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The geometrical structure of potassium-doped;Algis-(8-hydroxyquinoling aluminuni and the
interaction between the Algmolecule and potassium were studied using infrared reflection
absorption spectroscopylRRAS), surface-enhanced Raman scatterif®ERS, and density
functional theory calculations. A major aim of this study was to examine the theoretically predicted
isomerization of Alg 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
Algs film. The calculated IR spectra of the K-Alccomplex differ significantly between the
meridional and facial forms, and the calculation for the meridional form agrees fairly well with the
observed spectrum. This demonstrates thathe Alg; 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, an@) the structure of the complex as evaluated from geometry optimization

is reliable. We also found that the calculated IR spectrum of the K-&tgnmplex with Alg 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 ef @igthe

other hand, the calculated spectra of Aand the K-Alg 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 PhysidDOI: 10.1063/1.1776626

I. INTRODUCTION while they are equivalent in the facial isonj&ig. 1(b)]. The
names of the ligand&.—C and L1-L3 for the meridional
Recently, organic light-emitting diode®©LEDs) have  jsomer in Fig. 1 are those used in Refs. 2 and 3, respectively.
attracted much attention due to their potential applications i has peen reported that the meridional isomer is the domi-

m_ulticolor flat-_pan_el displays. Trig8-hydroxyquinoling alu_- nant species in most cases, such as in amorphous evaporated
minum (Alqy) is widely used as an electron transport/light- films in the Ar-matrix-isolated state and crystalline states

i:mtt:r? d'?\?\’/gr '23::;2 OelaaneilgT iggarglcsza(l)fsglucguggi_of prepared under ambient conditioh®.Theoretical calcula-
ds P 9 o tions by DFT (density functional theofy using the

onal (C; symmetry and facial (C; symmetry forms, are BLYP/ECP(Ref 4 B3LYP/SDDRef hods al
shown in Fig. 1. In the meridional isomer, the three ligands (Ref. 3 an D(Ret. § methods also

are not equivalent with respect to the Al atdfig. 1(a)] predict that the meridional isomer is more stable than the
facial isomer by 4—8 kcal/mol. Even though in this work we
2 . _ _ only used Alg in the meridional form as the starting material
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Z isomer is more stable than the meridional isomer by at least
10 kcal/mol in these metal complexes. Thus, they suggested
that molecules in the meridional form in the neutral state
may be converted into the facial isomer upon complexation.
They also concluded that although complete electron transfer
from lithium takes place, the charge distribution in the Alq
part of the complex differs from that in an isolated radical
anion, although the excess electron is also localized on the
pyridyl side of the ligands.

Thus, although previous studies have clarified many im-
portant points, it is desirable to obtain even more experimen-
tal information on the nature of the AJgmolecule in an
alkaline metal complex. Important questions still remain,
such as(1) which isomeric form do the doped Algnol-
ecules take?2) to what extent can we regard the Algnion
in the Algg complex as being similar to an isolated anion?
and (3) which part of the Alg molecule is affected by the
metal atom? The importance of the possible conversion from
the meridional to the facial isomer was also stressed by

FIG. 1. Chemical structure and geometrical isomers of,Alq Kushto et al® Since the calculations by Curiorét al’
showed that the facial isomer is more efficient as an electron
trap, the possible formation of facial isomers by metal depo-

A typical OLED consists of indium tin oxide as the an- sjtion may govern charge transport in the bulk material.
ode on which organic thin films are sequentially deposited;Thus, possible isomerization in the complexes is important in
with low work function metals finally deposited as the cath-devices using Alg
ode. Since the properties of the metal/organic interface affect To clarify these points and to obtain a deeper insight into
the performance of such devices, an understanding of thenetal-Alg,; interaction, we studied the geometrical structure
interaction between such low work function metals and or-of potassium-doped Algfiims and the interaction between
ganic molecules is important. Hence, the interfaces betweeflq; and potassium using infrared reflection absorption spec-
Alg; and metals such as Al, Mg, Ca, Li, and K have beentroscopy (IRRAS), surface-enhanced Raman scattering
investigated both experimentally and theoreticafly:® It ~ (SERS, and DFT calculations. Such vibrational spectro-
has been reported that charge transfer mainly takes placseopic studies of potassium doping of Alims have not
between Alg and alkali metals such as K and Li, while Mg been reported previously. It is well known that IR spectros-
and Al form more covalent metal-carbon boridS. copy and Raman spectroscopy are complementary to each

In this paper, we will focus on the former case of alkali other in many aspects, such as selection rules. In IRRAS,
metals. Johanssoet al? studied the electronic structure of high sensitivity is achieved by the glazing reflection geom-
Algs upon doping with potassium and lithium using a com-etry, and in SERS, the extensive enhancement of Raman
bination of x-ray and ultraviolet photoelectron spectroscopyscattering is caused by silver clusters. Both techniques are
They also performed quantum-chemical calculations for thgpowerful probes for examining the structure and chemistry
K-Alg; complex using the DFT/BLYP method, assuming of the surface and interface due to their high sensitivity and
that Algg was in the meridional form. They concluded that resolution.

(1) a negative charge is transferred from metal atoms to the ~The assignment of vibrational modes of Algas been
nitrogen atoms0.866 for the 1:1 K complex determined reported by various workers using IR and Raman spectros-
from the DFT calculation, and slightly less for the Li com- COpy and theoretical calculatiofis”?° These studies have
plex, as judged from their XPS specdtra2) the potassium @already established the assignments of the meridional form
atom interacts mainly with the nearest neighboring ligehd ~ Of Alds, which has been the form predominantly observed in
in Fig. 1(a)], (3) there is a weaker interaction with the next all these studies. In this work, we extended these studies to
nearest neighboring ligar{® in Fig. 1(a)], (4) the change in  the K-Alg; complex. The results show fairly good agreement

the valence states observed in the UPS spectra is similar fG¢tween the observed and calculated IR spectra, which dem-
both K and Li complexes(5) the transferred charge is Onstrates that DFT calculations are useful for such complex

mainly localized on one of the ligand#) (0.63), with a _molecular systems. The res_ults not_only clarif_y the isomer-
smaller fraction orB, and(6) the calculated highest occupied 1SM but also provide useful information regarding other fac-
molecular orbital(HOMO) of the K complex is essentially {OrS, such as question®) and(3) described above.
the same as the lowest unoccupied molecular orbital
(LUMO) of Algs. o 4. Il. EXPERIMENTAL AND THEORETICAL

On the other hand, Curioni and Andrebnperformed
DFT calculations for the meridional and facial isomers of The IRRAS and SERS experiments were performed on
Algs; and also for Li-Alg, Al, and Ca complexes that in- layers grown on A¢l11) surfaces, prepared on Si substrates
cluded these two isomers. The results indicated that the faciah ultrahigh vacuum(UHV) chambers(base pressure<4

(a) meridional (b) facial
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X 10°8 Pg). Thep-type S{111) substrate was cleaned by dip-
ping in acetone, ethanol, and deionized water in an ultrasonic
bath. The substrate was then dipped in 40% HF solution for
2 min?%, and immediately transferred to a UHV chamber.
A 1 X1 low energy electron diffractio(LEED) pattern indi-
cated the formation of a hydrogen-terminated1$l) sur-
face. Ag films, 100 nm thick, were deposited on this
hydrogen-terminated &ill) surface from a Knudsen cell.
LEED and Auger measurements revealed the formation of a
clean Ad111) surface. The sample of Algvas supplied by
Aldrich and purified by sublimation. Algfilms were pre-
pared by vacuum evaporation from a separate Knudsen cell A , , , , \ ,
onto these A@lL11) surfaces, which were kept at room tem- 400 600 800 1000 1200 1400 1600 1800
perature. The thickness of the Aliim was monitored using Wavenumber (cm-1)
a quartz microbalance and limited to 10 nm for IRRAS mearg 2. Experimentally observed IR spectrum and theoretically simulated IR
surements or 3 nm for Raman measurements. Potassium We&iectra of the meridional and facial isomers of Alg
deposited on Alg films from a SAES getter source.

IRRAS spectra were measured at Nagoya University usl!l- RESULTS AND DISCUSSION
ing an IRRAS system consisting of an FT-IR spectrometelA. Assignments of vibrational modes of Alg 5
(FM—Fourier transform (Mattson R/S-}, a mercury cad-
mium telluride (MCT) detector, and a UHV chamber. The

spectra_ were obtained in sm_gle reflection mode W'thtra after scaling and shifting are shown for both meridional
_p-p_olarlzed Ilghtothrough a BaRwvindow and at an angle of o4 tacial isomers. The experimentally observed spectrum
mudence of 80 relgtlve to surface normal. The reflectedagrees well with those reported by Halls and ArdtKushto
light was d(_etected WIFh the MCT detector. The spectra werg, al.’ and Espostiet al?® The high-resolution-electron-
measured in the region of 1000—4000¢mIRRAS mea- energy-loss-spectroscopHREELS) spectrum of pristine
surements below 1000 cihwere difficult to obtain using Algs film reported by Heet al’® reasonably corresponds in
this system due to the limited sensitivity of the MCT detec-terms of the energies of the spectral features to the IRRAS
tor. The results of 500 or 1000 scans with a resolution ofspectrum, though the relative intensities of peaks are differ-
4 cmt were averaged. The complementary spectrum of Alg ent. Our calculated spectra are similar to those reported by
powder was also measured for KBr pellets under ambienkushto et al. using BSLYP/SDD DFT calculations, except
conditions at 400—4000 cth for a slightly better agreement with the experimental spec-
Raman spectra were measured at TU Chemnitz using tum for the intensity of the bands at 1110, 1298, and
triple monochromato¢Dilor XY ) with a charge-coupled de- 1336 cm™. The observed spectrum agrees well with the cal-
vice detector that was optically aligned to the UHV chamberculation for the meridional isomer. The simulated spectrum
The 530.9 nm line of a Krlaser was used for excitation. The for the facial isomer differs from the calculated and mea-
laser beangpower<30 mW) was focused on a spot of about sured spectra for the meridional isomer in several respects:
300um in diameter on the sample surface. The spectrafl) the intensity of the bands at 1385 and 1500 tris

resolution was 2.5 ci. To obtain strong Raman signals by Weaker, and2) the frequencies and degeneracy of the bands
surface enhancement, silver was deposited to an averag§tween 400 and 430 chand between 540 and 660 chn

originating from the Al-N and Al-O stretching vibrations are
different, due to the higher symmetry of the facial isomer. As
described in the extensive study by Kusletoal,” these re-
sults confirm that the Algfilms consist predominantly of the
meridional isomer, as in various forms of cryst%ﬁs.
Assignments of the vibrational modes of Alcas de-

Intensity (a.u.)

Figure 2 shows the experimentally observed and theo-
retically calculated IR spectra of AlqThe theoretical spec-

thickness of 1 nm on Algfilms from a Knudsen cell follow-
ing potassium deposition.

DFT calculations were carried out wittAUSSIAN 98 Us-
ing the B3LYP functional and 6—31@) basis set. The ge-
ometries of the Alg molecule and the AlgK complex were

optimized by B3LYP/6-31@l) using the optimized geom- duced by comparison with the calculation, are listed in Table

etries for Alg; and the Alg-Li complex reported by Curioni | *\hich also shows the results of Raman measurements. The

.7 . . .
and Andreorli’ as the starting geometries. Since the calCUnodes between 1033 and 1605 rare mainly due to ring

lated frequencies were larger than those observed in the higﬂretching and CH bending vibrations of the ligands, al-
frequency region and smaller than those in the low frequencynough CN stretching(1228 cn1?) and CO stretching
region, the calculated values were multiplied by 0.961 and1282 cni?) are also observed in this region. These assign-
shifted to a higher wave number by 14 TmSimulated ments agree almost completely with those reported by previ-
spectra were obtained by convoluting the bars with heightgus worker$:'*?° The band at 917 c, due to an Al-N
proportional to the calculated intensities by a Lorenzianstretching vibration, is not observed in the IR spectrum, but
function with a full width at half maximum of 4 cm (IR)  is weakly observed in the Raman spectrum. We will use
and 2.5cm! (Raman. The assignments of vibrational these assignments later when discussing the change in the
modes were made using visualized vibrational patterns.  spectra induced by K doping.
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TABLE |. Assignments of the vibrational modes of Aldased on a
B3LYP/6-31Gd) calculation. The listed frequencies were obtained by
multiplying the original calculated values by 0.961 and shifting to a higher
frequency by 14 crii.
Observed-spanner

Calculated IR Raman Assignments _

S
1606 1605 Ring str. &
1589 1588 Ring str., CH bend g B3LYP
1583 1579 Ring str. o |6-31G(d)
1502 1500 1495 CH bend, ring str. 2 | Tmer . L
1467 1470 1465 CH bend, ring str.
1430 1424 1419 CH bend, ring str. B3LYP
1381 1385 1388 Ring str. 6-3f1a%(d)
1336 1332 1328 CH bend, ring str.
1298 1282 1282 CH bend, ring str., CO str. 00 800 1200 1600
1232 1228 1226 CH bend, CN str. Raman shift (cm-1)
1222 1211 1215 CH bend, ring str.
1175 1174 1169 CH bend FIG. 3. SERS spectrum of Aldilm with a 1 nm thick deposition of silver
1139 1134 1132 CH bend and simulated Raman spectra of the meridional and facial isomers gf Alg
1110 1115 1113 CH bend, ring str.
1060 1057 1053 CH bend, ring str. rable agreement with the experimental spectrum. The re-
1039 1033 1029 CH bend, ring str. ported simulated spectrum for the facial isomer, using the
909 o17 AN str., ring def. Hartree-Fock 6-31G* calculatiolt, differs slightly from the
2?2 22: :22 g: wag experiment with regard to the intensity distribution. The fre-
801 804 804 Ringv‘ézgf. quency of the mode due to the Al-O stretc_hing vibration
779 789 786 CH wag observed at 525 cth agrees shghtlly. bette_r with the value
752 750 753 Ring breathing (523 cn?) calculated for the meridional isomer than that
653 650 644 Ring def., AlO str. (534 cm!) calculated for the facial isomer. Thus, while it is
624 623 Ring torsion. AlO str., AIN str.  difficult to identify the predominant isomer from Raman
597 592 Ring def. spectroscopy, the results do not contradict the predominance
577 577 575 Ring def., AIOC bend of the meridional isomer deduced from IRRAS spectroscopy.
546 549 542 Ring def., AlO str.
252 2(2; 525 RlngR(ii:é.,d:fl.O str B. Chqnges in .IRRAS and SERS spectra with
502 502 504 Ring def. potassium doping
467 470 469 Ring torsion Figure 4 shows the IRRAS spectra of a clean Afitm
454 456 458 Ring torsion and after three successive steps of potassium evaporation.
429 Ring def., AlO sr. Upon potassium evaporation, most of the vibrational bands
:(1;7’ 2(2)2 3(2)2 Q'n'\; s(';;f A/L?gcbszr‘jd between 1000 and 1606 chhbecome weaker, and new
403 308 Ring def., AIN str. bands(shown with %) appear at 1082, 1208, 1272, 1296,
356 356 Ring def., AIN str.
311 307 Ring torsion ]:O 00; ' ° ' . '
292 293 Ring torsion S

Figure 3 shows the SERS spectrum of anltm, with
silver deposited at an average thickness of 1 nm compared
with the calculated Raman spectra of meridional and facial
isomers. The deposition of silver led to a pronounced in-
crease in the intensity of Raman scattering due to the SERS
effect. The frequencies and relative intensities of thezAlq
vibrational modes were not modified by Ag deposition, indi-
cating the absence of strong chemical interaction between
Ag and Alqg.23 The experimentally observed spectrum in
Fig. 3 agrees well with those reported by Halls and Afdca
and Espostet al?° (both with excitation at 1064 nnHow-
ever, the intensity distributions are different, which can be
ascribed to the difference in excitation energy. The numeric

Absorbance

T

I

| deposition
I time/s
I

I

pristine
Algs

1000

1200

1400 1600
Wavenumber (cm-)

1800

all'-IG. 4. Changes in the IRRAS spectra of a cleansAllgn upon potassium
deposition. New bands are marked with asterigksThe bands assigned to

data and assignmept_s are listed i_n Table I. The simulategie vibrational modes in ligand are marked with(A) after the wave num-
spectra of both meridional and facial isomers show compaber values.
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(a) meridional

(a) meridional (b) facial

FIG. 5. Optimized geometry of the meridional and facial isomers of
K-Alq 5 complex.

1350, 1452(shouldey, and 1552 cmt. These bands are in
the region of the ring stretching and CH bending modes of
the quinoline ligands. The IRRAS spectra did not change
further with potassium deposition in excess of 6000 s.

The reported UPS, XPS, and theoretical studies for
K-Alg s and Li-Alg; complexes have indicated electron trans-
fer from the alkali metal to Alg>'’ The amount of charge
transfer from the K atom to meridional Algnolecule in a
1:1 complex was theoretically estimated by Johanstcal.
to be 0.866.2 In addition to these results, our recent near-
edge x-ray-absorption fine structu(BlEXAFS) investiga-
tions revealed a decrease in intensity for core excitation to
the 7*LUMO after potassium depositio?w“. This also indi-
cates electron transfer from potassium to the LUMO ofzAlq

As mentioned above, geometry optimization was carried
out starting from a geometry similar to that reported by Cu-
rioni and Andreont.” with the resulting geometries similar to
those at the start. They are shown in Fig. 5. In the facial
isomer, the K atom is on the axis of threefold symmetry. On
the other hand, in the meridional isomer, the K atom lies
between ligand#\ and B. The changes in the Al-O and Al FIG. 6. (Color) Charge distribution in the meridional and facial isomers of
-N bond lengths are shown in Table Il. The calculated<-Alds complex.
amount of electron transfer from the K atom to the Alq
molecule is 0.176 and 0.7% for the meridiona_l gnd facial _meridional isomer and 0.11-0.16:0.03 to 0.00 for the
forms, respectively, and the value for the meridional form iS¢
smaller than that reported by Johanssoml. (0.866).2 The
charge distribution in the two isomeric forms is depicted in

acial isomer. We see that the distribution is equal among the
three ligands for the facial isomer, reflecting its threefold

Fig. 6. The K atom is shown by a croés), and the values symmetry. On the other hand, the excess electron in the me-

for the K, Al, N, and O atoms are shown in bold. The valuesiidional isomer is mostly localized on ligandA(A,

in parentheses indicate the change in charge from isolated0-6%;B,~0.08;C,-0.02), reflecting inequality among

Alg; and K to the K-Alg complex. The charge on hydrogen the ligands. More specifically, it is concentrated at the N and

atoms, omitted in Fig. 6, is 0.10-0.260.03 to 0.0] for the ~ C atoms in the pyridyl part of ligand, and at the O atom in
ligandB. This agrees with the results by Johanssbal? for

TABLE Il. The calculated bond lengths of Alqmen and K-Alg, (me. the meridional isomer, where the excess electron predomi-

The values in bold indicate large changes. nantly occupies the LUMO at ligand and the pyridyl part
in this ligand.

Bonds Alg K-Algs The charge distributions in an isolated anion in both iso-
ALO(A) 1.8946 1.8814 meric forms are also shown in Fig. 7. The values in paren-
Al-O(B) 1.8667 1.9359 theses indicate the difference in charge from jAlq Algs
Al-O(C) 1.8960 1.9019 anion. The charge distribution on hydrogen atoms is
AN (A 2.0276 1.9538 0.07-0.18(-0.06 to —0.0} for the meridional isomer and
ALNGE) 20539 20660 0.08-0.15(-0.05 to —0.0} for the facial isomer. Based on
Al-N(C) 2.0644 2.0385

these results for the anions and the complex, we can examine
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Intensity (a.u.)

1000 1200 1400 1600 1800
Wavenumber (cm-1)

FIG. 8. Simulated IR spectra for the K complex and isolated anion with the
meridional and facial isomers of A together with the experimental
IRRAS spectrum. New bands are marked with asterigks The bands
assigned to the vibrational modes in ligaAcare marked withA).

trons is uneven among the ligangs, -0.1%; B, -0.4&;C,
—-0.3&), which results in a spectrum that is significantly dif-
ferent from that of the facial isomer.

Again, the simulated IR spectrum of the K-Algom-
plex in the meridional form is significantly different from
that of the isolated anion and also from that of the anion and
K complex in the facial isomer form. The presence of the K
ion significantly modifies the electron distribution among the
ligands (A,-0.6%;B,-0.08;C,-0.02), as described
above. The major distribution is shifted fro@to A, which
is understandable sineis the nearest neighboring ligand to
the K" ion. The distribution within the ligands is also very
FIG. 7. (Color) Charge distribution in the meridional and facial isomers of different from those in the isolated anion, in particular in
Algs anion. ligand A. Therefore, we can confirm that a potassium-doped
meridional Alg; molecule is in a completely different state

the extent to which the Algpart in the K complex is similar than an isolated Alganion from the perspective of molecu-

to an isolated anion in terms of vibrational spectroscopy, adar vibrations. As for the difference in the distribution of the
discussed below. excess charge compared to the neutral;Afwplecule, the
In Fig. 8, we compare the simulated IR spectra for thetXcess charge in the K complex is concentrated at the N and
) C atoms in the pyridyl part of ligand, and at the O atom in

complex and isolated anion of the meridional and facial iso-;

mers, together with the observed IRRAS spectrum. The}l/lgand B. In the isolated anion, the variation in the excess

- o . . tharge distribution among ligands is smaller than that in the
show various degrees of similarity and divergence. First, w 9 g9

te the similarity between th lex and the solated an COMPIEX
note the similarity between the complex and the isolated an- -, Fig. 8, the observed IRRAS spectrum agrees well

ion of the facial isomer. We may ascribe this to the Presers, i the simulated spectrum of the K-Algomplex of the
vation of threefold symmetry, with the K cation having an merigional isomer. In particular, we not#) the appearance
equal effect on the three ligands. The charge distribution oft 5 qoublet at 1100 cm, (2) the absence of a strong peak at
the Alg; part in the complex is almost the same as that in theyround 1150 crit, and(3) reproduction of the intense peaks
isolated anion, except for the small change at the oxyge@t 1470 cri® and 1500 critt. On the other hand, other simu-
atoms. Moreover, the excess Charge is also distributed almOﬁted Spectra show much worse Correspondence with the ob-
equally among the ligands in both neutral And the com-  served spectrum. Thus, we can conclude that Aglecule
plex. does not change to the facial isomer upon the deposition of
The simulated IR spectrum of the isolated anion of thepotassium but remains in the meridional form. Although this
meridional isomer is different from those of the facial spe-alone does not contradict the predicted conversion for the Li
cies described above. In this isomer, the distribution of eleceomplex reported by Curioni and Andreddithe similarity
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TABLE Ill. Assignments of the vibrational modes of K-Ajdased on a
B3LYP/6-31Qd) calculation. Calculated frequencies were multiplied by
0.961 and shifted to a higher frequency by 14 &nThree ligands of Alg

are labeledA, B, and C. LigandA corresponds to the ligand closest to the
potassium atom, and ligaficorresponds to the ligand second closest to the
potassium atom.

Observed-spanner

Calculated IR Raman Assignmertgandsg
1608 1606 Ring st(C,B)

1586 1579 1586 Ring st(B,C)

1572 1572 Ring strtA,C)

1556 1552 Ring str., CH bend, CO tA,C)
1514 1533 CH bend, ring stfA)
1487 1500 1493 Ring str., CH beriB,A,C)
1467 1470 1454 CH bend, ring str., CO )
1428 1425 1417 CH bend, ring stB)
1374 1387 1383 Ring str., CH beri8,C)
1336 1350 1347 Ring str., CH bend, CO berd
1337 1332 CH bendB, C)

1295 1296 1280 CH bend, CO str., ring $f%)
1277 1272 1267 CH bend, ring stA)
1224 1227 CH bend, ring stfC)
1211 1208 1211 CH bend, ring stA)
1180 1199 CH bend, ring stfA)
1141 1137 CH bend, ring stfB)
1108 1110 1110 CH bend, ring str., AIN st€,B)
1090 1082 1083 CH bend, ring str., AIN str., CO $&)
1058 1051 CH bend, ring stfA,C)
1023 1026 CC str., CH ben@d)

905 902 AlIN str.(B,C)

853 861 CH wagC)

819 822 CH wagA)

789 792 Ring def(A)

745 743 CH def., AlO str(A,C)
647 644 CH wagA)

579 589 Ring def., AIOC ben(C)
569 573 Ring torsiorfA)

504 505 Ring def(B,C), ring torsion(A)
466 469 Ring torsioriB,C)

461 458 Ring torsioriB,C)

426 423 Ring torsion, AIN strA,B,C)
402 399 Ring def(B,C), ring torsion(A)
361 369 Ring torsiortA), AIN str. (C)
305 296 Ring torsior{B,A)

211 207 Ring torsioriC)
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FIG. 9. SERS spectra of Aldilm before and after potassium deposition and
simulated Raman spectra for the K complex and isolated anion with the
meridional and facial isomers of AjgNew bands are marked with asterisks
(*). The bands assigned to the vibrational modes in ligaArare marked
with (A).

closest to the potassium atom. These bands from ligeack
marked with(A) after the wave number values in Fig. 4 and
at the peaks in Fig. 8.

Figure 9 shows the SERS spectra of anAitm before
and after potassium deposition. The region from 1000 to
1600 cm! shows the vibrational modes of the quinoline
groups. After K deposition, the relative intensities of the vi-
brational modes in this region change and new bands appear
at 1083, 1199, 1267, 1347, 1454, and 1533%rin the re-
gion below 1000 cm, which could not be measured by
IRRAS, new bands appear at 369, 488, 674, 743, 792, and
902 cnil. These new bands are marked with * in Fig. 9. We
consider that most of the Adlgnolecules react with K, since
the bands associated with pristine Aldor example, the
band at 525 cit, become very weak after K deposition.

For comparison with these observed data, we also calcu-

of the ultraviolet photoemission spectroscopy and x-ray ablated the Raman spectra of the meridional and facial isomers
sorption spectroscopy results for the Li and K complexesOf the K-Algsz complex and an isolated anion. In Fig. 9, these

suggests that conversion is also unlikely for Li-Aldqhe
total energies of the meridional isomer of K-Algomplex

calculated here show that the facial isomer is 5.5 kcal/mo

more stable than the meridional isomer. This contradicts th

smaller than that estimated in Ref. {10 kcal/mo), and

further study is needed.

are compared with the experimentally observed SERS spec-
trum. As in the case of IR, there are major differences in the
f:alculated Raman spectra. The spectra of the faciaj atg

lon and the facial K-Alg complex are somewhat similar

Concerning energies, possibly because both have threefold
experimental observation, although the energy difference i§ g gies, p y

ymmetry as mentioned above. The relative intensity of the
bands in the observed spectrum does not agree well with the
simulated spectra even for the K complex with the meridi-

Assignments of the vibrational modes of K-doped Alg  onal isomer of Alg. This is probably due to the effect of a
deduced by comparing the IRRAS spectra with the calcularesonance of the Krlaser(530.9 nm with visible absorp-
tion, are listed in Table Ill. Most of the new bands that ap-tion induced by K doping, which is expected to appear in a
pear upon K deposition can be assigned to the vibrationadimilar region as the broad peak observed for Li-Abgpm-
modes, with the main contribution from liga& which is

plex at 615 nm with a full width at half maximum of about
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200 nm?® This hinders the detailed analysis of the SERS
spectra. Nevertheless, we made tentative assignments of the
bands by comparison with the calculated spectrum for the
meridional form of K-Alg complex, based only on the cor-
respondence of energy positions, without considering the in-
tensities(Table Ill). In the high frequency region, the new
bands at 1083, 1267, and 1347 ¢nseem to correspond to
the new bands in the IR spectra at 1082, 1272, and
1350 cm?, which are assigned to vibrations mainly at ligand
A. Other bands at 1199 and 1533 ¢ngan also be assigned
to vibrations at ligandA. These are marked with * in Fig. 9.
The band assigned to the AI-O stretching mode at
525 cnmi! becomes weak upon potassium deposition and the
band assigned to the AI-N stretching mode at 917'%cm
strengthens and is shifted to 902 @miThis suggests that the
environment in the region of the Al-O and AI-N bonds is
changed by potassium doping. The shift of the Al-N stretch-
ing mode to a lower frequency indicates that the Al-N bond
weakens with potassium doping. If the LUMO of Alq
where the transferred electron sits, has an antibonding char-
acter at the AI-N bond, where the transferred electron re-
sides, the Al-N bond becomes weak. Based on the DFT cal- |
culation, the LUMO orbital is localized on the quinoline E

Intensity (a.u.)

|

|

|

|

|
ligand, but not on the Al atom. Hence, it is difficult to ex- 270 8 6 4 2 0
plain the shift of the Al-N stretching mode to a lower fre- Binding Energy (eV)

quency in terms of the LUMO character and such variation
requires further study FIG. 10. Comparison of the observed UPS spe@d®ef. 18 and calculated

13 density of states. The calculated curves have been scaled and shifted to align
He et al.” reported HREELS spectra of the Mg/Alq with the experimental results at peakgneutra) and A’ (anion and com-

interface. After Mg was deposited on the Altpyer, the  plex), which correspond to the HOMO of neutral Alg
HREELS spectra showed changes such as a decrease in in-

tensity and broadening and shifting of peaks, and becam@e calculated density of staté80OS) for the two isomers of
more complicated. These trends are similar to the presently,e isolated anion and the K-Ajccomplexes and also the
observed results of IRRAS and SERS of K-doped sAlq opserved spectra reported by Schwiegerl® (which are
However a detailed comparison was difficult due to the POOKery similar to the spectra reported by Johansstoai 2). The
resolution of HREELS and the large difference in relativepos of the K-Algg complexes for the two isomers are not
intensities between HREELS and other spectra even for prisgery different and there is also only a slight difference be-
tine Algs. tween the calculated DOS of the complex and isolated anion.
The present results permit a few general comments ogonsidering the generally limited correspondence between
the usefulness of vibrational spectroscopy in the study ofhe simulation and the observed spectra, it is difficult to dis-
such electronically functional organic molecular systemsiinguish the subtle difference between the four states of.Alq
First, vibrational spectroscopy could be used effectively forThis highlights that vibrational spectroscopy is a highly sen-
the discrimination of possible isomers. This is due to thesitive tool for discriminating subtle differences between the

large difference in the effect of the*Kion on the two iso-  jsomers and between the complex and isolated anion.
mers, in particular the preservation of high symmetry in the

facial isomer and the lack of equivalence of the ligands in th
meridional isomer, which leads to the predominance o
ligand A. Second, the good agreement between the observed The geometrical structure of the potassium-doped; Alq
and simulated IR spectra of the K-Algcomplex demon- molecule and the interaction between Algnd potassium
strates that the spectrum of such a complex system can stillere studied using IRRAS, SERS, and DFT calculations. In
be fairly well interpreted when geometry optimization is contrast to previous theoretical predictions, we found that the
properly used. Third, the calculated spectra indicate that th&lg; molecule does not change to the facial isomer upon the
vibrational spectra of the K-Algcomplex are very different deposition of potassium, but rather maintains the meridional
from those of the isolated anion. This shows that care shoultbrm. This conclusion is based on the large difference be-
be taken in interpreting the spectra of doped organic materitween the calculated IR spectra of the K-Alcomplex for
als without considering the presence of the counter ion.  the meridional and facial isomers and the good correspon-
Finally, we will examine the possibility of discriminating dence of the former with the observed spectra. These calcu-
among the chemical species examined above by photoeletations also confirm the conclusion of previous researéhers
tron spectroscopy, since this shows the advantageshat the change in electron density from the neutral molecule
disadvantages of vibrational spectroscopy. Figure 10 depicts concentrated on the ligand nearest the potassium atom, and

V. CONCLUSION
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in particular the pyridyl part within this ligand. The calcu- rati ISMN) for information about the facial isomer of Alg
lated vibrational spectra of potassium-dopedAlgere very  and Professor Furukawa of Waseda University for advice on
different from those of the isolated anion. This indicates thainterpreting the vibrational spectra.

care should be taken in interpreting the spectra of doped

organic materials without also considering the presence szﬁ' XV-hTang an$ % A\c/‘- Sgkg Afpp_l- Pf\%Sthﬁll, 913k(1\?8p7)- o Ad
the counter ion, although the vibrational spectra of doped Sén?osa,m)?.sgrr]i’sbin,sZnsy J_'L.tgrzr;az: b cherﬁ.agr?;i 2'15?2‘;?93. - A0S
organic materials are usually interpreted by considering ares, Curioni, M. Boero, and W. Andreoni, Chem. Phys. Lefi94 263
isolated anion-cation model. The SERS results and corre-(1998.

sponding calculations provide information about the com- ‘- Fujii, N. Hirayama, J. Ohtani, and K. Kodama, Anal. Sdi2, 153
plex, although a detailed analysis was hindered probably d“@(el.g 3@ Kushto, Y. lizumi, J. Kido, and Z. H. Kafafi, J. Phys. Chem184

to the effect of resonance induced by K doping. We also 36702000.
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