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bstract. Electrical tribocharging is a fundamental physicochemi-
al phenomenon and the basis of electrophotographic development.
espite extensive study, a complete understanding of the
echanism—commonly referred to as electron or ion transfer—

emains unclear. Using a quantum chemical (QCh) approach, we
tudied the electron charge transfer (ECT) as one possible atomic-
cale mechanism of tribocharging. We also describe ECT for sev-
ral systems based on two materials in contact (tribopairs). Methods
f density function theory and time-dependent density function

heory were applied to QCh modeling using a cluster approach. A
eries of energetic and charge characteristics at the atomic level
ere calculated: including the highest- and lowest-occupied molecu-

ar orbitals (respectively) and the Fermi levels of complex compo-
ents in their individual (free) as well as contact states, before and
fter electron excitation, ECT-excited energy states, charge distribu-

ion in the complexes, and the dipole moments of the excited com-
lexes with ECT. Correlations were evaluated between the trans-

erred charges and dipole moments and between transferred
harges and Fermi levels. Furthermore, we could show that the QCh
nalysis offers insight into the ranking of tribocharging agents based
n their chemical nature. © 2009 Society for Imaging Science and
echnology.
DOI: 10.2352/J.ImagingSci.Technol.2009.53.4.040503�

NTRODUCTION
lectrophotography is an important and highly developed

echnology.1,2 Industry is particularly interested in and is
ntensively researching contact charging—the main phe-
omenon of the electrophotographic development
rocess3–5—involved in nonimpact, toner, and developer-
ased printing technologies. A large number of experimental
nd theoretical studies have been conducted and summa-
ized in comprehensive reviews6–21 and yet the mechanism
f contact electrification remains unclear. Electron and/or

on transfers have been proposed for the charging mecha-
isms. Both mechanisms are most likely involved in contact
harging, and each of them can be investigated using differ-
nt approaches.

Charge transfer (CT) can arise when two different ma-
erials come into contact with one another: either by mere
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. Imaging Sci. Technol. 040503-
ouch or by the sliding of one body over another. An equal
harge of opposite polarity remains on the surfaces after
heir subsequent separation. It is commonly accepted that
ribocharging is driven by the difference in work functions
etween the surfaces in contact.22,23 The work function of a
aterial is defined as the minimum energy required for re-
oving an electron from the Fermi level to free space. The

ermi level is properly defined as the energy corresponding
o the maximum in the first derivative of the Fermi-Dirac
istribution function for electrons in the solid.14–21,24

Should two materials with different work functions
ome into contact, unequal Fermi levels of the two materials
ill level out, driven by the difference in potential. Electrons
ill flow from the material with the smaller work function to

he material with the larger work function, i.e., from the
aterial with the higher Fermi level to the material with the

ower Fermi level (see Figure 1).20,21 The work functions of
he materials can be experimentally determined. By compar-
ng the work functions of the materials in contact, it is pos-
ible to characterize tribopairs and to establish a triboelectric
eries.3,20,21 However, it is difficult to reproduce even simple
xperiments due to variations in the ambient atmosphere,
ncluding dust, chemical impurities and humidity, and due
o noncontrollable alterations of the surfaces during
ontact.4,25

igure 1. Energy diagram representing the relationship between work
unction ���, Fermi level �EF�, and HOMO and LUMO of molecular

ystems.
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An alternative approach involves the use of theory and
omputation to describe the contact charge. Several theoret-
cal models are known. The electric field model is one of
hese. This model assumes that the electric field, originating
rom all toner particles, is equal to the electric field, which
ows to all carrier particles.26 There are also models for
escribing the surface state, i.e., the tribocharging of toner
nd carrier, in which the work functions are equilibrated and
valuated.14–21 Some models are based on orbital theory,9

hereby the electronic characteristics of tribopairs are inves-
igated by means of numerical bond-structure
alculations.27–30 The densities of states of the various spe-
ies are calculated using various mathematical approaches to
nd the theoretical Fermi levels and, finally, to estimate work

unctions.
Qunatum chemical (QCh) methods are the obvious

hoice for obtaining chemically significant information since
hey are particularly suited for determining the local prop-
rties of an investigated system,31 e.g., at the site of contact
f the tribopartners. These methods were originally designed
o describe finite systems. In practice, a representative cluster
onsisting of models of the two systems in contact is usually
hosen.32,33 Because of the lack of translational periodicity,
he electronic states of the noncrystalline systems investi-
ated in this article cannot be described using Bloch’s theory.
n order to eliminate the artifacts caused by cluster bound-
ries, we must apply the fragment self-consistent field
ethod,34 neglecting diatomic differential overlap.

QCh modeling may provide atomic-scale descriptions
f electron transfer during contact. Our goal is to determine
n effect of frontier electronic states,35 i.e., the highest-
ccupied molecular orbital (MO) (HOMO) and lowest-
noccupied molecular orbital (LUMO) of components and
omplexes with charge transfer. Positions of HOMO and
UMO levels can be calculated easily in the framework of
uantum chemistry from the electronic eigenvalues of the
lusters under study. Electron transfer from HOMO to
UMO located on different components of the charge trans-
er complex may result in tribocharging.

The position of Fermi levels is not clearly determined
rom electronic eigenvalue calculations. The Fermi level is a
oncept derived from the electronic structure of extended
ystems. Here we discuss its application to finite (molecular)
ystems. The canonical assumption is that the Fermi level of
molecule is situated near the center of the HOMO-LUMO

ap.33,36 A computational model recently demonstrated how
hese conditions may arise in a cluster model of a molecular
lectronic junction.33 Unequal Fermi levels at the contact
rea tend to level out through electron transfer, the charge
ow continuing until Fermi levels reach equilibrium. This
rocess yields Fermi levels of adsorption complexes with
harge transfer in the excited states. Charges of opposite
olarity are the result at the two contact surfaces (as models
f materials), and these, too, can be easily calculated using
he QCh method.

The current study was performed using ab initio density

unction theory (DFT)/time-dependent density function m

. Imaging Sci. Technol. 040503-
heory (TDDFT) modeling of charge transfer states of sev-
ral tribopairs, namely,

(a) Silica and polytetrafluoroethylene (PTFE):
�SiO2 /PTFE�

(b) Alumina oxide and PTFE �Al2O3 /PTFE�
(c) Titanium dioxide and PTFE �TiO2 /PTFE�
(d) Iron oxide and PTFE �Fe2O3 /PTFE�
(e) Primary amino-silane modified silica and PTFE

�SiO2 -RNH2 /PTFE�
(f) Tertiary amino-silane modified silica and PTFE

�SiO2 _RN�CH3�2 /PTFE�
(g) Phosphonato-ester-silane modified silica

(SiO2–Si(CH3)2–CH2CH2CH2–P(�O)�
�OCH2CH3�2� and PTFE �PE-silica/PTFE�

�h� Silica and iron oxide �SiO2 /Fe2O3�.

PTFE was chosen as a main reference for tribopairs
ince it is known to be negatively charged in most
ribocontacts37–39 and has one of the highest work functions.
n addition, the Fe2O3 and SiO2 tribopair was studied since
his system is of technological importance. Results from this
tudy enabled us to predict a triboelectric series from the
uantum chemistry first principles, using ab initio
pproaches.

OMPUTATIONAL MODELS AND APPROACHES
t is known that all contacts between surfaces that lead to
ribocharging are local, and tribocharging occurs due to the

icroscopic and atomic-scale chemical structure (applies
nly to electrically insulating materials, i.e., those with high
lectrical resistance). Only some segments of a polymer
hain will actually interact with the solid particle surface.
hese segments of the polymer in contact with the solid

urface, consisting of several monomer units, form a surface
dsorption layer with hindered torsional motion. A sche-
atic representation of such contact is shown in Figure 2. In

ccordance with such a scheme, molecular cluster complexes
ay be used as appropriate models for the atomic-scale

valuation of contacts between macroscopic surfaces.
In the present study, we applied a cluster approach for

igure 2. A schematic representation of the atomic-scale area of the
ontact surface between polymer chains and particle surfaces, i.e., for
he SiO2/PTFE system. Arrows mark contact areas.
odeling adsorption complexes and their components. The
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rea of contact was modeled by cluster complexes made up
f polymer and/or solid particle surface components up to
00 atoms in size. Such models make it possible to perform
xpanded ab initio calculations within a reasonable time
rame. Polymer components were represented by the corre-
ponding oligomers, including several monomer units, and
olid particle surface components were constructed as small
lusters in order to reproduce the chemical nature of the
olid’s surface. Broken bonds at the surfaces were terminated
ith surface hydroxyl groups.

QCh-optimized cluster model structures of all the ad-
orption complexes we examined are presented in Figure 3.
ater in this article, model clusters are denoted as Ai _PTFE
here Ai is SiO2, Al2O3, TiO2, Fe2O3, SiO2 _RNH2,
iO2 _RN�CH3�2, or PE_SiO2. Another model cluster
Fe2O3 _SiO2� was examined and its optimized structure
resented in Fig. 3.

The model for the PTFE component was chosen as an
ligomer of five tetrafluorethylene monomer units. The
ilica model SiO2 represents an amorphous cluster contain-
ng six silica-oxygen tetrahedrons. This SiO2 cluster has 12

Figure 3. Summary of the equilibrated structures of
ydroxyl groups on the surface and is made up of 35 atoms.

. Imaging Sci. Technol. 040503-
he Al2O3 model represents a portion of an alumina oxide
urface of 35 atoms. The Fe2O3 model is made up of 22
toms in total, eight of which are iron. This last cluster re-
roduces a part of a ferrite surface area quite correctly, at a
easonable calculation effort. The TiO2 cluster represents an
natase structure, consisting of 14 titanium atoms out of a
otal of 27. Cluster models of primary and tertiary-amino-
ilane modified silica were constructed on the basis of the
iO2 cluster, whereby one of the surface hydroxyls has been
eplaced by an –O–Si�CH3�2 –CH2CH2CH2 –NH2 or
O–Si�CH3�2 –CH2CH2CH2 –N�CH3�2 group, respectively.
hosphonato-ester-silane modified silica PE_SiO2 consists
f 71 atoms. It, too, is constructed on the basis of the SiO2

luster; in this case a surface hydroxyl group has been sub-
tituted with –O–Si�CH3�2 –CH2CH2CH2 –P�=O��
OCH2CH3�2.

Energy and charge characteristics of all these molecular
ystems and their adsorption complexes with and without
T were calculated in three steps,

(1) First of all, the equilibrium geometries of all com-
ponents of the adsorption complexes in the indi-

ter models of adsorption complexes we examined.
the clus
Jul.-Aug. 20093
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vidual (free) state were optimized. These computa-
tions were carried out with DFT with B3LYP
functional and aug-cc-pVTZ basis set implemented
in the GAUSSIAN’03 package. Though this method is
very time consuming, it can provide highly accurate
calculations. The computations yielded data on
HOMO and LUMO energy levels and correspond-
ing Fermi levels, as well as on the charge distribu-
tions across all the atoms of individual components
of the adsorption complexes we studied.

(2) Next, we constructed and equilibrated adsorption
complexes using these optimized structures. The
same DFT/B3LYP/aug-cc-pVTZ method was used.
Ground states S0 without CT were modeled for all
complexes, giving HOMO and LUMO values of
these adsorption complexes as well as important
information concerning the location of HOMO
and LUMO electron densities of the components
within the complexes.

(3) Previous calculations were then substituted for TD-
DFT with the same functional and basis set for all
model complexes. In this way, the lowest excited
state �S1� with CT was obtained, in which electron
transfers from occupied MOs to unoccupied MO
proceed owing to contact or friction excitation. A
scheme of such an excitation is shown in Figure 4.
Electron excitation after contact causes the compo-
nents of adsorption complexes to increase their or-
bital energy from the ground state S0, in which the
components of the complexes are not charged to
the excited state S1�. Upon excitation, charge trans-
fer is at first generated for geometries correspond-
ing to ground states. After that, S1 level optimized
geometries are created. This occurs because the
motion of electrons is much faster than the motion
of the heavy nuclei of the atoms. As a result, non-
equilibrium excitations and CT are the first to take
place, and only after a lag time do the systems ar-

igure 4. A scheme of nonequilibrium and equilibrium excitation and
harge transfer state formation in tribo contact.
rive at equilibrated CT excited states complete with a

. Imaging Sci. Technol. 040503-
intramolecular reorganization of the nuclei and
charged components of the complexes.

Electron excitation therefore occurs in two stages, each
f which must be calculated separately: a first nonequilib-
ium step and a second step described using equilibrium
DDFT approaches. In this way, the charge distributions
cross the atoms and components of each complex were
alculated. The energies of nonequilibrium and equilibrium
T can be represented accordingly to the following equa-

ions (see Fig. 4):

�Eneq = E1�-E0 = �Eeq + � , �1�

�Eeq = E1-E0, �2�

here �Eneq is the energy of nonequilibrium CT S0→S1�,
Eeq is the energy of equilibrium CT S0→S1, E0 is the en-

rgy of the ground state S0 of the complex without CT (cal-
ulated in DFT approach for the ground state DFT-
ptimized geometry G0), E1� is the energy of nonequilibrium
xcited state S1� with CT (calculated in TDDFT for ground
tate DFT-optimized geometry G0), E1 is the energy of equi-
ibrium excited state S0 with CT (calculated in TDDFT for
DDFT-optimized geometry G1), and � is the energy of

tructural reorganization from nonequilibrium to equilib-
ium excited state with CT. An analogical introduction of
eorganization energy was provided by Nikitina et al.40

Calculating the equilibrium geometries of adsorption
omplex components in their individual states, we could
herefore make a prediction of the relative charge exchange
etween the different materials studied. On the basis of the
uantum-chemically obtained data, we ranked the compo-
ents in the adsorption complexes into a triboelectric series.

ESULTS AND DISCUSSION
alculated energy levels EHOMO and ELUMO of HOMO and
UMO and their corresponding Fermi levels, which were
stimated as the differential between EHOMO and ELUMO for
ll single components of the various complexes of Ai _PTFE,

igure 5. Summary of calculated HOMO and LUMO energies and
ermi levels �EF� for single components of Ai_PTFE.
re presented in Figure 5, where Ai is SiO2, Al2O3, TiO2,

Jul.-Aug. 20094
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e2O3, SiO2 _RNH2, SiO2 _RN�CH3�2, or PE_SiO2. These
ata, together with energy differences EHOMO_PTFE-ELUMO_Ai
nd EHOMO_Ai

-ELUMO_PTFE are summarized in Table I. It is
ell established that PTFE has one of the strongest negative

ribocontact charge capacities known. The positive charge-
bility of the other components was therefore examined
gainst PTFE. Additionally, EHOMO-ELUMO for the system
e2O3 _SiO2 is presented in Table I.

During electron transfer from HOMO to LUMO, which
re located at different components within Ai _PTFE com-
lexes, electrons—under triboexcitation—will move from

he component with the higher Fermi level �Ai� to the com-
onent with the lower Fermi level (PTFE). Therefore, it is
ufficient to calculate the HOMO and LUMO energy levels
or the individual tribocomponents in order to conclude that
harges of opposite polarity will arise on the two interacting
omponents of Ai _PTFE complexes. Negative charges will
e located on the component with the lower Fermi level, i.e.,
TFE, and positive charges will be located on the compo-
ent with the higher Fermi level i.e., Ai.

The following sequence can be deduced from the results
f this study, correlating with increasing positive charge-
bility of the tribocomponents in contact with PTFE.

SiO2 �Al2O3 �primary amino-silane modified SiO2

tertiary amino-silane modified SiO2 �phosphonato-
ster-silane modified SiO2 �TiO2 �Fe2O3.

The triboelectric series as determined above from the
OMO and LUMO levels approximates the empirical data.
he data presented in this article generally agree with experi-
ental data, but there is not a perfect match. There is some

isconnect with the position of alumina and titania, with
egard to some empirical data, where the order of negative
harge was found to be silica� titania�alumina.20,21 The
eason for this discrepancy can be in a possibility of ion
ransfer, the consideration of which is out of framework of

Table I. Summary of calculated Fermi levels, HOMO, and
complexes in free �individual� states.

Ai component
EHOMO
�eV�

ELUMO
�eV�

E
�e

SiO2 −3.13 0.23 −1

Al2O3 −2.26 0.74 −0

SiO2 _ RNH2 −2.06 0.82 −0

SiO2 _ RN�CH3�2 −1.81 1.05 −0

PE_ SiO2 −1.55 1.38 −0

TiO2 −1.32 1.71 0

Fe2O3 −1.15 2.14 0

PTFE −4.55 −0.94 −2

Complex

Fe2O3 _ SiO2
ur study. However, ion transfer could also be involved in w

. Imaging Sci. Technol. 040503-
ribocharging for some of these materials, particularly for
lumina and titania chemistry of which is not totally
ovalent.

It is clear from the HOMO and LUMO analyses of the
e2O3 /SiO2 pair that during triboformation of CT states,
lectrons will move from the Fe2O3 to the SiO2 component.
n other words, in the CT state, Fe2O3 particles will be posi-
ively charged and the SiO2 particles negatively charged.

The charge distributions across atoms of the individual
omponents of Ai _PTFE complexes were also initially cal-
ulated. Each of those components is neutrally charged in
he individual free state. These data were used as a reference
nd are included in a discussion of charge distributions in
orresponding CT complexes below.

Highly illustrative results were obtained at the second
tep of the modeling, where ground states S0 without CT
ere computed for all the complexes we have examined. In

his step, we calculated MO levels and the distributions of
lectron density over MO of the components of the various

i _PTFE adsorption complexes, as well as for the complex
e2O3 _SiO2. The calculated HOMO and LUMO electron
ensity distributions for the Ai _PTFE and Fe2O3 _SiO2 ad-
orption complexes before CT were visualized by GAUSSIAN

IEWER and are presented in Figure 6.
These results gave us important information concerning

he location of HOMO and LUMO in specific complex
omponents. As seen from Figure 6, HOMO densities of the
omplexes are located at the Ai component in all cases, par-
icularly in the case of PE-SiO2 at the phosphonato-ester
roup. LUMOs of all complexes are located at the PTFE
omponent. It should be possible to transfer electrons lo-
ated within the HOMO by triboexcitation. Components
earing the LUMO are able to receive electrons. In the case
f the Ai _PTFE complexes we studied, tribocharging can
ccur if electrons are transferred from HOMO located

nergy levels for components of Ai _ PTFE and Fe2O3 _ SiO2

EHOMO_PTFE-ELUMO_Ai
�eV�

EHOMO_Ai
-ELUMO_PTFE

�eV�

−4.78 −2.19

−5.29 −1.32

−5.37 −1.12

−5.6 −0.87

−5.93 −0.61

−6.26 −0.38

−6.69 −0.21

EHOMO_SiO2
-ELUMO_Fe2O3

�eV�
EHOMO_Fe2O3

-ELUMO_SiO2
�eV�

−5.27 −1.38
LUMO e

F
V�

.45

.76

.62

.38

.09

.20

.49

.75
ithin the Ai component to LUMO located within PTFE.

Jul.-Aug. 20095
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Figure 6. Summary of calculated HOMO and LUMO electron density distributions for Ai_PTFE adsorption

complexes before charge transfer.

. Imaging Sci. Technol. Jul.-Aug. 2009040503-6
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In addition, the calculated HOMO and LUMO electron
ensity distributions for the adsorption complex
e2O3 _SiO2 before CT are presented in Fig. 6. Here, we can
ee that the HOMO of the Fe2O3 _SiO2 complex is located
n the Fe2O3 component and that the LUMO is located on
he SiO2 component. Therefore, electron excitation and
ransfer may occur in this system by electron transfer from
he Fe2O3 component to the SiO2 component.

We also calculated the values of HOMO and LUMO
nergy levels of the adsorption complexes we examined dur-
ng the second step of the modeling process. These values
re summarized in Table II.

Comparing the results in Table II with the HOMO and
UMO levels computed for the various individual compo-
ents, it is obvious that the HOMO energy values of the
omplexes are close to the HOMO energies of the corre-
ponding individual Ai components. Likewise, LUMO en-
rgy values in all complexes approximate the LUMO energy
f PTFE. This is an evidence that within a complex, the Ai

omponent is responsible for HOMO formation and PTFE
or LUMO formation.

The third step of the modeling process consisted of cal-
ulating the energy characteristics �Eneq, �Eeq, and � for the
xcited MO states of Ai _PTFE complexes with CT according
o the scheme presented in Figure 4. Corresponding data are
ollected in Table III.

A comparison of the energy characteristics of the vari-
us Ai components and their ability to form excited states is
resented in Table III. The lower the values of �Eneq, �Eeq,
nd �, the easier triboexcitation may occur. On the basis of
hese data, the Ai components may be arranged as the fol-
owing tribpairs with PTFE: SiO2 �Al2O3 �primary amino-
ilane modified SiO2 � tertiary amino-silane modified SiO2

phosphonato-ester-silane modified SiO2 �TiO2 �Fe2O3.
This sequence is in concordance with that obtained

rom the HOMO and LUMO data for individual Ai

able II. Summary of HOMO and LUMO energy levels of Ai _ PTFE and Fe2O3 _ SiO2
dsorption complexes.

i component
EHOMO, Ai _ PTFE complex

�eV�
ELUMO, Ai _ PTFE complex

�eV�

iO2 −3.12 −0.92

l2O3 −2.25 −0.91

iO2 _ RNH2 −2.04 −0.91

iO2 _ RN�CH3�2 −1.84 −0.89

E_ SiO2 _ PTFE −1.57 −0.92

iO2 −1.35 −0.90

e2O3 −1.21 0.87

omplex
EHOMO, Fe2O3 _ SiO2

�eV�
ELUMO, Fe2O3 _ SiO2

�eV�

e2O3 _ SiO2 −1.18 0.21
omponents. b

. Imaging Sci. Technol. 040503-
At this step, the charge distributions across all atoms of
he various adsorption complexes were calculated for excited
quilibrium states with CT. As an example, we cite the dis-
ribution for PE-SiO2 /PTFE, together with distributions re-
eived for the corresponding individual components of this
omplex during the first stage of modeling (see above). The
orresponding distributions are presented in Figure 7 and
eveal a similar tendency as already described above.

Plotting the data for CT complexes and for single com-
onents, we can conclude that the partial charges on all
toms of the PTFE component become more negative com-
ared to charges of the same atoms at a free PTFE surface.
he sum of these partial negative charges resulting from

riboexcitation and intermolecular CT complex formation is
he total transferred charge. The partial charges on atoms of
E_SiO2 changed according to their location within the
omplex. In contrast to the core atoms of the SiO2 cluster,
here the charges do not change significantly, the charges at

he surface phosphonato-ester group became noticeably
ore positive. It can be assumed that these very atoms par-

icipate in the CT process. HOMO and LUMO electron den-
ity distributions confirm this as well, as can be seen in
ig. 5. Indeed, we see here that the HOMO for this system is

ocated on the phosphonato-ester group.
All components of Ai _PTFE tribocomplexes maintain

ero charge in the isolated state. After triboexcitation and
T, both components of each complex acquire partially

ransferred charges. The total charges transferred were cal-
ulated at the third stage for each complex in its equilibrium
T state as the sum of the partial charges for each compo-
ent atom. Values of the total transferred charges are sum-
arized in Table IV, together with the calculated dipole mo-
ents for excited complexes with CT.

The calculated values of transferred charges are very im-
ortant. First of all, these data reveal that the charge transfer

rom one component to another occurs in triboexcited states
f Ai _PTFE. Second, they are important because the mag-
itude of these transferred charges characterizes the ability
f tribocomponents to receive or to lose charges. On the

able III. Summary of calculated energies of nonequilibrium and equilibrium CT-
xcited states and the corresponding energies of intramolecular reorganization for
i _ PTFE complexes and for the Fe2O3 _ SiO2 complex.

omplex
�Eeq
�eV�

�Eneq
�eV�

�
�eV�

iO2 _ PTFE 5.24 6.16 0.92

l2O3 _ PTFE 4.66 5.26 0.60

iO2 _ RNH2 _ PTFE 4.27 4.76 0.49

iO2 _ RN�CH3�2 _ PTFE 2.23 2.54 0.31

E_ SiO2 _ PTFE 2.03 1.79 0.24

iO2 _ PTFE 1,89 1.71 0.18

e2O3 _ PTFE 1.68 1.54 0.14

e2O3 _ SiO2 1.92 1.71 0.21
asis of the results presented in Table IV, we can arrange the
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i components in the following sequence: SiO2 �Al2O3

primary amino-silane modified SiO2 � tertiary amino-
ilane modified SiO2 �phosphonato-ester-silane modified
iO2 �TiO2 �Fe2O3.

As can be seen in Table IV, all the excited complexes
ith CT have rather large dipole moments. Indeed, it is
nown that a high dipole moment indicates a charge parti-
ion in the molecular system. The greater the transfer of

able IV. Charge distribution �transferred or partial charge� across components in the
arious Ai _ PTFE complexes at the equilibrium CT-excited state.

omplex
Charge on Ai

�a.u.�
Charge on PTFE

�a.u.� Dipole moment of complex D

iO2 _ PTFE 0.95 −0.95 6.41

l2O3 _ PTFE 1.16 −1.16 7.32

iO2 _ RNH2 _ PTFE 1.20 −1.20 7.87

iO2 _ RN�CH3�2 _ PTFE 1.48 −1.48 8.49

E_ SiO2 _ PTFE 1.52 −1.52 9.58

iO2 _ PTFE 1.67 −1.67 10.25

e2O3 _ PTFE 1.84 −1.84 12.68

e2O3 _ SiO2 1.58 −1.56 9.23

igure 7. Charge distributions �a� across atoms of the PE_SiO2_PTFE
dsorption complex in the excited equilibrium state with charge transfer
nd �b� across atoms of individual PE_SiO2 and PTFE components.
harge that occurs, the larger the value of the dipole moment m

. Imaging Sci. Technol. 040503-
f its corresponding molecular system will be. Correlations
ere obtained between transferred charges (for excited states
ith CT) and dipole moments of the various complexes, as
ell as between transferred charges and Fermi levels (as cal-

ulated for the ground states of uncharged complexes) (see
igure 8). There is a linear dependence between the modeled
ipole moments and modeled transferred charge. The
mount of transferred charge depends on the Fermi levels
nd reveals that the modeling is consistent with Fermi levels
riving charge separation and thus potentially driving
riboelectric charging.

ONCLUSIONS
his study was devoted to the quantum chemical investiga-

ion of atomic-scale mechanisms and atomic-scale charac-
eristics of tribocharging phenomena. To our knowledge,
his is the first attempt at applying highly accurate ab initio
alculations in order to arrange the components into
ribopairs. We hope that the outlined approach developed
ithin this study will be helpful for future computations of

he components of tribopairs.
We investigated eight tribopairs, namely, SiO2 /PTFE,

l2O3 /PTFE, TiO2 /PTFE, Fe2O3 /PTFE, primary-amino-
ilane modified SiO2 /PTFE, and tertiary-amino-silane

igure 8. Correlation functions �a� between transferred charges and di-
ole moments of the complexes in the excited state with charge transfer
nd �b� between transferred charges of the complexes in the excited state
ith charge transfer and calculated Fermi levels for the complexes at the
round state without charge transfer.
odified SiO2 /PTFE, phosphonato-ester-silane modified
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iO2 /PTFE, and Fe2O3 /SiO2. To this end, we have com-
uted and analyzed the quantum chemical characteristics of
riboexcitation for these adsorption complexes, including (i)

OMO and LUMO energies, (ii) energies of Fermi levels,
iii) dipole moments, and (iv) charge distributions across
toms and components of triboadsorption complexes (both
n individual states and in complexes), (v) energy character-
stics such as energies of nonequilibrium and equilibrium
xcitation with charge transfer, and (vi) the corresponding
nergies of intramolecular reorganization attendant to
harge transfer.

With these data, we have predicted a quantum-
hemically based triboelectric series as presented in Table V.
t is our opinion that our ability to establish a quantum-
hemically based triboelectric series is one of the most im-
ortant outcomes of our current study.
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