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bstract. Inverse gas chromatography (IGC) has been applied to
tudy the surface properties of developer materials, measuring acid,
ase, and dispersion interactions. Model carrier and toner particles
ere prepared, where the toner was blended with various nano-
articulate metal oxide surface additives: Silica, titania, and alumina.
oner charging was determined with these surface additive formu-

ations. IGC was used to characterize carrier and additive surface
hemistry. Results from IGC were evaluated with respect to toner
harge and to metal oxide work functions. A correlation was found
etween IGC-determined surface acid-base interaction parameters
f the developer materials, and their work functions and triboelectric
harge. Together, the IGC, work function, and charging results
trongly support a work function model for developer charging,
here the work function is determined by the acid and base prop-
rties of the developer components. Thus, as the ratio of the acid to
ase interaction parameters of the metal oxide surface additive in-
reased, toner charge became more negative. The results are in
uantitative agreement with the surface states charging model pro-
osed in the companion paper in this series. © 2006 Society for

maging Science and Technology.
DOI: 10.2352/J.ImagingSci.Technol.�2006�50:3�288��

NTRODUCTION
oner charging in two-component xerographic developers
ith metal oxide surface additives, such as SiO2, TiO2, and
l2O3, has been previously shown to be controlled by the
xide work function, as measured by Kelvin potentials.1 The
ext question is: “What controls the oxide work function?”
ndeed, the question has a broader scope, as it is not clear
hat controls the work function of any insulative material, if

n fact, it even makes sense to ask the question about an
nsulator’s work function. This question was potentially an-
wered by a theoretical surface states model derived in a the
ompanion paper in this series.2 Indeed, it was shown that
urface parameters determined by IGC, in particular, the
cid and base constants, represent the ability of any solid
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nsulative material to accept or donate electrons,
espectively.3,4 Thus, it was further shown that these con-
tants can be related to both material work functions and to
heir ability to exchange charge on contact. In this paper,
GC has been used to study the surfaces of metal oxide
dditives and carrier in two-component xerographic devel-
pers. In addition, toner charge with the same metal oxide
urface additives has been measured in two-component de-
elopers. Finally, the toner charge, as well as the previously
etermined oxide work functions, have been compared to

he measured IGC surface acid base data, and to the predic-
ions of the theoretical model.2

XPERIMENTAL
ontact potential differences (CPD) were measured previ-
usly at 20% and 80% RH, using a noncontact, electrostatic
oltmeter.1 The surface additives studied by CPD were De-
ussa A300™ SiO2, P25™ TiO2, and Al2O3 C™. CPD values
ere extrapolated from 20% to 15% RH to enable compari-

on to charge and IGC data collected at 15% RH (a small
orrection). CPD values were converted to work functions
sing a CPD of +0.1 eV for the reference carbon black rela-

ive to Au,5 and an Au work function of 4.46 eV (also mea-
ured by CPD6).

For triboelectric charge evaluation, all oxides were dry-
lended on 4.6 �m poly(methylmethacrylate) PMMA
odel toner particles for 30 s at 15 krpm, with 100% toner

urface coverage.7 Also included in these charging studies
ere toners blended with Degussa R812™ and Wacker
2050™ silica. The carrier was a 65 �m irregular iron core

owder-coated with 1 wt% of the same PMMA toner par-
icles. The fused PMMA coating on the carrier surface cov-
red more than 95% of the carrier core, as measured by
canning electron microscopy (SEM). Developers were pre-
ared at 4% toner concentration (TC), equilibrated over-
ight at the desired RH, and then paint shaken for 15 min

o reach equilibrium charge. Charge was measured by stan-
8
ard total blow-off tribo.
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Acid and base interaction constants, Ka and Kb, respec-
ively, and the surface is the dispersive surface energy of the
olid, �s

d, were obtained from IGC measurements, following
ell established procedures.3,4,9,10 The metal oxide and car-

ier stationary phases were packed in stainless steel columns,
oused in a Varian 3400 gas chromatograph. Substrate tem-
eratures ranged from room temperature to about 80 °C.
H was controlled by sweeping the columns with He carrier
as, which first passed through a dead space volume where
H was established with salt solutions of specific concentra-

ions. The dispersive interaction capacity of the stationary
hases was obtained from retention volumes of n-alkane
robes, injected at extreme dilution. Polar vapors, selected

rom Gutmann’s tabulations,3 then led to evaluations of Ka

nd Kb. Retention volumes were collected in at least tripli-
ate, with experimental uncertanties �±4%. The experi-
ental uncertainty in acid-base parameters is about ±8%.

ESULTS AND DISCUSSION
nverse Gas Chromatography of Developer Materials
he accompanying paper2 stated the basic equations from
hich may be obtained the surface characterization param-

ters: �s
d, Ka, and Kb. In this approach, the solids are evalu-

ted as stationary phases in the IGC experiment, measuring
heir interactions with various probe molecules, including
onpolar probes that can interact only via Lifschitz-van der
aals interactions, and polar probes that can also interact

ia acid-base interactions. An initial requirement is the gen-
ration of a linear relationship, at stated temperature, T, be-
ween a “descriptor” of the probes’ chemistry and the mea-
ured retention volumes, Vn, of substrates for nonpolar
alkane) vapor probes. As noted in the accompanying paper,

thermodynamically justified descriptor is the cross-
ectional area, a, of the vapor molecule in the adsorbed state.
his choice poses practical problems, however. It is uncer-

ain whether tabled values of a, valid for the molecule in
heir free-state, also apply when the vapor probe is adsorbed
n a solid surface. Furthermore, a temperature dependence
f a would need to be considered when IGC determinations
pan a significant T range. These difficulties may be over-
ome by using the normal boiling point, Tb, as the molecular
escriptor of the vapors. A rationalization of this has been
iven by Panzer and Schreiber.10 Accordingly, a linear plot is
equired when the retention volume ln Vn is expressed as a
unction of Tb. An illustration is given in Fig. 1, the reten-
ion volumes of n-alkanes by a rutile �TiO2� stationary phase
RT ln Vn� are plotted against Tb of n-alkanes from C5 to
8 at 60 °C. The slope of the well-defined linear relation-

hip then provides a measure of �s
d, the dispersion-force

ontribution to the surface energy of the solid. Also shown
n the figure are the positions of Vn data for acidic and basic
robes selected from the tabulation by Gutmann.3 For sim-
licity, only two points are shown; they are for the acid
enzene and the basic tetrahydrofuran, THF. Clearly, the
utile substrate interacts with both types of polar probe,
ince both the acid and the base generates Vn values greater
han their nonpolar counterparts of equivalent Tb. Again
 e

. Imaging Sci. Technol. 50�3�/May-Jun. 2006
ollowing well-established protocols,4,9,10 the normal dis-
ance of the polar probe positions from the reference line is
he net free energy of desorption of the acid-base interac-
ions, �Gab. This quantity is also measured at neighbor tem-
eratures (55 °C and 65 °C in this instance), allowing for

he construction of �Gab versus 1/T for each of the polar
robes, as mandated by the equations given in the preceding
aper. The enthalpy datum ��Hab� so determined is then
sed in conjunction with Gutmann’s3 AN and DN indexes

or the vapor probes (respectively, 8.2 and 0.1 for benzene
nd 8.0 and 20 for THF) to obtain the acid/base parameters,

a and Kb of the solid �TiO2�. This uses representations of
Hab /AN versus DN /AN, as specified in the preceding ar-

icle. The procedures described yield the following results for
he rutile substrate, valid at the mean temperature of 60 °C:

s
d =39.7 mJ/m2; Ka =2.3; Kb =2.8. Analogous approaches
ere employed to measure surface energy, Ka and Kb values

or the materials of this work over the temperature range of
nterest.

n Acid-Base Charge Model
he companion paper2 showed in detail that we can fully
escribe an insulators’ surface in terms of three parameters,

d
s , Ka, and Kb, the surface interaction energy, and the acid
onstant and the base constants, where an acid is any elec-
ron acceptor and a base is any electron donor. Further since

d
s represents long-range Lifschitz-van der Waals forces, and

hus does not involve electron donation and acceptance in-
eractions, they do not exchange charge. Acid and base con-
tants Ka and Kb, which represent short-ranges forces, and
o involve electron donation and acceptance, must both be

nvolved in charge exchange. Within the high density of
tates model, it was shown that the work functions of any

aterial involved in the charging process, can be written in
erms of the Ka and Kb values for those materials.2 This is
ot possible in the low density of states model, as it is not
ossible to directly assign the measured IGC surface param-
ters with both work functions and density of states. How-

igure 1. Logarithm of retention volume of probes on a rutile substrate
lotted with the normal boiling point of the probe: �=n−alkanes, •
benzene, �=THF.
ver, vide infra, we will show that the analysis of IGC data is

289
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otally consistent with the high density surface-state charge
odel.

Briefly, the high density surface-state charge model11

ives the toner charge shown in Eq. (1):

Toner q/m = A��c − �t� . �1�

quation (1) can be rewritten2 in terms of the acid and base
arameters, as in Eq. (2):

Toner q/m = − �A/2�kT�ln�Kat/Kbt� − ln�Kac/Kbc�� . �2�

ere �t and �c are toner and carrier work functions, Kat and

bt are the acid and base constants for the toner surface, and

ac and Kbc are the acid and base constants for the carrier
urface, respectively (Fig. 2). The factor A is a composite of
number of terms,2 and is constant under the conditions of

his study, which fixed toner/carrier geometry, as well as TC,
t an equilibrium charge. Note that the work functions are
efined here as positive numbers, so that a larger number
epresents lower energy. Thus, a more positive work func-
ion for toner compared to carrier gives a negative toner
harge. The “effective” work function for a surface, �s, is
hen the average over acid and base sites of that surface:

�s = �0 +
1

2
kT ln�Kas/Kbs� . �3�

ere �0 is a constant, representing the work function of the
eference state for the Kas and Kbs values, which can be ob-
ained from the fit of Eq. (3) to the experimental data. The

odel is illustrated in Fig. 2.
As shown in the companion paper, this acid-base bidi-

ectional charge model, as described by Eqs. (2) and (3),
akes a number of predictions. The intent of the work

erein is to test these predictions for a two-component xe-
ographic developer, where the toner charge is controlled by
he oxide surface additives.

ork Functions and Acid-Base Equilibria for Metal
xide Particles
ork functions of hydrophilic oxides, SiO2, TiO2, and
l2O3, were previously shown to correlate well with toner

harge, where the oxides were toner surfaces additives.1 This
esult was is agreement with the standard high-density of

igure 2. Toner-carrier charge exchange interactions. Arrows show the
irection of the electron flow.
tates model shown in Eq. (1). In the current work, the r

90
ntent is to extend this relationship of metal oxides and toner
harge, to show that both the charge and the work functions
re determined by the Ka and the Kb of the metal oxide
articles and the carrier. To this end, the toner particles and

he carrier coating were prepared from the same resin
articles—both are PMMA. Thus, the toner charge is com-
letely controlled by the surface metal oxide, as the base

oner particle and carrier particle surfaces are identical,
herefore, �t =�oxide. This was verified by confirming that
ase toner particle charge with the carrier was zero. The base
oner particles in this study were then covered with the metal
xide surface additives, so that the only charge in the devel-
per is that developed between the carrier and the metal
xide particles on the toner. Corresponding to the toner
harging experiments, the oxide surface acid and base con-
tants, Ka and Kb, and �d were determined by IGC measure-

ents.

ffect of Oxide �d on Work Functions
ccording to our model,2 �s

d should not affect oxide work
unctions, as long-range Lifschitz-van der Waals forces do
ot involve charge exchange. The plot of work functions of

he three metal oxides with �s
d, shown in Fig. 3, does not

rovide an apparent correlation, with r2 =0.250, as expected.

ffect of Oxide Ka or Kb on Work Functions
ccording to the model, neither of Ka or Kb alone should
redict oxide work functions, provided, of course, that there

s a sufficient range of both Ka and Kb for the oxides inves-
igated. Figures 4 and 5 show, respectively, the plots of oxide
ork functions with Ka and Kb. In Fig. 4, Ka values for the
xides vary from 1.4 to 3, and in Fig. 5, Kb values vary from
.8 to 3.1. These values do indeed cover a significant range
f reported Ka and Kbvalues.4 Although no comprehensive
abulation has been published, various authors have shown
hese parameters range from 0 to greater than 10 in highly
olar materials such as cellulose and oxidized polymeric fi-
ers. As expected with the proposed model, neither the Ka

alues in Fig. 4 nor Kb values in Fig. 5 alone can explain
xide work functions, both showing poor correlations, with
2 2

igure 3. Work functions of untreated oxides plotted with oxide �s
d

alues.
=0.48 and r =0.59, respectively.

J. Imaging Sci. Technol. 50�3�/May-Jun. 2006
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ffect of Oxide Ka /Kb Ratio on Work Functions
he proposed model predicts that the oxide work functions

hould be dependant on the corresponding oxide Ka /Kb val-
es. Figure 6 shows the plot of oxide work functions with

he oxide Ka /Kb values. The plot shows an excellent linear
orrelation of oxide work function with the ln�Ka /Kb� for
he oxide, as predicted by Eq. (3), with an r2 =0.975, with all
ata fitting this relationship within the experimental error of

he data. The fitted equation is:

�s = 0.50 ln�Ka/Kb� + 4.41. �4�

lso, as expected from the proposed model, the larger the

a /Kb ratio, the larger the work function. From the plot the
easured �0, as defined in Eq. (3), is 4.41: the work func-

ion value for ln�Ka /Kb�=0.
Also, from the plot in Fig. 6, the slope is 0.5 eV. The

redicted slope from Eq. (3) is kt /2=0.013 eV. The reason
or more than an order of magnitude difference in predicted
nd observed slope is not clear. However, it must be noted
hat Ka and Kb were determined by the interaction of surface

igure 4. Work functions of untreated oxides plotted with the logarithm of
xide Ka values.

igure 5. Work functions of untreated oxides plotted with the logarithm of
xide Kb values.
tates with gaseous probe molecules of cross-sectional area t

. Imaging Sci. Technol. 50�3�/May-Jun. 2006
, using the IGC method. We assume that these states that
nteract with the probe are the states that represent the mea-
urable work functions, since we do see a strong correlation
etween the work functions and these acid-base interaction
onstants. However, the difference in slope we see here
ould suggest that the interaction of the molecular probe
ith the surface is less energetic than the work function of

hese surface states would indicate. There are a number of
ossible reasons for this. One possibility is that the acid-base

nteractions that are measured by IGC represent but a frac-
ional electron transfer from the donor to the acceptor,3 and
hus presumably would not fully reflect the work functions
f the donor and acceptor. That is, the measured work func-
ion is the energy required to emit a single electron to the
acuum level, so the interaction measured by IGC would
epresent the energy to transfer an average fractional elec-
ron charge of 0.013/0.5=0.026 in the acid-base interaction.

second possibility is that the work function datum is a
uch more sensitive probe of the surface then is the IGC

atum. We really have a hierarchy of surface analyses: The
roplet approach of contact angle measurements, for ex-
mple, necessarily reports on a broad average of surface en-
rgetics. IGC does better, in that the much smaller molecular
robe is capable of interacting more specifically with high
nergy sites of a surface. However, given the size of the IGC
robe, it may be that IGC probes less deeply into the surface
ite energy distribution than the work function does, under-
stimating the energy of the interaction.

oner Charging and Acid-Base Equilibria Metal Oxide
articles and Carrier Particles
quation (2) predicts that toner charge with fixed carrier
ill be zero when ln�Kat /Kbt�=ln�Kac /Kbc�. That is, net

harge exchange will be zero when the toner and carrier
cid/base ratios match. Equation (2) also predicts that nega-
ive toner charge will increase linearly with the oxide
n�Ka /Kb� values from that zero charge point.

Figure 7 shows the plot of charge for toners with the
ntreated hydrophilic SiO2, TiO2, and Al2O3 surface addi-

igure 6. Work functions of untreated oxides plotted with the logarithm of
xide Ka/Kb, values.
ives, plotted against the oxides’ respective Ka /Kb values. As

291
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redicted, the negative toner charge with the oxide does in-
rease linearly as the oxide ln Ka /Kb ratio increases, with a
ood correlation coefficient of r2 =0.87. Also, the point of
ero charge, as extrapolated from the oxide Ka /Kb values, is
.69 (the 95% confidence limits are 0.57 and 0.82). As pre-
icted by Eq. (2) the carrier Ka /Kb value of 0.45±0.10
atches the point of zero toner charge, within the 95% con-

dence levels. Thus, the toner charge is zero when the toner
nd carrier acid-base ratios are equal.

Since there appears to be a 1:1 relationship of the carrier

a /Kb values and those of the metal oxide Ka /Kb values in
harging (Fig. 7), and since the work functions of the metal
xides are related as well to the oxide Ka /Kb values (Fig. 6),
his would indicate the Ka /Kb values for the carrier PMMA
oating can be used to predict the work function of PMMA.
sing the carrier values of Ka /Kb and Eq. (4), gives a
MMA work function of 4.0 eV. While measuring PMMA
ork functions directly is difficult, in contact charging with
etals PMMA has been shown to donate electrons to metals

f work function greater than 4 eV, but to accept electrons
rom metals of work function less than 4 eV,12 in excellent
greement with the calculated work function from the

a /Kb value.
While the data plotted in Fig. 7 is compelling, further

ork was done to extend the range of charge and Ka /Kb

alues, by studying the charging with two additional silica
urface additives: Wacker H2050™ SiO2 and Degussa
812™ SiO2. Unlike the three previous oxides studied, these
xides are not native untreated oxides, but rather are surface
reated with silane coupling agents to render them more
ydrophobic and to control their charging. The toner charge
nd the acid/base parameters were measured for these two
dditional oxides.

Toner q/m is plotted with ln�Ka /Kb� for all five oxides,
he original three hydrophilic oxides, and the two additional
ydrophobic oxides, shown in the plot in Fig. 8. As pre-
icted, the toner charge is linear with ln�Ka /Kb�, with r2

0.93, Also, the two additional data points follow closely
hat of the initial three hydrophilic oxides shown in Fig. 7.
he best fit line in Figs. 7 and 8 are nearly identical. Again,

igure 7. Toner charge with untreated oxide additives plotted with the
ogarithm of oxide Ka/Kb, as predicted by Eq. 6.
egative toner charge increases with oxide acid-base ratio, as f

92
redicted. The point of zero toner charge shown in Fig. 7 is
Ka /Kb of 0.73 (95% confidence limits are 0.55 and 0.96),

ompared to the carrier Ka /Kb of 0.45± 0.10. Within 95%
onfidence levels, zero charge is observed at the predicted

at /Kbt =Kac /Kbc. Thus, again no electron transfer occurs if
arrier and toner acid-base ratios match, while charge in-
reases linearly with the difference in log�Ka /Kb� between
arrier and toner.

ONCLUSIONS
erographic carrier and toner surface additives have been
valuated for surface acid/base properties using IGC, and for
eveloper charging. The data are consistent with our previ-
usly developed model for charging of xerographic devel-
per materials, which proposed bidirectional electron trans-

er from toner basic sites to carrier acidic sites, and from
arrier basic sites to toner acidic sites. The result is an ob-
erved “effective” work function that is the average of the
ork functions of the acid and base sites of each material in

he charge exchange. Thus, the observed work function and
oner charge are determined by the relative amounts of these
wo electron exchange processes. As predicted by the model,
he metal oxide measured work function increases with the
ogarithm of the ratio of surface acid to base constants for
he oxide, as determined by IGC. Also, as predicted by the

odel, negative toner charge increases linearly with the loga-
ithm of the ratio of the toner acid-base constants. The toner
harge is zero when the toner and carrier acid-to-base ratios
re identical. This also shows that the model also is consis-
ent with the acid-base constants for the carrier coating as
ontrolling factors for the carrier charging in the two-
omponent developer. Thus, the acid-base constants are also
redictive of the charging of polymer surfaces, as well as for
etal oxide surfaces. Indeed, the acid-base constants enabled

rediction of the PMMA work function, giving a result that
s consistent with that derived based on contact charging
ith metals of varying work function. Finally, as the mea-

ured Ka and Kb values for the metal oxide additives, and
MMA coated carriers, represent donation and acceptance
f electrons, the data herein thus supports an electron trans-

igure 8. Toner charge with surface oxide additives plotted against log
Ka/Kb�, including both untreated native oxides and treated hydrophobic
xide additives.
er mechanism for charging in these materials.

J. Imaging Sci. Technol. 50�3�/May-Jun. 2006
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