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bstract. A model for charging of insulative materials has been
eveloped which quantitatively links the surface chemistry of mate-
ials to their work functions, and to the triboelectric charge exchange
harge in two-component developers. The proposed model fits
ithin the standard high-density of states model for charging, but
roposes bidirectional electron transfer from basic sites on one con-

acting material to acidic sites on the second contacting material,
nd equally, from the basic sites on the second material to acidic
ites on the first. The result is an “effective” work function for the
aterial surface, the average of the work functions of the surface
cidic and basis sites. This model predicts that both surface work

unctions and negative toner charge increase linearly with the loga-
ithm of the ratio of the toner acid/base constants, Ka/Kb, which can
e experimentally measured by inverse gas chromatography.
harge exchange is zero when the toner and carrier acid-to-base
onstants are identical. The model implies that an insulator’s sur-
ace Lewis base and acid functional groups are responsible for tri-
oelectric charge exchange. The model can also be applied to insu-

ator to metal charge exchange. © 2006 Society for Imaging
cience and Technology.

DOI: 10.2352/J.ImagingSci.Technol.�2006�50:3�282��

NTRODUCTION
urface state models of triboelectric charging in insulators
ave successfully accounted for many of the salient features
f charging in two component xerographic charging, includ-

ng the effects of toner concentration, as well as toner and
arrier particle size.1–7 These models have also enabled es-
ablishing quantitative triboelectric series1,6,7 for some xero-
raphic developer materials. Despite the success of the sur-
ace state model for insulators, there have been few studies
hat have been able to link measured apparent work func-
ions of insulator surfaces, a key parameter in surface state

odels, with measured charging in insulative xerographic
evelopers. Further, there have been few examples to show
ow the specific surface chemistry of materials quantitatively
etermines the work function of the surface states, and how

he work functions in turn relate to triboelectric charging.
mith8 has shown that measured work functions of a series
f ion binding polymers correlated with triboelectric charge.
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ork of Gibson and work of Shinohare et al. showed that
ork function surrogates—ionization potentials, electron af-
nities, Hammet � functions, and the like—correlate to tri-
oelectric charging.9 A good example of a complete
odel—from surface chemistry, to work function, to tri-

oelectric charging—is the early work with toners where
harge is controlled by the carbon black included in the
ormulation. Fabish and Hair10 showed that more oxidized
arbon black surfaces are more acidic and thus have higher
ork functions. Julien et al.11 showed that toners prepared
ith carbon blacks whose surface had been deliberately oxi-
ized have more negative charge. Gutman and Hartmann1

hen showed that Julien’s data could be interpreted in terms
f the surface state model. However, because this work was
ased on conductive carbon blacks, its does not validate the
urface state model for insulators. Nash et al.6 showed that
oner charging with insulative metal oxide surface additives
id quantitatively fit a work function model; however, the
ork functions were a result of a fit to the model, and were
ot measured values. Veregin et al.12 showed that measured
ork functions of insulative metal oxide additives explained
uantitatively the charging of toners with those additives,
lthough a connection to the specific surface chemistry of
he oxides was not shown.

The purpose of this paper is to develop a quantitative
ink between the work functions of insulative materials and
heir surface chemistry. Using the surface state model, it will
e shown that the surface chemistry and associated work

unctions should then predict the charging of two compo-
ent developers. In a companion paper, the model will be
erified for the example of insulative metal oxide surface
dditives.13

Lee14 first proposed a surface state model for triboelec-
ric charging of two-component xerographic developers. He
ssumed both toner and carrier surfaces have partially filled
urface states. When a developer is mixed, charged species
re transferred from higher energy filled states on one of the
urfaces to lower energy unfilled sites on the other surface.
harging continues until the energies of the highest occu-
ied states of the two surfaces are equal. Kondo15 incorpo-

ated the idea that charge exchange creates an electric field
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hat opposes further charge exchange, so that charging ceases
hen the electric potential caused by charge exchange is

qual to the work function difference between the toner and
he carrier. The electrical potential is determined by the elec-
rical capacitance of the associated toner and carrier par-
icles, with a larger capacitance reducing the developed po-
ential difference, and thus increasing the charge exchange.
he capacitance is determined by the size of the toner and
arrier particles as well as the number of toner particles
ssociated with the carrier particles. Gutman and
artmann1 and Schein2 combined Lee’s and Kondo’s models

o consider the concentrations of charging sites on surfaces,
he work function differences between the surfaces, and the
ffects of the electric fields created by charge exchange.

The surface state model has two different aspects, the
wo different limits on the density of states, depending on
hether one assumes either that there is a high density of

he surface states per unit energy, sufficiently high that the
ensity of toner and carrier surface states does not affect
harge exchange, or a low density of states, where the density
f surface states does affect the magnitude of charge ex-
hange. Castle and Schein4 and Anderson5 have shown a
eneralized equation for the surface states model, where the
ow-density and high-density limits are special cases, as
hown in Eq. (1) for charge-to-mass ratio for the toner in a
wo-component development system.

m

q
=

� 1

eNc

+
d

�0
�CtR�c + � 1

eNt

+
d

�0
�r�t

3��
. �1�

ere, −e is the charge on an electron, �0 is the permittivity
f free space, Nc and Nt are the carrier and toner density of
tates, respectively, �c and �t are the density of the carrier
nd toner, respectively, d is the distance between insulators at
hich the charge exchange ceases, R and r are the carrier

nd toner radii, respectively, Ct is the toner concentration in
he developer (toner mass divided by carrier mass) and
�=�c −�t, where �t and �c are toner and carrier work

unctions. A meta-analysis was done by Castle and Schein16

f data based on the dependence of charge exchange on
oner concentration, collected by many workers for two-
omponent xerographic developers. While not completely
onclusive, the meta-analysis does suggest that the charge
ransfer is not limited by the presence of finite surface states
n the insulator surfaces, the low density limit, but primarily
y the electric field generated by the charge transfer at the
oint of contact, the high density limit.

It is not the purpose of this paper to delve into the
elative merits of the high-density of states or the low-
ensity of states models. For the purposes of this paper, a
igh-density of states model will be assumed. Not only is the
igh-density of states model currently better accepted than

he low-density of states, it also allows a clear interpretation
or the charging model proposed herein. Vide infra, it will be
hown in a companion paper, that the high density of states

ssumption is in quantitative agreement with work function, d

. Imaging Sci. Technol. 50�3�/May-Jun. 2006
harging, and inverse gas chromatography (IGC) data for
etal oxides as toner surface additives in xerographic devel-

pers. An interpretation for a low density of states model is
lso possible, although the fit of the low density of states
odel with our bidirectional charge model is not very sat-

sfying. This interpretation will be briefly discussed as well.

HEORY
he fundamental question to be answered here is: What is

he surface chemistry that defines a material’s work function,
nd thus a material’s ability to exchange charge? Given this
uestion, the second question that needs to be answered is:
ow do we quantitatively define the chemistry of a surface?
ne method to define surface chemistry of a solid is in

erms of its interaction with a liquid or gas phase. Thus one
an probe the solid surface with a series of liquids or gases to
easure the interaction parameters. Contact angles are one

xample of this type of measurement, where a solid is
robed with liquids of varying chemistry to determine a
ontact angle, and thus to determine the associated interac-
ion energy. Inverse gas chromatography (IGC) is another,

ore powerful example, where instead of determining a
ontact angle, one determines a retention volume—and thus
he free energy—for the interaction of the solid with probe

olecules. In either technique, the measurement depends on
he interaction of the known chemistry of a selected probe
nd the unknown surface chemistry of the solid.

uantification of Surface Chemistry by Inverse Gas
hromatography
he quantification of the surface chemistry of a solid by IGC

s well established and has been widely applied.17 In order to
nalyze that chemistry of a solid surface, the approach of
owkes has proven valuable.18 Consider a probe interacting
ith a solid surface. According to Fowkes the work of adhe-

ion is the sum of the long-range Lifschitz-van der Waals
orces, WA

d , and the short-range acid-base interaction, WA
ab:

WA = WA
d + WA

ab. �2�

he term WA
ab sums up all short-range interactions as Lewis

cid-base interactions, where a Lewis acid is defined as any
aterial whose atoms can function as electron acceptors,

nd a Lewis base is defined as any material whose atoms can
unction as electron donors.

Equation (2) may be used to describe a surface, pro-
ided an appropriate method is available for the experimen-
al determination of the quantities involved. The require-

ent is met by the IGC method, as a well established and
idely applicable tool for the characterization of interactions
ith solid surfaces. In IGC, a solid of interest is packed in a

hromatographic column. The solid needs to have a high
urface area, such as a finely divided powder, or a thin film
ast on a solid particulate support. An inert gas flows
hrough the column, into which different probe liquids are
njected at “infinite dilution” (i.e., by extrapolation from
reater and greater dilution of the probe in the carrier gas).
he probe molecule adsorbs and desorbs from the solid un-

er study as determined by Eq. (2). The volume of gas re-

283
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uired to transport the probe molecule through the column
s the retention volume, which can be related back to the
ork of adhesion. As the chemistry of the probe varies, the
ork of adhesion will change, controlled by the interaction
etween the probe and the surface.

The first step in the IGC measurement procedure is to
tilize probes that have only long-range van der Waal’s in-

eractions, for example a series of n-alkanes. For these ma-
erials, there are no short-range interactions, and thus the
GC data can be analyzed using the developments of Papirer,
chultz et al.:19

− �GA = RT ln Vn = 2Na��l
d�1/2��s

d�1/2 + c. �3�

ere �GA is the free energy of the alkane probe adsorption,
is Avogadro’s number, a is the cross-sectional area of the

apor molecule in the adsorbed state, Vn is the retention
olume, �l

d is the dispersive surface energy of the liquid al-
ane probe, �s

d is the dispersive surface energy of the solid,
nd c is a constant.

The second step is to probe the surface with respect to
he acid-base interaction parameter, by choosing differing
robe molecules of varying acid-base character. This calls for
quantitative definition of the acid-base character of a ma-

erial. Among the various acid-base theories which, in prin-
iple, would be applicable, that of Gutmann20 is particularly
ppropriate. In Gutmann theory, organic fluids, and hence
apor probes, are identified as acids and bases according to
heir electron donor or acceptor numbers, AN and DN,
hich are obtained experimentally from calorimetric and
uclear magnetic resonance (NMR) investigations in which

est materials are reacted with defined reference acids and
ases. Values of AN and DN have been tabulated by Gut-
ann and used in experiments relevant to this account.20 A

eries of probes of varying and known DN, AN, and �l
d are

hen utilized to measure a series of retention volumes with
espect to temperature. To extract the acid-base interaction,
he retention volume for an acid-base probe, �Vn�ab is com-
ared to the retention volume of a probe that interacts only

hrough long-range forces, �Vn�ref, where both probes have
he same �l

d. The result is the free energy for the acid-base
nteraction, �Gab:

�Gab = − RT ln�Vn�ab/�Vn�ref. �4�

rom the temperature dependence of �Ga,b the enthalpy can
e calculated:

�Hab/T = �Gab/T − �Sab. �5�

inally, the enthalpy of interaction can be written in terms of
he probe AN and DN values:

�Hab = KaDN + KbAN. �6�

ere Ka and Kb are the temperature averaged acid-base in-
eraction constants for the solid stationary phase. The values

re found by plotting Eq. (7), a rearrangement of Eq. (6): c

84
�Ha,b/AN = KaDN/AN + Kb. �7�

hus, a plot of �Hab /AN with DN/AN for a series of acid-
ase probes enables the calculation of Ka and Kb. Using
hese techniques, any solid surface can be defined by its sur-
ace interaction constants: �s

d, Ka and Kb.

Bidirectional Acid-Base Triboelectric Charging Model
or Insulators
ow that we can quantitatively define a solid surface, how

an we relate this to surface work functions, as well as to
riboelectric charge exchange? To illustrate the model, we
ill use the high density of surface states approximation,
/ �eNc,t��d/�0, where toner charge can be described by:1

Toner q/m = A���c − �t�� . �8�

While �t and �c are toner and carrier work functions,
espectively, in a two-component development system,
hey could equally represent two other insulative solid
articulate materials brought into contact. The factor
=3��o /d� �RCt�c +r�t� using the formalism in Eq. (1), al-

hough additional terms have also been shown to be impor-
ant to correct for effects of multiple toner layers and non-
quilibrium charge.1 For the purposes of this work we need
ot concern ourselves with these additional terms, as they do
ot change the analysis, only the value of the A term. In
rder to illustrate the model, we shall assume fixed toner/
arrier geometry, a fixed TC, and equilibrium charge levels,
o that the factor A is a constant. This is not required for the
erivation to follow, and is not a limitation of the model, but
implifies the illustration. Note that the work functions in
his paper are defined here as positive numbers, so that a
arger number represents lower energy. Thus, a more positive
ork function for toner compared to carrier gives a negative

oner charge.
Following the surface model described above, the chem-

stry of a surface can be fully defined by the �d, Ka, and Kb.
ince �s

d represents long-range forces, and ignores any Lewis
cid-base interactions which would exchange charge, �s

d can-
ot be involved in triboelectric charge exchange. There is
ome experimental confirmation of this assumption.
chreiber21 has measured Ka and Kb for a polyethylene, a
olymeric long-chain alkane, and has shown that both acid
nd base constants were zero. In agreement with the IGC
ata, and our model, Hays22 has shown that polyethylene
hows very little ability to exchange charge, unless it is de-
iberately treated to create oxygen containing surface species.
hus polyethylene, which does not show Ka or Kb interac-

ions, also does not show significant charge exchange.
To explain charge exchange, we are then left with the

nteraction constants Ka and Kb, which represent short-
ange interactions between donor and acceptor sites, and
hich do involve electron charge exchange. Thus, material
ork functions and charge exchange should be directly re-

ated to both acid and base properties of materials, Ka and

b. Together the acceptor and donor sites must somehow

ollectively determine an effective work function for the sur-

J. Imaging Sci. Technol. 50�3�/May-Jun. 2006
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ace of a material. This model predicts charge exchange in
oth directions, perhaps simultaneously on contact of the
wo surfaces:

(1) Transfer from toner donor (basic) sites to carrier
acceptor (acidic) sites, which results in positive
toner charge; and

(2) transfer from carrier donor sites to toner acceptor
sites, which results in negative toner charge.

he model is illustrated in Fig. 1.
Thus, associated with the acidic surface sites of a mate-

ial, we can define a work function, �a, and with the basic
ites of a material, a work function, �b. Note that since we
an only measure the average Ka and Kb for all acid and
asic sites, �a,b are themselves effective work functions, av-
raged over all acid and base sites, respectively:

a,b =����a,b�1 + ��a,b�2 + ��a,b�3 + ¯ + ��a,b�n�. The effec-
ive work function of a surface, �s, will be an average over
he work function of the acid sites and the work function of
he basic sites, as shown in Eq. (9):

�s = ��a + �b�/2. �9�

ubstitution of the average work functions in the high-
ensity of states charging model, Eq. (8), gives:

Toner q/m = �A/2����ac + �bc� − ��at + �bt�� . �10�

ere the work functions are: �at for acidic toner sites, �bc

or basic carrier sites, �bt for basic toner sites, and �ac for
cidic carrier sites. Note that this model implies that the
verage work function for a pure material does not corre-
pond to an existing physical state. Only the work functions
or individual acid sites and the basic sites in an insulative

aterial correspond to actual surface states. Thus the ob-
erved work function is only a global average over the work
unctions of the individual acid and base sites.

Using free energy relationships, we can relate the acid
onstants, Ka, to corresponding chemical potentials, where
he more acidic the site, the lower the energy, and thus the

igure 1. Toner-carrier charge exchange interactions. Arrows show the
irection of the electron flow.
igher the work function: r

. Imaging Sci. Technol. 50�3�/May-Jun. 2006
�a = �a
o + kT ln Ka. �11�

imilarly, we can relate the acid constants, Kb, to corre-
ponding chemical potentials, where the more basic the site,
he higher the energy and thus the lower the work function:

�b = �b
o − kT ln Kb. �12�

ere, �a
o and �b

o are the work functions of a chosen refer-
nce state for the acid and base constants, respectively, k is
oltzmann’s constant, and T is temperature in degrees K. We
se Boltzmann’s constant here, rather than the molar gas
onstant, as our energy units are in eV. There are some as-
umptions behind the formulations in Eqs. (11) and (12)
hat need to be addressed. First, these equations assume that
e have chosen an appropriate reference state for Ka and Kb,

uch that we can define an associated �a
o and �b

o. The choice
f those reference states is arbitrary, though some choices
rovide simplicity, or at least a clearer definition. For Eq.
11) the best choice of a reference state is clear, it should be
he state that corresponds to �a

o =0, the vacuum level. With
his choice �a will increase linearly with the logarithm of Ka

t lower energies than the vacuum level. Thus, the chosen
eference state will result in Ka =1 at the vacuum level. For
he base sites, an appropriate choice could also be the
acuum level, or it could be a state with a large positive work
unction, so that as Kb increases, from a value of 1, the work
unction of the base site decreases. The important point to

ake is that the Ka and Kb determined by IGC are refer-
nced to an arbitrarily selected reference material (defined
y AN and DN) in an aqueous medium, and thus we do not
now, a priori, the values of �a

o and �b
o. Clearly, they are

nlikely to be zero just by chance, and so we will retain them
n the ensuing calculations.

Comparing Eqs. (9), (11), and (12) gives rise to Eqs.
13) and (14), explicit quantitative relationships between the
oner or carrier surface’s work function and the acid and
ase constants of those surfaces can be obtained:

�t =
1

2
�o +

1

2
kT ln�Kat/Kbt� , �13�

�c =
1

2
�o +

1

2
kT ln�Kac/Kbc� . �14�

ere we define �o =�a
o +�b

o. Thus, the apparent toner work
unction of both toner and carrier is directly related to the
atio of the Ka to Kb values for acid and base sites of the
oner and of the carrier, respectively.

Substituting Eqs. (13) and (14) into Eq. (8) gives the
nal result for toner charge based on the bidirectional acid-
ase charge model:

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

�15�

ote that �o cancels out in deriving Eq. (15), and thus does
ot affect the observed toner charge. Analogous to Eqs. (13)
nd (14), Eq. (15) predicts a toner charge that is directly

elated to the ratio of Ka to Kb values for acid and base sites

285
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f the toner, and the ratio of the acid base value of the
arrier.

redictions of Bidirectional Acid-Base Triboelectric
harging Model for Insulators
hat predictions can be made from the bidirectional charge
odel, and how do those predictions compare with the stan-

ard high-density of states charging model? The following
redictions can be made:

(1) Equation (15) predicts that a plot of toner q/m
ersus ln�Kat /Kbt� for a fixed carrier will be linear with a
lope of −AkT/2. That is, negative toner charge increases
ith the increasing ratio of toner acid to toner base con-

tants.
(2) Similarly, a plot of toner q/m versus ln�Kac /Kbc� for

fixed toner will be linear with a slope of −AkT/2: Positive
oner charge increases with increasing ratio of carrier acid to
arrier base constants. Generally, when conceptualizing the
tandard model, an implicit assumption is made that charge
xchanges from one surface to the other surface in one di-
ection. That being said, the standard model does not pro-
ibit bidirectional exchange. On the other hand, the acid-
ase model described herein shows that bidirectional
xchange must be considered, because nearly all surfaces
ave both donor and acceptor properties (i.e., both Ka and

b are nonzero).
(3) Eq. (15) also predicts that toner q/m=0, if

at /Kbt =Kac /Kbc, i.e. when toner and carrier acid/base ra-
ios are equal. This is a very interesting result, as it shows
hat the toner and carrier surfaces do not need to have the
ame Ka and Kb to show no charge exchange, it is only
ecessary that their ratios are equal.

(4) Equations (13) and (14) predict that the work func-
ions of the two surfaces are linearly related to the logarithm
f the ratio of acid to base constants for the surface, with a
lope of kT/2.

(5) The model predicts that �d does not affect work
unctions or charging.

(6) Finally, since the proposed model predicts that the
aterial work functions and charging are dependent on Ka

nd Kb values, and since the acid and base constants are
ased on Lewis acid-base concepts, the model is implicitly

mplying that the species involved in charge exchange is an
lectron. While the standard model is usually thought of in
erms of an electron as the exchange charged species, the
tandard model can apply to ion exchange as well, as long as
he exchange is between discrete sites.

xtensions of Bidirectional Acid-Base Triboelectric
harging Model
he derivation of the acid-base charging model above is for

he case of an insulator-insulator charge exchange. However,
t is straightforward to extend this model to an insulator-
onductor charge exchange. Thus, for example, in the case of
n insulative toner material contacting a carrier that is a
onductor, substitution of Eq. (8) in Eq. (8) gives:
s

86
Toner q/m = A��c −
1

2
ln�Kat/Kbt�� . �16�

n this case, Eq. (13) will still predict the toner work func-
ion.

The insulator-insulator acid-base charge model was de-
ived for the case of a high-density of states. Is there any way
o interpret the acid-base model in terms of a low-density of
tates? The answer is there is not a satisfactory method to do
his. The problem is that the low-density of states, where
/ �eNc,t�	d/�0, has two parameters for each surface, since
e are left with the 1/ �eNc,t� terms being important. Thus,

n addition to the work functions, �t and �c, that we had for
he high-density of states model, there are the density of
tates, Nt and Nc. Unfortunately, the acid-base model has
nly one parameter for each surface, the ratio of Ka /Kb.
lso, the work function terms and density of state terms for

ach surface are not linear combinations, as expansion of Eq.
1) in the low-density of states model gives cross-terms.
here are two obvious approaches to attempt to deal with

he low-density of states. One is to identify the work func-
ion term, in the low-density of states model, exactly as done
n the high-density of states model, to the Ka /Kb values
Eqs. (11) and (12)]. The model would look exactly like Eq.
16), except that the constant, A, would no longer be a con-
tant for different materials, as it would now include the
ensity of states, which would need to be determined by
tting to a set of data taken under varying conditions. The
econd approach would instead identify the density of states
ith the Ka,b values. In other words, an IGC measurement of

a,b values would actually be measuring the density of states,
ather than the apparent work functions of those states. The
ensity of donor states would increase proportionally to Ka,
nd the density of acceptor states would increase propor-
ionally to Kb. In this approach, the work functions would
ot be explicitly determined by the acid-base chemistry. Nei-

her model is fundamentally satisfying, as the measured
cid-base chemistry, which does explain donor-acceptor in-
eractions in many materials applications, would not be suf-
cient to predict the magnitude of triboelectric charge ex-
hange. Fundamentally there is not enough information in
cid-base interactions to explain both work functions and
ensity of states. Overall, only the high-density of states give
completely satisfactory model that relates acid-base param-

ters to work functions and charge exchange. Thus, the low
ensity of states incorporates additional information that is
ot substantiated by the data measured by IGC.

ONCLUSIONS
model for charging of materials has been developed,

hich quantitatively links the surface chemistry of a mate-
ial, as defined by IGC determined Ka and Kb acid constants
or the surfaces, to the surface work function, and thus to
he ability to exchange charge in a two-component devel-
per. The model proposes bidirectional electron transfer

rom basic sites on one material to acidic sites on a second
aterial, and equally important, from the basic sites on the

econd material to acidic sites on the first material. The re-

ult is an observed “effective” work function that is the av-
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rage of the work functions of the acid and base sites of each
aterial in the charge exchange. Thus, the observed work

unction and toner charge are predicted to be determined by
he relative amounts of these two electron exchange pro-
esses, which are linearly related to the logarithm of the ratio
f the IGC determined Ka /Kb values. The higher the acid-
ase ratio the higher the material work function and the
ore negative the materials charge. The model implies that

he electron donor and acceptor sites in developer materials,
hich are responsible for developer triboelectric charging,

re the Lewis base and acid functional groups, respectively, in
he materials, and that the species responsible for the charge
xchange is the electron. Charge exchange is zero when the
oner and carrier acid-to-base ratios are identical.
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