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Abstract. A charge control mechanism of charge control agents
(CCAs) has been proposed in the present investigation that as-
sumes an appreciable temperature increase at the “toner/carrier”
interface due to triboelectrification. A further assumption is that the
CCA is present on the surface of both toner and carrier. Because of
local heating, the electrical conductivity of CCAs is increased re-
markably to give a conductive channel, through which the carrier
flow occurs effectively to charge the toner. These two assumptions
have experimentally been verified. Especially, local heating of up to
~100°C has been confirmed by using a pigment marker that
changes its color from black to red. Around this temperature, the
electrical conductivity of CCAs is also found to increase significantly
by one to three orders of magnitude as compared with that at room
temperature. © 2008 Society for Imaging Science and Technology.
[DOI: 10.2352/J.ImagingSci.Technol.(2008)52:3(030506)]

INTRODUCTION

Charge control agents (CCAs) are widely used in electropho-
tography to create a desired charge level and polarity. A
number of investigations have been carried out on toner
charging and the charge control mechanism, on the basis of
the effective electric field,"” the work function,” mass
transfer,* and charge transfer.” However, no clear-cut expla-
nation has yet been established.

In the present paper, we propose a novel model that
assumes an appreciable temperature increase at the “toner/
carrier” interface due to triboelectrification.” Because of the
present local heating, the electrical conductivity of the CCA
(which resides on the surface of both toner and carrier) is
increased remarkably to give a conductive channel, through
which the carrier flow occurs effectively to charge the toner.

We assume in the first place that the toner charge arises
from the difference in work function between toner and car-
rier, and that the CCA resides on the surface of both toner
and carrier, although the CCA is almost always used as an
internal agent inside the toner. However, the existence of the
CCA on the surface of toners and carriers in practical ma-
chines has been verified experimentally by Nash et al.” and
by Oguchi et al.* We believe that the triboelectric potential
caused by the difference in work function between toner and
carrier, and is similar to the contact potential of a thermo-
couple generated at the interface between two different met-
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als (A and B), i.e., A=, — g, where ¢ denotes the work
function. That is, electron transfer occurs spontaneously
from metal A with a higher work function to metal B with a
lower work function. As a result, the contact potential ap-
pears at the contact when the electrochemical potential (i.e.,
Fermi level) becomes equal on both sides of the interface.
However, simple contact of two different metals does not
work as a thermocouple because of oxides at the metal sur-
faces, which disturb the electron flow, or because of a rough
surface that reduces the effective contact area. Therefore,
flame or electric welding is often used to contact two metals
using a flux. The flux is assumed to serve as a material to
remove oxide layers as well as to increase the wetting prop-
erties. We propose that the CCA plays a similar role to that
of flux and bridges the toner and the carrier to facilitate the
charge flow.

Figure 1 is a schematic illustration of the model, show-
ing the toner and the carrier bridged by CCA particles. Our
model assumes that the temperature at the toner/carrier in-
terface increases significantly upon collision in the
triboelectrification process. That is, the kinetic energy of
both toner and carrier can be converted into thermal energy
as soon as the impact takes place. Next, the CCA instantly
heats up to a certain temperature, say 100°C. Since the CCA
is an organic semiconductor, its electrical conductivity in-
creases exponentially to form conductive channels at the in-
terface between the toner and the carrier. This greatly facili-
tates the charge flow, leading to charge saturation of the
toner. The charge saturation is primarily determined by the
work function of the polymers that cover the surface of

CCA as a conductive mediator

Figure 1. Charge fransfer at the toner/carrier interfface upon
triboelectrification.
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Figure 2. Molecular conformation of CCAs: (a) fributylbenzylammonium
naphthol-4-sulfonate (P-51), (b) n-propyl gallate (PG), and (c) 3,5-fert
butylsalicylate (TBS).

toner and carrier, and secondarily by the coverage of the
CCA. Complete coverage of the toner or carrier surface with
CCA leads to no charging because no effective difference in
work function exists between the toner and the carrier, i.e.,
A¢p=0, where ¢ again denotes the work function.

In order to prove our proposed model, the following
points must be proven: (a) local heating at the toner/carrier
interface upon collision; (b) temperature dependence of the
electrical conductivity of CCA; and (c¢) determination of
CCA concentration on the carrier.

EXPERIMENT

CCAs

Figure 2 shows the CCAs used for the present experiments.
Those CCAs were selected which possess well-defined melt-
ing points, because the “melt/recrystallized” samples lead to
more reproducible results than those in the form of tablets
(i.e., pressed powders). Tributylbenzylammoniumnaphthol-
4-sulfonate (P-51 from Orient Chemical Industries) is a
typical CCA of the positive type, whereas n-propyl gallate
(PG) and 3,5-tert-butylsalicylate (TBS) are of the negative
type, both of which were purchased from API Corporation.
The crystal structures of these compounds have been pub-
lished in the literature: P-51,%° PG,'""* and TBS."

Electrical Measurements of the Temperature Dependence
of CCAs

The electrical measurements of CCAs in the form of tablets
often give scattered results. Therefore, we employed the fol-
lowing method. We first melt CCA in a glass capillary
(2.3 mm in diameter: Figure 3), which includes Cu elec-
trodes, and then crystallize the melt by gradual cooling.
Great care was taken to keep the sample entirely transparent
in the cooling process in order to avoid crack formation in
the crystals, which results partly in a powder-like material.
Electrical measurements were then made in air over the tem-
perature range between room temperature and 150°C, with
a heating rate of 3°C/min.
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Figure 3. Experimental sefup for measurements of the electric conductivity
as a function of temperature.
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Figure 4. Molecular structure of 4-pyridylethylperyleneimide (EPP): (a)
cis form and (b) frans form.

Temperature Marker for the Determination of the Local

Temperature

Figure 4 shows the molecular structure of an ethylpyridyl-
peryleneimide derivative (EPP) used as the temperature
marker. EPP is known to have two structural isomers in the
solid state: a cis form (red) and a trans form (black)."* In the
cis form," ethylpyridyl rings are on the same side with re-
spect to the peryleneimide skeleton, whereas they are posi-
tioned across the skeleton from each other in the trans form.
The trans form'®"” can be transformed into the cis form by
heating above 100°C, to induce the molecular rearrange-
ment. This phase transition induces a remarkable color
change from black to vivid red. The black color is composed
of two absorption bands: one is due to individual molecules
and the other is caused by intermolecular interactions be-
tween two transition dipoles. The latter component is closely
related to the molecular arrangement. Details on the two
different colors are given in Ref. 14. Accordingly, EPP can
serve as a sensitive marker to examine the local temperature
at the toner/carrier interface upon collision.

EPP was synthesized by heating perylene-3,4:9,10-
tetracarbocarboxylic dianhydride and 4-(2-aminoethyl)-
pyridine at 130°C in water for 5 h. The dark and viscous
cake was isolated and then dried under vacuum at room
temperature for several days.

Pseudo toners (8.5+0.5 wm in diameter) made of
styrene-acrylate polymer and Teflon®-coated carriers
(70 um in diameter) were used in the present experiments;
0.5 g of pseudo toner (8.5£0.5 um in diameter), 9.5 g of
the Teflon"-coated carrier (70 um in diameter), and 10 mg
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Figure 5. Experimental sefup for measurements of the Seebeck
coefficient.

of EPP were charged in a polyethylene bottle of 100 ml. The
bottle was then rotated at 100 rpm for 30 and 60 min. After
that, the diffuse reflectance spectra of the mixtures of toners
and carriers were measured.

Samples for Measurements of the Work Function
Existence of CCA on both the toner and carrier surfaces
during electrification has been examined by measuring the
work function of the fresh carrier and the carrier
triboelectrified with pseudo toners, which include 0.5% of
CCA (triphenyl-pararosaniline sulfate). If a difference in
work function is found, this can be a sign for the transfer of
CCA embedded in the toner into the carrier surface.

Experimental Setup for Measurements of the

Seebeck Coefficient

Figure 5 shows the experimental setup for measurements of
the Seebeck coefficient for the determination of the charge
carrier.”® This method measures thermoelectric power that
appears between hot and cold ends of a material. The hot
end is made by a soldering iron with a small spring on top
maintained at 100° C, whereas the cold end is an (indium tin
oxide) electrode at room temperature. If the potential of the
hot end is positive, then the carriers are electrons. Similarly,
if the potential is negative, the charge carriers are holes. The
CCA samples were prepared by melting/recrystallizing pow-
dered CCA on an ITO-coated glass substrate (thickness:
about 100 um).

Equipment

Diffuse reflectance spectra of the mixture of toners and car-
riers were measured on a UV-2400PC spectrophotometer
together with an integrating sphere attachment (ISR-240A
from Shimadzu). The electrical conductivity was measured
on CCAs by means of a Keithley 6514 system electrometer.
The work function of carriers was measured by a “photo-
electron spectrometer in air” from Riken Keiki Co., Ltd.

RESULTS AND DISCUSSION

Local Temperature at the Toner/Carrier Interface

Figure 6 shows the diffuse reflectance spectra of the toner-
carrier mixture as a function of rolling time. As evident from
the spectra, the longest wavelength band in the black spec-
trum begins to disappear due to triboelectrification in
30 min and more significantly in 60 min, showing a color
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Figure 6. Diffuse reflectance spectra of the tonercarrier mixture before
and after rolling.
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Figure 7. Arrhenius plot (log o vs 1/T) for various CCAs and styrene-
acryl polymer where o and T denote electrical conductivity and tempera-
ture, respectively.
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Figure 8. Seebeck potential as a function of fime for P-51 and PG.

change from black to red. This indicates that the kinetic
energy of both toner and carrier is transformed into thermal
energy on impact. As a result, the local temperature at the
toner/carrier interface exceeded 100°C, causing the phase
change to occur that induces the “trans/cis” molecular rear-
rangement. It is likely then, that the CCA that exists between
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the toner and the carrier (see Figure 1) is heated above
100°C, leading to the formation of conductive channels be-
tween toner and carrier, as shown below.

Evidence of the temperature increase of toners in a
single-component system is also given in the Appendix
showing SEM (scanning electron microscope) pictures be-
fore and after several ten thousands’ printing.

Temperature Dependence of Electrical Conductivity

of CCA

Figure 7 shows the temperature dependence of the electrical
conductivity (Arrhenius plot) for P-51, PG, TBS, and
styrene-acryl (St-Ac) resin. In all samples, the conductivity
increases almost linearly with temperature, especially in the
range above 60°C, showing semiconductor-like behavior.
The conductivity of St-Ac polymer is lower than that of the
CCAs by two to three orders of magnitude. The temperature
gradient is highest in P-51 and then decreases in sequence of
TBS and PG. The increase in conductivity at ~100°C, rela-
tive to that at room temperature, is three orders of magni-
tude in P-51, compared to two orders of magnitude in TBS
and one order of magnitude in PG. As judged from our
model, a higher temperature gradient is obviously better for
the charge control ability.

The above results clearly indicate that the CCA that
exists at the toner/carrier interface (see Figure 1) forms a
conductive channel for the charge carrier as soon the toner/
carrier interface is instantaneously heated upon collision
above 100°C. This leads to the efficient charging so that the
toner is quickly charged and saturated.

Subsequently additional measurements of temperature
dependence of electrical conductivity have been carried out
on CCAs other than P-51, PG, and TBS. The following
CCAs gave quite similar results to those of P-51, PG, and
TBS: azo-Fe complex (T77 from Hodogaya Chemical),">*
azo-Cr complex (S34 from Orient Chemical Industries),”
and Al-3,5-tert-butylsalicylate (E88 from Orient Chemical
Industries).*®

Determination of the Charge Carrier

Figure 8 shows the Seebeck potential as a function of time.
P-51 and PG exhibit positive potentials, indicating that the
charge carriers are electrons. On the other hand, the ther-
moelectric potential of TBS was too small to measure in the
present experiment.

Work Function of the Fresh Carrier and CCA-Coated
Carrier

The fresh and CCA-covered toners exhibited work functions
of 5.05 and 4.90 eV, respectively. The difference in work
function indicates that the CCA embedded in the toner is
partly transferred to the surface of the fresh carrier during
the triboelectrification to modify the work function of the
fresh carrier.

Wetting Properties of CCA

Based upon the preceding discussions, CCA works as a con-
ductive mediator upon triboelectrification to facilitate the
charge transfer between the toner and the carrier. Another
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Figure A1. Scanning electron microscope (SEM) pictures showing the
surface appearance of foner particles in a single component system (o)
the initial state before use and (b) the state oger several ten thousands'’
printing, showing that the silica particles are present only in the shadow.

important function of the CCA is the wetting effect of CCA
to minimize the surface tension and also to maximize the
contact area of the toner/carrier interface. This further ac-
celerates the charge transfer efficiency. The present function
is compared to that of flux used often in solid-state reactions
in powders or in metal/metal soldering.

CONCLUSIONS

We have proposed a novel charge control mechanism of
CCA that assumes an appreciable temperature increase at
the toner/carrier interface due to triboelectrification. We
have rationalized the present model on the basis of the ex-
perimental results below.

1. The local temperature at the toner/carrier interface
rises above 100°C due to triboelectrification.
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2. The CCA sandwiched by toner and carrier upon col-
lision is accordingly heated above 100°C.

3. The CCAs exhibit a semiconductor-like temperature
dependence of electrical conductivity, and the con-
ductivity around 100°C is higher by one to three
orders of magnitude as compared with that at room
temperature. We conclude that the CCA forms a
conductive channel as soon as the toner/carrier im-
pact takes place, through which carrier flow occurs
effectively to charge the toner, resulting in charge
saturation.
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APPENDIX: SURFACE APPEARANCE OF TONER
PARTICLES

As supporting material for the temperature increase of ton-
ers at the contact between toner and sleeve, some scanning
electron microscope pictures of toners in a single-
component system are shown in Figures Ala and Alb. Fig-
ure Ala shows the initial surface appearance of the fresh
toner which is covered with silica particles. On the other
hand, the silica particles are embedded in the toners after
several ten thousands’ printing as shown in Figure Alb, and
the silica particles can only be recognized in the shadow of
the toner surface. This is presumably due to the local heating
of the toner surface caused by triboelectrification with the
sleeve. This suggests that the local temperature at the toner/
sleeve contact is also increased above 100°C.
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