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Relation of the fractal structure of organic pigments to their performance
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Different pigments embedded in polymer matrices were examined by small angle scattering of x-
rays over 3 wave number decades. The scattering intensities show differences both in the mass
fractal dimension~varying between 1.4 and 2.67! and the size of the particles. The differences are
pronounced between dry pigment powders and the same powders in a polymer matrix as well as
between the pigments themselves. Further, a correlation of pigment geometrical configuration and
pigment performance, as perceived by the human eye, shows how pigments with a maximum color
brightness per pigment mass can be created. ©2002 American Institute of Physics.
@DOI: 10.1063/1.1466524#
ie

re
te

re
tie

e
g
a

ra
ol
n
a
od
le
m

rs
a-
me
of
35-
dif-
ird

r
.

n
g a
he
ld-
ave
s is
low
e
0 s.
the
ing

em-

par-
ter-

63
I. INTRODUCTION

Mass fractal structures have been proposed for a var
of materials which are used as inorganic pigments, such
titanium dioxide, fumed silica,1 carbon black and soot.2 Gen-
erally, primary particles with nearly spherical shape agg
gate into quasifractal structures. Their fractal nature is of
described by a scaling law, relating the aggregate massM to

the aggregate’s radius of gyrationRg , M}Rg
df wheredf is

the quasifractal dimension. Organic pigments have ra
been considered in this context. However, optical proper
such as the color and brightness of pigments consisting
aggregate particles in the range 0.02–0.5mm are intimately
connected to the volume and volume structure of the pigm
aggregate particles. In some cases an approach measurin
surface fractal properties of organic pigment particles w
followed.3 Recent studies indicate that there may be a pa
lel morphological basis between the largely crystalline c
loidal pigment particles4 and inorganic pigment materials. I
order to overcome inherent limitations of two-dimension
techniques as, for example, various microscopy meth
which usually yield correlations pertaining to the partic
surface geometry, the pigment samples are analyzed by s
angle x-ray scattering~SAXS!.

a!Present address: Degussa AG/VT-C, Rodenbacher Chaussee 4, D-
Hanau-Wolfgang, Germany; electronic mail: skillas@ivuk.mavt.ethz.ch
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II. METHODS AND MATERIALS

Three different pigments manufactured by the Colo
Group, a division of Sun Chemical Corporation, are an
lyzed. In all cases both the pigment powder and the sa
powder mixed into a polymer matrix are analyzed. Two
the pigments are C.I. Pigment Red 170, 235-0170 and 2
1170. The difference between the two samples being the
ferent size distributions of the pigment particles. The th
sample is L64-3107, C.I. Pigment Green 7.

The two red pigments are embedded into poly~methyl-
methacrylate! ~PMMA! of moderate molecular weight. Prio
to mixing the PMMA is dried in an oven at 80 °C for 6 h
The polymer sample~20% pigment powder and 80%
PMMA! is mixed in a tumble mixer for 1800 s. It is the
added to the hopper of a twin-screw extruder reachin
maximum temperature of 230 °C. After extrusion, t
PMMA dispersion is pelletized and then molded. The mo
ing is done at 230 °C at 2000 psi. The resulting samples h
a thickness of 1 mm. The heat stability of the red pigment
based on low-density polyethylene measurements, at
pigment loadings~,5%!. The lowest maximum temperatur
measured for the pigments is 260 °C, while heating for 30
At that temperature the first measurable deterioration of
pigment occurred. So the process of extrusion and mold
will not change the pigments chemically, as the process t
perature chosen is lower than 260 °C.

For the green pigment~L64-3107!, polyethylene~PE! is
used as the matrix polymer, and the loading is 50%. Pre
ing the powder pigment samples for the small angle scat
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ing analysis involves sprinkling a quantity of the powder
scotch tape. Care is taken to produce a layer as thin as
sible.

The ultrasmall angle x-ray scattering measurements~US-
AXS! are performed at the APS UNICAT beam line using
Bonse–Hart camera. The Bonse–Hart camera coversq
range from 106 m21 or 1024 Å21 to about 109 m21 or
1021 Å21. The wave numberq is defined as the magnitud
of the wave number vector

q5uqu5
4p sin~u/2!

l
. ~1!

In Eq. ~1!, l is the wavelength of the incident photons, wh
u is the angle between the direction of the photon incident
the sample and the direction of the scattered photon.
data is de-smeared to be comparable to the SAXS data g
ered with a pinhole camera at the University of Cincinna
The q range covered by the pinhole camera is from
3107 m21 or 631023 Å21 to 109 m21 or 1021 Å21. The
SAXS data presented are corrected for background radia
using standard correction procedures. Specifically, e
Bonse–Hart measurement involves subtraction of a ba
ground run from the sample run. At lowq, near to the main
beam the intensities become nearly identical, after correc
for transmission (limq→0DI (q)/I (q)→0), and the error be-
comes large. All of the runs were corrected for backgrou
~scattering of the tape! prior to de-smearing. In the case o
the pinhole camera each measurement involves a corre
for the variation in detector pixel sensitivity as well as da
current and background subtraction. The data are then
lyzed using a unified fit approach.5,6 From the transmission
electron microscopy~TEM! images ~Fig. 1! a two level
structure can be seen, the first level being the prim
pigment-crystal particles and the second organizational le
being the aggregates formed by the primary particles. B
levels can be described in a similar way by a Guinier regi
reflecting the characteristic radiusRg of the objects in this
level followed by a power-law regime which describes t
type of structures to which the Guinier regime pertains. T
characteristic lengthRg is defined as the radius of a sphe
with the same mass and the same moment of inertia as
object under consideration.

Rg5A*rR2dV

*rdV
, ~2!

wherer is the local powder electron density in the case
SAXS, V the object volume, andR the distance of the vol-
ume elementdV from the center of mass of the object. Th
the intensity function can be approximated by5,6
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q2Rg2

2

3 D 1B2 expS 2
q2Rg1

2

3 D

3
S erf3S qRg2

A6
D

q
D p2

1G1 expS 2
q2Rg1

2

3 D

1B1 expS 2
q2Rg0

2

3 D S erf3S qRg1

A6
D

q
D p1

, ~3!

Bi5
2Gi

Rgi
2 ~ i 51,2!. ~4!

In our caseRg050, p154 while B1 andRg1 are fit param-
eters for the Porod regime, whileB2 , p2 , andRg2 describe
the mass-fractal behavior of the aggregates.

For the physical characterization of the samples
Brunauer–Emmett–Teller~BET! surface area, pigmen
chemical compound density~by helium pycnometry!, and

FIG. 1. TEM micrographs of samples 235-0170~top!, 235-1170~middle!
and L64-3107~bottom!. It can be seen that the size distributions of the tw
red pigments~samples 235-0170 and 235-1170! differ, while they are clearly
larger than green pigment particles~L64-3107!. The particles are nonspheri
cal, in fact they can be approximated as rods.
P license or copyright, see http://jap.aip.org/jap/copyright.jsp



e
Th
e

m
w
he

th
4
-
an

he
la

ce
nd
d
he
at
r
ro
tw
as
hi

s
g to
com-
r–

ree
ure

ed
is

ed

is
to

ed in
is

the

tic

mea-

r
ne

ctal
en-

er,
.

6122 J. Appl. Phys., Vol. 91, No. 9, 1 May 2002 Skillas et al.
compacted powder density are measured. The procedur
measuring the compacted powder density is as follows:
powder is weighed and filled into a graduated glass cylind
This cylinder is subjected to vibrations for 60 s. The co
pacted powder density is computed upon dividing the po
der weight by the powder volume after vibrations. For t
235-1170 pigment the compacted powder density is 603625
kg m23 and for the 235-0170 it is 416610 kg m23. The pig-
ment chemical compound density is 1350610 kg m23 for
samples 235-1170 and 235-0170. BET analysis shows
the surface area is 15 m2 g21 for sample 235-1170 and 1
m2 g21 for sample 235-0170. In Fig. 1, typical TEM micro
graphs of the powders, prior to milling into the polymer, c
be seen. The sample of the green pigment~L64-3107! shows
a compacted powder density of 487630 kg m23 and a
chemical compound density of 2270616 kg m23. BET
analysis shows that its surface area is 64 m2 g21.

III. RESULTS

Figures 2–4 show USAXS and SAXS results for t
three pigments. In all three cases the dry powders disp
essentially nonmass-fractal scattering curves. The absen
a drop in the curve as it approaches the Porod regime i
cates that the surface area is higher than what is expecte
spherical particles, consistent with the micrographs. Furt
the absence of oscillations in the scattered intensity indic
a wide distribution of particle sizes, i.e., the particles a
asymmetric of various sizes, as supported by the mic
graphs in Fig. 1. In the case of the embedded pigments
groups are formed. The red pigments seem to form m
fractal aggregates when milled into the polymer matrix. T
is suggested by the22.5 slope (df52.5) in Fig. 3 and the

FIG. 2. Scattering from the 235-1170 sample as a powder and embedd
a PMMA matrix. The size distribution of the powder changes when it
mixed into the PMMA matrix. The solid curves shown are unified fits~see
Refs. 1, 5, 6! performed on the data. The slope of theI (q) curve of the
powder in PMMA displays a mass fractal behavior (df52.67) showing a
rather compact structure, while at higherq a typicalq24 power law can be
seen. The fit suggests that the average primary particle diameter, bas
the radius of gyration, is 0.15660.005 mm for the dry powder, while the
powder in PMMA shows a characteristic length scale ofD52.01
60.05mm. The intensity slope of24 suggests that the particle surface
smooth and sharply defined when measured on a scale corresponding
q value at that point.
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22.67 slope (df52.67) in Fig. 2. As the pigment particle
do not easily bond with one another, the process leadin
the observed mass-fractal dimensions can be seen as a
bination of reaction limited monomer-cluster and cluste
cluster aggregation.7 Fitting the data allows for both the
number of primary particles in an aggregate and the deg
of aggregation to be estimated, as indicated in the fig
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FIG. 3. Scattering from the 235-0170 sample as a powder and embedd
a PMMA matrix. The size distribution of the powder changes when it
mixed into the PMMA matrix. The solid curves shown are unified fits~see
Refs. 1, 5, 6! performed on the data. The slope of theI (q) curve of the
powder in PMMA displays a mass-fractal behavior (df52.50) while at
higher q a typical q24 power law can be seen. The fit suggests that
average aggregate diameter, based on the radius of gyration, is 0.20060.005
mm for the dry powder, while the powder in PMMA shows a characteris
length scale ofD52.3560.04mm, respectively. The intensity slope of24
suggests that the particle surface is smooth and sharply defined when
sured on a scale corresponding to theq value at that point.

FIG. 4. Scattering from the L64-3107 sample as a powder~SAXS! and
embedded in a PE matrix~USAXS!. The size distribution of the powde
changes only slightly when it is mixed into the PE matrix. The solid li
curves shown are unified fits~see Refs. 1, 5, 6! performed on the data. The
wealth of datapoints permits the inclusion of the low-q range in the fit. The
slope of theI (q) curve of the embedded powders displays a mass-fra
behavior (df51.4), and the fit suggests that the average aggregate dim
sion isD50.76760.005mm. At higherq a typicalq24 power law can be
seen. The primary particle size of dry powder particles is 18.660.5 nm,
while 36.560.3 nm is the primary particle size of the embedded powd
suggesting a more compact pigment particle structure in the PE matrix
P license or copyright, see http://jap.aip.org/jap/copyright.jsp
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caption. The estimated diameterD is the diameter of a vol-
ume equivalent sphere calculated from the radius of gyra
D'2.6Rg , which we use as an indicator for size compa
sons with micrographs. All of the reported values agree w
the TEM evidence available for the pigments. The spec
surface area~SSA! from the dry powder scattering data
calculated by evaluating

S

V
5

q4I ~q!

2pQ
, ~5!

Q5
1

2p2f~12f!
E

0

`

q2I ~q!dq. ~6!

In Eq. ~5!, SandV are the surface and the volume of pigme
particles probed at a wave numberq in the Porod regime.
The probing wave numberq is smaller than, or equal to, th
wave number corresponding to the characteristic length
nitrogen molecule, so the value ofS/V should correlate with
gas adsorption measurements. The termf is the pigment
volume fraction, computed from the compacted pigm
powder density and the pigment chemical compound den
The determination of the former is described in Sec. II, wh
the latter is measured by helium pycnometry. The ma
fractal structural model indicates that the surface area sh
be calculated from the scattering for the primary particl
This has been empirically demonstrated for inorganic ma
fractal structures.6 As a consequence, in Eq.~6! Q can be
determined using the fit to the first structural level only. T
dry powder surface area is 90 and 63 m2 cm23 for the 235-
1170 and 235-0170 powders, respectively. For the green
ment the specific surface area from the dry powder scatte
data is 324 m2 cm23. The main error source stems from th
limited accuracy with which the volume fractionf can be
determined by measuring it experimentally. To meaningfu
compare the BET data with the Porod data the B
SSA ~measured in m2/g! has to be multiplied with the com
pacted powder density,rpowder. Taking the ratio of
(SSABET* rpowder)/SSAPorod yields 0.0896, 0.0901, an
0.0962 for the red pigments~235-1170, 235-0170! and the
green pigment~L64-3107!, respectively. While the result
are consistent, there is a difference of factor of 11 with
values obtained by gas adsorption and BET analysis. T
indicates that the volume fraction of the powder on the ta
is about a tenth the volume fraction of the compacted po
der.

The color perceived by the human eye, for pigment p
ticles of identical chemical composition, depends strongly
the size of the pigment particles. This is the case for ev
passive color element that relies on scattering incident lig
which can then reach the eye. For the present pigme
where the light wavelength is comparable to the dimensi
of the scattering pigment particles, the scattered intensity
power law function of the particle diameter with an expone
varying between 6 and 4.8

The observations made indicate that, because both
red and green pigments are not soluble in the polymer
trices, the pigment particles are essentially pushed toge
in an effort to minimize the particle surface exposed to
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matrix. While the tendency is the same, the red pigme
behave in a much more pronounced way, and a shift o
factor of 11–15 in size can be observed. For the green
ment this shift is only a factor of about 2, going from 18
60.5 to 36.560.3 nm. The result is that the size range of t
green pigment particles improves when they are added to
resulting in a more efficient pigment. The shift in the si
distribution is so pronounced in the case of the red pigme
that it is even noticeable by visual observation. Pigment 2
1170 has a bigger brilliance than pigment 235-0170 o
both are embedded into the polymer matrix. In order to
crease the pigment’s brilliance one either has to increas
dispersability in the polymer, or to start with much small
pigment particles~as is the case for the green pigment po
der! which will then assemble into clusters of the optim
size for use as a pigment, once embedded in a polymer.

IV. CONCLUSIONS

We have shown that certain organic pigments, althou
dispersible in polymer matrices, display aggregation beh
ior leading to mass-fractal-like morphologies. With x-ra
scattering the size change of the pigment particles and
formation of aggregates can be observed. This proces
close to reaction limited aggregation. No chemical change
the pigments and no change in the crystalline phase is
served on mixing in the polymer. The size of the form
aggregates has a strong effect on the light scattering pro
ties of the embedded pigments. Thus small differences
size have an effect noticeable by visual observation on
color brilliance~chroma!. From this effect an optimum pri-
mary pigment particle size distribution can be deduced,
that a minimal amount of pigment will yield the most bri
liant color possible. An alternative method would be to a
surface active agents to control aggregation or particles w
the same refractive index as the matrix, which can proh
the pigment particles clustering together.

We find that the examined organic pigments can be
scribed assuming a mass-fractal structure. The mass-fra
aggregation is intimately coupled with processing of the
pigments in polymer matrices so that a large element of c
trol over structural based properties is indicated. There
some evidence that the color displayed by these pigmen
polymer matrices is linked to the development of aggreg
morphologies in that two pigments of identical chemic
composition displayed different color brightness when o
the aggregation behavior differed. We plan to continue st
ies of these pigments through development of a theoret
basis for color brightness which incorporates mass-fra
structural models.
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