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By employing a diabatic model and a first-principle direct method, we have investigated the carrier transport
properties of the highly efficient organic light-emitting materials 1,1,2,3,4,5-hexaphenylsilole (HPS) and
1-methyl-1,2,3,4,5-pentaphenylsilole (MPPS). The electronic coupling constants and reorganization energies
are calculated for a wide variety of nearest-neighbor charge transfer pathways. The theoretical calculations
show that (i) the electron mobility is very close to that of the hole, which indicates a balanced carrier transport
in these materials, and (i) the carrier mobilities for MPPS are larger than those for HPS. These results help
explain the underlying microscopic mechanism for the high electroluminescence efficiency.

I. Introduction process, with the latter being very much pronounced due to the
Since the first discovery of an organic electroluminescent facile rotation of the phenyl side groups. We showed that

device by Tang and Van SlyKethere has been considerable aggregation (_effect_s can, ir_1 this case, SlQW the r_adiationless
research interest in organic light-emitting diodes (OLEDSs) both process by hlnd.erllng the side-group rotation and Increase the
by academia and industry. Two important conditions are proportion of radiative decay. In fact, the PL quantum efficiency
required to guarantee good performance of OLED devices: aof silole molecules in the solid state is far larger than that in
high carrier geminate recombination rate and a high soIid-stateEOIUt'gn' a}nd tlheo?_ﬁgnal qm;antlijm e;féc;/ngfs of the silole-
luminescence efficiency. The OLED external quantum efficiency ased molecule S are foun to -

can be expressed 88, = rpaif d'pL0. Here pay is the proportion In optimizing the proportion Qf free carriers that form
of injected carriers that form bound electreimole pairsrs is geminate pairsrpai, @ factor that is of utmost importance is
the proportion of such electrerhole pairs that have a singlet ~ that the injection and transport of electrons and holes be
spin and can therefore fluoresoey. is the singlet exciton balanced. In an OLED device, rather than form a geminate pair,

radiative decay (or photoluminescence) efficiency, arislthe the electron or hole can either be trapped by defects or be
optical outer coupling factor, which measures the proportion absorbed by the electrodes to fprm acurrent. A bala_nce_ transport
of generated photons that can escape the device (most of thePetween electron and hole can increase the recombination region.

generated photons are reflected at the interfaces and ardn this work, we are mostly interested in the carrier transport
reabsorbed by the materials). According to the anisotropic behaviors in silole-based OLED materials. We note that, in most

emission dipole modél3 o. = 1/n2, wheren is the refractive organic material systems, the electron mobility is much smaller
index of the emissive medium. For instance, fio= 1.5, o is than the hole mobility, since, in either molecular crystals or
about 33%. According to spin statistias,is limited to 25%, conjugated polym_ers, the highest ocgupied band is usually wider
because, of the four microstates formed by two spin one-half than the unoccupied bafidrhe resulting unbalanced transport
particles (the injected electron and hole), one microstate is /€@ds to loss of carriers during device operation and places an
singlet and three are triplet. In pure organic systems, the triplet ImpPortant limit on the OLED efficiency. ,
emission is forbidden. A major advance in the field was made  'he silicon containing cyclicz-conjugated system silole

by Forrest, Thompson, and co-workérsyho showed that _(S|Iacyclopentad|ene)_ is a promising emissive m_atenal, due to
incorporating heavy metals into organics can greatly increaselits notable aggregation-enhanced emissiand high PL ef-

the light-emitting efficiency, since the metal-induced spambit ficiency!® in thin solid film. Siloles are believed to be an
coupling can result in triplet emission in addition to singlet €xcellent electron transport material, because the presence of

emission. Recent progress also showed that, even for purethe silicon atom lowers the lowest unoccupied molecular orbital

organic conjugated polymers,can well exceed the 25% linfit, ~ (LUMO) energy level relative to that of pure hydrocarbon
because the charge recombination processes are spin-dependeﬁ‘t‘)'ecmes and this fauhtate.s electron |'nJect|on.. The lowering
with, for conjugated polymers, the singlet exciton formation rate Of the LUMO has been ascribed to the interaction between the
being much higher than the triplet exciton formation rate. As ¢* orbital of two exocyclico-bonds on the silole ring and the
for the PL quantum efficiencyré), it is known that solid-state * orpltal of the butadiene moietyRisko et al. utlllzgd density
effects usually quench luminescence either by intermolecular functional theory (DFT) to study the electronic structure,
charge transfer or by energy transfer. However, our recemmcludlng_] ex_mted-stat(_e propert|es,vert|c_al eIe_ctron aff|n|t|es_, gpd
studies showed that, in some cases, aggregation effects can 'eorganization energies as well as adiabatic elec_tron affinities
enhance the photoluminescence. For instance, in siloles, thefor silole-based moleculed.They found that the silole-based

radiative decay is found to be slower than the radiationless Molecules have low-lying LUMOs and very large electron
affinities, which leads to facile electron injection from metal
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In this work, we apply a dimer model derived from the a
molecular crystal structure to study the transport behaviors of .\ ak, 5
electrons and holes in silole-based materials. In contrast to most K=ETF~F )

of the organic materials, we find that a balanced transport exists;

namely, the electron and hole mobilities are close in value. We wherea is the hopping distance between nearest siéds,the
attribute the high OLED efficiency of siloles {8%) to the electric-field strength, and the transfer timat) is inversely
balanced carrier transport, in addition to the high solid-state PL proportional toket.

efficiency. We investigate two silole-based molecular materials, 1,1,2,3,4,5-
hexaphenylsilole (HPS) and 1-methyl-1,2,3,4,5-pentaphenyl-

II. Theoretical and Computational Methodology silole (MPPS), shown in Figure 1. We will mainly focus on
Generally speaking, there are two extreme types of carrier R\ /R1 . 5

motion in the solid state: (i) that of the coherent band model Si

and (i) that of the incoherent hopping model. In the band model, R R— R R .

the carrier moves as a highly delocalized plane wave in an \ / !

energy band with a relatively long mean free pathym). The T 3 ) 3

interaction between the nearest-neighbor sites (charge transfer . - R R R, ——CH,

integral) is large compared with dynamic disorder, that is, the HPS MPPS

reorganization energy resulting from charge transfer from one
molecule to another. This model is usually suitable for inorganic
semiconductors where the interaction between different Sitesliscalculating charge transfer integrals for different transfer
through strong valence bonds and the room temperature mobility pathways. To evaluate the electronic interaction using a dimer
is far bigger than 1 cfqV~! s7% In the hopping model, the  model, we need to know the relative position of relevant nearest-
carrier is localized and moves by hopping from site to site, npeighbor pairs of molecules in the material. In OLED devices,
Carrying a structural deformation with it. The basic characteristic the Organic semiconductor materials usua”y form amorphous
of this model is that the lattice phonons are strongly coupled structures. However, the amorphous material can be considered
with the charge carrier, such that the wave momentijnthat as having short-range-ordered aggregation, with structures that
characterizes a band state is not conserved. The room temperare locally close to those seen in the crystalline state. Indeed,
ature mobility for the hopping model is usually far smaller than Lin et al1” have adopted a dimer model derived from molecular
1 cn?V-1stand is proportional to exp(E/KT), whereE, is crystal structure data and applied Koopmans’ theorem (indirect
an activation energ¥s that is, the energy barrier that must be method) as well as the direct method to evaluate the electronic
overcome to transfer a carrier to an adjacent site. For mostcouplings for a prototype of Algbased OLED materials. Their
organic molecular crystals, the interaction between different calculations predict that the electron mobility is more than 2
molecules is through a van der Waals potential and the electronorders of magnitude larger than the hole mobility, which is in
coupling term (transfer integré)l is smaller than the reorganiza- good agreement with the experimental finding thatAkjan
tion energy. To the best of our knowledge, the largest mobility excellent electron transport material. Here, we use the single
seen for amorphous siloles is aboutk210 4 cm? V1 5—1'13 crystal structures of HE8Sand MPP38 (Figure 2) to generate a
which is far smaller than 1 ¢iv—1 s1. Thus, siloles fall in wide variety of possible intermolecular hopping pathways. The
described by Marcus theory via the following equatién: crystal as an example. The crystal structure of HPS belongs to
the triclinic system with space grolgl. The unit-cell lengths
4P 1 o ] (AG°+2)
ke h 4k T

OA, OB, and OC are 9.527, 10.043, and 16.308 A, respectively.
} @
Here, 1 is the reorganization energhGP is the free energy

The unit cell contains two inequivalent molecules. We label
the molecule with the silicon atom coordinated at (0.39, 0.397,
difference between the initial and final site, and the charge
transfer integral. For our case, where all sites are equivalent

Figure 1. Chemical structure of HPS (left) and MPPS (right).

0.315) as molecule A and the other as molecule B. We take the
primitive cell centered at (0, 0, 0) as the origin. There are two
kinds of dimers: A-A and A—B. The first occurs only between
cells, while the latter occurs both within and between cells. In

AGO is zero. In this work, we do not consider the entropic ngew-?gbr;: iagn%ogitructalarge number of transport pathways

contribution to the free energy, which is much less pronounced Once a transport péthway is defined, the electronic coupling

in the solid state than in liquid solvent. Thus, the charge transfer .o, e calculated through the diabatic model. The two diabatic
rate is determined by two important parameters: the electron giaeq correspond to the carrier localized on the electron donating
transfer integralt] and the reorganization energ})(4 contains and accepting molecules, respectively. The electronic coupling
the internal reorganization energy)(and the external polariza-  -an be obtained either by Koopmans’ theorem at the Hartree
tion (Ze). 4i reflects the change in molecular geometry associated Fock mean-field level (indirect method) or by the direct method.
with going from the neutral to the ionized state, or vice versa. |n the former case, the charge transfer integral is equal to the
4e describes the change in electronic polarization of the energy splitting between the highest occupied molecular orbital
surrounding molecules. This value is difficult to evaluate (HOMO)and HOMO-1 (for hole carrier) or between the LUMO
theoretically and consists of one of the challenges for theoretical and LUMO+1 (for electron carrier) of the dimer. Bias et al.
chemistry!> For organic solids and weak polar media, the have extensively investigated the intermolecular couplings
medium contribution to the relaxation energy is on the order of including the effects of relative orientation, separation, and

a few tenths of an electronvdft. Once the transfer rate is  substitution for prototypical conjugated systems such as poly-

obtained, the carrier mobility can be expressed as enes, stilbene, and discotic hexabenzocoronene using a semiem-
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Figure 2. Crystal structure of HPS. The left panel is the primitive cell, numbered as (0,0,0), containing two silole molecules, (0,0,0)-A and
(0,0,0)-B. The right panel shows two linked unit cells, numbered as (0,0,0) and (1,0,0).

TABLE 1: Charge Transfer Integrals (t, for Hole and t. for Electron) between Molecule A in the HPS Crystal (0,0,0) Unit Cell
and the Other Most Possible Adjacent Molecules

pathway AA A-A A-A A-B A-B A-B A-B A-B A-B A-B A-B
channel | I 1l \Y v Vi Vi Vil IX X X

cartner ¢1,00) (0£1,0) (0,0+1) (0,00) ¢1,00) (0-1,0) (0,0-1) (-1-10) (-1,0-1) (0-1-1) (-1-1-1)
Si—Si distance/A  9.53 10.04 1631 720 8.70 8.78 9.99 12.40 13.18 13.85 18.03
t/meV 0.79 0.46 0.03 17.69 0.08 2.39 2.26 0.05 4.87 2.39 0.03

tdmeV 6.61 1.17 0.03 12.82 1.25 1410  1.85 0.14 4.41 12.05 0.19

TABLE 2: Charge Transfer Integrals (t, for Hole and t. for Electron) between Molecule A in the MPPS Crystal (0,0,0) Unit
Cell and the Other Most Possible Adjacent Molecules

pathway [(A-A) 1(A—A) I(A—A) II(A-B) II(A-B) II(A—B) II(A—B) II(A—B) II(A-B) II(A-B) Il(A—B)
channel | I Il \Y v VI Vi Vil IX X X

partner ¢1,0,00 (0+1,0) (0,0+#1) (0,00) ¢1,00) (0-1,0) (0,0-1) (-1,-1,0) (-1,0-1) (0~1-1) (-1-1-1)
Si-Sidistance/A 10.19  11.27° 11.98 1372  7.48 1533 1066  10.42 6.10 12.889.76
t/meV 7.70 1.09 4.54 0.03 3347 582 0.54 4.38 2.10 0.98 3.10
tymeV 15.08  0.54 1.39 0.08 4397  4.08 0.49 7.95 18.04 1.74 1.80

pirical indirect approach?’ Yang et al. have applied the same wheretenis the charge transfer coupling integral for the electron/
approach to investigate the coupling between carbon nano-hgle and‘i’ESintAe(%/Homo and¢85int/|e§/Homo represent the LUMOs/
tubes’® However, this scheme sometimes fails, when the HOMO HOMOs of the two adjacent molecules 1 and 2 when no
and HOMO-1 or LUMO and LUMG1 are not simple linear  intermolecular interaction is presentdd.is the Fock operator
combinations of the HOMOs or LUMOs of the charge-localized  {o, the dimer for a fixed pathway, and the suffix zero indicates
isolated molecules: that the molecular orbitals appearing in the operator (the density

In modeling scanning tunneling microscopy, Fujita, Nakai, matrix, for instance) are unperturbed. The summation dver
and Nakatsuji have worked out a straightforward direct scheme . ' . ) .
to obtain the electronic coupling tefwhich does not make includes all of the occupied levels for both sites and represents

assumptions regarding the nature of the frontier orbitals of the the Coulomb and exchange interactions between the transferred
molecular pair. Later, Troisi and Orlandi applied this approach €l€ctron/hole and the whole system. It has been shown that the
to calculate charge transfer couplings in DNA and obtained quite xchange term can contribute to the spin dependence of the
satisfactory results in comparison with experiméatIhis charge recombination rates in exciton formati®rthe non-
formalism has also been employed to investigate the spin- interacting molecular orbitals of the two individual molecules
dependent exciton formation rates in polymer electrolumines- are calculated separately by the standard self-consistent-field
cence’?4 In this paper, we adopt this direct approach to (SCF) procedure. These non-interacting orbitals are used to
investigate charge transport properties in siloles. The electronicconstruct the dimer Fock matrix as well as the two-electron

coupling in this scheme can be written as integrals in eq 3. More specifically, the non-interacting orbitals
0site1 o 0site2 and associated density matrix are used in evaluating the Fock
ton = D Umomomol F 1o UmOmomo = matrix of the dimer structure. All of the calculations are
@ES%/HOMomcor d ¢ES;\t/Ie02/HOMOD+ performed with the Gaussian 03 pack#gs the Har_treeFock/ _
O.sitel 0, ,0.site2 0 6-31G(d) level. We also calculated the transfer integrals using
& ([P imormomo®i [¢Limomomo®? L the DFT/B3LYP method and found that DFT and HF give very

o.sitel 0.site2 0.0 similar results for the 6-31G(d) basis set, a fact already pointed
(B GmomomoPLumomomol @ @ 0 (3) out by Troisi et ap3a
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TABLE 3: Interatomic Distances (in A) between the selected channels for comparison. Specifically, we find that the
Partners for HPS and MPPS intercarbon distances in MPPS-channel V are around 6.9

channel  Si+Sil C2-C2 C5-C5 C3-C3 C4-C4 A, while, for HPS (channel IV), they are 9-41.7 A. Appar-
HPS-IV 761 9.63 9.63 11.74 11.74 ently, the phenyl group (Rsee Figure 1) presents larger steric
HPS-VI 8.78 9.16 9.16 10.26 10.26 hindrance than the methyl group such that MPPS has greater
MPPS-V 7.48 6.71 6.71 6.86 6.86 w—am overlap.
MPPS-IX  6.10 8.48 8.48 1082 10.82 (iii) In both HPS and MPPS, there exist channels through

) ) which the electron transfer is much larger than that for the hole,

IIl. Results and Discussion for instance, channel VI and channel X in HPS (Table 1) and

On the basis of the crystal structures of HPS and MPPS, we channel IX in MPPS (Table 2). This can be explained by the
can identify 11 distinct nearest-neighbor hopping pathways. charge distributions of the corresponding frontier orbitals. We
Using the method described above in eq 3, the correspondingfirst look at the HOMO and LUMO of HPS (Figure 3). Here,
coupling integrals were calculated for both the electron and hole, We find that the LUMO wave function is mainly localized on
and these are presented in Table 1 for HPS and Table 2 forthe silole ring, especially on the 2-, 1-, and 5-positions. There
MPPS. It is interesting to note the following points: is also considerable electron density on thgdsition of the

(i) For both HPS and MPPS, the charge transfer integrals for Silicon exocyclic aryl ring, which is due to interaction between
the electron are very close to those of the hole. For instance, the o* orbitals of the two exocyclier orbitals on the ring silicon
for MPPS, the dominant pathway is channel V, vtk 33.47 and thes* orbital of the butadiene moiet}%:26 The HOMO is
meV andt, = 43.97 meV, respectively, while, for HP,and primarily located on the C2C3 and C4-C5 double bonds in
te are 17.69 and 12.82 meV, respectively, for channel Iv. the silole ring as well as on the 2- and 5-positions in the aryl
Although the former is larger than the latter, in HPS, three rings. In the configuration of channel VI (Figure 4), the distances
channels exist wittt larger than 10 meV and only one foy. between silole rings at the 1-, 2-, and 5-positions of the (0,0,0)

(i) The largest transfer integrals for MPPS (channel V) are A molecule and the (6;1,0) B molecule are smaller than those
notably larger than those for HPS (channel IV), indicating that at the 3- and 4-positions, which eventually make the intermo-
the charge carrier mobilities in MPPS are larger than those in lecular overlap for LUMOs larger than that for HOMOs.

HPS. In fact, for both materials, the channels with the largest LDA—DFT calculations were used to estimate the reorgani-

transfer integrals correspond to a shifted (almost parallel) zation energies, based on the relaxation energies of the anion
cofacial arrangement between the silacycles of the dimer. We and the cation of MPPS and HPS. The internal reorganization
give in Table 3 some interatom distances of the partners for energy 4;) is 0.34 eV for the electron of MPPS. (Allowing the

HOMO

Figure 3. HOMO and LUMO of an HPS molecule.

Figure 4. HPS dimer structure, including frontier molecular orbitals of (0,0,0) A(down) and1(@) B(up) molecules. The left panel shows the
HOMOs, and the right panel shows the LUMOs.
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Figure 5. Theoretical estimation of the room temperature carrier
mobilities for MPPS and HPS for the most favored transport channel,
with an applied electric field oF = 10° V/cm.

anion to relax from the structure of the neutral molecule to that
of the anion gives 0.18 eV, and allowing the neutral molecule
to relax from the structure of the anion to that of the neutral
gives 0.16 eV. Their sum gives the total internal reorganization
energy, 0.18+ 0.16= 0.34 eV.)4; is 0.27 eV £0.14+ 0.13)

for the hole of MPPS. For HPS, the internal reorganization

energies are 0.32 eV for the electron and 0.27 eV for the hole.
For both MPPS and HPS, the reorganization energy of the hole

is slightly smaller than that of the electron. On the other hand,

Yin et al.

corresponding electronic couplings for these pathways. The
resulting charge transfer integrals for the electron and hole were
found to have very similar values. In addition, the reorganization
energies associated with electron and hole transport were found
to be very similar. This leads to the conclusion that, in both
HPS and MPPS, the mobility of the electron is almost equal to
that of the hole. We believe this balanced transport behavior is
another important reason for the high electroluminescence
efficiency achieved in the devices (the other reason being that
aggregation enhances emission). We also find that the carrier
mobilities in MPPS are larger than those in HPS. Finally, the
estimated carrier mobilities are in good agreement with the
experimental measurements.
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