy (TEM) images containing several hundred
colloids (see Fig. 2). Particles with radii ranging from 69
up to 605 nm have been investigated, with results similar
to those presented here. Before each measurement the
samples were put in an ultrasonic bath for several min-
utes, to ensure the absence of aggregates.

Figure 2 shows four VSFG spectra recorded with dif-
ferent polarization combinations denoted in the graph, at
a scattering angle () of 22°. To ascertain that the signal
originates from the colloids in suspension and not from
those adsorbed to the sample window, we have measured
the total SFG intensity as a function of sample position
along the z axis (shown in the bottom right). The solid
line is a calculation assuming a signal originating from
the colloids in the suspension and the dashed line repre-
sents the case of a signal originating from colloids ad-
sorbed to the walls. Clearly, the measured intensity
originates from the particles in the suspension. That the
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FIG. 2. Left panel: VSFG spectra (gray lines) and fits (black
lines) obtained at different polarization conditions (the three
letter codes next to the spectra indicate (H for horizontal, V
for vertical) polarizations for SFG, VIS, and IR, respectively)
at a scattering angle of 22°. The angular resolution was 12°.
The intensities are corrected for polarization dependent de-
tector sensitivity. The black lines are fits as described in the
text. The solid lines in the upper trace (HHH) represent the
squared IR amplitude functions used in the fitting procedure
with the sign indicating the relative phase. The bottom trace
depicts an SFG spectrum from a gold surface, which reflects
the IR pulse bandwidth. Top right: TEM image of the colloids.
Bottom right: integrated SFG intensity as a function of sample
position. The solid (dashed) line represents the calculated
signal originating from colloids in the suspension (adsorbed
to the windows).
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signal does not originate from a macroscopic interface is
further corroborated by the observation that no signal was
present in the macroscopic phase matched direction
(along k2p). The signal vanishes upon replacing the sus-
pension with pure CCly. No signal was observed for any
other polarization combination.

To obtain meaningful information from these spectra
we describe the generated sum frequency field in terms of
the local components of the second-order nonlinear sur-
face susceptibility, ,\/(2), for each vibrational mode. As the
colloid surfaces can be considered locally isotropic, there
are four nonzero elements of X(z)(for each mode): X(LZ)J_ 1
X(ﬂlll’ ,\/hzl)”, and X;|2II) | contributing to the second-order
nonlinear polarization at the surface of the sphere,
P(st)(r’) [ L (Il) refers to the direction perpendicular
(parallel) to the local surface normal]. P(SzF) is a function
of the local infrared Eg and visible Evg fields: P(st) (r') =
>, Xﬁ,z):EIR(r’)EVIS(r’), where n refers to the vibrational
mode. For dilute suspensions the total scattered intensity
is the incoherent sum of the intensities scattered by the
individual colloids [23]. We can describe the scattering
field outside one spherical particle as a function of the
scattering angle (6) by solving the wave equation (with
the local second-order nonlinear polarization as the
source term) using a Green’s function method [24]:

ikge lr—r|

E :(r) = éV XV X fdr’e P(SZF)(r’) (D

Ir —r'l
in which kgp is the scattering wave vector, € is the
dielectric constant of the solvent, r = rii is the position
of the detector, and r’ is the local coordinate at the surface
of the sphere ([r'| = R). Thus, the phase relation between
light generated at different parts of the sphere is fully
taken into account in the analysis. As detection occurs in
the far field we can safely assume that R << r. Since the
refractive indices of the solvent and the particle are al-
most identical (nccy, = 1.4579 [25] and ng;o, = 1.42, as
determined from linear optical measurements at 645 nm),
we can use the Rayleigh-Gans-Debye (RGD) approxima-
tion [13,14], which treats the electric fields inside and
outside the sphere as identical [24]. Inserting Pg(r’ ) with
Egz)(r’) = E;e’*"e;. Equation (1) becomes

eiks,;r
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In the above expression /\/(3/2;,8 are the elements of the
local second-order nonlinear surface susceptibility.
€,y correspond to the unit vectors of the local
(spherical) coordinate system, e yis are the unit polar-
ization vectors of the incoming beams, kg = kgphi is
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the wave vector of the scattered SFG field, kgp = kg + kyig and q is the scattering wave vector, defined as
ksr — kgr = q4=2ksp sin§ 54

For the case of HHH polarization the transverse scattered field from a single sphere can be calculated from
Eq. (2) to be

ikgpr

el 0
Esp(r) = _EIREVISngE { COSE [(F(f)_LJ_ F(z?”l) COSB + (F(E)LJ_ F(zl)lll) COS(e B + 2&)]

6
— sing (T2, = T2 sin + (V) + T, ) sin(6 — B + 2@]}, 3)

where I‘f”) is a function of the local second-order suscep- |
tibility elements and the experimental observables R and ~ where n refers to a vibrational mode, w, is the reso-
6 as defined in Table 1. It is insightful to express the  nance frequency, and Y, is the spectral half width at
nonlinearly scattered sum frequency field in terms of an ~ half maximum. The solid lines in Fig. 2 are fits of the
effective nonlinear susceptibility of a single sphere, I'®,  data to the convolution Ise(wyis + @) = |3, TP (wR) ®
because it allows us to describe the nonlinear surface  Eyg(wyis)|? of Eq. (4) and the derived electric field
scattering from one sphere at a particular angle in a  envelope of the up-conversion pulse Eyg. The fits were
way similar to conventional sum frequency generation  obtained using all five well-known CH stretch resonan-
from a planar surface [26]. Corresponding expressions for  ces [10]: the symmetric CH; and CH, stretches at 2890
the other polarization combinations can also be derived.  and 2853 cm™!, the asymmetric CH; and CH, stretches
Of the eight possible polarization combinations only four  at 2980 and 2910 cm™!, and a Fermi resonance at
generate nonzero expressions: HHH, VVH, VHV, and 2930 cm™!. The central frequencies were obtained from
HVYV (shown in Fig. 2). This can be understood from  alinear infrared spectrum and a Raman spectrum of the
simple symmetry arguments [27]: Reflection (y = —y)  same colloid sample. For planar surfaces it is well estab-
in the horizontal x-z plane changes the sign of vertically  lished that alkane chains in an ordered all-trans confor-
(V) polarized fields but does not affect horizontally (H) ~ mation possess inversion symmetry around the CH,
polarized waves. Since the system is symmetric under  groups, which, as a consequence, do not appear in the
this reflection, only those combinations which involve an sum frequency spectrum [4,5,7,12]. As the CH, group
even number of vertically polarized fields are symmetry  distances are very small compared to the particle dimen-
allowed. Equation (3) reduces to the results reported ear-  sions, this selection rule still applies and thus we can
lier [13,14] for second harmonic scattering if ¥® is  conclude from the relatively strong contribution from the
dominated by the radial component (i.e., ¥ = 0, except CH, groups to the spectrum that the stearyl chains are not
for )((f)L 1) well ordered on the surface. If we compare this to a

From Eq. (3) it is clear that for a given scattering angle structure of a Langmuir film the structure must be an
the transverse component of Eg is a linear combination ~ open one with many gauche defects in the alkane chains,
of the components of the effective nonlinear spherical =~ much like the uncompressed liquid expanded phase of a
susceptibility I'®. This is equivalent to the description of ~ phospholipid monolayer [12].

VSFG from a planar interface [28]. Hence, we can still Figure 3 shows a radial distribution pattern of the
model the spectra using the familiar expressions for  square of the amplitude (|Agyycy,|?) of the CH; sym-
VSFG [3,6,12]: metrical stretch mode, obtained from fits to spectra mea-
sured at different angles. Similar to previous theoretical

). (2) _ A, [15] and experimental [13] results for SHG scattering, the

Sk % zrn EirBvis [ (w) (0 — wg,) +1Y,’ sum frequency signal vanishes in the forward direction

(i.e., at @ = 0) in agreement with Eq. (2). This effect is a
direct consequence of the inversion symmetry of the
particles. At @ # O the variation of the phase mismatch
TABLE I Values of the elements of the effective second-  across the sphere effectively lifts the inversion symmetry,
order susceptibility I'® in terms of the local susceptibilities leading to a finite scattering intensity. The solid line
X®) and experimental observables, § and R. represents the calculated emitted power (45 = \/—IE 1)

“

F(f)“ 27T[B,\/lll + A()(l”” + XIIJ_II + Xlllll)] over a solid angle of 12°. The fit results in amplltudes of
F(ffm mlAxT L + (A +2B)x) i A(X“ u Tt X|(|2||) ] thg) local surface s(;scep(tzl)blhty for this m(?zc:e of(z,)\/ T/
re), AL, — ) + A+ 2B)X”l” Ax® ] Xiin = =029 xjyy/x11) = 028 and xjij, /xiyy =
) o @ 0.32. With these parameters the intensity ratio of the
Dl mALL ~ X lJ|||) Axidy T A+ BN gifferent polarization combinations as presented in
A 4R2 {2(1 — R') sin(gR) — 2¢gR cos(gR)} Fig. 2 can be reproduced very well. This shows that for
B {(2R% = 2) sin(qR) — qR("iRS —2)cos(¢R)} this submicron sized particle type of system the RGD
q4Rz 3 S

approach is well suited to describe the experimental
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FIG. 3. Polar plot of the angular distribution of SFG intensity
for the symmetrical CH; stretch mode. The solid line is a fit
through the data using Eq. (3). § = 0 is defined as the phase
matching angle.

results and allows for an accurate estimate of the relative
magnitudes of the different elements of the local non-
linear susceptibility.

To summarize, we have measured vibrational sum
frequency spectra for a dispersion of submicron sized
particles covered with alkane chains. By analyzing the
results using a Rayleigh-Gans-Debye approximation we
obtain information about the local molecular order and
density of these chains on the surface of the particle. This
extension of SFG to nonplanar surfaces demonstrates that
this technique with its inherent molecular surface sensi-
tivity can now be applied to a wider range of systems.
This opens new avenues for the in situ research of the
surfaces of, e.g., cells, vesicles, particles, and related
systems.
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