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Helical Oligoenes: Conformations, Bond Alternation, and
Competing Through-Bond and Through-Space Transmission

Yuta Tsuji and Roald Hoffmann*®

/Abstract: There is a consensus that long-range electron
transfer/transport occurs by a through-bond rather than
through-space mechanism. In helical all-Z, all-s-cis oligoenes,
one can set up an interesting competition in the medium-
separation regime between a closer (in distance) through-
space path and a more distant through-bond one. Although
such oligoene conformations/isomers are unstable (by
around 4 kcalmol™' per double bond relative to all-E, all-s-
trans isomers), recent synthetic efforts on truncated heli-
cenes and oligothiophenes have provided related molecules.
On the way to transmission calculations with electrodes at-
tached to the termini of helical oligoenes, we uncover an in-
teresting conformational ambiguity in all-Z, all-s-cis oli-

-

goenes, the existence of a broad conformational minimum
for helical compression, with hints of end-to-end frontier-or-
bital-caused stabilization. There is relationship between heli-
cal oligoene structures and the corresponding substructure
of a helicene, but there are also significant differences in the
number of olefin subunits per helix turn. In Hiickel transport
calculations, the role of TB or TS mechanisms is obscured to
an extent by variations in bond alternation and dihedral
angle along the oligomer chain. However, the operation of
a dominant through bond mechanism emerges clearly in
local transmission plots. In moving the electrodes to carbon
position related by quantum interference, it is possible to
uncover a through space mechanism. )

Introduction

Interactions between two localized orbitals or groups of orbi-
tals in a molecule can be thought of as direct through-space
(TS) and indirect through-bond (TB).""? The distinction may be
theory-laden and is never unambiguous, yet it is useful. The
most striking manifestation of the contrast (through-bond vs.
through-space) is when an interesting counterintuitive orbital-
level ordering ensues as a consequence of TB coupling, one in
which the in-phase combination of the orbitals in question is
more destabilized than the out-of-phase one. Many experi-
ments have been conducted to assess the chemical and physi-
cal significance of these interactions.”’ For example, measure-
ments of the ionization potentials of non-interacting m-bonds
(by photoelectron spectroscopy) can shed light on the mode
of interaction between them.*?

One way to probe the TS vs. TB interaction dichotomy is to
examine how interactions are affected by the distance be-
tween the two coupling moieties. Generally, the decay of the
TS interaction, often gauged through an overlap integral vs.
distance dependence, is much faster than that of the TB inter-
action.”” A good measure of the decay of these interactions is
found in electron transfer/transport processes in donor-
bridge-acceptor or electrode-molecule-electrode arrays.
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The decay, whether TS or TB, has been shown experimental-
ly and theoretically to be exponential. The distance depend-
ence of the electron transfer rate constant kg in the superex-
change mechanism is described as follows:"”

ker = ko exp(—ferd) (1)

where ki is a kinetic prefactor. Similarly, in the coherent off-res-
onant tunneling transport regime, the conductance g shows
an exponential falloff behavior with respect to the transport
distance d, as follows:®

g = goexp(—pfcd) (2)

where g, is a constant prefactor. In Equations (1) and (2), the
decay process can be characterized by the exponential decay
factors fgr and fc. The smaller the 5 value is, the more rapidly
and efficiently electron transfer/transport can occur. The
B value for TB processes can be expected to be smaller than
that for TS processes.

There are various ways to characterize the space between
electronic probes. Thus Beratan and co-workers proposed
a tunneling path model to divide the donor-acceptor interac-
tion in electron transfer inside proteins into covalent-bond
(TB), hydrogen-bond, and TS contributions.”’ Curtiss and co-
workers suggested a superexchange pathway model and in-
vestigated the contribution of the TB and TS electronic-cou-
pling interactions in electron transfer mediated by cyclohexane
bridges."” The decay factor is determined by the balance of TS
and TB contributions over relatively short distances, but for
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long-range electron transfer processes the TB coupling emerg-
es as the dominant mechanism.!"'?

Joachim and co-workers" introduced the TS vs. TB dichoto-
my into molecular junctions, that is, electrode-molecule-elec-
trode systems. They defined the TS and TB processes as elec-
tron tunneling from one electrode to the other without any in-
teraction with the molecule, and electron tunneling between
the two electrodes using the specific tunneling path provided
by the molecule, respectively. Their tight-binding calculations
showed that if the molecule is long enough, TS tunneling van-
ishes, as for electron transfer. They also investigated the transi-
tion of transport from a TS to a TB coupling regime, based on
theoretical calculations for molecular junctions consisting of
a gold atomic wire."” They concluded that when the atomic
wire is longer than three atoms, TS couplings become negligi-
ble.

The difference between TB and TS contributions to molecu-
lar conductance may be probed experimentally. For example,
Majda and co-workers"® measured current through a self-as-
sembled monolayer (SAM) of alkanethiols. In the perpendicu-
larly oriented (relative to an underlying surface) alkanethiol
monolayers, the TB pathway should be dominant. As the
chains tilt, an additional pathway including a chain-to-chain
coupling, which Majda and co-workers defined as a TS path-
way, should play an important role. They estimated the expo-
nential decay factors for the TB and TS pathways to be
0.91 A=' and 1.31 A7, respectively.

Another insight into the competition between TB and TS
mechanisms can be obtained from measurements of the force/
current relationship through a singly bonded SAM using con-
ducting-probe atomic force microscopy (CP-AFM). The stronger
coupling between the molecule and the AFM tip, which is re-
flected as the measured force, can be expected to change the
mechanism from TS to TB."®'” The coupling strength between
the molecule and electrode, which can modulate the balance
between TS and TB contributions, can also be studied by
changing anchoring units."®

Recently, destructive quantum interference (Ql) in molecular
conductance has attracted broad interest. Here m-type TB
transmission between specific pairs of atoms in m-conjugated
molecules is significantly attenuated as a result of purely quan-
tum mechanical aspects of electron transport.'*?” When QI
occurs, the remaining transmission can be regarded as o-type
TB transmission and/or TS transmission.?"#?

The difference between TB and TS transport mechanisms
may also be probed theoretically. For example, the peaks in
transmission spectra can be informative: TB tunneling is char-
acterized by broad peaks, but TS resonance tunneling by sharp
narrow peaks.” The spatial distributions of molecular orbitals
(MOs) obtained from a molecular projected self-consistent
Hamiltonian states (MPSH) analysis can also be informative: TS
resonance tunneling is likely to occur in systems with rather lo-
calized frontier MOs."® The variation between the TS and TB
transport pathways can be strikingly visualized by plotting
local currents.?”

Recently we calculated the transmission probabilities for 1-2
and 1-N electrode attachment in an [N]annulene with bond
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length alternation.”’ As a consequence of bond alternation,
which is likely to affect only the TB (here the m-bonds along
the polyene chain) process, the 1-N transmission is strongly at-
tenuated, despite the fact that both connections (1-2 and 1-
N) have nearly the same electrode-to-electrode distance. The
local transmission plots for [14]lannulene junctions support our
reasoning.

Herein we undertake a study of helical all-Z, all-s-cis oli-
goenes to investigate whether the transmission follows a well-
demarcated system of m bonds (TB mechanism), over a longer
separation, or a shorter-distance path (TS mechanism).

Results and Discussion
Polyacetylenes, helicenes, and all-Z all-s-cis oligoenes

Polyacetylene (PAC), or polyene, may exist in various geometri-
cal isomeric forms, named as trans-transoid (all-E, all-s-trans),
trans-cisoid (all-E, all-s-cis), cis-transoid (all-Z, all-s-trans), and cis-
cisoid (all-Z, all-s-cis).?®! The cis-cisoid conformation is expected
to have a helical structure, but the parent system has not yet
been prepared reproducibly. Kaneko and co-workers reported
the synthesis of a cis-cisoid PAC that is stabilized by hydrogen
bonds between the side groups.””?® There are many theoreti-
cal studies which make a comparison between cis and trans
isomers of the linear PACs,”*>? but there are few studies of
helical ones. A density functional theory (DFT) calculation by
Tasumi and co-workers®® showed that the potential-energy
curve for cis-cisoid conformation has a shallow local minimum
and is the most unstable of the four forms named above.

Helicenes® 3 are a fascinating organic architecture in which
benzene rings, extended in a “phenanthrene” way, are soon
forced to form a helix (exemplified here by a [9]helicene, 1).
Recently they have attracted much attention for their potential
application as spring-like molecular devices whose electronic
properties can be easily tuned by mechanical force. Vacek et al.
theoretically demonstrated that stretching or compressing of
a helicene placed between two gold electrodes significantly af-
fects its conductance and thermopower.®® Guo et al. investi-
gated the current flow through helicenes under stretching and
compression, and found a U-shaped curve of the current
against the pitch of a helicene.?”

Of tremendous variety and interest in and of themselves,
helicenes also contain in their structures an all-Z, all-s-cis oli-
goene. Werz and co-workers®®3¥ have reported the synthesis
of a novel modification of the helicene framework, in which
the mt-system is truncated to just the all-Z oligoene chain of in-
terest to us (exemplified here by 2). They call these remarkable
molecules “helicenes truncated to a minimum”. Werz etal.
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have successfully synthesized all-Z diene, triene, and tetraene
encased in such systems.

Such helical structures can also be prepared by using a het-
erocycle as a building block. Cui and Kertesz predicted the sta-
bility of helical conformations of polythiophene, polypyrrole,
and their derivaties based on semi-empirical crystal orbital cal-
culations.”” Mahato and co-workers™®” synthesized a tetramer
of indole, 3, the X-ray structure of which shows a helical con-
formation. Marsella and co-workers®*¥ synthesized sexithio-
phene, 4 (X=H, Cl, or Br), and its X-ray structure confirmed
a predicted helical conformation. This helical structure exhibits
redox-induced conformational changes. Marsella and co-work-
ers proposed that such helical molecules have the potential of
acting as molecular muscles, actuators, and rheostats.*”! The
double bonds in the oligothiophenes and indoles are a part of
hetero-aromatic rings, so they are severely constrained; still it
is worthwhile to compare them with helical oligoenes. There
are also other theoretical“**” and experimental™®? studies of
helical molecules in the literature.

Herein we model all-Z, all-s-cis hexatriene, octatetraene, de-
capentaene, and dodecahexaene, and are led at one point to
look at some of the truncated helicene parents as well as heli-
cal oligo-indoles and -thiophenes. We will call the simple oli-
goene molecules helical oligoenes HOE(N), where N is the
number of double bonds, which, in turn, can be regarded as
a measure of the through-m-bond distance. We study electron
transmission through these helical oligoenes with the non-
equilibrium Green'’s function (NEGF) method.”® The reason for
examining these architectures is obvious. End—end probes in
the helical geometry set up a competition between a shorter
TS distance, but a longer TB path, even as the latter offers up
a better, if attenuated, transmission. Which will win?

An unexpected complexity for all-Z all-s-cis oligoene confor-
mations

On the basis of the crystallographic structures of 5 and 6 (E=
CO,Me),®* we optimized the simpler oligoene-skeleton model
structures embedded in the known molecules, namely HOE(N),
at the B3LYP-D3BJ/6-311+ + G(d,p) level of theory (Grimme’s
D3 dispersion correction with the Becke and Johnson damping
function). The details of the methods used are given in the
Theoretical Methods section below. In the crystal structures,
both left-handed and right-handed helices are present. We
adopted the left-handed one.
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Figure 1 shows the optimized structures for HOE(3) and
HOE(4) as well as the experimental crystal structures of 5 and
6. When we compare HOE(3) with 5, we do not find any signifi-
cant difference, especially in bond length alternation, despite
the excision of the bulky side groups in the oligoene model.

HOE(4l)

Figure 1. X-ray crystallographic structures of 5 and 6, where hydrogen
atoms and bulky side groups are omitted for simplicity (left), and B3LYP-
D3BJ/6-311 + + G(d,p) optimized structures for a) HOE(3) and b) HOE(4)
(right). Selected C—C distances [A] are shown.

In the case of HOE(4), all-Z, all-s-cis octatetraene, we ob-
tained, surprisingly, two optimized structures. We will call the
structures with the shorter and longer end-to-end distances
HOE(4s) and HOE(4l), respectively. HOE(4s) is more stable than
HOE(4l) by 1.9 kcalmol™ (1.2 kcalmol ™" if the dispersion correc-
tion is not included in the computation). But the observed
crystal structure is closer to the HOE(4l) model. The degree of
bond alternation in the crystal structure is also closer to
HOE(4l), as will be discussed later. The large differential be-
tween the geometries of HOE(4s) and HOE(4I) is in the dihedral
angles along the chain, which are shown in the Supporting In-
formation.

For comparison, Figure 2 shows the crystal structure of 3
and 4 (X=H). They can be viewed as tetraenes. The distance
between terminal carbon atoms in the helical skeleton in 3 is
close to that of HOE(4l). That in 4 depends on X, and is in the
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4(X=H)

Figure 2. X-ray crystallographic structures of 3 and 4 (X=H). Selected C—C
distances [A] are shown.

range from 4.4 to 4.6 A. Although 4 does not have any bulky
side groups, interestingly 4 has the longest end-to-end C—C
distance in the helical molecules investigated here. The orbital
interaction between the two carbon atoms affects this end-to-
end C—C distance, as we will discuss. As for the bond alterna-
tion, its degree in 3 and 4 is smaller than that of the other heli-
cal oligoenes. This is because in 3 and 4 the double bonds are
a part of the aromatic rings, and hence their C=C distances are
longer than those of the other helical oligoenes.

Two minima, or a soft spring?

The theoretical finding of two isomers for HOE(4) was intrigu-
ing, so we calculated the potential energy for HOE(4s) and (4l)
as a function of the distance between the terminal C1 and C8
atoms. The results are shown in Figure 3. In this potential
energy search, only the bond distance between C1 and C8
atoms is fixed and the other geometrical parameters are opti-
mized. Figure 3 suggests that HOE(4l) is at best a shallow local
minimum. This helical spring is very soft; note the energy scale
in Figure 3.

Should we trust the presence of two minima for all-Z, all-s-
cis tetraene (HOE(4))? And how general is the phenomenon of

25

HOE(4l)

N
o

Energy (kcal/mol)

o
3]

2:5 3 3.5 4 4.5
C1-C8distance (A)

Figure 3. Potential energy curve as a function of the distance between the
C1 and C8 atoms for HOE(4s, 4l) calculated with B3LYP-D3BJ/6-
311+ +G(d,p).
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a soft spring in these helical oligoenes? While these questions
are a digression in approaching the problem of through space
vs. through bond transmission end-to-end in helical oligoenes,
they are intrinsically interesting. We have explored these ques-
tions in a variety of ways.

1. The presence or absence of a double minimum for other
helical oligoenes

As we said, there is only one minimum for helical hexatriene.
But, as Figure 4 shows, it is a broad single minimum, very an-
harmonic. For N> 4, HOE(5) and HOE(6), all-Z, all-s-cis decap-
entaene and dodecahexaene, we obtain two optimized struc-
tures shown in Figure 5. The long minimum is calculated with
the B3LYP-D3BJ functional as 3.5 kcalmol™' and 4.5 kcalmol™'
less stable for HOE(51) and HOE(6l), respectively.

So the double minimum the calculations give for octate-
traene is also there for the two longer HOEs.

Energy (kcal/mol)

25 3 35 4 45
C1-C6 distance (A)

Figure 4. Potential energy curve as a function of the distance between the
C1 and C6 atoms for HOE(3) calculated with B3LYP-D3BJ/6-311 + + G(d,p).
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HOE(5s) HOE(51) HOE(6s) HOE(6l)

Figure 5. Top view (top) and side view (bottom) of the B3LYP-D3BJ/6-

311+ +G(d,p) optimized structures for a) HOE(5) and b) HOE(6). Selected C—
C distances [A] are shown.

2. The reliability of the calculations

The energetic preference for HOE(4s) over HOE(4l) is only
2 kcalmol™". Mistrusting the calculations, we reoptimized the
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structures with two functionals considered to be better, M06-
2X and ®B97X-D. The optimum geometries of both HOE(4s)
and HOE(4l) calculated with these methods were close to what
was given by the B3LYP-D3BJ functional. And now the energies
of the minima were within 0.2 kcal mol™" of each other (details
in the Supporting Information).

We then carried out CCSD(T) single point calculations for the
minimum energy geometries with both functionals. Now the
HOE(4s) structure emerged 1.1 to 1.2 kcalmol™' less stable
than the long C—C conformer.

We think a trustworthy conclusion is that in these molecules
there is a broad region of the potential energy surface for heli-
cal compression that is of very similar energy. Whether a given
molecule settles in one or another geometry may be a conse-
quence of crystal packing.

3. Why a broad minimum should exist

A glance at the geometry of HOE(4s) shows that it is abnormal,
not the long isomer. For the end carbons are only 3.0 A apart,
to be compared with the graphite van der Waals minimum in-
terlayer spacing of 3.4 A. There is some attractive interaction at
work here.

Figure 6 shows the highest occupied molecular orbital
(HOMO) of HOE(4s). We can expect a substantial p,—p, bond-
ing interaction. It will be counteracted by a corresponding an-
tibonding interaction in the HOMO—1, but that is expected to
be smaller, as the orbital lies 0.9 eV lower. In fact the helical ge-
ometry is close to the optimum geometry for an electrocyclic
closure, to a cyclooctatriene. And that reaction has a computed
activation energy that is very small (around 2.5 kcalmol "),
On the other hand, in HOE(4l), the long minimum, the distance
between the C1 and C7 atoms is 3.5 A. At this separation, the
ps—P, bonding interaction should be weaker than HOE(4s), but,
as Figure 6 shows, the p,—p, bonding interaction exists not
only between the C1 and C7 atoms but also between the C2
and C8 atoms. Perhaps this can explain why HOE(4l) has a shal-
low minimum.

In the case of oligothiophene 4, the & orbitals of the termi-
nal thiophenes are not included in the helix but can interact

HOE(4s)

HOE(4l)

Figure 6. HOMO of HOE(4s) and HOE(4l) calculated with B3LYP-D3BJ/6-
311+ +G(d,p).
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with the m-orbitals of the helical skeleton, leading to a p,—p,
antibonding interaction in the HOMO (see the Supporting In-
formation). This is why the oligothiophene helices have longer
C1—-C8 distances. In the oligothiophene helices an electrocyclic
closure cannot be expected.

Having outlined the reasoning that leads us to accept the
presence of a broad energy minimum with respect to helical
compression for the all-Z, all-s-cis oligoenes we return to more
realistic models, the truncated helicenes synthesized.

For molecule 6, with its full complement of substituents, no
replacement of any atoms by Hs, at the B3LYP-D3BJ/6-31G(d)
level of theory, one gets the potential energy curve shown in
Figure 7. Interestingly, there are still two minima. The disper-
sion correction makes quite a difference here, as curves in the
Supporting Information shows.

-
o

Energy (kcal/mol)
N w H (3] (o)) ~ o0 ©

PO S T S S S S S S S SRS Bt

3 3.2 34 3.6 3.8 4 42 44

C1-C8 distance (A)

Figure 7. Calculated potential energy curve as a function of the distance be-
tween the C1 and C8 atoms for 6 at the B3LYP-D3BJ/6-31G(d) level of
theory.

For the full structure, the long end-to-end distance mini-
mum (at 4.2 A) is not as shallow as it was for HOE(4). Clearly,
the truncated helicene side groups sculpt the surface in dis-
tinct ways. The greatest influence is exerted by the methyl
groups attached to the five membered ring of the terminal
indane groups (see the Supporting Information). The reported
crystal structure (Figure 1b) has a C1-C8 distance of 4.19 A,
close to the long minimum. Interestingly, there is in the ob-
served crystal structure a second molecule in the asymmetric
unit, with C1—C8 4.46 A, also long.

On the other hand, in the cases of 3 and 4 (X=H) the simi-
larly calculated potential energy curves have only one broad
minimum, as shown in the Supporting Information. The poten-
tial energy curves of helicenes also have a single minimum,
which can be nicely approximated by a parabola.”**” A heli-
cene under stretching or compression by two gold-electrode
surfaces also has a potential energy curve with only one broad
minimum.”®? However, the potential energy curve of helical
polyisocyanides calculated as a function of helical angle by the
extended Hiickel method has two minima.®®

Should we take the (deeper) short C1—C8 minimum for trun-
cated helicene 6 seriously? We do not have the computational
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resources for a CCSD(T) calculation on 6. Given what we found
for HOE(4), we would like to withhold judgement on the
above question. But there may be a polymorph of 6 waiting to
be made.

The relationship between HOEs and helicenes

We know that there is a helical oligoene hiding in a helicene.
And we also know that in a helicene, the m-bonding in the
HOE part of the helicene is aromatic, delocalized, and in that
way different from the bonding in an HOE. Are there structural
consequences of this difference?

It is natural to focus a comparison on the pitch of the helix.
Mathematically, the pitch is defined as the width of one com-
plete helical turn measured parallel to the axis of the helix.®
Unlike the mathematical model, helical molecules are built up
from atoms, with definite positions. One may define the pitch
of helical molecules as the distance from one atom to another
atom positioned directly above the first one, in the next turn
of the helix. However, the problem is that sometimes no
atoms can be found directly above. Therefore, we need some
approximate measure of the pitch in helical molecules.*”’ One
such way is to use the shortest through-space C—C distance
across one turn.

In the case of helicenes, we can use for the pitch the dis-
tance from one atom to another atom positioned directly
above the first one in the next turn, because there is a good
overlap of atoms between the one turn and the next turn, as
seen in an isometric projection of a [16]helicene structure®” in
Figure 8a; we can see a hexagon-shaped overlap of atoms.
The number of benzene rings per helix turn is approximately
rational, equal to 6. The Cn+6 atoms are located just above
the Cn atoms. The pitch can be defined as the distance be-
tween these atoms. In Figure 8b some such distances for the
outer helix of helicene are shown. They are in the range from
3.5 to 4.2 A. On the other hand, in the case of the inner helix,
which is the structural segment of the helicene analogous to

Figure 8. a) Top view (isometry) of the X-ray crystal structure of [16]heli-
cene.* The black spheres indicate the terminal group (—OSiCH(CH,),).

b) Side view of the [16]helicene. The distances in A from one atom to anoth-
er atom in the next turn positioned almost directly above the first one in
the outer helix are shown. c) Side view of the inner helix of the helicene. Se-
lected C—C distances between Cn and Cn+5, Cn+6, and Cn+7 are shown
in A.
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the model helical oligoenes, the pitches are little bit shorter
than those in the outer helix, as shown in Figure 8c.

Now let us look for the pitch of optimized helical oligoenes.
Since even HOE(6) includes only one and half turns in the
helix, we optimized the structure of HOE(12), so that we can
see a few turns. B3LYP does not give any local minimum for
HOE(12l), while M06-2X gives both HOE(12s) and HOE(12l)
minima, as shown in Figure 9. HOE(12l) is more stable than
HOE(12s) by 2.2 kcalmol™ at the MO06-2X/6-31G(d) level of
theory, but we are hesitant to accept this value, since B3LYP
does not agree with M06-2X results in this case. And we do
not have the computational resources to study the potential
energy surface between the long and short isomers.

HOE(12s)

HOE(12l)

Figure 9. Isometric top view, perspective top view, and side view of
HOE(12s) (left) and HOE(12l) (right) optimized at the M06-2X/6-31G(d) level
of theory. Selected CC distances between Cn and Cn+5, Cn+6, Cn+7, and
Cn+8 are shown in A.

As the isometric projection along the helix axis shows at
a glance, the HOEs are different from the helicenes; the
number of double bonds per helix turn is not rational. Still one
can estimate a pitch by the shortest through-space C--C dis-
tance across approximately one turn. We use the distance be-
tween Cn and Cn+7 for the pitch. The pitch for HOE(12s) is
then around 3.1-3.2 A.

Let us try another, more mathematical way to describe the
pitch of the HOEs. First of all, we need a definition of the heli-
cal axis for helical molecules, the component atoms of which
are specified by Cartesian coordinates. One reasonable defini-
tion may be the line for which the root mean square distances
from the line to the component atoms of the helix are mini-
mized. We obtained such a line by using the best-fit line
option implemented in Materials Studio.*” We use u for the
unit vector of the helical axis and v, for the vector from Cn to
Cn+x. Then the pitch p can be approximated by the scalar
projection of v, in the direction of the helical axis u as follows:

p=v,-u=|v]lcoso (3)

where | |v,| | is the magnitude of the vector v,, that is, the dis-
tance between Cn and Cn+x, and 6 is the angle between v,
and u. Cn+x should be chosen so that € is minimized. In the
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case of HOE(12s), x should be 7 because the angle between v,
(the vector from C1 to C8) and u is 9.0°, but those between,
for instance, vg and u and between vy and u are 32.3° and
15.5°, respectively. Since €0s9.0°=0.99, p=||v,||, which
means the “atomistic” definition of the pitch is consistent with
the more sophisticated vector-based definition.

The shortest through-space C--C distance across one turn in
HOE(12l), the stretched conformer, is the distance between Cn
and Cn+5, but the line between these atoms is clearly slanted
with respect to the helical axis (6 =24.9°). Since the line be-
tween Cn and Cn+6 is almost parallel to the helical axis (6=
2.0°), and these atoms appear almost overlapped in the top
view, it would be better to define their separation as the pitch.
The pitch is then around 3.5-3.6 A. Therefore, the helical struc-
ture of the inner helix of helicene is more similar to HOE(NI)
than HOE(Ns).

The Supporting Information, Section S7, contains another
approach to the problem of multiple conformational minima.
There we construct two ideal helices, with a rational number
of repeat units per turn, six or eight (so that their projections
down the helix axis show hexagons or octagons). Their poten-
tial energy curves resemble the short and long minima we find
for real helical oligoenes.

To summarize: helical oligoenes, whether in a long or
a short conformer, are quite different from helicenes in two
ways: 1) The helix in the HOEs, whether | or s, has an irrational
number of repeat units (ethylenes) per turn; that number is
between 3 and 4. The | conformer is closer to the helicene;
and 2) the HOE helix shows signs of ethylene-ethylene attrac-
tion in the short conformer, with a smaller pitch, as approxi-
mately as that pitch is defined. And, naturally, there is no bond
alternation along the inner HOE part of the helicene.

The energetics of oligoenes

At this point it is useful to put the model HOE(N) structures in
context by looking at alternative oligoene structures. There are
many local minima on the CyH,., surface. If we use the stan-
dard notation of E and Z for isomerism with respect to local-
ized (we will see how localized below) double bonds, and s-cis
and s-trans for conformations around single bonds, one can
have the extreme isomers/conformations shown in Figure 10.

Despite the steric repulsion between two Hs on C1 and C4
atoms, all-Z, all-s-trans isomers keep the planar geometry. On
the other hand, in the case of all-£, all-s-cis isomers, such steric
repulsion between the H atoms can be reduced by a moving
out of planarity. This happens in the archetype, butadiene.
Figure 11 shows the energetics of these 4 isomers/conforma-
tions as a function of N. The reference line is the global mini-
mum, the all-E, all-s-trans oligoene. The Supporting Informa-
tion also shows the computed HOMO-LUMO gaps for all iso-
mers.

Not unexpectedly, the order of stability is all-E, all-s-trans >
all-z, all-s-trans > all-E, all-s-cis > all-Z, all-s-cis (short) > all-Z, all-
s-cis (long). Note how the various stability lines extrapolate
nicely to butadiene; the destabilization of s-cis conformations
clearly cumulates. The destabilization of the HOE(N) isomers is
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(a) (b)
H H H H H H H H
)\H\HW TN N\

all-£, all-s-trans
(planar)

all-z, all-s-trans
(planar)

(c) (d)
N/ \ 7/
9
all-E, all-s-cis

(nonplanar)

all-Z, all-s-cis
(nonplanar, helical)

Y ]

Figure 10. Four isomers/conformations of oligoenes (polyenes). (a) all-E, all-s-
trans, (b) all-Z, all-s-trans, (c) all-E, all-s-cis, and (d) all-Z, all-s-cis isomers.

30

~ 25 T
S : - A
§ 20 F | all-Z, all-s-cis (long)
© A
g - _ l— A all-Z, all-s-cis (short)
6 C X < all-E, all-s-cis
L A}
s °F X ¢ all-Z, all-s-trans
=
w s X
¢ X
X
0 i L .
2 3 4 5
N

Figure 11. Relative energies of the oligoene isomers/conformations to the
global minimum, the all-E, all-s-trans oligoene as a function of N. The blue
diamond on the y axis indicates the relative energy of s-cis butadiene (non-
planar) to s-trans butadiene. These energies were calculated at the B3LYP-
D3BJ/6-311 + + G(d,p) level of theory.

substantial, 4-6 kcalmol™" per double bond, and rising with N.
One is tempted to attribute this destabilization to the strain of
the enforced helical geometry. But at the same time we saw
a stabilizing factor in the shortened (relative to a graphite sep-
aration) 1,2N-distance in the short end-to-end length isomer of
these molecules. This attraction is insufficient to overcome
overall strain of a helical geometry. It is apparent (as it was
without any calculations) why the double bonds in the HOEs
had to be incorporated into rings to be experimentally realiz-
ed.

Bond alternation

A difference between single and double bond lengths is ex-
pected for all oligoenes, and, going back to seminal work by
Salem and Longuet-Higgins,®" should persist in the infinite N
limit, the so-called polyacetylene. As we will see, bond alterna-
tion affects strongly the measure of coupling between the
ends of the oligoene that we choose to consider, electron
transmission through molecules. So it is important to look at
this bond alternation in oligoenes.
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Bond alternation can be gauged in a number of ways. One
measure could be the difference between the average long
and short carbon-carbon bonds in a conjugated molecule:®?

0= Rlong_kshort (4)

There are other measures that have been reported.’®>"

Figure 12 shows the bond alternation measure 6 for the
computed oligoene isomers/conformations. Generally the
degree of bond alternation decreases with an increase in the
number of double bonds, and seems to be headed for an
asymptotic limit, as expected. The degree of bond alternation
calculated from the experimental structures of all-trans poly-
acetylene is in the range between 0.07 and 0.09.%? The calcu-
lated degree of bond alternation for HOE(NI) is larger than that
in HOE(Ns), and is consistent with the alternation observed in
the X-ray crystal structures of 5 (0=0.130) and 6 (60=0.125,
0.135). The degree of bond alternation in all-trans oligoenes
takes an intermediate value between HOE(Ns) and HOE(NI). We
are not sure what to make of the difference in bond alterna-
tion between the oligoene Ns and NI structures.

0.14
2 g 2]
3 . .
0.12 ¢ X
L X m all-Z, all-s-cis (long)
o 04 E & = A all-Z, all-s-cis (short)
5 é % all-E, all-s-cis
008 L ¥ all-Z, all-s-trans
’ N A t o all-£, all-s-trans
006 L ! . .
2 3 4 5 6

N

Figure 12. Bond alternation measure o for the computed oligoene isomers/
conformations at the B3LYP-D3BJ/6-311 + + G(d,p) level of theory as a func-
tion of N. The blue diamond and orange circle on the y axis indicate the
values of 0 for s-cis butadiene and s-trans butadiene, respectively.

Electron transport through all-Z oligoenes

Our first attempt to establish the TB or TS nature of end-to-
end transmission in HOEs was with the Huckel model used
previously.”>®>¢ The bond alternation in an oligoene (and we
observed that bond alternation above) causes an exponential
falloff of the conductance in a system of N double bonds, ac-
cording to Equation (5):

g = goexp[—{2In(Bo/Bs) }N] (5)

where f, and (s are the Huckel resonance integrals in
a double and single bond. The ratio can be estimated from
a Mulliken relationship of 3 to the overlap integral S.

The transmission is further affected by the dihedral angles
around the single bonds; these range from 6 to 55° in the
HOEs. The net effect of bond alternation and dihedral angles
in a Huckel model is inconclusive; there is no obvious correla-
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tion of end-to-end conductance with either TS or TB distance.
The details are provided in the Supporting Information.

A clearer picture through local transmission plots

For another perspective on the TB vs. TS dichotomy, we use
a local transmission analysis,®” based on wave functions com-
puted at the DFT level. In contrast to the Huckel calculation,
the DFT Hamiltonian, or Fock matrix, and the overlap matrix in-
clude almost all the electronic and geometric information,
such as bond alternation, dihedral angles, non-nearest-neigh-
bor interactions, and o electrons.

DFT calculations for realistic molecular junctions require an-
choring groups that can connect the molecule with the elec-
trodes. In our calculations HOE(N) molecules are linked to gold
clusters using ethynylthiol groups (—C=C—SH). The terminal
carbon atom in HOE(N) has two hydrogen atoms, which can
be replaced with the linker. Assuming C, symmetry, there are,
in principle, three configurations for linker replacement,
namely (EE), (E,Z), and (Z,2). After adding the linker groups we
reoptimized the geometry. For N>4 the geometry optimiza-
tions of HOE(Ns) and HOE(NI) with the linker groups result in
the same geometry, whose helical m-conjugated skeleton is
closer to that of the original HOE(Ns) structure. We will call
these reoptimized structures with the linker groups (EE)-
HOE(N), (E,2)-HOE(N), and (Z,Z2)-HOE(N). Given the size of the
linker and electrode model, some geometries are sterically im-
possible: for (E,2)-HOE(3), (E,E)-HOE(4), and (Z,2)-HOE(5), carbon
atoms bump into the electrodes.

Figure 13 shows the local transmission plots for the 1—2N
connections of HOE(N). The diameter of the arrows in
Figure 13 represents the value of the local transmission for
a pair of atoms. Here we chose one linkage isomer for each oli-
goene, (Z,2), except for HOE(5), where the (Z,2) structure is im-
possible, and where we substitute (EE). All isomers are shown
in the Supporting Information. Although we can see very small
TS contributions, which are indicated by arrows connecting
atoms between which no bond is formed, the dominant mech-
anism is very clearly TB (see the difference in thickness of the
arrows between TB and TS transmissions).

Since we can see a loop current in most of the structures,
which might produce a magnetic moment, might such mole-
cules be candidates for a molecular solenoid ?**®

It is possible to switch the dominant transport mechanism
from TB to TS. Given the general dominance of the TB mecha-
nism, the electrode placement that might give a TS mecha-
nism a chance is where quantum interference annihilates the
through-mi-bond transmission. In an oligoene, one place where
this occurs is when the first and 2N—1th atoms are connected
to the electrodes.®™ The residual transmission that one is likely
to observe can come from through-o-bond and TS mecha-
nisms. The contributions of o-transmission are likely to
become smaller as the molecule gets larger.?"*?

A reviewer has suggested that there is another way to
switch from TB to TS dominance, and this is by increasing the
degree of bond alternation, thus having the TB transmission

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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(£,9-HOE(3) (£,2-HOE(4)

(£,E)-HOE(S)

Figure 13. Local transmission plots for the 1—2N connections of HOE(N). The
first and 2Nth carbon atoms are indicated by red dots. Total transmission at
the Fermi level is decomposed. The local transmission contributions are de-
picted only if above a threshold value of 0.05. The diameter of the arrows is

proportional to the value of the local transmission for a pair of atoms. Sulfur
atoms bonded to Au electrodes (not shown) are shown in yellow.

(£,9-HOE(®)

fall off faster. This suggestion makes sense; we explore it in the
Supporting Information, Section S11.

Since the first carbon atom has two hydrogen atoms but the
2N—1th carbon atom has only one hydrogen atom, there are,
in principle, two configurations for placement of the linker to
the electrodes, namely E and Z. We will call the resulting two
isomers (E)-HOE(N) and (2)-HOE(N), respectively. Again, the re-
optimized structure of HOE(Ns) and HOE(NI) with the linker
groups converged to the same structure, which is closer to
that of HOE(Ns). Also again, some are sterically impossible: (2)-
HOE(3), (2)-HOE(4), and (E)-HOE(5). Figure 14 focuses on two
typical oligoenes: (2)-HOE(5) and (E)-HOE(6); the full set of iso-
mers is shown in the Supporting Information.

(2-HOE(S)

(£)-HOE(6)

Figure 14. Local transmission plots for the 1 to 2N—1 connections of (2)-
HOE(5) and (E)-HOE(6). The first and 2N—1th carbon atoms are indicated by
red dots. For each structure two views taken from different angles are
shown. Total transmission at the Fermi level is decomposed. The local trans-
mission contributions are depicted only if above a threshold value of 0.05.
The diameter of the arrows is proportional to the value of the local transmis-
sion for a pair of atoms. Sulfur atoms bonded to Au electrodes (not shown)
are shown in yellow.
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The transmission plots are complicated; one can see a TB
transmission sequence from carbon 1 to carbon 2N—2. Then
the final step from C2N—2 to C2N—1 is much attenuated. In-
stead there are a number of TS transmission paths, stronger
than any shown in Figure 13 to C2N—1 and C2N.

We also carried out detailed DFT calculations of the transmis-
sion for 1,2N and 1,2N—1 electrode attachment. Consistently,
the 1,2N transmission was at least an order of magnitude
higher than the 1,2N—1 one. Typical values are 1.6-1.7x1072
for HOE(6) 1-2N (the range is for different stereochemistry of
attachment) vs. 7.0-7.2x10* for the same oligoene, electro-
des 1,2N—1. The 1,2N—1 transmissions correlate with the TS
distance between electrodes; no such correlation is calculated
for 1,2N transmission.

Summary and Conclusion

Helical oligoenes offer an opportunity, in principle, to set
against each other through-space and through-bond mecha-
nisms for electron transport. And recently synthesized mole-
cules give us a realization of these structures. We investigated
the structures of all-Z, all-s-cis helical conformations of oli-
goenes and found, unexpectedly, a range of pretty much equal
energy structures for tetraene, pentaene, and hexaene varying
in helix pitch. An intramolecular orbital interaction stabilizes
a more compact conformation in the higher helical oligoenes.

We even investigated a 12-ethylene helix, so as to make
a correlation (there in part, yet with significant differences)
with the oligoene substructure of a helicene.

Detailed calculations on alternative all-Z and all-E oligoene
conformers/isomers show the energetic destabilization, about
4-6 kcalmol~'/ethylene of the all-Z all-s-cis molecules, and the
degree of bond alternation in these as they converge on poly-
ene (polyacetylene).

We carried out Hiickel and DFT electron-transport calcula-
tions for a simplified model of helical oligoenes to determine
whether the dominant transport mechanism is through-space
or through-bond. The Hiickel calculation is indecisive, but local
transmission analysis in DFT calculations show clearly that the
dominant mechanism is through-bond, even if the through-
space path is much shorter than the through-bond one. When
the electrodes are attached to the first and 2N—1th carbon
atoms mt-type through-bond electron transmission can be com-
pletely annihilated due to a quantum effect peculiar to nano-
scale electron transport, which is what is called quantum inter-
ference. Then the contribution from the through-space trans-
mission greatly increases.

Theoretical Methods

Geometry optimizations were performed with the Gaussian 09 pro-
gram at the B3LYPY" level of theory. The 6-311+ 4 G(d,p) and 6-
31G(d) basis sets implemented in the program were used for
HOE(N) and experimental structures, 3, 4, and 6, respectively. To
properly account for dispersion interactions, Grimme’s D3 disper-
sion correction with the Becke and Johnson damping function has
been added.”? To check the reliability of the B3LYP calculations we

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.chemeurj.org

.@2 ChemPubSoc
x Europe

used M06-2X" and ®B97X-D"¥ functionals. CCSD(T)"*' single-point
energy calculations were also performed for each optimized struc-
ture.

Prior to the electron transport calculations, geometry optimizations
at the B3LYP-D3BJ/6-311 + + G(d,p) level of theory were performed
for HOE(N) with ethynylthiol linkers. After the optimization, the
thiol hydrogen atoms were removed and the Au, clusters that ap-
proximate the electrode surface were attached in accordance with
the methodology shown in a recent study.”® The adsorption site is
the fcc-hollow site. Single-point DFT calculations were carried out
for the electrode-molecule-electrode junctions at the B3LYP/
LanL2 MB level of theory to generate the Fock and overlap matri-
ces for electron transport calculations. We adopted a relatively
smaller basis set to avoid the problem of ghost transmission”” and
to get a clear picture of local transmission.

Electron transmission calculations and local transmission calcula-
tions were performed by using the post-processing tool Ar-
taios””’® in the framework of the wide-band limit (WBL) approxi-
mation of the NEGF method. The location of the Fermi energy is
defined as the middle energy point between the HOMO and
LUMO of the entire electrode-molecule-electrode system.

The non-equilibrium Green’s function matrix for an electrode-mol-
ecule-electrode system can be written as follows:*?

G(E) = [ES—H-X -] (6)

where S is the overlap matrix, H is the Hamiltonian (Fock) matrix,
and X is the self-energy matrix. The electron transmission probabil-
ity can be calculated from the following equation.®”

T(E) = Trace[l' GT'yG'] (7)

where T is the broadening function matrix. Both £ and T, which
describe the effect of electrodes, are calculated in the framework
of the WBL approximation.””!
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