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Charge transport in molecular wires is investigated theoretically within the framework of a simple hopping
model. The model suggests that each elementary hopping step can be treated as an electron-transfer reaction
between ionic and neutral states:otonjugated structural units coupled througtbonded spacers. Within

this mechanistic picture, the ability of wire to transport a charge depends crucially on the internal reorganization
energy. Using unrestricted Hartred=ock and density functional theory methods, we evalidite benzene,
3-methylbiphenyl, 2,6-dimethyl-1-phenyl-pyridinium (DMPP), andpds(flhydrylphenylpyridinium-Lyl)-
2,6-dimethylpyridinium, selected as representative examples of structures used for chemical attachment to
o-bonded structural spacers in real molecular wires. The results are exploited to estimate the upper and lower
limits of hole and electron mobility in wires that consist of aromatic ring units linked to the antipodal
bridgeheads of-bonded molecular “cages”, bicyclo[1.1.1]pentane (BCP), cubane (CUB), and bicyclo[2.2.2]-
octane (BCO). Our calculations show that the highest mobility of holes is expected for coplanar alignment of
aromatic rings at the end of molecular cages as, in this configuration, the electron coupling is most efficient.
We also analyze the situation in which thermally induced twisting motion destroys coplanarity of aromatic
rings. The obtained results suggest that, for wires with the BCO spacer, hopping transitions are slower than
twisting motion and, therefore, the mean hole mobility is determined by the equilibrium average twist angles.
In the opposite case, relevant to the benzene/BCP and benzene/CUB systems, large deviations of the twist
angles from the equilibrium value represent a bottleneck for the transport process.

1. Introduction molecular wires, and significant research efforts are currently
being made to achieve progress in this direcfioh.
Theoretically, conducting properties of wires are expected
to depend on their molecular structure for two reasons. The first
lies in the fact that structure defines the width and the position

According to the simplest definition, a molecular wire consists
of a molecule connected between two reservoirs of charge
carriers, usually metallic leads. The molecular orbitals coupled
to the leads provide favorable pathways for electrons or holes.

As was suggested in the early 197@sjch systems should have ?r: the 'iO'\tAO{II_‘# M? garthIttr)l re'spe}ct tohthe F.e fml t]evel totfh
the ability to rectify current. Since then, conductance in € contacts. Therelore, the barrier for charge injection at the

molecular wires has become an exciting, challenging, and metal/molecular junction will depend on the structural building

rapidly expanding field of molecular electronisyossing the blocks of a wire. The second_ reason is the |nf|uenc_e of molecular
borders between many areas of physics, chemistry, and engi_structure on transport of injected charge carriers. For the
oherent mechanism of motion, this influence can be associated

neering. Experimental studies have increased over the past fewf : :
years as a result of recent developments in nanofabrication, self-20th with the structure-dependent energy level alignment at the
assembly, and scanning tunneling microscopy technigdes. surface of the metal/molecular interface and with the electronic

The application of these techniques to molecular wires has led mixing along the molecular chain. For instance, if the molecular
to discoveries of negative differential resistahaed reversible ~ Structure of the wire and the work function of the contact cause
conductance transitiofswhich can form the basis for a the Fermilevel to be in the middle of the broad HOMO/LUMO

completely new class of electronic devices with properties quite 9P, transport properties are controlled by the unistep super-
different from CMOS (complementary metal oxide semiconduc- €Xchange-mediated charge transférThis mechanism, with
tor) semiconductor devices and with applications ranging from the characteristic exponential length dependence of conductance,
memory cells to high-frequency oscillators and logic compo- IS expected to be dominant for short alkanes and for short
nents. A key point in providing guidelines for the design of Cconjugated wires. If, however, a structure is favorable for the
such nanoscale electronic devices is a deeper understanding ofésonant or nearly resonant alignment of the wire site energy
the relation between structure and electrical conductivity of levels and the Fermi level, charge carriers are transported via
coherent or incoherent electron tunneling. Contrary to super-
* Address correspondence to any author. E-mail: berlin@chem.nwu.edu €Xchange-like transport, injection at resonance will result in only
(Yu.A.B.), hutchisn@chem.nwu.edu (G.R.H.), rempala@eefus.colorado.eduweak length dependence of the coherent conductance, which
(?.“Fj.), ratner@chem.nwu.edu (M.A.R.), and michl@eefus.colorado.edu should scale linearly with the transmission coefficient and
o ,'\}&,rthwestem University. therefore with the number of transverse eigenmodes in the wire.
* University of Colorado. As follows from measurements of the low-temperature electric
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conductancé? single-wall carbon nanotubes furnish a repre- BCO as representative examples of spacers important for
sentative example of such behavior. molecular electronics. The second aspect is energetics of charge-
In both cases considered above, charge carriers are suggestetlansfer states arising as a result of temporal localization of
to move along the wire coherently. This implies that the primary carriers withinz-conjugated units of the wire.
phase of the wave function characterizing a moving particle  In the present paper, we focus on this energetic aspect with
remains unchanged. The disruption of conjugation, caused forspecial emphasis on the relationships among geometric con-
instance by steric repulsion, defects in structural unit packing, figurations, electronic structure, and transport properties of
or incorporation of saturated bonds withinconjugated mol- molecular wires withrr-conjugated andr-bonded units. Our
ecules, can strongly disturb the phase of coherent motion. main concern is the effects governing motion of charge carriers
Furthermore, recent experimental and theoretical studies ofonce their generation has already occurred. Therefore, various
charge transport in columnar stacks of a triphenylene ditmer mechanisms of charge injection, the distribution of the applied
and in stacks of WatserCrick base paif$ 14 suggest that the  electric field along the wire, the field dependence of the injection
initial phase randomizes in time because of strong eleetron barrier height, and other factors controlling charge generation
vibration interaction. This leads to a temporal localization of remain beyond the scope of our consideration. Instead, we
electrons and/or holes on the sites with proper energetics andconcentrate on the analysis of charge-migration phenomenon
hence, to another mechanism of charge motion: now, transportin terms of the hopping model, which treats the motion of
along the wire occurs via a series of hops between neighboringelectrons or holes as a series of hops betweeanjugated units
sites serving as centers of temporary charge localization. Theof the wire. In addition, the overlap between wave functions of
same result can be obtained from a density matrix treatmenta charge temporarily localized on two neighboringonjugated
that considers the vibrational interaction as a dissipative ¥rm. units is assumed to be sufficiently small to consider each
If the overlap between wave functions of a charge residing on elementary hopping step as the nonadiabatic electron-transfer
two adjacent centers is strong, each elementary step of suchreactions in egs 1. In this case, the internal reorganization energy
hopping motion can theoretically be treated within the frame- 1 becomes an important parameter that establishes a link
work of the tight-binding approximatiotf. For weak overlap, between transport coefficients and structural featuresadn-
however, the mechanism of the elementary hopping step jugated units of molecular wires. Using unrestricted Hartree
becomes analogous to an electron-transfer reaction, in whichFock (UHF) and unrestricted density functional theory (UDFT)
an electron is exchanged between two neighboring moleculesmethods, we evaluatefor several “molecular wire” candidate
Ci andCi+1, one being in the neutral state and the other being molecules suitable for their chemical attachment to the termini
in the ionic state. For electron- and hole-transfer processes, thisof BCP, CUB, and BCO cages.

mechanism of the elementary hopping step can be symbolized The results suggest that the computational methodology

as follows exploited in our studies can be used to select molecules that
_ 3 provide higher drift mobilities of hopping charges than other
G +CGu—C+Cyy (1a) candidates forr-conjugated units because of the lower reorga-
n n nization energy. Our estimates bftogether with information
G +Chu—GCG+Cy (1b) about electronic couplifg24 allow us to determine conditions

under which transport coefficients have maximum values. We

where the subscriptdefines only the position of the molecule gy that the upper limit of hole mobility is attained if aromatic
C rather than its chemical nature. The rate constant of theserings attached to cage termini are coplanar along the entire

elementa}ry hopping steps can be expressed in terms of the fre%ystem; then hole transport is governed exclusively by the
energy difference between reactants and produe®§, and the  eqrganization energy, and the value of the electron-transfer
reorganization energy:'°Because the right- and left-hand sides - maprix element at zero twist angles. However, thermally induced
of eq 1 are chemically identicaG © = 0. ) twisting can strongly reduce hole mobility to much smaller
Recently, Sakanoue et #l.undertook a molecular orbital \ayes’if electron-transfer reaction 1b is much faster than
study of several arylamines to ascertain whether the hole .qnformational changes in the wire. On the basis of our
mobility is related to the internal reorganization energyAs estimates of the lower and upper limits of transport coefficients,
follows from their results4 decreases in the order dimethyl- e jnfer that information about static electronic coupling is often
aniline > methyldiphenylamine- triphenylamine, whereas the sy fficient to make reliable predictions concerning transport

hole mobility for dimers of these amines changes in the Teverse properties of molecular wires composedretonjugated frag-
sequence. This suggests that the reorganization energy can bgents connected by-bonded cages.

an important factor that governs the mobility of charge carriers
in molecular wires consisting of-conjugated units connected
by o-bonded organic spacers. Recent proposals to exploit “cage
molecules such as bicyclo[1.1.1]pentane (BCP), cubane (CUB), 2.1. Transport Properties. To describe charge transport in
and bicyclo[2.2.2]octane (BCO) as spacers revives interest ina wire with alternatingz-conjugated and-bonded structural
such wires, which are expected to be potentially important units, we consider this molecular system as a one-dimensional
elements in molecular electronic circuits and logic devies. chain (Figure 1). The chain contains regularly located <Gies
Mechanisms of charge transport in molecular wires composedlabeled by the index (i = 0, 1, ...,N) that correspond tiN
of alternatingr-conjugated and-bonded structural units have identical #-conjugated molecular units. They are linked by
two main aspects. The first includes electron coupling that spacers (throttles§+1 with saturated bonds only. Because
provides the pathway for charge transfer through spacers with z-conjugated molecules usually have lower ionization potentials
saturated bonds. Different issues related to this aspect of theand higher electron affinities as compared with saturated
problem have been addressed in a number of experirdental molecules® generated charges will localize exclusively Gn
and theoretical work&24 In particular, Pati and Kari& Accordingly, charge carriers can be transported along the wire
recently investigated the relation between electron coupling andvia multistep hopping that involveS™ cations andC~ anions
molecular structure of-bonded cages using BCP, CUB, and as ‘“resting states” for holes and electrons, respectively. If we

,2. Theoretical
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Figure 1. One-dimensional chain formed by chemically connected E* C = E*| .G, |
7-conjugated (site€) ando-bonded (site$) molecular units. A charge E —— | E B
carrier initially localized on siteS, undergoes diffusive motion along Optimized Osifaniond @
the chain as a result of a series of transitions between adjacenCsites ¢ jeome

and Ciy; through spacerS;:.: with saturated bonds only. These T T -
transitions, shown by arrows, proceed at the Wtgiven by eq 2, as Nuclear Configuration Nuclear Configuration

explained in the text. Figure 2. Energetic and geometrical changes involved in the elemen-
tary step of charge hopping in molecular wires withconjugated

assume now that each step of hopping motion can be viewedstructural units and-bonded spacers. (a) Removal of a charge from

as nonadiabatic electron-transfer reactions (eqs 1), familiarthe z-conjugated unitC; and (b) addition of this charge to the

theoretical resulid18 enable one to express the rate of charge nheighboring unitCi.; are shown separately. These two processes are

motion between neighboring-conjugated unitsWV, in terms characterized by reorganization energieand/,, respectively. Other

of the reorganization energyand the electronic coupling matrix notations are given in the text.

elementV. In the simplest case, where temperature is sufficiently

high that vibrational modes can be treated classically, this

yields!7a

allows an estimate o¥ based on properties of the GHS—
CH, diradical (S= spacer) and its oxidized (hole-transfer) and
reduced (electron-transfer) forms, where only the energies of
VY 7 \i2 1 certain orbitals or electronic states need to be kn&Wwn.
W=—(—) exp(— —) ) Estimates ofV values are also possible on the basis of the
A\AkeT AkgT, measured rate constant for intramolecular charge transfer
between ar-conjugated donor and acceptor pair connected by
wherekg is the Boltzmann constant anidis the temperature.  a g-bonded spaceéi Miller and co-workerd'9i have studied
Once the hopping rat& through theo-bonded spacer of  this process in solution by a pulse radiolysis technique and have

effective lengthL is defined, the diffusion coefficienD of used their experimental data to estimate electronic coupling
charge carriers can be estimated from the expression matrix elements for a number of spacers, including such
o-bonded cages as CUB and BEOThus, the only unknown
D = L°W 3) parameter in eqs-24 for transport coefficient® andu is the

reorganization energy. In the next section, we briefly describe
This, in turn, allows the evaluation of the drift mobility of a methodology that allows for the calculation of this quantity

hopping chargesy, from the Einstein relation for relatively simple molecules serving asconjugated units
of the molecular wires discussed in this work.
ziD _ el’W 4) 2.2. Reorganization Energy.The reorganization energy
H ke T kg T is usually defined as the change in free energy if the reactant
state were to distort to the equilibrium configuration of the
wheree is the electronic charge. product state without transfer of the chatg!8.im23tGenerally,

Equations 2-4 suggest that, as in other electron-transfer thed \_/alue is determi_ned by fast changes in _mc_)lecular geometry
processe&iin hopping transport of charge carriers in the (the inner contribution) and by §Iow variations in ;olyent
molecular wires under consideration is determined both by polarization of ’Fhe surrounding medium (the outer contribution).
electronic coupling betwee®* (or Ci-) andCi, 1 sites through In thg case of isolated (solvent-free) wires, however, _the latter
a spacerS, 1 and by reorganization ofi-conjugated units contribution can t_)t_a n_eglected_, o] that the structure dlffer_ences
resulting from charge localization and release. Note that, P&tween the equilibrium configurations afconjugated units
according to egs-43, both the diffusion coefficiend and the in neutral and ionic states become the dominant faStor.
drift mobility x turn out to be independent of the strength of ~ Our calculations of the reorganization energy associated with
the applied electric field. This can be expected because thedifferent geometries of these two states are based on the method
external electric field can significantly influence the rate of schematically illustrated in Figure 2. For each of the molecules
electron transfer only if this process leads to the formation of selected to be a-conjugated unit in the wire, the geometry is
the ion pair state through the charge separaf®@bviously, optimized for both neutral and ionic states. This leads to two
reactions 1a and 1b do not produce ion pairs and cause chargdlistinct nuclear configurations of the oxidiz&* (or reduced
displacement rather than charge separation. Therefore, it is notCi™) unit before and after hole (or electron) transfer, as shown
surprising that the hopping rat# in egs 3 and 4 remains field-  in the left-hand side of Figure 2. A similar picture sketched in
independent. the right-hand side of this figure pertains to the adjacent unit

The values of matrix elemeitin eqs -3, which character- Ci+1, which is assumed to be initially neutral. Accordingly, the
ize electron coupling througlo-bonded cage spacers, are elementary hopping step in molecular wires is characterized by
available from the results of ab initio HartreBock and a set of four energy values. Two of them, denotedEbsind
semiempirical calculatiodd-21e.21d.21j,22.23.2herformed within E*, refer to the neutral unit in optimized neutral and ionic
the framework of the MarcusHush two-state modél. Espe- geometries, respectively; another tvitd, andE.., stand for the
cially efficient is an approximate theoretical approach, which energies corresponding to the neutral and ionic geometries of



Charge Hopping in Molecular Wires J. Phys. Chem. A, Vol. 107, No. 19, 2003973

the oxidized (or reduced) uri?.By definition, the difference geometry of this molecule is less planar than the geometry of
E. — E. represents the reorganization energyassociated ions. Indeed, according to our findings, a torsion angle,

with the removal of a hole (or electron) from tl site of the between the two aromatic rings reduces from 3&or neutral
molecular wire. Analogously, the reorganization enetgyor state to 20.7 for the 3-methylbiphenyl cation. Note that the
the addition of a hole (or electron) to the neighboring Site; anion structure exhibits a much smaller torsion angle. In this

is given byE* — E. As a result, thél value for the elementary ~ case,p = 0.4°, and the reduced geometry of this compound
step of charge hopping can be obtained from the expre®sigh turns out to be almost planar. The ionic structures of 3-meth-
ylbiphenyl also have a shorter bond between the two aromatic
A=A, +1,=(E.—-E,)+ (E* —E) (5) rings in comparison with the neutral configuration. The changes
in the lengths of inter- and intra-ring bonds with respect to the
In addition to the reorganization energy, the approach neutral molecule indicate that the bond-length alternation in
considered above allows for an estimation of the vertical 3-methylbiphenyl ions acquires a quinoid-like character.

ionization potential (or the electron affinity, EA) of neutral Variations of the 3-methylbipheny! configuration caused by

m-conjugated molecules, as exemplified in several publica- ¢arge ocalization are very similar to those reported by Malagoli
tions&.4:30This possibility becomes evident from the depend- 44 Bralas for biphenyd In both cases, the geometry of the

encies of energy on nuclear configuration qualitatively Shown 4 qica| cation shifts toward planarity and the intra-ring bond
in Figure 2. For instance, in the case of hole hopping (se€ €qpecomes shorter in comparison with that in the neutral structure.
1b), inspection of this figure reveals that the vertical ionization Moreover, the values of geometrical parameters calculated for
potential of the isolated neutral molecule can be written as o neutral molecule and the cation are nearly the same. In
particular, a torsion angle and the bond length between the two
aromatic rings in the neutral geometry of biphenyl are shown
to be 38.4 and 1.49 A8d respectively, in good agreement with
our findings for 3-methylbiphenyl (cf. Figure 3b). For the cation

|=E* —E (6)

while EA of the isolated cation is given by

EA=E, — E* 7) configuration, the values of these parameters are reduced to
19.% and 1.44 A, respectively, and the results obtained for
3. Results and Discussion 3-methylbiphenyl and biphenyl cations differ by only 1ahd

.01 A. This allows the conclusion that, as expected, the
eometries of the investigated neutral and ionic structures are
not sensitive to the presence of the £group in the meta
position.

Configuration changes in DMPP induced by charge localiza-

To calculate energetics of charge-transfer states and transporg
coefficients of charge carriers within the framework of the
theoretical approach considered in section 2, each ele@ent
and § of the model system (see Figure 1) should be replaced
by a specific molecular structure. The results presented below . ) ) X e
are obtained fo€ = benzene, 3-methylbiphenyl, 2,6-dimethyl- tion deserve special consideration. The mqst obvious dlstlnc_tlon
1-phenyl-pyridinium (DMPP), or 4gsulfhydrylphenylpyri- of DI_\/IPP from the mole_cular systems d_|scussed ab(_)_ve is a
dinium-2-yl)-2,6-dimethylpyridinium (SPPDMP) ar§ = BCP, positive charge on the nitrogen atom. This feature, utilized in

CUB, or BCO. These molecules were chosen as representativdaPrication of the potential rectifying molecular diotfean lead
structures used as localization sites andrdmnd “throttles” to much weaker influence of hole localization on the DMPP

along the chain of the molecular wires that have already been 9€0metry as compared to 3-methylbiphenyl and biphenyl. The
obtained chemically; see, e.g., ref 20. The actual bridging groups YPFT studies of DMPP geometry strongly support this expecta-
in these wires have the protons removed to permit bonding to tion. In particular, our calculatlpns show that oxidation has
the next unit in the chain, but for simplicity, we will use the €SSentially no effect on the torsion angle and the bond length
nomenclature appropriate to the closed-shell parent, e_g_,between the two rings (Figure 3c)_. By contrast, addition of an
benzene fop-phenylene. The choice of benzene and 3-meth- eIeCFron (t_o form the neutral sp_emes)_ leads to the more planar
ylbiphenyl as theC; units of the investigated systems was also conflg_uratlon and to a shorter intra-ring bond as compared to
convenient for testing the accuracy of our calculations by the primary DMPP structure. For the reduced (neqtral) geometry,
comparison of the obtained results with experimental and however, the angle between the pla_nes of two rings calcule}ted
theoretical findings reported in the literature. for DMPP turns out to be almo§t twice as large as the torsion
Calculations were performed with the Jaguar progfaboth angle in the neutral 3-methylbiphenyl structure. This can be
at the UHF and at the UDFT level with the B3LYP functional. attributed to the combination of two factors. One of these factors
In both cases, we used the 6-31G* basis set and ultrafine S steric hindrance, which is less pronounced in 3-methylbiphe-
numerical accuracy. Gaussian3¥8Bwas used for part of the ~ NYI- Another is preferable localization of the electron added to
UDFT calculations. Default cutoff values for geometry opti- DMPP on the ring containing nitrogen. The lack of such strongly
mizations and default integration grids were used. Because localized orbitals in the.case of 3-methylbiphenyl favors a more
geometries exhibit distortion when charge is added or removed, Planar geometry for this compouRd.
symmetry was not used for any calculations, except for estimates For SPPDMP, the protonated form was considered, as
of V for electron transfer across spacers. attachment to the spacer requires formation of a positively
3.1. Molecular Configurations. The main results of the  charged nitrogen. Geometry changes in SPPDMP upon reduction
UDFT geometry optimization for the neutral, oxidized, and to some extent parallel the changes observed in DMPP; however,
reduced structures of benzene, 3-methylbiphenyl, DMPP, andtwo positively charged pyridinium rings are present here. The
SPPDMP are presented in Figure 3. As follows from the oxidation of SPPDMP was not considered, as it is energetically
calculations performed, the only consequence of charge local-unfeasible for a molecule already bearing a double positive
ization for the configuration of benzene is the Jafieller charge. Patterns of changes of bond lengths upon reduction in
deformation of the aromatic ring due to the alteration of bond the 2,6-dimethylpyridinium moieties in both DMPP and SPP-
lengths and bond angles. For 3-methylbiphenyl, some additional DMP are the same, but the magnitude of change is smaller in
changes occur. In particular, our numerical data show that the SPPDMP. For example, the;g—N bond length in DMPP
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Reduced Geometry Primary Geometry Oxidized Geometry
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(b) 1.51 1.51 1.51
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() (o)) (1)) angles, torsions
119.6 120.8
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119.3 118.6 ]
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1.37 1.50 1.36 1.50
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120.5 122.1

- - 10.5 38.4
HS N 2s2nH - NIA angles, torsions
. 121.7 121.6

Figure 3. UDFT-optimized geometric parameters for the primary, oxidized, and reduced configurations of (a) benzene, (b) 3-methylbiphenyl, (c)
DMPP, and (d) SPPDMP (no oxidized geometry). Calculated bond lengths (A) and bond angles (degrees) are shown using roman and italic fonts,
respectively. A torsion angle between two aromatic rings (degrees) is indicated in bold.

increases by 0.04 A, whereas in SPPDMP this bond in the 2,6- 1, = E* — E, is almost equal to the differende = E}, — E .
dimethylpyridine unit increases by only 0.02 A. An increase in evaluated for the electronic configuration with an extra positive
the Ging—N bond length by 0.01 A upon reduction is also charge. The approximate equality ~ 1, also remains valid
observed in the second pyridinium unit in SPPDMP (middle for electron transfer (see panel B), although, in the latter case,
ring). Significantly, the dihedral angle between the two pyri- bothl; and/, are larger than the values found numerically for
dinium rings of SPPDMP decreases considerably after reduction.the hole-transfer process. These findings suggest that potential
Together with the shortening of the bond connecting two energy surfaces involved in the elementary step of charge
heterocycles, this strongly suggests that charge is delocalizedchopping can be treated as parabolic.
between two pyridinium rings in the reduced structure. The calculated values of energy parameters characterizing
3.2. Energetics.To evaluate energy parameters of states primary (neutral for benzene and 3-methylbiphenyl, cationic for
involved in the process of electron and/or hole transfer, the DMPP), oxidized, and reduced structures of benzene, 3-meth-
primary electronic configuration and two configurations with ylbiphenyl, and DMPP at different geometries allow an estima-
an extra positive and negative charge were considered for eacttion of the ionization potentidl and the reorganization energy
molecule under investigation, and the energies of these con-4 from eqs 5 and 6. The results of UDFT calculations together
figurations were calculated for three UDFT-optimized geom- with available experimental d&8* are summarized in Table
etries. The numerical data obtained (see Figure 4) show thel. The ionization potentials of benzene and 3-methylbiphenyl
difference in energy between the same electronic configurationsevaluated with the UDFT method are in reasonable agreement
at distinct geometries. The results related to hole transfer (panelwith the measured values. According to our UDFT estimates,
A) show that the energy difference for the neutral configuration, 3-methylbiphenyl has the largest internal reorganization energy
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A benzene 3-methylbiphenyl DMPPl;\,1 =0.11eV
l),l =0.14 eV 2= E,
Eiﬁrf, E l),l =0.19 eV 1
x . B
9.01 VA X E, 12.62e¢V%
o 7.67 V4
TAQ =0.15eV T A, =0.17 eV TA,Z =0.13 eV
E"
B benzene 3-methylbiphenyl DMPP SPPDMP
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Figure 4. Energy parameters characterizing primary, oxidized, and reduced structures of benzene, 3-methylbiphenyl, DMPP, and SPPDMP (primary
and reduced structures only) at different geometries. ParanteterdE’. pertaining to the primary and oxidized structures at the UDFT-optimized
primary geometry are given in panel A, together with energiesand E* calculated for oxidized and primary structures at oxidized geometry.
Analogous data for the UDFT-optimized primary and reduced geometries are presented in panel B. In all cases, the energy of the primary structure
at the primary geometry is chosen as the reference point.

TABLE 1: lonization Potentials and Reorganization found by Klimkans and Larssé?t for the same process using
Energies for the Molecules Studied the UHF method with the 6-31G* basis. As has been shown by

ionization potential  reorganization energy these author¥2 correlations included at the MP2 level reduce
(eVv) (ev)yP the internal reorganization of benzene to 0.44 eV. The latter

this hole electron result is compatible with the UDFT value= 0.41 eV obtained

molecule work® experiment  transfer transfer in the present work. Note that both UDFT and MP2 calculations
benzene 9.01 994 0.29(0.37) 0.41(0.53) include correlation effects absent in UHF. Therefore, it is not
3-methylbiphenyl  7.67 7.95 0.36(0.84) 0.58(1.13) surprising that, for all of the molecules studied, UHF overes-
DMPP 1262 - 0.24 (0.46) 0.43(0.86) timates the internal reorganization energies in comparison with
SPPDMP - - - 0.29 (1.16) the UDFT method (see Table 1). Nevertheless, the UHF

aTheoretical values were obtained at the UDFT level with the calculations demonstrate the same tendency as UDFT esti-
B3LYP functional and the 6-31G* basis set. Numbers in parentheses mates: Both methods predict thatfor 3-methylbiphenyl is
are results of UHF/6-31G* calculationsCalculated from eq 5 with larger thani for benzene and DMPP. In addition, our calcula-
values ofi; andZ, given in Figure 4° Calculated from eq &:Value  tions at the UHF/6-31G* level show that, for electron transfer
taken from ref 33, vapor phas&Value reported in ref 34, vapor phase. between 3-methylbipheny! anion radical and neutral 3-methyl-

among the compounds investigated. In the case of hole transferPiPhenyl,A = 1.13 eV (0.58 eV at the B3LYP level). This resuilt
A computed for 3-methylbiphenyl coincides with the UDFT coques Wlt.h thel va]ue obtained by the UHF/DZP method
estimates for biphenyl made by Malagoli and &ag8 This for biphenyl involved in an analogous procéss.
coincidence is not accidental and can be explained by the very Reorganization energies calculated at the UHF level are
similar geometries of these molecules in the neutral and cationicalways higher than those obtained at the B3LYP/6-31G* level
states, as has already been discussed in section 3.1. (Table 1). Contributions to the reorganization energy are
It is of interest to estimate ionization potentials using calculated as differences in energy for systems with the same
Koopmans’ theorem and UHF calculations. For benzene, this number of electrons at two different geometries (eq 5). For this
yields| = 9.04 eV, in accord with the UDFT numerical data. reason, effects due to the treatment of open- vs closed-shell
This result compares nicely with the experimental value of 9.24 systems at the UHF/RHF level, which might lead to oversta-
eV 32 For 3-methylbiphenyl, however, the Koopmans ionization bilization of the doublet species, will not contribute directly to
potential is found to be 9.00 eV in obvious contradiction with systematic errors in the calculated reorganization energies. Most
experimental and UDFT values in Table 1. The difference likely, spin contamination of the unrestricted wave functions
between the results provided by the two methods becomes everresults in poor optimized geometries for reduced and oxidized
more significant in the case of DPPM: Whereas UDFT froms. For SPPDMP, the expectation valueSfs 1.86 at the
calculations yieldl = 12.62 eV, the evaluation based on UHF/6-31G* optimized geometry of the reduced form, instead
Koopmans' theorem gives= 8.11 eV. of 0.75. The UHF geometry compared to the UB3LYP geometry
Calculations at the UHF level were also employed to obtain of the reduced form of SPPDMP is more planar. At the same
information about the internal reorganization energy. For time, the primary HF geometry (unreduced SPPDMP) is
benzene, our UHF results yield = 0.53 eV in the case of  characterized by larger dihedral angles between aromatic rings
electron transfer. This value is consistent with= 0.55 eV compared to the B3LYP-optimized structure. This results in
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TABLE 2: Upper Bound for the Diffusion Coefficient D and 100
the Drift Mobility u of Holes in Molecular Wires at 290 K

with Various Alternating &-Conjugated and o-Bonded

Structural Units?

molecular wire

-
(=]
L

m-conjugated  o-bonded diffusion coefficient drift mobility
fragment spacers (cn?s™) (cmPstvY

benzene ring BCP 0.54 (1.15) 21.6 (46.0)
CuB 0.37 (0.37) 14.8 (14.8)
BCO 5x 10°  (0.03) 02 (1.4

3-methylbiphenyl BCP 0.24 (0.52) 9.6 (20.8)
unit CuB 0.16 (0.16) 6.4 (6.4)
BCO 2x10°  (0.02) 0.1 (0.6)

a Estimated from eqs-24 for room temperature. Parametérand
V taken from ref 24. Numbers without parentheses were obtained with 0.1 T T T T
V calculated at the UHF/STO-3G level. For BCP, CUB, and BCO, 0 20 40 60 80 100
these calculations yielé = 0.37, 0.26, and 0.03 eV, respectively.
Numbers in parentheses correspond to the case wheseevaluated
at the UHF/DZP level. In this cas®, = 0.54, 0.26, and 0.07 eV for ~ Figure 5. Mobility of holes, «, as a function of the angl@ between
BCP, CUB, and BCO, respectively. According to ref 24, the effective the planes of the benzene rings attached to the ends of the BCP cage.

lengths of BCP, CUB, and BCO spacers are 4.77, 5.58, and 6.20 A, Calculations were performed for room temperature using egs 2 and 4
respectively. with 4 = 0.29 eV as indicated in Table 1. The angular dependence of

the electron-transfer matrix elemevittomputed at the UHF/STO-3G
dlevel was taken from ref 24.

Mobility L in cm2s™'V-1

Twist angle 6 in degrees

larger geometry differences between the primary and reduce
forms at the UHF level as compared to DFT calculations. As & tag|E 3: Upper Bound for the Diffusion Coefficient D and
consequence, the UHF level of theory yields much higher valuesthe Drift Mobility  of Electons in Molecular Wires at 290
of the calculated reorganization energy. The reliability of the K with Various Alternating &-Conjugated and o-Bonded
UHE calculations is questionable because of severe spinStructural Units@

contamination (%= 1.86 for reduced SPPDMP). Therefore, molecular wire
DFT values of the reorganization energies are used to estimate  ;_conjugated  o-bonded diffusion coefficient ~ drift mobility
charge-mobility parameters (Tables 2 and 3). fragment spacers (cm? s (cm? s tv-l
3.3.'Tranqurt Coefﬂuents.The d|ffu5|on coefﬂugnt anq benzene ring BCP 0.25 101
the drift mobility of charge carriers in molecular wires with CUB 0.002 0.07
alternatingC and S units were estimated from eqs-2 using BCO 0.023 0.90
the UDFT values of the internal reorganization energy (see Table 3 nethyibiphenyl ~ BCP 0.039 1.56
1) and information about the electron-transfer matrix element ynit CcuB 0.0003 0.01
V available for BCP, CUB, and BCO spacers from the BCO 0.003 0.14
literature2194-2224 Although the exact values of for electron DMPP BCP 0.20 8.10
transfer through these-bonded cages are still unknown, CuUB 0.001 0.06
reasonable estimates were made and used to evaluate electron- BCO 0.018 0.72
transfer parameters. SPPDMP BCP 0.99 39.8
The diffusion coefficientD and the mobilityu of holes CuB 0.007 0.28
undergoing hopping motion along various molecular wires of BCO 0.088 3.54
general structure-(C9,— are given in Table 2. The wires with aEstimated from eqs-24 for room temperature. Parametérsire

C corresponding to DMPP are not included in the table as they taken from ref 24. The electronic coupling matrix elem®&nmatrix
are irrelevant to hole transport. In such wires, hole hopping elements are taken from Table 4.
between neighboring DMPP units is energetically unfavorable,
since the ionization potential of DMPP moieties (ca. 12 eV as plotted as a function of the twist anglebetween two benzene
shown in Figure 4) exceeds the valluer 10 eV typical for units connected by the-bonded spacer. A typical example of
o-bonded spacers; it is more likely that, in this particular case, the dependence pfon 6 for the wire containing the BCP spacer
a charge can be transported along the wire via a series of electrois shown in Figure 5. At relatively small angles (betweeén 0
hops. For other wires, the values of hole-transport coefficients and 50), u slowly decreases withl from the limiting value of
presented in Table 2 should be considered as upper limits that21.6 cn? s7* V~1 to approximately 10 cfs™* V~1. Further
correspond to the most efficient electron coupling between two deviations from the planar arrangement of aromatic rings at the
states participating in the charge-transfer proéésse results ~ BCP termini lead to a much stronger decline of the hole
of Paulson et a4 and of Pati and Kar#4 suggest that the =~ mobility, which eventually vanishes at= 90°. A qualitatively
strongest coupling can be achieved if aromatic rings attachedsimilar angular dependence of hole mobility was obtained for
to the cage termini are coplanar along the entire system. Becaus&ystems in which CUB or BCO spacers replace BCP.
twisting motion is able to destroy this ideal geometry, the value  The diffusion coefficienD and the mobilityx of electrons
of the electron-transfer matrix element will decrease as the undergoing hopping motion along various molecular wires of
arrangement of the end aromatic rings becomes less planargeneral structure-(CS,— are given in Table 3. The above
Hence, bottD andu should drop below the limits indicated in  considerations concerning the influence of the orientation of
Table 2 and reduce to the values dependent on the conformatiorthe aromatic rings on the electron-transfer matrix element again
of the wire. apply.

The influence of the relative orientations of aromatic rings  The results described above support our earlier conciisitin
on charge transport becomes evident if the mobility of holes is that transport properties are determined not only by the structure
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TABLE 4: Electronic Coupling Matrix Element V for Hole bounds. The results obtained support our expectations. For both
and Electron Transfer Calculated for Alkyl Cages Spacers systems, the estimated lower limits mfare found to be close
€v) to 0.1 cn? V1 s71, whereas the upper limits differ by 2 orders
hole transfer electron transfer of magnitude (see Table 2). A similar situation occurs for
Marcus-Hush 3-methylbiphenyl/CUB and 3-methylbiphenyl/BCO wires, al-
spacer two-state modél  YL,AE(UMP2) ,AE(UMP2) though the lower limit of hole mobility in these systems reduces
BCP 0.54 0.49 0.50 to 0.05 cnt V-! s71. This implies that, in many cases,
CuUB 0.26 0.23 0.04 information about static electronic coupling is insufficient for
BCO 0.07 0.01 0.12 reliable conclusions concerning applications of a particular wire
2\ evaluated at the UHF/DZP level, ref 24Estimated in this work. in molecular circuits; such conclusions might be illusory without

Triplet diradical CH—S—CH, was optimized at the UB3LYP/6-31G*  careful consideration of dynamic effeéfdn fact, the situation
level first, with C,, (BCP and BCO) o€, (CUB) symmetry constraints. ~ can become more complex depending on the symmetry of the
Symmetry requirements prevented twisting of the two methylene bridge. For a benzene spacer, the geometric variatiovi.@f
centers. Next, half of the difference of energy between the two \yith twist angle is simple, with maxima expected for coplanar
appropriate staté%* of cation radical (hole transfer) or anion radical arrangementsé( = 0°, 180°) and minima corresponding to

(electron transfer) calculated at the UMP2 6-31G* level was taken as . T
an approximate value of. Replacement of the conjugated fragments perpendicular onesy(= 90°, 270’). For the BCP and CUB

of the wire by the methylene groups, GHan result in overestimated ~ SPacers, there are three minimadat 0°, 120, and 240. For
values ofV.36 BCO, there are again three minima, closefte= 15°, 135,

and 255. For each of these situations, the same considerations
of the molecular units comprising the wire, but also by their concerning which geometry (equilibrium or locally trapped)
conformations. As in other molecular systethspnformational dominates the transport will hold. If the barrier heights are small
changes in wires composed of alternatimgconjugated and  compared to thermal energies (about 0.025 eV at room tem-
o-bonded units can affect the electronic coupling between perature), the rotation should be nearly free, and averaging can
charge-transfer states and, hence, the rates of hole and electrope directly done over the angle.
hopping. Therefore, more rigorous calculations of charge
mobility require information about the equilibrium values of 4 conclusions
the twist anglefeq and fluctuations ob within the wire.

The time scale of these fluctuations;, is of particular The necessary condition for nanostructures connected between
importance for accurate evaluations of the drift mobility. If two reservoirs of charge carriers to be considered as molecular
fluctuations are slow in comparison with the riteof electron- wires is the requirement that their spatial configuration, energet-

transfer reactions 1 so thatW > 1, somen-conjugated units ~ ics, and nuclear and electronic dynamics promote one-
visited by a moving charge will be in nonequilibrium conforma- dimensional long-range charge transport. Taking this require-
tions with large deviations of twist angleg from their ment into consideration, we have considered the class of
equilibrium valuegeq Although the number of such units might  molecular systems composed of alternatingonjugated and
be small, they represent a bottleneck for the transport processg-bonded units. Because of the differences in ionization
as follows from the angular dependenceuofsee Figure 5). potentials and/or electron affinities, charge carriers are able to
Consequently, in this limit, the genuine drift mobility of the move along such wires undergoing a series of hops between
charge carriers will be much lower tham estimated for the units with proper energetics. It is assumed that each step of
completely equilibrated wire witl) = 0438 By contrast, in this hopping motion can be treated as an electron-transfer
the limit of fast fluctuationszW < 1), the drift mobility will reaction, with the rate depending on the internal reorganization
be determined by the distribution f values at equilibrium  energy of molecular units visited by moving charges and on
and by the statistical weight of these orientations, as can bethe electronic coupling between them.
shown using simple probabilistic argument. This underscores To calculate the diffusion coefficient and the drift mobility
the idea that conformational dynamics can strongly affect within this mechanistic picture, we have optimized neutral and
transport properties of molecular wires, especially if the rates ionic geometries of benzene, 3-methylbiphenyl, DMPP, and
of electron-transfer reactions 1a and 1b are high. Calculated SPPDMP molecules selected as candidatestfoonjugated
values of the reorganization energy and the electronic transferunits of the wire. Using UHF and UDFT-B3LYP methods with
matrix element suggest that the latter condition is satisfied for the 6-31G* basis set, we show that localization of charge on
the wires with BCP and CUB spacers. As a consequence,these molecules has several consequences for their primary
theoretical results that neglect the dynamics of conformation structure. These include changes in bond lengths and bond
changes can significantly overestimate the drift mobility of angles, as well as a shift in geometry toward planarity in the
charge carriers in these systems. case of 3-methylbiphenyl, DMPP (reduced structure), and
To verify this conclusion, we evaluated the lower bound of SPPDMP (reduced structure; the dihedral angle between the
u for the molecular wires listed in Table 2. Our calculations pyridinium rings decreases, but the sufhydrylpherpyridinium
rely on the experimentd values that have been estimated from dihedral angle increases). Calculations of energies that refer to
the measured rate of electron transfer betwgeronjugated the primary electronic configuration and two configurations with
donor and acceptor pairs linked by single CUB and BCO extra positive and negative charge in neutral and ionic geom-
moieties?19i Because the measurements were performed in etries enable us to evaluate energy parameters of states involved
solution, the quantity deduced from experiment should actually in electron and hole transfer. The computational procedure
be considered as the effective electron-transfer matrix elementproposed turns out to be particularly useful for estimations of
Vetr, Which takes conformational dynamics into account implic- the vertical ionization potentid| electron affinity, and internal
itly. Therefore, if the effect of conformational changes on reorganization energy. Comparison of our theoretical findings
electron coupling is essential, the difference between the lowerwith the available experimental data demonstrates that UHF
bounds of hole mobility in benzene/CUB and benzene/BCO calculation and subsequent application of the Koopmans’
wires will be much smaller than the difference between the upper theorem overestimate whereas the results obtained with the
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UDFT method are in reasonable agreement with the measured

Berlin et al.

(3) See, e.g.: (a) Mirkin, C. A; Ratner, M. Annu. Re. Phys. Chem.

values. Reorganization energies evaluated at the UHF/6-31G*1992 43 719. (b)An Introduction to Molecular Electroni¢$etty, M. C.,

level are also found to be larger than UDFT estimates. The

Bryce, M. R., Bloor, D., Eds.; Oxford University Press: New York, 1995.
(c) Molecular Electronics: Science and Technolpdyiram, A., Ratner,

disagreement between the predictions of the UHF and UDFT M. A, Eds.; New York Academy of Sciences: New York, 1998; Vol. 852.

methods is explained by the fact that the former does not include

electron correlations.

The reorganization energies computed at the UDFT-B3LYP

(4) Chen, J.; Reed, M. A.; Rawlett, A. M.; Tour, J. Eciencel999
286, 1550.

(5) Gao, H. J.; Sohlberg, K.; Xue, Z. Q.; Chen, H. Y.; Hou, S. M.;
Ma, L. P.; Fang, X. W.; Pang, S. J.; Pennycook, $hs. Re. Lett.2000Q

level and data for electronic coupling reported by other groups 84, 1780.

were exploited to calculate the upper and lower limits of the

(6) Superlattices and MicrostructurefReed, M. A., Ratner, M. A,,

drift mobility of holes and electrons undergoing consecutive Eds.; Academic Press: New York, 2000; Vol. 28, No. 4, and references

transitions between neighboring benzene or 3-methylbiphenyl "
units linked by o-bonded molecular cages. On the basis of |,
numerical results, we infer that the upper limit of hole mobility

ein (Journal Special Issue).

(7) Chen, C. Jintroduction to Scanning Tunneling Microsco@xford
versity Press: New York, 1993.

(8) (a) Trebboux, G.; Lapstun, P.; Silverbrook, K.Phys. Chem. B

corresponds to the situation where aromatic rings attached t01998 102 8979. (b) Sakanoue, K.; Motoda, M.; Sugimoto, M.; Sakaki, S.
cage termini are coplanar along the entire system. In this case,J: Phys. Chem. A999 103 5551. (c) Berlin, Yu. A.; Burin, A. L.; Ratner,

electron coupling turns out to be most efficient, and the upper

M. A. Superlattices Microstruc200028, 241. (d) Malagoli, M.; Bréas,
J. L. Chem. Phys. Let200Q 327, 13. (e) Treboux, GJ. Phys. Chem. B

limit of hole mobility depends exclusively on the reorganization 200q 104, 9823. (f) Mayor, M.; Buschel, M.; Fromm, K. M.; Lehn, J. M.;
energy and on the value of the electron-transfer matrix elementDaub, J.Chem. Eur. J2001, 7, 1266. (g) Krzeminski, C.; Delerue, C.;

at zero twist angle. Because both quantities strongly vary from

Allan, G.J Phys. Chem. B001 105 6321. (h) Holmin, R. E.; Haag, R.;
Chabinyc, M. L.; Ismailov, R. F.; Cohen, A. E.; Terfort, A.; Rampi, M. A.;

system to system, the maximum value of mobility also changes. whitesides, G. MJ. Am. Chem. So@001, 123 5075.

For benzene/CUB and benzene/BCO wires, for instance, the

upper limits of hole mobility differ by 2 orders of magnitude
and are equal to 14.8 and 0.2 €M™ s71, respectively. For

the benzene and 3-methylbiphenyl systems, the reorganizatio

(9) McConnell, H. M.J. Chem. Physl961, 35, 508. De Gama, A. A.
S. Theor. Chim. Actdl985 68, 159. Ratner, M. AJ. Phys. Chem199Q
94, 4877. Goldman, CPhys. Re. A 1991 43, 4500. Evenson, J. W.;
Karplus, M.Sciencel 993 262, 1247. Reimers, J.; Hush, N. &.Photochem.

MPhotobiol. A1994 82, 31. Gehlen, J. N.; Daizadeh, I.; Stuchebrukhov, A.

energies for electron transfer are higher than the reorganizationA.; Marcus, R. Alnorg. Chim. Actal996 243 271. Magoga, M.; Joachim,
energies for hole transfer. As a result, the combination of these C- Phys. Re. B1997,55, 4722. Remacle, F.; Levine, R. D. Phys. Chem.

units with BCP or CUB spacers (comparable or smaller value

of V for electron transfer v¥ for hole transfer) produces wires

B 2001, 105 2153.

(10) See, e.g.: Tans, S. J.; Devoret, M. H.; Dai, H.; Thess, A.; Smalley,
R. E.; Geerligs, L. J.; Dekker, Q(Nature 1997, 386, 474. Bockrath, M.;

with lower electron mobilty as compared to hole mobility (Table Cobden, D. H.; McEuen, P. L.; Chopra, N. G.; Zettl, A.; Thess, A.; Smalley,
2, numbers in parentheses; Table 3). Interestingly, the calculatedR- E- Sciencel997 275, 1922. Charlier, J. C.; Issi, J. Rppl. Phys A:

Mater. 1998 67, 79. Wang, Z. L.; Poncharal, P.; de Heer, W. RPure

value ofV for electron transfer for BCO spacer is 1 order of Appl. Chem.200Q 72, 209. Strunk, C.. Bachtold, A Nussbaumer, T.:

magnitude larger than th¢ value calculated for hole transfer
for the same spacer (2 orders of magnitude differenc#)n
The functional dependence of rate transfeMdisecond power)

and reorganization energy (exponential) makes reliable predic-

Schonenberger, ®Rhysica B200Q 280, 384.

(11) van de Craats, A. M.; Siebbeles, L. D. A.; Bleyl, I.; Haarer, D.;
Berlin, Yu. A.; Zharikov, A. A.; Warman, J. MJ. Phys. Chem. B998
102, 9625. van de Craats, A. M. Charge Transport in Self-Assembling
Discotic Liquid Crystalline Materials. Ph.D. Thesis, Delft University of

tions of mobility parameters difficult, as small errors in estimates Technology, Delft, The Netherlands, 2000.

of V and will lead to significant errors in calculated transfer
rates, diffusion coefficients, and drift mobilities.

Thermally induced twisting of aromatic rings can destroy the

(12) For reviews of the state of the art of experimental investigations,
see, e.g.: Diederichsen, Bngew. Chem., Int. Ed. Endl997, 36, 2317.
Grinstaff, M. W.Angew. Chem., Int. Ed. Endl999 38, 3629. Niiez, M.;
Barton, J. K.Curr. Opin. Chem. Biol200Q 4, 199. Schuster, G. BAcc.

planar configuration, and the efficiency of electron coupling Chem. Re2000 33, 253. Giese, BAcc. Chem. Re200Q 33, 631. Lewis,
will decrease. As a result, the hole/electron mobility reduces to F. D.; Letsinger, R. L.; Wasielewski, M. Rcc. Chem. Re<2001, 34,

a much smaller value determined by conformational changes
mentioned above. As follows from our estimates, the lower limit

159. Lewis, F. D. IrElectron Transfer in ChemistrBalzani, V., Ed.; Wiley-
VCH: Weinheim, Germany, 2001; Vol. 3, pp 16375.

(13) Lewis, F. D.; Liu, X.; Liu, J.; Miller, S. E.; Hayes, R. T,

imposed on hole mobility by this dynamic effect is expected to wasielewski, M. RNature200q 406, 51. Williams, T. T.; Odom, D. T.;
be about 0.1 c&V 1 s 1 for benzene/CUB and benzene/BCO Barton, J. KJ. Am. Chem. So200Q 122 9048. Davis, W. B.; Naydenova,

wires. Thus, care must be exercised when trying to predict

I.; Haselsberger, R.; Ogrodnik, A.; Giese, B.; Michel-Beyerle, MABgew.
Chem., Int. Ed200Q 39, 3649. Nakatani, K.; Dohno, C.; Saito,J. Am.

transport properties of molecular wires on the basis of informa- chem. Soc200q 122 5893. Giese, B.: Amaudrut, J.: "Kter, A-K.:
tion about static electron coupling; a proper theoretical treatment Spormann, M.; Wessely, Slature 2001, 412 318.

must explicitly take into account the dynamic behavior of the

structural units comprising these one-dimensional systems.
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