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ABSTRACT: Exciton formation and charge separation and transport are key dynamical
events in a variety of functional polymeric materials and biological systems, including DNA.
Beyond the necessary cofacial approach of a pair of aromatic molecules at van der Waals
contact, the extent of overlap and necessary geometrical reorganization for optimal
stabilization of an excimer vs dimer cation radical remain unresolved. Here, we compare
experimentally the dynamics of excimer formation (via emission) and charge stabilization
(via threshold ionization) of a novel covalently linked, cofacially stacked fluorene dimer
(F2) with the unlinked van der Waals dimer of fluorene, that is, (F),. Although the
measured ionization potentials are identical, the excimeric state is stabilized by up to ~30
kJ/mol in covalently linked F2. Supported by theory, this work demonstrates for the first
time experimentally that optimal stabilization of an excimer requires a perfect sandwich-like
geometry with maximal overlap, whereas hole stabilization in z-stacked aggregates is less
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geometrically restrictive.

he dynamics of exciton and hole formation and migration

in 7-stacked assemblies are central to the mechanisms of
biological systems and the development of functional polymeric
materials." As the simplest units capable of excimer formation
and charge delocalization, dimers of benzene,” fluorene,”
naphthalene,” and pyrene’ have served as models for
understanding excitonic interactions and electron transfer in
multichromophoric assemblies.*"'’ Though it is appreciated
that z-stacked assemblies stabilize both charge and excitation
energy, the geometrical reorganizations and underlying
mechanisms accompanying these important events are not
well understood nor, indeed, is there a unified understanding of
7-stacking interactions. "

Representing a significant advance in our ability to study z-
stacked aggregates, the Rathore group reported the synthesis
and spectroscopic characterization of a novel set of
polyfluorenes covalently linked at the 9-position through a
single methylene spacer (denoted Fn; n = 1—6)."°~"7 These
molecules adopt a cofacial arrangement in gas, liquid, and solid
state and have been utilized as model systems to examine
energy and electron transport in z-stacked assemblies.'®
Herein, we use F2 as a model covalently linked system,
which we compare with the unlinked (i.e, van der Waals)
dimer of fluorene, that is, (F), in order to examine the
geometrical requirements for excimer vs dimer cation radical
stabilization. Utilizing a powerful experimental approach in
vacuo which monitors emission or delayed ionization from the
excimeric states, we compare emission and resonant ionization
spectra of the two dimers, which affords a facile comparison of
the relative stabilization of excimer vs hole (i.e., cation radical).
We thus probe for the first time the relative efficiency and
geometrical requirements of excimer formation vs charge
stabilization in a model bichromophore.
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A schematic of the experiment is shown in Figure 1. Our
studies were carried out on isolated cold (T,, ~ 20 K)
molecules in the gas-phase using a supersonic nozzle; details are
provided in the Supporting Information (SI). In each case, laser
excitation from the ground state minimum placed the dimer on
the S, surface, where rapid rearrangement resulted in excimer

van der Waals dimer, (F),

excimer
emission

Relative Energy

Figure 1. Experimental schematic. For both covalently linked F2 and
the van der Waals dimer (F),, excitation of the isolated dimer leads to
rapid excimer formation, which is probed by monitoring emission, or
by delayed ionization.

Received: June 1, 2016
Accepted: July 22, 2016

DOI: 10.1021/acs jpclett.6b01201
J. Phys. Chem. Lett. 2016, 7, 3042—3045


http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.6b01201/suppl_file/jz6b01201_si_001.pdf
pubs.acs.org/JPCL
http://dx.doi.org/10.1021/acs.jpclett.6b01201

The Journal of Physical Chemistry Letters

formation, evidenced in the dominance of excimer emission
and a lengthened fluorescence lifetime. Analysis of line widths
in the (F), spectrum (Figure S1) indicate a time scale for this
process of several picoseconds, consistent with recent studies of
the benzene dimer.'” From the excimeric well, absorption of a
photon from a second laser pulse, delayed by ~5 ns, led to
ionization; scanning the energy of the second photon while
monitoring the mass signature of interest generated an ion yield
curve, from which the ionization threshold was extracted.
Gas-phase emission spectra of F2 and (F), are compared in
Figure 2 with the solution phase spectrum of F2, measured in
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Figure 2. Emission spectra of F2 and (F), in the gas phase. Also
shown for comparison is the solution phase spectrum of F2.

dichloromethane. All spectra show a broad, red-shifted feature
characteristic of excimeric emission, and the lifetime of the F2
emission, of order 60 ns, is similar to the reported lifetime (54
ns) of (F),." However, the position of the F2 emission feature
is shifted to longer wavelength by some 40 nm from that of
(F),, indicating significant (up to ~30 kJ/mol) stabilization of
the excimer in the covalently linked system. We suggest that
this stabilization arises from the ability of the covalently linked
dimer to form a perfect sandwich structure, which is not
possible in the van der Waals dimer due to steric repulsion.
Interestingly, the solution and gas-phase spectra of F2 are
similar, revealing little solvochromatic effect.

To probe the degree of stabilization of the cation radicals in
the two dimers, ionization thresholds were determined using
two-color ionization. Photoionization from the excimer well is
expected to show favorable Franck—Condon factors, owing to
the similar geometries of excimer and cation radical. However,
under our conditions no collisional relaxation occurs on the
time scale of the experiment, and ionization therefore occurs
from highly excited vibrational levels in the excimer well, giving
rise to a gradual onset in the dimer ion yield curves, shown in
Figure 3, which compares ion yield curves for F2 and (F),
(upper panel) with that of the fluorene monomer. The dimers
display identical ionization thresholds of ~7.51(1) eV,
significantly lowered by ~0.38 eV or 40 kJ/mol relative to
the monomer (7.885(5) eV). Thus, the cation radical state is
stabilized in the dimers, as expected, but surprisingly to a similar
degree. This strongly suggests that, in comparison with excimer
formation, stabilization of the cation radical does not require
optimum overlap; that is, that the geometrical requirements for
hole stabilization are less restrictive.”” Note that the IP of F2
determined here via two-color ionization is consistent with an
prior determination from photoelectron spectroscopy.

,m'w"‘,“ﬁ" ‘| !
] ) ‘ W ‘:C'«LNN f ( F )2

T 7.50

7.52 7.54 7.56 7.58

Cation current (arb.)
~
()]
o
~
[
(5]
~
(2]
o

Fluorene

T T T
7.84 7.86 7.88 7.90 7.92 7.94
2-color energy / eV

Figure 3. Ion yield curves of (F),, F2 and fluorene monomer.

Our experimental findings are consistent with computational
studies of the relevant potential energy surfaces. Due to the
importance of electron correlation in the proper description of
7-stacking interactions, we performed a brief benchmarking
study of the benzene dimer;”" details are provided in the SI. We
found that accurate ener§ies could be obtained using a simple
PBEO density functional””** augmented with the D3 version of
Grimme’s dispersion term,”* at a fraction of the cost of more
sophisticated methods (Table S1). Thus, ground state
calculations were performed at the PBE0-D3 level with a
def2-TZVP basis set.”>*® Excited electronic states were
computed with time-dependent DFT at the PBE0-D3 level
with def2-TZVP or def2-SV(P) basis sets. For the cation radical
states, a calibrated®’ >’ BILYP functional (BI1LYP-40) was
employed, with a 6-31G(d) basis set; wave function stability
tests were performed to ensure the absence of states with lower
energy.

Figure 4 displays the energies of relevant points on the
singlet PESs of (F),, at left, and F2. The global minimum of the
van der Waals dimer corresponds to a parallel orthogonal
conformer, which is consistent with the experimental finding of
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Figure 4. Calculated points on the potential energy surfaces of (F), (at
left) and F2. Parabolas indicate where geometry optimizations were
performed.
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excitonic bands bearing nearly equal intensity (Table $2).> On
the S, surface, the head-to-tail sandwich excimer structure is the
global minimum, lying ~64 kJ/mol below the vertical energy of
the locally excited (LE) state. Vertical ionization requires 333
kJ/mol of energy from the bottom of the excimer well.

For the covalently linked F2, the ground state minimum is a
cofacial parallel—displaced structure, and the excimer lies ~77
kJ/mol below the vertical energy of the LE state. The increased
stabilization of the F2 excimer, by some 25%, as predicted by
theory is roughly consistent with the observed experimental
red-shift of the excimeric emission relative to (F),, Figure 2.
Vertical ionization of F2 requires 342 kJ/mol of energy from
the bottom of the excimer well. Thus, our calculations support
the experimental finding that the excimeric state is stabilized in
the covalently linked dimer, whereas the vertical ionization
energies of the two dimers are predicted to be similar.

Additional insights are provided from study of the van der
Waals dimer of F1; that is, the 9,9"-dimethyl derivative, details
of which will be reported in a future publication. As shown in
Figure 2 in the SI, gas-phase emission spectra of (F1), show
beautifully resolved torsional structure which affords ready
assignment to the head-to-tail z-stacked dimer. Surprisingly,
there is no evidence of excimeric emission! This is rationalized as
due to the increased steric constraints imposed by the methyl
substituents, which prevents a sandwich overlap of the
chromophores. In contrast, the measured IP of (Fl), is
7.58(1) eV, which lies above that of F2 and (F), but still
evidence significant stabilization relative to the monomer.

These findings highlight the diverse geometrical require-
ments inherent to excimer formation vs cation radical
stabilization in a z-stacked bichromophore, which we have
explored by exploiting the fact that processes of ionization and
emission occur from the (same) excimeric state in the isolated
molecules. Excimer formation, which is dominated by exciton
resonance and z-stacking, is favored by a perfect “sandwich”
overlap of the two chromophores.”® This is maximal in the
covalently linked dimer, whereas steric constraints lead the van
der Waals dimer to stack in a head-to-tail arrangement (Figure
4). The geometrical requirements for cation radical stabiliza-
tion, which involves significant charge transfer, are less
restrictive.

In organic-based electronic devices, excimer formation serves
to trap generated excitons, hindering charge separation.
Understanding the geometrical requirements for excimer
formation vs hole stabilization thus provides valuable insights
for the design of new multichromophoric assemblies.
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