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Electron micrograph images of fractal soot clusters obtained
from a premixed CH,/Q, flame are analyzed for two, somewhat
neglected, morphological parameters: the structural coefficient
koin N = ko(R,/a)®! and the perimeter cutoff function A(x) of
the cluster density autocorrelation function. We find for our
fractal aggregates that kg = 1.23 + 0,07 and /4(x) is well described
by a Gaussian or overlapping spheres model. & 1995 Academic
Press, Inc.
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1. INTRODUCTION

The process of aggregation in colloids and aerosols leads
to random aggregates of small primary particles. These ag-
gregates have been shown to be describable by a fractal mor-
phology ( 1-3); that is, the number of monomers per aggre-
gate N scales with the radius of gyration R, as

vkl B, 0

where kg is a structural coefficient, a is the monomer radius,
and Dyis the fractal dimension of the aggregate. Such a fractal
description of the seemingly random structure brought about
a major breakthrough in the study of aggregation phenom-
ena. Much effort has been spent in studying the fractal di-
mension, which is of great importance in ramified aggregate
morphology. A less well-studied parameter is the structural
coeflicient kg. So far there is no general agreement as to the
value of k,, which is essential to fully characterize the mor-
phology, nor have there been any systematic studies regarding
the dependence of k, on the aggregation process.

We first realized the importance of k, during our light
scattering studies of fractal soot aggregates, wherein we argued
that kq can be determined by the N — 1 limit of Eq. [1] (4).
Computer simulations provide a means by which ky may be
determined. Wu and Friedlander (WF) (5) gathered previ-
ously published simulation data and found &, ranged from
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1.05 to 1.59 for diffusion limited cluster aggregation (DLCA)
clusters and k, ~ 1.3 for these clusters in the free molecular
regime, i.e., when the cluster radius is much less than the
medium gas molecule mean free path. Another value for
simulated smoke clusters was reported by Mountain and
Mulholland (6), who gave k¢ = 1.55. Expennmental methods
of determining k, are also possible through transmission
electron microscopy ( TEM) or light scattering {7, 8). Puri
et al. (7) reported from TEM analysis that k¢ ~ 9.0 and D¢
~ 1.4, where k= 2Pk, since monomer diameter was used
in their formula while we used monomer radius. With D ~
1.4, one finds ko = 3.4. K&6ylii and Faeth obtained &k = 8.1
and D¢ = 1.82 from their optical measurement (8), which
gives ko =~ 2.3. Both of these values are much bigger than
those from simulations.

Another important morphological parameter is the cutoff
function for the cluster density autocorrelation function g(r),
which is a power law function of the position variable r as
a consequence of the scaling in Eq. [1],

g(r) ~ ro, (2]

where d is the spatial dimension. The Fourier transform of
this function gives the optical structure factor S(g) for the
scattered intensity, assuming that there is no intracluster
multiple scattering. Here ¢ = 4w\ ! sin #/2 is the magnitude
of the scattering wave vector. The structure factor S(q) also
displays a scaling behavior for gR, » 1 as

S(q) ~ q7°r, [3]
which signifies a fractal structure and is often used to deter-
mine the fractal dimension.

Equation [ 3] is very useful if sufficiently large 4 data are
available and all that is desired is D;. On the other hand,
the complete expression for S{g) for all ¢ is necessary for
analysis of data limited to gR, < 5, since the asymptotic
nature displayed in Eq. [ 3] is no longer present. The manner
in which S(g) transforms from the Rayleigh regime, where
it is a constant, to the behavior in Eq. [3], i.e., the range 0
< gR; < 5, is determined by the large r behavior of g(r).
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There is an upper limit to the power law scaling in Eq. {2]
and this upper limit is naturally the maximum cluster size.
At the cluster perimeter, g(r) will eventually fall to zero.
Therefore we need a function to properly account for this
cutoff behavior at the cluster edge: a cutoff function A(x).
Then the density autocorrelation function becomes

g(r) = Ar’h(x), [4]
where A4 is a normalization constant and x = r/£ is dimen-
sionless, with £ being a characteristic length of the cluster.
A knowledge of the correct cutoff function will let us deter-
mine S(g) for all q.

Although the cutoff function for the density autocorrela-
tion function has not been given much attention, the existing
work from computational (6, 10, 11) studies indicates that
the exponential cutoff, which is widely used (12-14), is not
sharp enough. We (15) found from our light scattering data
that the Gaussian cutoff function worked best for soot clus-
ters, which is in good agreement with the computer simu-
lations. One physical mechanism for the cutoff function may
be obtained by considering two overlapping spheres (OS)
{16, 17). The structure factor derived from the OS cutoff
function is about the same as that from the Gaussian cutoff
function (15).

Thus we conclude that a complete picture of fractal mor-
photogy should include &k, and A(x) as well as D¢. In this
paper we report our results for ky and the cutoff function
determined directly from TEM analysis of soot clusters col-
lected from a premixed CH4/Q, flame.

2. EXPERIMENT

The procedure for creating, capturing, and analyzing soot
clusters is the same as that used previously (18). The flame
used was a premixed CH, /O, flame with a carbon to oxygen
atomic ratio of 0.75. The soot from this flame consists of
DLCA. fractal aggregates with Dy = 1,79 = 0.1, 2 = 12 nm,
and R, < 150 nm. The mean free path of the gas molecules
in the flame is ca. 350 nm. To collect soot particles from the
flame, we used a thermophoretic soot sampling device (19)
which carried vertically oriented Formvar-coated copper
TEM grids into and out of the flame at a height of either 12
or 18 mm above the burner surface. The entrance and exit
times were ~35 ms and the residence time in the flame was
~15 ms. The grids were then examined with a TEM, and
500t pictures were taken at the center of the grid with a mag-
nification of 19,200.

The final soot prints, enlarged by a factor of 2, were
scanned into PCX format files in 16 shades of gray using an
Niscan scanner. The picture resolution used was 0.2 mm
per pixel or 125 dpi (dot per inch). Considering the mag-
nification of the picture, this resolution was equivalent to
5.2 nm per pixel, which was less than the size of a monomer.

471

Each cluster from the ensemble was then “cut” and put into
a separate file. This file was edited with a graphics editor to
carefully remove all unwanted dark spots in the picture
background not belonging to a cluster in order to get a clean
picture of the soot cluster; that is, all background was white
and only sites occupied by the cluster were dark (15 levels
of different shades).

3. RESULTS

A major problem in TEM analysis of soot morphology is
that one deals with two-dimensional projection of the three-
dimensional clusters (18, 20, 21). The information regarding
the third dimension may be lost. Qur 16-shade formatted
500t images, however, retain some, although not all, of the
information of the third dimension. Our previous analysis
showed that (18)

R.2= R, {51
D, o cluster projected area [6]
Dy oc cluster monomer number, [7]

where R, > is the R, calculated from a 2-shade format, D; is
the total darkness of the image obtained with a 2-shade for-
mat, and D, is the total darkness of the image obtained with
a 16-shade format. The 2-shade format is obtained from the
16-shade format by setting all nonzero shades, i.e., parts of
the cluster, to one, and leaving ail zero shades zero.

Our previous work { 18} yielded good agreement between
our TEM and light scattering results for R,, Dy, ¥, and a;
hence we have confidence in our micrograph analysis. From
the TEM mages, k; and A(x) can be easily obtained.

I ky

R,, N, Dy, and a were all determined in our previous
analysis {18) for an ensemble of 92 clusters. A plot of N
versus Ry /a for all the data on a log-log scale is shown in
Fig. 1. The slope and intercept of the plot yielded D;= 1.74
+ 0.04 and &k, = 1.23 + 0.07. This latter value is in good
agreement with the ko ~ 1.3 listed in WF, The results from
DLCA simulations done in this lab (to be published) gave
ko = 1.2 = 0.1, which is in excellent agreement with our
TEM analysis.

2. Cutoff Function h(x)

The cutoff function was obtained from the density auto-
correlation function by inverting Eq. [4],

hir)=A"'g(r)r o, (8]

where d = 2 for the 2-shade format and 4 = 3 for the 16-
shade format. g(r) was calcutated from the digitized image
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FIG. 1. Plot of N versus Ry/a for an ensemble of 92 clusters. The fit
line slope gives D; = 1.74 + 0.04 and the intercept yields ko = 1.23 £ 0.07.

of the soot cluster by an algorithm similar to that in Samson
et al. (22). From the g{r), D;was determined and used in
the calculation of h(r).

Figure 2 shows the cutoff function for four of the largest
soot clusters. We have found that the projection into two
dimensions has little effect for large clusters ( 18), so the two-
shade format was used here.

Also plotted on the graph are the exponential cutoff func-
tion

h(r/E)=e%, [9]
where
2
2 2. 1
£ Df(Df+1)R*’ [10]
the Gaussian cutoff function
h(r/§) = e 107, (1]
with
4
2 _ 2.
£ D, Rg; f12]
and the OS cutoff function
h(r/g) = (1 + x/4)(1 — x/2)?, [13]
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where x = r/ £ and

_ WDt (Dt 5) L,
2D D;+ 1) &

£ [14]

all for Dy = 1.75.

4. DISCUSSION AND CONCLUSION

Our measured value of kg = 1.23 *+ 0.07 from the TEM
analysis is in good agreement with those from computer
simulations listed in WF (kq ~ 1.3) and those obtained in
this lab (kg = 1.2 £ 0.1} (to be published), but it is much
smaller than the experimental results of Puri et al. (7) and
Koylii and Faeth (8). We do not know the reason for this
discrepancy. Since this value, as determined from an ensem-
ble of clusters, is an average, it may depend on the size range
from which it is determined.

In earlier work ( 15) we used light scattering data fitted to
various structure factors derived from different forms of the
cutoff function in order to obtain D and found that the
exponential cutoff function performed badly and by no
means could yield results compatible with Dy as reported
from previous experiments and simuiations for a flame sys-
tem. We remark that this structure factor is well represented
by the so-called Fisher-Burford form. On the other hand,
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FIG. 2. Plot of the cutoff function Ai(x) for the four largest clusters and
of the exponential (E), Gaussian (G), and overlapping spheres (OS) cutoff
functions. The cutoff functions of the soot clusters are in excelient agreement
with the Gaussian and the OS cutoff functions.
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the Gaussian cutoff function did a good job of fitting the
data when polydispersity was included. It is clearly seen that
the soot cutoff functions from TEM analysis agree very well
with the Gaussian cutoff function up to r = 3 R,. No agree-
ment with the exponential cutoff function is seen. The OS
cutoff function yields the best comparison, dropping to zero
at about the same r/R, value as that of the soot cutoff.
Therefore this result lends further support to our Light scat-
tering result that the exponential cutoff function is not sharp
enough to do an adequate job in describing the cluster pe-
rimeter cutoff and a structure factor similar to the one derived
from the OS or Gaussian cutoff function is the appropriate
one for soot clusters.

We note that for r = 3R, the soot cutoff functions from
TEM analysis begin to fall much more sharply than the
Gaussian cutoff function. This should be so for a real cluster
since the cutoff function goes to zero at ¥ = /., where lya,
is the maximum length of the cluster. Qur data gave /., =
3.18-3.52 R, with an average of /... = 3.33R,. For D¢ =
1.75, the OS cutoff function falls to zero at /4, = 3.24R,,
which agrees well with the soot particles. Although the
Gaussian cutoff function will not go to zero until oo, the
extra tail is small and only adds a negligible uncertainty to
the derived structure factor. From a physical point of view,
the OS cutoff best describes the cluster. However, it is more
difficult to use in performing a fit since it does not yield an
analytical form for the structure factor for a noninteger Dy.
From a calculation point of view, the Gaussian cutoff is pre-
ferred because it yields an analytical structure factor (15)
which is about the same as the OS structure factor.
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