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ABSTRACT: A theoretical description of the heteroionic junction|RgiPa]Au (poly(tetramethylammonium
2-cyclooctatetraenylethanesulfonate) ), poly[(2-cyclooctatetraenylethyl) trimethylammonium trifluoromethane-
sulfonate] Pc)) is presented on the basis of the relative energy levels of its components and the characteristics
of each interface in the device. Electronic structures of ionically functionalized polyacetylene anaRgaed,

Pc, are surveyed by both oligomer investigations (using density functional theory with the aid of an effective
linear scaling strategy) and polymer calculations (with the periodic boundary condition). The solvent effects on
the band edges & andP¢ in the solvent of acetonitrile are also estimated by using both the polarizable continuum
model (PCM) and the explicit solvent model. The absence of n-doping wave &htbbserved experimentally

is attributed to its high conductance band edg®.71V vs SCE in gas phase and abet.17V vs SCE in
solvent of acetonitrile) or the breakdown of effective interfacial electron transfer. The reported unidirectional
transport behavior of ARPc|Pa|Au junctions is rationalized on the basis of analyses of electron transfer between
P, and Au electrode and electron tunneling at BrgP, interface.

1. Introduction Scheme 1. AUPc|PalAu Junction with the lonically
. . . L Functionalized Polyacetylene Analogues, £and Pa, Sandwiched
Transport involving both the electronic and ionic processes between Two Au Electrodes

is a fascinating subject in fabrication of microelectronic devices,

n R
such as light-emitting electrochemical cells (LEES) electro- N'(Me);CF3805
chemical transistors;® and electric current rectifiers? In such

devices, the salts, introduced into the active materials sand-

wiched between two electrodes, provide the counterions and

facilitate the formation of dynamic and reversible electrochemi- P C

cal doping under external bias. Mobile ions may improve the 03'N(Me)4+

injection of electrons and holes from electrodes to the polymer
layer. The height and thickness of the barrier at the polymer/
electrode interface as well as the bulk transport behaviors are
changed due to the voltage-induced ion redistributions when b
external bias is applied. Different from the pure electronic \Y% PA
conduction in the light-emitting diodes (LEDBS)'? with the
pristine polymer, e.g., poly(1,4-phenylenevinylene) (PPV) and yis apsorption spectra, the absence of the n-doping wave for
its derivatives, ions play an important role in the mixed p, (in solution of 0.075 M MeNBF/CHsCN) to potentials as
electronic/ionic transport process, which stimulates intensive reducing as—1.5 V vs SCE3 is not yet well understood. On
explorations of the potential utilization of the ions incorporated e pasis of the fabrication &%|Pa bilayer, Lonergan and co-
conjugated polymers in electronic devices. workers reported an unidirectional current behavior of the
Recently, Lonergan and co-workers have carried out pioneer heteroionic junction in the A®c|PalAu junction (shown in
studies on the ionically functionalized polyacetylene analogues, scheme 1), which was ascribed to the asymmetry in ion
poly(tetramethylammonium 2-cycIooctatetraenylethanesulfonate)pmarization processes at ¢ andPa|Au interfaces Never-
(Pa) and poly[(2-cyclooctatetraenylethyl)trimethylammonium  theless, electronic structures of the polymer/polymer interface,
trifluoromethanesulfonatePc) (shown in Scheme £)713°16 Pc|Pa, may also control these currentoltage response be-
which are two single-component systems of mixed electronic/ hayviors, sparkling off our present theoretical study on the
ionic conductors in contrast to those ordinary blends of structure and properties of all the involved interfaces in the

conjugated polymers and the polymer electrolytésSingle- Au|Pc|PalAu junction.

electrode voltammetry data for1.5um film of Pc or Pa on Although molecular wire junctions based on low molecular

the glassy carbon electrode in 0.075 MMBF/CHCN have  \eight material¥’ such as benzene dithiol, alkane dithiol, and

shown that the potential corresponding to the n-dopingcois oligophenylene ethynylene dithiol, etc., and polymer molecular

—1.04V vs the saturated calomel electrode (SCE), and thejynctions comprising Au nanoparticles and conjugated poly-
p-doping potentials 0P andPc are 0.30 and 0.40 V vs SCE,  merd8 have been intensively investigated, few theoretical works
respectively:? Although Pa andPc have nearly identical UV/  have been reported on such polyacetylene-based heteroionic
junction due to complications involving with polymer/electrode
* Corresponding author. E-mail: majing@netra.nju.edu.cn. and polymer/polymer interfaces. Aroused by the successful
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Table 1. Total Energies (in Units of au) Calculated by EC-MFCC conventional approaches at their respective optimized geom-
Scheme and the Convem'ong'?)Bl?é-EP Method with the Basis Setof  etries. One can see that the total energies calculated by the EC-
-31G(d) MFCC scheme are in good agreement with those from con-

oligomer EC-MFCC conventional ventional calculations. In addition, the optimized structures

NnPa obtained by the conventional and EC-MFCC schemes are also
n=2 —2452.853 753 —2452.854 122 very close to each other. In fact, the HOMO and LUMO energy

nP’C‘ =3 —3678.692956 —3678.693 715 levels calculated at the EC-MFCC-B3LYP/6-31G(d) geometry
n=>2 —3048.253 962 —3048.254 717 differ from those at the B3LYP/6-31G(d) geometry only by less
n=3 —4571.792 618 —4571.792 754 than 0.01 eV. On the basis of these results, the EC-MFCC

scheme will be used to optimize the geometries of longer
realization of this polyacetylene-based junction as well as oligomers (up to 8 units), which are beyond the scope of
interesting problems concerning the underlying mechanism of conventional DFT calculations. The band edges of the corre-
transport of carriers, here we attempt to understand the unusuabponding polymers are hence estimated by the oligomer
transport properties of the ARc|Pa|Au junction by employing extrapolation method from the HOMO and LUMO energy levels
both quantum chemistry calculations and molecular dynamics of oligomers, as done in the literatu#&=
(MD) simulations. Energy Band Calculations.Band structures are calculated

Density functional theory (DFT) is a practical tool for With the CASTEP program in th€eriug packagé’ using the
studying the ground state properties of theconjugated DFT method with planeT wave baS|.s sets. PW91 functional and
oligomers and polymers. However, it is still a challenge to Ultrasoft pseu_dopotenhal are applied, and the cutoff energy of
investigate the electronic structures of macromolecules with Plane waves is set to be 260.0 eV.
thousands of basis functions, since the computational cost, The original unit cells are set to be 9.65430.0 A x 20.0
increases exponentialfO(N®), o = 3) with the system size. for both P, and Pc. Geome}rles of the repeated units and
Fortunately, various fragment-based linear scaling approachescens are S|multaneous_ly optimized, and then the band structures
(O(N)) have been developéd:23Among them, the energy-  are calculated accordingly. _
corrected molecular fractionation with conjugated caps (EC-  Solvent Models.Two kinds of solvent modef¥;the polariz-
MFCC) method has been demonstrated to be capable ofable continuum .rnodell (PCM) aqd the explicit solvent model,
predicting with high accuracy both ground-state energies and @€ adopted to investigate the influences ofsCN solvent
optimized geometries of very large molecules at the ab initio Molecules (chosen according to the experimental conditions in
level 23 Therefore, we employ the EC-MFCC scheme within €f 13) on the energy levels of the frontier orbitalsnéfs and
the framework of DFT to optimize the structures of the ionically NPc. In PCM calculations, we only obtain the optimized
functionalized oligomerspPa andnP¢ with up to eight units geometries of P and1Pc in the background of an electrostatic
(n = 1-8). Both the oligomer extrapolation from the highest field with ¢ = 36.64, while optimizations of higher oligomers
occupied molecular orbital (HOMO) and the lowest unoccupied are rather computationally expensive under the present condition.
molecular orbital (LUMO) energy levels and the periodic Hence, we resort to _the explicit solvent model within the
boundary condition (PBC) calculations are adopted to gain a framework of a combined MD and DFT treatment. All MD
comprehensive understanding of the band structur&s aind simulations are performed in NVT ensemble with systems
Pc. Solvent effects that cause the upshift or downshift in the Maintained at 298 K. Equations of motion for systems are
band edges oP, andP¢ are also taken into account by both integrated using the velocity Verlet algoritBhwith the time
the polarizable continuum model (PCM) and explicit solvent Step of 1 fs. Here, 2 41.00 A 41.00 Ax 43.21 A amorphous
model incorporating MD simulations and DFT calculations. ~ unit cell filled with onenP, or nPc (n = 1, 2) solute molecule

In this work, the absence of n-doping waveRafin solution surrounded byl800 CiCN molecgle§ is constructed. The gas-
of 0.075 M MegNBF4/CHsCN observed experimentally is phase geometries aP, or nPc optimized from B3LYP/6-31G-
rationalized, and we give a qualitative picture in elucidating (d) calculations are _dlrectly applle_d in MD S|mulat|ons_, since
interesting phenomena shown in the charge transfer and transpor?1ImOSt .aII the. available force fields cannot describe the
process in the AIPc|PaJAu junction. Our theoretical results alternation of single and double_ bond_s in backbones _of poly-
reported herein may shed light on the future design of novel acetylene very well. In all MD _S|muI§1t|ons, the force field of
polymer-based junctions and understanding of other conductionPCTt IS applied. After the MD simulations, a cluster model of

phenomena such as the surface transfer doping of semiconduc§0lvat6dnp’.* or_n.P(.; oligomer, consisting of about 70 GAN .
tors24 molecules in vicinity to the solute within the range of 5 A, is

used as the input in the DFT single point calculations. The final
2. Computational Details results for analysis are based on the average values of 10
] ) ) configurations, which are taken out per 5 ps over the whole 50
Quantum Chemistry Calculations.As mentioned above, we s simulations. In fact, such a strategy has been extensively

will employ the EC-MFCC scheme within the framework of  employed in the treatments of liquids (e.g., water) and solutions.
DFT theory (specifically, B3LYP~27) to optimize the geom-

etries ofnP, andnPc (n = 4—8) oligomers. The computational 3. Results and Discussion
details of the EC-MFCC method for the studied systems are  3.1. Geometries o0hP4 and nPc Oligomers. Polyacetylene
given in Supporting Information (Figure S1). Atthe EC-MFCC (PA) has evoked considerable theoretical inteféstimce the
optimized structures, conventional single-point B3LYP/6-31G- discovery of its metallic electrical conductivity after oxidatively
(d) calculations are carried out with the Gaussian 03 progtam doping in the late 1970%:38 However, few theoretical inves-
to obtain energy levels of HOMOs and LUMOs nPa and tigations have been carried out on the ionically functionalized
nPc. polyacetylene analogue®c and P, to date. Hence, it is

In order to test the performance of the EC-MFCC scheme, interesting to survey differences in electronic structures between
we have collected in Table 1 the total energies of short oligomers these ionically functionalized specieBc Pa) and the parent
nPa andnP¢c (n = 2—3) calculated with the EC-MFCC and system oftrans-polyacetylene ttPA). The geometries of oli-
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Figure 1. Optimized geometries along with the HOMO and LUMO
orbitals of (a)3Pc, (b) t-PA (containing the same number of carbon
atoms in the backbone as those3#, and3Pc), and (c)3Pa on the
basis of B3LYP/6-31G(d) calculations.
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Figure 2. HOMO and LUMO energy levels afP, andnPc oligomers

as a function of I, wheren is the number of the repeating units along
the polymer chain. Energy levels are calculated at the level of B3LYP/
6-13G(d).

gomer chains ofnPc and nPx (with up to n = 8), in
predominatelytrans form,1#15 are fully optimized by the EC-
MFCC method within the framwork of B3LYP/6-31G(d).
Compared with the linedrPA, oligomers oinPc andnPa have
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Figure 3. Influences of (a) side chains &, andPc on band edges
ralative to the parent system wans-polyacetylenet(PA) and (b) the
solvent of acetonitrile on band edgesR¥ andPc. The VB and CB
edges of anionically functionalizeB shift up, whereas those of
cationically functionalizedPc shift down relative to those dfPA. The
CH3CN solvent molecules cause the upshift of band edgé% iand
the downshift inP,. The chemical potentials of SCE and Au are also
shown for comparison.

find that there is a good linear relationship between the HOMO
(LUMO) energy levels oPa (nPc) and the corresponding
reciprocal number of their repeating unitsn,las shown in
Figure 2. HOMO and LUMO energy levels of these oligomers
are extrapolated to get the valence band (VB) and conduction
band (CB) edges d?a (Pc) of —3.12 eV (-5.52 eV) and-2.03

eV (—4.50 eV), respectively (Table 2). In fact, the B3PW91/
6-31G(d) calculations give nearly the same results with the
deviations within about 0.1 eV.

It can be also found from Table 2 and Figure 3a that the VB
and CB edges of anionically functionalizBgd shift up, whereas
those of cationically functionalizele: shift down in comparison
with those oft-PA. Obviously, the different side chains Bf
andPc cause the reverse band shifts relativé-RA. The local
charges carried by theC;H4N(Me)s™ or —C;H4SO;™ may play
a dominant role in shifting the band edgePafandPc relative
to t-PA, since the HOMO and LUMO ohP, and nPc are
largely localized along the backbone, as exemplified3By
and3Pc in Figure 1. The shift of band edge was considered as
the result of the interaction between the electrons on the energy
band and the charges on the side chaing. The energy of
the electrons on the VB rises up (or lowers down) due to the

different degrees of bending in their backbones, as illustrated repulsion (or attraction) by the negatively (or positively) charged

by the optimized geometries 8P, 3P, and dodecaacetylene
in Figure 1. (The optimized structures of other oligomer®of
andPc are shown in Figure S2 of the Supporting Information.)
The anionic side chair-CoHsSO;~ leans to the backbone of
nPa chain, whereas the cationic side groupG,HsN(Me)s™,

side chains. Thus, the energy bandPaf(or Pc) shifts upward

(or lowers down). In fact, a band shift of about 0.5 eV was also
observed in single-walled carbon nanotubes encapsulating
potassiunt? Similarly, shifts of band edges of otharconju-
gated polymers such as polythiophene, polypyrrole, and polyphe-

of Pc is nearly perpendicular to the carbon chain. It seems that nylene, etc., upon the modifications of side chains have been

in Pa one of the oxygen atoms of theC,H4SO;~ group forms

reported*344

a weak intramolecular interaction with the nearby hydrogen atom e can determine the relative positions of the band edges of

on the carbon chain; fd?c, because of the large steric hindrance
around the nitrogen atom in theC,HsN(Me)s* group, it is

Pa and Pc to the chemical potential of SCE. The normal
chemical potential of hydrogen electrode 1s4.50 eV vs

impossible for the nitrogen atom to interact directly with vacuun®According to this conversion relationship between the
hydrogen atoms on the backbone. In spite of the bending redox potential and the chemical potential, it can be deduced
structures, the conjugation of-electrons along their carbon  that the value of the chemical potential of SCE-4.74 eV. It
backbones still maintains well, as reflected from similar values can be found from Table 2 and Figure 3a that the chemical
of the bond length alternations (BLAs) along the main backbone, potential of SCE lies between the VB edge552 eV) and
0.072 and 0.071 A irBPc and 3Pa, respectively, to that in  CB edge ¢4.50 eV) ofPc, whereas it is below the VB edge
dodecaacetylene (0.070 A). (—3.12 eV) and CB edge—2.03 eV) of Pa. However, the

3.2. Band Edges of lonically Functionalized Polymersin observedonsetpotential of p-doping process &, is about
order to investigate the electronic structure®gfandPc, both —0.40V vs SCE (i.e.,—4.34 eV), and those of the p- and
the oligomer extrapolation strategy and the energy band n-doping processes &% are about 0.20 ang0.90 V vs SCE
calculation with the translational symmetry are employed in the (i.e., —4.94 and —3.84 eV), respectively. Therefore, the
present work. calculated VB (CB) edge d?c in gas phase is underestimated

Oligomer Extrapolations in the Gas PhaseAccording to by about 0.58 eV (0.66 eV) relative to the electrochemical
the B3LYP/6-31G(d) calculation results, shown in Table 2, we experimental data measured in 0.075 MsMBF,/CH3;CN dilute
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Table 2. HOMO (LUMO) Energies in Gas Phase and the Solvent of Acetonitrile (CHCN), HOMO —LUMO Gaps (Ax-L) in Gas Phase,
Calculated at the Level of B3LYP/6-31G(d) (in Units of eV); Experimental Band Gaps of-PA, Pa, and Pc Are Given for Comparison

in gas phase HOMO (LUMO) in acetonitrile band gap
system HOMO (LUMO) An-L explicit model PCM thedr expt

t-PA

n=1 —5.36 -1.57) 3.79

n=2 —4.75 (-2.23) 2.52

n=3 —4.51 (-2.48) 2.03

n=4 —4.39 (-2.61) 1.78

n=>5 —4.31 (-2.69) 1.62

n==6 —4.26 (—2.74) 1.52

n=7 —4.22 (-2.78) 1.44

n=38 —4.20 (-2.80) 1.40

n=oo —4.01 (—3.00) 1.01 1.48
Pa

n=1 —4.85 (-1.07) 3.78 —5.41 (-1.69) —5.31 -1.53)

n=2 —4.11 (—1.58) 2.53 —4.61 (—2.12)

n=3 —3.80 (—1.75) 2.04

n=4 —3.63 (—1.84) 1.79

n=>5 —3.53(1.87) 1.66

n==6 —3.46 (—1.89) 1.57

n=7 —3.41 (-1.91) 1.50

n=38 —3.38 (-1.91) 1.47

n=oo —3.12 (-2.03) —3.62 (—2.57) 1.09 (1.05)
Pc

n=1 —5.91 (-2.44) 3.48 —5.90 (-2.24) —5.54 -1.77)

n=2 —5.80 (-3.30) 251 —5.27 (-2.78)

n=3 —5.68 (—3.67) 2.01

n=4 —5.61 (—3.86) 1.75

n=>5 —5.59 (-3.99) 1.60

n==6 —5.58 (—4.07) 151

n=7 —5.58 (—4.14) 1.44

n=38 —5.58 (-4.18) 1.40

n=oo —5.52 (-4.50) —4.99 (-3.98) 1.02 (1.01) 1.10

aValues in parentheses are estimated band gaps of polymers in acetdhRelierence 485 Reference 13.

solution, and the deviation fd?, is larger than that oPc. The PBC Calculations of Polymers.Band structures oP, and
solvent effect may be an important factor that shifts the band P¢, obtained by PBC/PW91 calculations, are shown in Figure
edges relative to those in the gas phase, which will be discussed4. The VB and CB edges &fa (Pc) are—3.37 eV (5.04 eV)
in the following. and—2.27 eV (4.22 eV), respectively. The band gap of 1.10
Solvent Effects on Band EdgesAs shown in Table 2 and eV obtained by PBC calculation da is in good agreement
Figure 3b, the further involvement of GBIN solvent molecules  with that (1.09 eV) derived from the oligomer extrapolation
does cause the upshift of about 0.52 eV (0.53 eV) for the CB scheme. The maximum deviation of band edges between these
(VB) edge of Pc according to our combined DFT and MD  two methods is within 0.2 eV. Fd?c the PBC calculation gives
calculations by using the explicit solvent model (with the a band gap of 0.82 eV, slightly smaller than the value of 1.02
computational details given in section 2). After considering the eV obtained via the oligomer extrapolation method. The larger

solvent effect, the calculated VB and CBPR§ are about-5.00 deviations in band edges BE than those oP may be ascribed
and —3.96 eV, respectively, in good agreement with the to the larger bending extent in the backbonePgf(cf. Figure
experimental data<4.99 and—3.98 eV). 1 and Figure S2). Thus, the values of band edges obtained from

Interestingly, it is found from both PCM and explicit solvent  the oligomer extrapolation method are used in the following
models that only the HOMOGLUMO gap of IPc in CH3CN is discussions.
subjected to the blue shift (see Table 2) due to the fact that the 3.3. Absence of the n-Doping Wave of R In spite of the
HOMO — LUMO transition is ofn — s* character, as shown  downshift of about 0.54 eV (0.50 eV) for the CB (VB) edge of
in Figure S3 of the Supporting Information. In fact, such a Pa (see Table 2 and Figure 3b) in the solvent of CH3CN, there
solvent effect on then — z* transition has already been s still a deviation of about 0.7 eV in the VB edge compared
addresse@*® However, in the case of long&Pc oligomers with the experimental determination. However, we notice that
(n > 1), 7 — 7* becomes the dominant mode in the HOM® the voltammetry experimenrfare carried out in the dilute 0.075
LUMO transition, similar to that imP4; thus the HOMG- M MesNBF4/CH3;CN solution. We assume that the influence
LUMO gaps of bothnPc (whenn > 1) andnPa undergo red of ionic atmosphere on theSO;~ in the —C,H,SO;~ group is
shifts in CHCN. greatly larger than that on theN(Me)s* in the —CoHsN(Me)s™

Although the band shifts in GJCN solution are just estimated  group, since the radius of SO;~ is smaller than that of
by simple solvent models due to the limitation of the present —N(Me)s*. Therefore, the electrostatic screen of the ionic
computational resource, the essence of the solvent effect in thisatmosphere of—SO;~ causes the further decrease of the
kind of systems can still be qualitatively described without loss electrostatic interaction between th€,H;SO;~ group and the
of generality. The polar side chains on the polyacetylene electrons on the valence band. As a result, the band edge of
backbone generate a polarized field in the surrounding solvent,VB of the backbone ofPa drops to the vicinity of the
and in turn the polymer system is self-trapped in this polarized experimental values.
field. Influences of the charged side chains on the energy levels We also notice that a transient feature in the voltamograms
of frontier orbitals (and hence the band edges) of polyacetylene of P, occurs upon driving to negative potentials-61.0 V vs
may be partly counteracted by this solvent effect. SCE, and this feature does not result in an electrically conductive
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Figure 4. Band structures oP, (left) and Pc (right) obtained from
PBC/PWO9L1 calculations (using the CASTEP program).

film of PA.!® One possible reason may be that the ionic
atmospheres near thga/glass carbon electrode interface are
polarized, and the local gathering of M&" ions results in the
capacitive electricity in the experiment. Subsequently, the CB
of Pa near the interface indeed restores to that only in the
solvent. As a result, only when the chemical potential of the
glassy carbon electrode catches up with CB edge (ab2Lit7V
vs SCE) canPa be negatively doped in MBIBF4/CH3CN.
Hence, it is not surprising that the n-doping wave is not observed
experimentally when the bias is only reduced-t4.50V vs
SCE?&13

According to the transient feature at potentials—f.00 V
vs SCE, it is possible that there are large amount of N¢¥e)
accumulate at th@a/glass carbon interface region when the
potential of the electrode is more negative thah.00 V vs
SCE. Hence, another reason why cannot be n-doped may
lie in that the carbon backbones Bf are relatively far away
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Figure 5. Energy levels of molecular orbitals afiP, and nPc
oligomers (1 = 2—8) and the extrapolated energy band$gfand Pc
polymers relative to the saturated calomel electrode (SCE) and Au
electrode.

P, C P,\

Figure 6. Schematic band diagram of the WRg|Pa|Au junction,
where Er represents the unified Fermi energy level in the whole
system.

electron-transfer process at tRe|P, interface will carry out
backward after the downshift of energy band$>af Here, one

from the glass carbon electrode under the negative scancan see that the Au electrode at tRg/Au interface plays a
condition, and the effective electron-transfer processes aredominant role in controlling the electronic properties of the
broken down. AulPc|PalAu junction. It is reasonably anticipated that the
3.4. Charge Transfer and Transport. The interfacial charge  electron-transfer process at tiife|Pa interface without the
transfer and transport in the fR¢|PalAu junction are surveyed  existence of Au electrode may generate the inner surface
from the relative energy levels of each component, the characterconducting phenomena as observed in the case of the surface
of each buried interface after the electron-transfer process. Indoping of diamond#
this work, the literature value of-5.31 e\’ is taken as the Energy Band Diagram. According to the above discussion
Fermi level of the Au electrode. of polymer/polymer and polymer/electrode interfaces, the band
PalAu Interface. Because of the fact that the CB B# is diagram of AuPc|PalAu junction after the process of electron
higher than the Fermi energy level of Au electrode, electrons transfer is schematically depicted in Figure 6, in whizhhas
on the CB will transfer to the Au electrode, and an interfacial the same Fermi energy level as that of Au electrode.
electric field forms finally. This field directs frorRa to the Au Unidirectional Current. Actually, the AUPc|Pa|Au device
electrode because the injected holes accumulate at the interfacialks a two-layer LED. When it is subjected to a positive bias,
region. Therefore, the CB in the bulk & drops down until holes injected from thBa|Au interface can overcome the energy
the Fermi energy level oPs equals that of the Au electrode. barrier (with the height of about 0.20 eV) at tRe|Pa interface
Pc|Pa Interface. As shown in Figure 5, in shorter oligomers  although the thickness of barrier is relatively large. Effective
(whenn < 3), the HOMO energy levels afP, are lower than tunneling of holes fronPa to Pc can only occur at a smaller
the LUMO energy levels afiPc. When the oligomer size grows  thickness of barrier, which can be realized by using a larger
ton =4, a transition in the relative positions of frontier orbitals bias to tilt the energy band d®c. This process is consistent
of nP, andnP¢ occurs; i.e., the HOMO energy levet-8.63 with the fact that the experimental onset bias for conduction of
eV) of 4P, is higher than the LUMO level{3.84 eV) of4Pc. the device is about 0.90 eV. Note that no energy barrier exists
Moreover, for the longer oligomers, the HOMO-1 energy levels for the injection of holes at th@s|Au interface. In contrast,
of 7Pa (—3.69 eV) and8P, (—3.61 eV) are higher than the there is an energy barrier of about 0.81 eV at thgPaunterface
LUMO++1 energy levels offPc (—4.14 eV) and8Pc (—4.19 for the injection of electrons. Therefore, only holes in VB can
eV), respectively. function as the carriers. This transport process may involve only
Thus, it seems that electrons can transfer at the interfaceone kind of carrier, in agreement with the fact that there are no
betweenP, andPc. After the electron-transfer process those absorption spectra in experiment.

released N(Ck),* and SQCR;™ groups combine into ionic pairs
of N(CH3)4"SO;CFRs~ at the Pc|P, interface region. As dis-
cussed above, however, the interfacial electric field aPgjéu
interface results in the drop of band edgeRaf Finally, this

Under the negative bias, the key factor that determines the
transport behavior is th&a|Au interface rather than other
interfaces. In this case, the holes in #gAu interfacial region
resulting from electron-transfer process in the equilibrium device
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