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Abstract Colloid suspensions in nematic liquid crystal
were employed for the first time in 2004 as a tool for the
partial orientation of solids, to be examined by linearly
polarized IR-(IR-LD) spectroscopy. It has been found is
found that a partial orientation (15-20%) of suspended par-
ticles, is adequate for the recording of reasonable linearly
polarized IR-spectra is achieved when: 5 £ 1% by weight of
the given solid compound (organic, inorganic, transition
metal complex or glass) with particle size within the limits
0.3-0.9 pm is mixed with a nematic liquid crystal substance
(ZLI 1695, ZLI 1538 or MLC 6815) suitable for IR spec-
troscopy and the slightly viscous suspension obtained is phase
pressed between two KBr-plates. These latter are roughened
in one direction prior to use with fine sandpaper (C800) (size
5 um). Then, the KBr-plattes and pressed suspension are
moved repeatedly with 3 pm/s for 100 times. The optimal
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cell thickness is 100 pum. If mathematical procedures are used
for polarized IR-spectra interpretation, then it is possible to
perform structural elucidation of the embedded compounds,
independently of their melting point, crystalline or amorphous
state, and the quality of the monocrystals or polycrystalline of
the e sample. The method permits the study of organic and
inorganic compounds, transition metal complexes and glas-
ses. Here we will discuss the fundamental questions
concerning the above state such as the morphology of the
suspended particles, the particle size, the influence of the
physical chemistry properties of liquid crystal medium on
the degree of orientation of suspended particles; the velocity
of the shearing of the suspension, the degree of the rough-
ening of the KBr-plates and their effects on the degree of
orientation, the influence of the space group on the orien-
tation parameter, the nature and balance of the forces acting
on the suspended particles; their degree of orientation, the
mathematical model used. Conventional and linearly
polarized IR-spectroscopy and electron microscopy are used
for elucidation of these points. Statistical approaches have
also been applied in order to estimate the impact of the
experimental parameters (size, velocity, thickness) on the
IR-signal for each of the 13 systems studied. An experi-
mental design of the type involving full factorial design on
two levels of variation of the input factors is presented.

Keywords IR-LD spectroscopy - Colloid suspensions -
Nematic liquid crystal - Orientation distribution -
Morphology - Particle size - Electron microscopy -
Structural elucidation

Introduction

Colloidal suspensions in nematic liquid crystals have been
intensively studied, on account of their attracting wide
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interest for application in telecommunications, the Hi Tech,
industry, medicine and fundamental research [1-7]. They
have been described as new attractive soft matter systems
since new interesting phenomena arise through the com-
bination of colloidal suspensions and liquid crystals [3, 4,
8—13]. They were developed and applied as a new tool for
orientation of solids and applicated in linearly polarized
infrared (IR-LD) spectroscopy for IR-band assignment and
structural elucidation in 2004 for first time using a model
organic complex system by Ivanova et al. [14]. Before that
time, only three orientation techniques of solids had been
described: (i) polymer orientation by stretching; single
crystal growing followed by direct IR-LD measurements
and polycrystalline sample oriented after melting the solid
compounds between in previously roughened KBr plates
[15-21]. However, difficult technical problems are
involved in these techniques, for example growing a “good
quality” monocrystalline sample or the temperature of
170 °C involved in the melting technique, which is a
critical value for KBr plates. The orientation method
involving a colloidal suspension in a nematic liquid crystal
gets around many of these problems. It is readily carried
out; the samples are prepared as suspensions at room
temperature. The technique is fast, cheap and easy to
employ. The orientation does not depend on the melting
point of the compound under investigation, the quality of
the monocrystalline or the polycrystalline sample. Its
advantage lies not only in the possibility of experimental
IR-band assignment of suspended compounds but on the
possibility of obtaining of structural or local structural
information in solids, where the application of the single
crystal X-ray diffraction method is impossible as for
example with amorphous compounds and glasses. The idea
of obtaining the structural information by means of IR-LD
spectroscopy is has been reported [18, 19], where the
determination of a- and f-helices has been demonstrated
on oriented polymers [18, 19]. However, the structural and
local structural information for amorphous samples and
glasses has been only been obtained in the papers presented
here for more then 80 organic compounds, their transition
metal complexes, 7 inorganic models and 6 tellurite and
borate glasses. Details have been given [22-29]. The val-
idation of the orientation tool for accuracy, precision and
the influence of the host on peak positions and integral
absorbances of guest molecule bands; the optimization of
some experimental conditions (number of scans, the
roughening of the KBr-pellets, the quantity of compound
studied to be included in the liquid crystal medium, the
ratios of Lorentzian to Gaussian peak functions in the curve
fitting procedure on the spectroscopic signal at five dif-
ferent frequencies and an experimental design for
quantitative evaluation of the impact of four input factors
have already been reported [30, 31]. However, until now

@ Springer

there has been no discussion of in any of these investigations
concerning the fundamental questions of this orientation
tool, i.e. about the morphology of the suspended particles,
particle size, influence of the physical chemical properties of
liquid crystal medium on the degree of orientation of sus-
pended particles; the velocity of the shearing of the
suspension, the degree of roughening of the KB-plates and its
effect on the degree of orientation, the influence of the space
group on the orientation parameter of the compound studied,
the nature and balance of the forces acting on the suspended
particles; their degree of orientation, the mathematical
model and etc. In this paper we present a systematic study
dealing with these latter problems using the possibilities of
IR-LD spectroscopy of oriented solid samples as a colloidal
suspension in nematic liquid crystal, electron spectroscopy
and chemometry, as applied to 13 organic model systems
oriented in 3 different, nematic liquid crystal hosts suitable
for IR-LD measurements.

Experimental

Materials and methods
IR-spectroscopic measurements within  4000-400 cm ™"
range were obtained on a Thermo Nicolet OMNIC NEXUS
FT-IR spectrometer (resolution of 0.5 cm™' and 250
scans). A Specac wire-grid polarizer was used for record-
ing polarized IR-spectra.

Oriented solid samples were obtained by colloid
suspension in a nematic liquid crystal using three meso-
morphic media: ZLI 1695, Merck, MLC 6815 and ZLI 1538
(Merck, Germany). The selection of the orientation med-
ium, i.e. the nematic liquid crystal, is based on the fact that,
their self-absorbtion in the middle IR-spectroscopic region
must be minimal. 4-Cyano-4'-bicycloxehyl liquid crystals a
suitable host media for orientation, since its weak IR-
spectrum permits, recording of the guest-compound IR-
bands in the whole 4000400 cm™' range (Fig. 1). Apart
from the regions 2800-3000 cmfl, near 2235 cmfl,
1457 cm ™" and 896 cm ™ in ZLI 1695 (Fig. 1(1)) and MLC
1538 (Fig. 1(3)), rest of the region is available. In the case
of MLC 6815, the presence of the ester groups narrow the
IR-spectroscopic range possible for analysis obliterating the
regions about 1723 cm™' and within 1447-896 cm™'
(Fig. 1(2)). A mesomorphic interval including room tem-
perature is another important characteristic for an
orientation medium. ZLI 1695 and MLC 6815 a meso-
morphic interval that includes 25 °C. However the S-N
transition temperature of ZLI 1538 is 54 °C, so that the
suspension must be prepared and recoded in a thermostat.
Other advantages of the of liquid crystals selected are their
physical-chemistry properties (ZLI 1695: clearing point of
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Fig. 1 IR-spectra of the liquid T
crystals ZLI 1695 (1), MLC
6815 (2) and ZLI 1538 (3)
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72 °C, viscosity 62 mm?/s at 20 °C, dielectric anisotropy
4.2 at 20 °C and 1 kHz, optical anisotropy 0.0600 at 20 °C
and 589 nm; MLC 6815: clearing point of 67 °C, dielectric
anisotropy 8.1 at 20 °C and 1 kHz, optical anisotropy
0.0517 at 20 °C and 589 nm; ZLI 1538: clearing point of
79 °C, viscosity 68 mm?/s at 20 °C, dielectric anisotropy
3.8 at 20 °C and 1 kHz, optical anisotropy 0.0500 at 20 °C
and 589 nm;) so that it is possible to orientate polar solid
compounds in ZLI 1695 and ZLI 1538 and non-polar
compounds in MLC 6815. The isolated nitrile stretching IR-
band at about 2235 cm™ ' serves in addition as an orienta-
tion indicator.

The effective orientation of the samples was achieved by
mixing 5 + 1% by weight of the compound to be studied
with the liquid crystal substance until a slightly viscous
suspension was obtained [30, 31]. The phase thus prepared
was pressed between two KBr-plates roughened in advance
in one direction had been by means of fine sandpaper
(C800 [31]). The moving against each other of the KBr
plates is used for promote of the additional orientation of
the liquid crystal suspension. The process in our system
cannot be described with Couette flow, using the contin-
uum Leslie-Ericksen theory [32], where the orientation of
pure liquid crystal is promoted by moving of the plates.
The colloidal suspensions are different systems because of
their properties, that is the long-range deformation field
created by the particles in the liquid crystal, as a result of
the director anchoring of the particle surface. In the dipole
configuration the particle is accompanied by a topological
point defect, whereas in the Saturn-ring configuration the

1 1 1
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particle is surrounded by a —1/2 disclination ring at the
equator [3, 33]. The orientation defects observed near
colloidal particles in a nematic liquid crystal have been
studied intensively [6, 7, 13, 34—41]. It is well known that
when solid particles are introduced into a nematic medium,
the nematic molecules prefer to orient at a certain angle on
the particle surface, e.g. perpendicularly in so called
homeotropic anchoring. It is observed on KBr-plates as
well. We postulate that the threshold for these processes
would be lowered by a significant amount by first rough-
ening the KBr-plates and then moving the system in a
single direction t. In [7] it was has been noted that the
anchoring direction of particle surfaces would come into
conflict with far field orientation. It is believed that the
resulting defects play a critical role in the interactions
between the particles and the novel microstructures formed
[8, 9, 42, 43]. These assumptions are more important in our
case where the suspended particles are far from being ideal
spheres. The Frank theory or linear elastic theory based on
that the molecule orientation distribution being uniaxial
about the director n breaks down in such cases [8, 9, 42, 43].
Some of the phenomena discussed remained negligible when
we moved the KBr-repeatedly backwards and forwards in a
single direction (100 times [31]) with a velocity of 3 um/s
causing orientation of the suspended particles (Scheme 1),
which also promotes orientation. Hence roughening the KBr
plates in advance is advantageous. Effective orientation of
the sample is achieved when the separation between the two
KBr-plates, i.e. cell thickness, is 100 pm. Measurements
must be carried out within 2 h of preparation of the system
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because there is significant breakdown in the degree of
orientation after this period (see below).

The polarized measurements are made in the classical
manner [15, 17]. Hence the polarized IR-LD spectra
recorded were the perpendicular spectrum, (IR, resulting
from a 90° angle between the polarized light beam electric
vector and the orientation of the sample), the parallel
spectrum (IR ) obtained with a co-linear mutual orientation
together with a non-polarized spectrum of the partially
oriented suspension (Scheme 2).

The procedure for the position (v;) and integral absorbancy
(A;) determination for each i-peak was carried out by
deconvolution and curve-fitting at a 50:50% ratio of
Lorentzian to Gaussian peak functions, X2 factors within
0.00013-0.00008 (in our case) and 2000 iterations [30, 31].
The means of two treatments were compared by the Student
t-test. The experimental IR-spectral patterns were acquired
and processed by means of the GRAMS/AI 7.01 IR spec-
troscopy (Thermo Galactic, USA) and the STATISTICA for
Windows 5.0 (StatSoft, Inc., Tulsa, OK, USA) program
packages.

Spectroscopic and structural results obtained by our new
orientation technique were obtained using the established
reducing-difference procedure designated as “stepwise
reduction” for polarized IR-spectra interpretation. This
method was initially suggested by Thulstrup and Eggers for
the interpretation of polarized UV-spectra [16]. The proce-
dure involves consecutive elimination of the spectral bands
of a given polarization by subtracting the perpendicular
spectrum multiplied by a coefficient from the parallel one.
This procedure was extended by Spanget-Larsen [44] and by
Korte and Lampen to samples orientated in stretched poly-
ethylene and in nematic solution, respectively. A systematic
analysis of this approach and its application to IR-band
assignment according to their symmetry appurtenance was
developed by Jordanov and co-workers [45, 46]. The
method consists of subtraction of the perpendicular spec-
trum, (IR |, resulting from a 90° angle between the polarized
light beam electric vector and the orientation of the sample)
from the parallel one (IR)) obtained with a co-linear mutual
orientation. The recorded difference (IR-IR ) spectrum

Scheme 1 Preparing of the

oriented colloidal suspension in
nematic liquid crystal
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Scheme 2 Optical scheme of an IR-LD experiment

divides the corresponding parallel (A)) and perpendicular
(A ) integrated absorbencies of each band into positive
values originating from transition moments, which form
average angles with the orientation direction (n) between 0°
and 54.7° (magic angle), and negative ones corresponding to
transition moments between 54.7° and 90°. In the reducing-
difference procedure, the perpendicular spectrum multiplied
by the parameter c, is subtracted from the parallel one and ¢
is varied until at least one band or set of bands is eliminated.
The simultaneous disappearance of these bands in the
reduced IR-LD spectrum (IR—IR,) obtained indicates
co-linearity of the corresponding transition moments, thus
yielding information regarding the mutual disposition of the
molecular fragments.

The lower degree of orientation of the sample makes it
impossible to carry out the next IR-LD spectral analysis and
apply the reducing-difference procedure. The quantitative
approach to answering the question posed lies in calculation
of the differences between most intensive and negative bands
in the corresponding difference IR-LD spectrum, or
[(A”H — A" ) — (AV2|| — A"™))] for two absorption
peaks, corresponding to integral absorbencies in the
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difference spectrum (Fig. 2). The value obtained is desig-
nated A [31]. The parameter A, contains with un evident form
the parameter dichroic ratio (R = A)/A ). However, for
obtaining of adequate conclusions both peaks must be
belongs to near to perpendicular oriented transition
moments, thus securing their different orientation towards
the liquid crystal direction n and in corresponding difference
spectrum (Fig. 2). For model system pL-isoleucine [31], the
peaks at 1501 and 1417 cm ™" assigned to the NH5*-symetric
bending (5;H3+) and symmetric COO stretching (V’coo.)
modes are used for this purpose (Fig. 3(2)).

Microcrystalline samples, with a particle size within
0.1-10.0 um, were squeezed between two glass plates with
a spacer sheet between to give an approximately constant
sample thickness.

The morphology of the solid samples, of the roughened
KBr plates and of the oriented solid particles (colloidal sus-
pension) on the roughened plates was studied by scanning
electron microscopy (SEM, JEOL 5510) in a SEI mode.

Synthesis

Polymorphs  of  2-{5,5-dimethyl-3-[2-(2,4,6-trimethoxy-
phenyl) vinyl] cyclohex-2-enylidene} malononitrile (Isopho)
were synthesised [47, 48], the5-amino-2-methoxypyridine
ester amide of squaric acid (154), using the procedure in [49].
Monoclinic 4'-hydroxyacetanilide or paracetamol (para) was
purchased from Sigma-Aldrich, while the orthorhombic
polymorph, was synthesised [50, 51]. r-Alanyl-L-alanine

(H-Ala-Ala-OH), p1-isoleucine (pL-Isoleu) and 1-phenylala-
nyl-L-phenylalanine (H-Phe-Phe-OH) were purchased from
Bachem Organics. Polymorphs of glycine (Gly) a-, - and
y-Gly were synthesised [52-56], while the hydrochloride salt
of glycyl-homotetrapeptide (H-Gly-Gly-Gly-Gly-OHxHCI)—
[27]. pL-Isoleu polymorph [57] was used. The chemical for-
mula of compounds studied is illustrated in Scheme 3.

Results and discussion

Which model is applicable as explanation
of the processes in our colloidal system?

We agree with a critical review by West et al. [41] on the
drag on colloidal particles by a moving nematic-isotropic
interface, where the total drag on the particle is presented
as a sum (Eq. 1):

Farng = Fs = Fp = Fs = F), (1)
where

F, = 2n(oy — o;)R[1 — (d/R)’] (2)
F; = WRg,(d/R) (3)
F, = —6mRyvy 4)
Fy = W2R/Kgy(d/R) O (5)
Fy = Kgy(d/R) (6)

The different forces act in the colloidal suspension and
several mechanisms affect the total drag force acting on a

Fig. 2 Difference IR-LD
spectra of ZLI 1695 (1) and
MLC 6815 (2)
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Scheme 3 Chemical formula, Ny . N
crystal types and abbreviation

used of the compounds studied

OCH;
HiC
H;C

H;CO

(0]

NH co0®

H-Phe-Phe-OH (hexagonal)

pL-Isoleu NH; triclinic
o

particle. The surface tension coefficient might differ and an
additional pressure (P) caused by the curvature and
equation applicable is P = f(g, R) and Ao = oy — ay;
R-radius of the particle, o, surface tension coefficient. This
pressure contributes to the total drag force as Fo (Eq. 2)
with the amplitude growing linearly with the droplet radius,
d, distance from the particle center to the interface. Ao
depends on the surface treatment of the particles and for
our system it is unknown and would be difficult to be
measure. As in [41] the order of magnitude can be
estimated from the change of the surface tension coefficient
of each of the organic particle-liquid crystal interfaces and
the values of Ao lie within the range 107>~10~> dyn cm 2.
The particle creates long-range distortions of the director
(n) in a nematic phase. In our case to minimize elastic
distortion energy, the nematic phase attempts to order
particles along axis with direction parallel to (n). The
elastic forces have two origins: as a result of the director
deformations in the bulk nematic phase and as a result of
the director being anchored at the particle surface. An
estimate of these contributions can be made by dimensional
analysis. For the surface contribution, the only combination
that has the dimensions of force is WR, where W is the
anchoring coefficient. Therefore, the surface contribution
to the drag force is proportional to WR, F; (Eq. 3), where
gs(x) are a dimensionless function of the penetration depth,
d/R. One can have two different situations for the bulk
contribution. For weak anchoring, WR/K < 1, the bulk
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o, +Gly (monoclinic) CH;

%Gly (wigonal) H-Ala-Ala-OH (tetragonal)

o O 0
H3N\)L NH\)L 0
NH/\H’ NH/Y
o

OHxCI®

H-Gly-Gly-Gly-Gly-OH x HCI

(Amorphous)

contribution is proportional to the squared characteristic
deviation of the director, f, ~ WR/K. Now W?R*/K has
the dimension of force, yielding F,. In the case of strong
anchoring, WR/K > 1, the anchoring does not enter the
elastic contribution, and F, is given with Egs. 5 and 6, g;(x)
is a dimensionless function. The liquid crystals used here
posses typical values of the anchoring energy, W ~ 10—
10~* dyn cm™'. WR/K is <1 for silica particles and WR/K
is ~ 1 for polymer particles, respectively. Hence, for silica
particles, we have the weak anchorage regime, while
polymer particles provide strong anchorage of the director.
In our cases we must take both boundaries into account.
We also note that the effective radius increases when
particles agglomerate and we then have a strong
anchorage regime even for small particles. A friction
drag contribution, given by the Stokes formula, F), results
in the (Eq. 4) for Fype [41].

Solution of Newton’s equations of Fgy,, as a force
completes the description of the particle dynamics. It is
clear, however, that small heavy particles cannot be moved
by the interface (see electron microscopy data). The max-
imum radius has been estimated from the conservation of
linear momentum. To capture a particle of mass m, the
interface has to transfer to it a linear momentum myv. If we
assume that the particle does not move (or it moves much
more slowly than the interface, which is valid for massive
particles) then the total linear momentum transferred to the
particle is (Eq. 7).
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t 1 R
my = / Fragdt = ;/ Fgrag (x)dx (7)
N —

R

If is assumed that the interface touches the particle at
time #; and leaves it at time #,, x = vt. Substituting Fy,, is
been obtained Eq 8.

R %nAa + 0,W — 6mnAr
e Fnpv? — 6,W2 /K

(3)

0; are geometry parameters, p is the density of the particle,
and Ar is the final displacement of the particle resulting
from the drag force. Several important conclusions can be
drawn. First, if the particle is too large, the moving inter-
face is not able to transfer sufficient linear momentum to it.
Only particles with R < R,.x (v, W, s) will be captured by
the interface. Only a slowly moving interface is able to
capture the particles. The estimate of this velocity is given
by the zero of the denominator of, v ~ W/(Kp)~"
2~ pm/s. This is of the order of the limiting velocity for
the cellular structure we observed in our experiments: if the
interface moves more slowly, then stripes appear, otherwise
the cellular structure forms.

The main conclusion is that R, is a function of the
material parameters, i.e., can be effectively controlled, for
example, by changing the surface treatment of the particles,
anchoring energy W. An increase in the anchoring energy
leads to an increase of R,,,, . Moreover, sufficiently strong
anchoring favors formation of a defect near the particle,
contributing to an even higher energetic barrier created by
elastic forces. On the other hand, if the particle is captured
by the interface, the elastic force scales as R2, and the
opposing viscous drag scales as R. Therefore, there is a
minimum radius, R;,, starting from which particles will be
dragged by the interface. If the particle is dragged by the
interface at a constant velocity, then Fgyy,, = 0, yielding
Eq. 9.

_ 6mnAr —2nAg — yW

R
min '})b Wz /K

©)

where y; = gi(0) are constants. In order to be moved by the
interface, the particles have to be large enough. The elastic
forces can only overcome viscous drag when this is the
case. Substituting values typical for the liquid crystals
employed and using the slowest cooling rate, we obtain
Ruin ~ 0.08-0.15 pm, which agrees well with the degree
of orientation of suspended particles obtained experi-
mentally. To explain formation of the striped structure, we
note that, in practice, particles aggregate into clusters the
particles we are using are 1.0-10 um in size. As has been
noted [41] as an aggregate moves it capture more and more
particles, growing in size. The anchoring parameter WR/K
also increases and we switch from weak anchorage to the
strong anchorage regime. The bulk elastic contribution is

then proportional to the elastic constant K and the elastic
force is no longer growing as R”. Therefore, at some R, the
friction drag overcomes the elastic contribution and the
aggregate breaks through the interface. A stripe forms and
the particles start to accumulate again. The condition
Farae = 0 gives the critical size of the aggregate Eq. 10

VpK

Ri=—""—— 10
6mny — 2nAc (10)

which is about 1 pm for typical experimental values.

The calculation of the critical radius above which the
particles cannot be captured by the moving interface; pre-
dicts that the critical radius is sensitive to the viscous
properties of the host liquid crystal, the value of the
anchoring coefficient of the liquid crystal on the particle
surface, and the velocity of the moving interface [31]. The
critical radius above which the particles cannot be captured
by the moving interface has been calculated for the liquid
crystals ZLI 1695, MLC 6815 and ZLI 1538, respectively.
When the particle size of the suspended particles is less than
0.08 um reasonable orientation cannot be expected. As has
been noted, that the critical radius is sensitive to the viscous
properties of the host liquid crystal, the value of the
anchoring coefficient of the liquid crystal on the particle
surface, and the velocity of the moving interface. In order to
understand how the particles are moved by the nematic
mesophase transition front we used particles of 13 different
organic compounds of different sizes (Scheme 1). The
influence of the morphology and of the crystalline particles
on the degree of orientation in nematic liquid crystal sus-
pension was studied using a selected set of compounds
crystallizing in different polymorph modifications, different
space groups and cell settings. The particle size was within
the range 0.1-10.0 pum. In all cases the particles were dis-
persed at concentrations of 5 = 1% by weight, which had
been previously found optimum [31]. The suspension
obtained was deposited between two KBr plates that had
previously been roughened in one-direction plates. The
cell thickness was varied between 50 pm and 150 pm, in
order to study the influence of layer of different sizes
thickness on the orientation of the sample. The direction of
the stripes is parallel to the moving interface, the interface
was moving from the left to the right of the cell in the
geometry depicted in Scheme 3. The spatial period of the
striped structure depended on the time and has been eval-
uated for of the systems described. These results indicate
that the particles are pushed by the moving nematic phase
transition front.

What our IR-LD spectroscopic measurements give?

The influence of the nature of orienting medium was
studied with the pr-Isoleu [57], by varying the liquid
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crystal type and the particle size, the velocity of the
shearing of the KBr plates and the layer thickness. The
experimentally observed data for A are collected in
Fig. 3(2) and listed in Table S1 and Fig. 4a. The maximal
orientation of the suspended particles is obtained at a cell
thickness of 100 um, shearing velocity of 3 pum/s and
particle size of 0.5-0.9 um, using the ZLI 1695 and MLC
6815 as hosts.

Conclusions could be drawn for all of the systems
studied under the above stated experimental conditions
(Table S2 and Figs. 4a—d and 5a—d). As can be seen from
the 3D graphs in Figs. 4a—d and 5a—d, in the example of
pL-Isoleu, the maximal orientation is obtained in the par-
ticle size range within 0.5-0.8 um, at cell thickness of
100 pm, shearing velocity of 3 um/s for all of the com-
pounds studied,. It is interesting to note that for pL-Isoleu
(Fig. 4a) a reasonable orientation is achieved for particle
size of 1 um, assuming that the orientation depends of the
nature of the suspended particles, as has been proposed
theoretically (see above and [41]). The role of the crystal
type on the degree of orientation was examined studying

(7
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Fig. 3 Difference IR-LD spectra of Isopho monoclinic (1) and

triclinic (2), para monoclinic (3) and orthorhombic (4) polymorphs
and Gly o- (5), - (6) and y- (7) forms
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the three compounds with polymorph modifications given
in Scheme 3. In all cases the monoclinic and orthorhombic
modifications are characterized by a higher A, but for the
purpose of IR-LD spectroscopy, i.e. IR-band assignment
and structural information, the results obtained for all of
the crystal types are adequate for the purpose.

The data for both polymorphs of Isopho, theA data
(Fig. 6(1, 2)) are reported in Fig. 4b. The optimum degree
of orientation is observed at a shearing velocity of 3 um,
cell thickness of 100 pm and particle size within 0.3—
0.5 um. A reasonable orientation is achieved for aggre-
gates with sizes between 1.0 and 8.0 um. The triclinic form
is characterized by a low degree of orientation of the sus-
pended particles with a A difference of 0.30. The above
conclusions were also reached for the monoclinic and
orthorhombic polymorphs of para (Figs. 4c and 6(3, 4)).
However, in these systems a reasonable orientation was
observed at cell thicknesses of 100 pm. The tendency for a
significant orientation of the samples also retained for the
o- and S-Gly polymorphs, crystallizing with a monoclinic
space group (Figs. 4d and 6(5, 6)). From the IR-LD spec-
troscopic point of view the trigonal polymorph (y-Gly) is
oriented (Figs. 4d and 6(7)), independent of the difference
of A = 0.08 obtained. Like in all of the previous described
systems 154 with a monoclinic space group (Figs. 3(1) and
5a) shows an orientation of the suspended particles under
the above-mentioned obtained experimental conditions. It
is interesting however that in 154, reasonable values of A is
obtained at cell thickness of 50 pm, with a A difference of
0.02. This means that at the lower concentration of the
suspended particles give result capable of interpretation.
The result is observed usually in the layered systems,
where the orientation of the suspended particles is along
the one of the crystallographic axes. In /54 only one is
formed by intermolecular interaction of the NH---O=C type
with a bond length of 2.955 A [49] (Scheme 5) and the
observation in the difference IR-LD spectrum (Fig. 3(1)) a
positive peak about 1800 cm™' for symmetric stretching
motion, vSC:O(Sq) confirms (see experimental part) orien-
tation of the layers along the b-axis (Scheme 5).

A reasonable degree of macro orientation of the sus-
pended particles of the tetragonal H-Ala-Ala-OH is obtained
over the whole in the whole range of particle size range of
0.5-0.8 pum (Figs. 3(4) and 5b) at 100 pm cell thickness. It is
interesting to note in this case that the sample orientation is
sensitive to the velocity of the shearing of the KBr-plates and
the optimal conditions are within 3 £ 0.5 pm/s. As in the
previous example hexagonal H-Phe-Phe-OH yields maxi-
mum orientation at 3 pm/s, 100 um cell thickness and
particles size within the range 0.1-9.0 pum, with a A differ-
ence between the particle size ranges within 0.02-0.03. An
amorphous sample of H-Gly-Gly-Gly-Gly-OHxHCI is ori-
ented in significant level at a shearing velocity 3 £ 0.5 pm/s
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Fig. 4 3D graph with
dependence of the parameter A
vs. particle size (um) and
velocity of the slippage (um/s)
and layer thickness of the
suspension of pL-Isoleu in
nematic liquid crystal ZLI 1695,
MLC 6815 and ZLI 1538 (a);
polymorphs of Isopho (b), para
(c) and Gly (d) in ZLI 1695

A

Fig. 5 3D graph with
dependence of the parameter A
vs. particle size (um) and
velocity of the slippage (um/s)
and layer thickness of the

A

0.36
suspension in nematic liquid 034
crystal ZLI 1695 of 154 (a), .
H-Ala-Ala-OH (b), H-Phe- ’
Phe-OH (c) and H-Gly-Gly- 4030
Gly-Gly-OHxHCI (d) 0.28
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Fig. 6 Difference IR-LD spectra of 154 (1) pL-Isoleu (2), PPic (3)
alal (4) and GGGG (5)

and particles size within 0.1-0.8 pm range at 100 pm cell
thickness (Figs. 3(5) and 5d).

Accounting for the percentage of the oriented particles
in the nematic liquid crystal suspension

A comparison of the degree of orientation of both poly-
morphs of Isopho oriented as colloidal suspension in
nematic liquid crystal and as polycrystalline sample ori-
ented by melting between two KBr-plates, a classical
technique for orientation of solids, reveals that that about
15-20% of the particles are oriented in our method. These
data correlate well with the electron microscopy observa-
tions (Schemes 4 and 5) and can be explained by the fact
that the sample contains a wide range of particle dimen-
sions (100 nm-10 pm) while the theoretical requirement
for maximum orientation in the present study is for parti-
cles in the 0.5-0.9 pm ranges. The use of suspended
particles of optimum size (within the dimensional range
discussed) results in a degree of orientation of 88-91%,
depending on the type of compound embedded. As it can
be seen in Scheme 4 in some cases, we observe an orien-
tation of agglomerates. Independently of this the method is

@ Springer
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Dry fragments in the oriented colloidal suspension

Scheme 4 Electron microscopic data

informative since the difference IR-LD spectrum only
reveals that embedded compound that is oriented. In the
case of non-oriented particles, the Aj and A | for given v; is
equal and subtracting both spectra at subtracting parameter
1, results in a zero-base line.

How are stable the oriented structures of suspended
particles in the nematic liquid crystal medium?

In all cases the prepared samples must be measured in the
time interval of 0—120 min. After that depending on the
type of the suspended particles we observe a significant
increase in the level of disordered particles, accompanied
with the formation of star-like structures for example
(Scheme 4), resulting in a low values of A.

The method of oriented colloid suspension in nematic
liquid crystal is applicable for structural elucidation of all
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Scheme 5 Crystallographic
data for 154 and the direction of
the v’c_o(sq) transition moment

3

the compounds studied here [24, 27, 31, 58, 59] and the
validity of the conclusions reached is confirmed by their
established crystallographically determined structures.

An experimental design of the type full factorial design
on two levels of variation of the input factors (2%) was used
to estimate the impact of the experimental parameters (size,
shearing velocity, thickness) on the analytical signal for
each system investigated. The information matrix of the
design and the experimental results with assessment of the
experimental bias (analytical signal, signal intensity) is
reproduced in Table S3. The three input factors X;, X5, and
X5 are, respectively size, shearing velocity and thickness.
The two levels of variation of the factors normalized as +1
and —1 are as follows: X; (0.3-0.1 (=) and 0.9-2.0 (+)),
X, 2 (=) and 4 (+)) and X5 (50 (—) and 150 (+)),
respectively.

The experimental design makes it possible to construct
a polynomial regression model, which represents the
impact of the single factors or their combination on the
output function. Models for each of the systems consid-
ered were constructed and checked for variance
homogeneity, regression coefficient significance and
model fit. The validity tests revealed that only a few
regression coefficients were statistically significant (higher
values than the significance number, which estimates the
experimental error) and need to taken into account in the
data interpretation. Table 1 gives the linear regression
coefficients for each system together with the number of
significance for each of the models. No mixed coefficients
are presented since all of them were statistically
insignificant.

The free term of the regression ag is a measure for the
average signal intensity, the coefficients a;, a,, a3 reflect
the impact of the experimental parameters involved.

As seen, maximal signal intensity is registered for the
systems Isopho monoclinic form, H-Ala-Ala-OH (higher
than 0.3), followed by 154, para orthorhombic and mono-
clinic forms, Gly systems (between 0.2 and 0.26). Lowest
intensity is indicated by the systems H-Phe-Phe-OH,
Isopho triclinic and amorphous H-Gly-Gly-Gly-Gly-
OHxHCI. (lower than 0.2).

The experimental factor “size” shows significance only
for three systems (H-Phe-Phe-OH, 154, and y-Gly) and its
impact is always negative. It may be concluded that its role
in the signal formation is not substantial except for the
system 154 where lower size causes a better output signal.

Four out of eleven insignificant regression coefficients
(Isopho triclinic, para orthorhombic and monoclinic forms,
H-Gly-Gly-Gly-Gly-OHxHCI) are marked for the second
experimental factor (shearing velocity). The effect of a, is
predominantly negative, which means that a lower shearing
velocity offers opportunity for a higher signal.

Only the system H-Ala-Ala-OH indicates insignificance
with respect to the impact of the input factor “layer
thickness” on the output signal. Therefore, this is the most
important experimental factor for almost all systems. Its
effect is predominantly negative, which means that better
signals are obtained for a lower layer thickness.

For illustration of the factor impact the following four
plots are given (Scheme 6).

In this study we face a problem, which could also be
handled by the use of multivariate statistical approaches.
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Table 1 Linear regression coefficients

ag a; (size) a, (velocity) A3 (thickness) Significance number
H-Gly-Gly-Gly-Gly-OHxHCl 0.1228 0.00025 —0.00025 0.002 0.0013
154 0.2591 —0.01263 —0.00188 —0.006375 0.0016
Isoph triclinic form 0.1446 0.000625 —0.00088 0.024125 0.002
Isoph monoclinic form 0.3469 0.001375 0.019375 —0.01 0.0024
Para monoclinic form 0.2084 0.000625 —0.00063 —0.005125 0.0013
Para orthorhombic form 0.2249 0.000375 0.000125 —0.004375 0.0018
o-Gly 0.2041 0.000375 —0.00213 —0.002375 0.0007
p-Gly 0.2001 0.001375 0.006375 —0.006875 0.0015
y-Gly 0.1929 —0.00113 —0.00138 —0.0011375 0.0011
H-Ala-Ala-OH 0.3384 0.001 —0.00763 —0.000625 0.0016
H-Phe-Phe-OH 0.1536 —0.00138 0.021375 —0.008875 0.0011
Scheme 6 Relative intensity A A0 IMPACT B A1IMPACT
level (ay impact) for all systems >
studies (a), Effect of the size = 04000 0.004
parameter (a; impact) on the é 0.3000 - o
output signal for all systems (b), w  0.2000 ﬁ -0.004
Effect of the velocity parameter E 01000 it
- . < w -0.008
(a, impact) on the output signal & 00000 N
for all systems (c) and Effect of « % § Jégcg gg gg 25 &5 & 3 g @ -0.012
the thickness parameter (a3 3 272 P58 & b T 9 0.016
. . - 0] o
impact) on the output signal for SYSTEMS SYSTEMS
all systems (d)
C A2 IMPACT D A3 IMPACT
k= 0.025 = 0.03
8 0.02 8
i 0015 E 0.02
0.01
Z 0.005 4 oot
D 0 w 0
9 -0.005 § -0.01
g 001 g
£ -0.02
Each of the 11 systems involved was be successfully 120
described by a row of reliable descriptors, e.g. the regres-
sion coefficients from the models representing the impact 0
of each experimental parameter on the output signal. When -
cluster analysis was applied to the results (11 objects each T
one of them described by four coefficients having their own % 80
physical meaning and impact) one should find levels of 5
=
similarity (or dissimilarity) between the systems studied. £ 4
As is known (Ref.) cluster analysis is a very important =
classification and projection method, which makes it pos- ¥
sible to plot a multidimensional system on a plane and to e
detect groups of similarity (clusters) on the plot. In our case e ion  wwm — wev . N Sk

we applied hierarchical agglomerative clustering of the
normalized input data (z-transformation), squared Euclid-
ean distance as a measure of similarity and Ward’s method
of linkage between the objects (or between the variables).

As can be seen from Figs. 7 and 8. below a high level of
similarity is observed between all Gly systems and para
systems. The H-Ala-Ala-OH object could be included with
the big cluster of Gly and para systems. This means that all
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Fig. 7 Dendrogram for 11 objects (systems in consideration)

these experimental systems behave in quite a similar
manner with respect to their analytical signal and experi-
mental parameter impacts. A medium level of relative
signal intensity and a not very strong impact of the
experimental parameters characterize them. In a way these
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Fig. 8 Dendrogram for clustering of the variables

systems could be easily exchanged with each other in
reaching certain signal intensity despite the various exper-
imental conditions. The o H-Gly-Gly-Gly-Gly-OHxHCI
system also belongs to this cluster.

The systems H-Phe-Phe-OH and Isopho monoclinic
form also form a group of similarity on account of their
very strong dependence on the shearing velocity parameter.
Although having different relative intensity values, they
prove to be similar on the basis of strong a, impact
(positive influence). The relatively high (although nega-
tive) influence of the thickness parameter also plays a role
in this case. No other system is influenced so significantly
by the simultaneous impacts of the layer thickness and
shearing velocity parameters.

The remaining systems 154 and Isopho triclinic differ
from the other two groups of similarity and occupy the
position of outliers rather than belonging to a separate
group. They indicate quite different intensities and impacts
of the input parameters and should be considered as indi-
vidual cases with respect to their output signal and
response to the experimental conditions.

Since a clustering of the systems in consideration is
obtained, it was important to check if the system descrip-
tors (regression coefficients) are correlated in one way or
another. The cluster analysis with respect to the variables
yielded the dendrogram reproduced in Fig. 8.

Two distinct groups of descriptors are formed. It may be
assumed that two major factors are responsible for the
linkage between the system descriptors—the first one
indicating linkage between relative intensity and velocity
(conditional name “dynamic” experimental factor) and the
second one (conditional name “static” experimental factor)
demonstrating the correlation between size and thickness
parameters. Both groups are quite different in their impact
on the system’s response.

The statistical modeling of the systems has made it
possible to understand the role of some important experi-
mental parameters on the analytical signal formation and

this is an important step in the optimization of the ana-
lytical procedure using the approach. Moreover,
similarities and dissimilarities have been found between
the various experimental systems and their statistical
descriptors, which is another step towards analytical
optimization.

In conclusion, what we are presenting?

A new linearly polarized IR-spectroscopic tool for studying
of structure and orientation of colloidal suspensions, ori-
ented in nematic liquid crystal. The method could be
applied to suspended particles organic compounds, transi-
tion metal complexes, inorganic materials and glasses, their
structural and IR-spectroscopic elucidation in solid state.
Independently of that, the method permits the orientation
of particles with sizes within 0.3-0.9 pm, it could also be
applied to the study of aggregates (1-2 pm) too, but in very
limited cases. The procedure is cheap, rapid and simple
with respect to explanation and interpretation, requiring
knowledge on IR-characteristics of embedded solids. The
great advantages of the method are connected namely the
possibility of obtaining of structural and local structural
information for amorphous samples and glasses, where the
application of the unique structural method as single crystal
X-ray diffraction method is impossible. It should also be
applicable to polycrystalline samples and to low quality
single crystals.
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