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Abstract
Many processes in chemistry and physics rely on the structure, growth or change of material
buried in solids. The impenetrable surrounding medium often prohibits the study of such material
in-situ. Nonlinear light scattering can be used to observe the internal structure of a crystalline state
embedded inside another solid state. Vibrational sum frequency scattering patterns of polymer
microspheres, consisting of both amorphous and crystalline material, reveal the size of the buried
micro-structure and the optical components of the second-order susceptibility of the material. The

vibrational spectra reveal the molecular structure.
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Second-order nonlinear optical experiments are specifically suited to probe molecular
properties of buried interfaces and ordered structures (see e.g. [1-5]), since the signal
strength is determined by the second-order nonlinear susceptibility x(?. Equivalent to ex-
periments of macroscopically flat interfaces, second-order Nonlinear Light Scattering (NLS)
has recently been introduced to probe interfaces of sub-micron sized colloids dispersed in
liquids. Second Harmonic (SH) scattering was used to probe electron transitions in dye
molecules on particles suspended in liquids first by [6] and later by others as well [7-11], so
that adsorption kinetics on particle surface in dispersions could be followed in situ. The use
of infrared photons offers the additional advantage to probe vibrational modes which are
very sensitive to chemical structures. NLS Spectroscopy (NLSS), in the form of Vibrational
Sum Frequency Generation (VSFG) scattering (see Fig. 1a) has until now only been used
to probe molecular interfacial structures and solvent /interface interactions on colloidal par-
ticles in solution [12-14]. For interfaces of isotropic particles in isotropic bulk media it has
been shown that the angle-dependent intensity depends on the scattering geometry, the size
of the particle and also the surface second-order susceptibility [12, 15-18]. NLSS has not
been applied yet to buried structures in solid materials.

Detecting small buried crystalline domains in amorphous dielectric solids or amorphous
defects in crystalline media without cutting open the solid is a formidable challenge owing
to the impenetrable nature of a solid material. Ordinary light scattering is not likely to
be useful because it is sensitive to refractive index differences. NLS however, can be very
sensitive since the contrast is provided by x®.

In this Letter NLSS was used to detect nanoscopic crystalline domains embedded in
biodegradable polymer microspheres, which are part of a novel scheme to treat an incurable
form of liver cancer [19]. The angular intensity distribution allows us to determine the size
of the buried micro-structure, the optical components of the second-order susceptibility of
the material and, to some extent, where the material is located. The spectral shape reveals
the internal molecular structure of the buried domains. This method has allowed us to
explain the apparent structural robustness that seems to be crucial in the understanding of
the working mechanism of the treatment: In the proposed medicine the crystalline domains
form a host matrix for the incorporated medicinal complex [20].

The biodegradable poly-(L-lactic acid) (PLLA) polymer microspheres were prepared by

evaporating the chloroform of a water/chloroform/PLLA emulsion, so that spheres were
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FIG. 1: An illustration of the scattering process. a: IR and VIS laser pulses, with wave vectors
ks and k; are incident upon a collection of microspheres. The scattered SFG photons, with wave
vector ko are measured in the far field at scattering angle 6. The dashed pattern illustrates a
typical surface response, whereas the solid pattern originates from buried domains as found in
this work. b: XRD pattern of the microspheres. Inset: Illustration of a microsphere consisting
of crystalline (red) and amorphous (blue) domains and the P2;272; crystalline structure of the

polymer, poly-(L-lactic acid), with unit axes a, b, and ¢ [21].

prepared with a broad size distribution of 20 - 50 microns in diameter. The X-ray diffraction
pattern in Fig. 1b (recorded with a Philips (Cu-Kal) difractometer) reveals the presence of
crystalline material. The Bragg reflections are typical for the orthorombic P2,2,2; crystal
structure of PLLA, that has two anti-parallel helices per unit cell [22, 23]. The distribution
of crystalline material is not known, but the volume fraction was previously estimated at
35 % crystalline material [24, 25]. Although the distribution of crystalline material is not
known, the preparation method suggests the presence of isotropically distributed buried
domains.

The sum frequency scattering experiments were performed using 7 pJ (150 fs) infrared
(IR) pulses (repetition rate 1 kHz, FWHM bandwidth of ~140 cm™!) centered around 2995
ecm™! and 3.0 pJ, 800 nm visible (VIS) pulses with a 5 cm™' FWHM bandwidth (see Ref.
[26] for more details). The selectively polarized IR and VIS pulses were incident in the
horizontal plane under a relative angle of 15° (/) and focused down to a ~0.5 mm beam
waist. The scattered light was measured in the same plane and collimated with a lens,

polarization selected and spectrally dispersed onto an intensified CCD camera [27]. The



angular resolution was controlled by an aperture placed in front of the collimating lens and
was 5°. The microspheres were pressed between two CaFsy plates, with a spacing of 100 pm,
such that the depth of the sample is at most a few microsphere diameters. Typical recording
times were 100 s.

Fig 2 displays the integrated intensity of the scattered sum frequency signal as a function
of scattering angle (left panel) as well as 3 spectra obtained at different angles (right panel).

The frequency domain spectra recorded at different angles can be described by the absolute
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FIG. 2: Intensity pattern and scattering spectra of the microspheres. Left panel: Intensity scat-
tering pattern in the ssp polarization direction from microspheres consisting of amorphous and
crystalline domains. A calculated scattering pattern from the outer surface of a microsphere, (red

curve, with R=20 pm and a non-zero surface response X(fl | = 1) and a domain boundary (green

curve, with R=500 nm and non-zero surface response X(fj_ | = 1) are also displayed. Both curves
do not describe the data. Right panel: Corresponding frequency domain spectra of the methyl
(CHs) stretch modes for the scattering angles: §=52° 6=18° and #=-28° (encircled points in the

left panel). The monomer unit of PLLA polymer is also shown.

square of the following expression (see e.g. [1, 4, 28]):

o) S Bl (e ) O 0)

where A, refers to the non-resonant background with relative phase A¢, n refers to a

vibrational mode, with resonance frequency wy,, amplitude A, and damping constant T,,.
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Spectrally, the CH3 groups attached to the helical C-C-O backbone of the PLLA polymer are
probed. The spectra resemble those obtained of a crystalline PLLA film [29], and were fit in
a global fitting procedure, in which the vibrational modes of the symmetrical (at 2947 cm—)
and anti-symmetrical stretch mode (at 2997 cm™!) of the CH3 groups of the polymer chain,
together with modes resulting from crystal field splitting [30] (2965 cm™! and 3007 cm™!)
were taken into account. The need to describe the spectra with these 4 modes, indicates
that the scattered sum frequency photons could originate from the interior of crystalline
domains rather than the surface of the microspheres or the domain boundaries.

Fig. 3 shows the scattering patterns for the most prominent response, the antisymmetrical
stretch modes of the CH3 groups obtained from global fits using Eq. 1 to all spectra recorded
at different angles. Plotted is the square modulus of the obtained mode amplitudes as a
function of scattering angle 6 for different polarization combinations. As can be seen from
Fig 2a and Fig. 3 the maximum scattered intensity occurs in the forward direction (6 = 0°).
This is distinctly different from the result one would expect from a second-order nonlinear
scattering experiment from a particle interface (as there is no expected signal in the forward
direction). The reason could be that the dominant source of the scattering pattern is the
interior (crystalline) domains.

To describe the scattering pattern of an embedded domain we have to consider that at
each point (r’) inside the domain a second-order nonlinear polarization (P (r")) is built up.
Because the orientation of the domains in unknown and most likely consist of an isotropic
distribution, we assume that the a, b, and ¢ axes system of each domain is rotated with
respect to the laboratory frame with (Euler) angles 1,&,(. To obtain the scattered field
per domain we have to sum over all the positions inside the volume V' of the domain. We
can then write for the sum frequency field at the detector (positioned at ry) generated by a

single crystallite:
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Here, & is the electric field amplitude, e, is the unit vector for polarization state u; of the
incoming and outgoing beams, k( is the magnitude of the wavevector of the scattered SFG
light, and q is the scattering wavevector, which is here defined as the difference between the
scattered SFG wavevector and the sum of the incoming wavevectors (kg - kJ). «; represents

the orthonormal base for crystalline axes a, b or ¢, R represents a rotation over Euler angles
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FIG. 3: Scattering patterns from two methyl stretch modes. Plotted is the squared amplitude
(|An|?) of the vibrational modes of the CHs groups at 2997 cm~* (left panel) and 3007 cm ™! (right
panel) for the polarization combinations ssp, psp, pps, ppp and spp. The fits (solid curves) are
made with Egs. 6, using R = 565 + 29 nm with x2 = x\?) = 0, %) = &) —1.3540.74 and
X2 = @) 11174178 for 2997 em~! and ) = 12 — 0, y) = ) — 9.9941.63 and x\2) =

XD —0.77£0.78 for 3007 cm L.

¥, &, and (, necessary to describe an arbitrarily oriented crystalline domain. V' is the
domain volume, and since it is unknown, we approximate the domain shape as spherical
(with radius R). Since the difference in refractive index between crystalline and amorphous
polymer is very small we may use the Rayleigh-Gans-Debye approximation [11, 31, 32]. Away
from electronic resonance the space group of crystalline PLLA has the following non-zero

susceptibility elements: X,ﬁ)c = Xéﬁi, ng, = X,ﬁ, and Xz(z()z = X(Z) (33, 34]. More specifically,
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for the methyl stretch modes of crystalline poly-(L-lactic acid), it is known that y
Xéi)czo [22]. Because the integration is done over r’, which is independent from x(®, we can

split the equation into a domain size dependent part (F(¢R)) and a part that depends also



on the nonlinear optical properties of the material (G(6;,&,()):
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F(qR) appears as a scattering form factor function [31], just like it does in linear scattering
and depends on the scattering angle (0) through q. It is symmetric and non-zero around
0 = 0°. The size of a domain determines how sharp it is peaked. This is in correspondence
with what is observed. G(0;1,¢, () is unique for NLSS and is different for each crystalline
domain since it depends on the orientation of the domain compared to the laboratory axis
system. For an isotropic distribution of (V) domains we have to incoherently sum the light

that is generated coherently in each domain. This results in the following equation for the

scattered intensity:
dC sin £dEda.
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These equations can be evaluated analytically. For domains of crystalline PLLA polymer
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the resultant equation has the following form:

Ligunsa(ro) o NELEZ, 2|F<qR>| (e1 + e cos(20) + e sin(26)) (62 + (K))?)
(e e cos(20) + asin(20) ). (6)

For our non-collinear beam geometry some polarization combinations become compli-
cated expressions. For 3 = 15Y the coefficients (c;. ) become (3.6,-0.25,0.73,3.8,1.7,-0.96),
(8.7,0.37,0.038,-3.8,0.75,0.075) and (6.0,-2.1,0.93,-1.1,3.1,-1.4) for ppp, pps and psp respec-
tively, while for spp, pss, sps, ssp, and sss they are: (4.0,0,0,1.8,0,0), (3.8,0,0,2.3,0,0),
(3.8,0,0,2.3,0,0), (9.0,0,0,-3.0,0,0), and (3.0,0,0,0,0,0), for which the coefficients cs, c3, c5 and
ce¢ vanish, so that the angular intensity distribution is determined only by the size of the
crystalline domains. The best simultaneous fit to all patterns in Fig. 3 yields R = 565 429
nm, together with the relative x® components given in the caption. Only one susceptibility
element is large for each mode. The non-zero modes correspond to vibrations with By and

Bs symmetry respectively, and they should indeed be orthogonal [22, 30].
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In contrast, scattering from the interface of the boundary domains or the interface of the
microspheres (calculated using a surface nonlinear optical response [32, 35] and displayed
in Fig. 2) does not match at all with the observed scattering pattern. Further, we observe
scattered SFG photons in all 8 polarization combinations. This too is different from a pure
surface scattering experiment, in which one expects only 4 polarization combinations to
be non-vanishing (see e.g [11, 12, 36]), so that it can be excluded as a (dominant) source
of signal. The observed pattern and polarization combinations can be used as a means of
locating the source of the scattered photons.

Thus, we can observe the internal structure of a crystalline state embedded inside an-
other solid state. The scattering pattern allows us to determine the size of the buried
micro-structure, the optical components of the second-order susceptibility of the material
and, to some extent, where the material is located (since segregated crystalline material at
the surface would give rise to a distinctly different scattering pattern, and different polariza-
tion combinations). Comparing the relative intensity and presence of vibrational modes in
the spectra allows one to determine the molecular structure. This method adds to existing
methods such as X-Ray Diffraction and light scattering in that molecular structural determi-
nation is possible simultaneously with the size and rough location determination. The sizes
determined are not the extent of single crystals (as with XRD, which is based on detecting
Bragg reflections from crystal planes), but rather the size of an ordered domain (such as a
spherulite), which can occur in the range of several nm up to several tens of microns. Also,
second-order nonlinear optical signals depend quadratically on the field amplitudes and the
efficiency of the process can be resonantly enhanced so that it can be expected that a very
low detection limit can be reached [37]. Another difference is the absence of the need of a
mismatch in refractive index between the various phases.

The method presented here has already been used successfully to determine that in a
variant of these microspheres used for liver cancer treatment, the crystalline domains form a
host matrix for the incorporated medicinal complex [20]. This explains the apparent struc-
tural robustness that is crucial for understanding the working mechanism of the treatment.
We expect therefore that NLSS will be very useful in identifying buried structures in situ
and non-invasively in other components as well, with a high sensitivity. New insights can be
obtained in many processes in chemistry and physics, such as the monitoring of nucleation

and growth processes, the detection of small portions of biological crystals (such as proteins



and biopolymers) and the assembly of matrix based medicines.
This work is part of the research programme of the Max-Planck Society. We thank U.
Welzel for providing XRD patterns, and M. Bonn, D. Dlott, R. Vogelgesang, and G. Ertl
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