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ABSTRACT: Covalent assemblies of conjugated organic chromophores provide the opportunity to engineer new excited states with
novel properties. In this work, a newly developed triple-stranded cage architecture, in which meta-substituted aromatic caps serve as
covalent linking groups that attach to both top and bottom of the conjugated molecule walls, is used to tune the properties of thiophene
oligomer assemblies. Benzene-capped and triazine-capped 5,5°-(2,2-bithiophene)-containing arylene cages are synthesized and char-
acterized using steady-state and time-resolved spectroscopic methods. The conformational freedom and electronic states are analyzed
using time-dependent density functional theory. The benzene cap acts as a passive spacer whose electronic states do not mix with
those of the chromophore walls. The excited state properties are dominated by through-space interactions between the chromophore
subunits, generating a neutral Frenkel H-type exciton state. This excitonic state undergoes intersystem crossing on a 200 ps timescale
while the fluorescence output is suppressed by a factor of 2 due to a decreased radiative rate. Switching to a triazine cap enables
electron transfer from the chromophore-linker after the initial excitation to the exciton state, leading to the formation of a charge-
transfer state within 10 picoseconds. This state can avoid intersystem crossing and exhibits red-shifted fluorescence with enhanced
quantum yield. The ability to interchange structural modules with different electronic properties while retaining the overall cage
morphology provides a new approach for tuning the properties of discrete chromophore assemblies.

INTRODUCTION

The properties of organic electronic materials are deter-
mined by interactions between their conjugated subunits, for
example molecules in a crystal or polymer repeat units in an
amorphous film.! One major challenge in this field lies in un-
derstanding and controlling these interactions, which can give
rise to new emergent properties of the assembly. For example,
when multiple organic chromophores interact, new electronic
states that support delocalized excitons or separated electron-
hole pairs can arise due to dipole-dipole and electron transfer
interactions. In bulk solid-state samples, disorder and the large
number of interacting molecules make it challenging to achieve
a first-principles understanding of these new states. The com-
plexity of the solid-state has motivated the study of smaller sys-
tems that can be purified and studied in isolation, for example
in dilute solution. Examples of such conjugated assemblies in-
clude donor-bridge-acceptor molecules and covalent chromo-
phore assemblies like bichromophores and dendrimers.>!* In
these supermolecules, covalent linker groups define both the
number and connectivity of the interacting conjugated subunits.

The ability to synthesize discrete multiunit assemblies of

complicates their interpretation as structurally well-defined
model systems.?”® A second problem concerns the role played
by the covalent linker group in the electronic structure and dy-
namics. Although it is most convenient to assume that the linker
is inert, there now exists a large body of work showing that it
can play an important role in facilitating charge and energy
transfer.-*® Given these complications, it is desirable to design
a covalent multi-chromophore architecture that 1) provides ad-
ditional limits on the conformational freedom of the constituent
chromophores; and 2) allows a modular approach to vary the
chemical structure of the linker group and systematically ex-
plore its role in determining the electronic properties of the as-
sembly.

In this work, we utilize a novel cage architecture for creat-
ing assemblies of conjugated organic chromophores. Meta-sub-
stituted aromatic caps serve as the covalent linking groups that
attach to both top and bottom of the conjugated sub-unit. This
strategy enables improved control of both molecular spacing
and orientation because it provides two points of attachment for
each conjugated subunit, bringing the assembly closer to crys-
talline order. Furthermore, the capping group acts as a constant

conjugated molecules unlocks the ability to study complicated
multi-body phenomena like singlet fission'*?' with a high level
of experimental and computational sophistication. However,
conformational flexibility in these covalent assemblies can lead
to multiple configurations that have different sub-unit interac-
tions and thus different electronic states and dynamics. In many
cases, the conformational freedom of these covalent assemblies

structural element while providing chemical tunability that can
be used to actively modify the electronic structure of the assem-
bly. To illustrate this strategy, Figure 1 presents two possible
implementations of the cage structures with capping units that
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Figure 1. Schematic of capped bithiophene cage. Dependent on the
capping unit used to lock the bithiophenes into the cage confor-
mation, it can undergo charge transfer or exciton delocalization.

To demonstrate the capabilities of the architecture shown
in Figure 1, in this paper we study the properties of a bithio-
phene trimer built as a cage with two different aromatic capping
units. The use of a simple phenyl cap leads to the generation of
a Frenkel H-type exciton excited state with a reduced radiative
rate and lowered fluorescence yield. This is an example of a
passive capping group whose electronic states do not mix with
those of the chromophore walls. The excited state properties
are dominated by through-space interactions between the chro-
mophore subunits themselves. On the other hand, switching to
a triazine cap provides the opportunity for chromophore-linker
electron transfer and leads to the formation of new CT states
with enhanced fluorescence. The ability to create different na-
noscale heterostructures while retaining the overall morphology
provides an unprecedented opportunity to tune the properties of
these discrete assemblies. This architecture is in principle scal-
able and may provide a path to systematically bridge the gap
between molecular properties and solid-state material perfor-
mance.

RESULTS

Synthesis of Arylene Cages 4a and 4b and Moael Com-
pounds 6a and 6b

Using a ruthenium-catalyzed diol-diene [4+2] cycloaddi-
tion®”, a protocol for benzannulation was developed in the la-
boratory one of the present authors.*® This method opened
novel synthetic routes to diverse polycyclic aromatic hydrocar-
bons: acenes and fluoranthenes®®, oligo(o,p-phenylenes) and,

therefrom, nanographenes®, diindenoperylenes (periflan-
thenes)*, rubicenes*!, and a novel class of triple helical phe-
nylene cages*?, including an all-aryl caged fac-Ir(ppy)s ana-
log.*® The relatively rigid topology of the arylene cages and the
roughly orthogonal orientation of their walls vs caps inspired
the design of the cages 4a (Z = CH) and 4b (Z = N), which have
5,5-(2,2-bithiophene) walls terminated by 1,3,5-benzene or s-
triazine caps, respectively. The choice of thiophene walls was
inspired by the fact that thiophene oligomers and polymers
comprise an important family of organic semiconductors that
have seen wide application in devices like photovoltaic cells
and transistors. There has been extensive previous work on co-
valent thiophene assemblies, like dendrimers, that support en-
ergy migration** ¥ and charge separation***® and have even
been used in bulk heterojunction photovoltaics.*” > But so far
there has been no effort to create a single structural motif that
can be engineered to serve either purpose.

The procedure for synthesizing the thiophene cage com-
pounds is summarized in Scheme 1. The all-benzene cages
were prepared via dimerization of a tris-bromide** *?, requiring
use of the ruthenium-catalyzed diol-diene benzannulation pro-
tocol due to its compatibility with aryl bromide functional
groups. As thiophenes undergo efficient bromination at the 2-
position®', the preparation of the benzene-capped 2,2-bithio-
phene cage 4a was more directly achieved via threefold Suzuki
coupling of 1,3,5-tribromobenzene 1a’? and 2-thienylboronic
acid 2 followed by threefold N-bromosuccinimide (NBS)-
mediated bromination to form the tris-bromide 3a. The latter
reaction was conducted in CDCI; to enable monitoring of the
reaction by 'H NMR, as the tris-bromide 3a is not separable
from the corresponding mono- and dibrominated compounds.
Threefold reductive dimerization of #7is-bromide 3a to form the
benzene-capped cage 4a via the Lipshutz cuprate,
[Ar2Cu(CN)Li2]* (as described by Iyoda)®8, and related
methods involving direct threefold lithiation of the thiophene
C-H bond adjacent to sulfur followed by CuClz or FeClz-medi-
ated dimerization®- %, were complicated by the formation of in-
separable impurities. In contrast, threefold nickel(0)-mediated
reductive dimerization % delivered the benzene-capped cage
4a in 34% yield. In similar manner, threefold Suzuki coupling
of cyanuric chloride 1b°* %% 66 and 2-thienylboronic acid 2 fol-
lowed by threefold bromination mediated by N-bromosuccin-
imide (NBS) delivered tris-bromide 3b, which upon nickel(0)-
mediated threefold reductive

Scheme 1. Synthesis of triazine-capped and benzene-capped 5,5’-(2,2-bithiophene)-containing arylene cages 4a and 4b.
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dimerization delivered the triazine-capped donor-accepter cage
4b in 22% yield (Scheme 1). Cages 4a and 4b could be crystal-
lized via vapor diffusion of hexanes into dichloromethane and
pentane into chloroform, respectively, allowing their structures
to be corroborated by single crystal X-ray diffraction analysis
(Figure 2). The cage structures are chiral, but at room tempera-
ture they appear to interconvert too rapidly to be resolved as
separate species in NMR experiments or by chromatography.*
Finally, 2,2’-bithiophene model compounds 6a and 6b, which
are terminated by phenyl and diphenyltriazine moieties, respec-
tively, were prepared via direct 2-lithiation of the mono-thio-
phene precursors 5a and 5b followed by FeCls-mediated dimer-
ization (Scheme 2).%

Figure 2. Single-crystal X-ray diffraction data of arylene cages 4b
(Left) and 4a (Right). Displacement ellipsoids are scaled to the
50% probability level. Hydrogen atoms and solvent have been
omitted for clarity.

Scheme 2. Synthesis of triazine-terminated and benzene- ter-
minated model compounds 6a and 6b corresponding to di-
thiophene-containing arylene cages 4a and 4b.
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Photophysical Properties of Arylene Cages 4a and 4b
and Related Computational Studies

A. Evaluation of Conformational Disorder

It was posited that the geometric and conformational con-
straints of the present triple helical cage architectures would re-
strict the composite chromophores in a roughly orthogonal ar-
rangement. Computational geometry optimization was used to
compare the geometries for the studied monomers and cages.

3

We found several different minima on their respective ground
state potential energy surfaces. Due to the absence of the cage
structure, 8 different conformations of monomer 6a are acces-
sible at room temperature, as a low rotational barrier is associ-
ated with the biaryl linkage between benzene and thiophene
moieties (Supporting Information, Figure SI-4 and Table SI-
13). The steric hindrance associated with the larger triazine
moiety reduces the configuration space energetically accessible
in monomer 6b, for which two quasi-isoenergetic conformers
(AE = 0.7 kcal/mol) are found (Supporting Information, Figure
SI-6 and Table SI-14). The cage architecture provides different
steric constraints, and two quasi-isoenergetic (AE = 0.8
kcal/mol) conformations were found for compounds 4a (Sup-
porting Information, Figure SI-7) and 4b (Supporting Infor-
mation, Figure SI-7 and Table SI-15). To put these results in
perspective, if we considered three chromophores, each able to
freely adopt two conformations, we would naively expect to
have 23=8 local energy minima for the assemblies. In our com-
putational search, we were only able to find two low-energy
minima for 4a and 4b (within a given enantiomer of the triple
helix), a remarkable reduction in the available phase space for
these chromophores.

Figure 3. Histogram of the distribution of the changes in excitation
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energy to the S1 state of compound 6a (a) and cage 4a (b) upon
thermal activation of the low-frequency modes.

The cage structure has the most pronounced effect on the
conformational dynamics and electronic heterogeneity of the
chromophores. Compounds 6a and 6b are structurally flexible
with numerous quite flat vibrational modes involving different
rotational motions and the relative torsion of conjugated rings.
These molecular motions are notably restricted by the cage
structure in 4a and 4b. The suppression of the low-frequency
modes in 4a and 4b with respect to the monomeric compounds
becomes evident when exploring the variation of vertical exci-
tation energies at the Franck-Condon geometry triggered by



molecular vibrations (Figure 3). The results clearly show that
thermal activation of the low-frequency modes induces a much
larger variation of the So-S1 gap in 6a than in cage 4a. Again,
theory confirms the general trend of reduced conformational
freedom and narrower energy distributions for the cage struc-
tures, despite the presence of three chromophores instead of
one.

B. Inert Phenyl Linkers and Frenkel Exciton Formation
in Compounds 4a and 6a

Due to the substantial vibronic coupling in the thiophenes,
the reduced conformational freedom did not lead to an observ-
able narrowing of the absorption spectrum, as shown in Figure
4a. Comparing the cage compound 4a to the monomer 6a, both
spectra are featureless Gaussian-type peaks with a full-width-
half-maximum of about 70 nm. The cage exhibits a slight
blueshift of the main peak, along with the appearance of a red-
shifted shoulder past 400 nm. This change in absorption line-
shape is a classic sign of H-type aggregation. In the standard
Kasha model, side-by-side transition dipole moments (TDMs)
interact to split the original monomer excited state into a
strongly allowed exciton state at higher energy and a weaker
state at lower energy.®’ This side-by-side geometry is created by
the bithiophene cage walls. The absorption and fluorescence
spectra of 4a and 6a are insensitive to solvent polarity (Support-
ing Information, Figure SI-12), consistent with little or no CT
character.
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Figure 4. (a) UV-vis absorption (solid) and emission (dashed)
spectra of phenyl-capped bithiophene cage (4a, black) and phe-
nyl-capped monomer (6a, red). The emission of 4a is shown in
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three solvents, cyclohexane (CH), toluene (Tol), and chloro-
form (Chl), to show no shift in the emission as solvent polarity
increases. For the emission spectra, a 350 nm excitation wave-
length was used. (b) Fluorescence decays of cage 4a (black) and
monomer 6a (red) are almost identical.

Additional experimental evidence for neutral, H-type exci-
tons is provided by examination of the fluorescence spectrum.
The 0-0 vibronic peak, which is clearly visible in 6a’s fluores-
cence spectrum as a peak at 430 nm, is diminished in the spec-
trum of 4a, where it now appears as a shoulder. By fitting each
of the emission spectra to a set of three Gaussians with an equal
spacing of 1350 cm™ (Supporting Information, Figure SI-14),
we find that the amplitude 4a’s 0-0 peak decreases by ~20%
relative to that of 6a. This loss of intensity in the 0-0 peak is
another sign of H-type Frenkel exciton formation.®® A final
piece of evidence can be obtained by comparing the radiative
rates (krd) of 4a and 6a. These two molecules have similar flu-
orescence lifetimes of 235+10 ps as shown in Figure 4b, but the
quantum yield of 4a (0.06) is half that of 6a (0.12), so we find
krad = 0.25 ns! for 4a and kraa = 0.48 ns™! for 6a. The decreased
kraa value for 4a is consistent with the low-lying emitting state
having a weaker TDM, exactly as expected for an H-type ag-
gregate. All three measurements (absorption lineshape, fluo-
rescence lineshape, and radiative rate) are consistent with the
idea that the cage structure supports the formation of neutral H-
type excitons.
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Figure 5. (a) TA spectra over time of phenyl-capped cage 4a in
chloroform. Arrows indicate spectral decline and growth over time.
(b) Corresponding kinetic decays at selected wavelengths of initial
negative signal (480 nm) and ESA (710 nm).



The last question is whether the modified cage excited state
undergoes significantly different dynamics. To investigate the
excited state relaxation dynamics, we utilized femtosecond
transient absorption (fs-TA) experiments. Figure 5a shows the
evolution of the TA spectrum of cage 4a after 400 nm excita-
tion. An initial excited state absorption (ESA) peaked at ~710
nm, along with a negative signal at 480 nm, appears immedi-
ately after excitation. The ESA decays and is replaced by a
weaker absorbance with a double peak at 520 and 600 nm that
remains constant over the 1.1 ns time range of the experiment,
which we assign to the T1—Txa absorption. Global analysis
shows only a single relaxation time of 203 ps required to ade-
quately describe the time-dependent TA dynamics across mul-
tiple wavelengths (Figure 5b). The ESA decay is slightly faster
than the measured fluorescence decay time, but their similar dy-
namics suggest that both observables correspond to the initially
excited singlet state, which undergoes ISC to the triplet mani-
fold. The fs-TA data for monomer 6a are very similar to those
in Figure 5 (Supporting Information, Figure SI-22), but with a
slightly shorter singlet decay time of 190 ps. For both 4a and
6a, the rapid ~200 ps ISC time and blue-shifted T1—Ta ESA
are consistent with the fs-TA behavior of other oligothiophene
compounds, where ISC is the dominant nonradiative decay
pathway.®7!

Table 1. Time-resolved photoluminescence (TRPL) and TA
lifetimes of compounds 4a and 6a.

Parameter 4a 6a
TRPL Tpr (PS) 229 244
TA Tpr (PS) 203 190

[oFY) 0.057 0.116

kyqq (ns) 0.249 0.475

The quantum yields (®pr) and radiative rates (k,qq) are compared
showing 4a’s decreased radiative rate. Radiative rates are calcu-

lated using TRPL photoluminescence lifetimes, k,qq = ®p L/TP L

C. Active Triazine Linker and CT States in Compounds
4b and 6b

The substitution of a triazine cap for the phenyl group has
only a modest effect on the absorption spectrum of cage 4b as
compared to 4a. Both cage compounds exhibit similar blue-
shifted absorptions dominated by the bithiophene chromophore.
Interestingly, the absorption of the corresponding monomer 6b
is broader and even exhibits a weak CT band at around 500 nm.
As discussed above, we attribute the broadening to conforma-
tional disorder that is partially removed by the cage structure,
and the CT feature probably originates from one of these mon-
omer conformations. When compared to 4a, the main differ-
ence is seen in the fluorescence spectrum, which shifts from 450
nm to 550 nm and loses all vibronic structure. 4b’s fluorescence
peak position is also sensitive to solvent polarity, suggesting
that the emitting state has CT character (Supporting Infor-
mation, Figure SI-13). The total fluorescence quantum yield for
4b is 0.24, significantly greater than that of 4a. Finally, when
the fluorescence decays are examined, 4b is found to undergo a

biexponential decay (Figure 6b). Its emission has a short com-
ponent similar to those of the monomers (298 ps), but the ma-
jority of the fluorescence is emitted with a much longer lifetime
of 4.3 ns. The decay time of the long-lived component (4.3 ns)
is about 6x greater than that of the analogous triazine-capped
monomer 6a (0.77 ns). The fluorescence spectrum redshifts
slightly over the course of the decay (Supporting Information,
Figure SI-19), suggesting that the two lifetimes reflect two dif-
ferent CT states. Examining the solvent dependence of the de-
cay, the relative amplitude of the long component increases in
more polar solvents, as does its lifetime (Supporting Infor-
mation, Figure SI-20 and Table SI-18). This is again consistent
with the long-lived state having CT character, since more polar
solvents tend to favor charge separation and slow down recom-
bination.
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Figure 6. (a) UV-vis spectra (solid) and emission spectra (dashed)
of triazine-capped bithiophene cage (4b, blue) and triazine-capped
monomer (6b, pink). The emission of 4b is shown in three solvents,
cyclohexane (CH), toluene (Tol), and chloroform (Chl), to show
the red-shifted emission peak as solvent polarity increases. For the
emission spectra, a 350 nm excitation wavelength was used. (b)
Fluorescence decays of cage 4b (blue) and monomer 6b (pink).

There is no sign of a CT absorption feature in Figure 6a, so
the emissive CT state must form via relaxation from the neutral
absorbing state of 4b. fs-TA experiments (Figure 7a) are con-
sistent with rapid relaxation into a CT state. First, there is a ~7
ps component that mainly reflects the loss of the stimulated
emission feature and growth of an induced absorption around



500 nm, accompanied by a slight shifting of the main ESA fea-
ture at 650 nm. This rapid relaxation was not observed in 4a and
can be assigned to the formation of a CT state from the initially
excited Frenkel exciton. This initial decay is followed by a 300
ps process that mainly affects the large ESA peak at 650 nm,
causing it to lose intensity and shift out to 700 nm. The long-
lived ESA has different spectral features from the triplet ESA
of 4a, with a major peak at 700 nm instead of two weaker peaks
centered around 500 and 600 nm. Since the 650 nm ESA peak
decay is not accompanied by the growth of any other feature,
including in the region expected for the T1>Tn ESA, we think
it represents a subpopulation of CT states (possibly due to a dif-
ferent cage conformation) that undergo rapid internal conver-
sion back to the ground state.

The behavior of 4b can be compared to that of the corre-
sponding monomer 6b (bithiophene with triazine termination),
which undergoes a similar 7 ps relaxation to the CT state, fol-
lowed by a 350 ps decay that likely reflects rapid internal con-
version and possibly some ISC to form a long-lived triplet with
ESA features at 500 and 600 nm (Supporting Information, Fig-
ures SI-26 and S1-27). However, both the long-lived ESA at 700
nm and the long-lived CT emission are absent in 6b, suggesting
that the cage constraints allow 4b’s CT state to avoid the rapid

non-radiative  relaxation  processes found in  6b.
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Figure 7. (a) TA spectra over time of triazine-capped cage (4b) in
chloroform. Arrows indicate shift to longer wavelengths, followed
by decay over time. (b) Corresponding kinetic decays at selected
wavelengths of induced absorption (500 nm) and long-lived state
(700 nm).

Calculations showed that molecular torsions for the monomer
6b can take place with almost no energetic cost (0.5 kcal/mol or
less), confirming its high flexibility. To experimentally mimic
the cage constraints, we measured the PL lifetime of 6b in a
rigid polymethylmethacrylate polymer matrix. We found a
longer lifetime component of 2.4 ns in the polymer (Supporting
Information, Figure SI-21), consistent with the idea that in-
creased steric hindrance slows down the nonradiative decay. It
is interesting that the solid-state matrix is less effective at pre-
venting this relaxation than the cage in liquid solution.

D. Computational Characterization of the Cage Excited
States

The experimental absorption spectra suggest that the cage
assembly supports some degree of excitonic character. To clar-
ify how the cage structure modifies the excited electronic states,
we turned to time-dependent density functional theory
(TDDFT) calculations. Vertical electronic transition calcula-
tions for both 4a and 4b show that they possess three low-lying

Table 2. TRPL and TA photoluminescent lifetimes of com-
pounds 4b and 6b.

Parameter 4b 6b
TRPL 71 (ps) 298 277
7, (ns) 4.30 0.765
TA 7, (ps) 6.64 6.72
T, (ps) 298 349
Dy 0.238 -
krad (ns-l) 0.0758 -

Note that the 6 ps decay time in the TA cannot be resolved by the
TRPL measurement. The quantum yield (®pL) and radiative rate
(Kyqq) of 4b are shown. The radiative lifetime is calculated using
the weighted average of the two components from TRPL (0.298 ns
(29%) and 4.30 ns (71%)). Therefore, 7p;, = (0.298-0.29) +
(4.30-0.71) = 3.14 ns. Then the radiative rate can be calculated,

kraa = 0-238/5 14 = 0.0758 ns7.

singlet states corresponding to the interaction of local excita-
tions on the individual branches of the cage (Supporting Infor-
mation, Figures SI-8 and SI-9), with the highest excited singlet
(Ss) in both compounds presenting the largest oscillator strength
(Table 3) but with appreciable oscillator strength remaining in
the lowest states as well. This trend is consistent with H-type
exciton formation, but to confirm this we performed additional
calculations with a systematic series of approximations to iso-
late the effects of conformational disorder versus electronic
coupling, concentrating on cage 4a.

First, we considered three individual capped bithiophene
monomers with the frozen cage geometry without any intermo-
lecular coupling. The three computed energies of each bright Si
state show a sizeable variation due to the different monomer
structures within the cage, with each excitation energy close to
the Si1-S; energies in the complete cage. Although different
monomer conformations within the cage help explain the shifts
in energy, the oscillator strengths of Si for the three monomers
are relatively unaffected within this approximation, with values
in the 0.91-0.94 and 0.74-0.88 range for monomers in 4b and



4a, respectively. Second, we turned on electronic interactions
between the subunits using several levels of approximation. The
center-to-center spatial separation between bithiophene units
lies in the range 5.1-5.7 A, similar to the size of the chromo-
phore itself. The close proximity suggests that the point-dipole
approximation will not be adequate, since this tends to overes-
timate the exciton couplings.””’* Indeed, this model overesti-
mated the splitting by ~0.2 eV, as shown in Table 2. The use
of a multi-dipole model designed to include molecular size ef-
fects can accurately reproduce the cage energies and transition
dipole moments from the full quantum calculation. The good
agreement suggests that short-range CT interactions triggered
by inter-monomer orbital overlap play a minor role (at most) in
the main absorption band of cages 4a and 4b. To confirm this,
we analyzed the three lowest singlet-singlet transitions using a
non-bonded trimer model obtained by removing the benzene
and triazine (top and bottom) capping rings in 4a and 4b, re-
spectively. Calculated excitation energies and oscillator
strengths follow the same distribution as in the full cage results,
in agreement with a through-space exciton coupling. The main
difference is that the energies of the non-bonded trimers are sys-
tematically blue-shifted with respect to the cages, which results
from the reduction of the effective conjugated length of the sys-
tem.

Using the multi-dipole model, we can calculate intermo-
lecular exciton coupling constants in the range of 60-80 meV,
depending on the chromophore pair. These couplings are larger
than those deduced for polythiophene, which range from 5-30
meV depending on the preparation method.” The larger cou-
pling may result partly from the short bithiophene segments
used in the cage™, but it is still well below the couplings ob-
served in oligothiophene crystals, which are typically greater
than 200 meV.””” The calculations suggest that the cage ge-
ometry can achieve electronic couplings intermediate between
a disordered polymer and tightly packed crystal, leading to
novel excitonic states that have intermediate properties as well.

Table 3. Excitation energies (in eV) and oscillator strengths
(in parenthesis) for the three lowest excited singlets com-
puted for non-interacting capped bithiophene (monomers),
through the point-dipole and multi-dipole approximation,
the non-bonded trimer and the full cage for compounds 4a
and 4b.

AE;: (fi) AE: (f2) AE: (f2)
Cage 4a
monomers 3.60 (0.915) 3.61(0.939) 3.92 (0.911)
point-dipole 3.48 (0.538) 3.57 (0.200) 4.09 (2.191)
multi-dipole 3.54 (0.164) 3.63 (0.970) 3.96 (1.714)
non-bonded trimer 3.63 (0.226) 3.70 (1.046) 3.97 (1.090)
cage 3.52(0.100) 3.61 (0.840) 3.92 (1.160)
Cage 4b
monomers 3.64 (0.884) 3.93 (0.743) 4.10 (0.765)
point-dipole 3.55(0.294) 3.85(0.172) 4.27 (2.097)
multi-dipole 3.62 (0.492) 3.91(0.379) 4.14 (1.597)
non-bonded trimer 3.74 (0.672) 4.10(0.397) 4.21(1.274)
cage 3.60 (0.440) 3.90 (0.340) 4.12 (1.070)

The calculations show that the initial absorption event cre-
ates a neutral excited state in both 4a and 4b, consistent with

4

their similar absorption spectra, but after that their paths di-
verge. Table 3 summarizes the full quantum calculations of the
low-lying neutral states of 4b, and they are similar to those of
4a. Unlike 4a, however, electronic structure calculations indi-
cate that 4b also supports multiple low-lying singlet states with
CT character. Excited state optimization of 4b identifies low
energy CT state minima with reduced gaps to the ground state
and non-vanishing oscillator strengths (Table 4). All three low-
lying states in this geometry (CTi, CT2 and CT3) exhibit signif-
icant CT character, in which bithiophene moieties and triazine
rings act as electron donor and acceptor groups, respectively
(Supporting Information, Figure SI-10). On the other hand, the
CT states in cage 4a are computed at much higher energies, and
their involvement in the decay of photo-excited cage 4a seems
energetically forbidden. This result is consistent with the ex-
perimental observation of an emissive CT state in 4b that is
reached by picosecond relaxation from the Franck-Condon ge-
ometry.

Finally, we note that the calculated oscillator strengths
agree qualitatively with the trends observed experimentally. If
we compare the neutral 'FE states of 4a and 6a, we find that the
computed ratio of 1.02:0.71=1.4 is not far from the experi-
mental k. ratio of 0.48/0.25=1.9. If we compare the neutral ex-
citon state of 4a with the CT state of 4b, we find the experi-
mental k-q ratio 0.25/0.08=3.1 is greater than the calculated ra-
tio of oscillator strengths, 0.71:0.43=1.7, but consistent with the
observation that the CT state retains significant oscillator
strength.

Table 4. Vertical and relative energies (in eV) and oscillator
strengths at excited state minima of monomers 6b and 6a,
and cages 4b and 4a.

Compound State Eyert AE Strength
Monomer 6a 'FE 2.85 -0.68° 1.02
Cage 4a 'FE 2.79 -0.45%/-1.075° 0.71
ICT 3.43 0.41%/0.005° 0.01
Monomer 6b ICT 2.86 -0.55¢ 0.30
Cage 4b ICT, 2.64 -0.22%/-0.78° 0.43
ICT, 2.93 -0.172/-0.73% 0.51
ICT; 3.14 0.14*/-0.41° 0.12

FE: Frenkel exciton; CT: charge transfer state. *Computed with re-
spect to the vertical excitation energy of S at the ground state ge-
ometry. "Computed with respect to the vertical excitation energy of
S3 at the ground state geometry.

DISCUSSION

The photophysical behaviors of 4a and 4b are summarized
in the Jablonski diagrams in Figure 8. Based on the experi-
mental and computational results in the previous sections, we
can draw several conclusions. First, the lowest vertical transi-
tions in cages 4a and 4b reflect two main contributions: (i) con-
formational disorder between the three coupled moieties, and
(i1) through-space inter-chromophore Coulomb interaction. In
fact, the calculations show that the blue shift in the absorbance
is primarily the result of the constrained cage shifting the local-
ized excited state and not the formation of a fully delocalized
H-type exciton. The S; excited states in Figure 8 are more
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Figure 8. Jablonski diagram representing the singlet energy level shifting from three non-interacting capped bithiophenes to capped bithio-
phene cages and then the excitonic state. Then the schematic outline of the relaxation processes in the phenyl-capped cage (4a) is shown,
along with the main (88% of the transition) electron/hole pair densities for the S3 state. The schematic outline of relaxation processes in the
trazine-capped cage (4b) is shown, along with the main (95% of the transition) showing the electron/hole pair densities (blue/orange) for the

lowest CT state.

localized than calculated exciton states in phenyl-cored den-
drimers®, possibly due to the orthogonality of the capping
groups. It is remarkable that both theory and experiment show
that through-space Coulombic interactions enable the S; state to
steal considerable oscillator strength from the lower energy
states, despite the fact that visually the wavefunctions show lim-
ited delocalization. This illustrates how subtle through-space
chromophore-chromophore interactions can affect the elec-
tronic properties of the cage even with orthogonal phenylene
caps that prevent through-bond orbital interactions. Modifying
the chromophore “walls” by using moieties with different TDM
strengths or orientations could modify the strength of the inter-
molecular coupling and allow the construction of more delocal-
ized Frenkel exciton states with different properties, e.g. en-
hanced radiative rates (superradiance).

While the initial excited state is determined by the chromo-
phore wall geometry, its subsequent fate can be controlled by
the linker properties. For the inert capping group of 4a, the ISC
rate appears to be largely unaffected by exciton state formation,
which acts mainly to reduce the competing radiative rate. For
cage 4b, the initially excited state is similar to that of 4a, but
rapidly relaxes into a CT state, a fraction of which survives for
4.3 ns. The use of the triazine cap introduces a conformationally
restricted CT state that can largely avoid the rapid ISC and in-
ternal conversion that quench the fluorescence of monomer 6a,
enhancing the fluorescence quantum yield of 4b relative to 4a.
4b’s CT state has significant electron-hole overlap, as can be
seen from Figure 8, leading to a singlet-triplet energy gap
greater than 1.0 eV (Supporting Information, Table SI-16).
This large gap prevents facile intersystem crossing, as observed
in thermally activated delayed fluorescence emitters that have a
greater degree of charge separation. The ability of thiophene CT
states to avoid ISC has been observed in previous work**, but
the origin of this ability has yet to be satisfactorily explained.

The overall picture that emerges is that different elements
of the cage structure can be used to control different time peri-
ods of the assembly photophysics. The initial excited state
structure is largely determined by the geometry of the chromo-
phore walls, and the detailed chemical structure of the caps has
little impact on the structure of this state. But the subsequent
relaxation of this excitonic state, from picoseconds onward, de-
pends strongly on the nature of the capping group. A non-in-
teracting cap simply allows the chromophore’s intrinsic relaxa-
tion to proceed (e.g. ISC), but a different cap structure can open
up new pathways (e.g. CT) that can outcompete the intrinsic
processes. In this way, the cage approach could enable the use
of different wall/cap module combinations to rationally design
the photophysical behavior of molecular chromophore assem-
blies.

CONCLUSIONS

The newly developed cage-type architecture enables the
construction of multi-chromophoric molecules with tunable
linkers. Although the cage framework still has some flexibility
even with its additional bonding constraints, it provides the op-
portunity to examine assemblies of bithiophene chromophores
in two limits: inert linkers that support through-space interchro-
mophore interactions, and active linkers that modify the elec-
tronic states. The first type of linker is demonstrated by the
phenyl cap which enables H-type Frenkel exciton formation.
This excitonic state still undergoes facile ISC but the weak
TDM of the low-lying emitting state suppresses the fluores-
cence output by a factor of 2. The use of a triazine cap, on the
other hand, introduces low-lying CT states that can avoid ISC
and enhance the fluorescence yield. Both capping groups lead
to low-lying neutral excitonic states with weaker oscillator
strengths, but the triazine linker provides a new CT relaxation



pathway that can avoid ISC and generate a higher overall fluo-
rescence quantum yield. While many workers have shown how
covalently linking chromophores can produce new excited
states, this paper shows how chemical tuning can precisely con-
trol the nature of those states, even for the same geometrical
arrangement. These results provide a new route toward struc-
turally well-defined multichromophoric assemblies whose ex-
cited states can be rationally designed using the tools of organic
synthesis and computational chemistry.
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