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Study of the interaction of tris- (8-hydroxyquinoline ) aluminum „Alq 3…

with potassium using vibrational spectroscopy: Examination
of possible isomerization upon K doping

Y. Sakurai,a) Y. Hosoi,b) H. Ishii,c) and Y. Ouchi
Department of Chemistry, Graduate School of Science, Nagoya University, Furo-cho, Chikusa-ku,
Nagoya 464-8602, Japan

G. Salvan, A. Kobitski, T. U. Kampen, and D. R. T. Zahn
Institut für Physik, Technische Universität Chemnitz, D-09107 Chemnitz, Germany

K. Seki
Research Center for Materials Science, Nagoya University, Furo-cho, Chikusa-ku, Nagoya 464-8602, Japan

(Received 10 February 2004; accepted 3 June 2004)

The geometrical structure of potassium-doped Alq3 [tris-(8-hydroxyquinoline) aluminum] and the
interaction between the Alq3 molecule and potassium were studied using infrared reflection
absorption spectroscopy(IRRAS), surface-enhanced Raman scattering(SERS), and density
functional theory calculations. A major aim of this study was to examine the theoretically predicted
isomerization of Alq3 molecules from the meridional form to the facial form upon alkali-metal
doping. The observed spectra show significant changes with the deposition of potassium on a thin
Alq3 film. The calculated IR spectra of the K-Alq3 complex differ significantly between the
meridional and facial forms, and the calculation for the meridional form agrees fairly well with the
observed spectrum. This demonstrates that(1) the Alq3 molecule does not change to a facial isomer
with the deposition of potassium, but retains the meridional form, in contrast to the reported
theoretical prediction, and(2) the structure of the complex as evaluated from geometry optimization
is reliable. We also found that the calculated IR spectrum of the K-Alq3 complex with Alq3 in its
meridional form is significantly different from that of the isolated anion in the same isomeric form,
which probably reflects nonuniform interaction between K and the three ligands of Alq3. On the
other hand, the calculated spectra of Alq3 and the K-Alq3 complex in the facial form are similar,
possibly because the K atom in the suggested structure lies on the axis of threefold symmetry,
leading to an equivalent effect on the three ligands. Even though vibrational spectra of
alkali-metal-doped organic materials are usually interpreted on the basis of an isolated anion, the
results presented here show that care should be taken in interpreting the spectra of doped organic
materials without considering the presence of the counter ion. The observed SERS spectra and
theoretical calculations of the Raman spectra show similar trends when compared to the IRRAS
results. The present results show that vibrational spectroscopy can be used as a sensitive
tool for discerning subtle differences between isomers as well as between complexes and isolated
anions. ©2004 American Institute of Physics. [DOI: 10.1063/1.1776626]
s in

ht-
of

nds

l
ively.
omi-
orated

ates
-

o
the

we
rial

sfully
mer
ate-

nce,
il:

Eng

ohok
I. INTRODUCTION

Recently, organic light-emitting diodes(OLEDs) have
attracted much attention due to their potential application
multicolor flat-panel displays. Tris-(8-hydroxyquinoline) alu-
minum sAlq3d is widely used as an electron transport/lig
emitting layer in such OLEDs.1 The chemical structure
Alq3 and two possible geometrical isomers of Alq3, meridi-
onal (C1 symmetry) and facial (C3 symmetry) forms, are
shown in Fig. 1. In the meridional isomer, the three liga
are not equivalent with respect to the Al atom[Fig. 1(a)],
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while they are equivalent in the facial isomer[Fig. 1(b)]. The
names of the ligandsA–C and L1–L3 for the meridiona
isomer in Fig. 1 are those used in Refs. 2 and 3, respect
It has been reported that the meridional isomer is the d
nant species in most cases, such as in amorphous evap
films in the Ar-matrix-isolated state and crystalline st
prepared under ambient conditions.4,5 Theoretical calcula
tions by DFT (density functional theory) using the
BLYP/ECP(Ref. 3) and B3LYP/SDD(Ref. 5) methods als
predict that the meridional isomer is more stable than
facial isomer by 4–8 kcal/mol. Even though in this work
only used Alq3 in the meridional form as the starting mate
for sample preparation, German and Italian groups6–8 have
recently reported that the facial isomer has been succes
isolated in pure form. Further experiments using this iso
will expand our basic knowledge about this important m

i-
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rial.
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A typical OLED consists of indium tin oxide as the a
ode on which organic thin films are sequentially depos
with low work function metals finally deposited as the ca
ode. Since the properties of the metal/organic interface a
the performance of such devices, an understanding o
interaction between such low work function metals and
ganic molecules is important. Hence, the interfaces bet
Alq3 and metals such as Al, Mg, Ca, Li, and K have b
investigated both experimentally and theoretically.2,9–18 It
has been reported that charge transfer mainly takes
between Alq3 and alkali metals such as K and Li, while M
and Al form more covalent metal-carbon bonds.9,10

In this paper, we will focus on the former case of alk
metals. Johanssonet al.2 studied the electronic structure
Alq3 upon doping with potassium and lithium using a co
bination of x-ray and ultraviolet photoelectron spectrosc
They also performed quantum-chemical calculations for
K-Alq3 complex using the DFT/BLYP method, assum
that Alq3 was in the meridional form. They concluded t
(1) a negative charge is transferred from metal atoms to
nitrogen atoms(0.866e for the 1:1 K complex determine
from the DFT calculation, and slightly less for the Li co
plex, as judged from their XPS spectra), (2) the potassium
atom interacts mainly with the nearest neighboring ligan[A
in Fig. 1(a)], (3) there is a weaker interaction with the n
nearest neighboring ligand[B in Fig. 1(a)], (4) the change i
the valence states observed in the UPS spectra is simil
both K and Li complexes,(5) the transferred charge
mainly localized on one of the ligandssAd s0.63ed, with a
smaller fraction onB, and(6) the calculated highest occupi
molecular orbital(HOMO) of the K complex is essential
the same as the lowest unoccupied molecular or
(LUMO) of Alq3.

On the other hand, Curioni and Andreoni17 performed
DFT calculations for the meridional and facial isomers
Alq3 and also for Li-Alq3, Al, and Ca complexes that i

FIG. 1. Chemical structure and geometrical isomers of Alq3.
cluded these two isomers. The results indicated that the facia
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isomer is more stable than the meridional isomer by at
10 kcal/mol in these metal complexes. Thus, they sugg
that molecules in the meridional form in the neutral s
may be converted into the facial isomer upon complexa
They also concluded that although complete electron tra
from lithium takes place, the charge distribution in the A3
part of the complex differs from that in an isolated rad
anion, although the excess electron is also localized o
pyridyl side of the ligands.

Thus, although previous studies have clarified many
portant points, it is desirable to obtain even more experim
tal information on the nature of the Alq3 molecule in an
alkaline metal complex. Important questions still rem
such as(1) which isomeric form do the doped Alq3 mol-
ecules take?(2) to what extent can we regard the Alq3 anion
in the Alq3 complex as being similar to an isolated ani
and (3) which part of the Alq3 molecule is affected by th
metal atom? The importance of the possible conversion
the meridional to the facial isomer was also stresse
Kushto et al.5 Since the calculations by Curioniet al.3

showed that the facial isomer is more efficient as an ele
trap, the possible formation of facial isomers by metal d
sition may govern charge transport in the bulk mate
Thus, possible isomerization in the complexes is importa
devices using Alq3.

To clarify these points and to obtain a deeper insight
metal-Alq3 interaction, we studied the geometrical struc
of potassium-doped Alq3 films and the interaction betwe
Alq3 and potassium using infrared reflection absorption s
troscopy (IRRAS), surface-enhanced Raman scatte
(SERS), and DFT calculations. Such vibrational spec
scopic studies of potassium doping of Alq3 films have no
been reported previously. It is well known that IR spect
copy and Raman spectroscopy are complementary to
other in many aspects, such as selection rules. In IRR
high sensitivity is achieved by the glazing reflection ge
etry, and in SERS, the extensive enhancement of R
scattering is caused by silver clusters. Both technique
powerful probes for examining the structure and chem
of the surface and interface due to their high sensitivity
resolution.

The assignment of vibrational modes of Alq3 has bee
reported by various workers using IR and Raman spec
copy and theoretical calculations.5,19,20 These studies ha
already established the assignments of the meridional
of Alq3, which has been the form predominantly observe
all these studies. In this work, we extended these studi
the K-Alq3 complex. The results show fairly good agreem
between the observed and calculated IR spectra, which
onstrates that DFT calculations are useful for such com
molecular systems. The results not only clarify the isom
ism but also provide useful information regarding other
tors, such as questions(2) and (3) described above.

II. EXPERIMENTAL AND THEORETICAL

The IRRAS and SERS experiments were performe
layers grown on Ags111d surfaces, prepared on Si substra

lin ultrahigh vacuum(UHV) chambers(base pressure,4

P license or copyright, see http://jap.aip.org/jap/copyright.jsp
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310−8 Pa). Thep-type Sis111d substrate was cleaned by d
ping in acetone, ethanol, and deionized water in an ultras
bath. The substrate was then dipped in 40% HF solutio
2 min,21, and immediately transferred to a UHV chamb
A 131 low energy electron diffraction(LEED) pattern indi-
cated the formation of a hydrogen-terminated Si(111) sur-
face. Ag films, 100 nm thick, were deposited on
hydrogen-terminated Sis111d surface from a Knudsen ce
LEED and Auger measurements revealed the formation
clean Ags111d surface. The sample of Alq3 was supplied b
Aldrich and purified by sublimation. Alq3 films were pre
pared by vacuum evaporation from a separate Knudse
onto these Ags111d surfaces, which were kept at room te
perature. The thickness of the Alq3 film was monitored usin
a quartz microbalance and limited to 10 nm for IRRAS m
surements or 3 nm for Raman measurements. Potassium
deposited on Alq3 films from a SAES getter source.

IRRAS spectra were measured at Nagoya University
ing an IRRAS system consisting of an FT-IR spectrom
(FM—Fourier transform) (Mattson R/S-1), a mercury cad
mium telluride (MCT) detector, and a UHV chamber. T
spectra were obtained in single reflection mode
p-polarized light through a BaF2 window and at an angle
incidence of 80° relative to surface normal. The refle
light was detected with the MCT detector. The spectra w
measured in the region of 1000–4000 cm−1. IRRAS mea
surements below 1000 cm−1 were difficult to obtain usin
this system due to the limited sensitivity of the MCT de
tor. The results of 500 or 1000 scans with a resolutio
4 cm−1 were averaged. The complementary spectrum of3
powder was also measured for KBr pellets under amb
conditions at 400–4000 cm−1.

Raman spectra were measured at TU Chemnitz us
triple monochromator(Dilor XY ) with a charge-coupled d
vice detector that was optically aligned to the UHV cham
The 530.9 nm line of a Kr+ laser was used for excitation. T
laser beam(power,30 mW) was focused on a spot of abo
300 mm in diameter on the sample surface. The spe
resolution was 2.5 cm−1. To obtain strong Raman signals
surface enhancement, silver was deposited to an av
thickness of 1 nm on Alq3 films from a Knudsen cell follow
ing potassium deposition.

DFT calculations were carried out withGAUSSIAN 98us-
ing the B3LYP functional and 6–31Gsdd basis set. The ge
ometries of the Alq3 molecule and the Alq3-K complex were
optimized by B3LYP/6-31Gsdd using the optimized geom
etries for Alq3 and the Alq3-Li complex reported by Curion
and Andreoni17 as the starting geometries. Since the ca
lated frequencies were larger than those observed in the
frequency region and smaller than those in the low frequ
region, the calculated values were multiplied by 0.961
shifted to a higher wave number by 14 cm−1. Simulated
spectra were obtained by convoluting the bars with he
proportional to the calculated intensities by a Loren
function with a full width at half maximum of 4 cm−1 sIRd
and 2.5 cm−1 (Raman). The assignments of vibration

modes were made using visualized vibrational patterns.
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III. RESULTS AND DISCUSSION

A. Assignments of vibrational modes of Alq 3

Figure 2 shows the experimentally observed and t
retically calculated IR spectra of Alq3. The theoretical spe
tra after scaling and shifting are shown for both meridio
and facial isomers. The experimentally observed spec
agrees well with those reported by Halls and Aroca,19 Kushto
et al.,5 and Espostiet al.20 The high-resolution-electro
energy-loss-spectroscopy(HREELS) spectrum of pristin
Alq3 film reported by Heet al.13 reasonably corresponds
terms of the energies of the spectral features to the IR
spectrum, though the relative intensities of peaks are d
ent. Our calculated spectra are similar to those reporte
Kushto et al. using B3LYP/SDD DFT calculations, exce
for a slightly better agreement with the experimental s
trum for the intensity of the bands at 1110, 1298,
1336 cm−1. The observed spectrum agrees well with the
culation for the meridional isomer. The simulated spect
for the facial isomer differs from the calculated and m
sured spectra for the meridional isomer in several resp
(1) the intensity of the bands at 1385 and 1500 cm−1 is
weaker, and(2) the frequencies and degeneracy of the b
between 400 and 430 cm−1 and between 540 and 660 cm−1

originating from the Al-N and Al-O stretching vibrations a
different, due to the higher symmetry of the facial isomer
described in the extensive study by Kushtoet al.,5 these re
sults confirm that the Alq3 films consist predominantly of th
meridional isomer, as in various forms of crystals.22

Assignments of the vibrational modes of Alq3, as de
duced by comparison with the calculation, are listed in T
I, which also shows the results of Raman measurements
modes between 1033 and 1605 cm−1 are mainly due to rin
stretching and CH bending vibrations of the ligands,
though CN stretchings1228 cm−1d and CO stretchin
s1282 cm−1d are also observed in this region. These ass
ments agree almost completely with those reported by p
ous workers.5,19,20 The band at 917 cm−1, due to an Al-N
stretching vibration, is not observed in the IR spectrum
is weakly observed in the Raman spectrum. We will
these assignments later when discussing the change

FIG. 2. Experimentally observed IR spectrum and theoretically simulat
spectra of the meridional and facial isomers of Alq3.
spectra induced by K doping.
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Figure 3 shows the SERS spectrum of an Alq3 film, with
silver deposited at an average thickness of 1 nm comp
with the calculated Raman spectra of meridional and fa
isomers. The deposition of silver led to a pronounced
crease in the intensity of Raman scattering due to the S
effect. The frequencies and relative intensities of the3

vibrational modes were not modified by Ag deposition, in
cating the absence of strong chemical interaction betw
Ag and Alq3.

23 The experimentally observed spectrum
Fig. 3 agrees well with those reported by Halls and Aro19

and Espostiet al.20 (both with excitation at 1064 nm). How-
ever, the intensity distributions are different, which can
ascribed to the difference in excitation energy. The nume
data and assignments are listed in Table I. The simu

TABLE I. Assignments of the vibrational modes of Alq3 based on
B3LYP/6–31Gsdd calculation. The listed frequencies were obtained
multiplying the original calculated values by 0.961 and shifting to a hi
frequency by 14 cm−1.

Observed-spanner
Calculated IR Raman Assignments

1606 1605 Ring str.
1589 1588 Ring str., CH bend
1583 1579 Ring str.
1502 1500 1495 CH bend, ring str.
1467 1470 1465 CH bend, ring str.
1430 1424 1419 CH bend, ring str.
1381 1385 1388 Ring str.
1336 1332 1328 CH bend, ring str.
1298 1282 1282 CH bend, ring str., CO str.
1232 1228 1226 CH bend, CN str.
1222 1211 1215 CH bend, ring str.
1175 1174 1169 CH bend
1139 1134 1132 CH bend
1110 1115 1113 CH bend, ring str.
1060 1057 1053 CH bend, ring str.
1039 1033 1029 CH bend, ring str.
909 917 AlN str., ring def.
858 859 859 CH wag
816 825 822 CH wag
801 804 804 Ring def.
779 789 786 CH wag
752 750 753 Ring breathing
653 650 644 Ring def., AlO str.
624 623 Ring torsion. AlO str., AlN str.
597 592 Ring def.
577 577 575 Ring def., AlOC bend
546 549 542 Ring def., AlO str.
523 523 525 Ring def., AlO str.
506 507 Ring def.
502 502 504 Ring def.
467 470 469 Ring torsion
454 456 458 Ring torsion
429 Ring def., AlO str.
419 420 422 AlN str., AlOC bend
407 403 408 Ring def., AlOC bend
403 398 Ring def., AlN str.
356 356 Ring def., AlN str.
311 307 Ring torsion
292 293 Ring torsion
spectra of both meridional and facial isomers show compa

Downloaded 10 Dec 2004 to 134.109.132.157. Redistribution subject to AI
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rable agreement with the experimental spectrum. The
ported simulated spectrum for the facial isomer, using
Hartree-Fock 6-31G* calculation,19 differs slightly from the
experiment with regard to the intensity distribution. The
quency of the mode due to the Al-O stretching vibra
observed at 525 cm−1 agrees slightly better with the val
s523 cm−1d calculated for the meridional isomer than t
s534 cm−1d calculated for the facial isomer. Thus, while i
difficult to identify the predominant isomer from Ram
spectroscopy, the results do not contradict the predomin
of the meridional isomer deduced from IRRAS spectrosc

B. Changes in IRRAS and SERS spectra with
potassium doping

Figure 4 shows the IRRAS spectra of a clean Alq3 film
and after three successive steps of potassium evapor
Upon potassium evaporation, most of the vibrational b
between 1000 and 1606 cm−1 become weaker, and ne
bands(shown with p) appear at 1082, 1208, 1272, 12

FIG. 3. SERS spectrum of Alq3 film with a 1 nm thick deposition of silve
and simulated Raman spectra of the meridional and facial isomers of3.

FIG. 4. Changes in the IRRAS spectra of a clean Alq3 film upon potassium
deposition. New bands are marked with asteriskss* d. The bands assigned
the vibrational modes in ligandA are marked withsAd after the wave num

-ber values.
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1350, 1452(shoulder), and 1552 cm−1. These bands are
the region of the ring stretching and CH bending mode
the quinoline ligands. The IRRAS spectra did not cha
further with potassium deposition in excess of 6000 s.

The reported UPS, XPS, and theoretical studies
K-Alq3 and Li-Alq3 complexes have indicated electron tra
fer from the alkali metal to Alq3.

2,17 The amount of charg
transfer from the K atom to meridional Alq3 molecule in a
1:1 complex was theoretically estimated by Johanssonet al.
to be 0.866e.2 In addition to these results, our recent ne
edge x-ray-absorption fine structure(NEXAFS) investiga-
tions revealed a decrease in intensity for core excitatio
the p*LUMO after potassium deposition.24 This also indi-
cates electron transfer from potassium to the LUMO of A3.

As mentioned above, geometry optimization was car
out starting from a geometry similar to that reported by
rioni and Andreoni,17 with the resulting geometries similar
those at the start. They are shown in Fig. 5. In the fa
isomer, the K atom is on the axis of threefold symmetry.
the other hand, in the meridional isomer, the K atom
between ligandsA and B. The changes in the Al-O and
-N bond lengths are shown in Table II. The calcula
amount of electron transfer from the K atom to the A3
molecule is 0.70e and 0.75e for the meridional and facia
forms, respectively, and the value for the meridional form
smaller than that reported by Johanssonet al. s0.866ed.2 The
charge distribution in the two isomeric forms is depicted
Fig. 6. The K atom is shown by a crosss+d, and the value
for the K, Al, N, and O atoms are shown in bold. The val
in parentheses indicate the change in charge from iso
Alq3 and K to the K-Alq3 complex. The charge on hydrog
atoms, omitted in Fig. 6, is 0.10–0.20(−0.03 to 0.01) for the

FIG. 5. Optimized geometry of the meridional and facial isomer
K-Alq3 complex.

TABLE II. The calculated bond lengths of Alq3 (mer) and K-Alq3 (mer).
The values in bold indicate large changes.

Bonds Alq3 K-Alq3

Al-OsAd 1.8946 1.8814
Al-OsBd 1.8667 1.9359
Al-OsCd 1.8960 1.9019
Al-N sAd 2.0276 1.9538
Al-N sBd 2.0539 2.0660
Al-N sCd 2.0644 2.0385
Downloaded 10 Dec 2004 to 134.109.132.157. Redistribution subject to AI
l

d

meridional isomer and 0.11–0.16(−0.03 to 0.00) for the
facial isomer. We see that the distribution is equal amon
three ligands for the facial isomer, reflecting its three
symmetry. On the other hand, the excess electron in the
ridional isomer is mostly localized on ligandAsA,
−0.65e;B,−0.08e;C,−0.02ed, reflecting inequality amon
the ligands. More specifically, it is concentrated at the N
C atoms in the pyridyl part of ligandA, and at the O atom
ligandB. This agrees with the results by Johanssonet al.2 for
the meridional isomer, where the excess electron pred
nantly occupies the LUMO at ligandA and the pyridyl par
in this ligand.

The charge distributions in an isolated anion in both
meric forms are also shown in Fig. 7. The values in pa
theses indicate the difference in charge from Alq3 to Alq3

anion. The charge distribution on hydrogen atoms
0.07–0.18(−0.06 to −0.01) for the meridional isomer an
0.08–0.15(−0.05 to −0.01) for the facial isomer. Based o

FIG. 6. (Color) Charge distribution in the meridional and facial isomer
K-Alq3 complex.
these results for the anions and the complex, we can examine
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the extent to which the Alq3 part in the K complex is simila
to an isolated anion in terms of vibrational spectroscop
discussed below.

In Fig. 8, we compare the simulated IR spectra for
complex and isolated anion of the meridional and facial
mers, together with the observed IRRAS spectrum. T
show various degrees of similarity and divergence. First
note the similarity between the complex and the isolated
ion of the facial isomer. We may ascribe this to the pre
vation of threefold symmetry, with the K cation having
equal effect on the three ligands. The charge distributio
the Alq3 part in the complex is almost the same as that in
isolated anion, except for the small change at the ox
atoms. Moreover, the excess charge is also distributed a
equally among the ligands in both neutral Alq3 and the com
plex.

The simulated IR spectrum of the isolated anion of
meridional isomer is different from those of the facial s

FIG. 7. (Color) Charge distribution in the meridional and facial isomer
Alq3 anion.
cies described above. In this isomer, the distribution of elec

Downloaded 10 Dec 2004 to 134.109.132.157. Redistribution subject to AI
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trons is uneven among the ligandssA,−0.11e;B,−0.48e;C,
−0.38ed, which results in a spectrum that is significantly
ferent from that of the facial isomer.

Again, the simulated IR spectrum of the K-Alq3 com-
plex in the meridional form is significantly different fro
that of the isolated anion and also from that of the anion
K complex in the facial isomer form. The presence of th
ion significantly modifies the electron distribution among
ligands sA,−0.65e;B,−0.08e;C,−0.02ed, as describe
above. The major distribution is shifted fromC to A, which
is understandable sinceA is the nearest neighboring ligand
the K+ ion. The distribution within the ligands is also ve
different from those in the isolated anion, in particula
ligand A. Therefore, we can confirm that a potassium-do
meridional Alq3 molecule is in a completely different sta
than an isolated Alq3 anion from the perspective of molec
lar vibrations. As for the difference in the distribution of
excess charge compared to the neutral Alq3 molecule, the
excess charge in the K complex is concentrated at the N
C atoms in the pyridyl part of ligandA, and at the O atom
ligand B. In the isolated anion, the variation in the exc
charge distribution among ligands is smaller than that in
K complex.

In Fig. 8, the observed IRRAS spectrum agrees
with the simulated spectrum of the K-Alq3 complex of the
meridional isomer. In particular, we note(1) the appearanc
of a doublet at 1100 cm−1, (2) the absence of a strong peak
around 1150 cm−1, and(3) reproduction of the intense pea
at 1470 cm−1 and 1500 cm−1. On the other hand, other sim
lated spectra show much worse correspondence with th
served spectrum. Thus, we can conclude that Alq3 molecule
does not change to the facial isomer upon the depositio
potassium but remains in the meridional form. Although
alone does not contradict the predicted conversion for th

17

FIG. 8. Simulated IR spectra for the K complex and isolated anion wit
meridional and facial isomers of Alq3, together with the experimen
IRRAS spectrum. New bands are marked with asteriskss* d. The band
assigned to the vibrational modes in ligandA are marked withsAd.
-complex reported by Curioni and Andreoni,the similarity
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of the ultraviolet photoemission spectroscopy and x-ray
sorption spectroscopy results for the Li and K comple
suggests that conversion is also unlikely for Li-Alq3. The
total energies of the meridional isomer of K-Alq3 complex
calculated here show that the facial isomer is 5.5 kcal/
more stable than the meridional isomer. This contradicts
experimental observation, although the energy differen
smaller than that estimated in Ref. 17s.10 kcal/mold, and
further study is needed.

Assignments of the vibrational modes of K-doped A3,
deduced by comparing the IRRAS spectra with the calc
tion, are listed in Table III. Most of the new bands that
pear upon K deposition can be assigned to the vibrat

TABLE III. Assignments of the vibrational modes of K-Alq3 based on
B3LYP/6–31Gsdd calculation. Calculated frequencies were multiplied
0.961 and shifted to a higher frequency by 14 cm−1. Three ligands of Alq3
are labeledA, B, and C. LigandA corresponds to the ligand closest to
potassium atom, and ligandB corresponds to the ligand second closest to
potassium atom.

Observed-spanner
Calculated IR Raman Assignments(ligands)

1608 1606 Ring str.sC,Bd
1586 1579 1586 Ring str.sB,Cd
1572 1572 Ring str.sA,Cd
1556 1552 Ring str., CH bend, CO str.sA,Cd
1514 1533 CH bend, ring str.sAd
1487 1500 1493 Ring str., CH bendsB,A,Cd
1467 1470 1454 CH bend, ring str., CO str.sCd
1428 1425 1417 CH bend, ring str.sBd
1374 1387 1383 Ring str., CH bendsB,Cd
1336 1350 1347 Ring str., CH bend, CO bendsAd
1337 1332 CH bendsB,Cd
1295 1296 1280 CH bend, CO str., ring str.sAd
1277 1272 1267 CH bend, ring str.sAd
1224 1227 CH bend, ring str.sCd
1211 1208 1211 CH bend, ring str.sAd
1180 1199 CH bend, ring str.sAd
1141 1137 CH bend, ring str.sBd
1108 1110 1110 CH bend, ring str., AlN str.sC,Bd
1090 1082 1083 CH bend, ring str., AlN str., CO str.sAd
1058 1051 CH bend, ring str.sA,Cd
1023 1026 CC str., CH bendsAd
905 902 AlN str.sB,Cd
853 861 CH wagsCd
819 822 CH wagsAd
789 792 Ring def.sAd
745 743 CH def., AlO str.sA,Cd
647 644 CH wagsAd
579 589 Ring def., AlOC bendsCd
569 573 Ring torsionsAd
504 505 Ring def.sB,Cd, ring torsionsAd
466 469 Ring torsionsB,Cd
461 458 Ring torsionsB,Cd
426 423 Ring torsion, AlN str.sA,B,Cd
402 399 Ring def.sB,Cd, ring torsionsAd
361 369 Ring torsionsAd, AlN str. sCd
305 296 Ring torsionsB,Ad
211 207 Ring torsionsCd
modes, with the main contribution from ligandA, which is
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closest to the potassium atom. These bands from ligandA are
marked withsAd after the wave number values in Fig. 4 a
at the peaks in Fig. 8.

Figure 9 shows the SERS spectra of an Alq3 film before
and after potassium deposition. The region from 100
1600 cm−1 shows the vibrational modes of the quinol
groups. After K deposition, the relative intensities of the
brational modes in this region change and new bands a
at 1083, 1199, 1267, 1347, 1454, and 1533 cm−1. In the re-
gion below 1000 cm−1, which could not be measured
IRRAS, new bands appear at 369, 488, 674, 743, 792
902 cm−1. These new bands are marked with * in Fig. 9.
consider that most of the Alq3 molecules react with K, sinc
the bands associated with pristine Alq3, for example, th
band at 525 cm−1, become very weak after K deposition.

For comparison with these observed data, we also c
lated the Raman spectra of the meridional and facial iso
of the K-Alq3 complex and an isolated anion. In Fig. 9, th
are compared with the experimentally observed SERS
trum. As in the case of IR, there are major differences in
calculated Raman spectra. The spectra of the facial Alq3 an-
ion and the facial K-Alq3 complex are somewhat simi
concerning energies, possibly because both have thre
symmetry as mentioned above. The relative intensity o
bands in the observed spectrum does not agree well wit
simulated spectra even for the K complex with the me
onal isomer of Alq3. This is probably due to the effect o
resonance of the Kr+ laser s530.9 nmd with visible absorp
tion induced by K doping, which is expected to appear
similar region as the broad peak observed for Li-Alq3 com-

FIG. 9. SERS spectra of Alq3 film before and after potassium deposition
simulated Raman spectra for the K complex and isolated anion wit
meridional and facial isomers of Alq3. New bands are marked with asteri
s* d. The bands assigned to the vibrational modes in ligandA are marked
with sAd.
plex at 615 nm with a full width at half maximum of about
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200 nm.25 This hinders the detailed analysis of the SE
spectra. Nevertheless, we made tentative assignments
bands by comparison with the calculated spectrum for
meridional form of K-Alq3 complex, based only on the co
respondence of energy positions, without considering th
tensities(Table III). In the high frequency region, the ne
bands at 1083, 1267, and 1347 cm−1 seem to correspond
the new bands in the IR spectra at 1082, 1272,
1350 cm−1, which are assigned to vibrations mainly at liga
A. Other bands at 1199 and 1533 cm−1 can also be assign
to vibrations at ligandA. These are marked with * in Fig.

The band assigned to the Al-O stretching mode
525 cm−1 becomes weak upon potassium deposition and
band assigned to the Al-N stretching mode at 917 c−1

strengthens and is shifted to 902 cm−1. This suggests that th
environment in the region of the Al-O and Al-N bonds
changed by potassium doping. The shift of the Al-N stre
ing mode to a lower frequency indicates that the Al-N b
weakens with potassium doping. If the LUMO of Alq3,
where the transferred electron sits, has an antibonding
acter at the Al-N bond, where the transferred electron
sides, the Al-N bond becomes weak. Based on the DFT
culation, the LUMO orbital is localized on the quinoli
ligand, but not on the Al atom. Hence, it is difficult to e
plain the shift of the Al-N stretching mode to a lower f
quency in terms of the LUMO character and such varia
requires further study.

He et al.13 reported HREELS spectra of the Mg/Al3

interface. After Mg was deposited on the Alq3 layer, the
HREELS spectra showed changes such as a decrease
tensity and broadening and shifting of peaks, and bec
more complicated. These trends are similar to the pres
observed results of IRRAS and SERS of K-doped A3.
However a detailed comparison was difficult due to the p
resolution of HREELS and the large difference in rela
intensities between HREELS and other spectra even for
tine Alq3.

The present results permit a few general comment
the usefulness of vibrational spectroscopy in the stud
such electronically functional organic molecular syste
First, vibrational spectroscopy could be used effectively
the discrimination of possible isomers. This is due to
large difference in the effect of the K+ ion on the two iso
mers, in particular the preservation of high symmetry in
facial isomer and the lack of equivalence of the ligands in
meridional isomer, which leads to the predominance
ligand A. Second, the good agreement between the obs
and simulated IR spectra of the K-Alq3 complex demon
strates that the spectrum of such a complex system ca
be fairly well interpreted when geometry optimization
properly used. Third, the calculated spectra indicate tha
vibrational spectra of the K-Alq3 complex are very differen
from those of the isolated anion. This shows that care sh
be taken in interpreting the spectra of doped organic ma
als without considering the presence of the counter ion.

Finally, we will examine the possibility of discriminatin
among the chemical species examined above by photo
tron spectroscopy, since this shows the advanta

disadvantages of vibrational spectroscopy. Figure 10 depict
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the calculated density of states(DOS) for the two isomers o
the isolated anion and the K-Alq3 complexes and also t
observed spectra reported by Schwiegeret al.18 (which are
very similar to the spectra reported by Johanssonet al.2). The
DOS of the K-Alq3 complexes for the two isomers are
very different and there is also only a slight difference
tween the calculated DOS of the complex and isolated a
Considering the generally limited correspondence betw
the simulation and the observed spectra, it is difficult to
tinguish the subtle difference between the four states of3.
This highlights that vibrational spectroscopy is a highly s
sitive tool for discriminating subtle differences between
isomers and between the complex and isolated anion.

IV. CONCLUSION

The geometrical structure of the potassium-doped3

molecule and the interaction between Alq3 and potassium
were studied using IRRAS, SERS, and DFT calculation
contrast to previous theoretical predictions, we found tha
Alq3 molecule does not change to the facial isomer upon
deposition of potassium, but rather maintains the merid
form. This conclusion is based on the large difference
tween the calculated IR spectra of the K-Alq3 complex for
the meridional and facial isomers and the good corres
dence of the former with the observed spectra. These c
lations also confirm the conclusion of previous research2

that the change in electron density from the neutral mole

FIG. 10. Comparison of the observed UPS spectra(Ref. 18) and calculate
density of states. The calculated curves have been scaled and shifted
with the experimental results at peaksA (neutral) andA8 (anion and com
plex), which correspond to the HOMO of neutral Alq3.
sis concentrated on the ligand nearest the potassium atom, and
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in particular the pyridyl part within this ligand. The calc
lated vibrational spectra of potassium-doped Alq3 were very
different from those of the isolated anion. This indicates
care should be taken in interpreting the spectra of d
organic materials without also considering the presenc
the counter ion, although the vibrational spectra of do
organic materials are usually interpreted by considerin
isolated anion-cation model. The SERS results and c
sponding calculations provide information about the c
plex, although a detailed analysis was hindered probably
to the effect of resonance induced by K doping. We
showed that vibrational spectroscopy can be a more sen
tool than UPS for identifying subtle differences between
isomers. Although the experimental results obtained
were all predominantly related to the meridional isomer,
calculated results for the facial isomer should also be u
for possible future experiments using facial isomers.
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