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ABSTRACT: This study examined the nature of the
electronic structure of representative cross-conjugated poly-
enes from a valence bond (VB) perspective. Our VBSCF
calculations on a prototypical dendralene model reveal a
remarkable inhibition of the delocalization compared to linear
polyenes. Especially along the C—C backbone, the delocaliza-
tion is virtually quenched so that these compounds can
essentially be considered as sets of isolated butadiene units. In
direct contrast to the dendralene chains, quinodimethane
compounds exhibit an enhancement in their delocalization
compared to linear polyenes. We demonstrate that this
quenching/enhancement of the delocalization is inherently
connected to the relative weights of specific types of long-

bond VB structures. From our ab initio treatment, many localization/delocalization-related concepts and phenomena, central to
both organic chemistry and single-molecule electronics, emerge. Not only do we find direct insight into the relation between
topology and the occurrence of quantum interference (QI), but we also find a phenomenological justification of the recently
proposed diradical character-based rule for the estimation of the magnitude of molecular conductance. Generally, our results
can be conceptualized using the “arrow-pushing” concept, originating from resonance theory.

1. INTRODUCTION

Cross-conjugation in polyenes and other unsaturated hydro-
carbons is a ubiquitous phenomenon in organic chemistry."”
Broadly speaking, the term “cross-conjugation” has been applied
to any compound containing branched conjugated systems.’
Figure 1 exemplifies some of these molecules, like [n]-
dendralenes, [n]radialenes, fulvene, and p-quinodimethane,
which possess different cross-conjugated topologies.'
Cross-conjugation has been linked to a disjointed electronic
communication or delocalization and thus forms a natural
counter to linear conjugation, wherein the delocalization is
thought to be significant.”~” Over the past decade, the interest in
this phenomenon of impeded electronic communication has
soared due to the demonstrated connection between the cross-
conjugated structural motif and the occurrence of (destructive)
quantum interference (QI) in molecular electronics.®” "’
Furthermore, compounds exhibiting extensive cross-conjuga-
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tion (dendralenes, radialenes, fulvenes, etc.; cf. Figure 1) have
become experimentally available due to impressive advances in

. 12-16
synthesis

and are not anymore “a neglected family of
hydrocarbons”.'> There have been several theoretical and
computational studies on the nature of cross-conjugation vis-
»HI517725 The theoretical treatments so

far used by and large a combination of Hiickel MO theory and
2,4,21,23

a-vis linear conjugation.
graph theory, or resonance theory and graph theory.”*
However, an in-depth understanding of the origin of some of the
remarkable properties associated with this phenomenon is still
necessary in terms of computational quantum chemistry. As
such, we provide herein insights coming from valence bond
(VB) theory on the nature of cross-conjugation vis-a-vis linear
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Figure 1. Examples of compounds involving extensive cross-
conjugation.

conjugation as in linear polyenes. Let us provide first an overview
of the topic.

The origin of the limited interest initially directed toward the
purposeful design of cross-conjugated compounds can be
attributed to the absence of obvious applications for such
compounds. Thus, whereas linear polyenes play a vital role in
life-sustaining systems (cf. the mechanism of vision and light
harvesting systems) and as conducting polymers,”° extensively
cross-conjugated compounds seemed at first to be of fairly
limited applicability. Nevertheless, these polyenes have been
recognized as suitable starting points for syntheses involving
multiple Diels—Alder additions already early on."'"*” Even
though some short dendralene derivatives (arguably the
archetypical class of cross-conjugated compounds) were already
synthesized as early as at the start of the twentieth century,'>*>*’
a general route to dendralenes of varying length was only
achieved about a century later.">'****! Several synthetic routes
toward the design of cyclic analogues of dendralenes (radialenes
and fulvenes and their derivatives) were developed during the
1970s and later; yet even for these classes of compounds, the
structural diversity was, until recently, fairly small.*>~*° Another
class of molecules involving some cross-conjugation are the
quinoid compounds. Given the biological importance of
quinone and other quinoid structures,”’~* the chemistry of
these compounds has been studied more extensively.**~**

Next to their mentioned usefulness as building blocks for
complex compounds involving Diels—Alder reactivity, cross-
conjugated compounds (dendralenes) have also received some
attention due to their fairly large and constant HOMO—-LUMO
gaps which do not decrease with the increasing dendralene size.
This suggests also small changes in excitation energies,
ionization potentials, and electron affinities with respect to the
system size.” In fact, Fowler et al. theoretically determined
dendralene to be the polyene oligo-/polymer with the maximal
HOMO-LUMO gap on the basis of a variable neighborhood
search.”” Furthermore, Saglam et al. came to the intriguing
conclusion that for a range of dendralenes of varying length, a
common UV—vis absorption maximum could be measured
which corresponds to the absorption maximum of 1,3-
butadiene.'® Tykwinski and co-workers considered the suit-
ability of perphenylated isopolydiacetylene (iso-PDA), a
dendralene analogue, as an optoelectronic material due to its
enhanced second hyperpolarizability (y). The observed super-
linear increase in ¥ (i.e., the relationship corresponds to a power
law) was attributed to the helical conformation of perphenylated

6031

iso-PDA caused by the extensive steric strain present in this
compound (such steric hindrance is a general feature of cross-
conjugated compounds; vide infra).”’ Nevertheless, as men-
tioned before, the use of cross-conjugated compounds as
building blocks for materials has been rather limited. However,
this limitation vanished in the wake of the recent boom in the
field of single-molecule electronics.

Single-molecule electronics involves the study and the design
of electronic devices such as wires, switches, diodes, transistors,
etc. at the molecular scale.’’ In a typical single-molecule
electronics experiment, molecules are assembled between two
conducting (gold) surfaces so that a molecular junction is
formed. The measured I/V profile for the resulting junction is
intimately connected to the electronic structure of the molecule
involved.”

One of the phenomena originating from single-molecule
electronics (appealing strongly to the imagination of many
chemists) is (destructive) quantum interference.””* Destruc-
tive QI features are a reflection of the wave nature of electrons
and can be defined as antiresonances in the transmission
spectrum associated with the molecular junction, which are
caused by the mutual cancellation of the different transport
channels through the molecule in the coherent transport regime.
QI features located in the vicinity of the Fermi level of the
studied molecular junction lead to the measurement of a
reduced conductance under small bias.”* Over the past decade, a
clear connection between cross-conjugation and destructive
quantum interference has been established.*™" The phenom-
enon of QI has been invoked, among other effects, to explain the
observed reduction of the conductance of a benzene molecule
contacted in the meta configuration as compared to the more
distant para configuration and of (cross-conjugated) anthraqui-
none as compared to its linearly conjugated analogue
anthracene.”*>>° Furthermore, recent calculations performed
by one of the authors of the present study (TS) demonstrated
that cross-conjugation features in a molecular structure generally
play the role of barriers to coherent electronic current.
Whenever these barriers seal off all conjugated paths within
the molecule from contact to contact, QI will arise in the region
around the Fermi level, and if this is not the case, the barriers seal
off parts of the molecule so that these molecular fragments can
effectively be neglected in the theoretical calculation of the
transmission spectrum. 18

Ever since the initial observation of QI and the establishment
of its connection to cross-conjugation, a variety of models and
rules have been developed to explain and predict the occurrence
of this phenomenon. However, many of these rules employ a
language that is at times far removed from the natural language
used by chemists or involve chemical concepts based on very
approximate and/or qualitative descriptions of the molecular
electronic structure.”*>"~¢’

In this work, we take a fresh look at the electronic structure of
cross-conjugated compounds starting from a VB perspective. It
will be shown that the delocalization of both cross- and linear-
conjugated polyenes is caused primarily by the mixing of the
available long-bond structures into the fundamental Lewis
structure of the respective polyene, in affinity with the study of
Ray Dias.”* As such, it will be demonstrated that an intuitive
explanation for many of the remarkable properties and
observations outlined above comes out in a natural way from
this chemically oriented treatment. VB theory is especially
appealing to this end, since it offers unrivaled conceptual insight
into the delocalization characteristics of compounds.”
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Target Molecules. Recently, some of the authors of the
present study demonstrated that VB theory reveals the hidden
delocalized nature of (linearly conjugated) polyenes C,,H,,..,, 1
in Chart 1.” The theoretical treatment showed that starting with

Chart 1. 1, Linear Polyenes; 2, [m]Dendralene; 3, [m]o-
Quinodimethane; 4, [m]p-Quinodimethane

n = 5—6, the polyene’s wave function is mainly a shifting 1,m-
diradicaloid (m > 4), a character that increases as the chain
length increases, while the contribution of the fundamental
Lewis structure with alternating double and single bonds decays
quite fast and becomes minor relative to the diradicaloid pack.
The same study showed how, nevertheless, it is this wave function
that predicts that polyenes will still exhibit alternating short/long
CC bonds, like the fundamental structure, which contains
alternating double/single bonds. As such, the present VB
contribution should be considered as a second chapter in our
ongoing study of delocalization phenomena in conjugated
systems.

Below, we will focus specifically on model cross-conjugated
systems, which are depicted in Chart 1. The main targets are the
planar dendralenes, 2, which will be compared to the linear
polyenes, 1, as well as to a few members of the o- and p-
quinodimethane species, 3 and 4. It is seen that both the linear
polyenes 1 and the dendralenes 2 may be viewed as polymers
having s-trans butadienic building blocks, which exhibit different
connectivities; 1 has a contiguous delocalization path, while for
2 the C=C bonds in the Lewis structure form butadiene
segments that are connected via their middle C—C bond but are
otherwise disjointed. The quinodimethanes (QDMs) have more
complex themes of cross-conjugated double chains. The o-
QDMs 3 can be viewed as two s-transoid linear polyene chains
cross-conjugated at their vinylic carbon atoms, while the p-
QDMs involve an alternating s-transoid—cisoid polyene capped
in a cross-conjugated manner with double bonds. Alternatively,
0-QDMs 3 may be viewed as containing fused s-cis butadienic
units.

The cross-conjugated target molecules 2—4, will be treated by
the same VB methodology as used before’ for the linear
polyenes, 1, i.e., the valence bond-self-consistent field (VBSCF)
method,”’ using a VB-structure set of canonical structures, called
the Rumer structures.

2. METHODS

Geometry optimization of the various species was carried out using
B3LYP/D95V as implemented in Gaussian 09 program.®®®’ We tried
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also MP2 and other basis sets. As in the previous study (ref 7), BALYP
gave here results compatible with MP2. All these results are relegated to
the Supporting Information (section I).

All the VB calculations were carried out at the VBSCF method”® with
the XMVB code, which is an ab initio valence bond program.71 The
D95V basis set was used for most of the cases. As before, we used also
STO-6G for comparison and for the largest systems.”> The
delocalization energy for butadiene was tested before’ with other
basis sets including cc-pVTZ, which gave results virtually identical to
DYSV.”?

2.1. The VBSCF Method. The VBSCF method uses a wave
function that is a linear combination of VB structures @y with
coefficient Cy as shown in eq 1,

V= Z Cx Py
K (1)

where each VB structure is a multideterminantal wave function
corresponding to a specific chemical structure, and each VB
determinant is constructed from occupied atomic orbitals (here, the
2p, orbitals, the generators of the 7z system). The coefficients Cy are
determined by solving the secular equation in eq 2, in the usual
variational procedure:

HC = EMC ()

Here H, M, C are respectively the Hamiltonian, overlap, and coefficient
matrices, while E is the total energy of the system (including the o
frame). The variational procedure involves a double optimization of the
coefficients Cy, as well as the orbitals of the VB structures, in a given
atomic basis set. The o-frame is treated as a set of doubly occupied MOs
(taken from the corresponding Hartree—Fock wave function) that are
optimized during the VBSCF procedure. Thus, the VBSCF method is
analogous to CASSCF in the sense that both methods optimize
structure coefficients (cf. the C’s in eq 1) as well as the orbitals within
the used atomic basis set. We use here the double zeta D95V and the
STO-6G basis sets.*””*

The VB structures @y are the Rumer structures assembled from VB
determinants.””* Rumer structures are the canonical structures, which
for a polyene C,,H,,,, constitute all the linearly independent modes of
pairing the 2n m-electrons into n-pairs. For a general polyene/
dendralene C,,H,,,, in a singlet spin state, there exist m Rumer
structures in the structure-set given in eq 3:

(211) ( 2n ]

m= —

n n—1 (3)
Diagonalization of the Rumer basis set provides a spectrum of covalent
states, the lowest of which is the ground state, which is the focus of the
present paper. A critical set of Rumer structures is the block in which a
short 7-bond is being broken and replaced b;r along-bond, which can be
of variable lengths (e.g, 1,4; 1,6; etc.).” The number of Rumer
structures in this block depends on the conjugation-paths types
available to the 7-electrons.

2.2. Types of Atomic Orbitals in VBSCF. In describing the VB
structures, one can use atomic orbitals (AOs), such that the Rumer
structures will be purely covalent. This level of calculations is referred to
as VBSCF(AO-C), where C means that we used only covalent Rumer
structures. Our tests for dendralenes showed that using these orbitals
does not lead to correct trends in the series (see section II in the
Supporting Information). What the VBSCF(AO-C) method misses are
ionic structures. However, as argued before in ref 7, adding explicitly the
ionic structures, for example, in [4]dendralene, CgH,,, generates a
complete set of 1764 VB structures. Thus, considering all the ionic
structures becomes quickly impractical for our study that goes all the
way to C;¢Hs.

To avoid this multitude of ionic structures, there are ways to account
for these structures effectively while conserving the original number of
Rumer structures. This is achieved by allowing the AOs to have small
delocalization tails on atoms other than the one the AO “belongs” to. In
this manner, the formally covalent Rumer structures, which, so-to-
speak, are impregnated with ionic structures (see pp 40—42 in ref 74.).

DOI: 10.1021/jacs.9b01420
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One such set of orbitals is called BDO,””® where BDO stands for a
bond-distorted-orbital in which each AO on a given carbon atom is
allowed to have a tail only on the atom to which it is bonded. Some of
these BDOs are shown in Figure 2 for the smallest dendralene, C4Hj.

Figure 2. BDOs for C¢Hj: (a) centered on C1 and bonded with C2, (b)
centered on C2 and bonded with C1, (c) centered on C1 with a tail on
C4, (d) centered on C4 with a tail on C1. The relatively removed tails
bring about 1,4-ionic structures and were addressed before in ref 7
(consult also Appendix 2 in the Supporting Information).

We shall refer to this method as VBSCF(BDO-C) where the C denotes
that the number of Rumer structures is identical to the covalent Rumer
set (note that even though the STO-6G basis functions are single-{
orbitals, still during the BDO optimization, the tails will become
different for different Rumer structures). As such, the VBSCF(BDO-C)
level involves implicitly all the short-ranged ionic structures (cf.
Appendix 1 in the Supporting Information) and is generally reliable for
polyenes and conjugated systems. This is the standard method used in
this study. Another set of orbitals, called overlap-enhanced orbitals
(OEOs), which do not limit the tails to the bonded atoms, lead to
VBSCF(OEO-C), which includes explicitly all the ionic structures.”
This method was used here, albeit scantly.

Since all the molecules in this study have singlet ground states, the
paired electrons over two 7-BDOs are singlet-pairs. When in a given
Rumer structure, the pairing involves nonconnected carbon atoms,
such as 1—4 in linear polyenes, or even more distant pairing, all the way
to 1—2n pairs for C,,H,,,,, we refer to these as long-bonds, and the
corresponding structures are called “diradicaloid structures”.

2.3. The Rumer Structure-Set for Dendralenes. The con-
struction of linearly independent Rumer structures requires an atomic
connectivity-cycle, without any crossing bonds (or connections). These
Rumer structures can be very easily constructed for linear polyenes, as
shown in ref 7. However, for cross-conjugated molecules the generation
of the corresponding linearly independent Rumer structures is
somewhat less intuitive. To bypass the difficulties, we generate for a
given dendralene molecule an auxiliary structure that has well-known
Rumer structures. We then map these auxiliary Rumer structures unto
the dendralene structure and obtain the corresponding Rumer
structures for the dendralene.

How this is done is demonstrated in Figure 3 for the smallest
[3]dendralene, C4Hy. In the first step, in Figure 3a, we transpose the
position of the pivot-atom, numbered as 1 and marked in red, and we
create an auxiliary hexagon, in which we keep the atom-numbering
system as in the actual dendralene. Since a hexagonal array of six 2p AOs
(BDOs) leads to five Rumer structures (two Kekulé types and three
Dewar types), seen on the left-hand side in Figure 3b, we first draw
these Rumer structures and then we transform the structures back unto
the dendralene structure, keeping the connectivity of the atoms as in the
dendralene. The process generates one fundamental Rumer, R(0), a
block of two symmetry-related Rumers with one long-bond, labeled as
R(1,),j=1,1', where j is an index of the Rumer structure in the block,
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Figure 3. 7—Rumer structures for the C¢Hg dendralene: (a) creating
the auxiliary structure, a hexagon, by transposing the C1 (in red)
downward by 180°; (b) generating on the left the Rumer structures for
the auxiliary hexagon (on the left) and mapping these structures back to
the dendralene connectivity (on the right).

and a second block of two symmetry-related Rumer structures having
two long-bonds, hence, R(2,§),j =1, 1".

Figure 4a shows the energy spectrum of these Rumer structures for
[3]dendralene, assuming uniform C—C bond lengths, for the sake of
convenience. Thus, we have three blocks of Rumer structures, which are
ordered by the number of long-bonds; the lowest is the fundamental
structure, R(0), which has zero long-bonds. Above it, a set of two
Rumer structures with one long-bonds, R(1,7), where the second index j
involves symmetry-related structures, numbered as 1 and 1’. Finally,
there is a block of two symmetry-related Rumer structures, which have
two long-bonds, and are labeled as R(2,1) and R(2,1’). It is seen, in
Figure 4b, that the linear polyene, having the same carbon count, has
three Rumer structures with one long-bond (1,4- or 1,6 long-bonds)
while only one with two long-bonds. As we explained in detail in our
previous paper (ref 7), generating one long-bond creates a gap between
the two respective Rumer structures with a magnitude given by of (3/
2)4, where 4 is the 7-bond energy (approximately 60—70 kcal/mol).
With such an energy gap, it is clear that the dendralene will exhibit less
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Figure 4. Energy spectrum of Rumer structures for molecules with
uniform C—C bond lengths: (a) C4Hg dendralene and (b) C¢Hg linear
polyene.

significant mixing of the excited Rumer structures into the fundamental
one, R(0).

Generalization of the auxiliary-structure method for generating
Rumer structures for dendralene, as well as the full sets of Rumer
structures from a few members of the o- and p-QDMs, is outlined in the
Supporting Information (sections III and Appendix 3). The XMVB

program’' generates the Rumer structures automatically.

3. RESULTS

Below, we present our computational results. We start by
addressing the validity of our structural model for the
dendralenes and subsequently assess the extent of delocalization
in these compounds through a variety of indicators. Among
others, we consider the signatures of localization found in the
geometries and consider total z-energies (E,), delocalization
energies (AEy,), and the respective relative weights of the
fundamental Rumer and diradical structures in the wave
function as well as HOMO—-LUMO and singlet—triplet gaps.
Finally, we turn to the o-quinodimethanes and p-quinodi-
methanes (0- and p-QDM:s) and perform an analogous analysis
for these compounds before turning to a critical evaluation of the
origin of the observed trends in (de)localization and how our
findings can be connected to the transport properties of these
molecules.

3.1. Designing a Structural Model for Dendralenes.
The geometry optimization (using B3LYP/D95V) shows that
[n]dendralenes, n = 3—6, are all nonplanar (see Table S1 in the
Supporting Information). For the smallest member, [3]-
dendralene, the experimental electron diffraction (ED) data
reveals a skewed trans—cisoid form with dihedral angle of
39.3°."7 B3LYP and MP2 calculations with the D95V and aug-
cc-pVTZ basis sets reasonably reproduce the experimental
skewed structure. Figure Sa shows the ED- and computed-
structural data along with relative energies of the skewed and
planar structures. It is seen that compared with linear polyenes,
the short C=C bonds are very slightly shorter, 1.34—1.37 A,
while the C—C bonds are longer, 1.48—1.5 A. The geometric
details for the planar [3]dendralene conformer, which are shown
in Figure 5b, disclose very small changes.

In order to understand the origins of the skewing distortion
from planarity, as opposed to the linear polyenes, we used
VBSCF(BDO-C)/D95V calculations of the fundamental

Figure 5. Geometric features of [3]dendralene. (a) Skewed form. Data for each geometric parameter are given in the following order: (experiment),
[B3LYP D95V/cc-aug-pVTZ], {MP2 D95V/aug-cc-pVTZ}. (b) Planar form with data given as [B3LYP D95V/cc-aug-pVTZ], {MP2 D9SV/aug-cc-
pVTZ}. All bond lengths are in A and angles in degrees. AE,, is the relative energy (in kcal/mol) of the two conformers at the B3LYP/D9SV level.

6034

DOI: 10.1021/jacs.9b01420
J. Am. Chem. Soc. 2019, 141, 6030—-6047


http://pubs.acs.org/doi/suppl/10.1021/jacs.9b01420/suppl_file/ja9b01420_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.9b01420/suppl_file/ja9b01420_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.9b01420/suppl_file/ja9b01420_si_001.pdf
http://dx.doi.org/10.1021/jacs.9b01420

Journal of the American Chemical Society

Rumer structure, R(0) of the [3]dendralene, and found that
R(0) by itself prefers skewing (by 3.3 kcal/mol; Table SS).
Using the recently developed energy decomposition analysis
(EDA)”""® shows that ~1.6 kcal/mol out of the total energy
difference is due to H---H repulsion of the two CH, terminals
(C1 and C6). The rest comes from the 7—x Pauli repulsion of
the z-bonds. A similar conclusion was reached in ref 7 for the
central bond in butadiene. Furthermore, in accord with a recent
study by McCarthy et al.,”” we verified here using VBSCF(BDO-
C)/D95V that in s-cis butadiene, the skewed structure (close to
the gauche conformer) is slightly preferred over the planar one
(see Appendix 1 in the Supporting Information), and the
preference is dominated by the fundamental structure, R(0).
As a final test, we calculated for the planar and skewed
conformers of [3]dendralene, the delocalization energy (AE,,),
and the weight of the fundamental Rumer structure, W(R(0)),
in the corresponding VBSCF(BDO-C)/D9SV wave functions
(Tables S2 and S3). The results are depicted in Figure 6. It is

Figure 6. Relative delocalization energies in kcal/mol (AE g, = E, ¢ —
Eg(0)) at VBSCF(BDO-C)/D95V level, and weights of the fundamental
Rumer structure [W(R(0)], in the corresponding wave functions.

seen that the planar conformer is very slightly more delocalized
than the skewed form, by 1.2 kcal/mol, and in a fully consistent
manner this conformer has a smaller weight in R(0).

Clearly, therefore, all the above computational tests show that
the planar structure of [3]dendralenes is slightly, if at all, more
delocalized than the optimal nonplanar form. As such, the planar
conformers of [n]dendralene may serve as reasonable upper-
bound delocalized models for the skewed structures (cf. ref 7;
see for example the discussion of the skewed rotational T'S for s-
trans butadiene) for the purpose of comparing cross-conjugation
with linear-conjugation.

3.2. Indicators of Localization in Dendralenes. A gauge
of the relative delocalization of the two polyene families that
emerges from molecular orbital (MO) theory is the HOMO—
LUMO energy gaps, AEyomo-_rumo- Similarly, the singlet—
triplet excitation energy, AEgr, of a given polyene indicates the
potential for developing diradical character in the singlet ground
state. Although both criteria are indirect, we nevertheless tested
them here because we aim to increase the insight from both
possible approaches (VB and MO). Our results (see Tables S18
and S19) show that while the AEyonmo_rumo(B3LYP/DISV)
for linear polyenes drops from 100.5 to 57.0 kcal/mol, in going
from C4Hg to C 4Hq the same value for cross-conjugated
polyenes remains almost invariant along the series, 112.7—117.7
kcal/mol. Similarly, AE¢(B3LYP/D95V) varies for C¢Hg to
C,¢H,g linear polyenes in the range of 43.3—19.1 kcal/mol,
whereas for cross-conjugated polyenes, this value remains
virtually constant, 52.4—58.9 kcal/mol. While these criteria
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already demonstrate that electronic communication is impeded
in the cross-conjugated polyene family, we shall proceed to look
at geometric features and then use VB theory which provides
directly the delocalization energies in a quantitative manner and
enables at the same time a significant insight into these numbers.

Geometric Features of Planar [n]Dendralenes (n = 3—8).
Figure 7 shows the optimized geometries for the planar

Figure 7. B3LYP/D9SV optimized geometries for C,,H,,,, dendra-
lenes (top) and linear polyenes (bottom).

dendralenes and linear polyenes, having 6—16 carbon atoms.
On a quick glance, it is possible to see that dendralenes have a
stronger bond alternation; the C=C bonds of the dendralenes
are somewhat shorter, while their C—C bonds are significantly
longer. These trends indicate, in turn, that the cross-conjugated
topology of the dendralenes results in a lesser extent of
delocalization compared to the linearly conjugated polyenes.
Furthermore, one can observe that these trends become slightly
more pronounced as the chain length increases; especially for
the [n]dendralenes, the extent of bond alternation increases
throughout the series.

Total m-Energies of [n]Dendralenes. The spin-alternant
determinant, so-called quasiclassical (QC) state,”* represents a
convenient reference state for quantifying the total 7-energy of a
state (E,) or of an individual VB structure. Chart 2 depicts the
QC states for hexatriene as a typical representative of linear
polyenes and for [3]dendralene as a typical [n]dendralene. It is
seen that the spins alternate in both QC states, but the spins are
not coupled. As a result, the energy of the QC state is
nonbonded and can be used as a reference nonbonded state for
determining the 7-energy of the desired state.

Table 1 shows the z-energies of the corresponding
fundamental Rumer structures of these molecules, as
E.o = Eqc — Eg(o)y CauHanep molecules where n = 3—8. Clearly,
the cross-conjugated R(0) Rumer structures invariably have
higher m-energies compared with the linear isomers. Higher
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Chart 2. QC States for Typical Linear (Left) and Cross-
Conjugated (Right) Polyenes

Table 1. VBSCF(BDO-C)/STO-6G and VBSCF(BDO-C)/
D9SV 7-Energies (E,, in kcal mol™") of Cross-Conjugated
[n]Dendralenes and Linearly Conjugated Polyenes C,,H,,,.,

a
E.o

cross-conjugated linearly conjugated

structure (STO-6G/D9SV) (STO-6G/D95V)
CHy 72.4/55.3 71.5/54.4
CsH,o 95.8/73.2 93.1/70.4
CioHp, 119.7/91.6 114.6/86.2
Cp,H,, 143.9/110.4 135.9/101.9
CHi 168.5/129.3 157.1/117.5
CieHg 193.1/148.4 178.2/133.0

“Eo = E(QC) — E(R(0)).

energy means that the Rumer structure is more stabilized by 7-
bonding. This in turn reflects the observation made, based on
Figure 7, that the cross-conjugated molecules have by and large
slightly shorter C=C bonds and longer C—C bonds, compared
with the linear isomers. As such, the intrinsic 7-bond in C=C is
stronger, and at the same time, the z-Pauli repulsion across C—C
is weaker for the cross-conjugated molecules compared to their
linear isomers. This means essentially that the cross-conjugated
isomers are more localized in nature.

Table 2 shows the total z-bond energies, as E gy = Eqc —
Evp gy for a few members of the two families. The total VBSCF

Table 2. VBSCF(BDO-C)/STO-6G and VBSCF(BDO-C)/
D9SV 7-Energies (E, ¢, in kcal mol™") of Cross-Conjugated
[n]Dendralenes and Linearly Conjugated Polyenes C,,H,,,,

a
Eﬂ,ﬁlll

cross-conjugated

linearly conjugated
(STO-6G/D9SV)

structure (STO-6G/D95V)

CeHy 83.8/67.0 84.6/68.0
CeH,, 111.8/90.4 114.5/93.3
CioH,, 140.0/113.4 144.4/118.4
Cp,H,, 167.8/137.1 174.5/144.7

a
Eﬂ,full = EQC - EVB,full-

energy involves all the Rumer structures for the two sets of
molecules. It is seen that now the linear polyenes are more
strongly bonded by the 7-electrons compared with the cross-
conjugated polyenes. It is clear from Tables 1 and 2 that once we
turn on the mixing of the Rumer structures, the 7-electronic
component gets stabilized by delocalization energy (relative to
R(0)), and the trend is reversed, in favor of the linear polyenes.
As such, the delocalization energies of linear polyenes are larger
in absolute magnitude than those of the cross-conjugated
polyenes; the difference increases as the polyenes grow (vide
infra).
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One can obtain directly the delocalization energy (AEg) due
to the 7-electrons by calculating the full z-space wave function
relative to the fundamental Rumer structure, R(0). This requires
calculations of the full VB space which can be done in the
following two ways:

(a) The CASSCF(full z-valence) wave function is in principle
“identical” to VBSCF with the full sets of Rumer structures and
of the ionic structures. As such, using CASSCF(full z-valence)
instead of VBSCF(BDO-C) to calculate the fully delocalized 7-
valence state will provide upper-bound values of the
delocalization energy (with the exception of dynamic correlation
effects) for the full 7-active space. This upper bound value of the
delocalization energy is defined in eq 4:

(4)

(b) Alternatively, the full z-valence state can be calculated
using the full Rumer basis set; hence,

AEgq casscr(fuln) = Er(o) — Ecasscr(fulln)

(s)

Using VBSCF with BDOs limits us to CsHg—C,,H,, because
the optimization of all the BDOs in all the Rumer structures is
rather time-consuming. However, as we have already shown’
and is further demonstrated here (cf. Table S21), the VBSCF
wave function, which uses in addition to R(0), only the Rumer
structures of the first block that involve only one long-bond,
VBSCF(BDO-C; R(0) + R(1,§)) lead to total energies and other
properties almost identical to those obtained from VBSCEF-
(BDO-C; full z-valence). Thus, eq S, becomes eq 6:

AE4q.vpscrepo-c) = Er() — Eve

AE;.vescr®po-c) = Er(o) = EvBr(0)+R(1)

(6)

The AEg, values for both the linear and cross-conjugated
polyenes, calculated according to eqs 4—6, have been
summarized in the Supporting Information (section SS).
From these data, one can conclude that the basis set (STO-
6G vs D9SV) makes a rather small difference, with slightly
higher AEg, s values for DSV, and that the evaluation of
AE_casscr using CASSCEF leads to higher delocalization energies
than the VBSCF(BDO-C) method.

In order to extract a clear trend in the evolution of the
delocalization energy with an increasing chain length, we present
the values for the delocalization energy per C=C bond, AE,,/n
in Tables 3 and 4. For AE;q.ypscrmpo-c)/t we only show the
values for the first Rumer block, Rél J)-

From Tables 3 and 4, it can be concluded that the linear and
cross-conjugated compounds exhibit dissimilar trends in the
evolutions of their delocalization energy as the chains become
longer. For linear polyenes, we see that AEg,/n increases
steadily and converges as n becomes larger, and, as already

Table 3. AE;.cassce/? in kcal mol™ for Linear and Cross-
Conjugated Polyenes C, H,,,, in the STO-6G and D95V
Basis Sets

AEqq1.casscr(full-7) /n

cross-conjugated

linearly conjugated

structure (STO-6G/D9YSV) (STO-6G/D95V)
CeH 6.1/64 7.0/72
CeHyo 6.5/6.8 8.3/8.5
CioHp 6.4/69 9.1/9.3
CpHy, 64/6.8 9.7/9.8
CuHi 6.3/6.7 102/103
CiHis 6.1/66 10.5/10.6
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Table 4. AE;.yscr@po-c)/" in keal mol ™, for Linear and
Cross-Conjugated Polyenes C, H,,,, in the STO-6G and
D95V Basis Sets

AEgq vpscr(full-z) /n

cross-conjugated linearly conjugated

structure (STO-6G/D9SV) (STO-6G/D9SV)

CeH 3.7/37 45/44
CsHyo 3.8/3.8 52/52
CioHp 3.7/3.8 5.6/5.7
CuHy, 3.6/3.7 5.9/59
CuHie 3.6/3.6 6.0/6.1
CieHs 33/34 6.1/~

CysHyo 32/33 6.1/~

aAEdel—VBSCF(BDO—C)/n = (E(R(O)) — E(R(0) + R(l,j)))/n.

established in our previous work, this increase in AEy,/n, as n
increases, for the linear polyenes levels off at around 6 kcal/mol
at the VBSCEF level of theory and at 11 kcal/mol at the CASSCF
level of theory. For the cross-conjugated polyenes on the other
hand, AE,,/n remains more or less constant with increasing n
throughout the entire series and even goes down slightly. This
very slow decrease in AEy/n as n increases can presumably be
attributed to structural effects; as pointed out before, as the
chain length of the dendralene increases, the extent of bond
alternation increases ever so slightly throughout the entire chain,
indicating an increasing localization (especially in the formal C—
C single bonds, which get longer). We were unable to determine
whether this localization effect in dendralenes persists much
further as the chain length increases or dies out very fast due to
the limitations of our computational facilities. As such, we
cannot accurately project a limiting value for AE,,/n as n goes to
infinity, but we can reasonably expect that this value should lie
somewhere in the range between 1.5 and 3 kcal/mol at VBSCF
level of theory and 4—6 kcal/mol at CASSCEF level of theory.
Nevertheless, given that the slight decrease in AEyy/n is
presumably caused by a structural effect spread out over the
entire molecule, we can confidently conclude that every unit
added to a dendralene-chain leads to an intrinsically constant and
small contribution to AE,,;.

Given the estimated limiting values for AE4,;/n mentioned in
the previous paragraph, we can expect that, as n goes to infinity,
the delocalization energy per C=C bond of the infinitely long
linear polyene would be approximately 4—6 kcal/mol larger than
that of the corresponding cross-conjugated polyenes. This is the
lower limit estimate of the difference, since the planar model for
dendralene overestimates the AE,, quantity anyway.

Trends in the VB Wave Functions of Cross-Conjugated and
Linearly Conjugated Polyenes. Yet another way of probing the
different delocalization patterns of the two polyene families is to
consider the variation of the corresponding VBSCF wave
functions in terms of their Rumer structural constituents (see
Figures 3 and 4). Table S collects the weights of the Rumer
structures (W) for the fundamental structure, R(0), and the
collective structures R(1,j) that possess a single long-bond.

One feature that stands out is the decay of the weight of the
fundamental structure with the increased polyene size (n). It is
seen that while for the linear series, W(R(0)) decreases from
0.758 to 0.364, the corresponding weight for the cross-
conjugated series decays moderately, from 0.777 to 0.596. At
the same time, in both series, the combined weight of all the
Rumer structures that possess a single long-bond, W(R(1)),
increases. However, while this increase is fast for the linear
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Table S. Weights” of the Fundamental Rumer Structures
W(R(0)) and the Corresponding Blocks with a Single Long-
Bond, W(R(1)), in Cross-Conjugated vs Linear Polyenes
C2nH2n+2

cross-conjugated linear
WR0)  WRD)”  WRO)  WR(1)"
CeHg 0.777 0.205 0.758 0.250
CeHyo 0.704 0.286 0.588 0356
CioHp, 0.637 0.351 0473 0.453
CpH,, 0.596 0.350 0.364 0.508

“Weights calculated at the VBSCF(BDO-C)/D95V level of theory.
bW(R(l)) is the collective weight of all the R(1,j) Rumer structures.

polyenes, 0.250 — 0.508, in the cross-conjugated series the
increase is moderate, 0.205— 0.350, and beyond C,, the value
seems to remain constant (0.35).

An increase of W(R(1)) means more mixing of these “excited”
Rumer structures into the fundamental one (R(0)). This is in
perfect harmony with all previous conclusions that the cross-
conjugated polyenes are endowed with a reduced delocalization,
compared with the linear polyenes. In fact, one can see from
Table S, that in the linear series, the pack of R(1,/)) Rumer
structures has a collective weight larger than that of R(0) already
for Cj,H,,, as found previously.” The linear polyene becomes
quickly a pack of shifting long-bond diradicaloid structures,
whereas the cross-conjugated polyene remains close to the
original fundamental structure. Impeded delocalization in cross-
conjugation emerges clearly from all the above probes.

3.3. Comparison of Linear- and Cross-Conjugated
Polyenes to Quinodimethanes. Before proceeding to the
Discussion section, it is interesting to compare our two series of
polyenes to o-quinodimethnes (0-QDM), 3 (Chart 1) and to p-
quinodimethanes (p-QDM), 4. The QDM hydrocarbons have
formally two polyenes chains that are cross-conjugated, and their
comparison to the linear and cross-conjugated polyenes may be
instructive. Since the number of electrons in the QDM
molecules increases rapidly from the smaller members CgHjg
to larger ones, the VB treatment was restricted to two to three
members of this series of molecules, just enough to establish
comparison with the linear polyenes and dendralenes.

Delocalization in QDM. A test of the HOMO—-LUMO gaps
(Table S22), AEyomo-rumos Shows that the corresponding
values vary in the following order: AEyonmo-rumo(0-QDM) <
AEyomo-Lumo(p-QDM) < AEyomo-Lumo(linear polyenes) <
AEyomo-rumo(dendralene). The corresponding AEgy values
for the QDM molecules (Tables S$23—S25) are summarized in
Figure 8.

Even though the quantitative AEgy values presented in Figure
8 exhibit a significant dependence on the method used, one can
observe that the calculated excitation energies unequivocally
follow the same pattern as the corresponding HOMO—-LUMO
gaps; the values for the QDM molecules are smaller than those
for the linear polyenes, and the latter compounds have values
much smaller than those for the cross-conjugated polyenes.
Furthermore, our B3LYP calculations indicate that already for o-
C,6Hi, and p-CyoH 4 the solutions for the singlet ground states
show an instability to spin symmetry breaking (cf. Table S24),
indicating significant electron correlation and diradicaloid
natures. The computational challenges posed by the growing
diradical character upon elongation of these compounds offer an
explanation for the difficulty to obtain unequivocal quantitative
values using the standard methods employed above. For a more
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Figure 8. (Adiabatic) Singlet-to-triplet excitation energies, AE¢ (in
kcal/mol), calculated at B3LYP and MP2 levels of theory: (a) CgH,,
C1,H,, and Ci¢H;, 0-QDM molecules. (b) CgHg, C,,H,y, and CyoH 6
p-QDM molecules. The values are given in the following order of basis
sets, STO-6G/D9SV. The datum in parentheses in part a is calculated
by VBSCF. As demonstrated in Table S27 in the Supporting
Information, the DFT results are essentially functional independent.
We also note that at MP2 level of theory, a fragmentation of the singlet
state of C,yH, ¢ was observed so that no AEg value could be obtained.

in-depth discussion, we refer to the work by Malrieu and co-
workers.*”*!

As such, both quantities, AEyopmo_rumo and AEgr, indicate
the QDM molecules are more delocalized and have a higher
diradicaloid character compared with the linear polyenes. Since
the 0-QDM 7z-systems (3 in Chart 1) involves two cross-
conjugated s-transoid chains, it follows that the cross-
conjugation in the double-chain augments the delocalization
and diradicaloid character in the 0-QDM series. Similarly, the
delocalization of the s-transoid,cisoid chain of p-QDM is
intensified by capping the cisoid parts.

VBSCF(BDO-C)/D95V weights for all the molecular
systems collected in Table 6 confirm this conclusion. It is seen

Table 6. Weights of Rumer Structures for Linear- and Cross-
Conjugated Polyenes (C,,H,,,,), 0-QDM Molecules
(Cy,H,,,4), and the Smallest p-QDM (CzH,)

W(R(0))/W(R(1)) Values, VBSCE(BDO-C)/D95V

n linear cross-conjugated 0-QDM p-QDM

3 0.758/0.250“ 0.777/0.208

4 0.588/0.356 0.704/0.286 0.529/0.444

4 0.579/0.393"
S 0.473/0.453 0.637/0.351

6 0.364/0.508 0.596/0.350 0.222/0.557

“W(R(2)) = —0.008. p-QDM C,Hj

that the W(R(0)) weight of the fundamental Lewis structure for
0-QDM molecule decays faster than in the linear polyenes, and
at C,H,, the 0-QDM becomes a set of shifting 1,m-diradicals,
in a more pronounced manner than the C;,H,, linear polyene.
For p-QDM, W(R(0)) is available only for the smallest species
Cg4Hg and is already smaller than the corresponding value for the
linear CgH,, polyene, indicating its fast conversion to a 1,m-
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diradicaloid. The dendralenes display the largest W(R(0))
values, which decay slowly.

The above conclusions are supported by the delocalization
energies, AEg. casscpy in Table 7. Clearly, the QDM molecules
have the most efficient delocalization of either one of the
polyene families considered here (section VII in the Supporting
Information).

Table 7. AEy, cassce Values (in kcal/mol) for Linear- and
Cross-Conjugated Polyenes (C,,H,,.,), 0-QDM molecules
(Cy,H,,.4), and p-QDM Molecules (CgHg, C1,H,,)

AEclel,CASSCF/DQSV

n linear cross-conjugated 0-QDM p-QDM
3 21.6 19.2

4 33.8 274 41.1 42.3
6 59.0 41.0 79.8

7 71.9 46.9 96.1

8 84.5 52.5 122.7

4. DISCUSSION

The above results show that in any way we look at the various
“polyenes”, the [n]dendralenes are the least efficient in
promoting delocalization between the double bonds of the
fundamental Rumer structure, R(0). The linear polyenes are
rather effective in this sense, while the o- and p-QDM molecules
seem to do so the most efficiently among the molecular types we
examined here. Our goal in this section is to try to comprehend
and model the weak conjugation of the dendralenes vs linear
polyenes. Subsequently, we shall provide complementary insight
on the manner by which the Rumer structures favor/disfavor
electron transmission in linear polyenes and QDMs while
inhibiting it (sealing it off) in cross-conjugated ones.

4.1. What Are the Factors That Govern AE,,? A
perturbation—theoretic’*** treatment of the mixing of the
“excited” Rumer structures, R(Lj), into the fundamental one,
R(0), provides the means to conceptualize the behavior of AE,.
Figure 9 shows a schematic VB-mixing diagram, in which the

Figure 9. VB mixing diagram between R(0) and the components of the
excited Rumer structures in various blocks, symbolized collectively as
R(Ij), where I is the block number (I =1, 2, ...) while j is the number of
the Rumer structure within its specific block. The energy gap AE,,
between R(0) and the first block R(1) is indicated specifically in the
diagram.
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excited Rumer structures mix into R(0) and generate the full
state, Wg,, which is lowered in energy relative to R(0) by the
quantity, AEg. per- The AEgepe quantity is in turn a sum of the
individual contributions of the excited Rumer structures, R(Lj).

As shown previously, the mixing of a given excited Rumer j in
any given block is expressed as

AByq; = Gy )

Here, C; is the coefficient of the particular excited Rumer
structure, and fy; is the corresponding reduced matrix
element”** for R(0) and R(ILj). The total AE,, quantity is a
summation of all the terms.

Table 8 collects the VBSCF computed AEg, values alongside
the AEgq pe quantities evaluated by mixing the various R(I,j)

Table 8. Delocalization Energy Values AEy ygscy and
Perturbationally Estimated AEy,; ;.. Values for Linear and
Cross-Conjugated Systems and QDMs“

STO-6G/BDO DI9SV/BDO
AEgqvbset  AEgelpert ABgvbscs  AEgelpert
C¢Hg (linear) 13.1 13.1 13.7 13.5
CyHyo (linear) 213 207 229 228
C,oH, (linear) 29.8 28.5 322 324
C,,H,, (linear) 38.7 36.0 42.8 45.0
C¢Hjg (cross) 11.4 11.4 11.8 11.4
CgH,, (cross) 16.0 16.2 17.2 17.2
CyoH,, (cross) 203 20.1 218 23
C,H,, (cross) 239 23.5 26.7 28.1
C4H; (0-QDM) 25.1 248 269 267
C,H, (0-QDM) 51.0 443 582 622
CqH; (p-QDM) 257 24.8 27.1 267

“All energies are in kcal/mol. AEy p. includes all the excited Rumer
structures.

Rumer structures into R(0), as depicted in Figure 9. It is seen
that the delocalization energy calculated by the perturbation
expression in eq 7 leads to values very close to the corresponding
full-VBSCEF values. The largest deviations (<5%) are for C;,H,,
0-QDM. Furthermore, the perturbation treatment picks up the
trend that AEy,(cross-conjugated) << AEy,(linear) < AEy,(p-
QDM) ~ AEy,(0-QDM).

For qualitative purposes, we do not have to go so far. As we
demonstrated previously” and here as well (cf. Table S21), the
VBSCEF energy of a wave function made of R(0) and the Rumer
structures of block 1, R(1,f), is very close to the full VBSCF
energy, including the entire ensemble of Rumer structures.
Using eq 7, one can see that the above trends are determined by
(a) the number of Rumer structures in the R(1) block, (b) the
corresponding reduced matrix elements, £, and (c) the mixing
coeflicients Cs the latter depend on both the reduced matrix
element and the energy gaps relative to R(0).

To conceptualize the AEy, pe, trends for the various systems,
we focus on the Cg molecules that possess the same number of
double bonds (four) in all the above conjugative topologies.
Figure 10 shows these R(0) and R(1,j) Rumer sets for the Cq
molecule for the various conjugation topologies, and it is seen
that the cross-conjugated CgHj, has only three R(1) structures,
while the linear congener has six. Similarly, the o,p-QDM C8
molecules have seven and six R(1) structures, respectively
(sections VIII and IX).
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It is seen that the Cq dendralene has three R(1) Rumer
structures, wherein the delocalization branches between two
pathways; one is perpendicular to the C—C backbone and within
the consecutive butadieneic units, and the second is across the
C—C backbone. In contrast, in the other Cg molecules there are
at least twice as many Rumer structures in R(1), where the long-
bond is delocalized, reaching from one end of the molecule to
the other. Thus, the small member Cg already shows that the
dendralene is “least delocalized” among the four conjugation
topologies.

This pattern is quite general: the number of R(1,j) structures
d, as a function of n, the number of double bonds in the
conjugated system, follows from eqs 8 and 9, for linear polyenes
(eq 8) and cross-conjugated (eq 9). The expressions for the
QDM molecules are more complex, and their derivation is
shown in the Supporting Information (Appendix 3). Thus, the
number d; of R(1) block structures for 0-QDM increases to 20
for C,, then to 42 for C,, all the way to 182 for C,g, whereas for
p-QDM d, shoots up faster, 28 for C,,, 82 for C,, and all the way
to 668 for Cs,. By comparison, for the C,,—Cj, linear polyenes
the d; ranges from 15 to 496. Since the total number of Rumer
structures is constant for a given #, this means that in the QDM
topologies the branched conjugation makes many Rumer
structures belonging to R(1) rather than to the higher energy
blocks.

d
! (8)

)

It is apparent that the cross-conjugated dendralenes will have as
a rule the smallest number of R(1,) structures, compared to
linear polyenes, whereas the QDM molecules will possess much
larger number of Rumer structures in the respective R(1) blocks
(see Tables S40, S41, and A3.4 in the Supporting Information).
If we assume for simplicity that all the R(1,j) structures mix to
the same extent into R(0), we can predict that the AE, quantity
will vary linearly with the number of R(1,5) structures, d,. Figure
11a and Figure 11b show precisely this behavior for dendralenes
and linear polyenes. It is seen that both AEg pe,y and AEgq_ypect
quantities vary linearly with d;, for C;Hg—C,,H,,, and that the
dendralenes have poor delocalization compared with their linear
isomers.

The circles and pentagons in Figure 11b are the
corresponding AEgpe (blue and green, respectively) and
AEgvpscr (magenta and yellow, respectively) for the QDM
molecules. It is apparent that the conjugation topology of these
two molecules is more efficient than that in the linear polyenes of
the same number of double bonds. The detailed analysis of the
Cg molecules provides some insight into this trend. Thus, while
in cross-conjugated Cg, there are three Rumer structures which
together contribute ~15 kcal/mol to AEg.peqs in the linear Cq
polyenes there are, in addition to the three shorter range 1,4-
bond R(1) structures, also three R(1) structures with long-range
bonding (1,6 and 1,8), which together contribute ~20 kcal/mol.
In p- and 0-QDM Cg, the Rumer structures with the long-range
bonds contribute even more, thus reaching ~23 and ~22 kcal/
mol, respectively. This difference between the various
conjugation modes will increase as the size of the molecules
increases: the split delocalization of the dendralenes to the
butadienic branches with a smaller contribution along the C—C
backbone path (Tables 3 and 4 and discussions thereof) will lag
behind the contiguous delocalization in the linear polyenes and

d,
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Figure 10. Fundamental Rumer structure, R(0), and the ones in the first excited block R(1,j), in Cg molecules of the (a) linear polyene, (b) cross-

conjugated polyene, (c) p-QDM, and (d) 0-QDM.

the QDM molecules. Furthermore, in the actual geometries of
the cross-conjugated polyenes, the butadiene units undergo
twisting around the intervening C—C bonds such that the
delocalization via the C—C backbone path will be further turned
off.

4.2. The Decay of the Weight of the Fundamental
Rumer Structures with the Growing Size of the
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Conjugated System. As we saw all along, the conjugation in
C,,H,,.,, dendralenes is severely impeded compared with their
linear isomers. In addition to the AEy, properties, this is
expressed also in the wave function (Table 6), wherein the
weights of the fundamental Rumer structure, W(R(0)), decay
fast in linear polyene (C,,H,,,,) but slowly in dendralenes, as n
grows larger. As we showed above and before,” a linear polyene
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Figure 11. AE e pen (black diamonds) and AEy, . (red diamonds) values calculated at VBSCF(BDO)/D95V level plotted against the number (d,)
of Rumer structures in the first excited block (R(1)) for (a) cross-conjugated dendralenes and (b) linear polyenes. The circles in part b correspond to
the AE g1 pere (blue) and AEgq ¢ (magenta) for 0-QDM, and the corresponding green and yellow pentagons correspond to the p-QDM CgHg.

Figure 12. Decay of W,,(0) as a function of n for C,,H,,.,: (a) linear polyenes, (b) cross-conjugated dendralenes.

can be viewed as a shifting 1,m-diradicaloid (m > 4), which
accounts for the fact that the R(1,j) structures mix efficiently
with R(0), using both 1,4 and 1,6 and ..., 1,2n long-bonds. For
the dendralenes on the other hand, as we found in the present
study, the R(1,j) structures which mix with the corresponding
fundamental Rumer structures have only 1,4 long-bonds (e.g.,
see Figure 10) in the butadienic unit, perpendicular to the C—C
backbone. Along the C—C backbone of the dendralenes, the
delocalization per C—C unit decreases with the increase in n
(Tables 3 and 4) and will be almost negligible in the actual
nonplanar geometries.

As such, for the sake of simplicity, we can view the weights of
the fundamental structure W,(0) for C,,H,,,, polyenes (linear
or cross-conjugated) as products of the W,(0) weights
(probabilities) of all the butadienic segments, which participate
in the main delocalization pathway; in the case of linear
polyenes, there are n — 1 butadienic segments overlapping along
the chain (hence allowing for long-bonds of the type 1,4; 1,6;
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1,8; ..; 1,2n), while in dendralenes, there are n/(2 — 1)
disjointed butadiene segments perpendicular to the C—C chain.
Equations 10 and 11 use this rationale to predict the decay rates
for R(0) in the wave function of a linear- and cross-conjugated
polyene, C,,H,,,,, using W,(0) = 0.871.

w,(0) = [1/\/'2(0)]"_1 linear

(10)

w(0) = [I/VZ(O)]O'S"_1 cross-conjugated (11)

The results are plotted in Figure 12, using the corresponding
W,(0) obtained from VBSCF(BDO-C) calculations and
equations (eqs 10 and 11). It is seen that the simple equations
(egs 10 and 11) predict the decay rate reasonably well. The rate
is large in Figure 12a for the linear polyenes and quite tempered
in Figure 12b for the dendralenes. Note that the VBSCF(BDO-
C) values are always smaller than those of the model equations
because the VBSCF calculations take into account the entire
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Figure 13. (a) The occurrence of quantum interference in molecular conductance experiments appears to be determined by the presence/absence of
“electronic coupling” between the contact sites. If a combination of contact sites corresponds to an R(1) structure, no destructive quantum interference
occurs (cf. the green paths). When this is not the case, QI occurs (the red paths). (b) Curly arrow drawings are a handy tool to determine whether two
sites in a conjugated system can be connected through a single long-bond, thus indicating whether or not these sites are “electronically coupled”. S—Au
indicates the electrode attachment site in the transport-measurement experiment, where S is a typical linker atom and Au is a typical electrode element.

VBSCF wave function, wherein higher rank Rumer structures
are mixed as well.

The expressions with W(0) for the QDM families are less
simple to derive. Therefore, we relegated the discussion of these
quantities to the Supporting Information (Appendix 3).
However, we know from the foregoing discussions that in
both families, the delocalization in the polyenes chains is being
augmented either by the second chain in 0-QDM or by the
C=C caps in p-QDM. Therefore, a simple way to see what
happens to W(0) is to consider the overlapping C8 units. For
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example, in C12 0-QDM, we have two such units, and based on
the C8 datum in Table 6, we can predict that W(0) for C12
would be ~(0.579)* = 0.28 (vis-a-vis 0.222 computed in Table
6). Similarly, for C14 p-QDM we have two overlapping C8 units
which lead to W(0) = (0.579)* = 0.34. While these estimations
are quite rough, they nevertheless tell us that in these two
families, the molecules become shifting diradicaloids at C12 and
C14, respectively.

4.3. Electron Transmission Capabilities of Polyenes
and Quinodimethane Conjugated Molecules. As men-
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Figure 14. Comparison of anthracene (top) and a cross-conjugated anthracene (bottom). Note that the cross-conjugation feature renders connection
of sites on opposite side of the feature in R(1) structures impossible. As such, all electronic couplings between the contact positions and sites beyond
the feature are effectively destroyed; i.e., cross-conjugation can be understood to essentially seal-off specific parts of the polyene molecule for

delocalization.

tioned in the Introduction of this paper, part of our motivation
to take a closer look at the wave function of cross-conjugated
compounds has been the apparent connection between the
structural motif associated with cross-conjugation and the
occurrence of (destructive) quantum interference, i.e., a sharp
reduction in the coherent transport of electrons through the
molecule in molecular conductance experiments.*”*>*° The
results presented above seem to indicate that the origin of this
connection can be attributed to whether or not the two contact
positions on the molecule lie on the contiguous delocalization
path of the molecule and hence are “electronically coupled”.

Recall that for all the polyene compounds, considered both
here and before,” only the fundamental Rumer structure, R(0),
and the first block of diradicaloid structures, R(1), played a
significant role in the wave function. In linearly conjugated
compounds, a long-bond in R(1) can stretch across the main
conjugation path unhindered, resulting in the presence of 1,m-
diradical structures in the wave function (m = 4, ..., 2n). As such,
electronic delocalization between any two sites corresponding to
the couple of radicaloid sites in one of the R(1) structures is
significant. Accordingly, one observes no quantum interference
in molecular conductance measurements when contacts are
connected to the molecule in these positions.’>**®> On the
other hand, for all the combinations of contact positions on the
molecule that do not correspond to a single long-bond,
destructive quantum interference around the Fermi level is
observed (cf. Figure 13a).7>°%%% As mentioned, the weight of
the 1,m-diradical structures go down as m increases, and
correspondingly one also observes (both theoretically and
experimentally) a steady decrease in the electron transmission
probability as the spacing between the two contact positions on
the molecule becomes bigger. As such, one can conclude
empirically that the weights of the specific diradicaloid structures,
i.e., the extent of electronic coupling between the different couples of
potential contact sites, gauges the magnitude of the transmission
probability around the Fermi level as well.

As we have argued before, the long-range electronic coupling
along the main conjugation path observed for linear polyenes is
in sharp contrast to what is observed for the dendralenes. In
these compounds, the cross-conjugation structural motifs
restrict structures belonging to the R(1) block to within a single
butadienic unit and long-range delocalization along the central
C—C backbone is essentially negligible/nonexistent in these

compounds. As such, the presence of a cross-conjugation feature
can be understood to essentially break the “electronic coupling”
between adjacent butadienic units abruptly. Accordingly, one
observes QI upon connection of the contacts on opposite sides
of this structural feature in a molecular conduction experiment
(cf. Figure 13a).>*%%%

These findings, arising from a pure and unbiased ab initio VB
treatment, corroborate further the many rules for the prediction
of quantum interference features constructed from tight-binding
models which have been proposed over the past few
years, 535700636467

More generally speaking, our observation that the wave
function of polyenes essentially consists only of R(0) and R(1)
structures is in full agreement with the “arrow-pushing”
mnemonic central to resonance theory in organic chemistry,
which has recently also found its way into the realm of molecular
electronics.’” Indeed, curly arrow drawings are a handy tool to
decide whether two sites in a conjugated system can be
connected through a single long-bond, thus indicating whether
or not these sites are electronically coupled (cf. Figure 13b). In
this regard, we also want to refer to the recent work by Gerald
Knizia and his co-workers (as well as by others®*) in which the
physical roots of curly arrows have been scrutinized and a
quantum chemical method has been developed and embedded
into TURBOMOLE™ to probe their paths throughout chemical
reactions.* "’

Furthermore, our findings enable us to understand the
mechanism behind the barrier effect of cross-conjugation
features described in a recent study by one of the authors
(T.S.) in which the local current through hydrocarbons was
examined. Indeed, cross-conjugation features can essentially seal
off specific parts of the polyene molecule for delocalization from
either of the contact sites by destroying all electronic coupling
between sites on opposite side of this feature (Figure 14; it is no
longer possible to draw an R(1) structure connecting sites on
opposite sides of the feature)."®

Additionally, our observation, laid out in the second
paragraph of this section, that the magnitude of the transmission
probability around the Fermi level for a specific configuration of
contacts on the molecule appears to be governed by the weight
of the corresponding diradical structure in the wave function
corroborates in a more quantitative manner the previously
proposed diradical character rule to estimate the magnitude of
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conductance through molecules under small bias.**™" The
posited connection between the magnitude of the transmission
probability and the weight of the diradical structures also
explains the extraordinarily high transmission probabilities
calculated for molecular electronic devices in which contacts
are connected to exocyclic methylene groups in p-QDM:”""*
two R(1) structures connect these two sites, and their combined
weight is higher than that of any other 1,6- or 1,8-connection
considered in this study.

5. CONCLUSIONS

In this study, we examined the nature of the electronic structure
of some representative cross-conjugated polyenes from a VB
perspective. We performed VBSCFE calculations on both
dendralenes and quinodimethane compounds and found a
stark contrast in the delocalization features among them.
Dendralenes exhibit impeded delocalization along their C—C
backbone; they can essentially be considered as a set of
disjointed butadiene units. Quinodimethanes on the other hand
exhibit excellent delocalization, even exceeding the extent of
delocalization found in linear polyenes. Our subsequent analysis
demonstrated that the calculated differences in delocalization
can be rationalized based on the relative weights of the specific
classes of Rumer structures; only R(0) and R(1) VB structures
play a significant role in the wave function, and as such, the
number of R(1) structures associated with a specific topology
determines the delocalization characteristics of the considered
compound. This realization enables us to connect our results to
a variety of localization/delocalization-related concepts and
rules, central to both organic chemistry and single molecule
electronics. Among others, our ab initio VB treatment leads to a
lucid rationalization of the apparent relation between cross-
conjugated topologies and the occurrence of destructive
quantum interference and offers a justification of the recently
proposed diradical-character-based rule for the estimation of the
magnitude of molecular conductance. More broadly, our results
are in full agreement with the often dismissed “arrow-pushing”
concept, originating from resonance theory.93
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