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Novel applications for flexible electronics, e.g., displays and solar cells, require fully flexible, transparent,
stable, and low-work-function electrodes that can be manufactured via a low-cost process. Here, we
demonstrate that surface chemistry constitutes a route to producing transparent low-work-function plastic
electrodes. The work function of the conducting polymer poly(3,4-ethylenedioxythiophene)-tosylate, or
PEDOT-Tos, is decreased by submonolayer surface redox reaction with a strong electron donor, tetrakis-
(dimethylamino)ethylene (TDAE), allowing it to reach a work function of 3.8 eV. The interface formed
between TDAE and PEDOT is investigated in a joint experimental and theoretical study using photoelectron
spectroscopy and quantum chemical calculations.

1. Introduction transparent plastic electrodes, its insolubility appears to be
Because of the developments in the area of flexible a major drawback when processing polymer-based devices.

electronic systems, novel daily life applications are expected ' n€ solubility problem can be circumvented by changing
to emerge; for instance, electronic newspapers and wearabldh€ route for the chemical synthesis. First, EDOT can be
electronic devices and displays. Many of those forthcoming chemically polymerized in a polystyrenesulfonic acid (PSS)
applications require high-quality and low-cost production. Solution to give a PEDOT-PSS water emulsion. Although
Promising candidates for materials are conducting polymers. PEDOT-PSS is a solution for processability, it is character-
One of the best-known-conjugated polymers is poly(3,4- ized by a lower conductivity (10 S/cmj:** Recently,
ethylenedioxythiophene), or PEDOT, also denoted as pEDT.PEDOT-tosylate films with an electrical conductivity ex-
This conducting polymer is employed in device development ceeding 1000 S/cm have been grown by vapor-phase
mainly because of its excellent electrical conductivity upon Polymerization'® denoted here as VPP-PEDOT-Tos. The
doping, stability, and electrooptical properties. PEDOT is Polymer layer is grown by exposing a film made of an
almost transparent and highly stable in thin oxidized filrfs.  oxidizing agent (e.g., Fe(lll)-tosylate) to a vapor of the EDOT
Prepared using standard oxidative chemical or electrochemi-monomer. The chemical composition is seen in Figure 1. In
cal polymerization methods, the positively doped PEDOT addition to the higher electrical conductivity compared to
films reach high electrical conductivity (about 550 S/éfn)  electrochemically prepared PEDOT-T$sthis synthesis
and display metallic behavior at low temperatér¥. Al- route allows us to coat any substrate (conductors or insula-
though this conducting polymer is a potential candidate for tors).
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Figure 2. Sketch of the impact of the formation of an interface dipole on
the electronic levels at an organic semiconduetoetal interface. A
traditional simple approach to estimating the electron-injection barrier is
to take the difference between the metal work function and the lowest
unoccupied molecular orbital (LUMO) of the conjugated material. The
electron-injection barrieg. is modified upon introduction of the interface
dipole.

Figure 1. Chemical structure of VPP-PEDOT-Tos.

adsorptior?’-?28which always decreases the substrate surface
dipole potentiakADs, This contribution can reach up to 1
eV for metal surfaces but is expected to be much smaller
for conducting polymer electrodes because of their less-
polarizable electronic cloud. Second, the intrinsic dipole
momentDpq of the adsorbed molecule can tune the work
r1|‘unction and charge-injection barrier in devices. For mol-
ecules possessing a large dipole moment oriented perpen-
dicular to the metal surface, it has been demonstrated that
the total interface dipole could be tuned by chemically
changingD0.2% 22 Finally, a chemical dipole potentiaDshem

can be created by partial or total electron transfer between
the substrate and the adsorbate upon chemisorftfn.
Therefore, AWF can be written as a function of these
contributions

To date, PEDOT-PSS, together with new patterning
techniqueg/1° has been employed in prototype field-effect
transistorg??! light-emitting diode€? and photovoltaic
cells623|n the two last devices, PEDOT-PSS was used as
a high-work-function (WF=4.8-5.1 eV) electrode to inject
holes into the organic layers, whereas a metal is used whe
a low-work-function electrode is required to inject electrons.
Our motivation is to design low-work-function transparent
plastic electrodes to allow electron injection for the next
generation of all-plastic flexible solar cells and displays.

At the interfaces in organic devices, the presence of an
interface dipole modifies the charge-injection barrier. A
simple approach to estimating the electron (hole)-injection
barrier at the organieelectrode interface is to consider the
energy difference between the electrode work function and
the lowest unoccupied molecular orbital, LUMO (highest AWF = eD
occupied molecular orbital, HOMO), of the active organic nt

material. An interface dipole with its positive pole pointing - Recently, we have shown that the chemical dipole potential
toward the organic semiconductor and its negative pole gn can pe used to significantly tune the electrode work
toward the electrode decreases the effective electrode workg,\tion. Upon chemisorption of a submonolayer of strong
function. It also lowers the LUMO in the organic layer, with g jectron-donor molecules, the metal and metal-oxide work
respect to the Fermi energy in the metal, by adding an nction could be decreased by 1.5 &7 Following our
electrostatic energy. As a result, the electron-injection barrier jnjia| studies of the modification of interfacial properties at
fﬁe IS reduged, as illustrated in Elgure 2. Rever§|ng Fhe hybrid interfaces using molecular adsorption, we propose a
interface dipole leads to a reduction in the hole-injection 4,te 19 produce low-work-function PEDOT electrodes. The
barrier ¢n. Thus, a work-function decrease (increase) is \york function of the conducting polymer decreases upon
associated with an improvement in electron (hole) injection. chemisorption of a strong electron-donor molecule, namely

Tuning the work function of an electrode surface can be tetrakis(dimethylamino)ethylene TDAE [(MeN),—C=C—
achieved by controlling the orientation of an electric dipole, (N—Me);] (see Figure 3). TDAE is expected to spontane-
the interface dipol®;.. The substrate work-function change,
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Figure 3. Chemical structure of TDAE. -\% . I‘.
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ously transfer electrons to PEDOT, thus creating a chemical 2| . \
dipole D¢remthat lowers the work function of PEDOT. The E 'z Y
interface formed between TDAE and PEDOT is investigated = | 3 wi)
in a joint experimental and theoretical study using photo- % . /\ Gv
electron spectroscopy and quantum chemical calculations. T {
A similar charge transfer and work function decrease are : = AN X ()
expected with alkali metal deposition on PEDOT. However, ' 16'_8 60 14 12 10 8 e 4

the deposition of alkali metal requires sublimation of the Eg rel. Ex(eV) Eg rel. Eyac(eV)

reactive metal in a vacuum chamber. In contrast, a much Figure 4. (a) Electron cutoff of the UPS He(l) spectra of VPP-PEDOT-

simpler process can be used for TDAE. Indeed. the vapor Tos before (full line) and after (dashed line) deposition of TDAE monolayer
t t t f the liquid TbAE . at room temperature. Binding energies, in eV, are relative to the Fermi

p_ressure at room empera ure o ) e fliqui n a_ level. (b) Valence levels spectra of (i) TDAE monolayer on VPP-PEDOT-

nitrogen atmosphere is enough to induce the surface modi-Tos, (ii) VPP-PEDOT-Tos, (iii) TDAE multilayer, and (iv) TDAE in the

fication of PEDOT. Moreover, alkali metal atoms are 9as phase. The theoretical UPS spectra for (I) doubly charged, (Il) singly

. charged, and (Ill) neutral TDAE are also included. Binding energies, in
expected to diffuse through the polymer layer, whereas the eV, are relative to the vacuum level. The vertical lines in the inset indicate

bulky TDAE molecules cannot penetrate in the VPP- the position of the Fermi level of the spectrometer. The calculated data of
PEDOT-Tos films. the right panel are adapted from W. Osikowicz efal.

achieved according to UPS and XPS signals. Multilayer TDAE

films are formed by condensing a molecular vapor on the cold
2.1. Synthesis of the VPP-PEDOT-TosThe vapor-phase  Substrates (F —100°C). The resulting multilayer film shows no

polymerized PEDOT samples are fabricated using a procedurefrace of O(1s) contamination. The photoelectrons are collected

similar to that described by Winther-Jensen é6&lThe substrates ~ Normal to the surface or, when specified as grazing angle, ‘at 60

are washed in a mixture of DI water, HNCand HO, (5:1:1) at with respect to the surface normal. The binding energies are

80 °C for 10 min, followed by careful rinsing with DI water. A~ Measured relative to the Fermi level of the spectrometer. The work

solution of 40 wt % ferriq-toluenesulfonate (Fe(lll) tosylate) and ~ function of the surface is obtained as the difference between the

2.8 Wt % pyridine in butanol is spin-coated onto the glass substrates.Sécondary electron cutoff in the UPS spectrum and the photon

The samples are thereafter transferred into a polymerization chambe€nergy used®

and exposed to a vapor of 3,4-ethylenedioxythiophene (EDOT) at

50 °C for 30 min. After the polymerization process, the excess 3. Experimental Results

Fe(lll) tosylate is removed by washing the surfaces with ethanol.

3.1. Work Function Modification. TDAE is known as a
2.2. Photoelectron SpectroscopyMeasurements are performed . . .
: ; . potent reductari®® which adopts either of two oxidation
using an ESCA 200 spectrometer. The spectrometer is equipped

with a monochromatized Al(§) X-ray source lfiv = 1486.6 eV) states, _TDAE or TDAE?" 04 The OX|dat|9n potgntlal of
with a base pressure of & 10-1° mbar. The energy resolution 1 DAE is almost comparable to that of zifwhich can
obtained with the chosen experimental conditions is such that the 'educe the positively doped PEDOT. Hence, TDAE is
full width at half-maximum (fwhm) of the gold (Au4.)) line is expected to transfer an electron to VPP-PEDOT-Tos. The
0.65 eV. The UPS spectra are obtained using a He resonance lamfpJPS secondary electron cutoff (Figure 4a) displays a
for Hel radiation fw = 21.2 eV) with a resolution of 0.1 eV  decrease in the VPP-PEDOT-Tos work function from
determined from the width of the Fermi edge of a gold substrate. 4.3 + 0.05 eV to 3.8+ 0.05 eV upon in situ exposure of
PEDOT films are vapor-phase polymerized on both polycrystalline TDAE at room temperature. The modification in work
gold and glass substrates. There are no significant differences infnction is the first indication that the surface is modified
quality of the VPP-PEDOT-Tos films, depending on substrate. by chemisorption of a submonolayer of TDAE. Note that

Thereafter, the polymer film is introduced in the spectrometer for . .
in situ exposure to a vapor of TDAE. The liquid TDAE is kept in the modified surface has a work function lower than that of

a glass container and connected to the preparation chamber of thé" aluminum(-oxide) electrode (4.1 eV) known as a reason-
spectrometer via a separate gas handling system. The deposition - - .
of TDAE monolayers is made at room temperature, i.e., well above (38) Salaneck, W. R.; Stafstig S.; Brelas, J. L.Conjugated Polymer

. . SRR _ Surfaces and Interfaces: Electronic and Chemical Structure of
its condensation temperaturBdndensatiorr> —70 °C &t Phackground™ Interfaces for Polymer Light Emitting Diees Cambridge University

2. Experimental Details

1 x 1071 mbar) to prevent multilayer formation. The pressure in Press: Cambridge, U.K., 1996. o

the preparation chamber is measured to be in the rangel6-° (39) EUFOEOST_I',TM-; Tﬁn(?ka, |’Y| g(l)soh(;nlcitoéls-éioto, K.; Mochizuki, M.;
8 : : anaka, H.Tetrahedron Lett , —o4.

0 2 x 107 mbar d.urlng evaporation of TDAE. When the (40) Allemand, P.-M.; Khemani, K. C.; Koch, A.; Wudl, F.; Holczer, K.;

monolayers, or possibly submonolayers, are formed on VPP- Donovan, S.; Gruner, G.; Thompson, J. Stiencel991, 253 301~

PEDOT-Tos, the TDAE exposure continues until saturation is 303.

(41) Fox, J. R.; Foxman, B. M.; Guarrera, D.; Miller, J. S.; Calabrese, J.
C.; Reis, A. H.J. Mater.1996 6, 1627-1631.

(37) Winther-Jensen, B.; Breiby, D. W.; West, 8ynth. Met2005 152, (42) Burkholder, C.; Dolbier, W. R.; Miebielle, M.J. Org. Chem1998
1-4. 63, 5385-5394.
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able electron-injecting electrode in polymer light-emitting

diodes. The shift in work function (0.5 eV) is attributed to

the formation of a surface dipole due to electrons transferred

from TDAE molecules to VPP-PEDOT-Tos, thus creating a

surface chemical dipolBchem In the following investigation,

we aim at understanding this surface chemical reaction.
3.2. Analysis of the Valence Electronic LevelsFigure

4b displays the UPS spectra of the valence electronic levels

of (i) the TDAE-modified VPP-PEDOT-Tos surface, (ii)

VPP-PEDOT-Tos, (iii) a TDAE multilayer, and (iv) TDAE

in the gas phase. The theoretical UPS spectra for (I) doubly

charged, (ll) singly charged, and (l1l) neutral TDAE are also

included in this figure. The general procedure used to
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Figure 5. N(1s) XPS spectra of a TDAE multilayer (dotted line) and the
TDAE monolayer deposited on VPP-PEDOT-Tos (full line). Binding

calculate the UPS spectra has been described in detaiknergies are referred to the Fermi level.

elsewheré? Briefly, we simulate the spectra within Koop-
mans’ approximation (i.e., using the absolute value of the
eigenvalues as binding energies), without estimating cross-
sections and by matching the HOMO of the single molecule
to the ionization potential in the UPS spectrum (vs vacuum
level) obtained for the TDAE multilayer in order to account
for solid-state polarization effects. The energy scale of the
DFT-B3LYP eigenvalues has been contracted by a factor of
0.95 to compensate for the neglect of intramolecular elec-
tronic relaxation and correlation effects. The broadening of
the UPS features is introduced with the help of Gaussian
functions (with a full width at half-maximum set at 0.4 eV

if not otherwise stated) centered on each eigenvalue. For
singly and doubly charged TDAE molecules, the eigenvalue
spectra have been shifted in order to have similar sigma
levels (at binding energies higher than 8 eV) compared to
the neutral TDAE. From the experimental UPS spectra (solid
phase), the ionization potential (IP) associated with the
HOMO of TDAE is 5.2 eV vs vacuum level. The gas phase
and theoretical UPS spectra, after adjusting the energy scale
reproduce well the shape of the UPS spectrum for the
multilayer.

Before TDAE exposure, VPP-PEDOT-Tos is positively
doped and a broad and flat distribution of (bi)polaronic levels
from the PEDOT chain are visible in the energy range from
approximately 6 to 4 eV with energy referred to the vacuum
level* (see spectrum (ii) in Figure 4b). When analyzing the
changes in the UPS spectrum of VPP-PEDOT-Tos after
deposition of a TDAE monolayer, the most important
observation is that there is no additional feature appearing
in the monolayer spectrum in the energy region around 5
eV. Compared with the theoretical valence levels of TDAE
TDAE™, and TDAE", the absence of a new signal in this
region indicates that no neutral TDAE molecules or cationic
TDAET™ are present at the VPP-PEDOT-Tos surface. Indeed,
those species would display a signal corresponding to the
HOMO level (doubly occupied for TDAE and singly
occupied for TDAE). This suggests that two electrons are
transferred from TDAE to the VPP-PEDOT-Tos surface. The

(43) Cornil, J.; Vanderdonckt, S.; Lazzaroni, R.; Santos, D. A. d.; Thys,
G.; Geise, H. J.; Yu, L.-M.; Szablewski, M.; Bloor, D.;"gdlund,
M.; Salaneck, W. R.; Gruhn, N. E; Lichtenberger, D. L.; Lee, P. A,;
Armstrong, N. R.; Bfdas, J. LChem. Mater1999 11, 2436-2443.
(44) Greczynski, G.; Kugler, T.; Keil, M.; Osikowicz, W.; Fahlman, M.;
Salaneck, W. RJ. Electron Spectrosc. Relat. Pheno2@01, 121,
1-17.

probing depth of the UPS He(l) is about-205 A? and
because the polymer surface is modified with only a (sub)-
monolayer, valence electrons in the VPP-PEDOT-Tos surface
still contribute significantly to the photoemission signal after
TDAE deposition. The new signal appearing at 6.5 eV, which
cannot be explained from the electronic structure of either
TDAE™, TDAE?", or TDAE, may possibly be attributed to
the HOMO of neutral PEDOT segments created by dedoping
the positively doped VPP-PEDOT chains. The IP of neutral
phenyl-capped EDOT oligomers, which are a model system
for a neutral PEDOT chain, corresponds typically to that
binding energy*®4’ The contribution appearing at 7.7 eV
might come from the HOMO level of TDAE (related to

the shape of the HOMO-1 for neutral TDAE).

3.3. Core-Level Analysis.The surface reaction has been
followed by tracking the N(1s) core level of TDAE. A first
observation is that TDAE adsorbs on the surface at room
temperature. A second observation is that upon longer
exposure to TDAE, the TDAE amount does not increase on
the surface, thus indicating that TDAE does not condense
or diffuse into the dense polymer film. The N(1s) spectrum
of a neutral TDAE multilayer is characterized by a single
peak located at 400.0 eV relative E (Figure 5), which
supports the neutral TDAE molecules having four chemically
equivalent nitrogen atoms. The TDAE monolayer chemi-
sorbed on VPP-PEDOT-Tos is characterized by an N(1s)
peak shifted 1.4 eV toward higher binding energy relative
to the multilayer peak. The single N(1s) peak, although
slightly broadened, confirms that the four nitrogen atoms in
the chemisorbed TDAE molecule are chemically equivalent
and that all TDAE molecules present at the surface undergo
the same reaction. The minor broadening of the peak is likely
due to the presence of VPP-PEDOT-Tos that screens the core
hole differently. The significant core-level shift indicates that
the nitrogen atoms lose part of their electronic density; in
other words, that TDAE is positively charged in the
chemisorbed monolayer. Calculations of differently charged
states of TDAE® show that doubly charged TDAE has

(45) Nielsen, P.; Sandman, D. J.; Epstein, ASdlid State Commuid975
17, 106 7~1071.

(46) Osikowicz, W.; Gon, A. W. D. v. d.; Crispin, X.; Jong, M. d.; Friedlein,
R.; Groenendaal, L.; Fahlman, M.; Beljonne, D.; Lazzaroni, R,;
Salaneck, W. RJ. Chem. Phys2003 119 10415-10420.

(47) Jong, M. P. d.; Gon, A. W. D. v. d.; Crispin, X.; Osikowicz, W.;
Salaneck, W. R.; Groenendaal, L.Chem. Phys2003 118 6495~
6502.
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energies originate from negatively charged tosylate molecules
acting as charge balancing counterions to the positively doped
PEDOT (peak 2 at 166.7 eV), along with two Fe(ll) tosylate
cations remaining after the oxidative EDOT polymerization
(peak 3 at 168.0 eV). The doping level of VPP-PEDOT-
Tos, extracted from the relative intensity of the S(2p) signals
from PEDOT and its counterion tosylate, is about 6-22
0.25 positive charge per EDOT units. From the Fe(2p) core
level, it is concluded that the remaining iron is the dication
originating from the reduction of Fe(lll)(Tos)after the
reaction with EDOT during the polymerization. The surface
of the films contains about one Fe(ll)(Teg\very nine EDOT
units.

As the VPP-PEDOT-Tos surface is exposed to TDAE, the
shape of the S(2p) signal belonging to the tosylate anions is
modified (see the top spectrum in Figure 6). This can be

172 170 168 166 164 162 explained only if a new doublet is introduced at 167.3 eV
Binding energy rel. E- (eV) (peak 4) in the deconvolution of the spectrum. The Fe(2p)
Figure 6. S(2p) XPS spectra of the VPP-PEDOT-Tos surface (below) and neal js not shifted or changed upon TDAE deposition, which
the same surface after TDAE monolayer deposition (above). Binding . . .
energies are referred to Fermi level. indicates that the Fe(ll)(Tos)is not further reduced by
TDAE. Consequently, the relative intensity between the
the positive charge localized along the-8—N bonds and PEDOT signal and the Fe(ll)(Tasis kept constant as well
thus gives rise to one N(1s) XPS peak only. In the case of as the shape and binding energy in the peak-fitting analysis.
singly positive charged TDAE, there are two possible The new doublet is located between the two representing
configurations found in the potential energy surface, one with Fe(ll) tosylate and negatively charged tosylate ions. The
a symmetric charge distribution that would give rise to one growth of the new features is accompanied by a significant
XPS N(1s) peak and one with an asymmetric unpaired energydecrease in intensity of the doublet associated to the tosylate
density distribution that would give rise to two XPS N(1s) cations that balance the positively doped PEDOT chains. This
peaks. The latter arrangement is not likely to occur in this observation is consistent with the electron transfer from the
case, because only one peak is observed. TDAE to the positively doped chains. Indeed, this undoping

For chemisorbed molecules present in the electrostatic process is accompanied by the release of the tosylate cation
potential drop at the surface, the choice of a reference energyfrom the PEDOT chains and their attraction to the newly
level is a common probledf. The energy shift of the N(1s)  formed, positively charged TDAE molecules. The O(1s)
signal depends on the energy reference used for the bindingspectrum (not shown here) indicates also that tosylate anions
energy axis. Using the Fermi level as reference, the energychange orientation and/or position upon TDAE exposure. The
shift is 1.4 eV, whereas it is as large as 2.1 eV relative to rearrangement of tosylate might be an explanation for the
the vacuum level. The N(1s) binding energies of many relatively low work-function change compared to the large
compounds (amines, nitrile, etc.) are often found relatively local dipole created by a two-electron-transfer reaction
close to each other. In contrast, the N(1s) signal of between TDAE and PEDOT.
compounds with functional groups such as @\HCI~ or
(N(CHs)3)™Cl~ is shifted toward higher binding energies by 4. Theoretical Models and Results
1.5-2.1 eV Hence, considering a shift of at least 1.4 eV _ _
for the N(1s) peak of TDAE, the XPS results supported by Quantu_m-chem|cal calculations have _been performed to
the UPS data indicate that TDAE molecules present on theCharacterize the electron-transfer reactions from a TDAE
polymer surface carry two positive charges. moleculle (acti!’ng as the dpnor, D) to a PEDOT segment

The XPS spectrum for the S(2p) photoelectrons allows us SUPPOrting a bipolaron (acting as the acceptor, A). To get a
to distinguish between PEDOT and tosylate anions. Using deeper insight mt_o _the |nt_erfaC|aI m'Feractlons,.we have puﬂt
shape-splitting between S(2p) doublets and binding energies? Model system initially incorporating (see Figure 7) (i) a
of peaks from previously made data analysis of PEDOT Fioubly charged PEDQT ollgqmer cqntammg Six repeat units
derivativest® it can be concluded that the S(2p) signal from N @ planar conformatlon (thls size is representative of the
VPP-PEDOT-Tos consists of at least three doublets (seetYPical extent of a bipolaron in conjugated polymer chats);
bottom spectrum in Figure 6). The main doublet at 163.4 (il) two singly negatively charged counterions lying in the
eV (peak 1) is attributed to the sulfur atoms in the PEDOT plane of the conjugated chain, each represented by a sparkle

chains, whereas the two doublets visible at higher binding I the calculations (i.e., an unpolarizable ion with a_dlameter
of 1.4 A, introducing only an electrostatic perturbation); and
(48) Pokhodnia, K. I.; Papavassiliou, J.; Umek, P.; Omerzu, A.; Minailovic, (iif) & neutral TDAE molecule located on top of the center
D. J. Chem. Phys1999 110, 3606-3611. of the PEDOT chain, with a distance of 3.5 A between the
(49) W. F. Egelhoff, JSurf. Sci. Rep1987, 6, 253—-415.
(50) Beamson, G.; Briggs, DHigh Resolution XPS of Organic Polymers:
The Scienta ESCA300 Satabadghn Wiley & Sons Ltd.: New York, (51) Cornil, J.; Beljonne, D.; Bras, J. LJ. Chem. Physl995 103 842—
1992. 849.

INTENSITY (arbitrary units)
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CHa LHs transferred from TDAE to PEDOT. To evaluate those
CH5i—N N—CH, energies, we optimized the structure of the PEDOT chain in
>=< the three redox states, in the presence of the counterions and
CHg—N N—CHjz by imposing the planarity of the conjugated backbone, with
CHy CHy the help of the semiempirical Hartre€ock Austin Model
‘ 1 (AM1) method? coupled to a full configuration interaction
(FCI) scheme within a limited active space, as implemented

» in the Ampac packag®.The number of orbitals is chosen

' to ensure the convergence of the calculated energies. The
total energy of the PEDOT chain is then estimated from the
generated structure by coupling the AM1-FCI formalism to
the COSMO modét in order to take into account the
polarization effects in the surrounding dielectric medium that
stabilize the system; this medium is here assumed to be
isotropic and characterized by a static dielectric constant,
€5, of 3. The structures of neutral, singly, and doubly charged
TDAE have been fully optimized at the density functional
theory (DFT) level, using the hybrid Beckéee—Yang—
Parr (B3LYP) functional and a standard 6-31G** basis set.
Those optimized structures have been validated previgaisly.
The corresponding total energies have been estimated at the
AM1-FCI/COSMO level for the sake of coherence. The
Coulomb attraction term has been estimated by summing
by pairs all interactions between the atomic charges on the
donor (TDAE) and the acceptor (PEDOGH counterions).
For a single charge transfer

sparkle

Figure 7. Chemical structure of the model complex composed of an EDOT AE = Z & — Z Zﬂ
'cou
67 Admesed pia- Ameged pa

oligomer and a TDAE molecule.
plane of the chain and the centra-C double bond of the

TDAE molecule. The choice of the planar conformation for 9o @1dda correspond to the atomic charges on the donor
the PEDOT oligomer is validated by the fact that doping and acceptor in their relevant states; they have been obtained

leads to the appearance of a quinoid character within the Tom & population analysis performed within the ZDO (zero

thiophene rings, thus preventing significant torsions of the differential overlap) approximation from the AM1-Cl/
conjugated backborfé. COSMO results. We stress that this approach has been shown

On that basis, the change in the total energy of the initial to provideAE.vaIues for eIec_tron—trangfer reactions in good
complex when transferring one or two charges from the agreement with corresponding experimental data for model

TDAE molecule to the PEDOT chain is calculated. This donor/acceptor complexés. _
energy difference has to be negative for the electron transfer USing the scheme above, the adsorption energy can be

to be thermodynamically favorable (the entropic contributions €Stimated byAE that is equal to-1.1 eV when transferring
are neglected here). In the case of a single charge transferoN€ charge from TDAE to PEDOT for an intermolecular
we thus calculate distance of 3.5 A. AAE value of+1.5 eV is obtained when

replacing TDAE by an ethylene molecule; this demonstrates

AE=E(D'A") — E(DA) = that the strong donor character of TDAE is a prerequisite
[E(TDAE*") + E(PEDOT)] — for rendering the charge transfer thermodynamically favor-
[E(TDAE) + E(PEDOT)]+ AE, able. InterestinglyAE further increases down te1.5 eV
cou

with respect to the initial state for a double charge transfer

where E(TDAE) and E(TDAE*Y) are the total energies of between the donor and the acceptor. This evolution is driven
TDAE in the ground state and singly charged state, respec-by the Coulomb attraction term-@.5 eV), which compen-
tively, whereass(PEDOT) andE(PEDOT!") are the energies ~ sates for the energy required to generate separately the doubly
of the PEDOT oligomer in the pristine state (with two charged TDAE molecule and the neutral PEDOT chain
positive charges and two associated counterions) and thesurrounded by two negative counteriors1(O eV). Figure
singly charged state (one positive charge and two counter-8a illustrates that theé\E value associated with a single
ions), respectivelyAE.,, accounts for the change in the
Coulomb attraction between the TDAE molecule and the (52) Dewar, S’fg-chégg A o Healy. E. F.; Stewart, J. 3. Am.
PEDOT chain together with its two counterions during the (s3) AMPAG version 6.55; Semichem, Inc.: Shawnee Mission, KS, 1997.
transfer; this is a stabilization term driven by the appearance (54) Klamt, A.; Scfiumann, GJ. Chem. Soc., Perkin Tran993 2, 799~
ofa dipole_ac_ross the do_neacceptor interface upon charge (55) é|33(2)?,|-rt0is, G.; Beljonne, D.; Cornil, J.; Ratner, M. A.; Bredas, J1.L.
transfer. Similar expressions are used when two charges are = Am. Chem. SoQ002 124, 4436-4447.
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Figure 8. Evolution of AE, an estimate of the adsorption energy, for the ~complex in the three different states as a function of the rotational angle of
complex in the three different states as a function of the intermolecular the TDAE molecule on top of the PEDOT chain. The intermolecular distance

distance. is fixed here at 4 A.

charge-transfer remains almost constant when increasing thérom TDAE to the VPP-PEDOT-Tos surface, which creates
intermolecular distance from 3.5 to 6 A. The energy gained @ surface dipole that lowers the work function by 0.5 eV.
by transferring two electrons is reduced by 0.5 eV going The UPS data show that neutral EDOT oligomers are created
from 3.5 b 6 A but is kept in the negative range, thus upon TDAE exposure because of the undoping of some
implying that the occurrence of a double charge transfer is segments of the pristine, positively doped PEDOT chains.
not affected by changes in the intermolecular distances atThe N(1s) XPS spectra indicate that TDAE is doubly
the interface. Interestingly, the same curves generated in thepositively charged when adsorbed on VPP-PEDOT-Tos. The
absence of the counterions yield positive and large valuesdriving force of the TDAE chemisorption on the polymer
for AE (see Figure 8b). This indicates that the charge transfer surface is the electrostatic attraction between tosylate in the
cannot occur in the presence of neutral PEDOT chains.  polymer film and TDAB* formed after electron transfer to
The impact of the rotational disorder on the electron- the PEDOT chains. The theoretical calculations support the
transfer process is investigated by looking at the evolution occurrence of a double charge transfer from each TDAE
of AE when rotating TDAE on top of the center of the molecule, as inferred by the photoelectron spectroscopy
PEDOT chain (see Figure 9). TheE values are found to  results. We believe that surface redox reaction can be used
be slightly affected by these geometric fluctuations; becauseto modify the work function of many surfaces, including
similar observations prevail when translating TDAE along conducting polymer surfaces. This is a simple route for
the PEDOT chain, we are led to the conclusion that the controlling the work function of electrodes in organic
efficiency of the charge transfer is not strongly tributary of electronic devices.
the exact interfacial geometry between the donor and
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