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Biomimetic synthesis of ceramic materials is increasing in popularity because it offers many advan-
tages. In this work, aluminum silicate nanoparticles were obtained on a self-assembled organic
multilayer at near room temperature (30 < T < 50 °C) and at atmospheric pressure. Morphological
and microanalytical characterization was carried out by means of transmission electron microscopy
and subsequent image analysis. The roles of some process parameters such as template type, reac-
tant concentration, [Al]l:[Si] molar ratio, number of initiation steps (IS} of mineralization, and reaction
time (rt) were assessed by comparing images, diffraction patterns, and EDX spectra. Generally, the
Si-rich phase exhibited higher crystallinity, whereas the Al-rich phase was mostly amorphous. Crys-

tal structure resulted with rt > 4 days for template-grown materials. Images of materials obtained
at T =50 °C, rt = 3 days, and 1 < IS < 4 were further analyzed by “spectrum enhancement,” an
algorithm based on the Fourier transform. Morphological indicators were extracted from suitably
processed power spectral densities, a correlation matrix was formed, and multivariate statistics was
carried out. Visual differences in nanoaggregate morphology were quantitatively translated. Materi-
als were ranked by the spatial uniformity of nanoparticle distribution: the most uniform aggregates
were those grown on templates by IS > 2. Univariate statistics validated the conclusion: the particles
of those same materials had a narrower size distribution and sharper edges. This last property has
been ascribed to crystalline structure, independently demonstrated by diffraction patterns.

Keywords: Biomimetic Synthesis, Image Classification, Morphological Descriptors.

1. INTRODUCTION

The production of inorganic crystals grown on organic
templates to a specific design is desirable for material pro-
cessing since crystallographic selectivity determines the
physical properties of the inorganic phase. The manufac-
ture of ceramics generally involves very high temperatures
and pressures and the use of toxic organic solvents. For
example, the traditional approach to producing alumino-
silicate materials is based on the synthesis of ceramic
powder from precursor materials, followed by pressureless
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sintering above 1650 °C, hot pressing at above 1500 °C,
or, in the best situation, sintering at 1000 < T < 1250 °C.

In the self-assembly approach, instead, physical inter-
action between the precursor materials and specific
molecules deposited on the surface of a solid sub-
strate promotes the formation of stable, organized films
on the substrate™? al near room temperature. Prepara-
tion of the substrate requires layer-by-layer deposition
of charged polymers controlled by electrostatic forces:
this technique has been introduced and successfully
applied to the synthesis of various compounds such as
polymer—polymer, polymer-organic, polymer—inorganic,
and polymer-mineral compositions, electroactive rod-
like polymers and polymer-biomolecule systems.”* The
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potential applications of this technique include thin films
and coatings such as heat sinks, scratch-resistant coatings,
magnetic recording heads, ultraviolet blockers, and medi-
cal implants.

This work deals with nanoaggregates of aluminum sili-
cate particles grown on an organic template at atmospheric
pressure and near room temperature. In order to assess
the role of some control parameters in the mineralization
process, the morphological, microstructural, and microan-
alytical properties of the materials are investigated.

Images and data have been obtained by TEM (trans-
mission electron microscopy), selected area diffraction
patterns (SADP), and EDXS (energy dispersive X-ray
spectrometry). Morphology has been quantitatively ana-
lyzed and classified by Fourier methods followed by mul-
livariate statistics.

2. EXPERIMENTAL PROCEDURES AND
EXPERIMENT DESIGN

2.1. Formation of the Polymer Multilayer

The substrates for the formation of ceramic particles were
200-mesh Formvar™ copper grids coated by an amorphous
carbon film, commonly used as TEM specimen holders.

The self-assembled organic template was formed step-
wise: first, a layer of positively charged d-PDAC
[poly(diallyldimethylammonium chloride)] was deposited
on the TEM grid, which was then rinsed with deionized
waler and allowed to dry for a few minutes at room tem-
perature. Next the grid was immersed in a solution of
d-polyphenol red 4+ polyaniline, from which a negatively
charged layer was formed by self-assembly. The grid was
again rinsed and dried. The sequence was repeated for
a few times. Some of the dry multilayered grids were
immersed in a 10.3 wt % solution of sulfonate-terminated
PAMAM (polyamidoamine) dendrimer.® The sample sur-
face was eventually rinsed and dried.

A self-assembled  organic  multilayer
depicted in Figure 1.

template is

2.2. Design of the Mineralization Experiment

Basically, mincralization consisted of immersing the grid
in a nonagueous solution of the reactants at a given
temperature and adding a fixed amount of water either in
a single dose, i.e., in one “initiation step,” or divided into
more steps and letting the reaction proceed for some time.
The reactants were aluminum isopropoxide (AI(QiPr),)
and tetraethylorthosilicate (Si{OEt),) and the solvent was
tert-butyl alcohol. The experimental control parameters

and the respective ranges of values were the following.

e substrate type: plain TEM grid or template with or
without PAMAM
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Fig. L.
template.

Pictorial representation of a self-assembled organic multlayer

e solution concentration, ¢: [0 mM < ¢ < 100 mM

o [A{OiPr);] to [Si(OEt),] molar ratio, [Al]:[Si]:
1:3 < [Al]:]Si] < 3:1

e reaction temperature, 7: 30 < 7 < 50 °C

e reaction time, rt: § h <t < 7 days

e number of initiation steps, IS: 1 < IS <4

Several sets of samples were prepared with different
combinations of the control parameters, the purpose being
to assess the role of each parameter in the properties
of the end product. Among them the C (“coated”) and
U (“uncoated”) sets, studied in Sections 4 and S, were
such that ¢ = 50 mM, [Al]:[Si] = 1:3, T =50 °C, and
rt =3 days. The C samples were mineralized on organic
templates, those of U were mineralized on plain grids to
serve as negative control. In particular, the samples C1
and C2 were obtained by IS =4, C3 by IS =3, C4 by
IS =2, and C5 and C6 by 1S = 1. Similarly, IS =4 for Ul
and so lorth up to US (U6 had to be discarded because of
contamination during the experiment).

Further details of multilayer substrate preparation and
specimen formation are reported in Ref. 6

2.3. TEM Characterization

Grids were examined by a Philips EM 400t fitted with

LaBg filament at 120 keV. To minimize radiation dam-
age on samples the electron beam intensity was kept
as low as possible. Electron diffraction patterns were
obtained by selected area or convergent beam diffrac-
tion method. Dark field images of crystalline grains were
also acquired from (hk!) diffraction spots in SADPs. The
Noran-EDAX ultrathin window detector was used with an
electron probe size ranging from 20 to 60 nm for elemental
microanalysis.
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3. MICROSTRUCTURAL AND
MICROANALYTICAL RESULTS: THE ROLE
OF PROCESS PARAMETERS ON
MORPHOLOGY AND CRYSTAL
STRUCTURE

3.1. Role of the Template

The expected role of the organic template was to pro-
mote and control the formation of aluminum silicate nano-
particles. Figure 2 shows hoth TEM images and SADPs
ot materials grown on plain grids (A) and with a tem-
plate (B).

In the first place, nanoparticles of A specimens were
difficult to locate, whereas the density and uniformity
of particles grown on the multilayer template (B) were
dramatically increased. Moreover the template was found
to be necessary to produce crystulline nanoparticles in
reliable way. The peaks in the right (B) SADP of Figure
provide the evidence.

Mineralization on PAMAM dendrimer at rt = 4 days
yielded aluminum oxide.

The role of the template is further discussed in
Sections 5.2 and 5.3.

a
~”
pA

3.2. Role of Reactant Concentration

The role of reactant concentration on template-grown spec-
imens is illustrated by Figore 3. As ¢ was increased from
10 10 20 mM, the remaining parameters being fixed, crys-
tallinity and particle density increased. As expected, the
reaction from a more concenirated solution had a higher
yield.

(A) (B

Fig. 2. TEM images (top) and electron diffraction pattern {buttom) of
| ate ngnoparticles arown on a piain grid (A) and on & tem-
= 11307 =30 °C, rt= % days. Same [S.

ynum s
plate (B). o= 10 mM. [AL[SH]
Note the different scale.
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Fig. 3. TEM images of crystalline aluminum silicate nanoparticles
obtained with ¢ = |0 mM (left) and ¢ = 20 mM (right). ri= 13 days. Same
7 and IS. Note the different scale.

3.3. Role of Reaction Time

The minimum rt necessary to produce nanosized parti-
cles (<15 nm) of aluminum silicate was found to be § h.
With rt < 3 days no peaks were recorded in any SADP,
whereas with rt > 4 days peaks were visible in template-
grown materials (Fig. 2B). When 1t was increased to 7
days, the result shown in Figure 4 was obtained. Nano-
particles were well-developed, uniformly distributed over
the substrate surface, and crystalline. From the TEM pic-
ture one can also deduce that the particle density was high.

3.4. Role of Si Molar Ratio

As the [Al]:[S] ratio in the solution was decreased, the
particles did exhibit a higher Si concentration. Materials
produced at [Al}:[Si] ratios of 3:1 and 1:3 have also been
compared.

Fig. 4. TEM image and cicctron the Tongest 1t

(=7 days).
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Fig. 5. TEM images and EDX spectra of Si rich phase (A) and Al rich
phase (B). rt =7 days. IS = 3.

The images and EDX spectra of Figure 5 pertain to the
Si-rich phase (A) and to the Al-rich phase (B). The for-
mer exhibited higher crystallinity, whereas the latter was
mostly amorphous.

4. METHODS OF IMAGE ANALYSIS AND
MATERIALS CLASSIFICATION

Sets of TEM images of the materials C1-C6 and Ul-U5
were obtained at various magnifications including 130 K x
and 280 Kx. Positive photographic plates were digitized
and stored as files in JPEG format, then converted into the
grayscale Sun raster™ format such thal the 0 gray level
corresponded to black and 255 to white. The approximate
size of the resulting image (parent image) was 1250 x 1100
pixels. Image processing relied on the discrete Fourier
transform, therefore tiles of 512° pixels had to be cut out
of parent images. Typically 6 tiles were obtained, which
covered the whole area of the parent image with partial
overlap. A sample tile of material C1 at 130 kx is shown
in Figure 6. Qualitatively, morphology is similar to that of
a hybrid Mullite gel heated at 1000 °C shown in Figure 7
of Ref. 7.

Notation: tiles from a given parent image of & given
material form a level 1 class. Tiles from different parent
images but from the sume material form level 2 clusses.
Finally, level 3 classes are made of tiles having only the
IS parameter in common.

The purpose of image analysis was threefold and had
to be carried out at three levels according to the following
design.

¢ Atlevels 1 and 2 (given material, IS, and magnifica-
tion), quantify the spatial uniformity of nanoparticle dis-
tribution and morphology.

e At level 3 {given IS and magnification}. compare the
morphologies of materials grown on coated (C) or on
uncoated {U) grids,

J. Nanosci. Nanotech. 5, 334-345, 2005
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Fig. 6. Grayscale image of material C1, dles 1-501. Maguification =

e At given magnification, attempt material classification
by means of morphological descriptors.

As it will be explained below, the goals have been
achieved by means of Fourier analysis followed by the
extraction of morphological descriptors and multivariate
statistics.

4.1. Fourier Analysis and Spectrum Enhancement

Although image processing was carried out on a digital
image defined in a discrete domain, the definition and
properties of “spectrim enhancement” are best described
in the continuum setting.

Fig. 7. Flip-flopped tile of Figure 6. Square sice length = 580 nm.
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Let the image be represented by a nonnegative function
glx] of position x belonging to the domain {2, which cor-
responds to a tile. Let Qf ] denote the twotold flop[flip]-]]
reflection. The domain Q€ is a square of area 4 times that
of () and is locally isomorphic to (is a geographic map of)
the surface 7 of a torus. The flop-flipped function QOfg]
is continuous on 7. In other words, it has spatial period
Q€. An example is shown by Figure 7.

Let the Fourier transform G[-] of Qg[-]] exist. Then
G[-] is a function of the spatial frequency vector u =
{u,, u,}. Polar coordinates u = {u ¥}, where u = |u] is
wavenumber and ¢ the polar angle, are more conveniently
used. Let L be the side length of Q€1 and £ be the pixel
side length. 1f the value of the function Q[g[-]] is assigned
at the center of each pixel, then Q[g[-]] admits a Fourier
transform defined at discrete spatial frequencies which
vary in the interval

L
T

0<lulluy| <u

For example, if L = 1 and the grid laid over Q€ has
1024? pixels, then £ = 1/1024 and Z’“z =512 cycles/image.
At the magnification of 130x, 511 cycles/image corre-
spond to 881 cycles um™'.

One may note that, as a consequence of flip-flopping,
GJ[-] is free from the “cross artifact.” Figure 8 displays the
power spectral density |Glu, g]|* obtained from Figure 7.

By averaging the logarithm of |G[u, 9]* over an arc O,
the dependence on ¥ was removed and the following func-
tion of u alone was obtained

slu] = f_(}ﬂ ., 10 Log[|G[u, 9] u 8 — 10 Log[|G[0]]*]

where |®] = 2ud is arc length. In the applications below
=T

5

hence —3 < & < 7 and [®] = um. Angle

Fig. 8. Normalized power spectral density obtained from Figure 7.
Origin of the reciprocal plane [, u.| at the center of the square. Range:
O < uyd, g < 511 eycles/image.
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averaging smoothed out the <3-dependent oscillations of
Log[lG[u, #]*]). It also removed information about the
possible anisotropy of the material.

Next a model power spectral density, m®|u], was intro-
duced according to
u>l

mP[0]=0; m”[u] = —10Log[u'],

The exponent p characterizes the model. Values of p
ranging from 1.4 to 3.6 were used, as described below.
Subtraction of the model from the angle-averaged spec-
trum yielded the enhanced spectrum hfu]

R ) = s{u] —m"P[u], 0<wu <511 cycles/image

The idea behind choosing A”[u] was precisely to
enhance the deviations of s[u| from a reference spec-
tral density, the model m{”[.]. The enhanced spectrum
derived from Figure 6 is the sequence of filled boxes in
Figure 9. The meaning of spectrum enhancement is further
explained in the Discussion (Section 6). More properties
and applications of spectrum enhancement to image clas-
sification can be found in Refs. 8 and 9.

4.2. Extraction of Morphological Descriptors

The enhanced spectrum of a flop-flipped tile was the set
of “raw data” from which two types of morphological
descriptors were extracted.

e Type I: the graph of the interpolating polynomial
q'* D[} of sufficiently high degree d (=14 in this paper),

e Type 2: some properties of the polynomial such as
the abscissa and ordinate of the proper maximum and so
forth.

Material C1, tile 1-501
p=30,d=14,8=1/2

30

dB]

A
i

u] (solid line),

Ii”'m{u} {squares), q(m' M)[

-0

T T ¥

0 200 400 600 BOU 1000
u [cycles/um]

Fig. 9.
ing polynomial ¢
ST1 cycles/image = 881 cycley pm

Enhanced spectral density A 2w} of tile 1-501 and interpolat-
30T Spatial frequency in cycles gm”!
)

such that
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The solid line in Figure 9 represents the ¢'»9[.]
obtained from 4[], where p = 3.0, d = 14.

4.3. Supervised Statistical Classification

Multivariate statistics was based on the analysis of
mean-removed polynomials, defined by q}(-"'d){-j - (q](-”"”),
where j is the tile label and (q}‘;”"di> the mean of qj(-”'d){f]
The empirical covariance matrix was formed, and then, by
normalization, the correlation matrix R = [R":*'] was
obtained. ,

The entry R ¥ is an indicator of similarity between
the enhanced spectra of tile i and tile ;j at fixed p and 4.
Namely, Rf’j ¥ close to +1 means that the graphs of the
(mean removed) polynomials ¢ ¥'[.] and q}”‘(!)f] almost
overlap, whereas JRf‘P’; 1 = 0 means lack of any resem-
blance (orthogonality). Finally, Rf"’,' ! Close to —1 means
resemblance between ¢**'[-] and -—(1}”“”[4].

Scattergrams i.e., pictorial representations of R4
where the values of prj ¥ are coded by gray levels, are
shown in Figures 10 and 11. Black corresponds to the
value of min Rf"’j? ' (shown in each figure) and white to the
value of max Rf”j 9 (=1). Note that the main diagonal goes
from the bottom left to the top right vertex. The figures
describe sets 90 and 40 respectively.

Tile indices were ordered by material (for example, 1 <
{ < 6 corresponds to tiles of material C1 in Fig. 10), hence
the blocks along the main diagonal of R? ¢ represented
level 1 classes. At the next aggregation level contiguous
diagonal superblocks represented level 2 classes of given
substrate type and /S but different parent images or exper-
iment (for example, the superblock 1 <4, j <12 in Fig. 10

Material

Tile label

Fig. 10, Scatiergram of set 90 (48 tiles). Magnification = 130 Kx, p=
3.0, d = 14, u? = 0.014863. Grayscale min = —0.014 863 (black),
nax = 1.0 {white). Material C4 corresponds w the light gray block at
< i, j =24, the outlier tile of material U} to the black stripes at

m
1
P=j=16
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Material

Tile label

Fig. 11.  Scattergram of set 40. Magnification = 280 Kx, p =27, d =
14, p*" = 0.016429. Grayscale min = 0.016429 (black), max =
1.0 (white). Material C4 stands out for the lightest block at 19 <i, j < 24.
Material Ul is the least correlated to the rest (dark stripes at 7 < J<12,
i#joand7<i<12, ] 40

corresponds to tiles of materials C1 and C2 both template
grown and having IS = 4). The largest superblocks repre-
sented level 3 classes having the same 1S, regardiess of
coating (for example, 1 <, j < I8 in Fig. 10 corresponds
to tiles of the three materials C1, C2 and U1).

The two following indicators were chosen:

o w9 =min, ; Rf”j D the array-wide minimum cross
correlation (coded by black in the figures), to represent
overall inter-class heterogeneity; intuitively, the lower
w79 the higher the heterogeneity;

o BP9 = min; .y R,(”J ' where B is the set of indices
which form a block of R® 9 (g represent intra-class
homogeneity for each class. Intuitively, the higher the

d
- the more homogeneous the class.

Univariate statistics was based on type 2 morphological
descriptors, some of which have been listed above. Details
will be discussed in Sections 5.4 and 6.

The spectrum enhancement code was based on fast
Fourier transform and singular value decomposition taken
from Ref. 10 and on additional feature extraction func-
tions. It was written in ¢ and compiled by xle or gce on
some IBM RS/6000 42t machines. Other software tools
were ImageMagick® 4.2.8 for IBM AIX® 4.1 and Spyglass
Plot®.

5. MATERIAL CLASSIFICATION RESULTS

Morphological analysis was carried out on the sets listed
in Table 1. The value of d was kept fixed (=14}, whereas
that of p was made to vary from 1.4 10 3.6 in steps of 0.2
or 0.1. Classification was of supervised type because the
origin of each tile was known beforehand.
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Table 1. Image sets.

Tile no. range Tile no. range

Material in set 90 in set 40
name Template N 130x Figure 10 280x Figure 11
C1 Y 4 -6 1-6
2 Y 4 T7-12 —
C4 Y 2 19-24 19-24
Cs Y i — 3136
[&4] Y 1 3142 37-42
U1 N 4 13-18 712
U2 N 4 e 1318
U4 N 2 25-30 25-30
Us N i 43-48 43.48

5.1. Choice of the Model Exponent p

In general the entries of R and all derived indicators
exhibit dependence on p and d. As a consequence, all
conclusions of morphological analysis may seem to fol-
low from the arbitrariness of these parameters. However,
if there exists at given d an interval of p within which
some indicator is less sensitive to p, then results express
the properties of the analyzed materials, almost indepen-
dently of the model. The most straightforward property
which characterizes the materials is interclass heterogene-
ity, expressed by u'¥. Generally, u7' = 0.6, iec., a
too high minimum means that the given model poorly
discriminates classes. If ' < 0.6, no conclusion can
be drawn.

As p was increased, u”' had a decreasing trend,
regardless of magnification (130x or 280x). For the set
90 u!P ) was found to depend on p as surnmarized by
Table 1L In the interval 2.9 < p < 3.3, 17 'Y was the least
sensitive to p and at the same time its magnitude was
closest to 0. More precisely, a local minimum of wlr
occurred at p = 3.0 and a local maximum at p = 3.2,
both shown in boldface in Table II. To simplify the anal-
ysis, both C1 and C2 were ussigned to the same level 2
classes (coated substrate, 1S = 4). The following saddle
point problem had to be solved:

“find p which at the same time maximizes inter-
class heterogeneity (minimum u% ™) and mini-
mizes the heterogeneity within each class (namely,
the Bg"m's. for all diagonal blocks B, are local

maxima).”

The solution was p = 3.0. These results indicated that
intrinsic morphological properties of the set could be
sorted out.

The situation of set 40 is summarized by Table 1{I. Val-
ues of u'#' also decreased with increasing p. A local
minimum oceurred at p = 3.4 and a local maximum
at p = 3.6, However, both [ *| and (w06 were
significantly greater than 0. Both values were disregarded
in favor of p=2.7, where u>" ™! = 0.0164. shown in
boldface in Table 111
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Table II. Dependence on p of overall interclass hetero-
geneity pt 9 for set 90,

Material
» i pairs
1.4 (.67 Cl, Us
1.6 0.74 Ut, C6
1.8 0.68 Ut ¢4
2.0 0.61 ClI, Ul
2.2 0.62 ul, U4
24 0.55 Ul, U4
2.6 0.46 Ul, U4
2.8 0.16 Ul, Us
3.0 —0.01 ul, Us
3.2 0.06 Ul, Us
3.4 -0.22 U1, Us
36

0.28 Ul, Us

The values of ™) which arc least sensitive to p are shown in
boldface. The chosen exponent is p = 3.0. At fixed p the minimum
of ! (highest heterogeneity) is attained at the material pairs
shown in the 3rd column,

5.2. Spatial Uniformity of Nanoparticle
Distribution and Morphology

This property is expressed by intraclass homogeneity,
i,’“[). The results of Figure 10 and Table 1V were obtained
from set 90 at p = 3.0, d = 14, whereas Figure |1 and

Table V were derived from set 40 at = 2.7, d = 14.

Set 90

With reference to column 4 of Table IV, the most
homogeneous level 1 class of this set was C4 with
3;;'0‘“‘ = 0.9122. This corresponds to the highest spa-
tial uniformity. The level 2 class {C1, C2} was the next

. 3.0.14) . .
best. Both values of Bﬁi " are shown in boldface.

Table III.  Dependence on p of overall interclass hetero-
ey !
geneity u” ™ for set 40.

Material

p ot pairs
1.6 0.59 Ul C4
1.8 0.52 1, C4
2.0 0.39 ut, C4
2.2 0.35 Ui, C4
24 0.25 5. U]
2.6 0.09 C5, Ul
2.7 0.02 C5. Ul
2.8 -0.07 C5, Ut
3.0 ~0.12 C4, Ul
3.2 —{().24 C4, U1
3.4 0.38 C4, Ut
3.6 —~{.25

Cs, Ul

The value of 1% which is feast sensitive 10 p is shown in bold-
7 (see text). At fixed o the

s p o=

face. The chosen expone

minimum of g™ highest neterogeneity ) is attained at the mae-

rial pairs shown in the 3rd column,

J. Nanosci. Nanotech. 5, 334-345, 2005
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Table 1V.  Spatial uniformity indicators for set 90 and role of template

growth.
(3.0, 14y
#
is Template Materials LLVLl cluss Level 3 class
i Y o 0. 59‘5] 0.1504
N us (16657
2 Y C4 0.9122 0.5433
N U4 0.5433
3 Y C3 N.A. N.A.
N 3 NA.
4 Y Cl 0.7197 0.2129
c2
N Ul 0.2129
o 300, d = 14

Boldface entries designatc materials for which template growth improved aniformity
at fixed 18.

Material ranking by uniformity, denoted by “>." was
C4» [C1,C2} » US>~ C6 > Ud > Ul

In other words, among materials grown on a template,
the best result seems to have been obtained with IS = 2.

Since the C4 level 1 class was such that B7'¥ > 0.779
in the relatively wide interval 1.4 < p < 3.6, one concluded
that spatial uniformity is an intrinsic property of the C4
material.

The other extreme behavior, ie., the lowest unifor-
mity, was exhibited by level 1 class Ul, which contained
an “outlier” tile, represented by the two black stripes at

=16, j =16 in Figure 10 and became uncorrelated at
p~'§6 NamLme”) —-0.063.

Ranking derived from Table 1V has a qualitative coun-
terpart in the grayscale levels of blocks in Figure 10.
The C4 block, 19 < i, j <24, stands oul for its uniform
gray level and the high values of R'w ) The U4 block,
25 < i, j < 30, instead, has fewer ngh correlation entries
besides those on the main diagonal. Similar properties can
be observed in the {C1, C2} and the C6 blocks.

Ser 40

14),
On the finer scale, the smaller )"

Table V and the higher count of dark pixels in Figure 11
suggest a higher intraclass heterogeneity. This is a pre-
dictable consequence of higher magnification.

Nonetheless, material C4 continued to be the most spa-
tially uniform: B¢ > 0.62 in the interval 2.5 < p < 3.0,
inside which Ju' ‘“f; < 0.15, i.e., overall heterogeneily
was the hinhest.

At p =27, materials were ranked by uniformity as fol-
lows:

Ca> U2 Ul = Cl»U4>C5> US> C6.

J. Nanosci. Nanotech. 5, 334-345, 2005

s in column 4 of

5.3. Role of the Template: Comparison between
Materials Grown on Coated vs Uncoated Grids

The findings of Section 3.1 found a counterpart in quanti-
tative morphology. More precisely, the role of the template
in controlling uniformity of the nanomaterial was assessed
by comparing B(' Dat levels 2 and 3. At level 2 substrate
properties are taken into account (columns 4 of Tables 1V
and V), whereas at level 3 the substrate type is disregarded
(columns 5 of Tables IV and V).

With reference to material set 90 at p = 3.0, one deduces
the following.

I§=2

Level 2: templates did improve spatial uniformity. Indeed,
at IS = 2 class C4 is highly homogeneous (ﬁﬁj'“-“‘ =

0.9122), whereas class U4 is not (,8(’” "1~ 0.5433, block
25 <1, j <30 of Fig. 10).

Level 3: Forming the class {C4, U4} does not further
decrease homogeneity. One still has [3(}0 =(0.5433 (ital-
icized in column 5 of Table V). In other words, the intrin-
sic inhomogeneity of (level 2) class U4 dominates even
in the enlarged set formed by C4 and U4 together (block
[9 <, j =30 of Fig. 10).

To further illustrate the claim, the mean removed poly-
nomials g% 4[]~ (g"* ¥} of the level | classes C4 and
U4 (set 90) have been p]omd in Figures 12 and 13.

IS=4

The same property continues to hold, i.e., when class Ul
is enlarged to {C1, C2, U1}, in the block 1 <, j < 18 of
Figure 10, which contains the black stripes {i = 16, #

and {j = 16, j # i}, the homogeneity index is ,8,;0 W=

0.2129.
IS=1
Different properties become apparent.

Table V. Spatial uniformity indicators for set 40 and role of template
growth,

(27,14
B
IN Template Materials Level 2 class Level 3 class
1 Y Cs5 0.485 0.389
Cé
N Us 0.4921
2 Y C4 0.7855 0.641
N U4 0.7089
3 Y C3 N.A. NA.
N U3 NA.
4 Y C1 0.7265 0.133
N Ui 0.133
uv2

p=27,d =14
Boldface entries desipnate materials for which template growth improved uniformity
at fixed IS.
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19 ‘
] i Muterial C4
set #90, mag = 130 kx

| W}“’ p=304d=148=1/2

q - (g){dB]

I [===7—707
o 4--402
- 4403
4-404
4405
_ 4-406
10 ! %
{ 200 400 6000 800 1000

u [um™

Fig. 12.  Mean removed polynomials of level | class C4. Set 90. Spatial
uniformity over the whole area (720 nm x 540 nm) is inferred from the
overlap of the curves. The corresponding block in Figure 10 is 19 <,
j=24

Homogeneity of the level 2 classes C6 and U5 is about
average, with US (Bﬁj'n‘m) = 0.67) looking slightly betier
than C6.

When the level 3 class {C6, U5} is formed, homogene-
ity drops remarkably (,823'0’”) = 0.1504). Since the off-
diagonal rectangular blocks of the scattergram have small
values, one deduces that cross-correlation between C6 and
US is low. In other words, image analysis has detected dif-
ferences in morphology caused by the template even if the
sample was not spatially homogeneous.

10
7 Muterial U4
set #90, mag = 130/kx
1 p=30,d=14,8=nr/2
5 ez
7 Y
=
5 J
| 4
o 1 H4071
- 10402
5 ——— 10403
I
1 e 10405
4 | 10406
10 T t f
b 200 400 600 806 100
u [cycles/um)

Fig. 13.  Mean removed polynomials of level | class U4, Set 90. Dif-
ferent tles less than 500 nm apart have ditferent morphology. The cor-
responding block in Figure 10 is 25 <4, j < 30. The two polynomials
which grow more slowly and decay at a higher # pive rise to the dark
stripes at { == 25 and /=28 in Figure 10.
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In all cases there are U tiles which correlate better with
C tiles than with those in their own level | class.

Set 40 at p = 2.7 behaves similarly.

IS=4 and 2

Column 4 of Table V suggests that growth on a template
yiclded a definitely more uniform material when IS = 4
and a slightly more uniform one when IS = 2.

IS=1

Homogeneity of (level 2) classes {C5, C6} and U5 is low,
with US looking slightly more homogeneous ([3{327 -
0.4921) than {CS, C6} (BL7'Y = 0.485). However, the
level 3 class indicator [3;2]‘”) drops to 0.39 (column 5 of
Table V). Once again the coated and uncoated materials
must have different morphology.

5.4. Univariate Statistics of Set 90

Further classification of set 90 was made possible by
type 2 image descriptors. Classification is of univariate
type, because one descriptor at a time was used. The link
between type 1 and type 2 descriptors can be inferred from
Figures 12 and 13. Plots of interpolating polynomials typ-
ically exhibit a sharp rise, one or more local maxima, a
smooth rolloff, and a local minimum occurring before u =
600 um ' Since p =3.0 and d = 14, these superscripts
are dropped throughout.

The following type 2 descriptors were found to be
significant:

e M, the abscissa of the highest local maximum

e g[M], the corresponding ordinate

e s, the abscissa of the lowest local minimum in 0 <
= (3/4) Uy

e g|m], the corresponding ordinate

s s, the abscissa of minimum slope in 0 < u < (3/4)u,,,,

e g'[s], the derivative of g[-] at s

o A= [.(glu] —glm])du, where E is the interval C
[0, m] within which g{u]— g[m] = 0, hence A is the arca
under the bell

o C= [.(q[u] - q[s])du, where F is the interval C
[0, 5] within which g{u]— ¢[s] > 0, hence C is the area
under the peak.

Since all the analyzed polynomials comply with s < m,
then € < A. Oscillations and other features of the polyno-
mials occurring at frequencies higher than 600 pwm™' are
interpolation artifacts and were ignored.

The most remarkable results have been summarized by
scattergrams of M vs s (Fig. 14) and A vs C (Fig. 15).
In order to improve readability, each level 1 class (6 tiles)
has been replaced by its centroid, the coordinates of which
are the arithmetic averages of the given indicators over the
6 tiles. Centroid labeling is obvious.

J. Nanosci. Nanotech. 5, 334-345, 2005
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250
Set #90 (48 tiles) 6
p=30.d=14,8=n/2 6
200 -
uUs
TE
= 150 - Ul
2 c4
ley)
100 -
cl U4
50 . ; . .
300 350 400 450 S00
s [pm1]

Fig. 14. Scattergram of class centroids of set 90 in the {5, M} plane.
M = abscissa of highest Jocal maximum. s = abscissa of minimum slope
in 0 <u < (3/4)u,,. Each centroid is denoted by the class label. Very
roughly, materials could be classified into three groups by means of 5
alone, because the abscissas of {C1, C2, C4} sepuarate {rom those of {C6,
U4, U5} and UL.

In Figure 14, with reference to s, materials can be
divided into 3 clusters: {C1, C2, C4} such that 300 < s <
400 um', {C6 (two sets of 6 tiles), U4, U5} such that
440 < 5 < 540 and Ul, a singleton, the tiles of which
exhibit a wider spread. In other words, s alone could serve
as a coarse morphological classifier.

In Figure 15, classes {C1, C2, C4} form a cluster bound
by the rectangle {500 < C < 1000 dB/um} x {3000 < A <
4000 dB/um}.

All remaining material classes lie below the straight line
A = C+ 2000, the diagonal of the displayed square.

4000
4 Set #90 (48 tiles)
p=30,d=14,8=n/2
3500
- 5 c6
£ “ o o
&
=
<
3000 ~
U4
Ul
Us 4
2500 T T
500 100 1560 2000

C [dBpm‘f

Fig. 15, Scattergram of class centroids of set 90 in the {C, A} plane.
C = area under the peak. A == area under the bell. Once again, materizls
{C1, €2, C4} form a cluster, bound by the rectangle on the top left
{500 < € < 1000 dB/um} x {3000 < A < 4000 dB/um}. All remaining
material classes He below the diagonal of the displayad square.
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The physical interpretation of all results, whether from
multivariate {Sections 5.1-3.3) or univariate (Scction 5.4)
analysis, is provided by the next section.

6. DISCUSSION AND PHYSICAL
INTERPRETATION

As explained in Sections 4.2 and 4.3, to each TEM image
() there corresponds a polynomial q]("‘” “1.], which in turn
depends on the parameters p and d. Multivariate statisti-
cal analysis (Sections 5.1-5.3) has processed information
carried by polynomials as a whole. Comparison between
individual images (level 1) or materials (levels 2 and 3)
has been made possible by the correlation matrix R% ¢,

The first relevant finding is the existence of a model
exponent p (Section 5.1) about which interclass homo-
geneity u'#'9) is stationary. In physical terms, by choosing
p. morphological analysis is least affected by a param-
eter of the algorithm and mostly controlled by material
properties.

Sections 5.2 and 5.3 have provided a quantitative assess-
ment of spatial uniformity and of the role of the template
and supported the qualitative judgment derived from visual
observation at the TEM.

Univariate statistics, i.c., the analysis of the indicators
listed in Section 5.4 and taken one-by-one, has provided
further insight into size and shape of nanoparticies and
their aggregates. This claim is supported by the following
arguments.

Very roughly speaking the raw enhanced spectrum 4[],
and consequently the polynomial g[-], in the interval 0 <
u <255 cycles/image (420 um™" at 130 kx and 960 um™!
at 280 kx) describes image “structure,” whereas 255 <
u < Uy, corresponds to “texture.” The distinction between
image structure (coarse scale) and texture (fine scale) is
a fundamental paradigm in image analysis.'! Wherever
h[-] > 0, the power spectral density of the image decays
more slowly than that of the model, hence the material has
significant micro- or nanostructure.

By very simple arguments of Fourier analysis, one could
show that the height (¢[M]) of the positive peak of either
h[-} or g[-] and its width (s) are affected by particle size
distribution and particle edge sharpness. If particles sizes
vary in a narrow range, then ¢[M| is high, s is small,
and the slope g¢'[s] is steep (negative and large in mag-
nitude). Moreover, for a given area A under the bell, a
smaller value of C suggests that the positive peak of ¢[-]
is relatively narrow. Materials Cl, C2, and C4 do satisfy
these conditions. In particular, 100 <M < 200 pum™' may
suggest that particle sizes range from 2.5 to 5 nm, with
a maximum at 3.3 nm. Instead, a broad size distribution
lowers g[M] and makes ¢[-] decay more slowly. As a con-
sequence the area under the peak itself, C, becomes larger
as compared to A, although the inequality C < A is always
met. This is the case for materials C6, Ul, U4, US. For
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Table V1. Relative intensity of rings in the selecied
area diffraction patterns.

IS Materials Ring intensity
1 C5. C6 2.0
us 0
2 C4 4
U4 {
3 C3 4
U3 2
4 C1, 2 2,1
Ui, uz2 0,0

0 = not visible; 4 = peatly visible,

example, the maxima of U4 occur in 250 < 4 < 320 um™

3’7
and on average are 10 dB lower than those of C4. Hence
particle sizes have a broader distribution. In fact, some
tiles exhibit up to three local maxima. Material C6, the
size distribution of which peaks at 2 nm, cannot be told
apart from the U materials.

Information about the crystal structure of the materials
was obtained by SADP. The intensity of diffraction rings
was qualitatively ranked from 0 to 4 (maximum visibil-
ity) and Table VI was compiled accordingly. Relatively
high ring intensities of Cl, C2, and C4 patterns correlate
with the sharper peaks of ¢[-] (Figs. 12 and 14) and their
centroid coordinates in Figure 15, Similarly, the morpho-
logical indicators of C6, Ul, and US correlate with the
absence of a crystal structure. In the case of C6 one may
infer that IS = | may have been inadequate to achieve both
spatial uniformity of the aggregates and reproducibility of
the result.

f

7. CONCLUSION

Nanosized aluminum silicate particles have been produced
via mineralization from solution at near room temperature
on a self-assembled organic multilayer template.

Some experimental control parameters have been delib-
erately varied and the role of each has been assessed.

The nanomalerials have been characterized by analyti-
cal transmission electron microscopy and electron diffrac-
ton. Fourier analysis of 7EM images and “spectrum
enhancement” have provided quantitative morphological
indicators, by which the spatial uniformity of nano-
particle distribution and the role of the template have been
assessed.

Univariate and multivariate statistics have allowed clas-
sification of the materials. The key step has heen the
selection of the model exponent p, which solves a saddle
point problem: maximization of interclass heterogeneity
and minimization of intraclass heterogeneity (Section 5.1).
Multivariate results have been summarized by the corre-
lation matrix R 9" of interpolating polynomials (¢[-]).
Some morphological indicators extracted from the g[-]s
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have been further related to the physical properties of the
nanoparticles and their aggregates.

Higher precursor concentration resulted in a higher
degree of crystallinity (Fig. 3). High [Si]:[Al] vielded crys-
talline aluminum silicate.

The area density and uniformity of particles were dra-
matically increased by the presence of the multilayer poly-
mer film template (A vs B in Fig. 2, Fig. 4), More
precisely, mineralization on a template with 1IS=2 or
4 yielded good results in terms of uniformity of nano-
particle size (Section 6), sharpness of nanoparticle bound-
aries {Section 6), and spatial uniformity of the deposit
(Section 5.2). The first two features correlate with crystal
structure (Table VI). Instead, mineralization with IS = |
performed poorly, the morphology of the corresponding
matcrials was insensitive to the presence of a ternplate.

Although the set of analyzed images was relatively
small, the conclusions drawn from quantitative morphol-
ogy are self-consistent and agree with the resulis of elec-
tron diffraction. A proof of principle has been given of a
new classification method based on spectrum enhancement
followed by statistical analysis.

On the applications side, the above findings can provide
feedback to control the fabrication process.

On the physical modeling side, quantitative morphol-
ogy may have a role in understanding the mineralization
mechanism, which certainly involves phase separation,
percolation-cluster transitions, and other phenomena, as
suggested, e.g., by Ref. 12.
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