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ABSTRACT: The electron transfer (ET) properties of m-electron conjugated quasi-
one-dimensional molecular wires, consisting of polyene, [>C=C<],, (n = 1-11),
including B-carotene, is investigated using ab initio molecular orbital theory within
Koopmans theorem (KT) approach. The ET coupling matrix element, V,,, for 1,3-trans-
butadiene molecule calculated with the KT approach shows excellent agreement with
the corresponding results obtained with two-state model. The calculated values of V,,
for the polyene oligomers exhibit exponential decrease in magnitude with increasing
length of the wire. However, the decay curve exhibits three different regimes. The
magnitude of the decay constant, B, decreases with the increase in length of the wire. A
highly delocalized m-electron cloud in the polyene chain appears to facilitate retention
of the electronic coupling at large separations between the donor and acceptor centers.
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LENGTH-DEPENDENCE OF ELECTRON TRANSFER IN POLYENE WIRES

Introduction

B ecause of its importance in a wide variety of
chemical, biological, and photophysical phe-
nomena, intermolecular electron transfer (ET) has
been a subject of numerous theoretical [1-10] and
experimental [3, 6, 11, 12] studies. Recent interest in
molecular scale electronics [13-19] has further re-
newed interest in intramolecular ET. Studies per-
formed to date suggest that ET in molecules is
intimately related to their electronic and geometri-
cal structures. Of particular interest is the length
dependence [1, 17-20] of ET, as it determines the
potential application of molecular systems in
nanoscale electronics.

The molecular wires that have been considered
for applications in molecular electronics can be di-
vided into two categories, namely o-bonded #n-al-
kane chain [CH;—(CH,),—CH;]-based insulating
wires [13, 14] and mr-electron conjugated polyene
[(>CH=CH<),]-based semiconducting wires [15,
16]. B-Carotene, a member of polyene hydrocar-
bons, is a prototypical example of the second cate-
gory. It is a naturally occurring organic molecule
with nanoscale dimension (molecular length ~3
nm) and highly conjugated m-electrons, which offer
its excellent photophysical and nonlinear optical
(NLO) properties. Because of its quasi-one-dimen-
sional geometry and highly conjugated m-electrons
delocalized over ~3 nm in space, B-carotene also
offers itself as a potential candidate for application
in molecular electronics devices and has attracted
attention in its electron transport property [18, 19].
Ramachandran et al. [18] have reported contact-
mode atomic force microscopic measurements and
theoretical calculations of the current-voltage (I-V)
characteristics on thiol functionalized B-carotene
molecules tethered on Au surface. These authors,
not unexpectedly, reported that conductance of
B-carotene to be much higher by a factor of seven
than that of an alkane chain and also considerably
higher than aromatic 7-conjugated systems of com-
parable length. Very recently, He et al. [19] have
derived the decay constant, B, of polyenes from a
similar study on four carotenoid polyenes with the
number of double bonds, n = 5, 7, 9, and 11 in
molecular backbone. They report a value of g =
0.22 = 0.04 A" derived from the I-V measure-
ments, in excellent agreement with the earlier the-
oretical value reported by Ramchandran et al [18].

Despite recent interest in electronics application
of organic molecules, there remains a lack of de-

tailed understanding of ET in quasi-one-dimen-
sional polyenes. Here, we present the results of our
systematic study of the length dependence of ET
in m-conjugated quasi-one-dimensional molecular
wires consisting of B-carotene as the largest mem-
ber. We use ab initio molecular orbital (MO) theory
approach to calculate the equilibrium structure and
ET coupling matrix element, V,, of B-carotene and
its smaller oligomers. The calculated results show
an exponential decay of V5. However, the decay
in Vb4 exhibits three distinct regimes in the molec-
ular wire, and the value of the decay constant de-
creases with increasing molecular length.

Theory and Calculations

The electron transfer rate constant (K,,) of weakly
coupled electron donor (D) and acceptor (A) centers
in a nonadiabatic limit is related to the electron trans-
fer coupling strength, V4, as [7, 21, 22]

27 5
Ky = XWDA‘ FCWD, (1)

where FCWD represents a Franck-Condon-
weighted density of states representing the nuclear
modes of the system. The V', which plays a major
role in the electron transfer process, represents the
strength of the interaction between the two active
reaction sites.

The distance dependence of the electron transfer
rate is primarily determined by the V,, as FCWD
in Eq. (1) is weakly dependent on the site separation
in a molecule [3, 11]. Hence, we can write

|VDA|2 = KoeiﬁRDA, (2)

where K, is a prefactor, Rp, is the separation be-
tween the D and A centers, and B is the decay
constant, a characteristic of the organic molecular
system

The coupling matrix, Vp,, in a two-state model
[21, 22] can be calculated as,

Voa = <VplHY,>, (3)

where, H is the total Hamiltonian connecting the D
and A states, represented by the many-electron
wavefunctions, ¥, and V¥,, respectively. Several
different methods have been used in the literature
to evaluate Vp, as discussed in detail by Newton
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and Curtiss et al. [7, 23, 24]. Because electron trans-
fer is a one-electron process, Eq. (1) can be cast in
terms of charge-localized, fully relaxed self-consis-
tent wavefunctions, y, and i, respectively [4, 7,
23], whereby, we can write

Va1 = (HDA - SDAHDD)/(1 - SZDA)/ (4)

where,
Hpa = < ip|Hlps>, (5)
Hpp = < ip|Hlyp >, (6)
Spa = <ipln > #0. (7)

For symmetric molecular geometries, as studied
here, {4 and Y, represent symmetry-broken solu-
tions of the Hamiltonian and are mirror image pair
(Hpp = Haa) of each other. In Eqs. (4)—(7), Hpa
represents the interaction strength between D and
A states; Hpp = Hy 5 is the degenerate expectation
value of the Hamiltonian with respect to p and 4,
and Sp 4 is the overlap matrix between the D and A
state wavefunctions.

Liang and Newton [4, 5] have shown that V.
can also be calculated using symmetry delocalized
self-consistent field (SCF) solutions, iy, within the
mean-field approach, where ¢" and ¢~ are the
in-phase and out-of-phase combinations of y, ad

Ys, given by;
‘l’i -~ (‘IID * tl’A)/(l * SDA)UZ- (8)

Vpa can then be calculated as one half of the
energy splitting between the " and ¢~ states as,

Voa=1/2(E* — E7). 9)

Equation (9) can be cast into one-electron orbital
energies using Koopmans theorem (KT) [25],
whereby, one can write,

Voa=1/2(" — &). (10)

Various schemes have been proposed in the lit-
erature [4, 5, 23, 24] for a proper choice of the
one-electron orbital energies in Eq. (10). The cou-
pling element, V,,, can be calculated either for the
cation or anion from the respective ionization po-
tential (IP) and electron affinity (EA) energy levels
within the KT approximation. The detailed theoret-

ical analysis of various approaches can be found
elsewhere [4, 5, 23, 24]. Here, we have used the
highest occupied (HO) and next-highest occupied
(NHO)) molecular orbitals of the neutral triplet (Mg
= 3) diradical to calculate V,, as [24],

Vba = 1/2(enomo — €romo-1)s (11)

where eyomo and egono.; are energies of the
HOMO and the NHOMO, respectively, in the trip-
let state of the neutral molecule.

Both, Egs. (4) and (11) have been used exten-
sively [3-7, 9, 20, 23, 24, 26] to calculate Vi,,. Cal-
culations of V,, using Eq. (4) offers a self-consis-
tent approach to calculate localized states but is
computationally expensive. Eq. (11), on the other
hand, offers a computationally less demanding and
simple approach to calculate V5. The simplicity
and relatively less computational demands associ-
ated with the KT approach have made it an attrac-
tive choice for investigating ET properties of com-
plex organic and biological systems [3,4-6,9,20,24 -
26]. Previous studies have shown [7, 23-26] that the
accuracy of the V,, calculated by KT approach is
comparable to those obtained from more rigorous
techniques, such as the Marcus-Hush (MH) two-
state model [21, 22]. In order to further assess the
accuracy of Vp, for linear m-electron chain mole-
cules obtained with the use of the KT approach, we
calculated the coupling matrix element for 1,3-
trans-butadiene using Eq. (4) with the MH two-state
model as well as with the use of the KT approach,
Eq. (11). The results, as discussed in next section,
from the two methods are comparable to each
other, lending confidence in the use of the KT ap-
proach for calculating V, for the polyene oli-
gomers in this study.

To obtain equilibrium structure of the smaller
polyene oligomers, the initial structural configura-
tions with alternate single and double bonds were
taken from the parent 3-carotene molecule. Figure 1
displays the molecular structure of B-carotene and
its smaller oligomers, (Rc—c),, wheren =1,3,5,7,
9, and 11 representing the number of 7-bonds in the
molecule, were considered. The polyene oligomer
chains were terminated by methyl group at the end
of each molecule as shown in Figure 2. A symme-
try-constrained optimization was performed in the
framework of ab initio unrestricted Hartree-Fock
(UHF) method utilizing an extended basis set con-
sisting of a double zeta augmented by one p and
one d polarization functions (DZP) as implemented
in the Gaussian package [27].
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FIGURE 1. The equilibrium geometries of B-carotene and its derivatives including m-conjugated polymeric chains
[>C = C<],, where n is number of m-bonds ranging from 1 to 11.

Results and Discussion

THE GEOMETRY

The optimized geometrical parameters of the
polyene oligomers (n = 1-11) are summarized in
Table L. In the equilibrium configuration of S-caro-
tene, the calculated bond lengths associated with
single and double bonds are 1.51 and 1.33 A, re-
spectively. Calculations [28] based on density func-
tional theory (DFT) together with 6-31G(d,p) basis
set have been reported for the equilibrium structure
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FIGURE 2. The ball and stick model of g-carotene
oligomers. It also shows terminal methyl groups.

of B-carotene radical cation. Our calculated values
for the R and R are in good agreement with
the corresponding DFT bond lengths of 1.45 and
1.37 A, respectively. Similarly our calculated bond
angles for B-carotene are in good agreement with
the corresponding DFT values of B-carotene radical
cation. The calculated bond lengths also compare
well with the corresponding experimental data of
1.48-1.54 and 1.31-1.38 A associated with single
and double bonds, respectively, obtained from X-
ray diffraction measurements [29].

It is instructive to examine the change in bond
lengths as a function of the chain length of the poly-
ene oligomers. We notice that in going from n = 1 to
n = 3, the central R~ increases from ~1.325 to
~1.336 A, getting closer to the outer R-_ bonds,
whereas the single bond lengths (R-_) decrease
from ~1.501 to ~1.468 A. Beyond 1 = 5, the changes
in the bond lengths are much smaller and the chain
shows a nearly constant bond length alternation (b. L.
a.) with double bond (Rc—) lengths to be ~1.338-
1.339 A (see Fig. 3) and single bond (R_) lengths to
be ~1.468-1.462 A. This suggests that in an idealized
polyene with extended b.La., the V,, will be essen-
tially unchanged with the length of the wire.

ELECTRON TRANSFER

Comparison of MH Two-State Model and
KT Approach.

We performed calculations on the V, of 1,3-
trans-butadiene molecule using the charged local-
ized SCF wavefunctions for the D and A states as
well as with the use of the KT approach. The charge
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TABLE |

A summary of optimized geometrical parameters (bond lengths in i\) of the polyene oligomers (n = 1 — B-

carotene).

Bond lengths (A)

B-Carotene n=11 n=9 n=7 n=5 n=3 n=1

Double bonds

C2=C3 1.339 1.339 1.339 1.339 1.338 1.336 1.325

C1=C6; C4=C7 1.343 1.343 1.343 1.343 1.341 1.335

C5=C10; C8=C11 1.338 1.338 1.337 1.336 1.33

C9=C14; C12=C15 1.341 1.342 1.341 1.335

C13=C18; C16=C19 1.331 1.336 1.33

C17=C21; C20=C22 1.337 1.335
Single bonds

C1—C2; C3—C4 1.46 1.46 1.46 1.461 1.462 1.468 1.507

C5—C6; C7—C8 1.471 1.471 1.471 1.472 1.477 1.51

C9—C10; C11—C12 1.463 1.462 1.463 1.468 1.505

C13—C14; C15—C16 1.477 1.472 1.477 1.51

C17—C18; C19—C20 1.494 1.468 1.505

separated states were calculated for the cation of
the 1,3-trans-butadiene molecule using UHF ap-
proach. The geometry of the singly charged 1,3-
trans-butadiene molecule was optimized from an
initial input of the optimized structure of the neu-
tral molecule. The D and the A state wavefunction
were then generated by elongating the terminal C
atom of the molecule, one at a time, until the charge
was localized at the other end. The V[, was then
calculated according to the approach of Farazdel
and Dupuis [30]. For the KT approach, the HOMO
and the NHOMO energies were taken from the
UHF calculation on the charge neutral triplet state
at its theoretically optimized geometry. All calcula-
tions were performed with the use of the
HONDO-8 molecular electronic structure package

[31] with the use of a double-zeta and polarization
(DZP) basis set. The calculated geometry of the
neutral molecule and its cation along with the val-
ues of Vp, obtained from the two approaches are
listed in Table II. For comparison, available theoret-
ical [32-34] and experimental [35] values of the
geometry of 1,3-trans-butadiene are also listed in
the table. As can be seen, the calculated bond dis-
tance and bond angles are in good agreement with
the available experimental and calculated data. It is

TABLE Il

The calculated geometry of the neutral and cation
of the 1,3 trans-butadiene along with the values of
Vpa obtained from MH two-state model and KT
approach.

S Bond length (A) c=C c—C
g " Neutral 1.3132 1.4882
L'; 1.34 1.322° 1.467°
= 1.335 1 1.333° 1.450°
o 1.339¢ 1.4549
3 1.337+0.005° 1.483+0.010°
T 1.325 4 Cation 1.4617° 1.52962
E. 1.32 VDA (eV) 0.‘18a’f 0.1729
o 1315 . . : ; . :
2 Current work, HF(DZP).
1 3 5 7 9 11 BC ® HF (Ref. [32]).
Number of (>C=C<), ° DFT (Ref. [33]).
. 4 MP2/6-311 (2d,p) (Ref. [34]).

FIGURE 3. Bond length alternation (b.l.a.) as a func- © Experimental (Ref. [35]).
tion of the chain length of the polyene oligomers (n = f MH Two-State Model.
1-11, BC = B-carotene). 9 KT approach.
1306 INTERNATIONAL JOURNAL OF QUANTUM CHEMISTRY DOI 10.1002/qua VOL. 109, NO. 6
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also clear from the table that the V5, obtained from
KT approach is in very good agreement with that
obtained from the MH two-state approach. Similar
agreement between the values of V, obtained
from the KT approach and from MH two-state
models were found in our previous study on
o-bonded high-strain molecules [9, 26], where the
magnitude of V|, obtained from the KT approach
were slightly underestimated with respect to its
MH counterparts. This lends confidence in our use
of the KT approach in the present study to investi-
gate the length-dependence of V,, of polyene oli-
gomers.

The Vy,, for Polyene Oligomers.

The calculated values of V5, for the [>C=C<],
oligomers with n = 1, 3,5, 7, 9, 11 and B-carotene
along with the molecular-chain length, calculated
from end-C to end-C atoms in the chain, are listed
in Table III. Also listed in the table is the difference
in the energy, Ae, between the HOMO and the
lowest occupied molecular orbital (LUMO) value
calculated for each molecule. It is clear that the
value of Vp, decreases, as does Ae(HOMO-
LUMO), with increase in molecular length (see Fig.
4). In fact, the change in the value of Vp, with
increasing molecular length exhibits very similar
behavior as Ae(HOMO-LUMO). This is consistent
with and similar to the previous observations on
the ET coupling matrix element in organic molecu-
lar systems [2, 18-20]. The In (Vp4) vs. molecular
length (Rp,) plot, shown in Figure 5, also clearly

TABLE Il

Calculated values of A¢(HOMO-LUMO) in eV and
electron transfer coupling strength, V,, in eV, for
[C=cC],, oligomers and B-carotene and its
derivatives.

Molecule with the

number of - Ae
conjugated Length (HOMO-LUMO) Voa
bonds, n A V) eV)
1 3.93 14.2 3.43
3 8.78 10.3 1.91
5 13.66 9.0 1.54
7 18.44 8.3 1.24
9 23.2 7.9 1.17
11 27.30 7.7 1.07
B-Carotene 27.65 7.9 1.12

16 T T4
144 135
3 127 13
2 1w+t 125
=) >
4 8+ 12 =
3 3
o 6+ + 15
=)
S 47 T
-B-Vpa
2+ 105
——HOMO-LUMO
0 t t t t t t 0

4 8 12 16 20 24 27
Length of the molecular wire (A)

FIGURE 4. Calculated As(HOMO-LUMO) and electron
transfer coupling strength, V., as a function of the
length of the molecular wire.

demonstrates, as shown in other cases, an exponen-
tial decrease in the value of V4.

The similarity with the observations made in
other molecular systems, however, ends here. A
closer examination of the In (Vp,) vs. Rp, plot (see
Fig. 5), reveals that between the calculated range
(3.93 and 27.65 A) of molecular length, the Vp,, has
three different decay regimes. Indeed, the calcu-
lated value of the decay constant 8, 0.24, 0.09, and
0.03 A™" between 3 and 9 A, between 9 and 18 A,
and between 18 and 28 A, respectively, appears to
decrease roughly by a factor of 3 for every 9 A
increase in the molecular length. At larger length,
between the donor and acceptor centers, the -con-

In (Vp,)

4 9 14 18 23 27
Length of the molecular wire (A)

FIGURE 5. The variation of the electronic transfer
coupling [see, Eq. (1)] with the molecular length.
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(iy

(i)

(i)

(d)

(i)

(iiiy

FIGURE 6. Electron density contour map of the (i) HOMO-1, (i) HOMO, and (iii) LUMO of polyene (>C=C<),; n =

1@,n=3({b),n=5(),andn = 9 (d).

jugated molecular wire appears to retain the cou-
pling strength, however.

It is possible to gain insight into the noted non-
monotonic behavior of B in the polyene oligomer
from an examination of the spatial and energetic
characteristics of the frontier orbitals (HOMO and
LUMO) and HOMO-1 involved in the calculation of
Vba [Eq. (3)]. For brevity, the electron density con-
tour map of the three molecular orbitals, HOMO-1,

HOMO, and the LUMO, for selected polyene oli-
gomers (n = 1, 3, 5, and 9) are plotted in Figures
6(a)-(d). The corresponding MO plots of the miss-
ing members (n = 7, 11, and B-carotene) are similar
to their nearest smaller member and are excluded
for brevity. We note that the HOMO is an antibond-
ing (wg*) orbital, localized in the bonding region of
the chain. In fact, the HOMO is essentially localized
on the inner three double bonds (single in case of

1308
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n = 1) regardless of the size of the molecule. The
HOMO-1, on the other hand is delocalized for n =
1 and n = 3, and localized on the outer part of the
chain for n = 5-11. Specifically, the HOMO-1 for
n = 5-11, is delocalized over the outer three R
in the chain. We also note that the Ae(HOMO-
(HOMO-1)) decreases with increasing chain length
but no uniformity in the change is noted. The elec-
tronic structure characteristics of LUMO as well as
Ag(LUMO-HOMO) show very similar behavior as
that noted for the HOMO-1. Similarly the changes
in Ag(LUMO-HOMO) show similar nonuniformity
as the Ag(HOMO-(HOMO-1)) along the chain.
These results suggest that electronic structure of
polyene oligomers, especially for shorter members,
could differ substantially from each other along the
chain, resulting in different ET behavior.

Because electronic structure difference is ex-
pected to affect the geometry, which in turn is
intimately connected with the ET property of the
molecules, it is also instructive to examine the geo-
metrical evolution of the oligomers with the chain
length. As noted earlier, while the oligomers exhibit
the expected b. 1. a. with increasing chain length, a
somewhat nonuniform change in the bond lengths,
particularly the R_ is noted for smaller mem-
bers. For example, a large increase in R-_ in going
from n = 1 to n = 3 is noted, but only smaller
changes in the value of R-_ between larger mem-
bers are noted (see Fig. 3). Similar nonuniform
changes in the bond lengths are also noted for
Rc_c. This nonuniform evolution of the bond dis-
tance at shorter molecular lengths contributes to the
nonmonotonic decay rate constant as noted. Thus,
it appears that the different decay region, as calcu-
lated here for the family of polyenes, results from a
combination of (a) change (dissimilarity) in elec-
tronic structure along the chain and (b) nonuniform
change in b. L. a. with increasing length.

Nonmonotonic decay of ET has been noted in
other 7- and o-bonded systems. For example, non-
monotonic variation of the decay rate with molec-
ular length has been reported for m-conjugated
aromatic molecular wires [36]. Nonmonotonic vari-
ation of the ET coefficient, V,,, has also been pre-
dicted for o-bonded rigid-rod molecules from sim-
ilar calculations [4-6], although subsequent
calculations differ [20]. Ab initio Hartree—Fock cal-
culations by Liang and Newton [4, 5] using the KT
approach also show a nonmonotonic variation of
Vpa with the increase in the number of bicyclo
[2.2.2] octane cage units in a molecular rod. Al-
though a change in electronic structure along the

length appears to be a common factor, other mech-
anisms such as coherent vs. incoherent ET have also
been proposed, especially for m-conjugated systems
[37] to account for a nonmonotonic decrease in 3
with increasing R.

Summary

In summary, we have calculated the geometry
and ET properties of B-carotene and its smaller
oligomers using ab initio Hartree-Fock method.
The polyene oligomers exhibit the expected b. 1. a.
at larger molecular lengths. At shorter molecular
lengths, however, large differences in chain lengths
(both R and R-_) are noted. To assess the
accuracy of the results for the ET coupling matrix
element obtained with the use of one-electron de-
localized orbital energies, we calculated the value
of Vp, for 1,3-trans-butadiene molecule at the op-
timized geometry using MH two-state model as
well as with the KT approach. The result for V,
calculated from the KT approach shows good
agreement with that obtained from the more rigor-
ous MH two-state approach giving confidence in
the results for Vi, obtained for the polyene oli-
gomers using the former approach. The ET cou-
pling matrix element for the polyene oligomers
shows different decay regimes, with the value of
decay constant decreasing with increasing length of
the molecular wire, which appear to result from a
combination of changes in electronic charge distri-
bution of the HOMO-1 (and LUMO) orbitals as well
as the differences in b. . a. along the chain. A clear
correlation between change in V. and b.la. is
noted along the molecular chain. It appears that
with increasing molecular length the b.l.a. becomes
nearly constant with little or no change beyond n >
5. The change in V,, qualitatively show a parallel
behavior and remains nearly unchanged for poly-
enes with n > 5. Thus, it seems that V, is strongly
related to the geometry, particularly the b.la. in
conjugated polyenes. As expected, the geometrical
effect is also reflected in the change in Ae(HOMO-
LUMO), which decreases sharply with increasing
molecular length for small values of 1, but stabilizes
around n = 5 and exhibit little or no change beyond
n = 7. These results clearly show the Vp, is
strongly related to b.l.a. and Ae(HOMO-LUMO) in
conjugated polyenes. It would be of interest to ex-
amine the decay of B in an idealized polyene with
constant b.l.a. This will be addressed in forth com-
ing article [38]. At very large chain length, such as
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inn = 9-11 and B-carotene, the decay rate appears
to have a very small value, suggesting their poten-
tial applications as interconnect in molecular and
nanoscale electronics and sensor devices.
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