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We report on a detailed quantum-chemical study of the geometric structure and electronic properties
of 2,5-big6’-(2',2"-bipyridyl))-1,1-dimethyl-3,4-diphenylsilole RyPySPyPy and 2,5-di-
(3-bipheny)-1,1-dimethyl-3,4-diphenylsilole RPSPB. These molecular systems are attractive
candidates for application as electron-transport materials in organic light-emitting devices. Density
Functional Theory(DFT), time-dependent DFT, and correlated semiempiricAINDO/CIS)
calculations are carried out in order to evaluate parameters determining electron-transport and
optical characteristics. Experimental data show thgPySPyPypossesses an electron-transport
mobility that is significantly greater thaRPSPR while PPSPP has a significantly larger
photoluminescence quantum yield; however, the theoretical results indicate that the two systems
undergo similar geometric transformations upon reduction and have comparable molecular orbital
structures and energies. This suggests that intermolecular interadsofid-state packing,
electronic coupling play significant roles in the contrasting performance of these two molecular
systems. ©2004 American Institute of Physic§DOI: 10.1063/1.1804155

I. INTRODUCTION demonstrated that these two chemically similar molecular
systems display distinctly different solid-state properties.
The development of organic molecular and polymericpolycrystalline films ofPyPySPyPyand PPSP Pdisplay
systems for use as semiconducting materials in electronigyreen(2.46 eVj and blue(2.61 eV fluorescence with abso-
optoelectronic, and electro-optic devices has brought forth gte photoluminescencéPL) quantum vyields of 28%3%
number of remarkable discoveri$,and has led to their and 85%:5%, respectivel§:® The PL quantum yield for
recent commercialization in consumer producthie contin- PPSPPis ar7nong the highest reported for neat organic
ued emergence of these new technologies will rely heavilyjms 7.8 \we note that Cheet all® have reported the appear-

upon performance enhancement in such matters as chargfice of the phenomenon of aggregation-induced emission

injection and transport efficiency, photoluminescence quang,. 1 1-dimethyl-2,3,4,5-tetraphenylsilol® 6 P), a smaller
tum vyields, and temporal and thermal stability. Silole nalc;g of PPSI:;F; ,In addition two-laye,r films  of

(silacyclopentadienebased systems have recently garnere PSPPor PyPySPyPywith the hole-transport material

much attention as electron-transport materials due to thRI N’ -diphenylN,N’-(2-naphty)-(L,'-pheny)-4.4' -diamine

resence of a low-lying lowest unoccupied molecular orbital ! .
E)LUMO) 4The 0'*-77}: cgnjugation in thepring due to interac- (NPB) show exciplex PL quantum yields of 62% PSP
' and 21% PyPySPyPYy. The NPB:PPSPPexciplex PL

tion between thes* orbitals of the two exocyclic silicon- 2 X .
carbon bonds with ther* orbital of the butadiene moiety quantum yield is the highest reported to das for their

provides the stable features of the LUMO le¥elhe low- use as electron-transport materials, single-layer electron-only
lying LUMO provides silole-based systems with large elec-devices fabricated usinByPySPy Pyexhibit a higher cur-
tron affinities coupled with redox stability in dir” These ~rent flow than devices made usiigP SPP This suggests
intrinsic characteristics have led to very high electron moihatPyPySPyPyhas higher electron conductivity signify-
bilities, and in some cases nondispersive and air-stable elel1d Poth higher electron mobility and a lower barrier to elec-
tron transport. For instance, 2,5486(2',2"bipyridyl))-1, ~ tron injection tharP PSP R**
1-dimethyl-3,4-diphenylsilole By Py SPy Py exhibits very The purpose of the present work is to determine theoreti-
high, nondispersive, air-stable time-of-flight electron mobil-cally the electronic structures 6fyPySPyPyandPPSPP
ity of 210 *cn?/V's, a two-order of magnitude improve- in order to understand the chemical and physical properties
ment compared to the well-established electron transportéhat control their remarkably distinctive thin-film electronic
tris(quinolin-8-olatg aluminundlll) (Algg).%’ properties. We use Density Functional Theory and correlated
Recent studies on organic light-emitting diodes based osemiempirical methods to describe the geometric and elec-
PyPySPyPyand its biphenyl analog 2,5-d8-bipheny)-  tronic structures and optical properties of these molecules.
1,1-dimethyl-3,4-diphenylsiloleRPSPB, see Fig. 1, have Here, our focus will be on the geometric structures of both

0021-9606/2004/121(18)/9031/8/$22.00 9031 © 2004 American Institute of Physics
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2,3,4,5-tetraphenylsiloleRSP) in addition toPyPySPyPy
andPPSPP(see Fig. 1L The geometries were optimized in
two different electronic configurations corresponding to the
neutral and reduced radical-anion states. For the sake of
completeness, the neutral states of pyridine, benzene, bipyri-
dine, and biphenyl were also investigated.

The geometry optimizations were carried out at the Den-
sity Functional TheoryDFT) level using the B3LYP func-
tionals, where Becke's three-parameter hybrid exchange
functional is combined with the Lee—Yang—Parr correlation
functional’>**and a 6-31& split valence plus polarization
basis set. The size of the larger molecular systems limited the
basis set from extension with diffuse functions; such basis
functions, which are generally prescribed for the proper de-
scription of small molecular aniort§;'® proved either to be
computationally expensive or not to allow convergence of

N the iterative procedures. As a result, the energetic values of
34PS the anionic systems will only be used here to provide relative
FIG. 1. Chemical structures of: 1,1-dimethyl-3,4-diphenyisibleRgy, ~ values of the intramolecular reorganization energy and the
1,1-dimethyl-2,5-bi€’-pyridyl)-3,4-diphenylsilole ~ PySPYy), 1,1-  electron affinity. The excitation energies of the low-lying ex-
dimethyl-2,3,4,5-tetraphenylsilolePS P), 2,5-big6’-(2',2"-bipyridyl))-1,1-  cited states have been calculated at the time-dependent DFT
dimethyl-3,4-diphenylsilole RyPySPyPy, and 2.5-dit3-bipheny)-1.1- (TpDFT) |evel and with Zerner’s semiempirical intermediate
dimethyl-3,4-diphenylsilole RPPSPB. . .
neglect of differential overlagZINDO) (Ref. 16 method
supplemented by a single-configuration interacti@iS)
the neutral molecules and their radical-anions, the absorpticscheme. All DFT calculations were carried out with the
spectra of the neutral species, and the evaluation of the irGAUSSIAN98 suite of programs’
tramolecular reorganization energies and electron affinities

of PyPySPyPyandPPSPP
ll. RESULTS AND DISCUSSION

Il. THEORETICAL METHODOLOGY A. Geometry

In order to better understand the geometric and elec- The DFT optimized geometries are collected in Tables |
tronic structure of the relatively large molecular systemsand Il, using the bond numbering scheme presented in Fig. 2.
PyPySPyPyndPPSPPR we have assessed also their con-In all instances, the silole ring is found to be nearly coplanar
stitutive molecular fragments so as to build a complete picwith maximum deviations from planarity on the order of 4°.
ture of the roles of the numerous intramolecular interactionsln 34PS, see Table |, the exocyclic carbon-silicon bonds
In that context, we have considered the molecules 1,1¢1.893 A are slightly longer than the in-ring carbon-silicon
dimethyl-3,4-diphenylsilole(34P3,1,1-dimethyl-2,5-bi¢2’-  bonds(1.875 A). Thecis-butadiene portion of the silole ring
pyridyl)-3,4-diphenylsilole PySPy, and 1,1-dimethyl- presents a very large degree of bond-length alternation

TABLE I. B3LYP/6-31G*-optimized bond lengthéAngstroms for the neutral and anionic electronic configu-
rations of 3PS, PyPySPyPyandPPSPP(see Fig. 2 for bond numberipgA(Anion-Neutra) values are
provided for each system.

34PS PyPySPyPy PPSPP
Bond Neutral ~ Anion A Neutral  Anion A Neutral Anion A
1 1.893 1.923 0.030 1.888 1.903 0.015 1.893 1.912 0.019

2 1.893 1.923 0.030 1.888 1.903 0.015 1.893 1911 0.018
3 1.875 1.846 —0.029 1.892 1.879 -0.013 1.886 1.871 -0.015
4 1.875 1.846 —-0.029 1.892 1.879 -0.013 1.886 1.870 -0.016
5 1.357 1.402 0.045 1.367 1.414 0.047 1.367 1.415 0.048
6 1.357 1.402 0.045 1.367 1.414 0.047 1.367 1.415 0.048
7 1.520 1.474 -0.046 1.509 1.452 -0.057 1.513 1.456 —0.057
8 1.487 1472 -0.015 1.493 1.490 -0.003 1.493 1.487 —0.006

9 1.487 1472 -0.015 1.493 1.490 -0.003 1.493 1.487 —0.006
10 e - L 1.473 1.443 —0.030 1.479 1.457 -0.022
11 B e 1.410 1.430 0.020 1.408 1.423 0.015
12 L - L 1.351 1.369 0.018 1.406 1.420 0.014
13 L L 1.473 1.443 —0.030 1.479 1.457 —0.022
14 B S e 1.410 1.430 0.020 1.408 1.423 0.015
15 L L 1.351 1.369 0.018 1.406 1.420 0.014
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TABLE Il. Selected bond length@ngstroms for the neutral and anionic electronic configurationdgfSPyandPSP (see Fig. 2 for bond numberingn
addition to the B3LYP/6-31Gresults from this work, in the case BISP, we also list the bond lengths obtained via x-ray diffractiBef. 21) and HF-AM1
calculations(Ref. 20. A(Anion-Neutra) values are also provided for each system at the DFT level of theory.

PySPy PSP
. Neutral .
Neutral Anion Anion
Bond B3LYP/6-31G B3LYP/6-31G A Experiment AM1P B3LYP/6-31G B3LYP/6-31G A

1 1.887 1.901 0.014 1.86 1.818 1.893 1.914 0.021
2 1.887 1.901 0.014 1.86 1.818 1.893 1.914 0.021
3 1.896 1.881 —0.015 1.87 1.833 1.886 1.869 -0.017

4 1.896 1.881 —0.015 1.87 1.833 1.886 1.869 —0.017

5 1.368 1.414 0.046 1.36 1.353 1.367 1.416 0.049
6 1.368 1.414 0.046 1.36 1.353 1.367 1.416 0.049
7 1.507 1.453 —0.054 151 1.486 1.513 1.456 —0.057

8 1.494 1.490 —0.004 1.49 e 1.492 1.487 —0.005

9 1.494 1.490 —0.004 1.49 B 1.492 1.487 —0.005
10 1.469 1.440 -0.029 1.48 e 1.479 1.458 -0.021

11 1.411 1.429 0.018 e E 1.408 1.422 0.014
12 1.357 1.376 0.019 e e 1.409 1.422 0.013
13 1.469 1.440 —-0.029 1.48 e 1.479 1.458 —-0.021
14 1.411 1.429 0.028 L B 1.409 1.422 0.013
15 1.357 1.376 0.019 e e 1.408 1.422 0.014
aSee Ref. 17.
bSee Ref. 16.

(BLA) between the single and double carbon-carbon bondg1.896 A and PSP (1.886 A). The BLA parameter, though
on the order of 0.163 A; the single bond is especially longsomewhat smaller than in B4, remains largg0.139 A in
(1.520 A for a conjugated system, which is likely a conse-PySPyand 0.146 A inPSP); the difference in BLA be-
quence of the steric interactions between the phenyl ringgveen the two systems is due to a slightly shorter single bond
attached at the 3- and 4-positions. The phenyl groups ain the cis-butadiene moiety foPySPy The phenyl rings at
tached at the 3- and 4-positions have carbon-carbon bridgge 3- and 4-positions acquire more significant torsions for
bond lengths of 1.487 A; the rings, rotated in-phase, layyoth PySPyY~70°) and PSRA~57°) with bridge bond
~45° out-of-plane with respect to the silole ring. We note|engths of 1.49 A. Interestingly, rather pronounced geometric
that the results obtained for the silole ring are in good agre€gifrerences are found at the 2- and 5-aryl substitutions: the

me?t withdprevio# N ng?_\p(lg?gi%rllal Ca rLaI/yLsesl_ngsZiLoleSfsylgtemﬁyridyl rings inPySPylay relatively in-plane with the silole
performed at the -31GC, H)/Lan AS, ring (~18° while the phenyl rings oPSP are rotated by

; 19 5
EE/ i?\;lilae;((a?l)é%ﬁ\ilfgftlhfés)’ HF/6-31G"," and some 50°; in addition, the carbon-carbon bridge bond length
Extending the 3B S system by addition of either pyridyl |Fs); SO ﬁ’ogré S"T;rl;err;?afeyds ItDOy ;Ze k?yedir;geérr:c srlzgoergf nast I?he
PySP henyl he 2- -positi
(PySPy or phenyl @SP) groups at the 2- and 5-positions 2-position on the phenyl ring that imparts steric interactions

only slightly alters the overall geometry of the silole core, “ | . ,
y S1gnty g y with the silicon-substituted methyl groups and, thus, prevents

see Table Il. BothPySPyand PSP maintain exocyclic : .
carbon-silicon bond lengths of 1.89 A: however, the in-ringthe more planar structure observed for the pyridyl substitu-

carbon-silicon bonds differ by 0.01-0.02 A f®ySPy €nts. o _
The optimized geometric parameters at the

B3LYP/6-31G" level for PSP are in good agreement with
the reported x-ray crystal structure determination of
Parkanyi.?! The exocyclic silicon-carbon bonds are slightly
overestimated(0.03 A), while the in-ring silicon-carbon
bonds are underestimat¢@.02 A). Excellent agreement is
found for the carbon-carbon bonds within tbis-butadiene
moiety and, hence, for the degree of BLA. It is of note that
the experimental BLA0.15 A) of the cis-butadiene segment

in PSPis larger than that observed for a similar silole sys-
tem that is hydrogen-substituted at the 3- and 4-positions
(0.12 A);%! thus, this confirms that relaxation of the steric
interactions of the phenyl substituents is achieved through a
lengthening of the bonds in thes-butadiene fragment. Ad-

FIG. 2. Bond numbering scheme used for P& Pyspy psp,  ditionally, the mean torsional angles of the phenyl groups
PyPySPyPyandPPSPP found in the x-ray structure at both the 3- and 4-positions
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(~58° and 2- and 5-positions~45°) are well reproduced PySPyor PSP. The 2- and 5-position pyridyl substituents
by the DFT optimizations. in PySPyundergo a slight increase in the planarity with the
No significant modifications to the silole unit are in- silole ring as the torsion angles decrease from 18%1®°.
curred upon addition of the external aryl rings for The bridging carbon-carbon bond decreases by 0.029 A
PyPySPyPyand PPSPR see Table I. For the respective while the adjacent carbon-carbon and carbon-nitrogen bonds

larger analogs, the BLA of theis-butadiene segment, as well increase by~0.018 A; thus, as was seen in thie-butadiene
as the bond lengths and torsion angles of the phenyl substitgportion of the silole ring, a loss of BLA is continued through-
ents at the 3- and 4-positions, are preserved. The substitout this portion of the molecular system. Similar types of
tions at the 2- and 5-positions for boflyPySPyPyand  bond transformations at the 2- and 5-phenyl substitutions are
PPSPPmaintain the bridging bond lengths 8fySPyand observed forPSP as well. The bridging bond decreases
PSP, respectively. However, the torsion angle in (0.021 A), while the first carbon-carbon bonds within the
PyPySPyPy(32°) does increase somewhat versus thering increase(0.013-0.014 A However, there is a much
smaller analog~18°); there is virtually no difference be- more drastic shift towards planarity for this system as the
tweenPPSPPand PSP. Note that the lowest energy con- torsion angle at the 2- and 5-positions shifts from 45° to 23°.
former for PyPySPyPyis that with the nitrogen atoms of Parallel geometric transformations to those RySPy
each bipyridyl unit in a transconformation (the ciss andPSPare observed upon reduction By PySPyPyand
conformation is calculated at the DFT level to be 9.6 kcal/P PSPP respectively. For instance, within tleés-butadiene
mol higher in energy The torsion angles within the bipy- moiety, the BLA decreases to 0.038 A fByy PySPyPyand
ridyl and biphenyl substituents are-7° and ~37°, 0.041 A forPPSPP a loss of BLA in the bonds in imme-
respectively. We note that the DFT-calculated dipole mo-diate proximity to the 2- and 5-positions on the silole ring
ments forPPSPPand PyPySPyPyare both very small: occurs also in botf?y Py SPyPyandP PSP P(we note that
PPSPP has a dipole moment of 0.26 D in theyn  the remaining bonds in both the bipyridyl and bipheny! units
conformation, while the presence of the nitrogen atoms irthange by<0.01 A). The main distinction between the two
the pyridine rings makes the molecular dipole of radical-anion structures is the relative planarity between the
PyPySPyPysomewhat largef0.59 D). silole ring and the bipyridyl or biphenyl units. The bipyridyl
Upon reduction to the radical-anion state, the modifica-Units in PyPySPyPy23°) become more coplanar with re-
tions in geometry Of the Considered molecu|es are primar”)ﬁpect to the silole I’ing; aISO, the dihedral distortions between
confined to the silole ring and the aryl rings directly bound atthe pyridine segments are virtually negligiie3°). The bi-
the 2- and 5-positions on the silole ring. In B8, the phenyl units inPPSPP undergo slightly larger torsional
silicon-carbon bonds relax rather Considerab|y with the exoShiftS from 50° in the neutral state to 37° in the radical-anion
cyclic bonds lengthening by 0.03 A and the in-ring silicon- State, while the torsions between the phenyl rings change by
carbon bonds shortening by the same exter@3 A). These only 2°. ngrall, we obgerve that thg geometry relaxations
changes in bond length are related to the fact that reductiodPon reduction are confined to the silole ring and the parts
to the radical-anion populates the silole LUMO; this popula-adjacent to it of the aryl rings substituting in the 2- and
tion allows for increased antibonding*) interaction be- -Positions.
tween the silicon and exocyclic methyl carbons that length- ) _ _
ens these bonds, while bringing forth increased bondind- Electronic structure and optical absorption
character for the in-ring silicon-carbon bonds through the  ThoughPySPyandPyPySPyPyhave similar absorp-
extended conjugation provided by the interaction of the low-tion maxima(3.37 eV and 3.28 eV, respectivglythe two
lying silicon p, orbital and then* orbital of the cis  molecules possess rather different solid-state properties:
butadiene unit. Population of the LUMO also causes a draPySPy is crystalline, while PyPySPyPyis amorphous
matic decrease by half in the BLA of theisbutadiene with a glass transition temperatufg of 77 °C2? Based on
moiety; the respective double bonds lengthen by 0.045 A anthese observations, Uchid al?? suggested that the addi-
the single bond shortens by 0.046 A. The phenyl rings at théion of the extra aryl groups simply serve as a means to add
3- and 4-positions maintain rather similar torsion anglesmore flexibility to PyPySPyPywhile having minimal ef-
(~35° and bridging carbon-carbon bond lengtis472 A).  fect on the HOMO (highest occupied molecular orbital
The nature of the changes in the silicon-carbon bonds fot UMO (lowest unoccupled molecular orbitajap??
PySPyand PSP, though smaller in absolute terms, are To better understand the optical data, we now turn to a
similar to those observed for B4 upon reduction. The description of the main characteristics of the HOMO and
lesser extent of the silicon-carbon bond length modificationd UMO levels, as calculated at the DFT level. Analysis of the
is linked to a delocalization of the radical-anion to the aryl[HOMO wave function for 32S (—5.68 €\j indicates that it
rings at the 2- and 5-positions. Tle&s-butadiene portions of mainly resides on thecis-butadiene moiety; its bonding-
the two systems, as well, undergo similar transformationsantibonding pattern is consistent with observations in the
for PySPY(PSP), the double bonds increase by 0.046 geometrical analysis of the neutral species, see Fig. 3. Aryl
(0.049 A while the single bond decreases by 0.084057 substitution at the 2- and 5-positions to fofySPyand
A; these changes produce a BLA of 0.088040 A, a de- P SPbrings forth electronic interactions between the HOMO
crease of over 70%. While some change occurs to the torsioof 34P S and the highestr orbitals of pyridine(—7.11 eV}
angles of the phenyl groups substituted at the 3- an@nd benzené—6.70 e\j. Because the highest orbitals for
4-positions in 3#S, there are no marked changes in either34P S and benzene are closer in energy tha® 34nd pyri-
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PyPySPyPy

FIG. 5. B3LYP/6-31G-calculated highest occupigtiOMO) (bottom) and
lowest unoccupied(LUMO) (top) one-electron molecular orbitals for
PyPySPyPyleft) and PPSPP(right).

state ionization potentials ®fyPySPyPyandP PSP Pdif-
fer by only 0.05 eM(5.94 and 5.89 eV, respectively?>2*As
with their smaller analogs, the orbital distributions are nearly
FIG. 3. B3LYP/6-31G-calculated highest occupig#lOMO) (bottom) and  identical for the two systems with the majority of the prob-
lowest unoccupledLUMO) (top) one-electron molecular orbitals for B&. ability density residing on the silole ring and the aryl rings
substituted at the 2- and 5-positions, see Fig. 5. In fact, the
_ S o HOMO's for the PySPYyPyPySPyPyand PSRPPSPP
dine, a larger energy destabilization is expeaegriori for  pairs are virtually indistinguishabléneglecting the small
the PSPHOMO through a greater degree of orbital splitting 3mount of orbital density on the external aryl rings of the
produced by more pronounced wave function overlap. H°W1arger systems
ever, the HOMO energies foPySPY—5.28eV) and The DFT B3LYP/6-31¢ calculations indicate that the
PSR —5.29eV), are nearly identical. This is due, at least \ymoO for 34PS lies at —1.37 eV: as with the HOMO, it
partly, to the more planar structure By SPywhich allows  resjdes primarily on the silole ring. The LUMO shape main-
for a greater degree of antibonding orbital interactisee  tains the primary characteristics of the isolated silole ring in
below than the more twisted structure BSP. Examination  \yhich interaction between the* orbitals of the two exocy-
of the wave functions shows that their spatial distributionsgjic + ponds on the ring silicon and the* orbital of the
are very similar in the two systems, see Fig. 4; they primarilyy tadiene moiety composes thé-7* conjugation in the
lie on the silole ring and the aryl rings substituted at the 2'ring, see Fig. 3. Addition of pyridyl and phenyl at the 2- and
and 5-positions with an antibonding character between thS—positions to formPySPyand PSP produces LUMO en-
silole ring and the respective aryl substituent. ergies of —1.82 and—1.59 eV, respectivelynote that the
Addition of external aryl groups ilPyPySPyPyand pyridine LUMO is calculated to lie at-0.68 eV, while that
PPSPPagain produces HOMO levels that have nearly iden-f penzene at 0.10 8VThe wave functions are very similar
tical energies.—5.33 and—5.32 eV, respectively. This is in o the two systems, see Fig. 4, and are primarily located on
excellent agreement with the ultraviolet-photoelectron specge sijole ring and the aryl rings substituted at the 2- and
troscopy(UPS experimental data that indicate that the solid-5_positions with a bonding character between the silole ring
and the substituent. Further extension with outer aryl groups
in PyPySPyPyand PPSPP produces LUMO levels at
—1.84 and—1.63 eV, respectively. Though the DFT LUMO
energy results slightly overestimate the difference in the
solid-state LUMO levels oPyPySPyPyandPPSP P(0.06
eV) as determined by the combination of UPS and optical-
band gap dat&?>?*there is concurrence with the fact that
the LUMO for PyPySPyPyis energy stabilized versus
PPSPPR Again, the orbital distributions are nearly identical
for the two systems with the majority of the probability den-
sity residing on the silole ring and the aryl rings substituted
at the 2- and 5-positions, see Fig. 5. As with the HOMO
wave functions, the LUMO wave functions of the larger sys-
FIG. 4. B3LYP/6-31G-calculated highest occupigtifOMO) (bottom) and tems are virtually IndIStIIjl.QUIthabJe from the smaller mol-
lowest unoccupied(LUMO) (top) one-electron molecular orbitals for €cules. The~0.2 eV stabilization in the LUMO energy for
PySPy(left) and PSP (right). PyPySPyPyersusPPSPPcould be one of the main fac-
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butions are similar, whether taking account of the ground-
state geometry or the lowest excited-state geonfétiiis
contrasts with the situation in well-conjugated oligomers, for
instance, oligophenylenevinylen&syhere the exciton wave
function is initially significantly delocalizedground-state
geometry but localizes upon nuclear relaxatidiexcited-
state geometpy

The above quantum-chemical assessments of the orbital
energies, orbital shapes, absorption data, and electron-hole

37 43 . A . . A .
PYPYSPYPy -GroundState _______ PyPySPyPy -ExcitedState distributions confirm the suggestion of Uchiéaal?? The

Ly 1 “r 1 addition of the aryl ring td®ySPyto form PyPySPyPyhas
1 1 no significant effect on the HOMO-LUMO gg.46 eV and

3.49 eV, respectivelyor on the electron-hole distribution.
This is made even clearer by the fact that the calculated
transitions for the two systems primarily involve a
1 HOMO—LUMO transition (on the order of 88% and 83%,
Y . ] respectively. The calculated values fd?SP and PPSPP

iy vy me gy Mmoo na g are very similar; as a result, analogous absorption character-
0B B e ® B P ¥ SR e = ® istics are predicted for these systems.
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FIG. 6. Electron-hole distributions and atomic labeling scheméip&Py
(ground state geometnandPyPySPyPyground and excited state geom-
etries.

C. Intramolecular reorganization energy

. . and electron affinit
tors in the electron transport differences of the two molecular y

systems. When considering the transport properties of negative
PyPySPyPyand PySPyphotoluminesce at 2.53 and polarons as charge carriers through an organic molecular
2.58 eV in THF after absorption with maxima at 3.28 andfilm, the electron-hopping process can be portrayed at the
3.37 eV, respectivel§? The photoluminescence and absorp-microscopic level as a self-exchange electron-transfer reac-
tion wavelengths vary only slightly for the two materials in tion between two neighboring molecules—the acceptor be-
thin films with values of 2.50 and 3.21 eV fetyPySPyPy ing in the neutral electronic state and the donor in the re-
and 2.54 and 3.26 eV fdPySPy?? The INDO/CIS evalua- duced radical-anion state. A simple analysis of such an
tion of the absorption energies f®fyPySPyPy3.50 eV}  electron-transfer reaction can be based on Marcus theory and
and PySPy(3.48 eV} are in very good agreement with the extensions theredf:*® as done for instance in our earlier
experimental data and confirm the similarity in the absorp-work.30 In the context of Marcus theory, the rate constant for
tion maxima; the INDO/CIS emission energies, calculated orelectron transfer(polaron hopping can be defined in an
the basis of AM1/Cl-optimized geometries of the lowest ex-Arrhenius-like mannef®%
cited stat&® are also in good agreement with experiment
(2.88 eV forPyPySPyPyand 2.80 eV folPySPy. Optical " _Am 1 2 exp{ —A
datd’ for PSP indicates that the system undergoes intense &7 h VAmNkgT 4kgT
fluorescence in the blue region of the visible spect(@rb8
eV) after absorption with a maximum at 3.53 eV. INDO/CIS wheret is the transfer integrdlbr electronic coupling matrix
calculations forP SPabsorption(3.78 e\j show good agree- element between neighboring molecules,the reorganiza-
ment with the empirical absorption maximum; the calculatedion energy required during the intermolecular transfer of an
absorption maximum foPPSPPis 3.78 eV, as well; the electronkg the Boltzmann constant, afidthe temperature.
calculated emission energies are 3.07 and 3.01 eV foQuantum-chemical calculations allow for the description of
PPSPPand PSP, respectively. TDDFT results for the ab- both the transfer integral and the intramolecular reorganiza-
sorption maxima ofPyPySPyPy(3.07 eV and PPSPP  tion energy.
(3.20 eV} are in good agreement with the INDO/CIS results. ~ The transfer integral is related to the energetic splitting
Evaluation of the nature of the excited state through in-of the frontier orbitals of the molecules as the system goes
vestigation of electron-hole distributitfhfor PyPySPyPy  from isolated molecules to interacting moleculédn the
see Fig. 6, reveals that the exciton is predominantly locatedbsence of structural data for the relative positions of
on the silole ring and the pyridine rings directly substitutedPyPySPyPyor PPSPPmolecules in films, only explor-
at the 2- and 5-positions. Very similar electron-hole distribu-atory evaluations of the transfer integrals can be performed.
tions are evaluated fdPySPy PSP, andPPSPPand are  Analysis at the INDO level of theory of the intermolecular
thus not shown here. These results indicate thahe addi- electronic coupling between dimefwith intermolecular dis-
tion of the external aryl ring does not affect the location oftances ranging between 5 and 7 A and variations in orienta-
the exciton, which is consistent with the molecular orbitaltion) composed of molecules using the DFT-derived geom-
analysis, andii) as a consequence, the electron-hole distri-etries indicates the following:

, (€Y
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widely used hole-transport material, and four times as big as
in pentacené® This is directly related to the very strong
geometrical changes occurring in the silole ring upon reduc-
tion.

From the energies of the optimized neutral and anionic
structures, as well as single-point calculations of the neutral
geometry on the anionic potential surface and the anionic
geometry on the neutral potential surface, qualitative esti-
mates of the electron affinity fdPyPySPyPyandPPSPP
can be madénote that the electron affinity is defined here as
the energy of the neutral state subtracted from the energy of
the radical-anion state; thus, a negative electron affinity re-
FIG. 7. Sketch of the potential energies of neutrddys) and anionic ~ flects an energy stable radical-anion stafehe adiabatic
(Vanion SPecies, illustrating the neutral {) and anion ,) relaxation en-  electron affinity forPyPySPyPys —0.95 eV, while that for
ergies. PPSPPis —0.75 eV. In comparison, the vertical electron

affinity is —0.69 eV for PyPySPyPyand —0.47 eV for

) PPSPPR Both results qualitatively indicate a much more

(i) The more planar structure 6fyPySPyPyappears giaple radical-anion state feyPySPyPy
to allow for shorter intermolecular distances and confirms |+ is worth noting that calculation of the dianionic state
the pptential for Iarggr transfer integrals ver®BSPP of bothPy PySPyPyandP PSP Preveals significant energy

(i) The transfer mtegralss for both electrons and holesjegiapilization versus the radical-anion and neutral states.
are in the range Of_ﬂ’o'_lo_ eV; these results are one 10 ror pypySPyPy the addition of a second electron to the
two orders of magnitude lower than in ordered systems, sucliaple radical-anion requires 2.12 eV: the dianion state is
as crystalline peptageﬁ%. _ destabilized by 1.17 eV versus the neutral state. Formation of

The reorganization energy can be separated into the the dgianion inP PSP Prequires 2.31 eV, a state that is 1.56
sum of two primary componentdi) the medium solvent gy |ess stable than the neutral state. The results for
reorganization energy which arises from modifications to thqupys PyPyand PPSPPexpose a significant divergence
medium polarization due to the presence of excess charggym the silole dianions theoretically studied by Goldfuss
and (ii) the intramolecular reorganization energy, whichgnq von RagueSchleyer® whereas silole rings that have
combines the relaxation energies of the electron-ddimr  nqergone deprotonation of the hydrogen atoms present on
tially ionized moleculex, and of the electron-acceptni-  the ring silicon allow for aromatic stabilization of the dian-

tially _neggrab molecule)\z,_see Fig. 7, upon electron-t_ransfer ion, the presence of 1,1-dimethyl groups on the systems de-
reaction®” Our goal here is to assess the extent of intramoxriped herein do not permit such stabilization.

lecular reorganization energy in the silole-based systems.
From Eq. (1), it is clear that for electron transfécarrier v CONCLUSIONS

hopping rates to be high, reorganization energies need to be )
kept as low as possible. While PyPySPyPyand PP SP Phave been shown ex-

The calculated intramolecular reorganization energiesperimentally to display diverse solid-state electronic proper-

see Table IlI, foPyPySPyPy0.50 e\j andP PSP P(0.52 ties, the quantum-chemical analysis reported in this work

eV) demonstrate that the two systems, again, are very simildpdicates that the geometric and electronic structures, nature
in nature. The slightly larger reorganization energy inof the photoabsorption processes, and intramolecular reorga-

PPSPP is consistent with the fact that while both Nization energies are very similar for the two molecules. A
PyPySPyPyand PPSPP undergo similar bond length diréct answer as to whgyPySPyPyand PPSPPbehave
changes upon reductiorP PSP P displays slightly larger differently in the solid state cannot be easily provided based
torsional modifications. However, the major result is thaton the present study, since a deep understanding of the solid-
the intramolecular reorganization energy value€).5 ey, State phenomena requires identification and appreciation of
are in both cases very large. They are about twice as large the effects of intermolecular interactions. Solid-state UPS
the calculated valud&® for N,N’-diphenylN,N’- and XPS investigatiod$ have uncovered the formation of
bis(3-methylphenyk([1,1 -biphenyl)-4,4 -diaming TPD), a charge transfer complexes at the méddp)-silole interface
developed through strong chemical interactions, whereas
charge hopping in the bulk silole film is probably best de-
TABLE IIl. B3LYP/6-31G* relaxation energiegelectronvoli and intramo-  SCribed through a polaron model. At this stage, one can only
lecular reorganization energlegelectronvoli for PyPySPyPyand  speculate that the more planar conformation found around

anion

Energy

Vneulral

Reaction Coordinate

PPSPR the silole ring and the rings in the 2- and 5-positions in the
Neutral relaxation Anionic relaxation Total reorganization ,Case onyPySPmelght '9ad to stronger intermolecular
(\y) ) energy f;+\s) interactions and tighter packing of these molecular segments.
System GY) (eV) (eV) In general, such packing results in higher carrier mobilities
PyPySPyPy 0.236 0.264 0.500 and is gonducwe to Iummescence quenphlng, an outcome in
PPSPP 0.241 0.279 0.520 qualitative agreement with the comparison of the electron

mobilities and photoluminescence quantum yields between
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