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Pump-probe processes in the femtosecond domain with a probe VUV and dressing
optical pulses are considered: ionization of the Li atom with the continuum coupled
to the excited 3d state and ionization of the He atom with the coupled flat continua.
In the first case, spectra and angular distributions of the photoelectrons were calcu-
lated and analyzed for two linearly polarized collinear fields by numerical solution
of the non-stationary Schrodinger equation. The spectrum and the angular distribu-
tions are controlled by the time delay between the pulses and the two-photon detun-
ing. In the second case, we concentrated on the modulation of the He ionization sig-
nal as function of the angle between the field polarization vectors. Within the second
order time-dependent perturbation theory for the Gaussian field envelopes, a partly

analytical solution was found and used.

Introduction

Iridium organic complexes have become
of great practical and scientific interest
during recent years. These molecules can
phosphoresce at room temperature with a
high quantum yield. The highest electrolu-
minescence quantum efficiency up to 100%
[1] has been achieved with this material. It is
also promising for applications in efficient
organic solar cells and sensors. The Ir com-
plexes are highly photo- and thermally stable
and can be easily studied in the gas phase
while being prepared by thermovacuum
evaporation. In this paper the relative
efficiency of excitation into singlet and
triplet states in the energy region between
1.5 and 9 eV, their dependence on projectile
electron energies for the scattering of
monoenergetic electrons with tunable ener-
gies from 0 to 50 eV at an angle of 90°, for
the widely known electroactive organic ma-
terial tris(2-phenylpyridine)iridium (Ir(ppy)s)
in the gas phase are presented.
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Experimental

A special electron spectrometer was used
for the energy loss spectra measurements [2].
It contains a four electrode electron gun to
prepare and to collimate the electron beam
and 127° electrostatic analyzer with channel-
ron to analyze the energies of the scattered
electrons. A quasimonoenergetic electron
beam of 1.5 mm in diameter is formed in 10
Torr vacuum; the electron beam current did
not exceed 10 pA ; the full-energy resolution
determined using elastic scattering peak was
about 0.3 eV. The organic vapor density in
the collision cell was less than 10~ Torr to
avoid multiple collisions and secondary pro-
cesses. Optically allowed transitions are
characterized by a forward peaked behavior,
while spin-forbidden transitions show a more
isotropic angular behavior, resulting in a
relative enhancement of triplet signal at high
scattering angles. The 90° scattering angle is
good for both singlet and triplet transition
measurements. The incident electron beam
current was measured with a 35 mm Faraday
cup. The length of the collision range inside
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the chamber was 5 mm. Optical absorption
spectra were recorded using a spectropho-
tometer Cary 500 Scan UV-VIS-NIR (Var-
ian Ltd). Ir(ppy); was obtained from Ameri-
can Dyes Source and purified in our Institute
by vacuum sublimation. The chemical struc-
ture of this molecule is presented in Fig. 1.

Fig. 1. Molecular structure of Ir(ppy);

Theoretical calculations

For interpretation of the electron energy
loss spectra (EELS) and optical absorption
spectra the calculations for both compounds
were performed using the Gaussian-03 pro-
gram package [3] and the density functional
theory (DFT) techniques. Time-dependent
density functional theory (TDDFT) has
shown a better agreement with experiments
in large conjugated organic molecules, so it
has become the most widely used tool for
theoretical evaluation of the excited state en-
ergies. The Los Alamos Lab (LANL2DZ)
basis sets were employed for the ligands and
the Ir atom. The geometry of Ir(ppy); was
fully optimized without symmetry con-
straints using an exchange correlation
(B3PW91) approximation. This assumption
was justified by a good agreement of the cal-
culated mean bond-lengths of Ir-C (2.02155
—2.02308 A) and Ir-N (2.12767 — 2.12877
A) with experimental values (2.024 and
2.132 A, respectively [4]) as well as with the
absorption spectra. The spectrum of the ver-
tical electronic transitions in this molecule
was found to be very rich, so the ground
state and 150 singlet excited electronic states
as well as oscillator strengths f (for singlet
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states only) were calculated using the dipole
transition matrix elements and TDDFT cal-
culations. The spectra of the vertical elec-
tronic transitions for these molecules have
been simulated using a newly developed
program in the following way. The contours
of the calculated absorption peaks were cal-
culated using the gaussian distribution &(£,)
= & maxeXp[—(E,— E)*/0.1] with a half width of
about 0.45 eV for every transition. The ab-
sorption spectrum was obtained as a sum of
the bands for all transitions.

Results and discussion

Figure 2 presents the differential electron
energy loss spectra measured for this com-
pound at different incident electron energies
(14, 20, 30, and 50 eV) in the energy region
from 0 to 9 eV, and Fig. 3 shows the photo-
absorption spectrum of a toluene solution as
well as two EELS in the corresponding en-
ergy interval with the background subtracted
and normalized using intense low energy
inelastic peaks, and the calculated spectrum
of the singlet transitions. The spectral back-
grounds in Fig.2 are higher at higher loss en-
ergies due to the secondary electron emission
from the electron gun electrodes.
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Fig. 2. Electron energy loss spectra at different
incident electron energies (near curve in eV).

The measured EELS contain strongly
pronounced peaks at 3.3 eV (with a pro-
longed low-energy shoulder), 4.4 eV and 7.2
eV, and a distinguishable shoulder at 5.2 eV.
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The rise of the incident electron energy re-
sults in the intensity increase of the high en-
ergy maxima as compared to a peak at 3.3
eV. But, the relative intensity of the 4.4 eV
band decreases with energy compared to a
shoulder at 5.2 eV, pointing to an essential
contribution of triplet transitions. No intense
triplet transition can be observed in spite of
the presence of heavy Ir atom [5]. This is
probably due to the nature of charge transfer
transitions. Almost for all organic molecules
a resolved triplet band can be observed in the
low energy part of the EELS. But, for
Ir(ppy)s such a peak is absent. Nevertheless,
low energy shoulder (Fig. 3) is higher at 14
eV incident electron energy than at 50 eV
pointing to the presence of the triplet transi-
tions in the middle of the shoulder (approxi-
mately at 2.5-2.7 eV).
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Fig. 3. Spectrum of optical absorption, electron
energy loss spectra at 14 and 50 eV, and the cal-
culated spectrum; the bars represent the
computed transition with height equal to the
corresponding oscillator strengths.

The absorption spectrum of this com-
pound (Fig. 3) shows intense bands appear-
ing in the ultraviolet part of the spectrum
between 2.5 and 4.5 eV (240 and 350 nm). In
the long wavelength shoulder of the absorp-
tion spectrum three distinguished features at
2.55, 2.7 and 3 eV are clearly observed. It
should be noted that energy shifts for mole-
cules in the condensed phase are present. A
remarkable point in Fig. 3 is the close corre-
spondence between the EELS and the optical
absorption spectra. The energy positions as

265

well as the relative intensities are very simi-
lar in both cases. In the low energy band of
EELS the corresponding multiple structures
are not resolved and the band appears to be
broader and slightly higher than in the opti-
cal spectrum. The intensity of the band at 4.4
eV is less than in the optical absorption
spectrum due to the rather low incident elec-
tron energy (less than 100 eV) and to an un-
certainty in background current determina-
tion. Thus, in EELS we can observe the same
transitions as in the optical spectroscopy
which can be assigned accordingly. The 7.2
eV peak can be apparently attributed to the
ionization energy.

Fig. 4. HOMO (a) and LUMO (b) of Ir(ppy);
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The calculated spectrum of the singlet
transitions (Fig. 3) is also very close to the
EELS and photoabsorption spectrum. The
low energy peak is in a rather good agree-
ment with EELS and the optical absorption.
The second intense peak corresponds not to
the 4.4 eV peak, but to a feature at 5.1 eV
with a long shoulder, confirming the pres-
ence of triplet transitions in EELS in this re-
gion. The probabilities of transitions also
show a rather good correspondence to EELS
and to the photoabsorption data though the
low energy shoulder of 3.3 eV band in EELS
is slightly higher than in the calculated spec-
trum. The lowest triplet level is located at 2.6
eV. The calculated orbitals show that this
molecule has a propeller like configuration.
The highest occupied (HOMO) and the low-
est unoccupied (LUMO) molecular orbitals
(see Fig. 4) confirm charge transfer from Ir
atom to ligands. It was already found [4] that
in this molecule the highest occupied orbital
has an Ir(5d) character, but with an almost
equal admixture of ligand 7* orbitals. The
spin densities in the cations show about 0.6
electron on the metal center. The lowest ex-
cited orbitals are totally of the =* ligand
character, as also reflected in the spin densi-
ties in the anion. Due to the resonance be-
tween the d-orbital of the central iridium
atom and the 7~ orbital of the ligand mole-
cules all of the low lying allowed and spin-
forbidden transitions are categorized as
charge transfer from the metal atom towards

the molecular macrocycle transitions, al-
though the metal orbitals have a significant
mixture of ligand character. Strong coupling
of iridium and ligands leads to a mixing of
singlet and triplet states. This, in turn, leads
to a high intensity of such transitions and a
nearly 100% conversion of the inter-system
crossing from singlet to triplet excited states
and allows strong radiative transitions from
triplet to singlet ground states. Therefore,
very strong phosphorescence with a radiative
lifetime of about 2 us and larger is possible
even at room temperatures. The bands in the
high-energy region have been assigned to the
spin-allowed '(n-m*) transitions of the phen-
ylpyridyl ligand..

Conclusion

Some direct singlet-triplet transitions in
the region 2.5-2.8 eV and near 4.4 eV are
observed. No intense singlet-triplet transition
can be observed in spite of the presence of
the heavy Ir atom, apparently owing to its
charge transfer nature. No essential differ-
ences between the optical and electron
impact excitation of Ir(ppy)3 have been

found, and phosphorescence can be observed
mainly owing to intercombination singlet-
triplet transitions. The optical spectrum
calculated using density functional theory
techniques is in a rather good accordance
with electron energy loss and optical ab-
sorption spectra.
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B3AEMOAIA TOBUUIBHUX EJIEKTPOHIB 3 Ir(ppy)s
Y T'A3OBIA ®A3I
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IIpencraBneHo BigHOCHI e(eKTHBHOCTI 30YMKEHHS CHHIVIETHHX 1 TPUIUIETHHX
cTaHiB y obmacti eHepriii Big 1,5 1o 9 eB, iX 3ayieXHOCTI Bi eHeprii HepBUHHIX
@JIEKTPOHIB IIPH PO3CITHHI MOHOEHEPTETHYHHX EJIEKTPOHIB PETyIhOBaHOI €Heprii
Big 0 10 50 eB Ha kyr 90° s BiZOMHUX €NEKTPOAKTUBHUX OPraHiuHHX MOJIEKYIl
tpu(2-deninnipuann)ipuaii Ir(ppy); y rasosiii ¢asi. CrnocrepexeHo aeski mpsami
CHHIJICT-TPHUILICTHI Iepexoau y odnacti 2,5-2,8 eB Ta mobmu3y 4,4 eB. He3zBaxsro-
YH HA NPUCYTHICTh Ba’KKOTO aToMma Ir, IHTEHCHBHI CHHIJICT-TPHUIUICTHI IEPEX0H He
criocTepiraiucs, o, HMOBIPHO, MOSICHIOETHCS IPUPOJIOIO TIEPEXOAY, OB’ SI3aHOI0 3
oOMiHOM 3apsay. 3 BHKOPHUCTAHHSAM METOAY Teopii (yHKIiOHANY TYCTHHH
JIOCITIIPKEHO CIEKTP CHHIJICTHUX IIEPEXO/iB 1 MTOJI0KEHHS TPUILIETHUX IIEPEXO0IiB.
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