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Dendrimers made of oligo(phenylene ethynylene) building blocks are highly-organised two-dimensional macro-
molecules that have raised much interest for their potential use as artificial light-harvesting antennae. Excitation-energy
transfer is assumed to occur from the periphery to the core via a tree-shaped graph connecting a pair of donors on each
acceptor. The received photophysical mechanism involves a converging cascade of crossings among bright electronic
states foremost mediated by rigid acetylenic stretching modes. On the other hand, competition with in-plane trans-
bending motions has been detected experimentally in oligomers and confirmed by computations in larger species, thus
suggesting the additional involvement of dark electronic states acting as intermediates. In the present work, we show
that this secondary process represents an alternative pathway that may not be detrimental and could even be viewed as

a mechanistic shortcut.

I. INTRODUCTION

Poly(phenylene ethynylene) (PPE) — or more gener-
ally poly(arylene ethynylene) (PAE) — polymers are well-
established commercial materials known for their outstanding
properties as light-emitting polymers, especially in the context
of technologies based on m-conjugated organic optoelectron-
ics involving OLEDs (small-molecule organic light-emitting
diodes) and PLEDs (polymer OLEDs).!

Closely related, dendrimers>® of phenylene ethynylene
(DPEs) have attracted much attention over the last decades
as potential candidates for acting as artificial light-harvesting
macromolecules, the most famous one to date being the so-
called “nanostar”, which exhibits enhanced fluorescence from
its perylene core by design.*1°

Typically, natural and biomimicking light-harvesting sys-
tems are supramolecular assemblies that absorb light in the
UV-visible domain at the one end, further channel excitation-
energy transfer (EET) through a sequence of through-space
weakly-coupled donors and acceptors, and release the ab-
sorbed energy at the other end for conversion into useful work
(see, for example, Ref. 11).

DPEs show similar light-harvesting properties, but they
present two specific features: first, they are single covalent
macromolecules; second, their branched connectivity should
make them capable of through-bond EET amplification or
concentration. Indeed, they are organised according to tree-
shaped connected graphs made of similar subunits of increas-
ing length from the periphery to the core. Each subunit con-
sists in a m-conjugated linear oligo(phenylene ethynylene)
(oPE) chromophore, typically with two, three, and four rings.
They are linked together through threefold meta-substitution
on shared phenylene nodes such that each node gathers two
identical energy donors (D) and one energy acceptor (A),
yielding a macromolecular architecture based on nested layers
of DDA-type connections (see Ref. 12).

EET in DPE:s is thus governed by a convergent flow of uni-
directional excitation-energy gradients due to the decrease of
the energy gap when the size of the conjugated 7m-system of
a linear oPE chromophore increases and is expected to travel,
gather, and concentrate via each node through the tree, basi-
cally from the “leaves” to the “trunk”.

It must be stressed that the decomposition of DPEs into an
assembly of weakly-interacting oPE donors and acceptors has
become well accepted over the years but is not so evident
from the onset. Adjacent donors and acceptors meeting at
nodes within the tree-like architecture cannot be fragmented
into actual oPE moieties, since they all share common pheny-
lene rings; in addition, they are expected to exhibit strong 7-
conjugation extended over the whole system at first sight.

However, experimental studies have definitively shown that
the absorption spectrum in the UV domain of the prototyp-
ical “nanostar” for example was almost identical to the su-
perposition of the first absorption bands of its linear oPE
branches (two, three, and four rings) plus that of the perylene
core. #6810 It thus occurs that DPEs actually behave as if they
were made of a branched array of aggregated oPEs interacting
weakly together.

This apparent paradox can in fact be rationalised easily us-
ing what we termed a pseudo-fragmentation scheme in a re-
cent study.'® The latter work exemplified this concept on 1,3-
bis(phenylethynyl)benzene where the two overlapping oPE
pseudo-fragments are tolane (aka. diphenylacetylene: DPA)
molecules. The rationale for pseudo-fragmentation is the par-
ticipation to the m-conjugation of two distinct pairs of degen-
erate frontier orbitals on each meta-substituted phenylene ring
(one re-hybridised for the left, the other for the right) instead
of a single pair on a para-substituted one (equally shared and
delocalised equally to the left and to the right). For this rea-
son, each meta-phenylene node can be viewed eventually as a
“double site”.

Quite obviously, understanding the detailed electronic
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properties and photodynamics of basic oPE subunits within
DPE:s is of fundamental importance in order to find optimal
conditions for EET to occur and be amplified efficiently in
such macromolecules. For this, we address in the present
work an aspect that has not been prominently investigated in
the literature on DPEs: namely, the potential photoisomerisa-
tion from bright to dark (and from dark to bright) states via
in-plane bending motions of acetylenic moieties, within the
rigid network of benzene rings, leading to the intermediate
formation of trans-stilbene-like biradicals in forked species.

Indeed, it has been shown with time-resolved spectroscopy
by Hirata et al., already in the 1990’s,'* and further confirmed
by later experimental and theoretical studies' '8 that tolane
could experience — after a transition to its first-excited bright
singlet electronic state — some nonnegligible photoconver-
sion into a more stable dark trans-stilbene-like photoisomer
on a few-picosecond time scale. Later on, Fujiwara et al.!’
have shown that the next member in the series, the three-
ring para-linear oPE, 1,4-bis(phenylethynyl)benzene, could
in principle experience a similar photoisomerisation but much
less efficiently, due to a much higher activation energy and
a reverted stabilisation energy order between both bright and
dark isomers.

The present work is a computational and theoretical
study where we show how the results and interpreta-
tion of previous studies on the first two linear oPEs
will help in understanding how photoisomerisation among
bright and dark states may affect EET in the first
dendrimer-like “forked DDA-type” prototype, namely 1,3,5-
bis(phenylethynyl)(diphenylethynyl)benzene (a pair of two
donors on a single threefold-ring acceptor).

We expect the results presented in the present study to
be viewed as first and crucial insights into further address-
ing possible competition between EET and photoisomerisa-
tion within extended DPEs in a more detailed way than the
ideal scheme, which we also investigated recently in Ref. 20,
based on a cascade of bright states mediated by rigid stretch-
ing modes.

Il. COMPUTATIONAL DETAILS

We performed DFT and linear-response TD-DFT calcu-
lations within the CAM-B3LYP/6-31+G(d) level of theory,
previously assessed for tolane,”! extended to other members
of the series including 1,4-bis(phenylethynyl)benzene,?” and
further applied to 1,3-bis(phenylethynyl)benzene,!? using the
Gaussian quantum chemistry package, version 16, Revision
A.03.%

Vibrationnally resolved absorption spectra (so-called “vi-
bronic” spectra) were calculated via the standard Franck-
Condon-Herzberg-Teller (FCHT) module of Gaussian®*
for the three linear species within the harmonic, Born-
Oppenheimer, and Franck-Condon approximations. = We
showed in Ref. 22 (following early prescriptions laid out in
Ref. 21) that the 0-0 band origins and the dominant vibra-
tional progressions were in very good agreement with exper-
imental data, using the aforementioned level of theory, for

tolane and those of each para-oligo(phenylene ethynylene),
in particular 1,4-bis(phenylethynyl)benzene of interest here.

Minimum and transition-state geometries were optimised
in ground and excited electronic states and characterised with
frequency calculations for the three systems.

Minimum-energy conical intersections (MECIs) between
bright and dark states were optimised with the method pre-
sented in Ref. 25. It was originally proposed for singlet/triplet
crossings for which the spin-orbit-coupling-free branching
space is one-dimensional. We applied it within geometri-
cal subspaces where both singlet states have different spatial
symmetries, such that the derivative coupling describes a non-
totally-symmetric direction and, as such, is orthogonal to the
energy gradients by construction.

Finally, we calculated derivative couplings numerically
with the procedure exposed in Ref. 26, based on a harmonic
analysis of the Hessian of the squared energy difference.

The “nature” of the relevant electronic states at represen-
tative molecular geometries was further characterised with
electron-density-based descriptors, calculated according to
the formalism and methodology exposed in Refs. 27-29 and
implemented in the MESRA code.*"

Such descriptors are essentially based on the analysis of
the unrelaxed one-body reduced difference density matrix ob-
tained as the difference between the one-body reduced density
matrices of the two electronic states of interest.>! The depleted
and accumulated density contributions, with possible overlap,
are termed “detachment” and “attachment” densities.?*->?

Our first descriptor is the amount of charge transferred dur-
ing the electronic transition (the integral of the positive — or
equivalently, the absolute value of the negative — contributions
to the difference density). It is typically known as ¢©T.283!
Our second descriptor, ¢g, measures the locality of the density
rearrangement: it is defined as the spatial overlap between the
detachment and the attachment densities.?’

Ill. RESULTS AND DISCUSSION

The pseudofragmentation scheme developed by Ho and
Lasorne'? allows us to describe a DPE as if its oPE branches
were excitation-energy donors (D) and acceptors (A) (pseud-
ofragments), weakly interacting together, when bright elec-
tronic states are concerned. We shall see below that this also
applies to dark electronic states.

A. Linear oPEs

Let us start with the three smallest oPEs: DPA
(diphenylacetylene,  aka. tolane), BPEB (1,3-
bis(phenylethynyl)benzene), and DPABPEB (next linear
species with four rings). Their ground-state Lewis structures
at equilibrium geometries are given in Fig. 1.

They are all highly 7-conjugated species, with aromatic
phenylene groups being spaced by alternated single-triple-
single bonds. They all belong to the %, point group. The
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Mulliken convention will be used thereafter, such that the z-
axis is the C,-axis, and the x-axis is orthogonal to the molec-
ular plane. The ground electronic state of each system is then
llAg (closed shell).

The first adiabatic electronic excited
of DPA have been studied both experimentally and
theoretically.!4-1822.33-36 At the ground-state equilibrium ge-
ometry (also called the Franck-Condon — FC — geometry),
the first optically active (bright) state is 1'By,. It lies around
4 —5 eV, where five electronic excited states have been char-
acterised (1'Byy, 1'Bay, 1'Bs,, 1'Ay, and 2'A,). There is no
definitive consensus on their exact energy ordering, but only
1'By, is bright; it corresponds to a typical & — 7* locally ex-
cited (LE) transition with a strong oscillator strength, as ex-
pected. We shall call the first singlet adiabatic excited state
S1.

The minimum geometry of 1!By, corresponds to a cumu-
lenic bonding pattern (a sequence of three double bonds along
orthogonal planes) surrounded by quinoidal rings (see Fig. 1).
It will be further named as the cumulenic isomer, cDPA.

It is now received knowledge that cDPA is the precursor of
another optically inactive (dark) species in S, tDPA, associ-
ated to a frans-isomer (see Fig. 1), according to the experi-
mental evidence provided by Hirata et al.,'* where they pro-
posed a photoisomerisation mechanism: So —X — Y — Tj in
which Sy is ground-state DPA, X is S; ¢cDPA (bright), Y is
tDPA (dark), and T is a subsequent triplet species. This was
further confirmed by theoretical studies.!>~17-33

The dark isomer belongs to the %% point group where S;
is 1'A,. Its energy is lower than that of the bright %, isomer
where S; is 1'Byy (1'By in %y, while 1'A, in %, correlates
with a mixture of 1'B3, and 2'A, in Zyy,).

Our TD-CAM-B3LYP/6-31+G(d) calculations show that
Si/1 1B, at the FC point lies at 4.476 eV (oscillator strength
f =0.93) above the ground-state minimum, while the corre-
sponding ¢cDPA S; isomer (local minimum) is at 4.144 eV (os-
cillator strength f = 0.96); the dark tDPA S isomer (global
minimum) is at 3.716 eV (see Table I).

Less information is to be found in the literature on the cu-
mulenic and ¢rans isomers of BPEB. As opposed to DPA, the
minimum of the dark state (1'A”) is now higher in energy than
the bright state (1'By,). In particular, Fujiwara et al.'” have
found that the bright cPBEB S isomer is at 3.25 eV and the
dark tPBEB S isomer is at 3.51 eV, while Hodecker et al.3”
have obtained 3.90 eV and 4.25 eV, respectively.

Our level of theory places them in between, at 3.624 eV (os-
cillator strength f = 2.00) and 3.685 eV (oscillator strength
f =0.00); see table I. The three levels of theory (BP86/cc-
pVDZ,'"” CAM-B3LYP/def2-TZVP,*’, and CAM-B3LYP/6-
31+G(d) in the present work) give consistent trends in terms
of energy ordering.

No similar data have been found in the literature for the
longer linear species with four rings, DPABPEB. Our present
calculations identified consistently a %, Sy equilibrium ge-
ometry (bright FC S} /1 B, at 3.626 eV). The bright 2y, iso-
mer (c-DPABPEB; see Fig. 1) 1'Byy lies at 3.376 eV. There
are now two distinct dark ¢rans isomers in S;: the peripheral-
trans isomer (peri t-DPABPEB) and the middle-trans isomer

singlet states

(mid t-DPABPEB); see Fig. 1. The first one is %; and corre-
sponds to a dark 1'A” state (3.687 eV). The second one is %5,
and corresponds to a 1'A, dark state, slightly lower in energy
(3.652eV).

The three oPE linear systems (with two, three, and four
rings) in S; at the FC geometry (vertical transitions) and
at their cumulenic geometries (bright isomers) are all char-
acterised by a large oscillator strength (see Table II). The
corresponding excited electronic states are all of # — " LE
character, described by a dominant HOMO/LUMO transition;
see Fig. 2. The reorganisation of all bonding patterns from
alternated-aromatic to cumulenic-quinoidal is consistent with
the excited Lewis structures given in Fig. 1 and with changes
in equilibrium geometries from Sy to the bright S;.

In a more quantitative manner, this can be characterised
upon examining the attachment and detachment densities?’—32
shown in Fig. 3. First, they are upon visual inspection
almost identical to the squares of the HOMO and LUMO
for each system. This means that the electronic transition
can be pictured approximately as if a single electron of the
HOMO were excited to the LUMO (excitonic approximation).
The attachment-detachment-overlap density-based descriptor,
¢S,27 is equal to 0.86 in the case of DPA, 0.85 for both BPEB
and DPABPEB, consistent with LE states of similar character.

In addition, the other relevant charge-shift density-based
descriptor, g*T,783! gives similar values for the three systems:
approximately 0.4 (see Fig. 3), which means than the net
spatial charge displacement involved in the photoexcitation is
low, again consistent with a strong LE character: the density
is locally reorganised through space but does not involve the
creation of any significant electric dipole over the extent of the
molecule.

Let us now consider the dark isomers in S;. Their equilib-
rium geometries are characterised by a HOMO/LUMO pair
(see Fig. 4) that differ much from the cumulenic isomers:
the LUMOs of the cumulenic and ¢rans isomers involve the
orthogonal 7y molecular orbital and the parallel 7y molecu-
lar orbitals, respectively. The LUMOs of the frans isomers
are thus in-plane and very much localised on a singly-bent
ethynylene group. As a consequence, the trans isomers of all
species almost have the same energy, irrespective of the num-
ber of rings: ~ 3.7 eV (see table I).

The attachment and detachment densities shown in Fig. 5
have quite similar shapes to the HOMO/LUMO pairs asso-
ciated to each oPE, except that they are more localised on
the ethynylene groups that are actually bent. The attachment-
detachment-overlap descriptors take values that are lower than
those of the cumulenic isomers (¢s = 0.53 —0.54 in all cases),
while the charge-shift descriptors take values that are greater
(qCT = 0.74 —0.75 in all cases). Dark isomers can be viewed
as if almost one electron were displaced upon transition from
the orthogonal 7-plane to the parallel o-plane, thus yielding
a biradicaloid species that is the direct precursor of a triplet
(much similar to dioxygen).

Let us now consider continuous geometric displacements
connecting the various bright and dark isomers in §;. Four
“rigid scans” are gathered in Fig. 6 along the y-angle, de-
fined such that it is the symmetrical bending angle centred on
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FC point  cumulenic isomer trans isomer
DPA 1'By,: 4476 1'By,: 4.144 1TA, : 3.716
BPEB 1'B1,:3.896 1!By,:3.624 11A”: 3.685
DPABPEB 1'B,:3.626 1'Bj,:3.376 1'A”: 3.687 (perit)

1'A, : 3.652 (mid 1)

Table I. Energies (in V) and state symmetries of the Franck-Condon points and of the cumulenic and ¢rans isomers, relative to the ground-state

minimum, for DPA, BPEB, and DPABPEB.

cumulenic isomer trans isomer

DPA 0.96 0.00

BPEB 2.00 0.00

DPABPEB 2.94 0.00 (peri t)
0.00 (mid 1)

Table II. Oscillator strength (f) of the cumulenic and frans isomers
(minima in their first adiabatic electronic excited states).

a cumulenic CCCC group. They are originated from the S;
cumulenic (bright) isomers.

We observe three apparent minima in S for each case. At
Y = 180°, the actual equilibrium geometry is the optimised
cumulenic (2, linear) one. On the left and on the right,
there are two other apparent tfrans-minima located around
Y ~ 130° and y ~ 230° (the corresponding re-optimised trans-
isomers are in fact all defined by an angle of y = 128° and
¥y = 232°). We hence observe expected S,/S; conical inter-
sections between bright and dark states around y ~ 140 —150°
and 7 ~ 210 —220° (see Table III).

Rigid scan  Optimised
t-DPA 4.523 - 150° 4.443 - 152°
t-BPEB 4.393 - 142° 4.189 - 148°

peri -DPABPEB 4.439 - 137° -
mid t-DPABPEB 4.258 - 140° -

Table III. Relative energies (eV) and 7y values of the apparent (along
rigid scans) and optimised (minimum energy) bright/dark conical in-
tersections between S; and S5.

Note that “rigid” conical intersections are good approxima-
tions to the optimised ones. However, we know that increasing
the size of an oPE tends to lower the energy of the bright state,
leading to smaller 7y values for the crossing with the dark state,
the energy of which is not affected by the size of the system,
as illustrated in Fig. 7.

B. Singly meta-substituted oPE

Let us now focus on the smallest meta-substituted species
that we shall further call m-BPEB (its pseudofragments are
two DPAs). There is no net excitation energy transfer (EET),
but m-BPEB is the prototype for pseudofragmentation.

The first two bright states of m-BPEB in the %, point
group (1'B, and 2'A;) are both LE states.!® At the ground-

state equilibrium geometry (FC point), 1B, lies at 4.43 eV
(f=1.71) and 21A; at 447 eV (f = 0.37). The lowest %3,
energy-points in Sy are two transition states, TS4, and TSg,.
They occur at 4.29 eV and 4.25 eV, respectively. Both states
cross at a %», minimum-energy Coln point, at 4.29 eV, near
TSy, .

We calculated the two density-based descriptors at TSy,
and TSp,: ¢s(TSp,) = 0.86, ¢“T(TSp,) = 0.36, and,
¢s(TS4,) = 0.87, ¢“T(TS4,) = 0.35, consistent with a strong
and similar LE character for both states (large attachment-
detachment overlap and small net charge shift).

The minimum-energy Coln point between the 1'B, and
21A; states in %>, brings a pair of branching-space vectors
(both directions along which degeneracy is lifted to first order)
defined such that the gradient half-difference, GD vector, pre-
serves the %>, point group (A;), and the derivative coupling,

D? vector, lowers the symmetry so as to mix both states max-
imally (B,) and turns them into 1'A’ and 2'A’ at the pair of
equivalent € S1 minima.

Consistently, the S; state is characterised by two equiva-
lent bright isomers with ; broken symmetry on either side:
one of the two ethynylene groups has cumulenic bonds and
quinoidal phenylene groups while the other side remains un-
changed (denoted c-m-BPEB in Fig. 8, while distinguishable
dark trans-isomers are denoted it-m-BPEB for “inside” and
ot-m-BPEB for “outside”).

The attachment and detachment densities computed at TSp,
and TSy, are very similar. However, at c-mBPEB, they be-
come much localised on the excited branch (see Fig. 9).
Structural similarities between c-m-BPEB and ¢-DPA in §;
are reflected in the values of the two density-based descrip-
tors for the bright species: ¢s = 0.86 and ¢T = 0.36. In con-
trast, ¢s = 0.54 and ¢T = 0.73 for the dark species: rDPA,
it — mBPEB, and of — mBPEB.

C. Forked and doubly (meta bis)-substituted oPE

The first DDA-type forked DPE species — now able to ex-
hibit EET from DD to A, which we investigated in Ref. 20 —
will be further denoted mb-DPABPEB. Its equilibrium geome-
tries in Sp and S; (bright) both belong to the 6>, point group,
and to %5 in S, (bright); corresponding Lewis structures are
shown in Fig. 10.

The first bright minimum in S; is localised on the “long
branch”: it is a %>, structure (see middle panel in Fig. 10)
that corresponds to the 2'A; state at 3.591 eV (similar to the
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BPEB 1'B;, cumulenic minimum at 3.624 eV; see table IV).
The second bright minimum of mb-DPABPEB in S, (see right
panel in Fig. 10) corresponds to an excitation on one or the
other two equivalent short branches, hence a pair of mirror-
image minima of %; symmetry at 4.142 eV (similar to m-
BPEB (2'4’, 4.123 eV) and DPA (1!By,, 4.144 eV); see table
V).

The bright S, state at its equilibrium geometry (see right
panel in Fig. 10) is characterised by several single excita-
tions among the near-frontier orbitals (HOMO—1, HOMO,
LUMO, and LUMO+1), as shown in Fig. 11: in particular,
HOMO — LUMO (44%), HOMO — 1 — LUMO+1 (19%),
and HOMO — 1 — LUMO (16%). The corresponding natural
transition orbitals (NTOs) provide a more compact represen-
tation by definition (see Fig. 11) and show a dominant exci-
tation pair with a singular value of 85%, consistent with the
localisation of the detachment and attachment densities on the
same DPA pseudofragment branch.

Let us now examine how the mb-DPABPEB molecule be-
haves regarding trans-bending, either along its short or long
branches, and how dark bent isomers connect with various cu-
mulenic bright isomers.

The “rigid scans” shown in Fig. 12 were performed from
the bright minimum (short-branch cumulenic equilibrium ge-
ometry in ) for various systems having a short pseudofrag-
ment (two rings).

In contrast, the “rigid scans” shown in Fig. 13 were per-
formed from the bright minimum (long-branch cumulenic
equilibrium geometry in S;) for various systems having a long
pseudofragment (three rings).

The rigid scans (a) to (d) in Fig. 12 have been performed
along the bending angle y for all systems having an excited
linear two-ring oPE (DPA) pseudofragment: namely, DPA (a),
m-BPEB (b), m-DPABPEB (c), and mb-DPABPEB (d). The
starting geometries were those of bright cumulenic species,
typically in S, (donor). In contrast, the rigid scans (a) to (e)
in Fig. 13 have been performed along 7 for all systems hav-
ing an excited linear three-ring oPE (BPEB) pseudofragment:
namely, BPEB (a), m-DPABPEB inside (b) and outside (c),
mb-DPABPEB inside (d) and outside (e). The starting ge-
ometries were those of bright cumulenic species, typically in
S1 (acceptor).

In order to evaluate EET efficiency between the bright and
dark states, we evaluated the magnitude of the derivative cou-
pling (DC) vectors at relevant crossings points and compared
them to the magnitudes of the corresponding gradient (half)
difference (GD) vectors.

For all systems of interest, a crossing between the cumu-
lenic (bright) and trans (dark) isomers along the same branch
corresponds to || D¢ ||=0.03 — 0.04 Eya,' and || GD l|=
0.08 —0.09 Ena, ! hence a ratio approximately equal to one
half (bright-to-dark: potentially quite efficient)

In contrast, a crossing between the cumulenic (bright) and
trans (dark) isomers along two adjacent branches corresponds
to || DC ||= 0.01 — 0.02 Eyag" and || GD ||= 0.13 Enay ',
hence a ratio approximately equal to one tenth (dark-to-bright:
not major but sufficiently efficient to be considered).

On the other hand, two cumulenic bright states 1'B,/2'A;

in the same species are strongly coupled with each other:
I D¢ ||=0.14 Epay" and || GD ||=0.03 Enay ', where the
ratio is equal to five (direct bright-to-bright: potentially very
efficient).

We thus propose a — perhaps more complicated than the
received one, based on bright states only — but richer de-
activation mechanism involving a cascade of bright-to-dark-to
bright crossings, as summarised in Fig. 14.

It must be stressed that connecting one or two short
oPEs onto a long one (as in the asymmetrical DA-type m-
DPABPEB and the symmetrical and forked DDA-type mb-
DPABPEB species; see Figs. 13 and 12) eventually provides
an ultrafast “escape” route from the trans dark intermediate
species, which otherwise could act as a “dead end” or — per-
haps worst — an early precursor for triplet formation, much as
in the unsubstituted DPA.

Indeed, all cases show that the cumulenic bright state on the
“long” species (three rings) BPEP makes it the final acceptor
state for EET (always lower in energy when geometrically re-
laxed; see Fig. 13). The now remaining and unsolved ques-
tion concerns the detailed kinetic sequence induced among the
higher-energy donor states up to this energy trap.

IV. CONCLUSIONS AND OUTLOOK

Our study makes us suggest that EET in DPEs not only is
driven by rigid skeletal deformations of the carbon backbone
but also may be affected by trans-bending motions, which
could provide a shortcut between bright states via dark states
on different sites.

This has been assessed from various perspectives, including
topological density-based descriptors, as well as a comparison
between the relative norms of branching-space vectors at var-
ious crossing points.

As expected from such systems, the properties of various
small pseudofragments are to be observed in larger species,
as if linear donor and acceptor chromophores were weakly
coupled.

We thus are now in a position to propose a perhaps more
complicated — yet richer — de-activation mechanism involv-
ing a secondary cascade of bright-to-dark-to-bright crossings
and photoisomerisations competing with the primary, direct,
bright-to-bright cascade of internal conversions along excited
oPE sequences. Such a scenario based on a mechanistic short-
cut that yields lower activation energies, while involving the
potential benefit of inducing local disorder through the ideally
organised network, now awaits further confirmation from both
time-resolved transient spectroscopy and quantum-dynamics
simulations.
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mb-DPABPEB  m-BPEB BPEB DPA
short cumulenic 2TA”: 4.142 2TA7: 4.123 - 1'B),: 4.144
short trans 1'4”: 3737 1147 3.726 - 1'A,: 3.716
11473736 1147: 3.728
long cumulenic  2'A;: 3.591 - 1'By,: 3.624 -
long trans 1147 : 3.699 - 11A7:3.685 -
1'4”:3.694

Table IV. Relative energies (in eV) and state symmetries of relevant and related isomers of mb-DPABPEB, m-BPEB, BPEB, and DPA.
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Figure 1. Lewis structures of DPA, BPEB, and DPABPEB in the ground electronic state (left column) and of their various isomers in the first
adiabatic excited electronic states (right column).
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Figure 2. HOMOs and LUMOs at the cumulenic isomers of DPA, BPEB, and DPABPEB.
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Figure 3. Attachment (in blue) and detachment (in red) densities obtained for the cumulenic isomers of DPA, BPEB, and DPABPEB, with
corresponding values of the attachment-detachment-overlap density-based descriptor, ¢s, and charge-shift density-based descriptor, ¢°T.
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Figure 4. HOMOs and LUMOs at the trans isomers of DPA, BPEB, and DPABPEB.
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Figure 5. Attachment (in blue) and detachment (in red) densities obtained for the trans isomers of DPA, BPEB, and DPABPEB, with corre-
sponding values of the attachment-detachment-overlap density-based descriptor, ¢g, and charge-shift density-based descriptor, g©T.
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Figure 8. Lewis structures at the Sy equilibrium geometry (m-BPEB) and in S| (c-m-BPEB, it-m-BPEB, and ot-m-BPEB).
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Figure 10. Lewis structures of mb-DPABPEB at the equilibrium geometries of the ground state, and first and second bright electronic states.
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Figure 12. Rigid scans of DPA (a), m-BPEB (b), m-DPABPEB (c), and mb-DPABPEB (d) from the equilibrium geometry of the short-branch
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code is used to draw attention on the main states of interest: excitations mostly localised on the cumulenic/alternated short branch or on the
long branch, respectively (other colours are here for contrast only).
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Figure 13. Rigid scans of BPEB (a), m-DPABPEB inside (b) and outside (c), mb-DPABPEB inside (d) and outside (e) from the equilib-
rium geometry of the long-branch bright state (excitation-energy acceptor). Dotted lines correspond to bright states and plain lines to dark
states. The blue/brown or purple colour code is used to draw attention on the main states of interest: excitations mostly localised on the
cumulenic/alternated short branch or on the long branch, respectively (other colours are here for contrast only).
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Figure 14. Schematic alternative pathway for EET in the first forked (phenylene ethynylene) dendrimer prototype along R, a composite

de-activation coordinate.



