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Lone-Pair Orbital Interactions in Polythiaadamantanes

Joseph E. Norton, Alejandro L. Briseno, Fred Wudl, and K. N. Houk*
Department of Chemistry and Biochemistry, bisity of California, Los Angeles, California 90095-1569
Receied: March 6, 2006; In Final Form: June 12, 2006

The electronic structures of a series of polythiaadamantanes from thiaadamantane through 2,4,6,8,9,10-
hexathiaadamantane (HTA) have been analyzed using density functional theory calculations in conjunction
with Hiickel and natural bond orbital analysis. The effects of multiple sulfur p-type lone-pair orbital interactions
on ionization potentials, hole mobilities, and electronic coupling have been determined. An overall increase
in the average energy of the lone-pair orbitals as the number of sulfur atoms increases is predicted, with the
exact positioning of the HOMO depending on specific lone-pair interactions. Separation of through-bond
(TB) and through-space (TS) interactions between intramolecular sulfur atoms has been performed using
localized molecular orbitals and model systems based on interacting hydrogen sulfide molecules. TB interations
were found to reduce orbital splitting, while TS interactions were found to increase orbital splitting. TS
interactions were more or less constant from one polythiaadamantane to the next, and the contributions of TB
effects to individual orbital energies vary depending on the relative orientation of sulfur atoms as determined
by the ¢ molecular framework. Electronic coupling between intermolecular sulfur lone-pair orbitals was
determined by investigating unique dimer pairs observed in the crystal structure of HTA. Electronic coupling
is not as strong as expected given the short intermolecut& @istances observed in the crystal structure.

In general, B3LYP/6-31G(d) and B3LYP/6-315(d,p) give very similar orbital energies and splittings.

Introduction proximated by calculating electronic coupling between unique
dimer pairs from a newly reported crystal structure of HTA.
The use of Kohr-Sham (KS) orbital energies of DFT has been

a source of concern, since it is often thought that KS orbitals
are merely auxiliary components that carry no definite physical
meaning. However, contrary to this view, it has been argued
that KS orbitals do carry physical meaning and are suitable for
use in qualitative molecular orbital theo¥$.25 Taking this into
account, we use DFT orbital energies here and have relegated

in determining the electronic properties of systems such as arynetHartree_FOCk (HF) orbital energies to the Supporting Informa-

biradicals3=> diene hydrocarbon,cyclic polyenes, and tlonh | . ined in 1958
norbornadien®?8-13 and its derivatived? It is often found that The crystal structure of HTA was first determined in 1956

interesting orbital interactions occur in systems with unusual '(;’_he crystal forkr]ns a tetragona(ljlattugngtﬂ |nterm_olec(;JIa1$
topologies where strong orbital interactions exist. |stancr(]as af] short %(:365'2 an 3'_5 3 9"%’ Aereasé, ":]a et]man-
We have analyzed the electronic structures of a series of tane, the shortest Istance is 3. and the shortest

i . 8 o
polythiaadamantanes from thiaadamantane through 2,4,6,8,9 distance between two hydrogens is 2.37°Considering that

10-hexathiaadamantane (HTA). The effects of orbital interac- the mr?_ler::ular symrpetfry (t)|f1 HTA Itgld one mt'ﬁh: Sxt;:]ec(tj an
tions on ionization potentials, hole mobilities, and electronic even higher symmetry for the crysta’s, given that both adaman-

coupling have been determined. HTA is a highly symmetric tane and hexagn;(()athylene tetramine haysymmetry and form
molecule consisting of a tricyclic array of interacting sulfur lone- Cl.Jb'C crystals® Howe\{er, replacement of 'methylene groups
pair orbitals with short intermolecular sulfur distances. The with sulfur atoms permits very close packing tha_t leads to a
sulfur atoms contain p-type lone pairs that extend into the less symmetric orientation of the molecules. Interacu_on; between
interior of the molecule and interact with thieframework. To sulfurs of adjacent HTA molecules are strong, as indicated by

determine the effects of these interactions, the electronicthe insolubility of its crystal, a decomposition temperature of

o 26 : :
properties of HTA and polythiaadamantanes were investigated 330 dC’ Vsndl mte(rjr\T;VoI((aj(_:utlar sulfur d|s:[ta(;1rf;estshortelrf thart\ the
by separating TB and TS interactions between intramolecular van der Waals (vdW) distance expected for two sulfur atoms

sulfur atoms using natural bond orbital (NBO) anal¥si& and (3.6 A). HTA and analqgous fing systems such as.adamantane,

model systems based on interacting hydrogen sulfide molecuIes.hex""methyIene tetraml_ﬁéand derivatives Of polythiaadaman-

Hiickel molecular orbital (HMO) analysis of the model systems tanes have been studied and are shown in Chart 1. Of these,

is performed on orbital splitting patterns determined from density HTA is the most stable. )

functional theory (DFT) calculations. Hole mobility is ap- The molecule 2,4,6,8,9,10-hexathiaadamantane forms a stable
and well-organized crystal that might be expected to have

* Corresponding author. Telephone: 310-206-0515. Fax: 310-206-1843. interesting electronic properties attractive for applications in
E-mail: houk@chem.ucla.edu. semiconducting organic materials. The presence of strong

Intramolecular interactions between molecular orbitals in
polyatomic molecules are important in understanding the nature
of electronic structures. These interactions are traditionally
classified as being either through-bond (TB) or through-space
(TS), where TS interactions occur directly between nearby
orbitals and TB interactions result from coupling effects that
occur indirectly through the-bond skeletod2 Competition
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CHART 1

Adamantane Hexamethylene Mono- Hexa- Tetramethyl
tetramine thiaadamantane thiaadamantane HTA
(HTA)

TABLE 1: HF/6-31G(d) and B3LYP/6-31G(d) Calculated lonization Potentials (IR« and IPAg) Obtained from Koopmans’
Theorem and the AE Method for Dialkyl Sulfides (R—S—R'")

HF/6-31G(d) B3LYP/6-31G(d)

R R 1Pkt (eV) IPAE (eV) 1Pt (eV) IPAE (eV) |Pexp (eV) III]PeXpE(eV)
H H 10.44 9.26 7.12 10.38 10.28 10.48
Me H 9.69 8.38 6.43 9.38 9.542 9.42
Me Me 9.09 7.68 5.91 8.62 8.68.65P8.77¢8.674 8.69
Me Et 9.03 7.54 5.85 8.47 8.55 8.55
Et Et 8.97 7.41 5.80 8.33 8.48.56¢ 8.44 8.49
Et Pr 8.95 7.35 5.78 8.27 8.5@.37 8.44
Pr Pr 8.93 7.30 5.77 8.21 845 8.45
Bu Bu 8.91 7.24 5.75 8.15 8.40 8.40
Pr i-Bu 8.90 7.24 5.75 8.14 8.40 8.40
i-Bu i-Bu 8.85 7.14 5.69 8.03 8.383.2¢° 8.28
i-Pr i-Pr 8.94 7.24 5.79 8.13 8.28.38 8.32
t-Bu t-Bu 8.87 7.03 5.72 7.92 8.07 8.07

aReferences 3941.° Reference 42 Reference 43¢ Reference 44¢ Reference 45.

interactions between lone-pair orbitals of polarizable sulfur Theoretical approaches to predicting ionization energies are
atoms suggests that if HTA is easily oxidizable, its crystal often used to interpret spectra and properly assign spectroscopic
structure could perform ideally as a three-dimensional conduct- bands. Preliminary electrochemistry data and the investigation
ing crystal with hole mobilities adequate for electroactive of p-type semiconducting devices using HTA as the functional
materials applications. However, the electronic structures and material suggest that HTA is difficult to oxidiZ& Therefore,
properties of HTA and other polythiaadmantanes have beenour initial investigation consists of accurately determining the
relatively unexplored despite having a highly symmetric rigid |Ps of polythiaadamantanes. lonization energies taken directly
molecular framework where orbital interactions can be system- from the HOMO energy are known to be severely underesti-

atically investigated. mated by exchange correlation functionals, such as B3LYP.
) However, the application of DFT to probe orbital interactions
Computational Methods and IPs has been documentédartree-Fock (HF) more

Calculations were performed using Gaussiaf?Gtd the accurately reproduces ionization energies based on the HOMO
hybrid density functional Becke3L¥®34with the 6-31G(d) and energy, but errors due to factors such as electronic relaxation
6-311+G(d,p) basis sets. Geometry optimizations were carried effects become more severe depending on the nature and size
out on each polythiaadamantane and were followed by frequencyof the studied molecules. To predict ionization energies for
calculations in order to verify that stationary points obtained Ppolythiaadamantanes, th&E method has been used where
were true energy minima. lonization potentials (IP) were calculated IPs are obtained from the energy differefiggn —
determined using Koopmans’ theor&and theAE method with Eneutrat This method is shown to give rather accurate values for
the HF/6-31G(d) and B3LYP/6-31G(d) methods. Polythiaada- first ionization energies of small molecul&sln this study, a
mantanes and corresponding model systems based on hydrogeseries of dialkyl sulfides were used to calibrate this method for
sulfide molecules were used in conjunction with natural bond calculating IPs of polythiaadamantanes.
orbital*>~18 analysis to remove TB interactions and extract TS~ The experimental ionization energies of hydrogen sulfide,
interactions. The NBO 3.0 software package incorporated into methanethiol, and 10 dialkyl sulfides ranging from dimethyl
Gaussian 03 was used to analyze each polythiaadamantane. Theylfide through ditert-butyl sulfide are listed in Table 1. The
model systems were optimized while holding the coordinates jonization energies were also calculated using two methods. IP
of each sulfur atom fixed and constraining all intermolecular yalues were obtained directly from HOMO orbital energies
bond angles and dihedrals. This effectively allowed theHS based on Koopmans' theorem ¢ or by theAE method (IRg)
bonds to relax. HTA dimer pairs were obtained from crystal ysing HF/6-31G(d) and B3LYP/6-31G(d) levels of theory. These
structure data and optimized with fixed intermolecular bond methods were correlated with experimental values of dialkyl
distances, angles, and dihedrals involving the three closestgyfides using an average IP in cases where multiple experi-
intermolecular sulfur pairs. This allowed the individual mono- ental values were availabi&-45 The plots of experimental
mers of the dimer pairs to relax while maintaining the |ps calculated from B3LYP/6-31G(d) and HF/6-31G(d) HOMO
intermolecular coupling interactions. energies are shown in Figure 1. The B3LYP Ket8ham
orbitals severely underestimate IP values, while HF underesti-
mates these values less. The lower IP valuegIP 8.40 eV)

lonization Potentials of Dialkyl Sulfides. Accurate deter- correspond to larger and more branched dialkyl sulfides
mination of ionization energies is useful in exploring the containingi-Pr, i-Bu, andt-Bu substituents, for which both
electronic structures of molecules and ions in the gas phase.methods become increasingly far from experimental values.

Results and Discussion
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Figure 1. Plot of B3LYP/6-31G(d) and HF/6-31G(d) negative HOMO energies vs experimental IPs for dialkyl sulfides. Equatidis/ahms
obtained from linear regression analysis are displayed on the graph.
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Figure 2. Plot of B3LYP/6-31G(d) and HF/6-31G(d) IPs obtained from & method vs experimental IPs for dialkyl sulfides. Equations Bhd
values obtained from linear regression analysis are displayed on the graph.

While R? values indicate fairly good correlation with experi- the methods examined here, th& method using B3LYP/6-
mental values, Koopmans’ theorem becomes a poor predictor31G(d) R = 0.99) is the preferred method for predicting IPs
as the systems become large. In addition, trends obtained fromfor polythiaadamantanes.
linear regression analysis of BALYP and HF data give slopes lonization energies for polythiaadamantanes were first cal-
that deviate significantly from unity. culated using the\E method and then corrected by the best-
The plots of experimental IPs versus those calculated from fit-line equation, 1R, = 0.93IP\e + 0.72, obtained from the
the AE method are shown in Figure 2. Both levels of theory graph in Figure 2. The predicted valueszdlyr, for adamantane
give very good correlations with experimental values, especially and mono- through hexathiaadamantane are shown in Figure
for larger systems, and slopes are close to unity. WithARe 3. The IP of adamantane is known experimentally to be 9.2 eV
method, HF slightly underestimates ionization energies while and is predicted here to be slightly higher atdRr = 9.41
B3LYP provides predictions closer to experimental values. From eV. The IRgcor Values for polythiaadamantanes range from
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IPc corr (€V) 9.41 8.12 8.10 7.90 7.74 8.15 7.90

IPe core (€V) 7.98 7.85 8.12 8.36

Figure 3. B3LYP/6-31G(d) ionization potentials (M2cor) Obtained from theAE method and the best-fit-line equation for adamantat)e (
2-thiaadamantane2), 2,6-dithiaadamantane3); 2,4-dithiaadamantaned); 2,4,10-trithiaadamantaned)( 2,4,9-trithiaadamantaneb)( 2,4,6-
trithiaadamantane?y, 2,4,6,10-tetrathiaadamantan®),(2,4,6,8-tetrathiaadamantan®),(2,4,6,8,9-pentathiaadamantari9)( and 2,4,6,8,9,10-
hexathiaadamantanél). Energies are reported in electronvolts.

TABLE 2: B3LYP Through-Space (TS), Through-Bond (TB), and Net Orbital Splittings in Polythiaadamantanes

orbital splitting energies (eV)

6-31G(d) 6-31%+G(d,p)
compound TS TBP Net TS TBP Net
2,6-dithiaadamantane 3 0.00 0.00 0.00 0.00 0.00 0.00
2,4-dithiaadamantane 4 1.21 —0.61 0.60 1.24 —0.63 0.61
2,4,10-trithiaadamantane 5 1.36 —0.51 0.85 1.36 —0.50 0.86
2,4,9-trithiaadamantane 6 1.63 —0.96 0.67 1.69 —0.99 0.70
2,4,6-trithiaadamantane 7 0.88 —0.45 0.43 0.89 -0.45 0.44
0.82 -0.38 0.44 0.87 —0.42 0.44
2,4,6,10-tetrathiaadamantan e 8 0.46 —-0.15 0.31 0.48 —0.16 0.31
0.90 —0.36 0.53 0.87 -0.32 0.54
0.51 -0.35 0.15 0.54 -0.37 0.16
2,4,6,8-tetrathiaadamantane 9 1.21 —0.60 0.61 1.25 -0.62 0.63
1.27 -0.57 0.70 1.20 -0.51 0.69
2,4,6,8,9-pentathiaadamanta ne 10 0.15 —0.09 0.06 0.19 —0.12 0.06
0.80 -0.28 0.52 0.77 -0.24 0.53
0.72 —-0.36 0.37 0.73 -0.35 0.37
0.14 0.01 0.15 0.14 0.00 0.14
2,4,6,8,9,10-hexathiaadama ntane 11 1.58 —0.66 0.92 1.57 —0.64 0.93

aTS splitting energies were obtained from B3LYP/6-31G(d) calculations on the ma@&etlirhers, trimer, tetramer, pentamer, and hexamer.
bTB splitting energies were obtained from differences between the calculated TS splitting energies and the net splitting observed in
polythiaadamantanes.

7.74 to 8.36 eV with trithiaadamantabehaving the lowest IP The amount of orbital splitting due to TS interactions was
and HTA (11), surprisingly, having the highest IP. This, along determined by removing the carbon skeleton from each poly-
with the observed fluctuations in IPs in the series of polythi- thiaadamantane and replacing each sulfur with& Holecule.
aadamantanes, is an indication of the interplay between specificThe coordinates of each sulfur were fixed, and the intermolecular
orbital interactions and inductive effects of the sulfur atoms. A bond angles and dihedrals were constrained. Thél $ond
more detailed analysis is provided in the next section of this distances were allowed to optimize. Since the orbital splitting
paper. in the HS model system is caused by TS interactions alone,
. splitting due to TB interactions can be extracted from the net
_ Separation of Through-Bond and Through-Spac_e Interac- orbital splittings of the polythiaadamantanes. This process was
tions. Through-bc_)nd_ _and t_hrough-space mteractlons_ are both performed for each polythiaadamantane to calculate the TS and
expected to be significant in polythiaadamantanes, since lone-Tg jnteraction energies that are listed in Table 2. The results
pair orbitals extend into the interior of the molecule and are from this analysis show that TS interactions generally contribute
most often separated by only twe-bonds. The following  more to splitting than TB interactions, and TB interactions have
analysis of OITS, OITB, and inductive effects attempts to an overall contribution in the opposite direction of TS interac-
separate the effect of these interactions on orbital energies oftions. TB interactions generally destabilize lower energy lone-
multiple interacting sulfur lone-pair electrons. Net orbital pair orbitals or stabilize higher energy lone-pair orbitals and
splitting energies associated with successively replacing eachreduce splitting.
CH; of adamantane with sulfur were investigated by using DFT  visual inspection of B3LYP orbitals of polythiaadamantanes
methods to explore polythiaadamantanes with various numbersshows that two types of TB interactions are dominant. These
of sulfur atoms. Geometries and orbital energies were comparedare discussed in more detail as individual polythiaadamantanes
in order to understand the exact positioning and extent of are analyzed. For now, these interactions are depicted schemati-
interaction between specific lone-pair orbitals. cally in Figure 4. There areg-o repulsive interactions between
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Figure 4. Orbital interactions consisting of (a) delocalization of lone-
pair orbitals intoo* orbitals and (b) repulsive interactions between lone-
pair orbitals and neighboring bonds.

sulfur lone pairs and neighboring_c or oc—s bonds, and there
are s—o* hyperconjugation interactions between lone pairs and
adjacentoc—c* or oc—g* orbitals. TB rs—o interactions are
destabilizing because the lone-pair orbitals are destabilized by
interaction with lower-lyings orbitals. The g—o¢* interactions
stabilize the g orbitals and involve delocalization of lone-pair
electrons into vacanic—s* or oc—c* orbitals. Investigation of
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for hexathiaadamantane. Polythiaadamantanes were optimized
first in order to generate #$ model systems from which to
extract TS interactions, as the-S distances and angles are
not identical in each system, leading to different valuegef

Now that TS interactions have been obtained from th8 H
model systems, the effects of TS and TB interactions on
individual orbitals can be dissected. To perform this analysis, a
reference energy for orbital energies that lack both TS and TB
interaction energies must be established. The AB®method
developed by Reed and Weinhold has been demonstrated to
provide quantitative dissections of electronic enerété§:5>
The NBO method is used here to obtain localized molecular
orbitals (LMO) that are assumed to have neither TS nor TB
interactions. However, the localized molecular orbitals provided
by NBO population analysis of canonical orbitals are in fact
not completely localized on one center, since these “localized”
molecular orbitals contain both orthogonalization and delocal-

each polythiaadamantane and results from NBO analysis areization tails, the latter of which is a contribution of electronic

used below to provide a more detailed description of how these
interactions influence orbital splitting.

Orbital Splitting and Hu ‘ckel Analysis.Polythiaadamantanes
are systems of interacting p orbitals that are, however, not part

delocalization into unfilled antibonding orbitalsThese effects

can lead to nondegenerate NBO energies in some polythiaada-

mantanes, in which case, an average of NBO energies is used.
The procedure by which localized molecular orbitals from

of ax system. These systems can be analyzed with methodsNBO analysis were combined with ldkel calculations on the

similar to those used to analyze traditiomadystems, although
the overlap is different. Polythiaadamantanes actually exhibit
interesting splitting patterns that can be explained using either
group theory or a simple Hikel model. A simple Hokel model
has been applied here to analyze the B3LYP/6-31G(d) through-
space splitting energies of the;5lmodel system& 49

Lone-pair electrons in polythiaadamantanes are arranged in

a cyclic array that results in interactions that are intermediate nyg s

betweens ands. As a consequence, the phase of the interacting
resonance integrah, of the lone-pair orbitals must be consid-
ered. In determining for each system, the average energy of
the lone-pair orbitals is used to determioe In the Hickel
model, interactions between adjacent p orbitals have energy of
f, and all others are zero. For the;$1 model systems, the
resonance integral is the interaction energy resulting strictly from

H>S model systems to extract TB interactions in individual lone-
pair orbitals is shown in Figure 6. The energies of localized

TS TS+TB
NHOMO
—— NHOMO
Thre(NHomo)
Ars I T Ats+tB
Arg Ars+Te
l Thre(Nhomot) Y
— NHOMO-1
NHOMO-1
NBO NBO+s CMO

Figure 6. Schematic for extracting TS and TB interactions in
polythiaadamantanes. Orbitals corresponding tgonare localized

TS interaction between adjacent lone pairs in the absence of amolecular orbitals lacking TS and TB interactions. TS interaction

carbon framework and, therefore, will be representefirg$o

energies obtained from splitting energies ofSHmodel systems are

designate through-space interaction. The B3LYP/6-31G(d) split- applied to Reo energies to acquire energies for orbitals composed only

ting patterns of HS models systems of mono- through hexathi-

overlaid with the splitting patterns used to extract values for
PBrs based on a Htkel model. Values ofits fluctuate between

(0]

L I are denoted'ys and are obtained from the differences between B3LYP
aadamantane are shown in Figure 5. The splitting patterns are e

f TS interactions, NB@s. Shifts in orbitals due to TB interactions

anonical molecular orbitals (CMO) and NB&energies.

orbitals obtained from NBO analysis are indicated on the left

0.62 and 0.40 eV with the lowest interaction energy occurring side of the diagrams. The splitting observed in th& hodel

-5 — o .
] i) ) - *‘P O ACmY O om) @A~ 0 3.0
IR R A R SO D
&) P © 4 - e =R a : p © o ;5 o " q 2
o] & N o e e e
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Figure 5. B3LYP/6-31G(d) orbital splitting patterns of,8 model systems of polythiaadamantanes. Resonance energies extracted ‘ckirlg Hu

analysis are denotegks.
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systems and polythiaadamantanes with both methods are
reported in Tables 3 and 4.

In the case of dithiaadamantanes, there is now potential for
interaction between two sulfur atoms. In 2,6-dithiaadamantane,
3, the sulfur atoms are distally located and are noninteracting
due to symmetry, as can be seen by the degenerate HOMOs in
S Figure 8. The lone-pair orbitals are orthogonal, as shown in
the inset of Figure 8. Even though splitting does not occur in
3, there are g—oc—c interactions that destabilize the HOMO
by 0.11 eV when compared with the energy of the localized
NBO shown in Figure 8. The HOMO @ is 0.26 eV lower

2 than the HOMO oR, decreasing from-5.68 eV in 2-thiaada-
Figure 7. Lone-pair orbital of 2-thiaadamantar® emonstrates the ~ mantane to—5.94 eV in 3. The orbital energies change by
ns—oc-c interactions between the lone-pair and proximalc bonds. almost the same amount from7.12 eV in the HS monomer
. to —7.39 eV, in the model k8 dimer. The second sulfur
,@ produces an inductive effect that lowers the energy of the other
3 sulfur lone pair.
5 In 2,4-dithiaadamantang the sulfurs are bound to a common
| _ 1 carbon and interact to produce the splitting shown in Figure 9.
o L s Huckel analysis of the b6 model systemdy,s in Figure 5,
. 605 605 s calculatedsrs to be —0.6 eV with a net splitting, 2rs, of 1.2
3 L c © eV. A decrease in the average energy of the lone-pair orbitals
5 7 of the LS model system is observed upon addition of a second
e ‘ £ H,S. This is the general trend for all of the model systems with
gpi] “PSEARERIELE the largest decrease occurring for theSHhexamer, which
| . decreases by 0.65 eV from7.12 eV in the monomer te-7.77
‘ 2.8 0 eV in the hexamer. For polythiaadamantanes, similar decreases
i = are observed with the largest being for HTAL), which
NBO NBOTs CMO

) . ) ) decreases by 1.11 eV from5.68 eV in 2-thiaadamantane to
Figure 8. B3LYP/6-31G(d) orbital correlation diagram of 2,6- —6.79 eV inil

dithiaadamantane3). The inset shows a view down the-S axis of . .
3. Molecular orbital energies are reported in electronvolts. The carbon skeleton of polythiaadamantanes introduces TB

interactions that produce changes in the magnitudes of observed

calculations are added to give the energies in the middle. This Splittings. For example, the HOMO-1 éfinvolves substantial
adjusts the orbital energies to the values they would have if the through-bond s—oc-—c interactions where the sulfur lone-pair
corresponding polythiaadamantane contained only TS interac-0rbitals mix with adjacent €C o-bond orbitals. For symmetry
tions; these are denoted NBSin Figure 6. The net splitting ~ reasons, these interactions are absent in the HOMO, so that the
due to TS interactions is given @&s + Ars. The orbitals of decrease in orbital splitting arises primarily because of desta-
the actual polythiaadamantane obtained from B3LYP/6-31G- bilization of the HOMO-1. The HOMO is antisymmetric with
(d) are the canonical molecular orbitals (CMO), which contain 'espect to the plane separating the two sulfur lone-pair orbitals
both TS and TB interactions. The differences between the and, therefore, does not involve mixing with the bonding orbitals
corresponding CMO and NBf energies are the orbital shifts ~ Of the central €-C o-bond. There is a noticeable difference in
due to hyperconjugation and to TB interactions and are denotedthe tilt of the lone-pair molecular orbitals. The bottom lobes of
by T7s designated with the appropriate orbital. The net splitting the HOMOs are tilted slightly inward toward the carbon joining
due to TS and TB interactions is givenAss:ts. The ordering ~ the sulfurs as compared to the lone pair of the monothio
of orbitals in polythiaadamantanes is consistent with that of the compound (cf. Figures 7 and 9). The bottom lobes of the

corresponding kB model systems; neither TS nor TB interac-  HOMO-1 are rotated outward quite dramatically and away from
tions are large enough to cause two orbitals to swap their the central carbon. The perturbations of the HOMO-1 and the

energetic order. HOMO are reflected in the energetics of TB interactions: these
are strong in the HOMO-1 and caus$®.59 eV of destabiliza-
not contain interacting sulfur atoms but does provide insight 0N as shown by wre(NHomo-1) in Figure 9, while the HOMO
into the type of orbital interactions that will be encountered. S rélatively unaffected and stabilized by orh0.01 eVv.

The |One_pair orbital of2 is shown in Figure 7 and C|ear|y The Sllght tilting observed in the HOMO is due to delocal-
demonstrates the destabilizing (t@) ms—oc_c interactions ization of the lone pairs into the opposingc-s bonds. NBO
present. Thesesoc—c interactions are responsible for desta- analysis predicts this type of interaction to occur more strongly
bilization of the lone pair orbital in addition to effects resulting than delocalization intwc-c* bonds. In the HOMO-1, the
from replacing the hydrogens of,8 with a carbon skeleton. ~ bonding combination of the lobes occurs and the lone pairs
For comparison, the HOMO of 4% is—7.12 eV and the HOMO interact strongly withoc—c bonds of the molecule. The lone
of 2-thiaadamantané, is much higher at-5.68 eV, indicating ~ Pairs mix mostly with the interveningc-c bond between the
that the carbon framework raises the HOMO through both two sulfurs.

inductive effects and direct interaction of the lone-pair orbital ~ The interaction of the lone-pair orbitals with the central ¢
with o-bonds. The discussion will use B3LYP/6-31G(d) ener- bond is the primary contributor to TB effects 4 To model
getics; it has been found that B3LYP/6-31G(d) and B3LYP/6- this interaction, CHCH(SH), shown in the inset of Figure 9,
311+G(d,p) energies result in identical conclusions. The specific was optimized with bond angles and dihedrals identical to those
orbital, splitting, and average orbital energies ofSHnodel of 4. A net ns—ng splitting of 0.73 eV occurs in this model.

The simplest polythiaadamantane, monosubstit@edoes
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TABLE 3: B3LYP Orbital Splitting Energies (eV) of Hydrogen Sulfide Model Systems

6-31G(d) 6-3124-G(d,p) 6-31G(d) 6-31£G(d,p)
2HZS E(nHOMo) —-7.12 —7.28 gst E(nHQMo) —6.40 —6.43
3HZS E(nHOMo) —7.39 —7.53 E(I"IHOMO 71) —7.61 —7.67
E(nHOMo —1) —-7.39 —-7.53 E(nHOMo —2) —8.88 —8.88
E(N)ay —7.39 ~7.53 E(N)ay —7.62 —7.66
4st E(nHOMo) —6.67 —6.81 TS —-0.62 —-0.61
E(NHomo —1) ~7.88 —8.05 104, E(NHomo) —6.69 -6.71
E(n)av —7.28 —7.43 E(nHOMo 71) —6.84 —6.90
TS —0.60 —0.62 E(nHOMO 72) —7.64 —7.66
SHZS E(nHOMo) —6.36 —6.45 E(nHQMo 73) —8.36 —8.39
E(nHOMO 71) —7.73 —-7.81 E(nHOMO 74) —8.50 —8.53
N)av —7.27 —7.36 E(N)av —7.60 —7.64
TS —0.46 —0.45 TS —0.42 —0.41
GHZS E(nHOMo) —6.97 -7.11 llHZS E(I"IHOMo) —6.97 —6.96
E(nHOMo —1) —8.60 —8.80 E(I’IHOMO —1) —8.56 —8.54
E(N)ay -7.51 ~7.67 E(N)ay —-7.77 -7.75
TS —0.54 —0.56 Brs —0.40 —0.39
7st E(nHOMo) —6.62 —6.71
E(nHOMo 71) —7.50 —7.60
E(nHOMo 72) —8.32 —8.47
E(N)ay —7.48 ~7.59
TS —0.60 —0.62
8HZS E(nHOMo) —6.62 —6.70
E(nHOMo _1) —7.08 —-7.17
E(nHOMo 72) —7.98 —8.04
E(nHOMo —3) —8.49 —8.58
E(N)ay —7.54 ~7.62
Brs —0.46 —0.45

Splitting in4 is 0.60 eV, and splitting in the 4$ model system

is 1.21 eV, as listed in Tables-2. This comparison indicates
that 0.48 eV of the TB splitting (1.240.73 eV) is caused by
interactions due to the centrat—c bond and only 0.13 eV
(0.73-0.60 eV) is due to interaction with the remaining carbon
framework.

in 5 and6 significantly alter the strength of the TB interactions.
T'ure(nHomo-1) for 6is +1.21 eV, which is approximately four
times that of5. I'yre(nHomo) for 6 is destabilizing by+0.24

eV, while that of5 was stabilizing by approximately the same
amount. This indicates that TB interactions are affected by the
relative orientation of the sulfurs, while TS interactions remain

There are three trithiaadamantane isomers. If the sulfurs arefairly constant despite differences in orientation of the sulfurs

all attached to the same carbon bridgehead, & the lone
pairs interact identically with the rest of the molecule and with

in 5 and®6.
Trithiaadamantan@& consists of two distally located sulfurs

two other sulfurs. This gives the splitting pattern shown in Figure jyieracting with a third sulfur, shown in Figure 12. Thédkel

10, similar to the pattern of thg,s model systemsrsis —0.46
eV. This is opposite to that of a'tdkel cyclopropenyl system

where there is one stabilized orbital and two that are destabilized.

The S lone pairs 05 constitute a Mbius system with an odd
number of negative overlaps. B the HOMO consists of the

antibonding combination of the three lone pairs, and the
degenerate HOMO-1s are composed of one net bonding

interaction. The all-antibonding HOMO, like the HOMO 4f
has no B—oc-c interaction with theoc—c bonds behind the
sulfurs. In contrast, the doubly degenerate ambitals have
significant mixing withoc—c andoc—s orbitals that cause them

to be pushed up in energy along with the average energy of the

lone-pair orbitals. These interactions givé&ars(NHomo-1) of
+0.29 eV. Because of additionalsfroc-s* delocalization
interactions, the HOMO 065 is stabilized more significantly
than |n4, FH/TB(nHOMo) is —0.22 eV.

When the three sulfurs are placed as$jra cyclic array of
three lone-pairr-type interactions analogous to a cyclopropenyl
system is formed (Figure 11). The orientation of the sulfurs in
6 allows the lobes of each lone pair to interact i éashion.
This permits an all bonding combination of the lone pairs that,
when compared t6,s, is stabilized by Brs, wherefrsis —0.54
eV. The other two orbitals consist mainly of one antibonding
combination and are destabilized Bys. The net splitting pattern
of 6 is shown in Figure 11. The doubly degenerate HOMOs
have no B—oc-c interactions and only minor tilting of the lone-
pair orbitals due, in part, togoc-s* delocalization. The lowest
energy lone-pair molecular orbital consists of the bonding
combination of all three gorbitals with appreciable mixing with
adjacentoc_c orbitals. The destabilizing effects of these TB

model of 7y,s comprises three nondegenerate orbitals with two
orbitals stabilized or destabilized by2frs, shown in Figure

5. The HOMO-1 is located at and involves the noninteracting
distally located sulfurs, which have been determined ito
have net TS interactions of zero. These sulfurs do not interact
with each other, though they can mix with proxinsal-c bonds.
The value offrsis —0.60 eV and is only slightly higher than
that of the previous trithiaadamantanes. The HOMQ dbes
not contain significant g~oc—c interaction, while the lower
energy orbitals contain increasing amounts £f tic_c mixing.
Orbital tilting due to g—oc-s* hyperconjugation is observed
in the HOMO wherd /r8(NHomo) is —0.26 eV. The HOMOA
orbitals are destabilized byn/rs(NHomo-1) = +0.19 eV and
T'urs(Nhomo—-2) = +0.57 eV due to increased mixing with the
carbon framework.

Orbital interactions in tetrathiaadamantane become more
complicated due to loss of symmetry. The average energy of
the lone pairs continues to lower with the addition of sulfurs.
For 2,4,6,10-tetrathiaadamantaBgthie average lone-pair orbital
energy decreases fromb.68 eV in 2-thiaadamantane t66.38
eV, and from—7.12 eV in the monomer model system-t@.54
eV for 8y,s. Structure8 is a cyclic array of three sulfurs as in
7 with a fourth sulfur located distal to one of the sulfurs and
proximal to the other two. The correspondingdiel model of
8n,s has four nondegenerate orbitals that are stabilized or
destabilized bysrs or 281s (Figure 5). In this casgdrs = —0.46
eV. The correlation diagram f@ is shown in Figure 13. The
HOMO does not interact with the carbon skeleton through bond,
and the HOMO-1 exhibits only slight tilting and deformation

interactions decrease splitting by raising the energy of the of the lone pairs involving §—~oc-s* delocalization. The two

HOMO-1. The differences in geometric orientation of the sulfurs

stabilized orbitals involve mixing betweeg andoc-c andoc-s
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TABLE 4: B3LYP Orbital Splitting Energies (eV) of Adamantane and Polythiaadamantanes
6-31G(d) 6-313G(d,p) 6-31G(d) 6-312G(d,p)
2 E(nHOMo) —5.68 —5.87 9 E(nHOMo) —5.74 —5.90
3 E(nHQMo) —5.94 —6.13 E(nHOMofl) —6.35 —6.53
E(nHOMo_l) —5.94 —-6.13 E(nHOMo—z) —7.05 —7.22
Nay —5.94 -6.13 E(N)ay -6.38 —6.54
E(nNBo) —6.05 —6.22 E(nNBo) —6.47 —6.62
Ats+TB 0.00 0.00 Ats+TB 0.61 0.63
FH/TB(nHomo) 0.11 0.09 Ats+TB 0.70 0.69
erTB(nHOMofl) 0.11 0.09 FH/TB(nHomo) —0.49 —0.53
4 E(nHQMo) —5.62 —5.80 FH/TB(nHOMofl) 0.11 0.09
E(nHOMofl) —6.22 —6.41 FH/TB(nHomofz) 0.68 0.60
N)av —5.92 —6.11 10 E(nHomo) —6.05 —6.19
E(nNso) —6.21 —6.40 E(nHOMo_l) —6.11 —6.26
AT1stTB 0.60 0.61 E(nHomo-2) —6.63 —6.79
Trre(NHomo) —0.02 —0.02 E(NHomo-3) —7.00 —7.16
FH/TB(nHoMofl) 0.59 0.61 E(nH0M074) —7.15 —7.30
5 E(nHOMo) —5.56 —-5.73 E(n)av —6.59 —6.74
E(nHOMofl) —6.41 —6.59 E(nNBo) —6.76 —6.89
(N)av —6.13 —6.30 Ats+TB 0.06 0.06
E(nneo) —6.25 —6.41 AtsiTB 0.52 0.53
Atsie 0.85 0.86 AtsiTe 0.37 0.37
Thre(NHomo —0.22 —0.23 AtsiTB 0.15 0.14
FH/TB(nHoMofl) 0.29 0.27 FH/TB(”HOMO) —0.24 —0.26
6 E(nHOMo —5.95 —6.11 FH/TB(nHOMo_l —0.15 —-0.13
E(HHOMofl) —6.62 —6.81 FH/TB(nHoMofg) 0.12 0.10
I"I)av —6.17 —6.35 FH/TB(nHoMo—g) 0.48 0.45
E(nNBo) —6.74 —6.95 FH/TB(nHOM074) 0.47 0.46
ATS—»‘—TB 0.67 0.70 11 E(nHOMo) —6.33 —6.46
FH/TB(nHOMO 0.24 0.27 E(nHOMofl) —7.25 —7.39
FH/TB(nHOMofl 1.21 1.26 N)av —6.79 —6.93
7 E(nHOMo) —5.73 —-5.90 E(nNBo) —6.88 —6.99
E(nHQMofl) —6.16 —6.34 Ats+TB 0.93 0.93
E(nHomofz) —6.60 —6.78 FH/TB(nHoMo) —-0.24 —0.26
E(n)a\, —6.16 —6.34 FH/TB(nHOMofl) 0.42 0.39
E(nNso) —6.35 —6.52
A1st+TB 0.43 0.44
Ats+TB 0.44 0.44
FH/TB(nHoMo) —0.26 —-0.27
Tryre(NHomo-1) 0.19 0.18
FH/TB(nHoMofz) 0.57 0.60
8 E(nHOMo —-5.84 —-5.99
E(nHOMofl) —6.15 —6.31
E(nHQMofz) —6.68 —6.85
E(nHOMO73) —6.84 —=7.01
E(N)ay —6.38 —6.54
E(nNso) —6.68 —6.84
ATs+TB 0.31 0.31
Ats+TB 0.53 0.54
AT1stTB 0.15 0.16
Trre(NHomo) —0.08 —0.07
FH/TB(nHoMofl) 0.07 0.09
FH/TB(nHOMo—z 0.43 0.41
Trre(NHomo-3) 0.79 0.79
e e
g =
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o] Splitting = 0.73 eV Figure 10. B3LYP/6-31G(d) orbital correlation diagram of 2,4,10-

Figure 9. B3LYP/6-31G(d) orbital correlation diagram of 2,4-
dithiaadamantanel). The inset shows C}€H(SH), used for modeling
TB interactions with the centratc—c bond of 4. Molecular orbital

NBO NBOrs

CMO

energies are reported in electronvolts.

orbitals. The lowest energy orbital contains strongerdat—c
and rs—oc-s interactions that raise the HOMO-3 energy by

trithiaadamantane 5. Molecular orbital energies are reported in
electronvolts.

+0.79 eV, as indicated by rs(NHomo-3). The unsymmetrical
contribution of TB effects due to increased interaction with the
molecular skeleton in the lower energy orbitals is indicated by
the unsymmetrical splitting of the orbitals. The HOMO-2 is
destabilized by-0.43 eV by TB interactions and ends up being
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Figure 11. B3LYP/6-31G(d) orbital correlation diagram of 2,4,9-
trithiaadamantane 6f. Molecular orbital energies are reported in
electronvolts.
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Figure 12. B3LYP/6-31G(d) orbital correlation diagram of 2,4,6-
trithiaadamantane 7§. Molecular orbital energies are reported in
electronvolts.

only 0.16 eV higher than HOMO-3. The splitting enewyys: s
between the HOMO and HOMO-1 is 0.31 eV and is larger
because of minimal interactions with tleskeleton in these
orbitals.

The isomer, 2,4,6,8-tetrathiaadamantéd)ehas a cyclic array
of four lone-pair interactions witB,q symmetry. This arrange-
ment results in an orbital splitting pattern identical to that of a
Huckel cyclobutadiene system. In this cyclic array, a pure
or pureo-type interaction gives the same result.9m@and9y,s
the interactions are between pureand pureo-type lone-pair
interactions, but both give the familiar’idkel orbital energy
pattern. The correlation diagram f8y,s is shown in Figure 5.
The Hickel model shows that one orbital is stabilized #t2
with all bonding interactions and another is destabilized By 2
with all antibonding interactions. The remaining two orbitals
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Figure 13. B3LYP/6-31G(d) orbital correlation diagram of 2,4,6,10-
tetrathiaadamantane3)( Molecular orbital energies are reported in
electronvolts.
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Figure 14. B3LYP/6-31G(d) orbital correlation diagram of 2,4,6,8-
tetrathiaadamantan&®)( Molecular orbital energies are reported in
electronvolts.

andps equal predicts less splitting than was found experimen-
tally. Huckel analysis of the model systehl,s indicate two
sets of doubly degenerate orbitals that are stabilized or
destabilized by 2rs and a single orbital with net interaction
energy of zero. The inequivalence of one sulfur leads to a
splitting of the degenerate orbitals, shownlidy,s in Figure 5.

To illustrate that degeneracy is removed and to approximate
Prs, the average energies of the near-degenerate orbitals are
indicated as dotted lines. This givBss = —0.42 eV, which is

the lowest value predicted so far. The geometryl@fs such
that one sulfur interacts with four sulfurs, while each of the
other four interact with only three. The lone-pair molecular
orbitals and correlation diagram @b are shown in Figure 15.

are degenerate and have net zero interaction energy due to th&he HOMO does not contain significant TB interactions, and
presence of an equal number of bonding and antibonding ns—oc-sand i—oc—c interactions become more prominent in

interactions. The value gfrs determined from this splitting
pattern is—0.62 eV. The correlation diagram 6fis shown in
Figure 14. As ing, there are no TB interactions in the HOMO
of 9, while TB ns—oc—c interactions increase from the HOMO-1
to HOMO-2. This is reflected ifry g values of—0.49,4-0.11,
and +0.68 eV for the HOMO, HOMO-1, and HOMO-2,
respectively.

The 2,4,6,8,9-pentathiaadmantab@,has two types of sulfurs
and two types offs, but the simple Fekel model with allas

the HOMOn orbitals. Consistent with the trend established by
mono- through tetrathiaadamantane, addition of the fifth sulfur
causes the average lone-pair orbital energg®éand the HS
model system to decrease-t®.59 and—7.60 eV, respectively,

in comparison to their monosubstituted analogues. When
compared to the NBg energies, TB effects ih0 causel /s
orbital shifts of—0.24,—0.15,4+0.12,40.48, and+0.47 eV,

in order of increasing stability. The near-degenerate HOMO-3
and HOMO-4 have the large§tyrs shifts, and the HOMO-2
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are caused only by mixing withc—g orbitals and B—~oc-s*
delocalization. The average energy of the lone pairslodnd
the model system are inductively lowered-t6.79 and—7.77

approximated using a Hilel model composed of 4$ mol-
ecules. From this analysis, the interaction resonance integral
due to TS interactiongrs, varies from—0.60 eV in4 to —0.40

eV in 11 The variation offrs in the series of polythiaadaman-
tanes can be attributed to differences in orientation of the lone-
pair orbitals within the caged geometry of theSHmodel
systems. For example, the lone-pair orbitals of th& ifhodel
systems ofl0 and 11 extend into the interior of the cage to
produce TS interactions different than thosé iwhere the lone
pairs remain perpendicular to the planes of th&§ lrholecules.

As a resultSrs varies slightly due to changes in the nature of

NBO NBOrts CMO

L~
ig;s % eV, respectively. This decrease is the largest in the series of
S p.S polythiaadamantanes, completing the trend that inductive effects
10 increase as sulfurs are added. The triply degenerate HOMO
5 contains no mixing with thes-bonds and is stabilized by
g Twre(NHomo) of —0.24 eV, shown in Figure 16. The HOMO-1
] W S orbitals are destabilized by0.42 eV due to various repulsive
6] o\ 005 ) interactions withoc—s bonds.
= ™ AR e TR 2 The orbital energies of polythiaadamantanes are shown to
B " 563 vary depending on the number of sulfurs present and the extent
g ) i R :,s__'é-?ﬁ ai’__Tll..-?_oo of interaction of the lone pairs with the carbon framework. The
@ ] 118 average lone-pair orbital energies steadily decrease with an
] 1Brs = 0.42 6V ATS_? o b increase in the number of sulfurs, eventually leading to an
-8 {1 Thre(nHomo) = -0.24 eV e average orbital energy that is 1.11 eV lower than that of
1THme(nHomo-1) =-0.15 eV .“‘ 2-thiaadamantane. Therefore, sulfur acts as the more electro-
] l'::”;}::g:g;; A :g:lg g: - | negative element due to increasing TB and TS inductive effects.
-9 4 Tyra(nHoMo.2) = +0.47 eV % The orbital splitting due to TS interactions of the sulfurs was
m

Figure 15. B3LYP/6-31G(d) orbital correlation diagram of 2,4,6,8,9-
pentathiaadamantan&dj. Molecular orbital energies are reported in
electronvolts.

is shifted by about half of that value. The HOMO-1 and HOMO
are nearly degenerate and stabilized by TB interactions. TS interactions even though-S distances remain more or less
Hexasubstituted structufé is the final structure in the series ~ constant in polythiaadamantanes.
of polythiaadamantanes. The 2,4,6,8,9,10-hexathiaadamantane Changes in bond lengths and bond angles in going rena
belongs to the same symmetry point group as adamantagne, to oc-s bonds upon replacement of methylene groups have a
with the lone-pair orbitals belonging to either tfig or T, small effect on the distances between sulfurs. Since TS
irreducible representations. This provides straightforward resultsinteractions are expected to fall off rapidly with increasing
from Huckel analysis of the model systeii,,s; two sets of separation, drastic changes in geometry that alter th& S
triply degenerate orbitals are stabilized or destabilizedf.2 interaction distance would cause a noticeable difference in TS
Prs is calculated to be-0.40 eV. Since all Chigroups have splitting. However, when the geometries of different polythi-
been replaced by sulfur atoms i1, TS and TB interactions  aadamantanes are compared, theSSistances are not very

73
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Figure 16. B3LYP/6-31G(d) orbital correlation diagram of 2,4,6,8,9,10-hexathiaadamanidheMolecular orbital energies are reported in
electronvolts. HTA belongs to thg; symmetry point group with the lone-pair orbitals of sulfur being split into two sets of degenerate orhitals, T
and T,.
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TABLE 5: HOMO and HOMO-1 Energies and Electronic
Coupling Matrix Elements (V) of
2,4,6,7,9,10-Hexathiaadamantane Dimers Calculated with
B3LYP/6-31G(d)

dimer EHOMO (EV) EHOMO—l (eV) \% (eV)
D1 —6.171 —6.434 0.132
D2 —6.208 —6.316 0.054
D3 —6.307 —6.307 0.000

the crystal structure are on average 4.30 A apart, and adjacent
sulfurs are on average 3.04 A apart. The corresponding distances
obtained from B3LYP/6-31G(d) optimizations are in good
agreement at 4.37 and 3.09 A. To investigate intermolecular
electronic coupling in the crystal, dimer interactions were
calculated using B3LYP/6-31G(d). The crystal structure shows

g:gg)) : :ggi DISC)=1344 that each molecule has three unique dimer interactions, labeled
' ' D1, D2, andD3 in Figure 18, and a total of 14 neighboring
A(C.C,C)=109-111° A(S,C,S)=114° molecules with intermolecular-SS distances within 3.7 A.
i:ggg})j 1‘113 A(C8,C) =9° It is possible to approximate charge transport properties for
A(C.S.C) = 96° organic molecules using structures and energies available from

i - DFT calculations. An incoherent hopping model where charge
Figure 17. Overlay of 2,4-dithiaadamantand)(and 2,4,6,8,9,10- - -
hexathiaadamantan&l) for comparison of geometric parameters. Bond transfer only occurs between neighbors has been used previously

. . . H H '58 - . .-
distances are reported in angstroms, and bond angles are reported if0F Organic semiconductof$:>If each hopping event is consi
degrees. dered to be a nonadiabatic transfer reaction, standard Marcus

theory can be used to express the hopping rate between neigh-
D3 boring molecules as a function of reorganization enefyy(d
the coupling matrix element/,5%-89 both of which can be ob-
tained computationall§t This model for calculating hole mobil-
ities is meant to be a computational estimate, while the important
guantities are the electronic coupling matrix elements that are
an indication of hole mobility and the strength of coupling
between molecular units. The orbital energies calculated for the
dimer can be used to approximate the electron-transfer coupling
matrix element V) within the Marcus-Hush two-state mo-
del59.8062.635The coupling matrix elemen,, is determined from
the splitting energy between the HOMO and HOMO-1 of the
dimer. The reorganization enerdy,is taken as the energy due
only to relaxation of the molecular geometry associated with
charge transfer and does not include reorganization of the rest
of the crystal. Under this assumptiohfor HTA is 0.22 eV.
The coupling matrix elements for each dimer interaction were
calculated and result in a predicted maximum hole mobility of
1.82 cn?/(V-s). Coupling energies for the1 and D2 dimers
were 0.13 and 0.05 eV, respectively, and are listed in Table 5.
No coupling was found to occur in tH23 dimer since the lone
pairs have different symmetries, just as the distally located
sulfurs in 2,6-dithiaadamantane do not interact. TheSSlis-
D3 tance inD3is 3.54 A, but the lone-pair orbitals are orthogonal.
Figure 18. Crystal structure of HTA with center of mass and shortest A holg mobility significantly Iess than 1.82 éiV-s) WOUld
intermolecular S'S distances reported in angstroms. HTAs that interact Most likely be observed experimentally due to crystal imperfec-
with the central HTA by three unique dimer interactions are labeled tions and other factors such as charge injection, type of substrate,
D1, D2, andD3. and deposition method. Pentacene has been found to have large
] ) ) carrier mobilities due to the electronic structure of its single
different. The shortest-SS dlstancgs id—11 \./ary.from 3.05 crystaP4% and remarkably low vibrational reorganization
to 3.09 A. An overlay of4 and 11 is shown in Figure 17 to energy?’ For comparison, hole mobilities as high as 5w

demonstrate the relatively small changes in geometry. s) have been predicted for organic semiconductors such as
Electronic Coupling in HTA Crystals. The crystal structure  pentacené®

of HTA has intermolecular SS distances as short as 3.54 A, )

shorter than intramolecular distances between distal sulfurs (4.37Conclusions

A) but longer than distances between proximal sulfurs (3.09 DFT calculations in conjunction with Hikel analysis and

A). A crystal structure of HTA was achieved at good resolution NBO analysis of the interactions between sulfur lone-pair
(Rvalue= 1.4%) by the Wudl grouf$ and is shown in Figure  orbitals have been used to explain the electronic properties and
18. Intermolecular SS distances of 3.54 A and center of mass orbital splitting patterns of polythiaadamantanes. In an attempt
distances of 6.35 A are found. The parameters obtained fromto incorporate single HTA crystals into semiconducting devices,
this crystal structure were used to investigate dimer coupling it was discovered that polythiaadamantanes were difficult to
and to approximate hole mobility. Distally located sulfurs in oxidize despite having an apparent electron-rich system of lone
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pair electrons. Consistent with experimental evidence, the IP  (15) Reed, A. E.; Curtiss, L. A.; Weinhold, Ehem. Re. 1988 88,

of HTA was calculated to be 8.36 eV, which is approximately 895(91‘;2%8% A E.: Weinstock. R. B.: Weinhold_JE.Chem. Phy<l985
1 eV lower than the calculated value for adamantane. The IPsg3 735 746, R o kS

of polythiaadamantanes were calculated to be as low as 7.74 (17) Reed, A. E.; Weinhold, K. Chem. Phys1985 83, 1736-1740.
eV. An overall decrease in the average energy of the lone pairs (18) Reed, A. E.; Weinhold, RI. Chem. Phys1983 78, 4066-4073.

is predicted, with the exact positioning of the HOMO depending 20(()129)11%hgggb_|31.7|;.2;-Gritsenko, O.V.; Baerends, EJJChem. Phys.

on specific lone-pair interactions. Cumulative inductive effects — (20) Stowasser, R.; Hoffmann, B. Am. Chem. S04999 121, 3414
of sulfur atoms on each other are responsible for the surprisingly 3420.

iah ionizati i _ (21) Politzer, P.; Abu-Awwad, FTheor. Chem. Acc998 99, 83—87.
high ionization potential of_HTA. In ger_1eral, B_3LYP/6 SlG(d) (22) Bacrends, E. J.. Gritsenko. O, ¥. Phys. Chem. 4997, 101,
and B3LYP/6-31%G(d,p) give very similar orbital energies and 533 5403

splittings. NBO analysis in conjunction with a model system  (23) Baerends, E. Jheor. Chem. Acc200Q 103 265-269.
based on interacting hydrogen sulfide molecules was used to (24) Baerends, E. J.; Gritsenko, O. V.; van Leeuwen,(Remical

; ; . ; ; Applications of Density Functional Thegrmerican Chemical Society:
separate TB and TS interactions; TB interations were found to Washington, DC, 1996.

reduce orbital splitting, while TS interactions increase orbital  (25) Bickelhaupt, F. M.; Baerends, E.Re.. Comput. Chen200(q 15,
splitting. The TS interaction energy between proximal sulfur 1-86. _
atoms in polythiaadamantanes was determined from the reso- (26) Fredga, A; Olsson, KArk. Kemi1956 9, 163-168.

. . . (27) Andersen, E. K.; Lindqvist, IArk. Kemi1956 9, 169-173.
nance integraljrs, extracted from Hakel analysis of B3LYP/ (28) The crystal structure of adamantane was obtained from the

6-31G(d) orbital energies of4#$ model systems. TS interactions  Cambridge Structural Database.
were found to be fairly constant from one polythiaadamantane  (29) Shaffer, P. A., JiJ. Am. Chem. S0d.947, 69, 1557-1561.

to the next, and the contributions of TB effects to individual 8% Tﬁévy’f‘?'éiaJZ;HE'Shgﬂi]mAﬁitaﬁgf‘:igfg 12%1331_61_21492'
orbital energies vary depending on the relative orientation of  (32) Frisch, m. J.: et alGaussian 03Gaussian, Inc.: Wallingford, CT,

sulfur atoms. Investigation of dimer pair interactions reveal that 2004.

electronic coupling is not as strong as expected given the short (33) Becke, A. D.J. Chem. Phys1993 98, 5648-5652.

. . : (34) Lee, C.; Yang, W.; Parr, R. Ghys. Re. B: Condens. Matter
intermolecular S-S distances observed in the crystal structure. ;- Phys1988 37, 785-789.

A hole mobility for HTA lower than that predicted for other (35) Koopmans, TPhysica (The Hague)933 1, 104-13.
organic semiconducting crystals such as pentacene was calcu- (36) Unpublished electrochemical data and characterization of HTA-

lated based field-effect transistor (FET) devices have been performed by A.L.B.
' of the Wudl group.
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