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Density functional theory and time-dependent density functional theory have been applied to describe the
ground and excited states and the spectral characteristics of the meridianal and facial isomers of aluminum
tris(quinolin-8-olate) (Alg). Vertical absorption wavelengths and oscillator strengths of both meridianal Alg

and facial Alg have been computed up to about 255 nm (4.86 eV) and compared with experimental data.
Experimental meridianal Algabsorption band locations are well reproduced by the computations, allowing
easy assignment of the absorption bands. The faciad &lbgorption spectrum has been computed, and a
detailed comparison of the excited state characteristics of the two isomers has been addressed for pointing
out differences in absorption and emission properties. This work suggests that the fagialaide the
constituent of the recently reported Algrystalline phase known as tldephase. This is an important new
material for understanding the Algolid-state properties and for a possible organic light-emitting diode
fabrication. Some suggestions to experimentally distinguish the two isomers have been presented. Furthermore,
information about the excited-state kinetics of both the isomers and properties of their emissive excited states
has been gained. Both the hybrid B3LYP and the pure BLYP, LSDA, BPW91, and LB94 exchange-correlation
functionals have been tested, and the B3LYP functional clearly seems to be the best choice for this class of

molecules.

Introduction B -

LED (light-emitting diode) technology is causing deep o
changes in lighting applications. As reported in a recent paper, !
“in comparison to incandescent bulbs, LEDs are smaller, longer —— \
lived, more energy efficient, more robust, less heat generating, e Al
more directional and they have faster switching...”. Given their
characteristics, it is easy to predict that they will replace | d3

traditional lighting devices with consequent reduced environ-
mental impact and generally improved performances.

In this regard, the use of organic compounds as constituents
of organic LEDs (OLEDs) promises additionally improved
capabilities. In particular, LEDs based on low-molecular-weight
organic compounds represent an emerging technology. Among
them, aluminum tris(quinolin-8-olate) (AdgFigure 1) is one
of the most studied electroluminescent substances by virtue of
its relative stability, electron transport, and emitting properties
together with easy wide-area deposition and low-cost purifica-
tion. Its characteristics well describe the additional benefits
deriving from the utilization of organic compounds, such as low
production costs, increased flexibility, and improved energy
efficiency.

In these diodes, Algconstitutes thin amorphous films whose
nature is the object of multiple recent theoretical and experi- flms may be a cause of its amorphous charattccording
mental works. The existence of two Algomers, the “meridi- to their computationdac-Alqgs is less stable in energy thamer
anal” and “facial” shown in Figure 2nferAlqs andfac-Algs Algs, but shows a greater dipole moment which could act as a
in the following), is the object of debate about film composition. stabilizing factor in the condensed phase. The greater stability
On the basis of ab initio theoretical investigations, Curioni et of merAlgs agrees with previously reported X-ray studies of
al. has suggested that the coexistence of the two isomers in thirsolvated Alg crystals which showed onlynerAlqs.3* Ad-
ditionally, solution proton NMR studies allowed the observation
* To whom correspondence should be addressed. E-mail: lelji@unibas.it. of only merAlgs.®> Only recently, not-solvated Algcrystal

Figure 1. Algs, aluminum tris(quinolin-8-olate).

Figure 2. Meridianal and facial isomers of AlqThe chelants imer
Algs are labeled with numbers-13.
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characterization has been reporteiwo different pure Alg Computational Details
crystalline phases, callewt and/-phases, were demonstrated
to be certainly constituted byerAlqs, but in the third described
crystalline phase, called thephase, the presence fafc-Alqs
could not be definitely excluded. However, the newly observe ; . - :
merAlqgs crystal polymorphism was considered a possible origin correlation functional known as B3LY®Analytical evaluation

of the amorphous character in condensed phases, to be addeaf the_energy seco_nd-deriv_ative matrix with respect to C'?“es?a“
to local fluctuations in enantiomeric concentration during coordinates (Hessian matrix) at the same level of approximation

deposition. Therefore, interconversion betweser and fac- confirmed the nature of minima of the potential energy surface

Algs during sublimation and their contemporary deposition did Stationary points associated with the optimized structures.

not appear a necessary condition for obtaining amorphous films.. Time-dependent density functional theory (TD-DFT)al-
More recentlv. a new crvstal attributed fac-Ald- has been lowed the computation of excitation energies, oscillator strengths,

reported’ It diffg’rs from thila previously studiedqcsrystals by a and excited-state compositions in terms of excitations between

blue-shifted fluorescence band, a blue-shifted excitation edgeOCCUpIed and virtual orbitals. TD-DFT calculations were

in photoluminescence absorption spectra, a simpler Raman IRperformed lésing the following exchange-correlation funption-
spectrum (suggesting the higher symmetryaztAlqa), and a als: B3LYP8BLYP (Becke’s 1988 exchandfeand correlation

. ) . of Lee, Yang, and Par), BPW91 (Becke's 1988 excharige
much lower triplet-state population during fluorescence. Fur- .
thermore, thermal sublimation between 330 and 31D and 1991 correlation of Perdew and W&)QLSDA (the pure-

produced a fraction principally constituted @yphasemerAlqs exchange electron gas formula wigtt* and a coefficient of
with inclusion of thed-phase. Unfortunately, a clear assignment illl?s;;]‘g ;r?gl.iB%er(zféE:n f:rz:cotll'?(;g![io?‘f o:‘/(\)/ZtloI’_e\(/e\ﬁlv'\(/énaanlg d
of atomic positions within the unit cell has not been possible Baerend’éf’) All these com gutations were performed on the
due to the small dimensions of the produced crystals, and thus : P P

. L '‘B3LYP/6-31G(d) geometries.
fac-Algs has not been clearly identified. Geometry optimizations and all the TD-DFT calculations
Confirming the existence of distincberAlqs andfac-Alqs Yy op

I ., excluding the LB94 computations were performed using the
crystals can be a fundamental progress to definitively establish Gaussian 98 suite of programs. TD-DFT computations were
the composition of amorphous films. Moreover, it can represent done using the 6-31G(d) contrécted Gaussian basis set
a significant improvement in our knowledge of Akplid-phase '

properties, with clear advantages in technological applications. b T[Ei ;gFDz'BBé? S?gsrg;[huiihlaaﬁefu dnocl?l?gf‘slgg rgaasfg':gted
For example, comparative studiesoér andfac-Algs crystals Y prog 9

can lead to the design of valid analytical methods for distin- plus one polarization function on each atom (ADF set ).

guishing and quantifying the two isomers. This would allow  Fgures lg and 4 have been produced by the program
the relation of the condensed-phase composition to its preparaM0ldens3.7:
tion techniques and conditions, or could lead to a tuning of the

Algs thin-film properties varying their composition. Alterna- Results

tively, the same comparative studies could lead to the definitive mer-Alqs and fac-Alqs. Geometry and Electronic Struc-

exclusion of thefac-Algs presence in amorphous films. ture. fac-Alqgs is characterized by three oxygen atoms and three

These are only a few examples of the new research fields nitrogen atoms on opposite faces of the octahedron, with
and knowledge which could derive from the comparison consequen€s maximum point group symmetry. The geometry
between the two isomers. has been optimized at the B3LYP/3-21G(d) and B3LYP/6-31G-

In this respect, theoretical investigations can represent an(d) levels of approximation, both with and withoG point
important contribution. Comparison of the computed spectral group symmetry constraints. Vibrational analysis at the same
characteristics between the two isomers can be an additionallevel of approximation confirmed that the ground-state geometry
confirmation of the presence ¢&c-Algs in o-phase crystals.  belongs to theC; point group.

Moreover, it could be a valuable tool for microscopic interpreta-  merAlqsz is necessarily asymmetricC{ point group). Its
tions of merAlgs known properties, probably better than geometry has been optimized at the B3LYP/6-31G(d) level.
calculations involving only one isomer. In fact, computed Given its asymmetric character, the three chelants can be
differences in molecular properties are expected to be in betterdistinguished and have been labeled with the number3 1
agreement with their experimental counterparts. (Figure 2).

The calculations reported in this paper concern the determi- Some geometrical parameters of therAlqs andfac-Alqs
nation of the vertical excitation energies from the ground state, coordination sphere are collected in Table 1 and compared with
the corresponding oscillator strengths, and excited-state com-similar data from previously published theoretfc®l and
position. The comparison among different xc (exchange- experimenta#*6 works. Tables 1S and 2S in the Supporting
correlation) functionals has allowed the selection of the best Information contain the complete geometries of both isomers
choice for this class of compounds. This has been achieved bycomputed at the B3LYP/3-21G(d) and B3LYP/6-31G(d) levels.
matching the lowest energy partwferAlgs computed spectra  According to both computational and experimental results for
with the first broad experimental absorption band. Afterward, merAlqgs, the longest AN bond distance involves the unique
absorption spectra have been computed up to about 255 nm fomitrogen atom opposite the oxygen atom A1), while the
both mer and fac-Algs, allowing assignments of observed remaining two AFN distances show smaller values. Not
absorption bands. Computation of the spectrum up to relatively surprisingly, this longer AFN bond distance is opposite the
high energy transitions (4.93 eV) represented a further test of shortest of the A+O bond distances (AlO3), whereas the other
the used functional. Transitions in the UVis range and two Al—0 bond distances show larger and more similar values.
characteristics of excited states have been compared in the cask the case of théac-Algs structure, where three oxygen atoms
of the two isomers. This comparative study has been useful alsoare opposite nitrogen atoms, -AD and AN distances are
for a deeper understanding of known propertiesnafi-Alqs. close to AFO3 and A-N1 merAlqs distances, respectively.

Molecular geometries were optimized using the Kel$tham
density functional theory (DFT) with the 3-21G(d) and 6-31G-
d (d) basis sets and the Becke three-parameter hybrid exchange-
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TABLE 1: Selected Bond Lengths (A), Dipole Moments (D), and Zero-Point Energies (kcal/mol) Computed fomer-Algs and

fac-Alq3?
B3LYP/6-31G(dY BLYP¢ HF/3-21+G** d exptk exptf expte

merAlqs Al-01 1.881 1.880 1.856 1.850 1.863 1.860
Al-02 1.884 1.885 1.866 1.880 1.858 1.857
Al—-03 1.855 1.860 1.826 1.841 1.849 1.850
Al—N1 2.125 2.151 2.117 2.074 2.078 2.087
Al—N2 2.064 2.073 2.033 2.026 2.033 2.017
Al—N3 2.084 2.089 2.063 2.048 2.035 2.050
m 4.41 4.1 551

fac-Algs Al-0 1.851 1.852
Al—N 2.135 2.147
m 7.9 7.1
AEo(fac—mer) 4.9 4.0

a Experimental data are included for comparisbiihis paperS Plane-wave basis set up to the energy cutoff of 70 Ry (Curioni et al., ref 2).
dShelegel et al., ref 20.Crystal containing methanol, ref 8Crystal containing acetyl acetate, ref“RuremerAlqs crystal, ref 6.

0 -
3
E=d -
-1 4
-=3 a
D —% D ——e
-2 4
3 -3 A
>
o
s
§ .5 | —
6 S C =% C--Ee
-6 -
_3
-7 4 B[Ei B =
al=g Al
-8
mer-Alq, fac-Alq,

Figure 3. Scheme of the molecular orbital energy levels close to the
HOMO and LUMO computed at the B3LYP/6-31G(d) level of
approximation fomerAlqgs andfac-Algs. See Tables 2 and 3 for the
exact values of the one-particle orbital energies.

merAlgs; seems more stable in energy thfac-Algs. At the
B3LYP/6-31G(d) level, the difference in electronic energy
amounts to 5.0 kcal/mol. Inclusion of zero-point energy

" (E)

Figure 4. Chelant fragment orbitals mainly involved in the generation
of the molecular orbitals of sets-AE (Figures 2 and 3). The letter in
parentheses identifies the set.

orbitals. Furthermore, it is possible to distinguish one type of

fragment orbital as the principal constituent of each MO in each

set. The fragment orbitals are shown in Figure 4, where the
correspondence between MO sets and fragment orbitals is
stressed by labeling the fragment orbitals with the same capital
letter identifying the associated set.

All the mentioned findings are common to both isomers.
However, they differ in how the orbitals are distributed among
chelants.

In merAlqgs, sets B-E MOs are mainly localized on a single
chelant, as inferred from the percentage composition in terms
of fragment orbitals reported in Table 2. For this reason, each
orbital of the set can be assigned to a single chelant and
identified with the numeric label associated with the chelant as
in Figure 2. It is interesting to note that the lowest energy level
in each set is associated with chelant 1, while the highest one

contributions reduces this difference to 4.9 kcal/mol. These is associated with chelant 3. For this reason the HOMO is

values match well with the 4.4 kcal/mol results of the BLYP
computations reported in Table 1, but strongly differ from the

localized on chelant 3, while the LUMO is localized on chelant
1. Set A MOs are more delocalized on the three chelants, so

7.8 kcal/mol (not reported in Table 1) obtained using the same that it is impossible to clearly assign them to a single chelant.

xc potential (B3LYP) and SDD effective core potentitiAs
reported in Table 1, the dipole moment is much greatéan
A|C]3.

Accordingly, these MOs are labeled by letter,s3, andy. The
origin of this difference between set A MOs and the other MOs
is associated with the greater interaction between A-type

Figure 3 shows the molecular orbital (MO) energy levels close fragment orbitals (Figure 4) and those of the aluminum atom.

to the highest occupied molecular orbital (HOMO)érAlqgs
and fac-Alqs computed at the B3LYP/6-31G(d) level of ap-

This is indicated by the larger percent weight of aluminum in
these MOs (Tables 2 and 3). A direct explanation of this effect

proximation. The levels are gathered in sets of three close-spacedan be found in the-type nature of the A-type fragment orbitals

orbitals, labeled with letters from A to E. Sets-&£ MOs are

(the other fragment orbitals arg, together with the great weight

occupied, and sets D and E MOs are virtual. Tables 2 and 3 that the donor oxygen atom assumes in the same fragment orbital
collect information about the MOs such as one-electron energy (Figure 4).

and composition in terms of fragment orbitals. From the listed

In fac-Algs, each group contains a totally symmetric orbital

values, all the MOs are substantially localized on one or more and two degenerate orbitals, labeled with the irreducible

chelants, with only small contributions from aluminum atomic

representation symbols “a” and “e”. The orbitals are necessarily
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TABLE 2: One-Electron Energies and Percentage
Composition of the Highest Occupied and the Lowest
Unoccupied MOs in Terms of the Aluminum Atom and the
Three Quinolin-8-olate Fragments for mer-Alg 2

MO composition

J. Phys. Chem. A, Vol. 107, No. 14, 2003563

TABLE 3: One-Electron Energies and Percentage
Composition of the Highest Occupied and the Lowest
Unoccupied MOs in Terms of the Aluminum Atom and the
Three Symmetry-Related Quinolin-8-olate Fragments for
fac-Algs®

energy  interms of MO composition (%) energy composition in terms MO composition (%)
orbital (eV)  fragments (%) (threshold 10%) orbital (eVv) of fragments (%) (threshold 10%)

A-o —7.59 Al: 53 orbital A (chelant 1): 13.9 A-a —7.68 Al: 5.4 orbital A: 76.4
chelant1: 18.8 orbital A (chelant 2): 37.8 chelants: 94.6
chelant2: 48.6 orbital A (chelant 3): 12.4  A-e —7.38 Al: 5.1 orbital A: 77.1
chelant 3: 27.4 chelants: 94.9

A-p —7.52 Al: 4.8 orbital A (chelant 1): 49.4 B-a —6.94 Al: 0.0 orbital B: 99.0
chelant1: 56.0 orbital A (chelant 2): 19.1 chelants: 100.0
chelant 2: 10.9 B-e —6.97 Al: 0.0 orbital B: 99.4
chelant 3: 28.3 chelants: 100.0

A-y —7.22 Al: 5.0 orbital A (chelant 1): 11.5 C-e —5.22 Al: 0.9 orbital C: 87.8
chelant1: 14.3  orbital A (chelant 2): 27.8 chelants: 99.1
chelant2: 30.6  orbital A (chelant 3): 43.3  C-a(HOMO) -5.20 Al: 0.8 orbital C: 88.9
chelant 3: 50.0 chelants: 99.2

B-1 —6.96 Al: 0.0 orbital B (chelant 1): 98.0 D-e (LUMO) -1.68 Al: 0.6 orbital D: 93.2
chelant 1: 98.4 chelants: 99.4
chelant2: 0.8 D-a —1.58 Al: 0.5 orbital D: 95.9
chelant 3: 0.8 chelants: 99.5

B-2 —6.80 Al: 0.0 orbital B (chelant 2): 98.5 E-a —0.62 Al: 0.1 orbital A: 99.1
chelant 1: 0.7 chelants: 99.9
chelant 2: 98.9 E-e —0.42 Al: 0.1 orbital E: 99.1
chelant 3: 0.4 chelants: 99.9

B-3 —6.70 érl{eloa[r?t 1: 08 orbital B (chelant 3): 98.6 aThe largest fragment'-orbital contribut!ons_ are reported (threshold
chelant 2: 0.3 10%). The fragment_ orbltals_ are shown in _Flgl_Jre 4, and the energy
chelant 3: 98.9 trend of their levels is graphically reported in Figure 3.

C-1 —-5.33 Al: 0.7 orbital C (chelant 1): 85.9
chelant 1: 96.3 representation and has an energy value close to that of the
chelant2: 1.7 degenerate HOMG- 1. The LUMO is a degenerate orbital as
chelant 3: 1.3 _ well.

c-2 5.22 ?rl{elc;r?t 121 orbital C (chelant 2): 74.7 From the values listed in Tables 2 and 3, a certain similarity
chelant 2: 85.4 between the two isomers in the one-electron energies of
chelant 3: 11.7 occupied and virtual MOs is evident. However, the HOMO

C-3(HOMO) —5.00 Al: 0.6 orbital C (chelant2): 11.3  LUMO gap is 3.27 and 3.52 eV imerAlgs and fac-Algs,
gﬂg:gm % 2-25 ) orbital C (chelant 3): 78.4  yagpectively, a fact that could affect the absorption and emission
chelant 3 86.7 features of the two isomers.

D-1 (LUMO) —1.73 Al 0.8 orbital D (chelant 1): 78.8 As mentioned above, the energy difference between the
chelant 1: 83.3  orbital D (chelant2): 13.9 HOMO and the HOMO- 1 in fac-Algs is only 0.07 eV.

CEe:ani gi 356-3 2. Comparison between the Exchange-Correlation Func-
chelant 5. U. . . tionals. Figure 5 shows thenerAlgs energy level scheme

D-2 —1.50 ?#eloa.;t 1: 9.7 ogk:ga;:)l)(c(zﬁlea}gatz %):5352_2 computed using different xc functionals on the same B3LYP/
chelant 2: 62.6 6-31G(d) geometry. ThenerAlqs B3LYP/6-31G(d) energy
chelant 3: 27.0 levels of Figure 3 are included for comparison. As in the case

D-3 —1.42 Al: 0.5 orbital D (chelant 2): 20.5  of the B3LYP functional, the pure functional MOs can be
chelant1: 6.5 ~ orbital D (chelant 3): 68.5  djvided into five sets (from A to E) according to the fragment
gﬂg::m g %:‘71 orbital from which they mainly originate. Unlike the B3LYP

E-1 —056 Al 0.1 orbital E (chelant 1): 91.7 functional, all the pure functionals show more similar sets A
chelant 1: 92.0 and B MO energies. On the other hand, energies of sets from
chelant 2: 3.2 B to E follow the same sequence as the B3LYP functional.
chelant 3: 4.7 ) Moreover, the energy sequence of chelant-localized orbitals from

E-2 —0.36 Al: 0.1 . orbital E (chelant 2): 94.9 1 to 3 is preserved in each set.
chelant1: 2.2 . . .
chelant 2: 95.3 BLYP-DFT computations using a plane-wave basis® set
chelant 3: 2.4 reported the same sequence of MOs as found by us for sets

E-3 —0.26 Al: 0.1 orbital E (chelant 3): 92.4 C—E. HF/3-21G* calculatior®® also produce the same trend
chelant1: 5.7 for the HOMO and LUMO, but in this case the LUM® 1 is
gﬂg:gm % éé48 mainly localized on chelant 3 rather than on chelant 2. Apart

from this disagreement, it is likely that the origin of the level

2The largest fragment-orbital contributions are reported (threshold scheme pattern can be related to geometrical characteristics such

10%) The fragment orbitals are shown in Figure 4, and the energy as Chelant deformatlon and' probably to a Iarger extent' to
trend of their levels is reported in Figure 3.

chelant-metal interaction rather than to artifacts due to the
particular xc functional or basis set. This consideration gains

delocalized on the three chelants, and will be identified by the importance taking into account the good agreement between
capital letter of the set (AE) and the small letter “a” or “e”.
The HOMO belongs to the totally symmetric irreducible (Table 1).

computed and experimental trends of geometrical parameters
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Figure 5. merAlqgs molecular orbital energy scheme computed by different exchange-correlation functionals.
TABLE 4: HOMO —LUMO Gaps and lonization Thresholds (the Negative of the HOMO One-Electron Energy) Computed at
Different Levels of Approximation for mer-Alqs

B3LYP/6-31G(d) BLYP/6-31G(d) BPW91/6-31G(d) LSDA/6-31G(d) LB94 ADF set Il

HOMO—-LUMO gap (eV) 3.27 1.93 1.94 191 191
ionization threshold (eV) 5.00 4.09 4.33 4.51 10.02

TABLE 5: The First Four Singlet —Singlet Excitation Energies (nm) and Oscillator Strengths (in Parentheses) Computed by
Different Exchange-Correlation Functionals for mer-Alqs

excitation B3LYP/6-31G(d) BLYP/6-31G(d) BPW91/6-31G(d) LSDA/6-31G(d) LB94 ADF set Il axptl
1 447 (0.0052) 639 (0.0009) 637 (0.0009) 645 (0.0009) 649 (0.0084) —&1m
2 427 (0.0671) 576 (0.0005) 574 (0.0006) 580 (0.0006) 587 (0.0038)
3 422 (0.0021) 565 (0.0087) 563 (0.0090) 568 (0.0090) 576 (0.0768)
4 417 (0.0424) 527 (0.0138) 525 (0.0143) 529 (0.0140) 539 (0.0112)

a2 Range derived from experimental work arerAlqgs solutions, crystals, and amorphous phases (refs 6 and 22).

From Figure 5 it is evident that the B3LYP functional all the pure functionals predict significantly red-shifted first
produces significant larger energy gaps between occupied andexcitation energies in comparison to the B3LYP functional. The
virtual orbitals. As reported in Table 4, the HOMQUMO first transition with oscillator strength greater than 0.010 is
gap of the B3LYP functional is almost twice as large as the predicted in the range from 525 to 576 nm, whereas the first
other functionals. This finding may be associated with the relevant transition is computed at 427 nm by the B3LYP
contribution of the HartreeFock (HF) exchange in the B3LYP  functional. ThemerAlqgs experimental lowest energy absorption
functional® In fact, the HOMG-LUMO gap computed at the is placed between 373 and 383 nm for Alg solution®23and
HF/6-31G(d) level of approximation on the same geometry between 390 and 410 nm in the solid ph&genorphous films
amounts to 5.25 eV (this value is not reported in Table 4 and present the first band at 390 nm for film thicknesses of both 50
Figure 5). Thus, the B3LYP/6-31G(d) HOM@.UMO gap nmf and 840 nn?* In Table 5 an experimental range of values
(3.25 eV) represents an intermediate value between the(373—410 nm) is reported for comparison with the computed
HF/6-31G(d) value and the pure xc functional value (1.92 eV lowest excitation energies. It is evident that the B3LYP
on average). The ionization threshold (the negative of the functional is the best performer among the tested ones; therefore,
HOMO one-electron energy) is somewhat larger in the B3LYP it has been chosen to calculate excitation energies and oscillator
calculation in comparison to the pure functionals apart from strengths up to about 250 nm for batierAlqs andfac-Alqgs.
the LB94 functional, which normally produces overestimated 3. Absorption Features of mer-Algs. With the aim of
ionization thresholds by virtue of its different asymptotic assigning themerAlgs absorption bands, the experimental
behavior!® The vertical ionization potential, roughly estimated spectrum of Alg (104 M) in CH.,CI,® has been considered. It
by the ionization threshold, has been reported at 7.33 eV in the shows two evident and large bands at 383 and 257 nm, with
gas phase and 6.35 eV in Althin films 22 the second one probably less intense because it overlaps with

The differences between the HOMQUMO gaps of B3LYP different higher energy more intense features. These bands are
and the other functionals can be closely related to the excitationclearly visible in all the Alg spectra. Two other weaker bands
energies computed using the TD-DFT. As shown in Table 4, have been found at 333 and 318 Aifihese are also present in
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TABLE 6: B3LYP/6-31G(d) Singlet—Singlet Excitation
Energies and Wavelengths (eV and nm), Oscillator Strengths
(f), and Composition of the Excited-State Function
(Threshold of Reported Coefficients 0.001) former-Alg s?

excited energy
state compositich (wavelength) f

2 C-1—D-1, 0.024
C-2— D-1, 0.102
C-3—D-2,0.214
C-3— D-3, 0.102

4 C-1—D-1, 0.402 2.97 (417) 0.042
C-2—D-1, 0.012
C-3— D-2, 0.020

6 C-2— D-2,0.395 3.15 (394) 0.014
C-2—D-3,0.031
C-3— D-2,0.019
C-3—D-3,0.014

10 B-3— D-3, 0.013 3.97 (313) 0.011
C-3—E-1,0.451
C-3— E-3,0.015

11 B-2— D-1, 0.013 4.08 (304) 0.015
B-2— D-2, 0.025
B-3— D-2,0.017
B-3— D-3, 0.031
C-2—E-1,0.048
C-2— E-2,0.038
C-3— E-2,0.187
C-3— E-3,0.107

12 B-1— D-1, 0.108 4.09 (303) 0.021
C-1—E-1,0.313
C-2— E-1,0.029

24 A-y — D-2,0.082 4.92 (252) 0.014
A-y — D-3,0.082
B-1— D-1, 0.097
B-1—D-2,0.119
B-1— D-3,0.013
B-2—D-2,0.031
B-2— D-3,0.019

25 A-o.— D-1, 0.040 4.92 (252) 0.010
A-f— D-1, 0.080
A-f—D-2,0.015
A-y — D-1, 0.020
A-y —D-3,0.184
B-1— D-1, 0.036
B-1—D-2,0.077

B-2— D-3,0.011

aOnly transitions with oscillator strengths higher than 0.01 are
reported. The complete list of excitations is reported in the Supporting
Information.” The molecular orbitals are labeled according to Figure
3.

methyl alcohol solutions and in 50 nm thick amorphous films,
but not in the two Alg crystalline forms known as- and
B-phases,in which they are replaced by a shoulder at about
345 nm (a red shift is observed for all the absorptions passing
from solution phases to crystal phases).

Table 6 collects computed excitation energies and oscillator
strengths up to 251 nm (4.93 eV). Only excitations with
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followed by excitations 4 and 6 at 417 and 394 nm with
decreasing oscillator strengths. Excitations 4 and 6 are mainly
associated with MOs localized on chelants 1 and 2, respectively,
and in this respect they can be considered more localized than
excitation 2, which involves the three chelants.

The nodal pattern of orbital D (Figure 4) shows nodes
between nitrogerncarbon and carboencarbon bonds. This
pattern appears strongly different from that of orbital C, allowing
the prediction of an evident vibronic structure, with consequent
lowering and broadening of the absorptions. This vibronic
structure should not be associated only with chelant deforma-
tions, but it should involve metaldonor bond lengths. In fact,
set C MOs have a larger weight on the benzenic ring and oxygen
atom of the chelant, while set D MOs principally involve the
pyridinic ring and the nitrogen atom. This fact affects metal
donor electrostatic and covalent interactions and presumably
leads to the elongation of the AD bond and shortening of
the Al=N bond in the chelants interested by the excitation. This
finding agrees with the CIS/3-23G** computations of Schlegel
and Halls?®® who computed the first excited-state relaxed
geometry and reported similar bond distance percentage defor-
mations (relative to the ground-state geometry) for alumirum
ligand bonds and bonds internal to the ligands. Accordingly,
Kushto et aP! attributed the observed 700 cinspacing in
vibronic progression of the argon matrix photoluminescence
spectrum to the IR absorption at 651.9dfrassigned to chelant-
ring breathing combined with metathelant stretching modes.

Different experimental works have pointed out the existence
of a strong vibronic structure in low-temperature Aégnission
spectra. However, there exists some disagreement about the
assignment of the vibronic excitation associated with the
maximum of the emission band. Kushto et al. reported a
maximum corresponding to the-8 5 transition in argon matrix
isolation spectrd! while Brinkmann et af.reported a maximum
corresponding to the ©- 4 transition and Braun et &keported
a maximum corresponding to the-83 transition in thex-phase
mer-Algs crystalline phase.

A vibronic structure with such wide vibronic peak spacing
is consistent with the broad first absorption band. However,
according to our computation, the presence of three energy-
close excited states of significant oscillator strength can also
be an important factor to be considered in this regard. Addition-
ally, the computed trend in oscillator strengths of these three
excitations reproduces the long tail at higher energies shown in
the experimental band. A point to be noted is that these
excitations (as all the first nine) are expected to present similarly
spaced vibronic progressions as a consequence of the similar
shapes (nodal patterns) of sets C and D orbitals on the different
chelants.

Another important feature to be considered is that the first

oscillator strength equal or larger than 0.010 are reported. The€Xcitation shows a significantly lower transition probability

Supporting Information (Table 3S) contains all the computed

relative to the second one (0.005 and 0.067, respectively, as

excitations and details about them. Excited-state compositionsfeéported in the Supporting Information). This fact might make

are also collected, and allow the grouping of the excitations
into different sets. It is possible to distinguish a first set (from
excitation 1 to excitation 9) at wavelengths from 447 to 370
nm, a second set (excitations-1P0) from 313 to 262 nm, and
a third set (excitations 2126) from 259 nm to the last computed
transition at 251 nm.

The first set of excited states involves excitations from the
set C MOs (including the HOMO) into the set D MOs (including

it difficult to detect the first excitation in absorption spectra.
However, in some reported Adcsolid-state absorption spec-
tra%2% a small tail in the low-energy region can be observed,
suggesting the presence of a low-intensity band overlapped with
the successive stronger features. In this regard, it should be noted
that the tested pure functionals also predict low oscillator
strengths for the first and second excitations (Table 5).

The difference in transition probability between the first and

the LUMO). The three most intense ones are reported in Table second excitations should be taken into account wherAlgs

6. Excitation 2 at 427 nm shows the larger oscillator strength,

absorption and emission characteristics are compared. This point
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will be thoroughly discussed in the following, when the emission TABLE 7: One-Electron Energies of the Six Highest

characteristics omerAlqs andfac-Algs are considered.
A difference between our findings and the CIS/3+23**
computation® can be underlined. According to the CIS

Occupied and the Six Lowest Unoccupied MOs and Their
Percentage Composition in Terms of the Aluminum Atom

and the Three Quinolin-8-olate Fragments former-Alqs in
the Experimental Geometry (3-Phase, Ref 6)

computations, the first excitation involves electronic density
changes principally confined to chelant 3 and consequent

composition in terms

orbital energy (eV) of fragments (%)

vibronic relaxation mostly involving the same chelant. Accord-
ing to our computations, the first excitation is dominated by
the HOMO-LUMO transition; thus, it mainly consists in charge
transfer from chelant 3 to chelant 1. Given the antibond character
of orbital D (Figure 4), DFT calculations seem to suggest a
relevant geometry deformation of chelant 1 together with a
smaller modification of chelant 3.

The second set of excited states (excitations from 10 to 20)
involves excitations from set C to set E MOs mixed with
excitations from set B to set D MOs. The three more intense
excitations in these sets are reported in Table 6. They are
excitation 10 at 313 nm (3.97 eV), mainly localized on chelant
3 and essentially involving sets C and E MOs, and excitations
11 and 12 at 303 nm (4.09 eV) and 301 nm (4.11 eV),
respectively, which show a larger contribution from sets B and
D MOs. These absorptions agree well with the aforementioned
experimental weak bands at 333 and 318 nm.

The remaining computed transitions involve excitations from
set B to set D orbitals mixed with excitations between sets A

and D MOs. The most intense absorptions have been found at

252 nm (4.92 eV), in good agreement with the experimental
band at 257 nm.

It should be noted that set A MOs lie very close to lower
energy MOs not reported in this work. This fact could give rise
to many closely spaced transitions which should be investigated
in greater detail for a clear interpretation of this part of the
spectrum. Although our study has to be considered a starting
analysis of the high-energy excitations, it should also be noted
that the highest energy transitions in this paper do not involve
high-energy loosely bound virtual MOs. On the contrary, they
are associated with excitations to the three most bound virtual
MOs (set D MOs).

The lack of transitions to high-energy virtual MOs allows
the consideration of the computational results not heavily
affected by the wrong asymptotic behavior of the B3LYP xc
potential’® For the same reason, the addition of diffuse functions
should not produce large changes in the computed excitation
energies?

We have performed additional computations by usingrikee
Algz experimental structure obtained frgdvphase crystal%in
this way we have compared the previously described results
associated with the computed geometry with the results associ-
ated with the experimental geometry. Small deviations between
the two computed spectra (one for the experimental geometry
and one for the optimized geometry) would add further
likelihood to the previously discussed assignment ofrifes
Alg; experimental features. Furthermore, it would provide a
more solid basis for the theoretical comparisons between the
two isomers that will be discussed in the following paragraphs.
This is of great importance considering the lack of experimental
data associated with tHfac-Algs isomer.

The mer-Alqs; S-phase represents the only crystal structure
which has been determined with sufficiently high accuracy for
this investigatior?f.

In Table 7, we have reported the energy levels of the MOs
close in energy to the HOMO and the LUMO and their shifts
relative to the computed geometry (Table 2). This analysis has
been restricted to the six highest occupied MOs and the six

B-1 —6.96 (0.02) Al: 0.0 (0.0)
chelant1: 96.3¢2.1)
chelant 2: 2.6¢1.8)
chelant 3: 1.140.3)
Al: 0.0 (0.0)
chelant1: 2.6¢1.9)
chelant 2: 97.0€{1.9)
chelant 3: 0.4 (0.0)
Al: 0.0 (0.0)
chelant 1: 1.0¢0.2)
chelant 2: 0.0{0.3)
chelant 3: 99.0¢0.1)
Al: 0.7 (0.0)
chelant 1: 87.5{8.8)
chelant2: 9.447.7)
chelant 3: 2.4¢1.1)
Al: 0.9 (0.0)
chelant 1: 2.148.7)
chelant 2: 85.4¢1.9)
chelant 3: 11.7 (6.8)
Al: 0.7 (+0.1)
chelant 1: 0.6¢0.1)
chelant 2: 5.9¢6.3)
chelant 3: 92.7{6.1)
Al: 0.8 (0.0)
chelant 1: 70.5€12.8)
chelant 2: 28.1¢12.8)
chelant 3: 0.6 (0.0)
Al: 0.5(0.2)
chelant 1: 27.4<17.7)
chelant 2: 69.7€7.1)
chelant 3: 2.4 (24.6)
Al: 0.6 (+0.1)
chelant1: 1.7{4.8)
chelant 2: 1.14{20.3)
chelant 3: 96.6(24.9)
Al: 0.1 (0.0)
chelant 1: 82.1{9.9)
chelant 2: 13.4¢10.2)
chelant 3: 4.3€0.3)
Al: 0.1 (0.0)
chelant 1: 11.7€9.5)
chelant 2: 86.4<8.9)
chelant 3: 1.80.6)
Al: 0.1(0.0)
chelant1: 6.140.4)
chelant2: 0.3€1.1)
chelant 3: 93.50.7)

2 The largest fragment-orbital contributions are reported (threshold
10%). The fragment orbitals are shown in Figure 4. The values in
parentheses are the shifts relative to the optimized geometry (reported
in Table 2).

B-2 —6.82 (0.02)

B-3 —6.58 (+0.12)

—5.29 (+0.04)

C-2 —5.24 (0.02)

C-3(HOMO)  —4.89 (+0.11)

D-1 (LUMO) ~1.71 (+0.02)

D-2 —1.47 (¢+0.03)

D-3 —1.35 (¢-0.17)

—0.48 (+0.07)

E-2 —0.35 (4-0.01)

E-3 —0.26 (+0.15)

lowest unoccupied virtual MOs. They represent the orbitals that
are pertinent to understand the low-energy absorption and
emission properties. It is possible to note that the level scheme
retains the structure observed in the case of the computed
geometry and that only small changes in the one-electron
energies and other characteristics of the MOs are observed. Also
in this case, the MOs are substantially localized on the chelants.
In fact, the contribution of the central metal is inferior to 1%.
Furthermore, they appear principally localized on a single ligand
and associated with one fragment orbital. Thus, the MOs have
been labeled as described in paragraph 2 regarding the optimized-
geometry electronic structure. We can note that orbitals B-3,
C-3, D-3, and E-3 (the orbitals principally localized on chelant
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TABLE 8: B3LYP/6-31G(d) Singlet—Singlet Excitation TABLE 9: B3LYP/6-31G(d) Singlet—Singlet Excitation
Wavelengths (nm) and Oscillator Strengths former-Algs in Energies and Wavelengths (eV and nm), Oscillator Strengths
the Experimental Geometry (3-Phase, Ref &) (f), and Composition of the Excited Wavefunction
- - - - (Threshold of Reported Coefficients 0.10) forfac-Alqs?
excited wave- oscillator  excited wave- oscillator
state length strength state length strength excited energy
1 464 (+17) 0.004 (0.001) 6 393¢1) 0.013 (0.001) state transition (wavelength) f
2 429(2) 0.038(0.029) 7 38243) 0.009 (0.005) 1'E C-e— D-e, 0.186 2.89 (429) 0.118
3 424 (2) 0.011 ¢-0.009) 8 360{19) 0.007 {-0.001) C-e— D-a, 0.054
4 420 (3) 0.031(0.011) 9 357{13) 0.002 ¢0.001) C-a— D-e, 0.198
5 412 #2) 0.020(-0.019) 10 316+3) 0.011 (-0.000) 21E C-e— D-e, 0.218 3.00 (414) 0.016
a ) . . - C-e— D-a, 0.067
The values in parentheses are the shifts relative to the optimized C-a— D-e, 0.213
geometry parameters collected in Table 6. 4IA B-a— D-a, 0.022 4.01 (309) 0.025
B-e— D-e, 0.074
3) appear somewhat more localized than the analogous orbitals C-e— E-e, 0.042
of the optimized geometry. Furthermore, the same MOs show ) C-a—E-a,0.346
a larger shift in energy relative to all the other MOs, with more +E g’_':: B:g' 8'822 4.02 (308) 0.048
positive energies. As a consequence, there is an increase of the B-e— D-a. 0.023
energy gap between the MOs principally localized on chelant C-e— E_a,' 0.325
3 and the MOs of the same set principally localized on the other C-a— E-e, 0.038
two chelants. Additionally, the HOMGLUMO gap is reduced 5'E B-a— D-e, 0.010 4.20 (295) 0.012
to 3.18 eV (0.09 eV lower than that of the optimized geometry). 8'2: E_: 8-1%
In Table 8 we report the first 10 excitation wavelengths and C-a— E-e: 0.193
relative oscillator strengths computed for the experimental 81A B-a— D-a, 0.273 4.81 (258) 0.022
geometry, and their shifts relative to the optimized geometry. B-e— D-e, 0.101
These excitations clearly correspond to those reported in Table B-e—D-e, 0.101

6 (optimized geometry), with only small changes regarding their 2 only electronic excitations with an oscillator strength higher than
composition. It is possible to note that the first excitation is 0.01 are reported. The complete list of excitations is reported in the

red-shifted by 17 nm. Excitations from 2 to 7 are not Supporting Information® The molecular orbitals are labeled according
significantly modified, whereas excitations 8 and 9 show blue- to Figure 3.
shifted wavelengths. Excitation 1 is principally associated with
the excitation from the HOMO (C-3) to the LUMO (D-1; see 4. Absorption Features offac-Alqs. The recently discovered
the Supporting Information), and is affected by the reduction Alds crystalline phase attributed tac-Algs, called thed-phase,
of the HOMO-LUMO gap. Thus, it shows a red shift. showed photoluminescence excitation spectra with a sharp
Excitations 8 and 9 are principally composed of excitations from €Xcitation edge at about 426 nm (2.92 €M this spectrum it
C-1 and C-2 MOs to the D-3 MO. Since the D-3 MO is shifted IS not possible to determine any maximum, which should be
toward more positive energies by the geometrical change andplaced at higher energy.
C-1 and C-2 do not show a significant shift, these transitions ~ Table 9 lists the more intense computed transitions up to 257
are blue-shifted. Excitations from 2 to 7 principally involve C-1 nm (4.82 eV) for fac-Algqs (Table 4S in the Supporting
and C-2 occupied MOs and D-1 and D-2 virtual MOs, whose Information collects all the computed excitations and other
energies do not change significantly in the experimental information about them). As famerAlqs, the first transitions
geometry. Thus, they do not show any particular change in (from 1'E to 3'E) involve electronic excitations from set C
wavelength. Finally, excitation 10 appears relatively distant from orbitals (the HOMO set) to set D orbitals (the LUMO set).
the first nine excitations, as in the case of the optimized However, in this case the first transition (statéE)Lhas the
geometry. largest oscillator strength. Its calculated excitation energy
Although there are small differences between the experimental@mounts to 2.89 eV (429 nm), very close to the aforementioned
and theoretical geometries, it is important to note that the general€xperimental excitation edge at 426 nm.
description of the first absorption band remains the same. In  Thefac-Algs molecular geometry presents the three oxygen
particular, the lowest energy excitation (excitation 1) continues atoms and the three nitrogen atoms in opposite faces of the
to show an oscillator strength substantially inferior to that of octahedron, with the dipole moment pointing toward the oxygen
excitation 2. Although the oscillator strengths of excitations from atom face. Thus, excitations from set C MOs (more localized
2 to 7 become closer in comparison to the optimized geometry, on the oxygen atom) to set D MOs (more localized on the
excitation 2 continues to be the most intense of the first band. nitrogen atom) should be accompanied by a reduction of the
Thus, the described attitude oferAlqgs to principally absorb dipole moment. Thus, interactions with near molecules should
radiation through the second and successive excited statede significantly different in the ground and excited states,
remains substantially unchanged. probably leading to a larger blue shift. This phenomenon should
The differences in the computed electronic structure and be taken into account in interpreting experimental deviations
absorption spectra between the optimized and experimentalfrom calculations.
geometries are associated with changes of the coordination As in the case oferAlqs, thefac-Algs nine lowest energy
sphere. In fact, we have performed a further geometry optimiza- transitions seem to produce overlapped bands. However, the
tion freezing the chelant geometry to the experimental one andtransitions successive to the first one seem much less intense.
optimizing only the geometrical parameters of the coordination This suggests that the firkdc-Algs band could be sharper than
sphere (bond distances and bond angles). In this way we havethat of themerAlgs; analogue.
obtained almost the same metalonor bond distances of the The first excitation (3E) seems to be the most intense among
fully optimized geometry and practically the same absorption the computed ones, includingnerAlgqs excitations. This
wavelengths and oscillator strengths. represents an important difference when compareadeeAlqs,
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which shows a significantly lower excitation strength for the radiative kinetic constant must be taken into account. In this
first excitation. This property is expected to have a relevant sense, we can conclude that the presendamAlqs in 6-phase
effect on the emissive behavior (vide infra). crystals is consistent with the observed lower triplet-state
The transitions from set C to set D MOs cover absorptions Population during fluorescence.

from 429 to 398 nm. The next absorption is computed at 309 In the previous discussion, we have assumed that emission
nm (excited state A in Table 9). It belongs to a set of takes place from the first excited state in both isomers. This
absorptions involving transitions between sets C and E MOs assumption is usual in studies of emission and excited-state
mixed with transitions between sets B and D MOs. The most dynamics?27 According to the Kasha ruk the radiative

intense excitations are found at 309 nm (4.01 e%A)4308 decay is almost always significant for the lowest excited singlet
nm (4.02 eV, 4E), and 295 nm (4.20 eV 'B). These transitions  state. This property has already been assumed in studies about
correspond to those at 313, 304, and 303 nrmef-Alqs, but the luminescence of organic LEB%In the case of Alg the

their oscillator strengths appear larger. same hypothesis appears particularly likely by virtue of the

All the other computed excitations up to 258 nm deal with closeness in energy between the first nine excited states together
occupied set B and virtual set D MOs. The most intense with similarities in their chelant-localized character.
absorption within this set seems to be located at 258 nm. Itis  The assumption that emission principally involves the first
close to the absorption at 252 nmroérAlqs, which principally excited state of both isomers leads to a new consideration. As

involves once again the same sets of MOs. previously discussed, thaer-Alqs light absorption is expected
The onset of excitations mainly involving set A MOs is at to be principally determined by transitions to the second and

257 nm. higher excited states by virtue of their larger oscillator strengths
5. fac-Algs and d-Phase Crystals.According to the previ- when compared to the first excited state. Thus, the excited states

ously discussed computations, the most intense absorption ofinterested by absorption are different from the excited state (the
fac-Algs is located at 429 nm (2.89 eV) and corresponds to the first one) involved in the emission, so that the internal
lowest energy transition (first excited state). On the other hand, conversion toward the first excited state seems to be normally
in merAlqs the most intense excitation corresponds to the Ppresent. This behavior of Aldhas been recently proposed as a
second excited state at 427 nm (2.90 eV), with the first excitation possible explanation of the experimental time dependence of
far less probable (see the Supporting Information for more Algsfluorescence anisotro§ However, considering the results
details). This leads to the prediction of similar locations for the 0f our computations, a similar phenomenon does not seem to
absorption maximum of each isomer. Assuming thaqthase be present in the case fafc-Alqs, where the first excited state
crystals are constituted by thi@c-Algs isomer, we can predict ~ should be responsible for both absorption and emission. At this
similar wavelengths for the lowest energy maximum in the point it seems to be of interest to compare the experimental
absorption spectra ob-phase andmerAlqs crystals. This  excited-state dynamics aferAlgs crystals and thé-phase Alg
implies that the position of this absorption could not be a good Crystal as a possible way to verify the presencéacfAlgs in
property to be used for distinguishing the two isomers. Thus, 0-phase crystals.

other spectral properties have to be considered. Possible The hypothesis thai-phase Alg containsfac-Alqs isomer
candidates could be excitation photoluminescence performedand that emission principally involves the first excited state in
on thick samples, fluorescence spectra, and triplet-state populatothmer andfac-Algs explains other differences in excitation

tion during fluorescence. photoluminescence and fluorescence emission ofdtpbase
Regarding the population of triplet states during fluorescence, crystals andx-phasemerAlgs. Reported excitation photolumi-

a much lower population is reported forphase crystalsin nescence spectrahow a sharp excitation edge followed by a

comparison tanerAlgs. A population of 2% has been observed, plateau, probably due to complete absorption of the incident

to be compared with a population of 25% faerAlq; a-phase light, a phenomenon typically observed in large-thickness

crystals and amorphous films. The similarity betweenrttes amorphous filmg* The presence of the plateau makes it

Algz o-phase and amorphous films suggests that the disorderimpossible to locate absorption maxima, but these spectra show
or molecular packing in condensed phases is not crucial to sharp absorption edges useful in determining the onset of
determine the intersystem crossing toward triplet states or otherabsorption, so that, in the case of thick samples, the high
nonradiative processes. Consequently, the difference in triplet-absorbance may allow the assignment of the excitation edge to
state population should be interpreted as a property of the singlethe first transition. The&)-phase excitation edge is about 1400
molecule rather than of the whole crystal. cm~! blue-shifted in comparison to that of theerAlqs o-phase
According to our computation, the first transitionfat-Algs (about 22100 cm* or 452 nm to be compared with about 23500

(1IE in Table 9) has an oscillator strength much higher than ¢mM™* or 425 nm). Additionally, low-temperature fluorescence
that of the merAlqgs first transition (Table 6). This finding ~ SPectra show vibronic structure with spacing of about 550cm
Suggests a much h|gher transition probabmty (transition d|p0|e) in both CrySta|57. Furthermore, the vibronic structure reaches
between the ground state and the first excited state, but alsothe maximum at the 6~ 2 or 0— 3 vibronic excitation in both
suggests a much higher emission probability from the first the crystals. However, also in this spectrum, dhghase shows
excited state. If we assume that emission takes place from theblue-shifted emission, with a difference in the-00 transition
first excited state in both isomers, we can predict that the Of 1600 cn1™, close to the 1400 cm blue shift of the excitation
radiative process dfac-Algs is much faster than that eher edge.

Algs. Thus, there is the possibility that nonradiative competitive ~ According to the computations, the first excitation fac-
processes are not as effective in reducing the emission intensityAlqs is about 940 cm! blue-shifted relative to that imer

in the case ofac-Alg; as they are in the case oferAlqgs. It is Algs. Furthermore, similar vibronic structure spacing and band
important to note that the competition between nonradiative and broadening have to be expected by virtue of the chelant
radiative processes is determined by their relative rates; thus,localization of the MOs involved in the excitation and the
the preceding discussion needs to be completed by evaluatingsimilarity in the fragment orbitals producing the same MOs
the rate of nonradiative processes. However, a much faster(paragraph 2). Consequently, the computations support the
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assignment of the blue shifts in excitation absorption and absorptions omerAlgs; andfac-Algs (in this case the B3LYP/

fluorescence spectra as a consequence of higher energy gap8-31G* level of approximation has been used in TD-DFT

between the first excited state and the ground statdaor computations; excitation energies, oscillator strengths, and

Algs, and thus are consistent with the presence of this isomer excited-state composition have been reported for each computed

in the crystal. excited state). This material is available free of charge via the
Internet at http://pubs.acs.org.
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