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ABSTRACT: The design of advanced optical materials based on triplet states requires Triplet Triplet

. : q15 . ~20eV ~20eV
knowledge of the triplet energies of the molecular building blocks. To this end, we report PFe- )
the triplet energy of cyanostar (CS) macrocycles, which are the key structure-directing 2 ss===<" _‘;ﬁ‘_
units of small-molecule ionic isolation lattices (SMILES) that have emerged as *
programmable optical materials. Cyanostar is a cyclic pentamer of covalently linked <y :b_‘ﬁ.‘ %
cyanostilbene units that form z-stacked dimers when binding anions as 2:1 complexes. The J S *(-éf,-
triplet energies, Er, of the parent cyanostar and its 2:1 complex around PF4~ are measured 1\‘ ):);';\&.\

to be 1.96 and 2.02 eV, respectively, using phosphorescence quenching studies at room

temperature. The similarity of these triplet energies suggests that anion complexation

leaves the triplet energy relatively unchanged. Similar energies (2.0 and 1.98 eV, respectively) were also obtained from
phosphorescence spectra of the iodinated form, I-CS, and of complexes formed with PF¢~ and 10,™ recorded at 85 K in an organic
glass. Thus, measures of the triplet energies likely reflect geometries close to those of the ground state either directly by triplet energy
transfer to the ground state or indirectly by using frozen media to inhibit relaxation. Density functional theory (DFT) and time-
dependent DFT were undertaken on a cyanostar analogue, CSH, to examine the triplet state. The triplet excitation localizes on a
single olefin whether in the single cyanostar or its 7-stacked dimer. Restriction of the geometrical changes by forming either a dimer
of macrocycles, (CSH),, or a complex, (CSH),-PF,", reduces the relaxation resulting in an adiabatic energy of the triplet state of 2.0
eV. This structural constraint is also expected for solid-state SMILES materials. The obtained T energy of 2.0 eV is a key guide line
for the design of SMILES materials for the manipulation of triplet excitons by triplet state engineering in the future.

B INTRODUCTION opportunity, however, requires characterization of the triplet
energies of SMILES materials.

The construction of SMILES materials relies on charge-by-
charge packing™ of cationic dyes to isolate and decouple them

The triplet (T) states of organic molecules' ™ are integral to
the function of materials with advanced optical properties.*”
Topical examples include photon upconversion, singlet fission,

and thermally activated delayed fluorescence, which are from each other.”” For this purpose, we use cyanostar
considered potential elements of next-generation technologies macrocycles” (CS, Figure lab) to bind the dye’s counter
for solar energy capture and information processing.6_14 These anion (X7, Figure lc) and generate 2:1 anionic complexes.
materials also rely on the transfer of energy to and from singlet These negatively charged complexes stack into an alternating
(S) states. Consequently, knowledge of the relative energies of lattice with the cationic dyes. Thus, the first step to using
each state and the extent to which these states are modified by SMILES as an optical material for manipulating triplet
. . . : - 1.15,16 : . . . . . :
packing into high-density solids ™" are important fundamental excitation is to determine the triplet energies of the
properties. While packing rarely alters triplet states, it often structure-directing cyanostar macrocycles and the anion-
leads to exciton coupling with substantial deterioration in the bound complexes present in the SMILES lattices.”> We do

properties of singlet states.'”~*° Without a strategy to mitigate
exciton coupling,”** heavy losses in quantum efficiency are
observed. Our recent discovery of small-molecule, ionic
isolation lattices (SMILES)*>* produced a reliable strategy to
mitigate this coupling. This discovery led to the creation of the
brightest nanoparticles’ and fluorescent materials”>*° stem-
ming from uncoupled singlet states. Thus, the opportunity for
creating materials composed of organic molecules in high-
density solids with both well-defined triplet and singlet
energies can now be considered. Investigation of this

this here by using quenching studies, phosphorescence (Phos)
spectra, and time-dependent density functional theory (TD-
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(@) (b) (¢)  2:1 Binding (d)
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Figure 1. (a) Chemical and (b) crystal structure of cyanostar (CS) macrocycles. tert-Butyl groups have been removed for simplicity. (c) Preferred
binding equilibria of cyanostar as a 2:1 complex around anions (X, green) of the right size, e.g., PF". (d) Chemical structure of iodo-cyanostar (I-

Cs).
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Figure 2. Simplified Jablonski diagrams illustrating the two different methods for determination of the cyanostar triplet energy using (a) Phos
quenching with TET from a series of triplet sensitizers (TS) with known triplet state (*TS*) energies, and (b) cyanostar Phos, populating the
cyanostar triplet excited state by intersystem crossing (ISC) from the photoexcited singlet excited state ('CS*). Photophysical processes shown are
absorption (Abs), Phos, and nonradiative deactivation (NR). (c) Molecular structures of triplet donors; M = Pd, Pt for MOEP and MTPP.

DFT) to show that the triplet energy of cyanostar and its geneity.” "

anion-driven complexes are both around 2.0 eV.
The chromophoric units in the cyanostar are five trans-

The lowest photoexcited triplet state energies
for many monomolecular stilbene derivatives have been

reported both from triplet energy transfer (TET) experiments
cyanostilbenes. Stilbene and its derivatives have been P P & ( ) exp

. 32
thoroughly studied and they are the archetypical cis—trans as well as Phos in low-temperature glasses;™ however, no

isomerizing olefins.”” These compounds often display twisted literature was found reporting the excited triplet energy for the
excited states and are subject to conformational hetero- specific trans-cyanostilbene derivative present in cyanostar.
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The triplet states of cyanostar have not previously been
measured. The cyanostar macrocycle, its anion-binding
properties,”***™*° and its packing in SMILES crystals have
been well described.””** The parent cyanostar is mono-
molecular in solution. It displays rapid interconversion
between ~300 low-energy conformations as revealed by
molecular dynamics, DFT, and confirmed using the nuclear
Overhauser effect.’” The cyanostar has five cyanostilbenes in
cross-conjugation with each other. Consistent with the optical
spectroscopy of cyanostilbene,”® cyanostar displays a low-
quantum yield fluorescence band at 410 nm (3.3 eV) at room
temperature.”” Upon binding size-matched anions, like PF,”, it
forms a discrete 2:1 complex.”® In this form, the two
macrocycles are 7-stacked and display a ~36° rotational offset
from each other on account of interlocking steric contacts
defined by the five tert-butyl substituents. While the number of
conformations is reduced in the complex, it retains thermal
access to many local minima with dynamically varying torsion
angles indicative of a relatively flexible ground state.’”’
Nevertheless, the stability of the 2:1 anion complex with the
PF¢~ anion is remarkably high, recorded at 10'> M™% The
stability of this complex, CS,-PF,~, is generally accepted to
increase in less polar solvents, like dichloromethane
(DCM).**** When studying anion binding, a spectroscopically
and redox-inert cation such as tetrabutylammonium (TBAY) is
typically used. Further lowering of the solution polarity drives
favorable ion pairing of the anionic 2:1 complexes with the
counter cation.”" Chloroform and aromatic solvents typically
support these tight ion pairs.”>*' The resulting 2:1:1 species,
CS,-PF4TBA, is the elementary unit of crystal structures
observed with various anions. They are also the units that
compose the SMILES materials where the inert cations are
replaced with optically active dyes.”” Thus, the triplet energies
of the 2:1 and 2:1:1 building blocks are key to laying the
groundwork for designing triplet-based optical materials.

Herein, we describe an experimental and computational
study of the first excited triplet state energies of cyanostar and
its 2:1 cyanostar-anion complexes. Phos quenching (Figure 2a)
using a Sandros analysis*” was used to estimate the triplet
excited state energies of cyanostar (1.96 eV) and the
corresponding anionic complex (2.02 eV) revealing an
insignificant change in the triplet energies upon complexation.
The triplet energies (2.0 eV) match the one measured using
Phos (Figure 2b) from cyanostar and its iodo-substituted
variant (iodo-cyanostar, I-CS, Figure 1d) in low-temperature
glasses. Both processes likely probe transitions between
structurally similar Sy, and T, states. Computational studies
using DFT and TD-DFT were performed to complement the
experimental results and investigate the geometry of the
cyanostar in the ground and excited states. This study is the
first exploration into the triplet state and Phos properties of
cyanostar and lays the foundation for the design of SMILES
materials exploiting the triplet manifold.

B METHODS

The synthesis of PtTA was based on established procedures.
Stern—Volmer analyses conducted for the Phos quenching
studies were performed in tetrahydrofuran (THF) at room
temperature. Phos spectra of cyanostar and its complexes were
measured in 2-methyltetrahydrofuran (MeTHF) at 85 K. DFT
calculations have been performed to investigate the geometries
and electronic states of the parent cyanostar as well as some of
its relevant associated species. Structures were optimized at the
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B3LYP-D3BJ/6-31G level of theory for the cyanostar, CSH, its
dimer, (CSH),, and the 2:1 complex, (CSH),-PF,". Single
point calculations were performed on the optimized geo-
metries using CAM-B3LYP-D3BJ/6-31+G(d). A CPCM
continuum solvation model was used. For further details,
please refer to the Supporting Information.

B RESULTS AND DISCUSSION

Determining the Triplet Energy of Cyanostar Using
Phos Quenching. The triplet energy of a molecule can be
determined by measuring the rate constant of TET from a
triplet donor of known triplet energy, the so-called Sandros
method.*” Assuming dynamic, diffusion-mediated energy
transfer, the rate constant of TET, krgr, depends on the
energy difference between the triplet excited state of the donor,
Erp, and the acceptor, Er,, as described by the Sandros
equation

kdiff
I+ eXP(_(ET,D - ET,A)/kBT) (1)

Here, kg is the Boltzmann constant, T is the temperature, and
k4 is the diffusion-controlled rate of collision between donor
and acceptor. Equation 1 shows that kg approaches kg when
the energetic driving force of TET increases, but krgy
decreases exponentially when Et, > Erp, ie, when TET
from the donor to acceptor is energetically uphill.

Using a set of triplet energy donors (Figure 2c) with a range
of known triplet energies, the unknown triplet energy of an
acceptor can be determined from the measured kppp rate
constants after fitting to the Sandros equation (eq 1). If the
donor molecules are phosphorescent, the rate of TET can be
calculated from the Phos intensity (or Phos lifetime) of the
donor, measured in absence (I, 7,) and in the presence of the
acceptor (I, 7). The rate constant of TET, krgr, is calculated by
assuming dynamic quenching and using the Stern—Volmer
relationship (eq 2), where [A] is the concentration of the
acceptor.

I T
D=0 =1+ rkpglA]
1 T

krpr =

)

Rate constants of TET to cyanostar, CS, and its anion
complex CS,-PF,”, were measured using a series of
phosphorescent triplet energy donors, including four metal
porphyrins, two iridium(III) complexes and a platinum(II)
complex (Figure 2c). The donor molecules platinum(II)
octaethylporphyrin (PtOEP), palladium(II) octaethylporphyr-
in (PdOEP), platinum(II) tetraphenylporphyrin (PtTPP),
palladium(II) tetraphenylporphyrin (PdTPP), tris(2-
phenylpyridine)iridium(III) [Ir(ppy);], tris(2-p-
trifluoromethylphenylpyridine)iridium(III) [Ir(p-CF5-ppy);],
and platinum(II) terpyridylphenylacetylide (PtTA) have triplet
energies spanning from 1.7 to 2.4 eV, as determined from the
peak or onset of their Phos emission (see the Supporting
Information for details). This range of triplet energies were
found to span the expected triplet state energy of cyanostar,
thereby allowing the Sandros method to accurately determine
its triplet energy.

The measured values of krgp for cyanostar, CS, and its
complex, CS,-PF47, as a function of the donor energies can be
plotted versus the donor triplet energies (Figure 3). All Phos
quenching measurements were performed in THF, except for
the PtTA which was conducted in DCM on account of

https://doi.org/10.1021/acs.jpca.3c02701
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Figure 3. Sandros plots associated with the CS macrocycle (red
triangles) and its anionic complex CS,-PF,  (black circles) using
PtOEP, PATPP, PtTPP, PdTPP, Ir(ppy);, and Ir(p-CFs-ppy); in
THEF and using PtTA in DCM as energy donors. Donor concentration
was approximately S—10 uM with the cyanostar concentration
ranging from 10 to 500 yM for the generation of the Stern—Volmer
quenching plots (SI). Solid lines show fits to eq 1.

solubility. Each data point corresponds to a series of Phos
quenching experiments (see Stern—Volmer plots, Figures S2
and S3 and Table S1). For the mono-molecular cyanostar, CS,
the best fit to eq 1 gives a triplet energy of 1.96 eV + 0.02 eV.
Here, the error is obtained from the data fitting. The estimated
triplet energy of cyanostar is similar to the triplet energy of
trans-stilbene,** indicating weak electronic communication
on the triplet surface between the five meta-connected
cyanostilbene subunits making up the cyanostar molecule.
Using the same method, the triplet energy of the
corresponding 2:1 complex, CS,-PFs”, was estimated to be
2.02 + 0.02 eV from the fitted data (Figure 3). The minor and
insignificant change in triplet energy upon anion-driven
dimerization is consistent with the minor anion-induced
change seen in the UV—vis Abs spectrum.”® It should be
noted that the error presented for these numbers is the
standard error of fitting and should not be considered as the
accuracy of the received triplet energy value. A rough estimate
of the accuracy can instead be achieved by iteratively fitting the
data in the Sandros plots (Figure 3) with a fixed value of the
triplet energy to study how much the triplet energy can be
varied and still result in a reasonable fit. With this simple
method, the accuracy of the determined triplet energy is
estimated to be +0.05 eV. Further discussion about the
accuracy of the method is given below.

Phos from Cyanostar. To provide an independent
measure of the triplet energy of the cyanostar and its anion
complex, we also measured their Phos spectra, which gives a
more direct readout of the triplet energy. Similar to trans-
stilbene, the cyanostar itself is not phosphorescent in liquid
solution at room temperature but becomes very weakly
phosphorescent i in 2 low-temperature glass and in the presence
of a heavy atom.* The low-temperature glass is expected to
freeze out the conformational dynamics, whether they involve
local distortions in the ground state as seen by MD®’
twisting in the excited states. The glasses also inhibit
bimolecular quenching from residual oxygen. As a result, we
expect to increase Phos by lowering the rate of non-radiative
decay from the triplet state (Figure 2b). We also expect the
cyanostar to be frozen into a distribution of conformations at
low temperature. Prior DFT studies’” showed us that the
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cyanostar is not perfectly flat but instead has access to various
conformations. In each of these, the cyano-olefin groups tilt
either above or below the macrocycle’s mean plane. The most
stable conformations of the cyanostar have two non-
neighboring olefins tilted above the plane and three below
(Figure 4a). There are multiple combinations of this ruffled
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Figure 4. (a) Lowest-energy conformation of the cyanostar monomer.
(b) Lowest energy conformation of one of the cyanostar macrocycles
within a 2:1 cyanostar complex around a diglyme guest molecule.
Geometries calculated with DFT as described previously.>”

conformation for an overall 10-fold degeneracy. Based on
Boltzmann statistics, there is ~9% population in each of the 10
conformers at 85 K. Higher-energy conformations (totaling
10%) have similar tilts but across different combinations of
olefins. In total, there is a high degree of conformational
heterogeneity in the cyanostars. When examined in the
complex, when two macrocycles are 7 stacked, the preferred
conformation changes (Figure 4b) and while the number of
conformations reduce, they are still plentiful in number.

In this study, two different approaches were used to induce
Phos in the cyanostar. First, we covalently substituted the
macrocycle with iodine™ to make iodo-cyanostar (I-CS, Figure
1). Second, we leveraged cyanostar’s facility for anion binding
to use periodate, IO0,”, in the formation of a 2:1 anion
complex.”® The iodine atoms were used as a means to exploit
the heavy atom effect to enhance ISC and thereby increase the
population of the triplet excited states from the photoexcited
singlet excited state (Figure 2b), as well as to enhance the rate
of Phos.*’ In the case of 10,7, this anion provided a non-
covalent mechanism of influencing ISC. Spectra were recorded
for the mono-molecular iodo-cyanostar, the anion complex of
I-CS using the non-heavy atom PF4~ anion, (I-CS),-PF4~, and
a dimer of the parent cyanostar with a periodate anion, CS,
10,~. All measurements were performed at 85 K in a frozen
organic glass of MeTHF. Under these conditions, we assume I-
CS to be frozen into 10+ conformations with the cyano groups
tilted above and below the ring (vide supra). In the complexes,
the conformational landscape is far simpler. All 10 cyano
groups on both cyanostars are tilted away from the z-stacked
seam (Figure 4b). In both the complexed and uncomplexed
cyanostars, the low-energy barriers seen by MD (1.5 kcal/mol)
suggest that there will be a distribution of many different tilt
angles in the low-temperature glasses. We also assume that
formation of contact ionpairs, e.g., CS,- 10, TBA, will be
favored on entropic grounds as the temperature is lowered
down to the glass transition temperature of MeTHF (137 K)
and ultimately in the glass.

The Phos spectra of the iodinated cyanostar and the anion
complexes (Figure S) were recorded using time-gated

https://doi.org/10.1021/acs.jpca.3c02701
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Figure 5. Phos spectra of I-CS, CS,- 10, TBA, and (I-CS),-PF-TBA. Spectra recorded in MeTHF (~20—40 M) at 85 K at various excitation

wavelengths as noted.

emission. Therein, the sample is excited with a short excitation
pulse and the emission signal is recorded after a time delay in
order to exclude any short-lived emission signals like
fluorescence. The emission spectrum of I-CS (Figure 5)
shows clear Phos in the region of 600—750 nm with two
resolved vibronic bands centered at 620 and 675 nm. The
triplet energy level is estimated from the position of the highest
energy Phos band (620 nm), which corresponds to 2.0 eV. The
emission spectra of the anion-induced dimers, CS,-10,-TBA
and (I-CS),-PF4 TBA show Phos in the same region with two
vibronic bands, but with lower intensity and lower signal-to-
noise ratio. The energy of the highest-energy Phos band (635
and 625 nm) for CS,-10,-TBA and (I-CS),-PF,TBA,
respectively, corresponds to a triplet energy of 1.95 and 1.98
eV. The emission intensity seen at shorter wavelengths for CS,-
I0,-TBA and (I-CS),-PFsTBA is assigned to the tail of the
strong fluorescence which could not be eliminated totally in
the gated emission. This interpretation is supported by the
close spectral resemblance of the emission tail in the 500—600
nm region and the steady-state fluorescence spectrum (Figure
S4). Low-intensity Phos precluded measurements of the
quantum yields. The Phos emission decay was measured
(Figure SS) for I-CS and (I-CS),"PF4 TBA but could not be
measured for CS,-10,-TBA stemming from the lower emission
intensity. The Phos decay could be fitted to a biexponential
decay with an average lifetime (amplitude weighted) of 0.50
ms for I-CS, and 0.30 ms for (I-CS),-PFs-TBA (Table S2).
The estimates of the triplet energies are closely matched.
The Phos spectra of the two different cyanostar complexes
(Figure S) are similar, which suggest that iodine substitution
only adds a small (~30 meV) perturbation to the triplet
energy. The triplet energies of cyanostar determined from the
Phos spectra match with the triplet energy of substituted
stilbenes, Ex ~ 2.0 eV.”> This resemblance suggests that the
meta linkage between the five cyanostilbenes present in the
cyanostar leads to triplet states localized on one stilbene unit as
supported from calculation. The close resemblance between
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the measured triplet energies of the cyanostar monomer and its
anion complex, from both the emission quenching and Phos
experiments, show that 7-stacked dimerization of the cyanostar
only induces a minor shift in the triplet energy.

The triplet energy estimated from quenching studies
matches low-temperature Phos despite probing different
processes (Figure 2a,b). The first is a Dexter energy-transfer
excitation from the singlet ground state of cyanostar to its first
triplet excited state, while the second is a radiative decay from
the excited triplet state of the cyanostar that is likely frozen in a
ground state-like geometry. Given the matching energies, both
processes likely probe transitions between similar S, and T,
states with modest geometrical distortion between them.

Even though both methods give very similar estimates of the
triplet energies, the accuracy of the two methods needs to be
considered. The accuracy of the Sandros method depends on
how well the triplet energies of the donors have been
determined as well as the accuracy in the estimation of the
rate constant of TET derived from the Phos quenching
experiments. Furthermore, the Sandros method assumes free
diffusion of both the donor and acceptor and that all donors—
acceptor pairs share the same diffusion limited rate constant of
energy transfer, kg More donor molecules could, of course,
be included in the study to get more data points in the Sandros
plot. However, the six or seven donors included in this study
are considered sufficient to provide an estimate of the
cyanostar-based triplet energies. As already noted, these
donors span a suitable range of triplet energies. This range
enables access to a rate constant close to the diffusion limit' for
TET of ~5 X 10° M™' s™' when E;, < Erp, and to triplet
energies giving a TET rate constant that is 2 or 3 orders of
magnitude lower when Er, > Erp.

The Phos spectra of the cyanostar gives an estimate of the
triplet energy of the molecule in a solid environment at low
temperature likely locked in a ground state-like geometry. This
situation could be quite different from a fully relaxed triplet
state obtained in liquid solution at room temperature. For the
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Table 1. Experimental Triplet Energies Obtained from Various Forms of the Cyanostar in Various Physical States

compound solvent state
(& THE liquid
CS,-PEs~ THEF liquid
1-CS MeTHF glass
CS, 10, TBA MeTHF glass
(1-CS), PF,TBA MeTHF glass

T/K Er/eV 7/ms” experiment”
RT 1.96 + 0.0S TET
RT 2.02 + 0.05 TET
85 2.0 0.50 phos
85 1.95 phos
85 1.98 0.30 phos

“Average lifetime (amplitude weighted). bMeasured using TET by Stern—Volmer quenching of triplet states (1.78—2.45 eV) according to the
Sandros method. Uncertainties determined from a sensitivity analysis. Phos experiments conducted using time-gated emission.

CSH

(©)

Figure 6. (a) Structure of modified cyanostar (CSH). (b,c) Definition of the torsion angle and the C=C bond coordinate that deform in the

excited states of cyanostar and its complexes.

quenching studies the experimental situation is quite different,
but is also expected to involve CS and CS,-X~ complexes in
ground state geometries.*® Thus, geometry relaxation of the T,
state is highly prohibited in both cases (though for different
reasons), which may explain the close match of the triplet
energies between the two methods (Table 1). From this
argument, we conclude that the triplet excited state energy of
both the cyanostar and its anion complexes is close to 2.0 eV
when major geometry changes are prohibited. This situation
also corresponds to the cyanostar complexes in SMILES
materials. Thus, this T energy is relevant for the design of
SMILES materials that incorporate phosphorescent dyes and
for the manipulation of triplet excitons.

Calculations on the Singlet and Triplet Excited
States. DFT calculations were performed to investigate the
electronic states of the parent cyanostar and its complexes as
well as the structure of the excited states that were not probed
experimentally. TD-DFT was employed to obtain excited
singlet state properties including the excitation and emission
energies along with the associated oscillator strengths. The tert-
butyl groups of cyanostar were replaced with hydrogen atoms
in the model compound CSH (Figure 6a) to reduce the
computational cost at very little loss in accuracy.

Structures were optimized at the B3LYP-D3BJ/6-31G level
of theory for the cyanostar, CSH, its dimer, (CSH),, and the
2:1 complex, (CSH),-PF". Polarization functions were added
to the anion to accommodate the hypervalent phosphorous
atom. Single-point calculations were performed on the
optimized geometries using CAM-B3LYP-D3BJ/6-31+G(d).
DCM (e = 8.93) was used as the solvent in conjunction with a
CPCM continuum solvation model. This model should be
representative of low polarity solvents. A modest change in
solvent polarity, such as for THF (¢ = 7.58), is expected to
have insignificant impact on our results.

The behavior of the ground state singlet (S;) of CSH has
been analyzed previously.’” There are many low-lying
conformers (332) within a small energy window (2.3 kcal/
mol) undergoing rapid interconversion. Each of them has a
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ruffled semi-planar geometry. The deviation from planarity
stems from non-zero dihedrals in the C—C single bonds
connecting the phenylene units and the olefin units. In the
ground state of the cyanostar and its complexes, the olefin’s
C=C double bond (defined in blue, Figure 6b,c) is mostly
untwisted with a dihedral angle close to ~0° (varying between
0 and 5° in the different conformations). Despite these small
deviations from planarity and the conformational hetero-
geneity, CSH is shape persistent as a result of the relatively
small average change in molecular geometry across these
conformations.”” Considering both the pseudo-degenerate
character of the 332 ground state conformers (relative to the
typical scale of electronic states, ~50 kcal/mol) and the
macrocycle’s shape persistence, the effect of these conformers
on the energies of the various singlet and triplet states is
assumed to be negligible in our current work.

The optical Abs was examined using the ground state
geometry (Figure 7a). The cyanostar structure has pseudo-five-

(a) Sy Torsion

N (180°—¢) fcc A
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Figure 7. Structural characteristics of the (a) S, and (b) S, states
obtained by DFT and TD-DFT, respectively.

~0 1.36

fold symmetry, and it is convenient to consider the behavior
expected from Cs symmetry. Analysis of the first five excited
states shows that the first excited state, S, is non-degenerate,
while the second and third excited states, S, and S, are close in
energy (pseudo-degenerate), as are the S, and S; states. The
excitation energy corresponding to the S, — S, transition is 3.6
eV albeit with a low oscillator strength (f = 0.004). The S, and
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S, states lie at 3.8 eV with very high oscillator strengths (f =
2.2). This finding is consistent with the lowest-energy UV—vis
Abs maximum of CS measured at 3.8 eV. The S, and S; states
lie at 3.9 eV with small oscillator strengths (f = 0.04 and 0.02,
respectively).

The rate of internal conversion from S, to S, is usually rapid
and emission is therefore expected to occur from the S, state.
Thus, geometry optimization of the S, state was carried out
using TD-DFT (see the Supporting Information for details).
Compared to the geometry of the S, state (Figure 7a), the
optimized geometry of the cyanostar in its S; state (Figure 7b)
shows one of the five olefins is twisted from 0 to 25° and the
double bond is elongated from 1.36 to 1.44 A. This change in
geometry is similar to half the elongation from a double bond
(1.34 A in ethylene) to a single bond (1.54 A in ethane)
suggesting a bond order of 1.5. The transition energy for
emission from this S, state to the S state (at the S; geometry)
is found to be 2.9 eV. This finding is consistent with the
fluorescence spectral maximum of CS observed at ~3.0 eV.
Thus, the calculated singlet manifolds are consistent with
experimental observations.

Unlike fluorescence, Phos originates from an excited state of
different spin symmetry (triplet, T) and can be calculated
directly using standard ground-state DFT methods. As a model
of the possible features we might expect, it is common for
stilbenes to be twisted about the C=C double bond in the
excited state, consistent with the expected cis—trans isomer-
ization.”” An analogous feature becomes prominent in the
triplet state of the mono-molecular CSH (Figure 8a). Therein,
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Figure 8. Structural characteristics of the triplet (T,) states of (a)
CSH, (b) the anion complex (CSH),-PF~, and (c) cyanostar dimer
(CSH), obtained by DFT.

the triplet state shows a substantial ~75° twisting about a C=
C double bond in one of the five cyanostilbene units. Such a
state has an adiabatic energy difference between excited triplet
(T,) and ground (S,) state at their respective geometries of 1.7
eV. However, the geometry change is so large that it will have
very little Franck—Condon overlap with the ground state.
The Phos studies were carried out at low temperature (85
K) in a glassy solid, which will restrict movements in the
cyanostar, like twisting. We expect the pseudo-rigid environ-
ment of the glass to be replicated in the calculated 2:1 complex
(CSH), PF,~ (Figure 8b), which has been studied exper-
imentally as (CS),-PF,". In this case, reduced twisting in the
calculated structure likely emerges from a combination of the
steric constraints of the adjacent macrocycle and the sum of
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stabilizing interactions from the 7 stacking and the CH---PF4~
hydrogen bonding counteracting the tendency to rotate. We
observe (Figure 8b) a reduction in the triplet’s twist angle to
only 24°. The adiabatic energy is now calculated to be 2.0 eV,
some 0.3 eV higher than the triplet state of CSH. The less
twisted triplet state of (CSH),-PF,~ likely has a more
reasonable Franck-Condon overlap with the ground singlet
state.

In order to further model the uncomplexed cyanostar in the
absence of the anion, we carried out two sets of studies. In the
first, we studied the geometry of the stacked cyanostar dimer,
(CSH), (Figure 8c). This species is not necessarily expected to
be present in solution but serves as a surrogate to replicate the
steric constrains imposed by other species, like the glassy
solvent. The dimer was obtained by removing the anion from
the complex and reoptimizing the geometry. Again, the
twisting is smaller (only 35°) than the single macrocycle, but
it retains the 0.12 A extension in the olefin. The energy of this
triplet is at 1.9 eV, showcasing again how the degree of shape
change correlates with the triplet energy. Further analysis of
the character of the triplet excited state in this stacked
cyanostar dimer (CSH), shows the excitation is almost
completely localized on one of the two cyanostar macrocycles.
The other macrocycle is playing a passive role with respect to
the electronic excitation. When the passive cyanostar is
removed, the distorted cyanostar again shows a triplet energy
close to 2.0 eV. If, however, it is allowed to relax, it forms the
highly twisted triplet seen earlier in the isolated cyanostar
(Figure 8a).

Calculations show that less twisted T states of (CSH), and
(CSH),-PF,~ have triplet energies close to 2 eV and that
twisting correlates with lowering of the triplet energy. Since the
glassy solvent restricts rotation, such a state could explain the
experimental observations in the parent cyanostar too. In order
to study the properties of a pseudo-planar triplet state, we
carried out a potential energy scan to explore the dependence
of the triplet energy on the most relevant geometrical
parameters. A comparison of S, and T, geometries reveals
that the most significant geometry change occurs only in a few
coordinates (Figure 9, Ry, Ry, rc—c, and ¢). The change in the

\////

/_\

Figure 9. Bonds and dihedral angle next to the C=C bond in the
stilbene unit undergoing rotation also change. All the coordinates
undergoing significant change are highlighted.

three neighboring bond lengths are correlated with each other.
As rc—c increases (by 0.12 A) on going to the triplet state,
both R; and R, decrease (by 0.05—0.06 A), consistent with the
conjugation across the three bonds.

We performed a stepwise relaxation along the triplet T state
from the ground state (S,) geometry to the pseudo-planar
triplet state by fixing the dihedral ¢ and relaxing the other
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three structural parameters. The scan involved 10 geometrical
steps in CSH (Figure 10).

3

3
1.5 So

w Geometry
21| R, =149A R, =144 A
: R, =1.46A |:> R, =1.40A
: 0.5 I'c=c = 1.36 A I'c=c = 1.48 A

0

Relaxation Coordinate

Figure 10. Stepwise relaxation from ground state (S,) geometry to
pseudo-planar triplet geometry of CSH, obtained by freezing the
dihedral ¢. 10 steps were taken, each changing each of the three
coordinates by a tenth of the range. At each point, triplet state is
optimized while keeping R, Ry, rc—c, and ¢ fixed.

The relaxation of R}, R ,, and rc_ without twisting brings
the triplet state down to 2.06 eV, which is close to the
experimental value. Restriction in the twisting also shows this
state is higher in energy relative to the twisted form of CSH by
0.36 eV. It is interesting to note that the terminal (C,—C,)
bond distance between neighboring phenylene units is changed
very little (<0.01 A) in this scan, due to the opposing effects of
the different bond lengths. Thus, the final constrained triplet
geometry is changed very little from the ground state
geometry. Consistently, we observe that the energy of the
untwisted CSH triplet (2.06 eV) closely matches that of the
(CSH),-PF,~ triplet (2.0 eV). This similarity matches the
triplet energies measured using the low-temperature Phos in
the glassy solids for I-CS (2.0 eV) and (I-CS),-PF,TBA (1.98
eV).

The results from our calculations are consistent with the
findings from both types of experiments reported in this study.
The TET (Figure 2a) is related to a vertical excitation from a
ground-state cyanostar geometry, 'CS, to a triplet state, *CS*
(with similar geometry). For the Phos, it involves vertical de-
excitation from cyanostar in an excited triplet state. However,
its geometry is expected to closely resemble the ground state in
the frozen glass on account of restricted motions in this
physical state. Thus, both processes likely probe transitions
between states with ground state-like geometries, consistent
with their matching triplet energies at ~2.0 eV. This
consistency extends to the similar 2.0 eV triplet energy for
the single macrocycle and the complexes. The only reasonable
explanation for the observation is that Phos from these two
forms of the cyanostar are the same is that their geometries are
also the same. This interpretation can be best accommodated if
the geometries both resemble those of the ground states.

In summary, the DFT studies show that large differences in
the triplet energies determined using TET and low-temper-
ature Phos will only occur if there are large-scale geometry
changes. Thus, as also shown by the DFT studies, reductions in
large scale motions, whether by complexation or increased
viscosity, raise the triplet energy. The observations from
experiment indicate that the differences in triplet energies
measured using the different methods and between the various
forms of the cyanostar are negligible. For this reason, the triplet

states of cyanostar and its complexes that are populated by
TET closely resemble the ground state geometry. Furthermore,
the triplet states that are populated in low-temperature glasses
also resemble the ground state geometry.

Bl CONCLUSIONS

The triplet energy of both cyanostar and its anion-bound
complexes is 2.0 eV when probed using experiments that
correspond closely to their ground state geometries. This
energy was observed using room-temperature TET quenching
studies, which effectively excite the molecules from their
ground states to the first triplet state. The same energy was
observed using low-temperature (85 K) Phos, which
corresponds to light emission from the first triplet state frozen
into the ground-state geometry. Therefore, both processes
likely probe transitions between S, and T states that are in
similar ground-state geometries. DFT and TD-DFT provided
insights into the role of relaxation on the triplet energy. Full
relaxation of a single cyanostar shows a triplet energy of 1.7 eV
with one of the olefins twisted and elongated. Upon formation
of a 2:1 anion complex, relaxation remains localized on one
olefin with the degree of twisting much reduced from 75 to 24°
and resulting in a higher 2.0 eV energy for the triplet state. In
addition, iodination had a minor effect on the triplet energies
while improving the phosphorescent intensity consistent with
the heavy atom effect. Use of heavy-element anions like
periodate, IO,~, was also explored as a means to enhance ISC
though the covalently incorporated iodine atom had a more
substantial effect. These findings indicate that the primary
mode of anion-induced packing of cyanostar macrocycles seen
in solid-state SMILES materials has a major impact on the
triplet energies by preventing large structural relaxation. These
findings provide a blueprint for triplet state engineering in
cyanostar-based SMILES defined by a 2.0 eV triplet window in
structurally constrained SMILES materials.
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