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Reorganization Energies in the Transports of Holes and Electrons in Organic Amines in
Organic Electroluminescence Studied by Density Functional Theory
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To enable the design of efficient organic electroluminescence (OLED) devices with desirable charge carrier
transport properties, the mobilities of hole and electron in a series of compounds were studied computationally
based on the Marcus electron transfer theory. MO calculations were performed, using the DFT B3LYP/6-

31G* method in the Gaussian 98 program suite, on the following compounds: biphenyl (Bp), 4,4
biphenyldiamine (BA), triphenylamine (TPA), tp-tolylamine (TTA), 4-biphenylphenyir-tolylamine (BPTA),

4.4 -bis(phenylm-tolylamino)biphenyl (TPD), naphthalene (Np), 1-naphthyldiphenylamine (NDPA), 1-bi-
phenylnaphthylphenylamine (BNPA), and 4s(1-naphthylphenylamino)biphenyl (NPB). The geometries

of these compounds in their neutral, cationic, and anionic states were optimized. The optimized geometries

were then used to calculate the ionization potential, electron affinity, and reorganization energies. For
compounds containing a biphenyl moiety (Bp, BA, BPTA, TPD, BNPA, and NPB), the inter-ring distance
and torsional angle followed the trend neuttatationic> anionic, except NPB in which these two parameters

in anionic state were larger than the corresponding parameters in the cationic state because of a small

contribution from the biphenyl moiety to its LUMO. Also, the ionization potentials follow the orderBp
BPTA ~ BNPA > BA > NPB~ TPD. The electron affinities were calculated to range froin54 to—0.05

eV for all compounds except NPB which has a positive electron affinity 0.24 eV due to the dominant
contribution of two naphthyl groups to LUMO. For most compounds, the reorganization eheffgy the

hole transport is larger than for the electron transport except NPB and gB#£constrained nitrogen pyramidal

geometry). These exceptions were rationalized by the special structures for their anionic states. According to

the magnitudes of,, compounds can be divided into two groups: > 0.28 eV (BA, (constrained planar
nitrogen geometryj Bp > TPD ~ NPB) for compounds containing biphenyl group with or without two
amino groups and+ < 0.2 eV (TPA~ TTA <BPTA < BNPA ~ NDPA) for compounds with single
triarylamine group. According to the magnitudesiof compounds can be divided into three groups:>

0.50 eV (TPD> Bp > BPTA) for compounds with a dominating biphenyl group in their LUMO,< 0.32

eV (NDPA > BNPA > Np > NPB) for compounds with a dominating naphthyl group in their LUMO, and
the other compounds (TPA and TTA). From these resultsis determined mainly by the moiety which
contributes predominantly to its HOMO, whereasis determined mainly by the moiety which contributes
predominantly to its LUMO. Therefore, by controlling the major contributors to the HOMO and LUMO, and
by incorporating substituents to fine-tune the energy levels of these frontier orbitals (HOMO and LUMO), a

systematic design of materials for OLED with desirable charge carrier transport properties should be feasible.

Introduction efficiency. In addition, the relative mobilities of electron and

Thin multilayer organic electroluminescence (OLED) device holé in the same material can also affect the power efficiency
was recognized as one of the potential technologies for the next-2° described bt?low. ) ] )
generation flat-panel display devices since its discovery by Tang _One of the simplest OLED devices is a two layer device:
et al. in 1987.2 Intensive research has been carried out to find |TO/HTL/ETL/Mg:Ag, in which HTL or/and ETL can act as
the materials with high light emitting efficiencies, high thermal light emitter. Holes are injected into HTL and migrate toward
stability, and good amorphous film formation propettyhe cathode upon applying voltage. Simultaneously, electrons are
optoelectronic properties for OLED devices depend on ap- injected into ETL and migrate toward anode. Different combi-
propriate HOMO and LUMO energy levels and suitable electron nations of the relative energies of HOMO and LUMO result in
and hole mobilities. Although the guidelines for designing small different major charge carriers crossing the interface. If the
molecules with the desirable phétnd thermal propertiésre LUMO of HTL is much higher than that of ETL, then the barrier
well-known, analogous guide on the mobilities of charge carriers for the transport of electrons across the interface is high. If the
in organic materials are limited because of the scarce of HOMO of HTL is close to that of ETL, the barrier for the
experimental dat45 Nevertheless, the mobilities are important transport of holes across the interface is low. Under these
in optimizing the performance of OLED devices; high mobilities ~ situations, holes can migrate into ETL readily. Once the holes
reduce the resistance of the device leading to high power are transported across the interface, they can recombine with
electrons to produce excitons leading to photon emission. The
*To whom correspondence should be addressed. holes can also migrate toward the cathode leading to nonpro-
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Figure 2. Energies for a compound involved in the vertical transitions.
V3 The reorganization energy for hole transpbrtis given byi; + A
for electron transport}— is given byis + Aa.

narrow range of values foAH,, Therefore, it is most likely

E /M_

Neutral ——

IVI+/'+|V|* M +M*+l' that theAHa,would also vary over a limited range for analogous
- bridges. Because the intermolecular charge-transfer processes
Reaction Coordination considered in OLEDs involve direct contacts in amorphous
Figure 1. Potential energy curves in the vertical transitions for the solids, an even more limited range dfH,, is expected.
hole and electron transports. Therefore, based on this electron-transfer model, the mobilities

) S of electrons and holes should be dominated by their respective
ductive hole injection and consequently a waste of energy, reorganization energies, andA- in the exponential term in
thereby lowering the efficiency. The branching ratio of the eq 2. |n the vertical transitions, the reorganization energies are
desirable exciton formation and the undesirable migration toward 5|culated according to the energy schemes shown in Figure 2.
the cathode depends on their respective rate constants. Althougltqr pole transport, M acquires an electron from M* to become
it remains unclear how to enhance the rate of exciton formation, 1 which possesses the geometry of Mit the same time, M*

a high branching ratio can be achieved if the mobility of the |55t an electron to become M*which still assumes the
hole in ETL is low. Therefore, in this paper, we present a series geometry of M. Immediately after the vertical transition, M
of DFT calculations to further understand the factors influencing ang M*+ are not in their lowest energy geometries. The sum of
the mobilities of both electron and hole, which would be e rejaxation energies toward their optimum geometries is then
important for designing materials with high OLED efficiency. ipe reorganization energy; that is; is given by + Ao.

The transports of charge carriers in amorphous organic solidsg;mjjarly, in the electron transport process, M andMre not
can be rationalized in the formulizm of Gaussian disorders as jn their lowest energy geometries immediately after the vertical
first proposed by Bssler and co-workef.In this formulizm, transition. The sum of the energigsand, in the relaxation
the mobilities depend on two key parameters: energy disorderoyard optimum geometries is the reorganization energy for the
and position disorder. It is difficult to relate these two disorder g|ectron transport procesks; = As + 44. Fromi; andi_, the
parameters to molecular properties to provide practical guide- activation energies for the hole and electron mobilities can be
lines on the molecular level for designing suitable hole or ogtimated.
electron transport material. Fro_m a dlfferer_lt perspective, the  There are only very few reports on the reorganization energies
transport of the electron or hole in the organic solid can also be of organic materials. The reorganization energies of some amines
viewed as an electron hopping process, which can be accountedye, Ph, as hole transport materials have been calculbited,
for by the Marcus electron transfer thedryhe intermolecular  ghowing that the energy decreases with increasirfepr TPD,

transfer of hole and electron can be represented by €91 3 well-known hole-transport material,., is dominated by the
e e change of the torsional angle of the biphenyl grétifhe charge
M™ +M* —M + M* 1) transfers from biphenyl and 9;8imethylfluorene anion radicals

to several organic acceptors have been investigated by ab initio

calculation showing that_'s are greatly different depending

on the specie¥ Although these pioneering MO studies have

been important for understanding the transport of charge carriers

in OLED materials on the molecular level, only one type of

charge carrier was considered in these calculations. To gain a

) ) 1 more comprehensive understanding, in this work, we report the
ket = (4°/h) AH,," (4mtd,, T) ““exp(=A,, 14KT) (2) reorganization energies of both holes and electrons for some

arylamine containing compounds, including the widely used

AHap is the electronic coupling matrix element between donor hole-transport materials such as TPD and NPB.

and acceptork is the Boltzman constant, aridis the Planck ] )

constant. According to this equation, the thermal activation Experimental Section

energies for the hole and electron-transfer processes e All calculations were carried out at the DFT level using the

and A-/4, respectively. Besides the terms involviag .-, the B3LYP functional which employs the gradient corrected

AHgapterm also appears to be important for determining relative exchange functional with three parameters by Bétkad the

hole/electron transfer rates. However, experimentally determinedcorrelation functional by Lee, Yang, and P&rThe 6-31G*

AHap show a rather narrow range of valuésBased on the  split valence plus polarization basis set is u¥&the Gaussian

solution cationic intervalence spectra, thid.p were determined 98 program suit€ was used in all calculations. Molecular

for a series of compounds with two hydrazine moieties symmetries were used to facilitate our calculations where

connected by either aromatic or aliphatic bridéesor the applicable.

aromatic bridges in acetonitrildHapare 6.3, 3.1, and 3.8 kcal/ ) )

mol for 4,4-phenyl, 4,4biphenyl, and 4/4durenyl, respectively, ~ Results and Discussion

For a series of diverse aliphatic bridged;l,, are between 1.8 To further understand hole and electron-transport properties

and 4.3 kcal/mol. These experimental results suggest a ratherin arylamine containing compounds, we performed DFT B3LYP/

In this eg, M~ indicates the molecule in a cationic or anionic

state. M* is a neighboring molecule in a neutral state. The
potential energy curve of this reaction is shown in Figure 1.
The energy required for the vertical transitionlis—. The rate

of electron-transfeke is then given by eq 2
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TABLE 1: Reorganization Energies of Biphenyl and TPD
for Hole Transport 4./eV Calculated by Various Methods in
the Gaussian 98 Program Suite

method B3LYP
basisset AM1 STO-3G 3-21C 3-21G* 6-31G 6-31G* 6-31G**
biphenyl 2- 0.446 0.618 0.642 0.641 0.542 0.559 0.561
A+ 0.498 0.459 0.407 0.406 0.358 0.363 0.363
TPD A 0.598 0.688 0.689 0.540 0.561 0.557
A+ 0.710 0.232 0.275 0.274 0.272 0.281 0.283

6-31G* calculations on a series of compounds including
biphenyl (Bp), 4,4biphenyldiamine (BA), triphenylamine
(TPA), tri-m-tolylamine (TTA), 4-biphenylphenyir-tolylamine
(BPTA), 4,4-bis(phenylm-tolylamino)biphenyl (TPD), naph-
thalene (Np), 1-naphthyldiphenylamine (NDPA), 4-biphenyl-
1-naphthylphenylamine (BNPA), and 4Mis(1-naphthylphe-
nylamino)biphenyl (NPB). Critical for understanding hole and

electron-transfer properties are the corresponding reorganizatior]n

energies 4+ and A-). The reorganization energies are the
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TABLE 2: Inter-Ring Distances and Torsional Angles of
Biphenyl in Its Neutral, Cationic, and Anionic Statest

C,—C//IA torsional angle/
neutral 1.486 38.4
cationic 1.443 19.5
anionic 1.439 5.8

HOMO LUMO

a Electron density isocontours (0.030 au) of HOMO and LUMO are
cluded.

energies required in the process of the adjustments of geometrieglectron diffraction structure da#d This calculated inter-ring
between the optimized geometries of compounds in their distance is also in agreement with those reported in recent

pertinent charged states (cationic and neutralifgr anionic
and neutral fol-). Therefore, the optimized geometries were

theoretical studiet13210ur calculated torsional angle 38.4
is quite different from that measured in the solid which is close

calculated for the various charged states (cationic, anionic, andto planat® and that in the gas phase 4422 However, this
neutral). Also, the energies for the different charged states in torsional angle agrees well with other density functional
the relevant geometries were obtained for calculating the calculations: 37 4BLYP/6-31G*)?1038.3(B3LYP/6-31G*)2Lb
reorganization energies for hole and electron transport. Besidesand 38.4(B3LYP/6-31G**).12 It is noteworthy that this angle
the reorganization energies, other related energies includingis quite different from that calculated by the other ab initio

ionization potentials and electron affinities were also calculated.

The calculated values df. and/- are highly dependent on
the method used as discussed below. For anilinej the 0.929
eV when calculated with HF/6-31G*. However, its value is
0.529 eV when calculated with DFT B3LYP/3-21&* For
biphenyl,A_ is reported to be 1.123 eV when calculated with
HF/6-31G*13 its value is 1.136 eV calculated with CAS/6-
31G*13 To select an appropriate method to perfom this study,
we carried out preliminary calculations on the reorganization
energies of biphenyl and TPD for the transport of hole using
AM1 and DFT B3LYP methods with various basis sets STO-
3G, 3-21G, 3-21G*, 6-31G, 6-31G*, and 6-31G.** in the

methods: 44.FCASSCF)3¢ 42.6(UHF/DZ);2* and 42.8-
(UHF/6-31G*) 13 In the cationic state, the inter-ring distance is
1.443 A which is 0.04 A shorter than that in its neutral state.
This distance is in agreement with other theoretical studies: 1.44
A (CASSCF¥2 and 1.44 A (DFT B3LYP/6-31G**}2 The
torsional angle of 195is in complete agreement with that
reported by Bredas et &.In the anionic state, the inter-ring
distance is 1.439 A which is slightly shorter than that in its
cationic state. The torsional angle is 5v8hich is even smaller
than that in its cationic state. The bond distances and torsional
angles are similar to both experimental and theoretical reeifs.
The shortening of the inter-ring distances in cationic state

Gaussian 98 program suite. As expected, the reorganizationrelative to that in neutral state can easily be seen from the

energiesl for hole transport in biphenyl and TPD depend on

HOMO (—6.046 eV) of biphenyl in Table 2. The HOMO

the choice of calculation method (Table 1). Calculations using consists of ther orbitals from the two phenyl groups; eaah

AM1, B3LYP/STO-3G, B3LYP/3-21G, and B3LYP/3-21G*
yield results quite different from those of B3LYP with the 6-31G
type basis. Addition of polarizations yields similar results.

Because calculations with the 6-31G** basis set are time-

consuming and the yields that result are similar to that with

orbital on the phenyl group is very similar to the HOMO of
benzene with a nodal plane perpendicular to the-C1' axis.
There is an antibonding interaction between therbitals on

the two phenyl rings. Hence, removing an electron from HOMO
leads to a shortening of the inter-ring distance in the cationic

6-31G* basis set, therefore, we choose to use the 6-31G* basisstate relative to the neutral state. The LUMOO(674 eV) of

set which is affordable in calculation time especially for
molecules with a large number of atoms such as NPB.
Optimized Geometry. Because the results on the optimized

biphenyl consists afr orbitals of the two phenyl groups. Each
of theser orbitals resemble the antibonding orbital of benzene
in which two nodal planes are not perpendicular or parallel to

geometries for TTA without symmetry constraint are similar the C1-C1' axis. The shortening of the inter-ring distance in
to those for the corresponding triphenylamine, their geometries the anionic state is due to the bonding interactions between the
will not be shown below. The optimized geometries of s orbitals on the two phenyl groups.
naphthalene have been studied beté#8The molecule remains B. 4,4-Biphenyldiamine (BA)In geometrical optimization
planar, and only the €H and C-C bond distances have some calculations, the results depend on the initial geometry around
variations in different charge states. Therefore, its geometriesnitrogen atoms. With an initial pyramidal geometry of bond-
will not be presented either. angle 109.5, the optimized geometries are pyramidal, planar
A. Biphenyl (Bp).The inter-ring distances and the torsional and pyramidal for BA in neutral, cationic and anionic states,
angles in the optimized geometries of biphenyl in its neutral, respectively. However, with an initial planar geometry, the final
cationic, and anionic states are collected in Table 2. The electrongeometry is always planar regardless of charge. In the cationic
density isocontours of HOMO and LUMO are also appended state, the optimized geometry is always the same planar
to the table. The €&-Cy' distance 1.486 A is in close agreement geometry no matter what are the initial geometries. The
with that of the X-ray crystal datdand that of the gas-phase optimized pyramidal geometries are slightly more stable than
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TABLE 3: Relevant Bond Distances, Bond Angles, and Torsional Angles of 4Diaminobiphenyl in Its Neutral, Cationic, and

Anionic Stateg
—C,' Co=—\ H
H2N \C1I'C1/ C4_N/
/"7 \

Amine with Pyramidal Geometry, B

C,—C/IA N—C4/A C,C.iC/'Cyl° OHNH/° OHNCy° sun?
neutral 1.482 1.400 36.4 111.0 1145 340.0
cationic 1.445 1.384 17.6 117.0 121.5 360.0
anionic 1.439 1.444 0.0 105.8 109.4 324.6

HOMO

Amine with Planar Geometry, BA

C,—C//A N—Cy/A C.C.C/'Cy/° OHNH/° OHNCy/° HNC,Cy/°
neutral 1.482 1.380 36.1 117.8 121.1 0.0
cationic 1.445 1.348 17.7 117.0 121.5 0.5
anionic 1.439 1.421 6.7 116.6 121.7 65.9

@
B

é
HOMO LUMO

2 Electron density isocontours (0.030 au) of HOMO and LUMO are incluBi&idim of angles around nitrogen.

.- TABLE 4: Relevant Bond Distances, Bond Angles, and
the planar ones by an "?‘moum of 2.49 af‘d 9.52 keal for BA In Torsional Angles of Triphenylamine in Its Neutral, Cationic
the neutral and anionic state, respectively. The reason for 344 Anionic States
including the planar geometries in this work is that it facilitates
the comparison of the reorganization energies with the com-

pounds containing triarylamine moieties which are always planar \
around nitrogen atoms. 08_07\ /?3_(:\{
The relevant bond distances, bond angles, and torsional angles /N_C4 L1
of the optimized geometries together with the electron density —C4 =
isocontours of HOMO and LUMO of BA are collected in Table \Ce
3 for both the pyramidal (Bgy) and planar (B4) amines. For \ /
BApy, the inter-ring distances are 1.482, 1.445, and 1.439 A in
the neutral, cationic, and anionic states, respectively. These inter- N—Ci/A OCINGs* CCaNCy°
ring distances are remarkably similar to the corresponding neutral 1.421 120.0 41.0
distances in biphenyl. The inter-ring torsional angles are°36.4 cationic 1.414 120.0 38.9
17.6, and 0.0 in the neutral, cationic, and anionic states, anionic 1.420 120.0 40.8

. anioni¢ 1.401, 1.424,1.424 121.6,121.6,116.8 14.9,57.8,57.8
respectively. These angles are also very close to the corre-

sponding angles in biphenyl. The HOMG-4.781 eV) and
LUMO (0.005 eV) in Table 3 indicate that the major contribu-
tions come from the HOMO and LUMO of biphenyl. The
orbitals of nitrogen atoms also make some contribution to both ‘
£

the HOMO and LUMO antibondingly. The fact that the-ig,
distances are shortened in cationic state and lengthened in
anionic state is consistent with the MO pictures. The sums of
angles around nitrogen atoms are 3 the neutral state and
324.6 for the anionic state.

For BAy, the inter-ring distance in any state is exactly the
same as that in the corresponding ones inpBAhe trends in C. Triphenylamine (TPA) he relevant bond distances, bond
N—C, distances and torsional angles are also remarkably similarangles, and torsional angles of triphenylamine in the optimized
to those in BAy. Likewise, HOMO (-4.464 eV) and LUMO geometries of its neutral, cationic, and anionic states together
(0.279 eV) also resemble the corresponding ones inpyBA  with the electron density isocontours of HOMO and LUMO
However, the HNQC; torsional angle is strongly dependent on are summarized in Table 4. The molecule, in any charged state,
the charge on B#\, being 65.9 for the anionic state. Further-  is always planar around the nitrogen atom as judged from the
more, there is a noticeable difference in reorganization energiessum of angles around nitrogen. In the neutral state, th&€N
between B4y and BAy (vida infra). distance 1.421 A and torsional angle £14e in excellent

&

a Electron density isocontours (0.030 au) of HOMO and LUMO are
included.? C3 symmetry imposed: Without imposingCs symmetry.
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TABLE 5: Relevant Bond Distances, Bond Angles, and Torsional Angles of the Optimized Geometries of
4-Biphenylphenyl-m-tolylamine (BPTA) in Its Neutral, Cationic and Anionic States?

4 Ce
\ C5/< 7 Cf'j
_C/N—C4 _(\.31—C1'\ /
N\

Cs
\ 7
N-CJA N-CJA N-CJA Ci—C//A  CiCiNCydeg  GCNCJdeg GCNCJdeg  G'C/CiCideg
neutral 1.418 1.422 1.423 1.483 39.9 41.8 43.1 36.0
cationic 1.396 1.423 1.422 1.468 32.4 42.0 42.8 28.6
anionic 1.433 1.410 1.411 1.442 59.1 31.4 324 11.8
. L]
L]
s:lr{.
v
L
HOMO LUMO

a Electron density isocontours (0.030 au) of HOMO and LUMO are included.

agreement with the experimental crystal structtiend with not converge. Therefore, only results for unconstrained TTA
the previous DF¥12 and ab initio HP® calculations. The  will be presented in later section.(vide infra)
HOMO (—4.948 eV) consists of ther orbitals of the three D. Biphenylphenyl-m-tolylamine (BPTAN).Table 5, the bond

phenyl rings and the nitroggrorbital interacting antibondingly.  distances N-Cs and N-C; are similar; likewise the torsional
The 7 orbital on each phenyl group resembles the HOMO of angles GCsNC, and GC/;NC;, are close to each other, in all
benzene with a modal plane perpendicular to the\axis. In states. It is then obvious that the presence of the methyl group
the cationic form, the €N distance 1.414 A is shorter and the i m-tolyl of BPTA makes negligible influence on its structure.

torsional angle 38:9is smaller than the corresponding ones in  The angles around nitrogen are 120.220.5, and 119.3 for
the neutral state. This reduction can be seen from the HOMO. OCNCs; 120.0, 120.6, and 1192for OC;NC7: and 119.8,
Removing an electron from HOMO will reduce the—g 118.9, and 121.6 for OCsNC; for the neutral, cationic, and
antibonding interaction, leading to a shorter-@ distance.  anjonic states, respectively. Because the sums of the angles
Simultaneously, the factor leading to the large torsional angle ground the nitrogen atoms are 360 all states, BPTA is planar
in neutral TPA is also reduced; consequently, the torsional angle around nitrogen. In the biphenyl moiety, the inter-ring distance
is also reduced. We have also carried out calculation on TPA ¢,—c,’ and torsional angle £C,'C,C, decrease on going from
without symmetry constraint. Identical structural results are peytral to cationic then to anionic states. This trend is in
obtained in the cationic and neutral states. agreement with those found in the optimized geometries in Bp
In the anionic state, the total energy converges both in the and BA. The structural parameters of the tri-arylamine moiety
presence and absence of tbesymmetry constraint. The total  are different from that of triphenylamine. In the neutral state,
energy for the structure witEz symmetry is 0.91 kcal higher  the N—-C, distance is smaller than-NCs and N-C; distances.
than the unrestrained structure. The geometrical parameters forAlso, the torsional angle4C4sNC; is smaller than those of¢Cs-
both structures are included in Table 4. Undkrsymmetry, NC,4 and GC/NC.. In the cationic state, the-NC, distance and
the N-C; distance and phenyl ring torsional angle are very the torsional angle ££sNCs are much smaller than those in
similar for the anionic and neutral states which can be attributed the neutral state. In contrast, the distances®yand N-C; as
to the very week interaction between theorbital of nitrogen well as the torsional anglesgCsNC4 and GC;NC, remain
and thesr orbitals of the three phenyl groups in the LUMO  essentially the same in comparison to those for the neutral states.
(—=0.297 eV). In TPA without C3 symmetry, the three NC In the anionic state, the geometrical features are quite different
bond distances are 1.042, 1.424, and 1.424 A; the correspondingrom those calculated for TPAwith or without Cs symmetry
torsional angles are 14.957.8, and 57.8, respectively. This constraint. The pattern is that-NC, becomes longer, and at
asymmetry can be explained by the TPAHOMO in which the same time, NCs and N—-C; become shorter in comparison
the s orbital of nitrogen strongly interacts with theorbital of with those in its neutral state. The torsional ang€MICs is
one phenyl ring bondingly and with theorbitals of the other much larger than those 0fCsNC4 and GC;NC,4. The HOMO
two phenyl rings antibondingly. Hence, one-R bond is short,  (—4.883 eV) and LUMO {0.738 eV) of BPTA consist of the
and the other two are long. Likewise one torsional angle is small, contributions from the triarylamine and biphenyl moieties with
whereas the other two are large. This geometrical feature is ing phenyl group common to both moieties. The changes of
sharp contrast to th€; symmetrical prediction based on the geometries in the cationic and anionic states are then those
isocontours of LUMO of neutral TPA. expected from those for the individual moieties on a somewhat
We have also carried out calculations for grtelylamine. reduced scale compared to TPA and BA. However, from the
The geometries a3 symmetry constrained and nonconstrained C;—C;' distances and £IC;'C;C; torsional angles, it can clearly
are almost identical for neutral TTA as well as for cationic be seen that the major geometrical differences between the
TTA™. The calculation for C3 symmetry constrained TTdoes anionic and neutral states are in the biphenyl moiety.
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TABLE 6: Relevant Bond Distances, Bond Angles, and Torsional Angles in the Optimized Geometries of TPD in Its Neutral,
Cationic, and Anionic State?

Ce
\ Cs// C3_C2 Cz'

\N—C4/ 31—0/' N
o ="
e

N—C4/A N—Cs/A N—Ci/A C,—C//A CsC4NCs/deg GCsNCy/deg GC/NCy/deg G'C/C,Coldeg

neutral 1.419 1.422 1.423 1.480 41.4 40.9 42.7 34.8
cationic 1.387 1.431 1.432 1.455 25.8 48.8 49.3 22.4
anionic 1.436 1.411 1.411 1.441 61.4 31.2 31.7 9.1
# M o
- c, (iﬂﬂ- | o 3‘
: HOMO =~ ° LUMO

a Electron density isocontours (0.030 au) of HOMO and LUMO are included.

E. 4,4-bis(phenyl-m-tolylamino)biphenyl (TPDJhe angles  taABLE 7: Relevant Bond Distances and Torsional Angles

around nitrogen are 120,0121.T, and 119.0 for C4NCs; of the Optimized Geometries of 1-Naphthyldiphenylamine
120.7, 121.7, and 119.1 for OC4NC7; and 120.0, 117.9, (NDPA) in Its Neutral, Cationic, and Anionic States®

and 121.9 for OCsNCy, for TPD in the neutral, cationic, and —

anionic states, respectively. Because the sums of the angles —

around nitrogen atoms are very close to 36 TPD in all Ce /

states, so their geometries must be planar around nitrogen. From \ C// o

the data of bond distances and bond angles in Table 6, it is N /3 \

clear that the methyl groups on tolyl groups have little effect /N‘C

on the structure of TPD in all states just as in the case of BPTA. —=Cs —

In the biphenyl moiety, the inter-ring distance and the inter- \Ce

ring torsional angle decrease on going from neutral, to cationic \ /

and then to anionic states just as in Bp, BA, and BPTA. These

parameters are very similar to those of BPTA except the C N—CsJ N—Cd N—Ci/ CaCiNCs CeCsNCs CeC/NCY
C:' distance and §€Ci'CiC; torsional angle are noticeably A A A deg deg deg
smaller in the cationic state. In the triarylamine moiety, the netl_ltra_l %-ﬁg %-ﬁg %ﬁ; Z’g-g gg-g gg-é
structural parameters are very close to that of BPTA. In the ca&tonic ~. : : : : :
anionic state, the pattern and magnitudes of theONistances anionic 1403 1414 1.444 23.6 419 76.9
and torsional angles or aryl groups are similar to those calculated ¢ ®

for BPTA. Our geometrical parameters for TPD in the neutral

and cationic states are in complete agreement with those of the

other DFT/6-31G** calculation& The HOMO (-4.684 eV) _

of TPD is a combination of the nitrogen orbitals interacting _

antibondingly with ther orbitals of phenyl, tolyl, and biphenyl

groups in which the biphenyl makes more significant contribu-

tion. The LUMO (=0.789 eV) is mostly concentrated on the

biphenyl moiety with some contribution from the phenyl and

tolyl groups. ~ *Electron density isocontours (0.030 au) of HOMO and LUMO are
F. 1-Naphthyldiphenylamine (NDPAJor NDPA, the angles ~ included.

around nitrogen are 121,3119.9, and 122.2 for JC4NCs; ) )

119.5, 121.0, and 120.8 for [IC,NC;: and 118.1, 118.9, noticeably longer than the other two—C distances. In the

and 117.1 for [ICsNC; for the neutral cationic and anionic cationic state, the three-NC bond distances are about equal

states, respectively (Table 7). NDPA is planar around nitrogen With N—Cz slightly shorter. In the anionic state, the—;

atoms regardless of charge because the sums of angles aroundistance is also particularly long. The variation of the NI

nitrogen atoms are very close to 36@\s expected, the two  distance in the three states correlates with that of the torsional

phenyl groups are not equivalent as indicated by the unequalangle GC;NCy; the longer the distance the larger the torsional

N—C bond distances and torsional angles of these two phenylangle. The HOMO {4.988 eV) of NDPA consists of nitrogen

groups with respect to the nitrogen plane because of the s orbital interacts in an antibonding fashion with therbitals

nonequivalent interactions with the naphthyl group. In the on the three aryl groups. When an electron is removed from

neutral state, the NC; bond distance of the naphthyl groupis HOMO, N—C distances are shortened. In the LUM©1(103
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TABLE 8: Relevant Bond Distances and Torsional Angles of the Optimized Geometries of Biphenyll-naphthylphenylamine

(BNPA) in Its Neutral, Cationic and Anionic States*

\ /

Ce—C7 C3—Cz CZ'—
N/ Y o/
—Ci4 1=Cy
o/ /7
\C
6
\_/
N —C4/A N _C5/A N _C7/A C]__Cl'/A C3C4NC51deg Q;CsN C4/deg G;C7NC4/deg Q’Cl' Clczldeg
neutral 1.419 1.420 1.432 1.483 331 40.9 55.0 36.2
cationic 1.397 1.424 1.425 1.469 29.5 42.1 51.2 28.8
anionic 1.421 1.402 1.435 1.463 47.6 23.5 62.6 22.8
] ]
= b9
.h—g" o ‘ ‘b-c_. Ry i > ]
g ® ! g 0B [ =
o § 8 g
¢ & d » @
o ,
& HOMO LUMO

a Electron density isocontours (0.030 au) of HOMO and LUMO are included.

eV) of NDPA, the major contribution is the naphthylorbital
together with small amount of orbital of nitrogen.

G. Biphenyl-1-naphthylphenylamine (BNPK)the optimized
geometries of BNPA, the angles around nitrogen are £21.2
121.0, and 121.8for OC4NCs; 118.3, 119.0, and 116.8for
OC4NC7; and 119.8, 119.8, and 121.0 for OCsNC; in the

for NPB in its cationic state. In the triarylamine moiety, the
N—C, (biphenyl) in NPB" is much shorter than those in NPB
and NPB. Likewise, the torsional angle ;C4NCs is also
noticeably smaller. In NPB the N—C7 (naphthyl) distance is
particularly long in comparison with the other two—IC
distances. These triarylamine structural variations of bond

neutral cationic and anionic states, respectively. Because thedistances and torsional angles in Table 9 are similar to those in

sum of angles around nitrogen atoms are very close t6, 360

BNPA. The variations of the geometrical parameters can be seen

indicates that BNPA is planar regardless of its charge. From from its HOMO (—4.732 eV) and LUMO {1.145 eV). The
the optimized structural data in Table 8, the triarylamine moiety HOMO consists of a major component of the biphenylrbitals

of BNPA in its neutral state and has-C bond distances

with C; and G' atomics orbitals interact antibondingly with

remarkably similar to those of the corresponding ones in NDPA each other. The minor components of HOMO consist of the

in which one phenyl group is replaced by a biphenyl group. In
the biphenyl moiety, the -C; distance and £C,'C,C,
torsional angle are also similar to those found in BDPA and
TPD in the neutral state. In the cationic state;-Gl is
particularly short in comparison to the other twe-8 distances,
but similar to that found for BPTA. The especially large torsional
angle GC;NC, (naphthyl) is similar to that found in BNPA. In

nitrogensr orbitals which strongly interact with the orbital
on G antibondingly. In the LUMO, the major contribution
comes from ther antibonding orbitals of the two naphthyl
groups. Hence, in the anionic state, the geometrical parameters
around nitrogen and biphenyl are similar to those in its neutral
state.

lonization Potential and Electron Affinity. The total

the anionic state, the structural parameters in the amine moietyenergies (heat of formation) of the molecules in their optimized
are similar to those of NDPA when the biphenyl group is treated geometries in the neutral (assigned to a reference value 0.0 eV)

as a phenyl group. However, in BNPAthe inter-ring distance

and cationic states are shown in Figure 3. The energies of cations

and torsional angles are much larger than those in BPTA andin neutral geometries and those of neutrals in the optimized
TPD. These structural features are consistent with the HOMO cationic geometries are also included in the same figure. The

(—4.946 eV) and LUMO {1.148 eV) structures of BNPA. In
the HOMO, the nitrogewr orbital interacts antibondingly with
all aryl rings. The biphenyl makes a particularly large contribu-
tion. Therefore, when an electron is removed from HOMO, the
N—C4 becomes particularly short. The LUMO consists mainly
of naphthyl LUMO. When an electron is added to the LUMO,
the triarylamine moiety is not seriously affected; its structure
is similar to those found in the neutral state. In both HOMO
and LUMO, thex orbitals of the prime labeled phenyl groups
in biphenyl make very small contributions. Consequently; C
C/' distances and torsional angles ©'C;C, do not vary a lot
in different charged states as in Bp.

H. 4,4-Bis(1-naphthylphenylamino)biphenyl (NPBhe ge-

ometries of NPB around nitrogen atoms are planar (sums of

angles around nitrogen atoms, 35%:%.8°) no matter what is

data for tritolylamine (TTA) and naphthaline (Np), not discussed
in the section of optimized geometries, are also included. The
corresponding energies for anions are shown in Figure 4. The
ionization potentials, Ip, differences in energies of cationic and
neutral states in the optimized geometries for the neutral states,
are given in Table 10. It is clear that our results of Ip on Bp,
TPA, and TPD agree with those calculated by Bredas & al.
The Ip of TPA, calculated by the even more primitive 3-21G*
basis set, also agrees well with our restitlowever, the Ip of
naphthalene calculated by the ab initio method using the
6-31+G* basis séf is about 0.4 eV higher than our result.
Compared to experimental data, our calculated Ip’s are low by
one eV.

For compounds containing a biphenyl group, the order of Ip
is Bp > BPTA > BNPA > BA,, > BA, > NPB ~ TPD,

the charged state. From Table 9, the inter-ring distance isindicating that Ip decreases as the number of amino groups in
particularly short and the torsional angle is also particularly small a compound increases. The presence of amino group(s) seems
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TABLE 9: Relevant Bond Distances and Torsional Angles in the Optimized Geometries of 4Bis(1-naphthylphenylamino)
Biphenyl (NPB) in Its Neutral, Cationic, and Anionic States

e

AN

3_C7\ C3_C§ CZ'_

N—c/ 61—01'/\:>—N
o/~ S
e

N—C4/A N—Cs/A N—C/A C,—Cy'/A CsC4NCs/deg GCsNCy/deg GC/NCy4/deg G'C/Cy/deg

neutral 1.421 1.420 1.431 1.482 33.0 40.8 54.9 35.3

cationic 1.388 1.430 1.438 1.457 22.8 45.7 59.9 19.8

anionic 1.423 1.407 1.434 1.473 44.3 28.0 60.8 27.7

k\ ’l- ll.. Q“... .%
J374) voesfig
L e “us,
“ HOMO *°¢ ¢ LUMO
a Electron density isocontours (0.030 au) of HOMO and LUMO are included.
8 20
. — -\
_ 15 _\ =
~— —— —_
36 N -~ e 3 -
5 -~ -~ E \
g £ 10 S
g 5 _\ N
g2 s }
S
3 § 05 _\_ ~
rf [ F -
0 —_ _/— T e i ke KT i e e 004 = - - o f —/ - - _/— _/— :>C -
-

Bp BAp, BAp TPA TPA(a)TTA(a) BFTA TPD Np NDPA BNPA NPB T T T T T T T T T T T T
Bp BApy BAp TPA TPA@TTA(@)BPTA TPD Np NDPA BNPA NPB

Figure 3. Energies in neutral and cationic states in the optimized o o ) o
geometries of the neutral and cationic states. Arrows indicate the Figure 4. Energies in neutral and anionic states in the optimized
reorganization energiek and 1, as those in Figure 2. TPA(a) and geometries of the neutral and anionic states. Arrows indicate the

TTA(a) indicate TPA and TTA withou€s symmetry constraintin DFT ~ reorganization energiek and 14 as those in Figure 2. TPA(a) and
calculation. TTA(a) indicate TPA and TTA withou€; symmetry constraint in DFT

calculation.

to make HOMO higher. The higher Ip of TPA compared to
that of TTA is obviously due to the electron donating effect of >~ TPD; (b)) BNPA> NDPA; (c) BNPA > BPTP; (d) BPTA
the methyl groups in TTA. The slightly larger Ip of NDPAthan = TTA ~ TPA.
that of BNPA show that biphenyl group is more effective than ~ Reorganization Energy.The reorganization energigs and
phenyl group in lowering Ip. A-, together with its components,, 1,, 13, andis, are collected
The electron affinities, EA, the differences of the energies in Table 11. Our calculated for Bp, TPA, and TPD are in
between neutral and their anionic states in the optimized complete agreement with the data of Bredas é2 Blowever,
geometry of neutrals, are also collected in Table 10. Our EA our A- values are smaller than those calculated by ab initio
value for Np is higher by 0.5 eV than that calculated by the ab CASSCF/6-31G* method&by a factor of ca. 2 for Bp (0.26
initio method with the 6-31G* basis s&t.Interestingly, most vs 0.425 eV) and Np (0.56 vs 1.136 eV). Several general trends
of the calculated EA are negative except for NPB. The negative in Table 11 can be observed. The magnitudes;and/, are
EA's originate from the incomplete cancellation of electronic about equal for all compounds. Similariis is also about equal
self-interaction energy due to the use of inexact density to 14 except for BAy. More interestingly, the magnitude &f
functionals and a finite basis s&t3*Nevertheless, the relative is smaller thani- for all compounds in Table 11 except the
magnitudes may still be useful for deducing general tréfds. data for BA, and NPB. Considering only the activation energies
The positive EA for NPB is because it has two naphthyl groups for electron hopping, our data indicate that Bp and Np and
to share the added electron. A general trend exists that the mordriarylamines, including the well-known hole transport material
aryl groups in the amine compounds, the higher the EA. In TPD, are better hole transporters than electron transporters.
addition, the contribution of aryl groups to EA follow the order However, we are surprised by the result that NPB, also a well-
naphthyl> biphenyl> phenyl> tolyl. Application of the above known hole-transport material, is a better electron transporter
two trends can account for the following orders of EA: (a) NPB rather than a hole transporter.
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TABLE 10: lonization Potentials Ip (Energy Difference between Cation and Neutral in the Optimized Geometry of Neutral)
and Electron Affinities EA (Energy Difference between Neutral and Anion in the Optimized Geometry of Neutral) in eV

Cpd Bp BA,, BA, TPA2 TPAP TTA® BPTA TPD Np NDPA BNPA NPB
Ip 7.60 5.99 5.88 6.35 6.35 6.03 6.11 5.58 7.59 6.27 6.11 5.60
Ipe 8.275 7.1%8 6.7° 6.69 8.14%?
8.347 6.88°
Ipd 7.80°2 6.411.12 5.732 7.998
8.313 6.422
EA —0.72 -1.23 —1.54 -1.05 -1.01 -1.00 -0.34 —0.08 -0.77 —-0.28 —0.05 0.23
aWith C3 symmetry constrain® No symmetry constrainf. Experimental Ipf Other theoretical calculation.
TABLE 11: Reorganization Energies4, and A-, Together with Its Components,4;, 4,, 43, and 44 in eV Calculated by the
DFT/B3LYP Method with the 6-31G* Basis Set
Cpd Bp BAy BApy TPA2 TPAP TTAP BPTA TPD Np NDPA BNPA NPB
A+ 0.36 0.38 0.71 0.12 0.12 0.13 0.15 0.28 0.18 0.20 0.19 0.29
M 0.19 0.19 0.41 0.06 0.06 0.07 0.08 0.13 0.09 0.11 0.10 0.13
Az 0.17 0.19 0.30 0.06 0.06 0.06 0.08 0.15 0.09 0.09 0.09 0.16
A 0.56 1.22 0.67 0.14 0.26 0.40 0.50 0.56 0.26 0.32 0.27 0.19
As 0.31 0.34 0.37 0.07 0.11 0.27 0.25 0.27 0.13 0.16 0.14 0.09
As 0.25 0.88 0.31 0.07 0.15 0.13 0.24 0.29 0.13 0.16 0.14 0.10
Ketr TKet 8.6 7200 0.66 1.3 5.7 24 54 21 2.6 4.0 2.68 0.31

aGeometry constrained witBi; symmetry.? Geometry without symmetry constraifitCalculated foiT = 300 K, neglecting differences iHap.

In the reorganization procegs, the geometry changes from  the reorganizationi¢ and 4,) involves adjustment of amino
optimized neutral to optimized cation while the compound is groups between a pyramidal structure and a planar structure
in the cationic state. In th&, process, the geometry change is together with changes in the biphenyl group. For electron
the reverse ofl; while the compound is in the neutral state. transport, the reorganization energiek @nd 14) involve
Because these two processes involve the same geometricahdjustment of amino groups between a pyramidal structure and

change, it is reasonable to expect thadndA, are comparable.
Accordingly, the reorganization energigs and A, should be
similar. Apparently, B4y is an exception in whiclis is much
larger thanis. This large difference can be explained upon

another pyramidal structure together with changes in the
biphenyl group as well. On the basis of the extent of geometrical
changes involved, it is likely that the geometrical adjustments
in the A; and A, processes are more difficult than those of the

careful examination of the geometric changes of the anionic A3 and 14 processes. Because of the complicating factors

and cationic states. In thig process (transition of the anionic

discussed above, the reorganization energies qf, Bfd 1

species from the neutral geometry to the anionic geometry), thefor BAp will not be further discussed.

dihedral angles &,C,'C,’ and HNGC; change from 36.1to
6.7 and from O to 69.5, respectively, in the anioic state. In

the A4 process, the directions in the geometrical changes areand the others witli+ <

According to the magnitude dfy, the compounds in Table
11 can be divided into two groups: one with > 0.28 eV
0.20 eV. Compounds in each group

reversed with the molecule in the neutral state. From the LUMO share some common features. In the group with a largealue,

of BA,, N—C4 bonds are weakened facilitating the change of the order ofi is BAy ~ Bp > TPD = NPB. Compounds in
HNC,4C; dihedral angles in the anionic state. In contrast, the this group have a biphenyl moiety with none or two amino
C,—C;' bond is strengthened hampering the relaxation of the groups attached to the biphenyl, and members of this group

C,CiCy'Cy dihedral angle. Therefore, the HNG dihedral
angles adjustment for thi process occurs more readily than

have a HOMO with major contribution from the biphenyl group.
For TPD and NPB, the additional contributions from the

the A4 process. Furthermore, because there are a large changediarylamino groups lower thg,’s. In the group with a small

in the HNGC; angle, bothi; and A4 processes should be
dominated by this angle change. Consequeritlyshould be
larger thanis for BA,.

The values ofi- for BA, and A+ and A- for BA,y, are

A+ value, the order is TPA- TTA < BPTA < BNPA ~ NDPA.
Compounds in this group have a single triarylamine center; the
HOMO of each member comprises mainly theorbitals of
nitrogen and the aryl groups. Additionally, the presence of the

especially large compared to the corresponding values for thebiphenyl group and the naphthyl group makes a more positive

other compounds in Table 11. For BAA4 and Az can be

contribution tod+. However, Np is not included in the above

rationalized by geometric arguments as discussed earlier. Thegrouping because no amine compounds in Table 11 have a

same arguments can explain the large valueé foFurthermore,
because the large HNC; dihedral angle adjustment is not
required in thel process for B4y, the reorganization energy

HOMO with a major contribution from Np.
According to the magnitude of—-, we can divide the
compounds in Table 11 into three groups. In the first grdup,

is then comparable to that of Bp. When the geometrical is greater or equal to 0.50 eV, including TRBBp > BPTA.
adjustments of the pyramidal amino groups are not considered,The LUMO of each compound in this group is mainly the

BA,y, should havel: and A- values comparable to Bp.
Therefore, the largé; andA- for BApy can be attributed to

antibonding orbital of biphenyl. In the second grodipjs equal
to or less than 0.32 eV, including NDPA BNPA > Np >

the geometrical adjustments of both the pyramidal amino groups NPB. Each compound in this group has a LUMO that is mainly
and biphenyl. Hence, direct comparison of the reorganization the antibonding orbital of naphthalene. For NDPA and BNPA,

energies for B, andA- for BAp with other compounds in
Table 11 may be misleading. The differencelinandA- for

the other constituting functional groups also contribute to the
LUMO rising thed_ over that of Np. The particularly small

BApy may be due to distinct geometrical adjustments for the of NPB can be attributed to the presence of two naphthyl groups,
corresponding transport of hole and electron. For hole transport,both contributing equally to the LUMO of NPB. Each naphthyl
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group shares the required geometrical reorganization afterthe reorganization energies to the HOMO and LUMO. Amaz-
vertical transition. The third group includes TPA and TTA, their ingly, this simplistic view is consistent with our findings.
A values cannot be categorized in the above two groups. TheBecause the basic principles for modifying these HOMO and
magnitude ofl- of C3 symmetry constrained TPA is signifi- LUMO energetics are well-known, the same guidelines may
cantly smaller than the unconstrained. This can be explainedbe applied to altering the reorganization energies for designing
by detailed examination of the geometries of TP/ the OLEDs with predictable charge carrier transport properties. One
presence and absence of the symmetry constraint. The geometrghould be careful that there may be situation in which the
of symmetry constrained TPAresembles the optimized neutral  geometry of anion or cation may be different from that predicted
structure; however, the geometry of unconstrained TR& by LUMO and HOMO as in the geometries of TPAnd TTA™
significantly altered from the optimized neutral geometry. unconstrained by symmetry.
Hence - for symmetry constrained TPA is much smaller than =~ To compare the magnitudes of hole and electron mobilities,
that for unconstrained TPA. The magnitude/of for TTA is we calculate the relative hopping rates of holes versus electrons,
larger than that of TPA because TTA is more electron rich, Keg/Ke—, according to {—/ A4+)Y2exp[(A— — A+)/4kT] assuming
requiring more geometrical adjustment than TPA after acquiring T to be 300 K and neglecting the difference AtHa, (Table
an additional electron in vertical transition. 11). The ratio is predicted to be 23 for TPD and 0.31 for NPB.
From the above analysis of the reorganization energies ~ Although some experimental data indicated thafa, varies
andA_, it becomes clear that; is determined by the HOMO  over a rather limited range for intramolecular charge-transfer
of the material, whereas. is determined by its LUMO. Each ~ Processed! this does not guarantee complete cancellation in
moiety in a compound contributes to its HOMO and LUMO. the comparison of relative charge-transfer rates. Furthermore,
The most significant moiety in the HOMO and LUMO the range o_ﬂHat?for inter_molecular charge_—transfer processes
determines roughly the magnitudesiofandi_. For example, for amines in $O|Id_S remains unk_nown and is therefore currently
the HOMOs in the group of compounds of Bp, BATPD, and under theoretical investigation in our lab.
NPB consist mainly of ther orbital of the biphenyl moiety; The hole mobilities of TPE*“9and NPBce5Ihave been
therefore, thel; values of these compounds are similar. In reported to be on the order of 20cn? vV~ s™*. However, direct
contrast, BPTA and BNPA, which also contain a biphenyl comparison of their reported mobilities is not appropriate
moiety, have & value analogous to those for TPA and TTA. because the values depend on the electric field and film
This is because the contribution of the biphenyl orbital to the Preparation details, such as, rate of vacuum deposition.
HOMO of these monoamine compounds resembles that of aUnfortunately, there has no report on the electron mobility for
phenyl orbital. The presence of the diamino groups in,BA ~NPB except for a failed attempt because of a weak sitfnal.
TPD, and NPB pushes the biphenyl orbital higher to become Therefore, future experimental studies are necessary to confirm
the major contributor to their HOMOs. The same reasoning can OUr predictions based on the calculations without considering
also be applied td_. For example, compounds containing a the difference imAHa, Also, the relative contribution oAHap -
naphthyl group, such as NDPA, BNPA, and NPB, have a S currently under th(_ao!rencal investigation in our lab to provide
LUMO with a naphthyl orbital as the major component. Hence, More accurate predictions.
these compounds have close to that of Np. Likewise, TPD, )
Bp, and BPTA have a LUMO dominated by the biphenyl Conclusion

gntibonding orbitalg; thgy have approximately the samene Our DFT B3LYP/6-31G* calculations on a series of com-
Interesting comparison I i {_;md/L va_llue_s of TPD and _NPB' pounds containing triarylamine moieties together with simple
Both have a HOMO with a major contribution from the biphenyl - ,51ecles Bp and Np, have revealed that the reorganization
orbital; they have the same value of. However, TPD has a = gnargiess, andi_, are determined by some simple rules. The
LUMO with major contribution from the biphenyl orbital, oqoanization energy for hole transpott) is controlled by
whereas NPB has a major contribution from the naphthyl om0, Therefore, the major contributor to HOMO in the
orbitals. Consequently, the- value of NPB is 0.37 eV lower  .,ngtitent moieties of a given compound determines the
than that of TPD. This highlights the fact that the same maqnitude ofl, with some modification due to the presence
constituent may play different roles in dlfferent cqmpounds.. FOr of the other moieties. Similarly, the reorganization enetgy
example, a biphenyl group may be the dominating factdrin o the electron transport is controlled by LUMO. Based on
for some compounds (BA TPD, and NPB), or be the  haqe results, we can formulate a procedure in predicting the
dominating factor inkt for other compounds (TPD and BPTA),  nagnitude of reorganization energies. A listiof and A for
or have negligible effect id- for another compounds (BNPA  {he"components in a materials is required for the prediction.
and NPB). Another example is the naphthyl group which has a The reorganization energies of a material can be inferred from
major effect inl- of all compounds containing this functional  those of its components. If there is a major contributor to the
group in Table 11, and has negligible effectlinfor the same  {OMO or LUMO, theni; or A_ is close to that particular
group of compounds. Therefore, it is misleading to predict the contributor. Systematic alterations on the molecular level can
reorganization energy by the mere presence of a particularpe employed for achieving a particular reorganization energy.
constituent in a com_pound. Instead, understanding the constitu-gqor example, substituent(s) can be used to raise or lower the
ent's extent of contribution to HOMO and LUMO is necessary energy of a particular constituent. In addition, one can construct
for predicting the reorganization energy. a material in such a fashion thdt, is controlled by one
We have established the relationships betweeand HOMO component whilel— is controlled by another component. By
as well as betweeh- and LUMO. The reorganization energies this differential control on the reorganization energies, one can
A+ and A, should relate to geometrical adjustments between design compounds with desired transport properties. In particu-
optimized cationic and neutral geometries forand between lar, ideal hole transporting compounds with ladgeand small
optimized anionic and neutral geometries for However, the A+ or electron transporting compounds with lavgeand small
cationic geometry is intimately related to HOMO and the anionic 1- can be realized for future development of OLEDs and other
geometry to LUMO. A simplistic view would directly relate  optoelectric materials.
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