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The role of nitrogen in the charge transfer and storage capacity of lithium-intercalated heterocyclic
oligophenylenes was investigated using photoelectron spectroscopy. The development of new
occupied states at low binding energies in the valence band region, as well as core level chemical
shifts at both carbon and nitrogen sites, demonstrates partial charge transfer from lithium atoms to
the organic component during formation of the intercalated compound. In small compounds, i.e.,
biphenyl and bipyridine derivatives, the position of the nitrogen heteroatom significantly affects the
spacing between gap states in the Li-intercalated film; yet it has minimal effects on the charge
storage capacity. In larger, branched systems, the presence of nitrogen in the aromatic system
significantly enhances the charge storage capacity while the Li-N bond strength at high intercalation
levels is significantly weakened relative to the nitrogen-free derivative. These observations have
strong implications towards improved deintercalation processes in organic electrodes in lithium-ion

batteries. © 2007 American Institute of Physics. [DOI: 10.1063/1.2710262]

INTRODUCTION

Strong efforts within the electronics industry are focused
on the development of organic transistor and display tech-
nologies due to the benefits inherent to organic electronics:
lightweight applications, flexibility (both physical and
chemical), and inexpensive processing. To take full advan-
tage of these technologies it is necessary that the power sup-
ply also exhibits these same benefits. Batteries consisting of
a lithium-intercalated, carbon-based electrode have the po-
tential to meet these requirements. In these applications,
lithium is the preferred active element since it is small and
lightweight, allowing fast ionic conduction into intermolecu-
lar space, and exhibits a high gravimetric charge density with
low electronegativity. Efficacy in lithium-based rechargeable
batteries is determined by the capacity and reversibility of
charge storage in the carbon-based matrix.

The intercalation of lithium into carbon-based materials
shows considerable dependence on both the local structure
and the microscopic aggregation state of the material. A dou-
bling of charge storage capacity, as evidenced by current
density measurements, was observed for disordered carbon
versus crystalline graphite1 and for opened versus closed
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single-wall carbon nanotubes.” It is postulated that these dif-
ferences arise from the mechanisms through which lithium
binds to the organic matrix, and several theoretical studies
that describe the energetics of lithium binding sites in gra-
phitic materials have been reported.3_8

Alternatively, it should be considered that the charge
storage ability of an aromatic or conjugated 7 electronic sys-
tem depends on the size and chemical structure of the mol-
ecule itself. It was noted that less energy is required to add
charge to a small molecule versus a larger analog in terms of
charge storage per carbon atom.” However, the energetics of
lithium intercalation in carbon-based or organic matrices is
not properly described by molecular properties9 alone. The
Madelung energy, the molecular electron affinity, and the Li
ionization potential at particular bonding sites within the lat-
tice must also be considered.”"° Additionally, these param-
eters are screened by electronic polarization.11 Polarization
energy varies as a function of aggregation state within a ma-
terial and has been observed to ultimately determine the
charge storage capabilities in thin films of - versus
B-perylene. &

Charge transfer into 7-conjugated or aromatic systems
usually results in the emergence of electronic states in the
band gap of the pristine material resulting from the injection
of charge into the lowest unoccupied molecular orbital
(LUMO) and a destabilization of the highest occupied mo-
lecular orbital (HOMO) of the organic material.'*"* For
polymers or oligomeric materials with nondegenerate ground
states, such charge-transfer states are termed polarons (singly
charged) or bipolarons (doubly charged), where a bipolaron
can be represented as an energetically favorable interaction
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between two neighboring p0121r0ns.14’15 These charged sites

are strongly stabilized and localized by the presence of coun-
terions and coupled to local lattice deformations which can
result in a structural change from an aromatic to a quinoidal
system.lf’_18 In alkali-intercalated polymers, ab initio calcu-
lations have shown that the charge transfer and defect sites
are localized on the same monomer unit as the alkali
atom,'*% allowing the use of small oligomeric systems as
representative of the polymer.

The incorporation of heteroatoms, particularly nitrogen,
into organic matrices has been considered as a means to pro-
duce novel materials with improved charge and energy stor-
age characteristics in organic batteries. Several reports on
nitrogen-substituted organic materials indicate an increase in
charge storage capacity21 and/or reversibilityzz_24 relative to
pure carbon-based systems. Conversely, molecular orbital
calculations by Ago et al® and electrochemical studies by
Weydanz et al® predict no real benefit to charge storage and
a decrease in reversibility. These results are contradictive,
suggesting that the charge storage properties may depend
more on the bonding configuration of the heteroatom than
the structural properties of the material. Recent studies on
oligoanilines26 have demonstrated that the charge transfer
from lithium is largely localized at nitrogen atomic sites. In
addition, theoretical calculations on systems in which nitro-
gen is substituted within an aromatic ring,ZL29 or a graphitic
plane,30 show that the most energetically favorable binding
site for lithium directly involves the heteroatom.

This work serves as a systematic study of lithium inter-
calation in nitrogen heteroatomic, organic materials using
photoelectron spectroscopy. The study extends from biphe-
nyl and small model bipyridine compounds to larger,
branched oligomeric systems. The electronic states of the
materials were probed before and after lithium intercalation
in order to elucidate the role of the heteroatom, its bonding
configuration, and the size of the molecular 7 electronic sys-
tem in the energy and charge storage properties of lithium-
hetero-organic networks.

EXPERIMENTAL AND CALCULATIONS

Biphenyl (BP), 2,2'-bipyridyl (2bipy), 4,4’-bipyridyl
(4bipy), and 2,2'-bipyrimidyl (2bpmy) were obtained from
Aldrich (purity=99%) and used without further purifica-
tion. 1,2,4,5-tetraphenylbenzene (TPB) and 2,3,5,6-
tetrakis(2'-pyridyl)pyrazine (TPP) were synthesized accord-
ing to Berthiol et al*" and Goodwin and Lions,” respec-
tively. TPB and TPP were purified once by vacuum sublima-
tion before use. Thin films of these materials were vapor
deposited onto polycrystalline Cu substrates which were
sputtered in vacuo by Ne* bombardment followed by anneal-
ing at 570 K. The deposition was carried out at a base pres-
sure of less than 1X 10~ mbar. Molecules were contained
approximately 5 cm from the sample in a glass crucible and
degassed at 340 K for 5 min prior to film deposition. Films
were prepared on substrates held at temperatures of 77 K for
the smaller molecular weight materials and at 295 K for TPB
and TPP. The crucible temperature used during deposition
varied between samples: 340 K for BP, 350 K for 2bipy,
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400 K for 4bipy, 370 K for 2bpmy, 580 K for TPB, and
600 K for TPP. Film thickness was controlled by deposition
time (1-5 min) and deemed appropriate upon near-complete
suppression of the Cu(L;VV) Auger line from the underlying
substrate, indicating an approximate film thickness of 3 nm.
Intercalation of lithium was carried out by exposure of the
pristine organic film to a vapor of Li atoms. Li was dosed in
precalibrated amounts from an outgassed SAES getter
source.

The intercalation was followed in situ by x-ray photo-
electron spectroscopy (XPS) and ultraviolet photoelectron
spectroscopy (UPS). Measurements were carried out using
an instrument designed and built in our laboratory.33 XPS
spectra were obtained using an unfiltered Al K« x-ray source
(1486.6 eV) with an energy analyzer set to a resolution of
0.2 eV. Quantization of the Li/C ratio was obtained by com-
paring the integrated areas of the C(1s) and Li(1s) peaks. To
correct for differences in the photoionization cross sections
of those lines, an experimentally determined value of the
Li/C sensitivity ratio was employed.34 An error assumption
of +20%, based on instrumental accuracy and experimental
trials, applies to all estimates of Li atoms per molecule (x).
UPS spectra were obtained using monochromatized He I ra-
diation (21.2 eV) from a differentially pumped helium reso-
nance lamp providing a resolution of about 0.1 eV. The work
function was determined from the secondary electron cutoff.
For comparison, binding energies were referenced to the
vacuum level (E,,.), which has direct chemical significance,
whereas the Fermi level (Ey) represents an instrumental ar-
tifact. Therefore, spectra are plotted according to the binding
energy with respect to E,,., obtained by adding the work
function to the binding energy as measured with respect to
the Ep.

Density of state (DOS) calculations were performed us-
ing HYPERCHEM Professional, Release 7 using a semiempir-
ical PM3 methodology. The absolute orbital energies ob-
tained were multiplied by a factor of 1.1, then rigidly shifted
to a lower binding energy to match experimental spectra.

RESULTS AND DISCUSSION
Biphenyl and bipyridine derivatives

The UPS spectra for the pristine and lithium-intercalated
BP are shown in Fig. 1. In the pristine BP spectrum, there are
four main features at binding energies of 13.2, 10.9, 8.1, and
7.2 eV corresponding to photoelectron emission from the
1byg, 2bs,, (1by,,la,), and 2b,, molecular orbitals,
respectively.35 The HOMO is represented by the 2b,, orbital
and can be discerned as a shoulder at approximately 7.2 eV.
Upon exposure to lithium vapor, the work function, indicated
by vertical lines, decreases gradually from 3.7 eV in the pris-
tine material to 2.6 eV in the fully intercalated film. This
change is consistent with the creation of new occupied elec-
tronic states in the gap of the pristine material."?

The new electronic states are evident, even at low inter-
calation levels, in two new spectral features at the low-
binding-energy side of the former HOMO, denoted A and B.
Their intensity gradually increases with the intercalation
level. Charge transfer from lithium and the presence of a
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FIG. 1. The UPS spectra of BP are shown during Li intercalation. The
calculated DOS of pristine BP is shown at the bottom, and the predicted
structure of the intercalated compound (Ref. 46) is illustrated at the top
right.

positive counterion induce a change in the structural and
electronic properties of BP from an aromatic to a quinoidal
system,36 thereby destabilizing the HOMO, resulting in a
shift to the corresponding feature, B, at a binding energy of
approximately 5.2 eV. Experimentally, the quinoidal state of
the BP anion has been observed via shifts in C—C vibrational
frequencies relative to the neutral molecule.”” The second
feature, A, at 4.0 eV, arises from photoelectron emission of
the newly occupied molecular LUMO."*""2%%¥ Thys, the
splitting between A and B is about 1.2 eV.

Ramsey and co-workers have contributed a series of
publications”f42 suggesting bipolaron formation in thin bi-
phenyl films deposited onto metallic cesium. The spectra
shown in Fig. 1 are consistent with a polaronic state at low
intercalation levels (x<0.5), as evidenced by the spectral
weight at the Fermi level.'*343 At higher intercalation lev-
els, however, peak A shifts away from the Fermi level and
may indicate the formation of a bipolaronic state. The
gradual manner in which the Fermi energy shifts as a func-
tion of intercalation level also provides some evidence of a
transition from a polaronic to a bipolaronic state., 444

Lischka and co-workers'*?***” have theoretically ana-
lyzed the position of intercalated lithium atoms with respect
to the molecules within isolated Li-BP complexes. According
to their calculations, a single lithium atom interacts through a
cation-7 binding configuration, where the Li counterion is
approximately equidistant from the carbon atoms in one of
the BP rings and positioned almost directly above the center
of that ring. If two lithium atoms bind to the same BP mol-
ecule, the lithium position is shifted closer to the outer car-
bon atoms.'” The most stable configuration was calculated
for a sandwich-type, cation-7 complex in which two BP
molecules are bound cofacially with two lithium atoms, each
lithium atom centered between one of the phenylene rings
(shown in Fig. 1).%

The shift in the C(1s) peak toward a lower binding en-
ergy upon Li intercalation in BP (Fig. 2) indicates an in-
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FIG. 2. Binding energy of the N(1s) and C(1s) core levels are shown for BP
(®-), 2bipy (A-), 4bipy (M--), and 2bpmy (X—) as a function of the
degree of Li intercalation.

creased charge density in the organic system caused by
charge transfer from Li atoms to BP. At low intercalation
levels (x<<1.5) the binding energy decreases from
288.6 to 287.7 eV. At higher intercalation levels, this trend
reverses. This indicates (i) that the maximum amount of
charge transferred to the organic part is achieved at about 1.5
Li atoms per molecule and (ii) that the amount of charge
transferred to the aromatic system is high, possibly larger
than one electron for x=1.5. At x> 1.5, the shift in the C(1s)
peak back to a higher binding energy may be attributed to a
higher degree of final state screening in the Li-intercalated
system. The same phenomenon has been observed previously
in Li-intercalated thin films of a- and B—perylene.11 Changes
in the Li(ls) binding energy were negligible and within
59.1+0.1 eV for all samples investigated and all values of x.

Density functional calculations*® have shown that the
amount of charge transferred per Li atom in a biphenyl film
can range from 0.47 for two Li atoms bound to a single BP to
0.96 for the sandwich-type configuration described above.
Our results are in agreement with configurations where each
Li atom coordinates with more than one molecule. Structural
effects may also play a role, as density functional calcula-
tions predict significant geometric differences between neu-
tral and anionic radical species, particularly in the torsional
angle between the two rings.37 At high intercalation levels
(x=3, spectra not shown) a Fermi edge could be identified in
the UPS spectra indicating the formation of a metallic over-
layer.

The UPS spectrum of pristine 2bipy films [Fig. 3(a)]
shows a spectral feature related to the HOMO (m)*** at
approximately 7.7 eV as a shoulder on the low-binding-
energy side of that related to the lone pair orbital
(n+,n-)** at9.2 ev. Upon lithium intercalation, two fea-
tures, denoted A’ and B’, appear at the low-binding-energy
side of the HOMO in the pristine material. Shoulder B’ at
6.6 eV is related to the destabilized former HOMO, and A’
at 4.0 eV corresponds to photoelectron emission from the
now partially filled LUMO, yielding a splitting between A’
and B’ of approximately 2.6 eV for the intercalated com-
pound. Relative to BP, the larger splitting originates prima-
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FIG. 3. The UPS (a) and the N(1s) core level (b) spectra of 2bipy are shown
during Li intercalation. The calculated DOS of pristine 2bipy is shown at the
bottom, and the predicted structure of the intercalated compound is illus-
trated at the top of (a), based on calculations made by Zhu er al. (Ref. 28).

rily from differences in the magnitude of the HOMO desta-
bilization energies: 1.8 eV in BP and 0.9 eV in 2bipy. This
implies that the presence of heteroatomic nitrogen signifi-
cantly stabilizes the quinoidal form of the molecular anion.
Furthermore, the absence of spectral density at the Fermi
level may indicate direct formation of the bipolaron state,
even at low intercalation levels.

The N(Is) XPS spectra for 2bipy [Fig. 3(b)] show a
significant chemical shift of more than 1 eV with the amount
of Li intercalation, from 403.4eV to a minimum of
402.3 eV, with a shoulder discernible on the low-binding-
energy side of the main peak appearing at approximately x
=1. However, in contrast to Li-intercalated aniline
oligomers,26 the interaction is not localized at the nitrogen
atomic sites. A similar magnitude of chemical shift is ob-
served in the C(1s) line from 289.8 to 288.7 eV (Fig. 2). At
higher levels (x>2) the trend reverses and both the N(1s)
and C(1s) binding energies begin to increase, although not as
pronounced as for BP, indicating that the maximum amount
of charge is transferred to the organic component at x=2.

While the most likely binding configuration in Li-
intercalated BP can be represented as a sandwich-type,
cation-7 structure (described above), differences in electron
density due to the presence of the nitrogen heteroatom war-
rant a different configuration for Li-2bipy. Density functional
calculations by Zhu et al.® predict the binding interactions
between lithium and nucleobases. Taken into account are
both the possibility of cation-7r binding (as in BP where the
Li atom is situated approximately equidistant from each car-
bon atom in the ring to which it is bound) and direct cation-
heteroatom binding. The latter case was found to be energeti-
cally favorable. In such a configuration, the Li atoms are
bound to nitrogen atoms and held in the plane of the mol-
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FIG. 4. The UPS (a) and the N(1s) core level (b) spectra of 4bipy are shown
during Li intercalation. The calculated DOS of pristine 4bipy is shown at the
bottom, and the predicted structure of the intercalated compound is illus-
trated at the top of (a), based on calculations by Zhu et al. (Ref. 28).

ecule, with bidentate interactions favored over unidentate.
These results are supported in a similar work by Russo
et al.”’ Based on these analyses, a hypothetical structure of
Li-intercalated 2bipy is shown in Fig. 3. Qualitatively, this
cation-heteroatom binding configuration is further supported
by the lesser degree of spectral broadening in the higher
binding energy, valence orbital spectra observed in Li-2bipy
relative to Li-BP. In 2bipy, the Li atom interacts much less
with the molecular 7 orbitals than in BP.

In order to study the effect of heteroatom position on the
binding configuration, Li intercalation was also performed in
4,4’ -bipyridine (4bipy). Figures 4(a) and 4(b) show the UPS
and N(1s) XPS spectra of 4bipy, respectively. In the pristine
film, the relatively sharp feature at 9.0 eV is comprised of
the n-(HOMO), n+, mg, s, and , states, which are nearly
degenerate.49 Upon lithium intercalation, photoelectron
emission from the newly occupied LUMO is observed by a
strong peak at 4.7 eV, indicating charge transfer from Li to
4bipy. However, despite spectroscopic evidence of a quinoi-
dal conformation in anionic 4bipy in solution, and when
vacuum deposited on metallic potassium,50 no clear feature
indicating a destabilized HOMO is observed in Fig. 4(a).

The binding energy of the N(1s) line of 4bipy [Fig. 4(b)]
decreases from 403.3 to 402.4 eV upon lithium intercalation.
The peak evolution, however, is different from that observed
for 2bipy. Here, the N(1s) line maintains its symmetry (i.e.,
no clear shoulder formation), broadening, and shifting with
additional Li intercalation. Unlike 2bipy and BP, there is no
reversal of the peak shift at higher intercalation levels (Fig.
2) in either the C(1s) or N(1s) lines. This means that the
amount of charge donated to the organic component and the
relative degree of charge screening remain approximately
constant at intercalation levels of more than x=1.5. Corre-
spondingly, with increased Li concentration, the amount of
charge transferred per Li atom decreases.
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FIG. 5. The UPS (a) and the N(ls) core level (b) spectra of 2bpmy are
shown during Li intercalation. The calculated DOS of pristine 2bpmy is
shown at the bottom, and the predicted structure of the intercalated com-
pound is illustrated at the top of (a), based on calculations by Zhu et al.
(Ref. 28).

The absence of a clear feature corresponding to the de-
stabilized HOMO level in Li-intercalated 4bipy may indicate
a relationship between the binding configuration of the Li
atom and the tendency of the host molecule to adopt an
aromatic or quinoidal structure. A simplified, hypothetical
structure of Li-intercalated 4bipy is shown in Fig. 4(a), with
dominant cation-heteroatom binding. The rationale is the
same as used for 2bipy, with the exception of intramolecular
bidentate interactions, which are not possible in 4bipy. At
this point, two interesting correlations can be made. As the
Li atom position deviates from the cation-7 configuration,
shown in Fig. 1, to a heteroatom-cation configuration at the
outer perimeter of the molecule, as in Fig. 4(a), (i) the split-
ting energy between the frontier orbitals increases (from
1.2 eV in BP to 2.6 eV in 2bipy to 4.3 eV in 4bipy) and (ii)
the magnitude of the core level binding energy trend reversal
at high intercalation levels (x>1.5) is reduced (see Fig. 2)
from 0.7 eV in BP to 0.3 eV in 2bipy to no reversal in 4bipy.

The former correlation is consistent with observations
made in Li- and Na-intercalated spiro-oligophenyl systems,
where the size of the intercalant atom determined the optimal
binding site.** The splitting energy between frontier orbitals
was found to be smaller with a Li intercalant, where the Li
atom was positioned approximately equidistant from six car-
bon atoms in the same aromatic ring (as in BP, Fig. 1), versus
a Na intercalant, in which the counterion was situated off
center with respect to the aromatic rings.

To ascertain the affect of the nitrogen/carbon ratio in
these small molecules, the same Li intercalation procedure
was performed on 2,2’-bipyrimidine (2bpmy), shown in Fig.
5(a). It was hypothesized that additional nitrogen in the aro-
matic system would have a profound effect on the Li inter-
calation properties, particularly on the saturation level, and
the amount of charge transferred from the Li atoms. The UPS

J. Chem. Phys. 126, 094708 (2007)

spectra of the pristine and intercalated films are shown in
Fig. 5(a). In the pristine film, the peak at 8.7 eV represents
the ny_, ny,, and () levels, where ny_ is the HOMO. The
feature at 10.2 eV is derived from the ng,, 7s(m,,), m4(7,_),
ng_, and m(,,) electronic states.”® As the film is exposed to
Li vapor, a charge transfer from atomic Li into the LUMO
occurs resulting in peak A” observed at 4.4 eV. The destabi-
lized HOMO becomes evident as a low-binding-energy
shoulder B” at 6.4 eV, yielding a splitting between A* and
B” of about 2 eV. This value falls between the splitting en-
ergies obtained for BP and 2bipy suggesting, according to
the above correlation, a stronger cation-7 interaction than
observed in 2bipy.

However, the trends observed in the core level binding
energy shifts are similar to that observed for 2bipy. The
N(1s) line [Figs. 2 and 5(b)] shifts from 403.6 to 402.4 €V,
while the C(1s) line (Fig. 2) shifts from 290.5 eV to a mini-
mum of 289.4 eV. The trend is reversed at higher intercala-
tion levels (x>2) to roughly the same degree as observed in
2bipy.

Given the strong and local interactions between Li and N
atoms, it was expected that 2bpmy would bind more Li at-
oms and accommodate more charge than the bipyridines ow-
ing to the larger N/C ratio. Experimentally, however, this
was not observed. The saturation level of about 1.5-2 Li
atoms per molecule, as indicated by the point at which addi-
tional Li atoms no longer affect the spectral features, is es-
sentially the same for all biphenyl and bipyridyl derivatives
studied.

Tetraphenylbenzene and tetrakis(2'-pyridyl)pyrazine

In order to study the effect of heteroatomic nitrogen in
larger molecular systems, lithium intercalation was per-
formed in thin films of 1,2,4,5-tetraphenylbenzene
(TPB) and its heteroatomic analog, 2,3,5,6-tetrakis(2’-
pyridyl)pyrazine (TPP).

The UPS spectra of TPB are shown in Fig. 6. Not sur-
prisingly, the spectra are similar to those observed for BP
(Fig. 1). A shoulder at approximately 6.8 eV is related to the
HOMO. Upon Li intercalation, photoelectron emission origi-
nating from the now (partially) occupied former LUMO is
evident in a peak A” that eventually shifts to 4.0 eV at a
level of about 4 Li atoms per molecule. Shoulder B” at about
5.1 eV might be related to the destabilized HOMO, similar
to the behavior observed for BP. Interestingly, the sharpness
of individual features that was initially lost upon intercala-
tion is partially restored at higher intercalation levels. This
phenomenon was not observed for any of the other materials
reported here and might indicate that structural homogeneity
within the surface region of the film is restored. This may be
due to an increased energetic barrier for phenyl group rota-
tion in the intercalated (reduced) material relative to the neu-
tral compound.51

The evolution of the C(1s) chemical shift for Li-TPB
(Fig. 7) shows three definable regions. At low intercalation
levels (x<<2), the peak shifts towards lower binding energy
as charge is transferred from Li atoms to TPB. A reversal of
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FIG. 6. The UPS spectra of TPB are shown during Li intercalation. The
calculated DOS of pristine TPB is shown at the bottom.

this trend occurs at x~2; an unexpectedly low level since
larger molecules, with a more expanded m-electron system,
should be capable of increased charge storage per
molecule.’**>* Eshdat er al>' also observed a maximum
charge storage of two electrons per molecule for TPB in
solution using '*C NMR during stepwise reduction with
lithium. More highly charged species have not been reported.
The similarity between the solid state reaction and the elec-
trochemical reduction in solution demonstrate (i) that in oli-
gophenyl systems, molecular properties dominate over solid
state effects, and (ii) a trend in the molecular properties that
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FIG. 7. Binding energy of the N(1s) and C(1s) core levels are shown for
TPB (<) and TPP ([J) as a function of the degree of Li intercalation.
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FIG. 8. The UPS (a) and the N(1s) core level (b) spectra of TPP are shown
during Li intercalation. The calculated DOS of pristine TPP is shown at the
bottom, and the predicted structure of the intercalated compound is illus-
trated at the top center, based on calculations by Zhu er al. (Ref. 28)

indicates a lower energetic barrier to charge injection in
smaller molecular 7 systems than in larger ones if the
amount of charge is evaluated per carbon atom.”>?

As observed in BP, 2bipy, and 2bpmy, at intermediate
intercalation levels (x=2-4) the reversal of the core level
binding energy trend indicates that a lower amount of charge
is transferred to the organic component per Li atom. This is
likely accompanied by a major change in the Li-molecule
bonding configuration, as the film accommodates excess Li
atoms. At high intercalation levels (x>4) this change is
completed and the binding energy becomes stable with in-
creasing Li concentration.

Figure 8(a) shows the UPS spectra of TPP, the nitrog-
enous analog to TPB. In the pristine film, a very broad fea-
ture centered at 8.6 eV is related to the HOMO. Upon Li
intercalation, a peak corresponding to emission from the now
(partially) occupied former LUMO becomes evident at
3.8 eV (A™). Destabilization of the HOMO forms shoulder
B™ at 6.0 eV at low intercalation levels (x<<4) which shifts
to 5.4 eV at higher intercalation levels (x>4). This change
corresponds to a 0.6 eV decrease of the splitting between
A™ and B™ with the amount of Li intercalated, a trend not
observed elsewhere in this work.

Changes to the N(1s) line [Figs. 7 and 8(b)] with Li
deposition are also more pronounced than with the smaller
model systems, shifting from 403.3 eV in the pristine film to
401.8 eV in the fully intercalated film. In Fig. 8(b), a clear
shoulder at 401.4 eV begins to develop at low intercalation
levels, corresponding to nitrogen sites which have reacted
with Li atoms. The shoulder evolves into the dominant spec-
tral feature at about x=7. In Fig. 7, it can be seen that there
is a pronounced change in the peak shift dynamics at about
x=4, above which binding energy shifts are more gradual.
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This change, in addition to the change of the splitting be-
tween A" and B™ occurring at about x=4, suggests two
different binding scenarios for Li in TPP.

From these data, we propose that the first four Li atoms
to be intercalated are bound directly to nitrogen atoms, in
either a uni- or bidentate cation-heteroatom configuration, as
suggested for the bipyridine films. At higher intercalation
levels, additional Li still interacts closely with TPP, as evi-
denced by continual changes in the UPS spectra up to x=7.
The observed decrease in splitting energy above x=4 sug-
gests that these interactions consist of a higher degree of
cation-7r binding (as in BP), discussed above.

However, the additional Li concentration has a relatively
small effect on the core level binding energies of both carbon
and nitrogen atoms (see Fig. 7), and the amount of charge
transferred to the organic component saturates. Since the
charge transfer per Li atom is smaller than at lower interca-
lation levels, the bonds between Li and the organic compo-
nent are weaker, requiring less energy to reverse the interca-
lation process.

Thus, these results have important implications for Li-
ion battery development. Relative to TPB, the nitrogen het-
eroatoms in TPP increase the total charge storage ability of
the material by a factor of 3, from about two to possibly up
to six-charges per molecule. The latter few charges are only
loosely bound, facilitating easier deintercalation. Addition-
ally, in contrast to the oligophenyl systems,9 larger nitrogen-
substituted systems accommodate about the same amount of
charge per atom as smaller ones.

CONCLUSIONS

The stepwise intercalation of lithium atoms in thin mo-
lecular films of biphenyl, selected bipyridine derivatives, and
larger, branched oligomer analogs was performed in an ul-
trahigh vacuum environment. A structural change from an
aromatic to a quinoidal form upon intercalation was ob-
served as evidenced by the appearance of a spectral feature
related to a destabilized HOMO level. The position of this
feature and the splitting energy between gap states in the
intercalated material were found to be dependent on the sub-
stitution position of nitrogen in the aromatic network.

In smaller systems, i.e., biphenyl and bipyridine deriva-
tives, the presence of the nitrogen heteroatom does not sig-
nificantly affect the charge storage capacity or reversibility
of lithium binding. In all cases, the maximum amount of
charge transfer was obtained at a level of approximately
1.5-2 Li atoms per molecule.

In larger, branched derivatives, however, the presence of
heteroatomic nitrogen had a more profound effect. The
amount of charge storage may be increased by a factor of 3
for TPP relative to TPB. In addition, a different binding con-
figuration was observed for the first and last few Li atoms
bound to TPP. The first few Li atoms intercalated are most
likely bound in a direct cation-heteroatom configuration.
Subsequent Li atoms are bound to TPP by cation- interac-
tions. The latter interactions are relatively weaker, implying a
higher degree of reversibility at this stage in the intercalation
process. In contrast to oligophenyls,9 where molecular prop-

J. Chem. Phys. 126, 094708 (2007)

erties dominate over solid state effects, larger nitrogen-
substituted molecular systems accommodate the same
charge, on a per atom basis, as smaller analogs.
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