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A Joint Experimental and Theoretical Study of the Interaction 
between Aluminum and Electroluminescent Polymers : 
C yano Derivatives of Poly(p-phenylene vinylene) 

M. Fahlman, W. R. Salaneck, S. C. Moratti, A. B. Holmes, and J. L. Brhdas" 

Abstract: The early stages of rnetal/polymer interface formation between aluminum and 
poly(2,5,2',5'-tetrahexyloxy-8,7'-dicyanodi-~-phenylenevinylene) or their ring-substi- 
tuted derivatives have been studied theoretically by using quantum-chemical calcula- 
tions as well as experimentally by X-ray photoelectron spectroscopy and ultraviolet 
photoelectron spectroscopy. This class of conjugated polymer is of interest in the devel- 
opment of organic light-emitting diodes. The theoretical and experimental results indi- 
cate that aluminum preferentially reacts with the polymer by forming covalent bonds 
with the nitrogen and carbon atoms of the cyano groups. When the side chains of the 
phenylene rings include carbonyl groups, however, the theoretical results indicate that 
the carbonyl moiety is another preferred site of interaction. 
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Introduction 

Research activity in the field of conjugated polymers has in- 
creased continuously,''. 21 ever since it was discovered that poly- 
acetylene can be doped to high electrical cond~ctivity.[~] Much 
effort has been invested into studying the nature of charge stor- 
age in both degenerate and nondegenerate ground-state conju- 
gated polymers and model molecular ~ys t ems . '~ -~ I  In recent 
years considerable attention has been devoted to the pristine 
(semiconducting) state of the conjugated polymers, especially 
because of their potential applications as organic light-emitting 
diodes (polymer-LEDs) ,K9 '1 field-effect trans is tors,"'^ 141 or 
nonlinear optical materials.[', "1 

Light-emitting diodes in which thin films of conjugated poly- 
mers constitute the active layer were first reported in 1990 by 
Friend and co-workers, who succeeded in fabricating an LED 
with poly(p-phenylene vinylene) (PPV) as the emission layer, 
IT0 as the hole-injecting electrode. and aluminum as the elec- 
tron injecting electrode.['] Interest in this field then grew rapidly, 
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and extensive research was conducted in order to improve both 
the electroluminescent yield and the variety of colors of these 
devices. In order to tune the bandgap, and hence color, substi- 
tuted PPVs, typically poly(dialkoxypheny1ene vinylene)s,[". 16] 

but also other polymers such as poly(p-pheny1ene)s and poly- 
(alkylthiophene)~," 71 have been used. Methods of improving 
the electroluminescence efficiency include the use of low work- 
function electrodes (such as calcium) in order to enhance the 
electron injection rate,"'] the design of copolymers with conju- 
gated and nonconjugated segments in order to create preferred 
sites for electron-hole rec~mbination,[~] and the fabrication of 
multilayered devices.[' Recently, the derivatization of the 
polymer backbone by electron-withdrawing substituents such as 
cyano groups was considered in order to lower the conduction 
band of the active polymer and, hence, ease the electron injec- 
tion process with aluminum;["] in poly(2,5,2',5'-tetrahexyloxy- 
8,7'-dicyanodi-p-phenylenevinylene), or CN-PPV, a high inter- 
nal quantum efficiency can indeed be obtained by using 
aluminum as electron-injecting contact.[20' 

The purpose of this work is to describe, by means of a joint 
experimental and theoretical approach, the early stages of 
metal/polymer interface formation upon deposition of alu- 
minum on CN-PPV and some derivatives thereof. We also com- 
pare our results with those of similar studies carried out on 
PPV[". 221 and poly(ethy1ene terephthalate) (PET) .[231 This 
study has been carried out under the premise that the results 
should not only be of fundamental chemical and physical inter- 
est, but also contribute to an improved design of polymer-based 
LEDs. 
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Experimental and Theoretical Details 

Experimental: Both X-ray and ultraviolet photoelectron spectroscopy (XPS 
and UPS) measurements were carried out in Linkoping, on an ultrahigh 
vacuum (UHV) instrument, of our own design and construction, with a base 
pressure. of better than 10 - l o  Torr. The X-ray source for XPS was un- 
monochromatized MgK,,,, at hv = 1253.6 eV. The resolution of the hemi- 
spherical electron energy analyzer was set such that the full width at half 
maximum of’ the Au(4f,,,) line was 0.9 eV. UPS was performed with 
monochromatized He I (hv = 21.2 eV) photons from a He-resonance lamp. 
The energy resolution was set to 0.2 eV for XPS and 0.1 eV for UPS. 
Aluminum was deposited on the surfaces of samples held at 20 “C, by using 
a home-built evaporation source. During deposition, the background pres- 
sure rose to only about lo-’ Torr. The deposition was carried out in carefully 
timed steps; the resultant number of Al atoms per phenylene-vinylene unit 
was estimated from the intensity ratio between the XPS C(l s )  and Al(2 p) core 
electron intensities (areas under the curves). Two types of samples were used 
in the experiments: a) the CN-PPV polymer and b) a three-ring oligomer, 
3CN-PV (molecular structures shown in Figure 1). The CN-PPV samples 
were produced by spin-coating from a CHCI, solution onto SiO, substratcs, 
and the thin films of 3 CN-PV by sublimating the oligomers from a Knudsen 
cell onto cooled Au substrates. 
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N 

N 

Figure 1. Geometric structures of a) CN-PPV and b) 3CN-PV. 

Theoretical: The quantum-chemical calculations were carried out on isolated 
polymer or oligomer chains. The geometries of the CN-PPV polymer and the 
3 CN-PV oligomer were optimized using the Austin Model 1 (AM 1) Hamilto- 
nian [24] and used as input into the electronic-structure calculations. It was 
practical to optimize the geometry of the CN-PPV polymers containing 
dimethoxy instead of dihexyloxy side chains, since the length of the alkoxy 
chains does not affect the low binding energy r[ bands. Interaction with 
aluminum was modeled with four-ring oligomers of various CN-PPV poly- 
mers and two A1 atoms. The oligomers used were those corresponding to 
a) poly(8,7’-dicyanodi-p-phenylenevinylene); b) poly(2,5,2‘,5‘-tetramethyl- 
8,7’-dicyanodi-p-phenylenevinylene); c) poly(2,5,2’,5‘-tctramethoxy-X,7‘- 
dicyanodi-p-phenylenevinylene); and d) poIy(2,5,2,5’-tetraformyl-8,7‘-di- 
cyanodi-p-phenylenevinylene) . The geometries were fully optimized for all 
the configurations considered, by means of the AM 1 Hamiltonian. Also, 
qualitative estimates of the charge distributions in connection with aluminum 
deposition were obtained by Mulliken population analysis. 
Electronic band structure calculations for pristine CN-PPV and 3 CN-PV 
were carried out by the valence effective Hamiltonian method [25,26]; the 
VEH technique is a nonempirical pseudopotential method based on an effec- 
tive Fock Hamiltonian. In this case, the polymer chains were taken to be 
planar (torsion angles set equal to zero), in order to  simulate the conforma- 
tion expected in the solid state. The bare density of valence electronic states 
(DOVS) curves were computed from the VEH output in the standard way, 
that is, by taking the inverse of the derivative of the band energies with respect 
to momentum. In order to make comparison with solid-state UPS data (with 
the vacuum level taken as reference level), the bare DOVS curves were treated 

in the usual manner (see, for example, Rcfs. [26-271): 1) contraction along 
the energy scale, 2) a shift to lower binding energies to compensate for 
solid-state effects, and 3) convolution by a Gaussian to appropriately match 
the experimental peak broadening in the UPS data. This type of theoretical 
approach has been used successfully in previous instances, for instance to 
describe aluminum deposition on poly-p-phenylene vinylene [21 -221 or 
polyethyleneterephtalate, polystyrene, and polycaprolactone [23] 

Theoretical Results 

Poly(8,7’-dicyanodi-p-phenylenevinylene): Two A1 atoms were 
allowed to  interact near the central unit (Figure 2a)  of the four- 
ring oligomer. Several different configurations were obtained, 
with the aluminum atoms bonding with the phenylene carbons, 
vinylene carbons, and/or the carbons and nitrogens of the cyano 
groups. The three most energetically favored structures are de- 
picted in Figures 2 b-d, while the AM I-optimized bond lengths 

A1 1 

-‘A12 
A1 < 

A1 1 
Figure 2. Central section of the four-ring oligomer corresponding to poly(8,Tdi- 
cyanodi-p-phenylenevinylene) for: a) the pristme case; and b), c). and d), the three 
most energetically favored AM I-optimized structures for the AlJoIigomer com- 
plex. 

are displayed in Table 1. The most favored structure is that 
corresponding to (b), which is 3.8 kcalmol-’ lower than (c) and 
4.2 kcal mol- * lower than (d). In all cases, the cyano group is 
the preferred reaction site for aluminum. In a similar study of 
the interaction of aluminum atoms with PPV,[”] the most fa- 
vored structure was with two aluminum atoms forming bonds 
with each of the vinylene carbons within the same vinylene moi- 
ety. In the present case, however, this type of structure, with 
formation of AI-C8 and A1-C9 bonds, was found to  be 
25.1 kcal mol-’ higher in energy than the optimal configuration 
(b). 

In (b) and (c), both A1 atoms bind to the cyano group, and 
one is attached to  the nitrogen; the difference between these two 
configurations is that there is a C-AI-N bridge in (b), whereas in 
(c) the second Al atom forms a bond only with the cyano car- 
bon. The C 16-N bond (see Table I )  increases in length from 
1.164 8, in (a) to 1.319 in (b) and to 1.266 A in (c), with the 
change from triple-bond to  more double-bond character; the 
C16-N bond in structure (d) is shorter than in (b) and (c) 
(1.207 A). 
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Ihble 1. AM I-optimized bond length, (A) and dihedral angles i ) of the central part of the four-ring oligomer 01' i) poly(X.7'-dicyanodi-ppheiiylenevinylene) and 
ii) poly(2,5,2'.S'-tetramethoxy-X,7'-dicyanodi-p-phenylenevinylene) for a) the pristine case ;ind Tor h), c ) .  and d) the three most energetically ravored AM I-optimized 
Atructures for the Al,:oligomer complex as  shown in Figures 2 and 4. 
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The variation in the C 16-N bond length can be explained by 
looking a t  the bonding in the different structures. In struc- 
ture (b), the Al l  -N bond is mostly formed through the overlap 
of the s and p, orbitals of A1 1 with the p, orbitals of the nitrogen 
atom. The C 16-A1 2 bond is formcd through the overlap of the 
p, orbitals of C 16 and the s and p, orbitals of A1 2. The N - C  16 
bond is mostly ofo-bonding nature, though there exists p, over- 
lap between N and C 16; this overlap, however, is much weaker 
than in structures (c) and (d). There is also some p, overlap 
along All-N-A12 and A1 1-N-C 16-A1 2 as well. In structure (c), 
the N-AI 1 bond is formed through overlap of the respective 
atoms py orbitals (o-bonding). The C 16-A12 bond is obtained 
through overlap of the p, orbitals. As in (b), there is some 
p, overlap along All-N-C 16-A1 2. The p, overlap between 
C16-N, though stronger than in (b), is still not of the same 
order as that of a pure C = N  bond as calculated by means of the 
A M  1 Hamiltonian, hence the longer bond length (1.266 A) 
compared to  formimide (1.228 A). The p, overlap between A1 1 
and N is stronger for (c) than (b), hence the shorter N-A11 
bond length. In structure (d), the C9-AI2 bond is formed by 
overlap between the p, orbitals of C 9  and the s and p,, orbitals 
of A12. The N-Al l  bond is mostly formed by p,-p, overlap. 
Note that in structure (d) there is no significant p, overlap along 
A1 1-N-C 16428, owing to  the nodes between either N and C16 
or C 16 and C8. The p,-p, overlap in the C 16-C8 and N - C  16 
bonds are much stronger in structure (d) than in (b) and (c), 
which is consistent with the comparatively shorter bond lengths. 

It is worth pointing out that the conjugation along the poly- 
mer backbone in eases (b) and (c) is not broken diirectIy by the 
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interactions with the A1 atoms. However, the Al-cyano com- 
plexes that are formed induce large ring torsion angles (see 
Table I), which cause the overlap of the n-electron wavefunc- 
tions along the backbone to be decreased significantly (at least 
along isolated chains; in the solid state, packing effects are ex- 
pected to  reduce the torsions). In case (c), the cyano-aluminum 
complex is rotated by nearly 30" out of the C 16-C8-C9 plane; 
this minimizes the steric interaction between the A12 atom and 
the hydrogen atoms of the adjacent phenylene ring. In case (d), 
the conjugation is broken directly, since one of the Al atoms 
binds to  the carbon atom of a vinylene group, and the other Al 
atom forms a bond with the nitrogen of the cyano group; the 
direct break of n conjugation is evident from the bond length 
values: the C8-C9 bond increases from 1.351 to 1.491 A, and 
the C 9  carbon assumes an sp3 bonding configuration. 

The decrease in overlap of the n-electron wavefunctions along 
the backbone for structures (b) and (c), combined with the 
break of n conjugation for structure (d), prevent the choice of 
optimal configuration for comparison with experimental (UPS) 
data. Indeed, in all cases the highest valence (and lowest conduc- 
tion) bands, which are dispersed in the pristine case, become 
flatter upon metalization. 

Instead, the charge transfer induced by the aluminum deposi- 
tion was studied using Mulliken population analysis in order to 
make a qualitative comparison with the chemical shifts obtained 
in XPS core level spectra. In  all the configurations, the nitrogen 
atom receives about 0.51el added charge. For  configuration (b). 
carbon atoms 8 and 16 gain about 0.1 7 and 0.1 1 1 el, respectively, 
with the charge on  carbon a t o m 9  basically unaffected. For 



Poly@-phenylene vinylene) 286-293 

case (c), carbons 8 and 16 gain 0.111eJ and carbon 9 gains 
O.OS)e/. In case (d), carbon atom 8 gains 0.25)eJ but atom 16 
loses 0.301cl, in contrast to the situation in the (b) and (c) struc- 
tures where the p,-p, overlap of N-C16 and C16-C8 is sub- 
stantially smaller; carbon atom 9 gains 0.341~1, since one of the 
Al atoms binds to it. Each Al atom transfers about 0.35-0.50 to 
the molecule, with thc largest charge transfer taking place for 
configuration (d), and the smallest for (b). 

Poly(2,5,2’,5’-tetramethyl-8,7’-dicyanodi-~-phenylenevinylene): 
The central unit of the four-ring oligomer of poly(2,5,2’,5’- 
tetramethy1-8,7’-dicyanodi-p-phenylenevinylene) is depicted in 
Figure 3 a ;  the three most energetically favored structures for 
two aluminum atoms interacting with this central unit are 
shown in Figures 3 b-d. Structure (b) is the lowest in energy, 

All’ 

dicyanodi-p-phenylenevinylene) is illustrated (Figure 4a) to- 
gether with the three most energetically favored structures for 
interaction with two aluminum atoms (Figures 4 b-d). Again, 
the formation of the C-AI-N complcx of (b) is the lowest in 
energy, (c) being 6.3 and (d) 6.7 kcalmol-’ higher. Here also. 
the bond lengths (given in Table 1) of the different structures are 
very close to those of aluminurn interacting with poly(8,7’-di- 
cyanodi-p-phenylenevinylene) . 

i” / 

\ 
A1 1 A1 1 

Figure 4 .  Illustration of the central part of the four-ring oligoiner of poly(2.S.T.S’- 
tetramethoxy-8,7’-dicyanodi-p-phenylenevinylene) for: a) the pristine case: and b) ,  
c), and d),  the three most energetically favored AM I-optimized structures for the 
AlJoligomer complex. 

N 
\ 
A1 1 

Figure 3. Illustration of the central part of the four-ring oligomer ofpoly(2,5,2’,5’- 
tetramethyl-8,7’-dicyanodi-p-phenylenevinylene) for: a) the pristine case; and b), 
c), and d),  the three most energetically favored AM boptimized structures for thc 
AlJoligomer complex. 

3.7 kcal mol ~ lower than (c) and 4.7 kcal mol - lower than (d) . 
As can be seen from the figures, it is evident that the addition of 
the methyl groups does not affect the aluminum interaction with 
these polymers. In fact, the same type of bonds are formed with 
nearly identical bond lengths, and these are therefore not given 
in Table 1. In structure (c), the cyano-aluminum complex is 
rotated by about 25” out of the C 16-C 8-C 9 plane, similar to the 
case for poly(8,7’-dicyanodi-p-phenylenevinylene). The struc- 
ture with the fourth lowest energy was that in which the alu- 
minum atoms form bonds with the vinylene carbons, AILC8 
and A1 4 9 .  This structure was 22.7 kcal mol- higher in energy 
than (b). 

The Mulliken population analysis shows charge transfers 
nearly identical to those in the corresponding structures of 
poly(8,7’-dicyanodi-p-phenylenevinylene), reinforcing the point 
that the methyl groups do not affect the nature of the interaction 
of aluminum atoms with the polymer. These results are consis- 
tent with the absence of significant interactions upon deposition 
of aluminum on polyethylene.[281 

Poly(2,5,2’,5’-tetramethoxy-8,7’-dicyanodi-~-phenylenevinylene): 
In Figure 4, the central unit of poly(2,5,2’,5’-tetramethoxy-8,7‘- 

The cyano-aluminum complex in structure (c) is rotated by 
about 35” out of the C16-C8-C9 plane, and the C9 carbon of 
structure (d) becomes sp3 hybridized. Note that, owing to inter- 
ring torsion and rotation of the cyano-aluminum complex in 
(c), the A1 atoms are not situated as close to the methoxy groups 
as the (two-dimensional) figures might suggest. Like the methyl 
groups, the methoxy substituents do not significantly affect the 
aluminum interaction with the polymer, nor is the aluminum/ 
oxygen interaction likely. In fact, the aluminum atoms did not 
form bonds with the methoxy oxygens in any of the minimum 
energy structures obtained from the present calculations. For 
the case of dimethoxy-substituted PPV,[211 it also was found that 
aluminurnlether oxygen interactions are not favorable. 

The Mulliken population analysis is qualitatively the same as 
in the previous polymers. Hence, neither alkyl nor alkoxy sub- 
stituents on the phenylene rings appear to affect the interaction 
of aluminum atoms with the polymer. 

Poly(2,5,2’,5’-tetraformyl-8,7’-dicyanodi-~-phenylenevinylene): 
The middle two rings of the four-ring oligomer of poly(2,5,2’,5’- 
tetraformyl-8,7’-dicyanodi-p-phenylenevinylene) is depicted in 
Figure 5a. The main reason for studying this polymer, which 
has not been synthesized, is that carbonyl moieties are expected 
to be formed upon oxidation of the pristine polymer.[”] Upon 
metalization, we note striking dissimilarities compared to the 
previous three polymers. The most favored structure for the 
interaction with two aluminum atoms is that shown in Fig- 
ure 5 b, where one aluminum atom reacts with a formyl oxygen, 
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A1 Table 2. AM I-optimized bond lengths (A) and dihedral angles (') of the central 
part of the pristine four-ring oligomer of poly(2,5,2',5'-tetraforrnyl-X,~-dicyanodi-p- 
phenylenevinylene) (a) and of the AlJoIigomer complexes b),  c), d),  e), and f )  illustrated 
in Figure 5 .  

b) O\O, 

- * C 

a b C d e f 

c-0 r C I b C 2  1.4725 1.4727 1.4121 1.4740 1.4706 1.4723 
r C 2 Z C 3  1.4039 1.4045 1.4007 1.4571 1.4021 1.4016 

N rC3-C4 1.3993 1.3984 1.4058 3.4466 1.4037 1.4037 
r C 4  C 5  1.3992 1.4010 1.4062 1.3560 1.4079 1.4076 
rC5  C 6  1.4041 1.4051 1.4073 1.4571 1.4095 1.4057 
rC6-C7 1.3989 1.4000 3.3976 1.4470 1.3966 1.3978 

d) A12\0 r C 5 - C 8  1.4724 1.4668 1.4752 1.4738 1.4634 1.4793 
\ o=c rC8-C9 1.3482 1.4487 1.3523 1.3484 1.4890 1.3432 

rC9-CIO 1.4563 1.3722 1.4555 1.4561 1.4851 1.4579 
r C l 0 - C l l  1.4009 1.4492 1.4012 1.4020 1.4064 1.4015 
r C l l  -C12 1.3984 1.3623 1.3990 1.3977 1.3979 1.3978 

C 'c=o rC13-C14 1.4010 1.3646 1.4012 1.4002 3.3999 1.4001 
Y$N r C l 4 - C l 5  1.3981 1.4426 1.3976 1.3988 1.3980 1.3993 

rC8-Cl6  1.4249 1.3421 1.4578 3.4265 2.3386 1.4985 
r C 3 -  C19 1.481 5 1.481 3 1.4853 1.3672 1.4836 1.4843 
r C 6  C20 1.4813 1.4779 1.4828 1.3670 1.4776 1.4825 
uc12-c21 1.4789 1.4714 1.481 1 1.4785 1.4782 1.4781 
rC15-C22 1.4785 1.3787 1.4785 1.4779 1.4804 1.4774 
rC19-01 '  1.2319 1.2321 1.2314 1.3322 1.2321 1.2313 
rC20- 0 2' 1.2318 1.2330 1.2316 1.3321 1.2324 1.2318 
r C 2 1 ~  0 3 '  1.2321 1.2320 1.2323 1.2323 1.2326 1.2320 
r C 2 2 - 0 4  1.2322 1.3211 1.2326 1.2319 1.2309 1.2324 
rC16-N 1.1639 1.2033 1.3167 1.1640 1.2031 1.2620 
r A l l - N  - 1.6669 1.7086 - 1.6648 1.6301 

1.7520 2.7520 

/ /  

\\ \ 
A1 1 

0 

rC12-CI3  1.4083 1.4516 1.4070 1.4087 1.4088 1.4090 

* / / I  
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- - 

rA12-C(i) - - 1.8045(9) - 1.821 6(9) 1 .8285(9) 
r All  -O(j) - - - 1.7048(1') - - \ r A l 2 - 0  ( k )  - 1.7382(4) - 1.7044(2') - - 

\\ 
A1 1 0 
.... 

114 112 65 107 xc9-c8-c 5-C4 lox 
4: C 1 I-C 10-C9-C 8 46 9 36 45 73 57 

179 177 130 174 4:C10-C9-C8-c7 17' 
QC12-CIl-ClO-C9 178 155 180 118 177 Ill 

Figure 5 .  Illustration of the central part of the four-ring oligomer of poly(2,5,2',5'- 
tetraformyl-8,7'-dicyanodi-p-phenylenevinylene) for : a) the pristine case; and b), 
c ) ,  d),  e), and f ) ,  the five most energetically pdvored AM I-optimized structures for 
the AlJoligomer complex. 
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and the other A1 atom forms a bond with the nitrogen atom. In 
this case, then: conjugation is broken directly, since the bonds in 
both the vinylene group and the phenylene ring become severely 
distorted, as can be seen from Table 2 and Figure 5 b. For  struc- 
ture (c), which is only 1.8 kcalmol-' higher in energy, we have 
the familiar C-A1-N complex, which induces large inter-ring 
torsion angles, again severely decreasing the conjugation along 
the backbone. The bond lengths are approximately the same as 
for the corresponding structures of the previous polymers. 
Structure (d) is 3.9 kcalmol-' higher in energy than (b). Here, 
both aluminum atoms form bonds with the oxygens of the 
formyl groups on the same phenylene ring. This disrupts the n 
conjugation of that particular ring, but the vinylene groups and 
the other rings remain unaffected. Structures (e) and (f) are 
similar to  the corresponding configurations obtained for the 
previous three polymers, but here the stability order is reversed; 
structure (e) is lower in energy than (f); (e) and (f) are 5.8 and 
7.9 kcalmol- higher than (b), respectively. In contrast to  alkyl 
or alkoxy substitutions, the formyl groups are thus found to  
strongly affect the nature of the interaction with two aluminum 
atoms. For  diformyl-substituted PPV,[211 the most favored 
structure also involved an AI-0-C complex. These results are 
consistent with the well-established reactivity of aluminum to- 
wards carbonyl groups, for instance in p ~ l y i m i d e [ ~ ~ ]  or PET.[231 

Upon interaction with two aluminum atoms, C 8  and C9  in 
structure (b) gain 0.241el and 0.101el, respectively; carbon 
atom 16 loses 0.31 le i ,  the nitrogen atom gains 0.51 /e l ,  the 

formyl carbon gains 0.08 I el, and the oxygen atom gains 0.17 I e I ; 
the aluminum atom forming a bond to the nitrogen donates 
0.551e1, whereas the other A1 atom donates 0.44/e1. In struc- 
ture (d), the two oxygen atoms forming bonds with the alu- 
minum each gain 0.231e/, the formyl carbon atoms each gain 
0.101el, and the A1 atoms lose 0.471el each. The charge transfers 
in structures (c), (e), and (f) are qualitatively the same as in the 
equivalent structures for the previous three oligomers. 

Experimental Results 

In order to make a comparison with experiment, the early stages 
of formation of the interface between aluminum and poly- 
(2,5,2',5'-tetrahexyloxy-8,7'-dicyanodi-p-phenylenevinylene) 
(CN-PPV) and a three-ring oligomer thereof (3 CN-PV) were 
studied. For these compounds, the theoretical results indicate 
three likely structures. With their energy difference of less than 
7 kcalmol-', it is difficult to discriminate between them on the 
basis of theory alone, hence the importance of gathering exper- 
imental results that are as accurate as possible. We first look at 
the interface formation between aluminum and 3 CN-PV in de- 
tail, and then use these results when discussing the aluminum/ 
CN-PPV interaction. 

The UPS He1 and He I1 spectra for 3 CN-PV are compared 
with the VEH-derived DOVS in Figure 6. The experimental 
spectra are well resolved and in good agreement with theory, 
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evidence that the mate- 
rial is of good quality 
(minimum of chemical 
and spatial inhomo- 
geneity). The spectral 
features between 1 and 
4 eV are derived from TC 

bands; the highest-lying 
state (closest to the Fer- 
mi level) derives from 
wavefunctions delocal- 
ized along the oligomer 
backbone and those 
around 3 eV, from 
wavefunctions localized 
on the phenylene rings. 
The structure between 

Figure6 He1 and He11 UPS spectra, as well 5-10 eV in the 
as the corresponding occupied energy bands spectrum is derived 

BINDING ENERGY (eV) 

and the DOVS calcuiated by the VEH method, 
for 3 CN-PV, with the Fermi level as reference. 

mostly from ~ states, 
mainly from the C-H 
bonds of the hexyloxy 

chains. The peak at 10.5 eV is derived from oxygen lone pair 
states. The peaks between 12 and 25eV are derived from CJ 
states, with the peak at 26.5 eV arising from O(2s) states. 

In the XPS core level spectra, no excess amount of oxygen nor 
any indication of foreign substances were observed. As men- 
tioned above, large charge transfer between aluminum atoms 
and the oligomers/polymers show up in the XPS core level spec- 
tra as chemical shifts. If the atoms gain electronic (negative) 
charge, the corresponding XPS spectral line (peak) moves to- 
ward lower binding energies (closer to the Fermi level); for a loss 
of electronic charge, the opposite is true. According to the re- 
sults presented for poly(2,5,2’,5’-tetramethoxy-8,7’-dicyanodi-p- 
phenylenevinylene) , structures (b) and (c) experience approxi- 
mately the same overall charge transfer, whereas structure (d) 
shows strong dissimilarities. Hence, it is possible to differentiate 
between structures (b) and (c) on the one hand, and (d) on the 
other, by studying the XPS core level spectra. 

The calculations show that the nitrogen atoms gain approxi- 
mately 0.51el from the aluminum atoms, and this should be 
related to a large shift of the N(l s) peak towards lower binding 
energies. In Figure 7 (left), we show the N(l s) spectrum of 
pristine 3CN-PV; the binding energy of the peak is 400.0 eV. -..-\.I v Q m K ;rK v 

1- 

v, Ln 
L W z 
+ w & 

z 

t s 
i .  

, 

. .  : .- . .  z - . .. .. ... a . .. 
405 400 395 405 400 395 
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Figure 7 .  XPS N(l s) spectra, with the Fermi level taken as reference. Left: pristine 
3CN-PV; right: A113 CN-PV at a metalization level of approximately two Al atoms 
per oligomer. 

286-293 

When aluminum is deposited on the sample, a shoulder immedi- 
ately appears on the low binding energy side of the main peak 
and grows in intensity with increasing deposition of aluminum. 
At an aluminum deposition in excess of about two Al atoms per 
phenylene-vinylene unit, a low binding energy shoulder, cen- 
tered near 398.0 eV, is clearly visible in the N(l s) spectrum 
shown in Figure 7 (right). This is a clear indication that (some 
of) the nitrogen atoms of the cyano groups do indeed react with 
the Al atoms. Note that the main peak at 400.0 eV still remains, 
since XPS probes depths of up to 100& and the A1 atoms 
remain in the near-surface region according to studies using 
angle-dependent XPS. 

Figure 8 (left) shows the C(1 s) spectrum of pristine 3 CN-PV. 
The main peak at 285.2 eV consists of contributions from the 

A1/3CN-PV 

CIS - 
m 
K 4 
v 

BINDING ENERGY (eV) BINDING ENERGY (eV) 

Figure 8. XPS C(1s) spectra, with the Fermi level taken as reference. Left: pristine 
3CN-PV; right: Al13CN-PV at a metalization level ofapproximately two Al atoms 
per oligomer. 

alkyl carbons of the hexyloxy chains and the unsaturated car- 
bons of the phenylene and vinylene groups. The shoulder at 
286.8 eV consists ofcontributions from the C-0  carbons of the 
hexyloxy side chains and phenylene groups as well as from the 
C r N  carbons, in agreement with published results which indi- 
cate that the binding energy difference between C-C,H carbons 
and C - 0  carbons is about 1.5-1.6 eV.r231The results o fa  study 
on polya~rylonitrile[~~] indicate that the chemical shift of C=N 
carbons is ca. 1.7 eV relative to C-C,H. Therefore, in cases (b) 
and (c), a shoulder on the low binding energy side of the C(l s) 
peak is expected in connection with the deposition of aluminum. 
because of the charge added on the C 8 and C 16 carbon atoms 
and a decrease in relative intensity of the high binding energy 
shoulder, since the C 16 carbon atoms then no longer contribute 
to the intensity. For case (d), a larger shift, and hence a more 
pronounced shoulder at low binding energies, associated with 
the addition of charge to the C 8  and C 9  carbon atoms, is ex- 
pected. In addition, a slight increase in the relative intensity of 
the high binding energy shoulder, as well as a significant broad- 
ening, should occur because of the decreased electronic charge 
density on carbon atom C 16. 

In Figure 8 (right), wedisplay the C(l s) spectrum taken at the 
same aluminum coverage as for Figure 7 (right). As can be 
observed, a new feature has appeared as a shoulder at 283.6 eV. 
Also, the relative intensity of the shoulder on the high binding 
energy side of the main peak has decreased (compared to the 
pristine case). No broadening is seen; on the contrary, the 
shoulder has moved in somewhat towards the main peak. This 
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suggests that configuration (d) is not likely, while the evolution 
is consistent with configurations (b) and (c). The shoulder a t  
283.6 eV represents a chemical shift of 1.6 eV relative to the 
main peak. This value is smaller than those reported for alu- 
minum atoms covalently bonded to a-sexithiophene molecules 
(2.5 eVr3']) and PET (=2.4--2.6 eV[231). In the latter case, the 
charge transfer was also calculated by means of a Mulliken 
population analysis, with the C- A1 carbons accepting roughly 
0.451eI. This also suggests that configurations (b) and (c) are 
more likely, since the calculated charge transfer in these cases is 
smaller than that of case (d); hence, smaller chemical shifts are 
expected. 

The valence band electronic structure of CN-PPV has been 
discussed elsewhere.[321 Results similar to the 3 CN-PV case 
were obtained when the aluminum interface formation with 
CN-PPV was studied. This is expected since the interaction be- 
tween the A1 atoms and the oligomer/polymer chains are of local 
character. In Figure 9 (left), the N(1 s) spectrum of pristine CN- 
PPV is depicted, and Figure 9 (right) shows the N(l s) spectrum 

- 
m 
LT 4 - 

BINDING ENERGY (eV) BINDING ENERGY (eV) 

Figure 9. XPS N(l s) spectra, with the Fermi lcvcl taken as reference. Left: pristine 
CN-PPV: right: AI/CN-PPV at a metaliration level of approximately two Al atoms 
per oligomer. 

taken at  an aluminum concentration of approximately two A1 
atoms per phenylene-vinylene unit. The binding energy of the 
main peak as well as that of the low binding energy shoulder are 
identical with the case of 3 CN-PV. Hence, it is again concluded 
that the A1 atoms interact strongly with the cyano nitrogen 
atoms of the polymer. 

Figure 10 (left) provides the C(l s) spectrum of pristine CN- 
PPV, and Figure 10 (right) shows the C(l s) spectrum taken at  
the same aluminum coverage as for Figure 9 (right). Here too, 
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the binding energies as well as the evolution of the new features 
upon aluminum deposition are nearly identical to those of the 
3CN-PV case. As a result, structures (b) and (c), where the 
aluminum atoms react with the cyano groups, are those most 
likely to occur a t  the early stages of interface formation on 
CN-PPV. 

Summary and Conclusions 

The early stages of aluminum interface formation on a cyano- 
substituted poly(p-phenylene vinylene), of current interest for 
applications in polymer light-emitting devices, have been stud- 
ied by using a combined theoretical and experimental approach. 
Both a model oligomer as well as the actual polymer have been 
studied experimentally, and a variety of possible structures has 
been considered theoretically. 

The model calculations indicate that, for poly(8,7'-dicyanodi- 
p-phenylenevinylene), poly(2,5,2',5'-tetraalkyl-8,7'-dicyanodi- 
p-phenylenevinylene)~, and poly(2,5,2',5'-tetraalkoxy-8,7'-di- 
cyanodi-p-phenylenevinylene)s, aluminum atoms preferentially 
react with the cyano groups in pairs, one forming a covalent 
bond with the nitrogen atom, the other forming either a N-Al-C 
complex with the same cyano group, or forming a covalent bond 
with the cyano carbon. The dialkyl and dialkoxy ring substitu- 
tions do not appear to affect the nature of the interaction of 
aluminum atoms with the molecules considered. When carbonyl 
groups are present as ring substituents, however, other struc- 
tures, involving mainly covalent bonds between the aluminum 
atoms and the carbonyl oxygens, become possible as well. 
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