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Molecular level parameters are investigated computationally to understand the factors that are responsible for
the higher efficiency in derivatives of 9,10-bis(1-naphthyl)anthracen®¥N), 9,10-bis(2-naphthyl)anthracene
(B-ADN), their tetramethyl derivativesx(3-TMADN) and thet-Bu derivative 3-TBADN) as blue light emitting

electroluminescent (EL) layers in organic ligh

t emitting diodes (OLEDSs). DFT studies at the B3LYP/6-31G-

(d,p) level have been carried out on the substituted anthracenes. The absorption spectra are simulated using
time dependent DFT methods (TD-DFT) whereas the emission spectra are approximated by optimizing the

excited state by HF/CI-Singles and then car
The reorganization energy for estimating the
between parallely stacked molecules in the

rying out the vertical Cl calculations by the TD-DFT method.
hole and electron transport is calculated. The transfer integrals
bulk state are estimated by calculating the electronic splitting.

The substituted anthracenes are compared with unsubstituted anthracene and yet untested 9,10-dianthrylan-
thracene (TANTH). A larger and slower buildup of the electrons and holes in the EL layer, due to the higher
reorganization energy and smaller electronic coupling between the adjacent molecules could lead to an increase
in hole—electron recombination in the layer and thus increase the efficiency.

Introduction

Organicmr-conjugated materials with semiconducting proper-
ties have attracted immense interest from both the scientific
community and industrialists because of their potential applica-
tions as active elements in light-emitting diodes (LEDP These
materials offer certain advantages over the standard/existing
inorganic materials for use in LEDs, such as versatility of
chemical synthesis, low cost, ease of processing, flexibility,
excellent color gamut and high fluorescence efficiency. More-
over, white-light emission from an LED is possible from organic
materials only. The optoelectronic properties of organic LEDs
(OLEDs) depend on several factér$. Among these, the
important parameters pertaining to the organic materials used
in them are the appropriate HOMO and LUMO energy levels
for the electroluminescence layer (ELL), hole transport layer
(HTL) and electron transport layer (ETL), suitable electron and
hole mobility in these layers, the geometrical characteristics of
molecules leading to the favored packing patterns, and the
intermolecular interactions. The hetero-junction HTL/ELL
should be designed to facilitate hole injection from the HTL
into the ELL and to block electron injection, if any, back into
the HTL. This necessitates that the HOMO of the HTL should
be matching with that of the ELL (so that holes can readily
enter the ELL) and that the LUMO of ELL should be
significantly below the HTL (to prevent electrons entering the
HTL). The ETL/ELL hetero-junction should be designed to
facilitate electron injection into the ELL and to block holes, if
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SCHEME 1: Hole and Electron Recombination in the
EL Layer

LUMO ———>

HTL EL ETL
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any, entering the ETL. For this, the LUMO of the ELL should
be matching with that of the ETL (for easy flow of electrons to
the ELL) and the HOMO of the ETL should be significantly
below that of the ELL (to prevent holes flowing into the ETL)
(Scheme 1). Thus, by selecting molecules with appropriate
HOMO and LUMO levels, charge carriers can be made to flow
into the ELL from the opposite directions. In addition, the
mobility of the charges in the ELL should be good enough for
their efficient transport through the layer; at the same time, it
should not be too high to allow them cross over to the next
layers. This situation leads to the concentration of holes and
electrons in ELL, exciton formation, and fluorescence from the
ELL. The mobility/transport properties of the charges in the
organic molecules are dependent on their reorganization energies
(1), and the coupling between the molecules packed in the solid
state is dependent on the electron-transfer coupling matrix
element,t.57° The charge-transfer processes are very much
influenced by the geometry and molecular packing of atoms in
the molecules as well as by the intermolecular interaction
parameters. Thus, it follows that a proper understanding of all
these molecular characteristics of the organic materials used in
OLEDs is an important prerequisite for the design and selection
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color purity and high efficiency? The hole transport layer was
the N,N'-biphenylN,N'-bis(1-naphthyl)[1,biphenyl]-4,4-di-
amine (NPB) and the electron transport 4,7-diphenyl-1,10-
phenanthroline (BPhen). The HOMQ.UMO gap and the
emission spectra of these two emitters are nearly same but the
p form shows a larger efficiency of 4.5 cd/A when compared
to the 3.1 cd/A for thex isomer. Employing a blend (doping)
of o- and8-TMADN in a 9:1 weight ratio as the EL layer in
the OLED, Kan et al. could fabricate an OLED with a blue
emission of higher brightness and efficiency, compared to that
of the a or g forms when used alone in the device. It was
suggested that the large energy barrier between the HOMO
energy levels of the TMADN and that of BPhen effectively
blocked the holes from transferring from the EL layer to the
ET layer, thus confining the hole and electron combination to
the EL layer, but no explanation was offered for the better
performance of the8 isomer!® The different behaviors of the
two isomers in the same device with the same HOMO, LUMO
levels and HOMG-LUMO gap suggest that some other
molecular level parameters may also be playing a role in
enhancing the efficiency. This also suggests that a fine-tuning
of the luminous efficiency of anthracene derivatives is possible.
Although literature is abundant with the computational studies
on sr-conjugated organic materials, those addressing the issues
related to the efficiencies of the EL of such materials arefei#.
Moreover, the molecular parameters of these materials play a
decisive role in contributing to their high efficiencies. In this
study, we have carried out a detailed DFT analysis of the
selected 9,10-disubstituted anthracene derivatives. This consists
of geometry optimization of the neutral molecules, their cations
and anions, leading to the information on their molecular
geometries, optical absorption characteristics and HOMO,
LUMO levels. Calculation of reorganization energies to estimate
the hole and electron transport properties in these molecules
are also carried ouElectronic splitting (2t) of the HOMO and
of appropriate molecules as well as for optimizing the perfor- L UmMO levels as a function of distance between adjacent
mance of the devices. Here quantum chemical studies of thesemolecules is calculated to estimate the transfer integrals.
molecular properties have proven to be invaluable and been o the basis of the molecular level parameters, we analyze
shown to be of immense help in designing and improving the {he performance of substituted anthracenes comparing them with
devicesl®™*> ) ) _ unsubstituted anthracene. We also include a yet untested
Many emitting materials have been designed and used ingnihracene derivative, namely 9,10-dianthrylanthracene, and
OLEDSs; however, h|gh-pe.rfor.ma.1nce', blue-light emlttlng Ones avaluate the efficiency on the basis of the obtained data. We
are rare, because of the intrinsic wide band-gap required for ¢nq that this molecule does not have the same molecular
such materials. Many hole transporting materials have been meo'parameters as the other substituted ones. This detailed study

for blue e.rnissiorif.‘.5 Anthracene deri_vatives.f(.)rm an important presented here should be helpful in understanding and designing
1
class of highly efficient, stable, blue-light emitting materiis efficient anthracene based EL.

It has been suggested that nonplanar derivatives of anthracene,

due_to steric factors may hinder close packing and'improve the Computational Methods

device performance; hence the EL anthracene derivatives have

been designed solely on the basis of this principle. Among them  For this study we have chosen seven derivatives of anthracene
the 9,10-disubstituted compounds (shown in Figure 1) such asalong with the basic anthracene moiety for comparison and these
9,10-diphenylanthracene (DPA), 9,10-dinaphthylanthracene (ADN) structures are shown in Figure 1. The aryl substitutions in

1). Anthracene

2).R;,RzR3,R4=H :- 0-ADN
4). Ry,Ry,R3,R;=CH3 :— o -TMADN

3).R;,R,R3,Rs=H :- B-ADN
5). Ry,Ry,R3,R;=CH3 :~ & -TMADN
6). Ry =t-butyl, Rp,R4,R4=H :- B-TBADN

8). 9, 10-diphenylanthracene (DPA)

7). 9,10-dianthrylanthracene (TANTH)

Figure 1. Molecular structures and bond numbering scheme used for
Anthraceneqp-ADN, -ADN, a-TMADN, S-TMADN and 3-TBADN,
DPA, and TANTH.

(both oo and 3 forms), 2tert-butyl ADN (5-TBADN) and
tetramethyl ADN (botho. and 3-TMADN) have been studied
for their performance and found to be efficient materials for
full color OLED display deviced? 21 5-ADN, as the emitter,

general are in the 9 and 10 position of the anthracene ring.
Moleculel is the unsubstituted anthracene moiety am&l9,10-
bis(1-naphthyl)anthracene{ADN) and 3 is 9,10-bis(2-naph-
thyl)anthracene 4-ADN). These two isomers defer in the

was suggested by Shi and Tang, and they found that the deviceconnectivity; in theo isomer the naphthalene connects to the

structure NPB/ADN/ Alg3 produced a good efficiency of 1.9
cd/A*® As ADN proved to be morphologically unstable due to
crystallizations, substitutions to this molecule like methyl in the
fourth position were carried odit:18But here for a similar device
structure the efficiency dropped to 1.4 cd/A. On the other hand,
both in ADN and in methyl substituted ADN upon doping there
was an increase in the efficiency. Very recently, Kan et al.
reported two blue-emitting isomers of TMADN with excellent

anthracene through its 1 position whereas inghsomer the
connection is through the 2 position. Molecuksnd 5 (o.-
TMADN and 8-TMADN) are the tetramethyl-substituted forms
(2, 3, 6, and 7 substituted) @and3. Moleculeé6 is the 2tert-
butyl-9,10-bis(2-naphthyl)anthracene which is a derivative of
the 8 form and will be referred to a-TBADN. Molecule 7
(TANTH) is 9,10-dianthrylanthracene or trisanthracane and
molecule8 is the diphenylanthracene derivative (DPA). All these
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Figure 2. Syn (a) and anti (b) conformations of and-ADN.

TABLE 1: Dihedral Angles (¢, deg) Obtained at Various ' ! T : T ’ T ; T

Minima for the Neutral, Cation and Anions Calculated at S0 60 70 80 90
the B3LYP/6-31G(d,p) Levetb Dihedral angle (°)

molecule neutral cation anion Figure 3. Change in energy with dihedral angfefor the neutral
a-ADN 90 90 and 68.5C,) 90 and 69.7C,) molecules calculated at B3LYP/6-31G(d,p) single point level.
-ADN 90 and 76.3C;) 90and57.9C,) 90 and55.6C,)
o-TMADN 90 90 and 727@2) 90 and 688@2) 10+ . —a&— o-ADN-Cation-Syn
B-TMADN 90 and 80.6C,) 90and 60.9C;) 90 and 54.2C,) ] — o 6-ADN-Anion-Syn
B-TBADNC 87 (Cy) 61.2 C1) 59.6 C1) 9 \ —A— B-ADN-Cation-Syn
TANTH 90 90 and 77.8C;) 90 and 83C,) 8- \ —7— B-ADN-Anion-Syn
DPA 90 and 83.9¢) 90and61.5Q;) 90 and 60.2)y) J 3 ---4-- TANTH-cation

2 Almost equal angles are obtained for both syn and anti conforma- g 7 H"';, -f'iff BAPXTCZ;?OT:O”
tions. Only the syn conformation is shown in the taSlall molecules & 6 » | - DPA-anion
with 90° angles are irC,, symmetry. Other symmetries are indicated § 5]
in parentheses.¢' = 78.2 (neutral), 59.6 (cation) and 57.9(anion). > |

fed

derivatives except TANTH have been studied as EL for blue £ *7
light emissionté-2 5 21

We have carried out the geometry optimization of all the & 1]
neutral molecules shown in the figure using the GO3w soft- 0
ware2* The minimization is carried using the density functional 1]
theory at the B3LYP level. The B3LYP functional consists of ’ 50 6 70 8 90

Becke’s three-parameter hybrid exchange functional combined
with the Lee-Yang—Parr correlation function&f26 The basis
set used is a split valence plus polarization, 6-31G(d,p).
Frequency calculations are carried out to ensure that each
optimized conformation has all positive frequencies and thus
is a minimum on the potential energy surface. MP2/6-31G(d,p)
calculations have been carried out on some neutral molecule
to verify the stationary points obtained at the B3LYP level. The
excitation energies of the low lying excited states have been
calculated using the time dependent density functional theory (1) Conformations and Relative Energy.It is observed,
(TD-DFT) also available as an option in the GO3w suite of from the 3-D structures of these molecules, except in the case
programs:’2¢ The emission properties is approximated by of unsubstituted anthracene all other molecules show confor-
optimizing the first excited state using the HF/configuration mational flexibility. For the o,5-ADN, o,5-TMADN and
interaction singles (CIS) methodolgg§and then subsequently ~ 3-TBADN molecules due to the presence of the side groups,
using this geometry for the TD-DFT calculations. This method we obtain two nearly degenerate conformations as shown in
has shown to be ideal in estimating emission spectra and furtherrigure 2 fora,3-ADN only: when the two side groups are on
details are available in the literatut®. the same side, a syn conformation (a), and when they are on
The main parameters for hole/electron transport at the the opposite side, an anti conformation (b). These are not
molecular level are the reorganization energies due to theinterconvertible by rotation of the side groups due to steric
oxidation and reduction of the molecule and the electronic hindrances at smaller torsion anglgsn the case of DPA and
splitting between adjacent molecules (transfer integrals). To TANTH we obtain only one conformation due to symmetry.
study the reorganization energies, the knowledge of the opti- Apart from TBADN, the molecules in general prefer a more
mized geometry of the cation and the anion is necessary andsymmetric structure with the anglgsand¢' on both sides being
this is obtained by the open shell calculations of the molecules equal.
at the UB3LYP/6-31G(d,p) level. For the transfer integral Due to the rotational freedom in the side groups attached to
evaluation, the single point calculations of the neutral dimers the anthracene, we can envisage many local minima at lérger
are carried out at the B3LYP/6-31G(d,p) geometry using the in both conformations in the gas phase which can get locked in

Dihedral angle (° )

Figure 4. Change in energy with dihedral angjefor the cation and
anion molecules calculated at UB3LYP/6-31G(d,p) single point level.

semiempirical intermediate neglect of differential overlap
S(INDO) Hamiltonian2°b

Results and Discussion
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TABLE 2: Comparison of the Bond Lengths (A) Obtained at the B3LYP/6-31G(d,p) Level for the Neutral, Cation, and Anions

of o 8-ADN and o.8-TMADN 2

0o-ADN (B-ADN)P

o-TMADN (B-TMADN)®P

neutrat cation

anion

bond  90° 90 68.5 (57.9) o 69.7(55.6)

90°

neutraf

cation

anion

90° 72.7 (60.9)

90°

68.8 (54.7)

1.369 (1.369) 1.388 (1.389) 1.384 (1.384) 1.392 (1.392)
1.433 (1.433) 1.416 (1.416) 1.420 (1.420) 1.420 (1.420)
1.412 (1.412) 1.425 (1.425) 1.426 (1.429) 1.428 (1.426)
1.412 (1.412) 1.425 (1.425) 1.429 (1.431) 1.428 (1.426)

1.369 (1.369) 1.388 (1.389) 1.385 (1.384) 1.392 (1.392)
1.422 (1.422) 1.403 (1.403) 1.405 (1.404) 1.400 (1.400)
1.500 (1.498) 1.494 (1.492) 1.486 (1.478) 1.495 (1.494)

1
2
3
4
5 1.433(1.433) 1.416 (1.416) 1.418 (1.419) 1.421 (1.421)
6
7
8
9

1.383 (1.382) 1.384 (1.383) 1.391 (1.393) 1.386 (1.384)

11 1.435(1.420) 1.434 (1.420) 1.438 (1.415) 1.439 (1.421)
12 1.422(1.421) 1.422(1.421) 1.421(1.422) 1.422(1.422)
13 1.376(1.376) 1.377 (1.376) 1.378(1.376) 1.377 (1.377)
14 1.415(1.417) 1.415(1.417) 1.414 (1.416) 1.416 (1.417)
15 1.375(1.376) 1.375(1.376) 1.376 (1.379) 1.376 (1.377)
16 1.421(1.421) 1.421(1.420) 1.420 (1.416) 1.422 (1.420)
17 1.420 (1.420) 1.420 (1.420) 1.419 (1.423) 1.420 (1.420)
18 1.375(1.375) 1.375(1.376) 1.377 (1.373) 1.375 (1.376)
19 1.415(1.424) 1.414 (1.425) 1.409 (1.428) 1.415 (1.428)

90° is shown. See text for details.

1.389 (1.384)
1.422 (1.424)
1.431 (1.433)
1.430 (1.433)
1.422 (1.425)
1.388 (1.384)
1.402 (1.405)
1.491 (1.480)
1.390 (1.395)

1.422 (1.417)
1.421 (1.424)
1.378 (1.380)
1.415 (1.413)
1.376 (1.383)
1.422 (1.415)
1.419 (1.424)
1.378 (1.373)
1.411 (1.432)

1.372 (1.372)
1.431 (1.430)
1.412 (1.411)
1.412 (1.411)
1.431 (1.430)
1.372(1.372)
1.441 (1.441)
1.499 (1.498)
1.383 (1.382)

1.435 (1.421)
1.422 (1.421)
1.376 (1.376)
1.415 (1.417)
1.375 (1.376)
1.421 (1.420)
1.420 (1.420)
1.375 (1.375)
1.415 (1.425)

1.392 (1.392) 1.390 (1.389)
1.415 (1.415) 1.417 (1.417)
1.423 (1.423) 1.424 (1.428)
1.423 (1.423) 1.426 (1.429)
1.415 (1.415) 1.415 (1.416)
1.392 (1.393) 1.390 (1.390)
1.423 (1.423) 1.424 (1.423)
1.494 (1.493) 1.490 (1.482)
1.384 (1.383) 1.387 (1.390)
1.509 (1.508) 1.504 (1.504) 1.505 (1.505) 1.511 (1.511) 1.511 (1.510)
1.434 (1.420) 1.436 (1.416)
1.422 (1.421) 1.422 (1.422)
1.377 (1.376) 1.377 (1.376)
1.415 (1.417) 1.414 (1.416)
1.375(1.376) 1.376 (1.378)
1.421 (1.420) 1.421 (1.418)
1.420 (1.420) 1.420 (1.422)
1.375(1.376) 1.376 (1.373)
1.414 (1.425) 1.412 (1.428)

aFor cation and anion both minima are showivalues given in parentheses correspond toftigomer.c For the neutral only the minima at

1.395 (1.395) 1.390 (1.386)
1.418 (1.419) 1.420 (1.423)
1.428 (1.426) 1.431 (1.433)
1.428 (1.426) 1.430 (1.433)
1.418 (1.419) 1.420 (1.423)
1.395 (1.393) 1.390 (1.386)
1.413 (1.413) 1.417 (1.419)
1.495 (1.493) 1.489 (1.478)
1.386 (1.384) 1.391 (1.396)

1.439 (1.420) 1.443 (1.417)
1.422 (1.422) 1.421 (1.424)
1.377 (1.377) 1.378 (1.380)
1.416 (1.417) 1.414 (1.413)
1.376 (1.377) 1.377 (1.384)
1.422 (1.420) 1.422 (1.415)
1.420 (1.420) 1.419 (1.425)
1.375 (1.376) 1.379 (1.373)
1.415 (1.428) 1.410 (1.432)

TABLE 3: Optimized Bond Lengths (A) for the Neutral, Cation, and Anions of -TBADN, TANTH, DPA, and Anthracene
Obtained at the B3LYP/6-31G(d,p) Level

[-TBADN TANTH DPA anthracene
neutral cation anion anion cation anion neutral cation anion neutral cation anion
bond 78 59.8 5.6° [0 0 s 9 83° [0 90° 61.5 90° 60.2

1 1.369 1.384 1384 1.369 1.369 1.375 1.369 1.375 1.369 1.389 1.387 1.392 1.389 1370 1.391 1.395
2 1.433 1.42 1.424 1433 1.433 1.426 1.433 1.429 1.433 1416 1.418 1.421 1.422 1.430 1.414 1.419
3 1.413 1.43 1433 1.413 1.412 1.421 1.414 1.419 1.418 1.424 1.429 1.426 1.433 1.400 1.410 1.414
4 1.412 1.43 1432 1.413 1.412 1.421 1.414 1.419 1.412 1.424 1429 1.426 1.432 1.400 1.410 1.414
5 1.434 1.419 1426 1.433 1.432 1.426 1.433 1.429 1.433 1.416 1.418 1.421 1.422 1.430 1.414 1.419
6 1.373 1.393 1.389 1.369 1.369 1.375 1.369 1.375 1.369 1.389 1.387 1.392 1.389 1370 1.391 1.395
7 1.433 1.416 1.414 1.422 1.422 1.415 1.423 1.417 1.422 1.403 1.403 1.400 1.400 1.426 1.405 1.403
8 1.497 1.480 1.479 1501 1.499 1.493 1500 1.498 1.498 1.492 1.482 1.495 1.486
9 1.382 1.391 1.394 1.415 1.421 1.422 1.422 1.423 1403 1403 1.408 1.405 1.411

10 1.537 1.534 1.417

11 1.421 1.416 1.539 1.432 1.424 1.427 1426 1.427 1.396 1.395 1.393 1.396 1.394

12 1.421 1422 1424 1370 1.380 1.376 1.382 1.379 1.396 1.396 1.397 1.396 1.397

13 1.376 1.376 1.379 1.424 1414 1.418 1413 1.416 1.396 1.396 1.397 1.396 1.397

14 1.416 1.416 1.413 1.368 1.378 1.374 1.380 1.377 1.396 1.395 1.393 1.396 1.394

15 1.376 1.379 1.383 1.430 1.423 1.426 1.425 1.426 1.403 1.403 1.408 1.406 1.411

20 1424 1.414 1.418 1.413 1.416
21 1370 1.380 1.376 1.382 1.379
22 1.432 1.424 1.427 1.426 1.427
23 1.415 1.421 1.422 1.422 1.423
24 1.446 1.443 1.444 1.448 1.448
25 1.446 1.443 1.444 1.448 1.448

the solid state due to crystal forces. Geometric optimization of the bond angles in both the middle anthracene ring and the side
all the neutral molecules at the B3LYP/6-31G(d,p) level reveals rings. We shall show in a later section that there is no difference
that except for TBADN all the other substituted anthracenes in the HOMO, LUMO orbital energies, or in the absorption and
show a minima a$ = 90.C°. Earlier studies using higher level  emission values with the change in dihedral angle unless it takes
models such as CASSCF indicate that phenylanthracene, aup very small values. Hence for all further discussions and
similar type of molecule, also has a minimum at 9¢0This calculations we shall refer to the 90.@ihedral angle as the
90.C angle is expected as it has the minimum steric interactions, minimum. The dihedral angles obtained for neutral, cation and
and this is irrespective of the conformation (syn and anti). We anion at the local minima are tabulated in Table 1. To estimate
confirm this minima by carrying out additional calculations at the energy required for the symmetric rotatigh=€t ¢') from

the MP2/6-31G(d,p) level for all the neutral molecules. In the these local minima for the two conformations and the two
case off isomers additional local minima are also seen. These isomers ¢ and ), we plot the relative energy calculated for
minima have a relative energy difference of hardly 0.5 kcal/ various angles vs the torsion angle and this is shown in Figure
mol and there is practically no change in the bond lengths or 3. Here the syn and anti neutral molecules of omjg-ADN
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TABLE 4. HOMO, LUMO, and HOMO —-LUMO Gap (HLG, eV), Wavelength (Amax, NM), Excitation Energy (AE, eV),
Oscillator Strength (f), Ground State Dipole Moments fi4, Debye), Contributing Transitions and Transition Dipole Moments
(Debye) for All Moleculest

absorption data

HOMO LUMO HLG Ug Amax AE transition
molecule sym (eV) (eV) (eV) (D) (nm) (eV) f transition dipole (D)
anthracene Don —5.22 —1.63 3.59 0.0 379 3.27 0.06 + L (0.64) 0.86
H—1—L+1(0.1)
o-ADNP Co, —5.15 —1.66 3.49 0.0 394 3.15 0.18 H L (0.64) 151
B-ADNP Co —5.13 —1.63 3.50 0.05 395 3.16 0.21 +H L (0.64) 1.66
o-TMADNP® Co —4.91 —1.41 3.50 0.06 394 3.14 0.15 H L (0.64) 1.38
B-TMADNP Cov —4.89 —1.39 3.50 0.01 393 3.15 0.18 +H L (0.64) 1.52
B-TBADNP C —5.04 —1.55 3.48 0.52 398 (396) 3.12 0.23 H—L (0.64) 1.70
DPA Co -5.11 —-1.61 3.50 0.0 391 3.17 0.15 + L (0.64) 1.37
H—1—L-+1(0.01)
TANTH Co —5.18 —1.70 3.48 0.0 403 3.08 0.37 +H L (0.52) 2.23

H—1—L+2(0.27)
H—2—L+1(0.27)

2 Absorption data obtained using TD-DFT method for the B3LYP/6-31G(d,p) level optimized geomeBjasconformation only¢ Experimental
valuels2t

are shown for comparison. It is interesting to observe that for ¢ is not equal to 90 due to the bulky group in one position.
the 5 isomer the energy required for the rotation is less than 1 For the neutral we obtain around “8a@nd for the cation/anion
kcal/mol between the angles9é@nd 70 for both conformations 61.2/59.6° (Table 1). Summarizing, we find that the larger the
whereas for both the isomer conformations such a low energy steric interactions (due to the ring size), smaller the angle range
rotation is seen only between 9@nd 80 (a smaller range).  for low energy rotation.
Below 80, the energy of thex isomer rises up very steeply (2) Bond Lengths.The DFT/B3LYP-6-31G(d,p) minimized
when compared to thg isomer where the rise below 70s bond lengths for all the molecules are shown in Tables 2 and
much slower. This also indicates that in the neutral species the3. The numbering scheme used for the bonds, is shown in Figure
steric hindrances in the isomers are much larger and in the 1. To understand the effect of substitution of the four-methyl
solid state there exists a possibility that fhésomer can take groups on the neutral and thes forms of ADN, we compare
lower torsion angles. From the graph it is also clear that both the bond lengths with those of the corresponding TMADN. It
the syn and anti conformations of the ADN derivatives behave is seen that there is almost no change in the bond lengths both
in a similar fashion; henceforth we tabulate and discuss the in the anthracene part and in the naphthalene part except in
results of only the syn isomer for clarity. We also observe (Table case of bond 7 (and its equivalent bond due to symmetry). In
1) that there is no major notable changegirin the isomers, this bond there is a lengthening of almost 0.02 A in TMADN,
which have been substituted by alkyl groups ag,fi* TMADN, which we attribute to the steric interactions of the methyl groups.
hence these are not shown. In Figure 4 where only the synlt has already been pointed out in the earlier section that the
conformers have been shown, it is seen that this low energytorsion angle between the anthracene and naphthalene does not
rotation in these two ADN isomers is not observed in the change much with substitutions on the anthracene ring and we
oxidized and the reduced state (cation and the anion). Geo-find it is also the case in the length of the connecting bond 8.
metrical optimization of the cation and the anion reveal that On comparing ther and thes isomers of ADN and TMADN,
deeper local minima occur at the lower angles. we again find that the anthracene does not have any substantial
As the neutral has almost low energy rotation for the range bond length change. But in the naphthalene bonds 11 and 19,
70-90° (B) and 86-90° (@) in the gas phase, we can only which are adjacent to the connecting bonds, have a considerable
predict the angle range (each molecule could have different change of around 0.015 A, whereas all the other bond lengths
angle) it can take up in the solid state rather than one particularin the side rings also remain almost the same. This is expected
angle. Crystal forces then lock any angle taken up by the and this change is attributed to the change in connectivity (1
molecule in the solid state. Anglg for the molecule is not  and 2 position of the naphthalene).
predicted to be outside the range due to steric factors. However, On oxidation/reduction of each molecule to the corresponding
in the case of the cation and the anion a relatively deeper minimacation/anion, more interesting changes in the bond lengths take
occurs around 70for a. and around 60for 3 in addition to the place. First there is a substantial change in the bond length in
90° minima. As the difference in bond lengths in both the bond 8, which is the connecting bond between the anthracene
minima are seen to be larger in the case of cation and anionand the naphthalene ring. This bond shortens by G-Q0806
(Table 2), we shall discuss the results in terms of both minima A in the cation when the torsion angle is°dut shortens further
in these cases unlike in the neutral one. by 0.014 A when the torsion angle is lower. In the anion too,
In Figure 3 the variation of neutral TANTH and DPA with  obtained on reduction, there is again a larger change in the bond
respect to the torsion angle is also shown for comparison. Here8, which is as much as 0.02 A when the torsion angle is reduced.
in the case of DPA the rotation is almost similar to the case of This could be due to the smaller angle subtended by the
B isomer. Two crystal structures reported in the literature naphthalene groups with the anthracene and thereby conjugation
indicate the torsion angles as °6&h one case and 67in increase reduces the bond order. On the other hand, the changes
anotherr233But in TANTH the steric factors start even at°’¢0  in the bond length of naphthalene groups on oxidation/reduction
and there is a steep rise in the curve from that angle. In Figureis hardly noticeable whereas there are substantial changes in
4, potential energy surface (PES) of the cation and the anion ofthe bond lengths in the anthracene moiety. It is interesting to
these molecules are shown and these also behave similarly. Anote that there is no bond length alteration (BLA) in the side
deviation in behavior is seen in case of $4sTBADN where groups even when takes up lower angles but the larger BLA



Anthracene Derivatives as EL Layers in OLEDs J. Phys. Chem. A, Vol. 110, No. 3, 2006157
ADN

— N
-, - <
e ;

LUMO+1 (-1.06 eV) LUMO (-1.66 eV)

HOMO-1 (-5.79 eV) HOMO (-5.15 V)

LUMO+1 (-1.09 eV) LUMO (-1.63 eV)
HOMO-1 (-5.85 eV) HOMO (-5.13 eV)
TANTH

LUMO+1 (-1.69 eV) LUMO (-1.70 eV)

HOMO-1 (-5.23 eV) HOMO (-5.18 eV)
Figure 5. Frontier molecular orbital pictures @f-ADN, 3-ADN and TANTH obtained for the B3LYP/6-31G(d,p) optimized structure.

again is seen only in the center anthracene. The changes in th@xidation/reduction are much smaller. The maximum BLA is
substituted anthracene ring are comparable to that of theonly 0.01 A. In contrast to the ADN derivatives, here it is the
unsubstituted ring when the torsion angle is at. #xamining side rings that show BLA and not the central ring. The
the BLA behavior in TANTH, one sees that the changes upon connecting bond 8 also has much smaller changes.
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(3) HOMO, LUMO Levels and HOMO —LUMO Gap -1.3 g T T T g T T T T 37
(HLG). Next we investigate the changes that take place upon  -141 e 16
substitution, to the frontier orbitals, like the HOMO and LUMO 1.5 /O -
energy levels, HOMGLUMO gap, etc., in these anthracene -1.6 o — [3%
derivatives. The calculated HOMO and the LUMO levels of 71 - ./ - 3.4
all the molecules are shown in Table 4. The HOMO and the § 7] / DA N
LUMO energies of anthracene lie at5.22 and—1.63 eV, o ] o —e—HLG -
respectively, and a reasonably large HLG of 3.59 eV is obtained. S 447 v 32 o
Unsubstituted anthracene has the largest HLG in the series. Bya" j'g: / 31 &
substituting groups at the 9 and 10 position there are no notable3 a7d ¢ (30
changes in the orbital densities (Figure 5) and the orbital * 484 o '
contribution is still from the central anthracene as in the case 4.9 Tt t—— 29
of unsubstituted anthracene. On the other hand the energy levels 501 L 2.8
change and in the case of5-ADN, the HOMO is slightly :;_ [,
destabilized whereas the LUMO is slightly stabilized with the “3 40 50 60 70 8 90 '
net result of a slightly smaller HLG. The HLG is now 3.49 eV Angle ¢, [degrees] o—TMADN
compared to anthracene’s 3.59 eV. The HOMOea-@&DN and
B-ADN lie almost at the same level, and they are arotisd10 N ¢
and—>5.15 eV. In the case of the LUMO they are arountl.65 1.4+ om0 e
and—1.66 eV, with a very minor difference of only 0.01 eV. :];2_ © L
On alkyl substitution on these molecules there is a further 17 /o o 35
destabilization of the HOMO and the levels are now-dt91 -1.94 /O / 34
and at—4.88 eV. A destabilization is also seen in the case of < Z%j?: o/O - 33
the LUMOs, both of which are now at1.4 eV. The HLG is 2 227 / —oTHOMO b32
almost equal in botle- and-TMADN, which apparently has % 24= . ihﬂgo [31 5
not changed frona.,3-ADN upon substitution. The destabiliza- 3 a7 / (302
tion of the HOMO and the stabilization of the LUMO with g 4. /g o (o0
respect to the unsubstituted anthracene is a maximum in TANTH=E — T~
and the HLG is 3.48 eV, about 0.02 eV smaller than the other 97 N B
HLG. Only a very small variation of 3.483.50 eV is observed 5.0 27
in these substituted anthracenes. 5.1 26

The HOMO and the LUMO orbitals of the- and 3-ADN 8.2 - y - - T —- 25

are shown in Figure 5. The HOMO is distributed along the main

axis of the molecule with large densities on the vertex atoms, A"'-f"e“’ ' [f’egrees] B-TMADN

whereas the LUMO is more delocalized on the molecule. The Figure 6. Effect of twisted dihedral anglesf on HOMO, LUMO and

HOMO—1 and the LUMG1 of all the molecules shown in HLG in o-TMADN and -TMADN molecules. Values obtained from
. . . B3LYP/6-31G(d,p) calculations.

the figure lie on the side groups. HOMO and the HOMD

have an energy difference of 0.7 eV and about 0.6 eV in the ] ) o
case of LUMO and LUMG1 in a- and S-ADN. But in (4) Electronic Absorption and Emission Spectra.The

TANTH these orbitals are almost degenerate indicating a absorption and the emission spectra details calculated for all

deviation from the above trend. To understand the behavior of the molecules at their minima are shown n Table 4, and these
the HOMO, LUMO and the HLG with respect t we carry are in good agreement with the experimental data where
out the var’iation of the angle vs these parameters and this isavailable%ﬁ‘ﬂ In the unsubstituted anthracene the absorption
shown in Figure 6 only foo?— and B-TMADN. The variation maxima is around 379 nm. The major transition is from the
of the HOMO is smaller with change in angles but the LUMO HOMO to the LUMO. On substituting the 9 and 10 positions

o . . with naphthyl groups a red shift of around 20 nm in general is
stabilizes fas_ter_wnh a de_crease in the angle. The _HLG almOStseen. The absorption is around 394 nm in ¢AADN with a
follows the similar behavior of the LUMO. In the isomer,

. . . slight red shift of only 6 nm in the case of tifeisomer. In
data below 3%are not possible due to steric factors. From this both isomers of TMADN and in TBADN the absorption is

it can be understood that close packing with a large decrease in

i >~ Talmost the same and it can be inferred that the changes in the
the rotation angle would reduce the HLG and thus the emission 55 rption due to the alkyl substitutions are almost absent. But

would no longer be in the blue. As the LUMO level changes 4t is very interesting is that the oscillator strengths forcthe
with the rotated angle, small changes in the angle affects thejsomers are always smaller than theones, whereas in the
electron injection and not the hole injection into the EL layer. ynsybstituted anthracene it is relatively very small. The reason
The role of the bulky alkyl substitutions on the anthracene ring for the lower oscillator strength in the case of taésomers is
could be to hinder close packing in the solid state and allow qye to the smaller polarization as seen from the transition dipole
the naphthyl groups to adopt the gas-phase optimal angle, whichmoments in the same table. To understand whether the angle
is ideal for emission in the blue. The calculated HOMQJMO plays any role in the increase or decrease of the absorption, we
data are in good agreement with the experimental data wherestudied the variation oy vs AE and f for both thea- and

both theo- and 3-ADN derivatives are predicted to have the B-TMADN. This is shown in Figure 7. In the case of the
same HOMO and LUMO level¥ We can also infer from both  isomer (Figure 7a) theAE decreases with the angle. The
the experimental data and the theoretical data that the largeroscillator strength increases till an angle of 46 the value of
dihedral angle would be taken up by the molecules in the solid 0.2 and then falls. The lowe&E value obtained is at an angle
state. of 35°. Any lower angle than this is not possible due to steric
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T T T 0.7 TABLE 5: Wavelength (Amax Emission, nm), Emission
3.2 Energies (AE, eV), Oscillator Strength (f), Contributing
—0—AE Transitions and Transition Dipole Moments (Debye) for All
] —o—f _—" L 06 Molecules Calculated Using TD-DFT for the CIS/6-31G(d,p)
3.14 : Optimized Geometries
| / i lmax
3.0 L 05 emission AE transition
. molecule (nm)  (eV) f transition dipole (D)
—~ 2.9 - f anthracene 426 (420)2.91 0.06 L— H (0.62) 0.93
® ] | 0.4 L+1—H-1(0.11)
o 28 a-ADNP 444 2.79 0.17 L—H(0.62) 1.56
< < e - B-ADNP 442 (460} 2.80 0.20 L—H (0.62) 1.71
1 a-TMADNP 444 (4663 2.79 0.14 L—H (0.63) 1.45
2.7- / -0.3 5 TMADN® 443 (466} 2.80 0.17 L—H (0.63) 159
1 4 I S-TBADNP 443 (441} 2.80 0.22 L— H (0.63) 1.79
264 ® T, DPA 441 2.81 0.14 L-H(0.62) 1.44
' | e \ -0.2 TANTH 445 2.79 0.22 L—H(0.62) 1.79
25 — . a Experimental value¥-1° ® Syn conformation only.
T T T T T T T — 0.1 The ground-state dipole moments are shown in Table 4 and
30 45 60 75 90 here the TBADN has the largest dipole moment of 0.53 D
Angle ¢, [degrees] a~-TMADN whereas thex and the-TMADN have a very small dipole
moment of 0.05 D. In both anthracene andADN due to
symmetry the dipole is absent.
———7+——7—+—7——7 0.7 (5) Hole/Electron Transport Properties and Transfer
3.2 — O AE | Integrals. Two widely used theories for describing the charge
1 —eo—f 0 mobilities in organic materials are namely the band th¥ory
3.1 A -0.6 and the hopping modéf. With the overlap of neighboring
le L molecules MO’s the band is formed through which the conduc-
3.0- \. tion of the charge takes place according to the band theory
| T -0.5 model. On the other hand the hopping model is more suitable
29 \ - L f where coupling between neighboring molecule are small, and
< ] . 04 this is more appropriate in our case here. _Usmg t_hls model, the
ﬁ’ 28 charge transport that is calculated here is the intermolecular

0.2
At A — A+ AT

r process in which the charge hops between two molecules. The
] o L 0.3 hole and electron transport process at the molecular level in
2.7 1 \ the EL layer can then be portrayed as the electron transfer/hole
1 r transfer reactions between the neighboring molecifies.
2.6 1 .
O e
D/

where A is the neutral molecule interacting with neighboring
oxidized or reduced A~. In the case of electron transport the
interaction can be considered between a molecule in the neutral
state interacting with a radical anion and in the case of hole
transport the interaction can be considered between a molecule
in the neutral state and a cation. The rate constant for electron
transfer can be defined using the Marcus thedry,

T T T T T T T T T T T T 0.1
0 15 30 45 60 75 90
Angle ¢ , [degrees] p-TMADN
Figure 7. Effect of twisted dihedral anglep] on absorption energy

(AE, eV) and oscillator strengthf)(in a-TMADN and -TMADN
molecules. Values obtained from TD-B3LYP/6-31G(d,p) calculations.

hindrances. In the case of tifeisomer, decreasing the angle
decreases thAE while the oscillator strength increases. Thus
at 0.0 the value ofAE is less than 2.5 eV arfds at 0.6. From

the tables it is seen that the absorption in the case of TANTH neighboring molecules,.. is the reorganization energis is

is slightly red shifted and has a larger oscillator strength. the Boltzmann constant arftis the temperature. An evaluation
The emission spectra details are shown in Table 5. The of t would require the relative positions of the molecules in the
experimental results, which are available in the literature, are solid state as it is related to the energetic splitting of the frontier
shown in the last column. The anthracene emission is calculatedorbitals of the interacting molecules. On the other hand the
to be around 426 nm, whereas all other substituted anthracenesnobilities of the electron/hole are predictable from the reorga-
studied here emit above 440 nm. TheTMADN has an nization energies and in general have good agreement with the
emission maximum at 466 nm as determined experimentally experimental observatiori§.3° Our aim here is to predict on
and this is to be compared with 444 nm obtained here. the basis of the theoretical calculations the reorganization energy.
B-TMADN has an experimental emission maximum also at 466 It is clear that, to have larger hole/electron transport, the
nm, whereas the calculated value is 443 nm. Basically, all thesereorganization energy of the corresponding change from neutral

Ko = dt?/h(z/2 k) exp(—A . /4k,T)

wheret is the transfer integral/coupling matrix element between

are LUMO to HOMO transitions. The intensities of {hésomer
are again marginally stronger than in theisomer. Here too

TANTH has a slightly red shifted emission with a larger

intensity.

to cation/neutral to anion should be low.

The reorganization energies are calculated on the basis of
the model shown in Scheme 2. This model has been applied
with success in many earlier studfeslere the energy required
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TABLE 7: Theoretical Estimation of the Reorganization
Energies (eV) of All Molecules Obtained at the B3LYP/
6-31G(d,p) Level for Case 2, Where the Cation and Anion
Have Relaxedo

SCHEME 2: Calculation of the Reorganization Energy

Cation/anion geometry
before reorganization.

—_— A1/A3 (ineV
A \:(_ ) molecule A1 12 s s A A
~ Cation/anion optimized DPA 0.151 0.12 0.271 0.155 0.148 0.303
geometry a-ADN 0.125 0.137 0.262 0.117 0.146 0.263
B-ADN 0.222 0.135 0.357 0.286 0.179 0.465

o-TMADN  0.087 0.104 0.191 0.135 0.150 0.285
p-TMADN 0.165 0.115 0.280 0.318 0.186 0.504
p-TBADN 0.175 0.139 0.314 0.213 0.183 0.396
TANTH 0.055 0.081 0.136 0.055 0.053 0.108

(ineV)

'_
Ml Neutral geometry

— before reorganization.
Neutral optimized

molecule remains in the range. But in the case of TANTH there
is an interesting deviation from this behavior. There is a large

geometry drop in the reorganization energy, it comes down to 0.040 eV
for the hole transport compared to 0.136 eV of the unsubstituted
Ar=A1+A2 A+ (for Hole Transport) anthracene. In the case of electron transport too it drops to 0.068

from 0.194 eV. Here, in general; is equal tol, and 43 is

A-=A3+A4 A (for Electron Transport)

TABLE 6: Theoretical Estimation of the Reorganization
Energies (eV) of All Molecules Obtained at the B3LYP/
6-31G(d,p) Level for Case |, Where the Cation and Anion
Have No Change in¢

equall,. This is because the geometry changes from neutral to
cation/anion and vice versa are equal.

There is a second possibility in which the cation/anion
geometry could relax to the lower minima, i.e., the smaller
dihedral angle. The reorganization energies calculated for such

a geometry relaxation would be different from the one discussed
earlier. The values are tabulated in Table 7. Here the rotation
angle in the cation and anion being smaller, larger changes are
seen. The hole transport in general goes through a larger

molecule AL A2 yn A3 A A

benzeng 0.153 0.149 0.302 0.201 0.202 0.403
napthaleng 0.092 0.092 0.184 0.129 0.129 0.258
anthracere  0.068 0.068 0.136 0.097 0.097 0.194

DPA 0.072 0.062 0.134 0.100 0.098 0.198 reorganization energy change. The values are as high as 0.357
o-ADN 0.070  0.068 0.138 0.102 0.090 0.192 eV and the lowest is 0.191 eV, which is still larger than those
f-ADN 0.071 0073 0.144 0099 0.101 0.200 in Table 6. In the case of electron transport the difference is

a-TMADN  0.068 0.068 0.136 0.107 0.087 0.194
p-TMADN  0.069 0.070 0.139 0.105 0.104 0.209
TANTH 0.020 0.020 0.040 0.040 0.028 0.068

2 No dihedral angle in these cases.

still higher. In fact, for3-TMADN the value is as high as 0.504
eV. Such large reorganization energies can be compared with
those molecules such as (4-biphenylphemyelyamine (0.50
eV), 4,4-bis(phenylm-tolylamino)biphenyl (0.56 eV) and 4;4
diaminobiphenyl with the amine group taken as pyramidal (0.67
(41, eV) for the reorganization of the neutral geometry to the eV). All these molecules have a fairly large rotational freedom
cation geometry upon removal of an electron added to the energyand on oxidation and reduction they undergo large geometry
required {,) to reorganize the obtained cation geometry back change*2Unlike case 1, we find that in generélis not equal
to a neutral state upon re-accepting an electron gives the totalto A, and in electron transpoit; is not equal tols. This is
reorganization energyi() of the molecule when the charge is because the geometry changes from neutral to cation/anion and
being transported. In a similar fashion the reorganization energyvice versa are not the same. Similar cases have been reported
(A-) of the neutral to anionig) and back 44) should be useful in earlier studieg#a
in understanding the electron transport. The transfer integrald, can be calculated using the direct

In the calculation of the reorganization energies we could coupling scheme or Koopman'’s theoréf#* The distancer
think of two possibilities here. In the first case as thé 8gle between the centers of anthracene moieties in this case are quite
is the local minima for all the three neutral, cation and anion large (minimum distance of 6.0 A) due to the bulky side groups
the reorganization takes place without the rotation of the side that do not allow any closer packing. In an earlier study it was
groups. For such a case the reorganization energies (in elecseen that at larger distances Koopman'’s theorem performs well
tronvolts) are shown in Table 6. For comparison the reorganiza- and the results are almost the same as that obtained by the two
tion energies of benzene, naphthalene and anthracene are alsstate modet®> Keeping these points in view, we have used
shown in the same table. Values calculated for these moleculesKoopman’s theorem method. The splittings are calculated using
are in very good agreement with earlier repdfts? As the energies of the HOMO, HOM€L, LUMO and LUMO+1
expected, in most of the cases the hole transport requires lesof the dimers® which have been obtained with the INDO
reorganization energy than the electron transport. As the sizeHamiltonian at the DFT/B3LYP optimized geometry. The
of the molecule increases, there is in general a decrease in theenergy difference of the HOMO and HOM& gives the energy
reorganization energy. Hence of benzene, naphthalene andsplitting for the hole transport whereas the LUMO and
anthracene the lowest is for anthracene. It is seen that the holdUMO+1 difference gives the energy splitting of the electron
transport is very good in anthracene as it requires a reorganizatransport. As we do not have the solid-state experimental data
tion energy of 0.136 eV, 3-ADN and TMADN almost have and the number of possible orientations of two molecules
the same reorganization energy. The variation with respect tointeracting with each other is quite large, we restrict our study
the unsubstituted anthracene is hardly 0.003 eV. This behaviorof the transfer integral to only two orientations in co-facial
is seen in electron transport also, whereas onlg-ihIMADN arrangement witlp at 9C°. This is only to compare the splitting
is the energy difference slightly larger. Thus the side groups patterns in the two isomers. These are shown in Figures 8 and
largely do not perturb the hole and electron transport properties9. Here (Figure 8) thet isomer interacts in a co-facial manner
of the anthracene ring as long as the dihedral angle of the neutralwith anothera. isomer with the long end of the naphthalene on
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Figure 8. Energy splitting as a function of the distanae,in the cofacial arrangement of the dimer with the longer sides of naphthalene

cofacial arrangement of the dimer with the long sides of naphthalene on the opposite side.
oriented in the same direction.

hole/electron transport, with nearly a factor of $&0 times

the same side. For comparison in the same graph the values ofnore reorganization energy than that of thésomer. On the
the 3 isomers are also shown. In the other figure (Figure 9) the other hand when there is no change in the dihedral angle upon
a isomer interacts with another isomer with the short ends of oxidation/reduction the hole and electron transport remains
the naphthalene facing each other. Here agairtiemer is ~ almost the same as in the unsubstituted anthracene. The transfer
shown for comparison. At the first instance it is seen that in all integrals indicate that in some conformations lﬂfsomer has
the graphs the coupling is 1 order of magnitude less than thearger values than the isomer hence more coupling between
parent anthracene due to largerin the case where the short  the neighboring molecules. In general, the values are almost 1
ends face each other (Figure 9), we find that the transfer integralsorder of magnitude less than that observed in unsubstituted
are almost same for both the and thef isomer. But in the anthracene.
other case (Figure 8) we see that thisomer has a much larger The holes accumulate in the EL layer because the HOMOs
coupling than theo isomer. Thus the larger reorganization of the EL layer and the ET layer have a large energy difference
energy of the3 isomer and different type of coupling between and hence mobility in the interlayer becomes difficult. On the
adjacent molecules in the. and g isomers, suggests that other hand, the LUMO levels of the ET layer and the EL layer
mixtures might show different efficiency than the individual match very well so there is a flow of electrons into the EL layer.
isomers as observed by Kan et'al. Larger reorganization energy at this stage for the electron/hole
transport in the EL layer favors a higher recombination of the
holes and electrons in the EL layer thereby increasing the

The side groups, in 9,10-bis(1-naphthyl)anthracer@DN) efficiency. To put it another way, the EL layer acts as both the
and 9,10-bis(2-naphthyl)anthracen®&ADN) isomers and in hole and electron trap. The above calculations are in very good
their derivatives, have a low energy of rotation for a particular agreement with the experimental observations.
range near the equilibrium geometry. Thesomer has a larger Finally, studies on 9,10-dianthrylanthracene as a possible
range than theo isomer due to less steric interactions. candidate for the EL layer reveals that the properties are no
Irrespective of the angle in this range, it is noticed that properties longer the same as in naphthyl derivatives. There is a smaller
such as the BLA, absorption, emission and also the HGMO reorganization energy for both hole and electron transport and
LUMO gap remain the same. From the geometry it is seen that this may not yield the same efficiency.

the oo isomer cannot adopt a planar structure due to steric .
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