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ABSTRACT: In this study, we performed a detailed investigation LE HLCT cT

of the S, potential energy surface (PES) of o-carborane—anthracene — (i) (Non-emissive)
(0-CB—Ant) with respect to the C—C bond length on 0-CB and the 5 - 2o 2.79ev

dihedral angle between 0-CB and Ant moieties. The effects of
different substituents (F, Cl, CN, and OH) on carbon- or boron-
substituted 0-CB, along with a 7-extended acene-based fluorophore,
pentacene, on the nature and energetics of S; — S, transitions are
evaluated. Our results show the presence of a non-emissive S, state
with an almost pure charge transfer (CT) character for all systems — 4B
as a result of significant C—C bond elongation (C—C = 2.50—2.56 " — 0.71ev
A) on 0-CB. In the case of unsubstituted 0-CB—Ant, the adiabatic 2 =
energy of this CT state corresponds to the global minimum on the

S, PES, which suggests that the CT state could be involved in emission quenching. Despite large deformations on the 0-CB
geometry, predicted energy barriers are quite reasonable (0.3—0.4 eV), and the C—C bond elongation can even occur without a
noticeable energy penalty for certain conformations. With substitution, it is shown that the dark CT state becomes even more
energetically favorable when the substituent shows —M effects (e.g., —CN), whereas substituents showing +M effects (e.g, —OH)
can result in an energy increase for the CT state, especially for partially stretched C—C bond lengths. It is also shown that the relative
energy of the CT state on the PES depends strongly on the LUMO level of the fluorophore as this state is found to be energetically
less favorable compared to other conformations when anthracene is replaced with 7-extended pentacene. To our knowledge, this
study shows a unique example of a detailed theoretical analysis on the PES of the S, state in 0o-CB—fluorophore systems with respect
to substituents or fluorophore energy levels. Our findings could guide future experimental work in emissive 0-CB—fluorophore
systems and their sensing/optoelectronic applications.
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1. INTRODUCTION yield chemically and thermally stable molecules with potential
Fluorescent z-conjugated molecules have attracted tremendous applicatio?is_zi%n catalysis, electronics, energy storage, and
interest in the last few decades as functional materials for both medicine. "™

fundamental photophysical studies and in new-generation More recently, o-carborane has drawn attention as a building
light-emitting and sensing applications ranging from life block to modify the chemical structures and to tune the
sciences to optoelectronics.' > Especially, the ability to fluorescence properties of z-conjugated fluorophores.”"**~*" o-
engineer fluorescent s-frameworks with electron-accepting carborane shows distinct electron delocalization via three-
and -donating substituents or (hetero)aromatic building blocks center two-electron bonds, which, along with the presence of
has enabled unprecedented diversity and fine-tuning ability in boron atoms, gives strong electron-withdrawing ability to this
chemical structures and optoelectronic/sensing character- cluster framework.”® Therefore, when o-carborane is tethered
istics.”™® To this end, one of the unconventional approaches to a relatively 7-electron-rich fluorophore at one of its carbon
include carboranes, which are non-classically bonded clusters positions via a C—C single bond, donor—acceptor type

of boron, carbon, and hydrogen atoms. Among carboranes, electronic structures with tunable intramolecular charge

icosahedral closo-carborane (C,ByoH),) stands out as a highly transfer (ICT) characteristics could be realized.*”*' While
stable neutral framework as described by Wade-Mingos

rules” "' In icosahedral closo-carboranes, three isomeric - ]
forms showing different polarities'” and electronic acceptor Rec?we‘l: April 9, 2022
capabilities (para < meta < ortho)'®'* are plausible [1,2- Revised:  May 26, 2022
C,B,0H;, (o-carborane), 1,7-C,B;oH;, (m-carborane), and Published:  June S, 2022
1,12-C,B,gH;, (p-carborane)]. Among them, o-carborane
containing two adjacent carbon atoms is the most studied
cluster based on its facile reaction with varied z-systems to
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Figure 1. Illustration of the absorption and potential emission paths along with the corresponding geometries of the 0-CB—Ant system. Transition
energies (E,_,/E,_,) and the oscillator strengths (f) are shown for each process. Adiabatic S, state energies (Eg,) were calculated by the addition
of Ey_,/E,_, for the absorption and emissive/non-emissive processes to the ground-state energies (AE;) at corresponding geometric
conformations. These three conformations correspond to the minimum energy points on the excited-state (S;) PES. % contribution of anthracene
and 0-CB-based orbitals to HOMO and LUMO for each transition are shown on the orbital pictures.

the o-carborane—fluorophore adducts typically exhibit low
photoluminescence quantum vyields in varied solutions, a
unique enhanced emission behavior can be observed in the
solid-state (i.e., aggregation-induced emission).”>****~** This
has been discussed in the previous literature that restricting the
undesired vibrations of o-carborane’s “C—C” bond in the
aggregate state leads to enhanced photoluminescence quantum
yields. In addition, it has been shown that the enhancement in
emission could also be achieved in the solution phase via
structural modifications on o-carborane to limit o-carborane’s
“C—C” bond elongation, which plays a critical role in emission
quenching mechanisms.”>*>* Tt is also noteworthy that the
dihedral angle between the o-carborane’s “C—C” bond and the
fluorophore is another key parameter affecting the emission
properties and tuning dual emission characteristics.*”**~>% A
similar interplay between emission properties and cluster—
fluorophore orientation is also seen for boron hydride
subclusters and pyridine ligands.”'

Among o-carborane—fluorophore adducts studied to date,
the o-carborane—anthracene (0-CB—Ant) molecule and its
derivatives have attracted significant attention for both
theoretical and synthetic studies since the seminal works by
Chujo and co-workers.”*** In solution, 0-CB—Ant shows dual
emissions with low quantum yields, where the high-energy S,
— S, transition has a local excited (LE)-state character on
anthracene, whereas the low-energy transition shows twisted
ICT (TICT). The TICT state mainly arises from the strong
interaction between o-carborane’s “C—C” bond and anthra-
cene’s m-conjugated system, along with the perpendicular
rearrangement of the C—C bond with respect to the plane of
anthracene.”” This TICT emission can be maintained even in
aggregated or crystal states due to the presence of sufficient
space for rotations as a result of 0-CB’s compact spherical

4200

structure.””*>>* On the other hand, the photophysical

properties of the o-CB—Ant system can be manipulated via
functionalization or substitution of the adjacent C atoms on o-
carborane. For example, while only a high-energy TICT state
with a low quantum yield is observed in solution with methyl
or phenyl groups, a substitution with bulky groups (e.g,
trimethylsilyl) leads to a significant increase in the quantum
yield.”> More recently, Duan et al. have investigated the 0-CB—
Ant derivatives using quantum mechanical and molecular
dynamics simulations, based on which the elongation of C—C
bond is suggested to lead to bathochromically shifted
emissions with an increased CT character for the S; — S,
transition.>”

In light of these recent studies, it has been mostly suggested
that o-carborane’s “C—C” bond elongation and the relative
orientations of fluorophore versus o-carborane moieties govern
the electronic interaction and, hence, the photophysical
properties of 0-CB—fluorophore systems. However, a complete
theoretical understanding is still lacking in the literature for the
interplay of excited-state nature/energetics and potential
energy surfaces (PESs) with regard to emissive transitions
and quenching mechanisms. Thus, it is still of great importance
to pursue theoretical investigations on novel 0-CB—fluorophore
systems with the motivation of revealing the key effects of
structural modifications and providing a better understanding
of the photophysical properties. To this end, we herein
perform a detailed investigation for the PESs of the S, state for
0-CB—Ant. Furthermore, we investigate the role of different
substituents (F, Cl, CN, and OH) in the 0-CB cluster along
with a 7-extended acene-based fluorophore, pentacene, (o-
CB—Pnt) on the energetics and the nature of S; — S,
transitions for different conformations. Our results indicate
the presence of a non-emissive CT state for 0-CB—Ant as a
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result of significant C—C bond elongation in 0-CB, which is
suggested to play an important role for emission quenching as
this state also corresponds to the lowest-energy excited state on
the S; PES in our investigation. Our results also show that the
relative energy of this non-emissive CT state and energy
barriers on the S; PES can be modulated with respect to
substituents or fluorophore energy levels, which can guide
future experimental work in terms of emission tuning and
enhancement for o-CB—fluorophore systems.

2. COMPUTATIONAL METHODS

All computations were performed using the Gaussian09°®
program package. The ground-state geometries of the
investigated 0-CB—Ant, substituted o-CB—Ant, and o-CB—
Pnt systems were optimized at the M06-2X/6-31G* level of
theory. No imaginary frequencies were found for the optimized
molecules. An integral equation formalism variant of the
polarizable continuum model®*~* was employed using THF
as the solvent for both ground-state and excited-state
computations. The MO diagrams were visualized by using
GaussView,” and orbital contributions were generated on
GaussSum®’ packages. Excited-state computations were
performed using TDDFT formalism as implemented in
Gaussian09. The Multiwfn program®’ was employed to
calculate the charge separation parameter (Ar) for the excited
states, degree of overlap (A) indexes of hole and electron wave
functions, and the heat maps of transition density matrices
(TDMs). Energy barriers for the excited-state PESs were
examined both by alteration of the dihedral angle (¢) with
fixed C—C bond length and by C—C bond elongation with
fixed @.

As shown in a previous work,”* there are two main degrees
of freedom for the geometry of the o-CB—Ant system: the
dihedral angle [¢ for (C,—C,)—(C3—C,)] between the
carborane and anthracene moieties and the C,—C, bond
length in the o-carborane cluster as shown with green and red
arrows, respectively, along with the numbering of C atoms
shown in Figure S1. Two conformations of this system for the
S, state have been explored previously.”* These two
conformations are shown in Figure 1, and they correspond
to the LE and the hybridized local and charge-transfer
(HLCT) excited states, respectively. We note that the second
conformation has often been referred to as the TICT state in
earlier studies; however, our investigation reveals that this
excited state shows a good mixture of both LE and CT
characters and, thus, it is referred to as the HLCT excited state
in our work. In addition, in our analysis of the S, state, a new
conformation corresponding to a pure CT character (the
rightmost conformation in Figure 1) is revealed (vide infra) for
the first time in the literature as a result of further elongation of
the C,—C, bond. We also note that Ji et al.”* have shown the
existence of a similar CT state (C;—C, = 2.62 A) for a 1-
(pyren-2-yl)-o-carborane system in a very recent study. In this
work, this state is named as the S;-M (mixed) state, while the
twisted confirmation for the 1-(pyren-2-yl)-o-carborane system
is called S;-CT.

Different functionals [BP86°** (GGA), B3LYP® (hybrid),
CAM-B3LYP®® (range-separated), and M06-2X°" (meta-
hybrid)] were employed for the TDDFT optimization of
three main excited-state conformations for benchmarking
purposes. We note that B3LYP has been widely preferred for
the excited-state investigation of 0-CB—Ant as well as other
carborane—fluorophore systems,>>>$733404247.68770 11y gener.
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al, this functional shows good agreement for the absorption
and emission energies of these systems. However, one should
also note that it can sometimes be problematic for pure CT
states as it is shown to underestimate the excited-state energies
for such transitions.”' ™" In Tables S1—S3 and Figure S3, we
compare the results of our benchmark calculations. As shown
in the table, BP86 significantly underestimates the exper-
imental results as expected. In comparison, B3LYP shows some
improvements toward experimental values as the predicted
energies of the vertical Sy — S; and S; — S, transitions of LE
and HLCT states are 0.19—0.33 eV higher than those with
BP86. Overall, the performances of M06-2X and CAM-B3LYP
functionals are better when compared with the B3LYP
functional, especially for the S; — S, transitions of the LE
state. However, the largest deviation (~0.6 eV) between
B3LYP and M06-2X/CAM-B3LYP is seen for the S; — S,
transition energy of the CT state as expected. BP86 and
B3LYP functionals are also found to overestimate the degree of
CT, particularly for HLCT and CT states (Figure S3).
Therefore, we concluded that both BP86 and B3LYP
functionals are not suitable for the investigation of the
excited-state PES due to the involvement of a pure CT
character for certain geometry conformations. Meanwhile, the
difference between the predicted transition energies via M06-
2X and CAM-B3LYP is within 0.1 eV for all states. There is
also a good agreement for the predicted Ar and A parameters
for these functionals. We note that the M06-2X functional has
been shown to perform better for cluster systems compared to
other functionals in terms of bonding and structure
predictions.”®”” In addition, this functional generally showed
more stable excited-state geometry optimizations when
constraints were involved in our test calculations as compared
to CAM-B3LYP. Therefore, we used the M06-2X/6-31G*
level of theory for the rest of our investigation.

3. RESULTS AND DISCUSSION

3.1. 0-CB—Ant System. In Figure 1, we show the
energetics, excited-state geometries, along with the excited-
state characteristics for the vertical S, — S, transition
(absorption) and the possible S; — S, pathways (emission)
for the 0-CB—Ant system. In the case of the vertical S; — S,
transition, and the S; — S, transition in the LE conformation,
the excited states mainly originate from the 7—z* transition
localized on the anthracene z-system, and the calculated
oscillator strengths are similar (f = 0.22 vs. 0.25). The
transition energies for vertical S, — S; (Eq_;) and S;— S,
(E,,) in the LE state are calculated to be 3.32 and 2.61 eV,
respectively. On the other hand, as a result of the C,—C, bond
elongation (1.66 A — 225 A) and the alteration of the
dihedral angle (—13.0° — —86.5°) as shown in Figure 1,
another possible S; = S, pathway is predicted with an HLCT
character, a reduced transition energy (E,_, = 2.25 eV), and an
increased oscillator strength (f = 0.49). At this point, two
important parameters play major roles in the electronic
structures and the resulting excited-state energetics/character-
istics. First, the energy of the LUMO level for the o-carborane
moiety can be altered significantly with the C,—C, bond length
as this level shows a large antibonding character between C,
and C,. The comparison of the frontier orbital energy levels for
varying C,—C, bond lengths is shown in Figure S4. Second,
the degree of orbital mixing between anthracene and o-
carborane LUMO levels can be altered with ¢, where, unlike
traditional push—pull systems, ¢ = —90° corresponds to a
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Figure 2. (a—c) PESs for the adiabatic excited-state energies (Eg;) with respect to ¢ at fixed C;—C, bond lengths, (d-f) heat maps of TDM graphs
for selective S, states calculated with M06-2X/6-31g* (Ar and A indexes are given in Table S4), and (g—i) calculated oscillator strengths for the
corresponding S; — S, transitions. Frontier orbital pictures are also given for some specific conformations on PES diagrams to show the excited-
state character change. Atom numbering for the TDM plots is shown in Figure S2.
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maximum coupling between these orbitals, while ¢ = 0°
corresponds to a minimum coupling. As a result, elongated
C,—C, bond length (2.25 A) and the large ¢ (—87°) induce a
strong orbital mixing between o-carborane and anthracene
originated levels for the electron wavefunction of the HLCT
state as shown in Figure 1. It should be noted that our findings
are in good agreement with the previous findings by Chujo and
co-workers”® as the emission (S; — S,) is experimentally
shown to be possible from both LE and HLCT states.

As shown in Figure S4, it is possible for the o-carborane
LUMO level to be considerably lower in energy than that of
anthracene with elongation of the C;—C, bond. This is indeed
the case for the formation of the pure CT state of 0-CB—Ant
where the C;—C, bond length increases to 2.53 A. In addition,
since ¢ becomes 0°, the orbital mixing between o-carborane-
and anthracene-based levels is restricted by symmetry. As a
result, the corresponding S; — S, transition in this
conformation is of a strong CT character with a vanishing
oscillator strength, where holes and electrons are spatially
separated and localized on the anthracene and the o-carborane
moieties, respectively. The energy of the S, state for the CT
state geometry is calculated to be much higher (AE, = 1.48
eV) than that of the ground-state geometry. In comparison, the
same energy differences for HLCT and LE states are 0.71 and
0.36 eV, respectively. Despite this large deviation from the
minimum S, the adiabatic energy of the excited state (Eg,) for
the CT state is 2.79 eV, which is not only lower than those of
both LE and HLCT states but also the predicted minimum
energy on the S; PES in our investigation. This is, of course,
related to the fact that E,_,, becomes significantly smaller (1.31
eV), indicating an energetically close point between S; and S,
surfaces.

The excited-state optimization of o-CB—Ant reveals three
critical C;—C, bond lengths. While the CT state exhibits the
minimum energy for Sy, it is also important to understand the
energy barriers on PESs and the excited-state characteristics of
the S, state for different conformations. In Figure 2, we show
the PESs for the S, state with respect to ¢ for fixed C,—C,
bond lengths (Figure 2a—c), calculated TDMs for selective S;
states on this surface (Figure 2d—f), and oscillator strengths for
the corresponding S; — S, transitions (Figure 2g—i). When
the C,—C, bond length is 1.66 A, the energy of S, is minimum
for ¢ = —13° (LE state), while there is a local minimum at
—90° with a very similar energy. It is seen that there is a
rotational barrier (~0.3 eV) with changing ¢ where the
maximum energy is calculated for the conformation where ¢ =
—45°. For this surface, S, — S, transitions mainly originate
from the 7—7* transitions of anthracene for all conformations,
regardless of . As a result, the calculated oscillator strengths
along with A and Ar parameters (Table S4) are quite similar
and show strong LE characteristics for all ¢ values.

When the C;—C, bond partially stretches to 2.25 A, the
minimum Eg; (2.97 eV) corresponds to the twisted
conformation with ¢ = —87°. Similar to the case where the
C,—C, bond length is 1.66 A, there is a rotational barrier with
a slightly increased energy of ~0.4 eV, and the conformation
with ¢ = —45° corresponds to the local maximum (energy =
3.33 eV). In this case, however, the nature of the S; — S,
transitions shows a significant alteration with ¢, as indicated in
the oscillator strengths trend (Figure 3h), along with calculated
TDMs (Figure 3e) and A or Ar parameters (Table S4). When
@ is close to —90°, the S; — S, transition exhibits an HLCT
character where the hole wave function is mainly localized on
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anthracene, while the electron wave function extends to both o-
carborane and anthracene moieties. As a result, the Ar index
shows a significant increase for this transition compared to the
LE case, while A shows a slight decrease. In addition, the CT
character becomes more dominant as ¢ changes from —90 to
0°. At ¢ = 0°, the total energy of S, (3.02 eV) is comparable to
that with ¢ = —87°; however, the calculated oscillator strength
for the S; = S, transition vanishes as a result of the strong CT
character at this point. For this case, TDM and MO analyses
reveal that the electron wave function is localized on the o-
carborane cluster, while the hole wave function is localized on
the anthracene moiety.

For conformations where the C,—C, bond is fully elongated
to 2.53 A, the origin of the S; — S, transition with respect to ¢
shows a similar trend to the case where the C;—C, bond is
225 A as illustrated by calculated oscillator strengths and
TDMs in Figure 2. As to the other PESs, there is a rotational
barrier with a local maximum located at between —45 and
—60°. In general, the CT character for the S; — S transitions
on this surface is more pronounced compared to the other
cases due to increasing contribution from the o-carborane-
based orbitals to the electron wave function. Another
important point is that the minimum point (2.79 eV) occurs
at @ = 0° (CT state), with a significantly lower energy than the
local minima at ¢ = —90° (3.09 eV) and the other minima (LE
and HLCT states) in previous PESs (2.97 eV). As mentioned
earlier, this conformation corresponds to the global minimum
for the calculated Eg; in our investigation.

Similar to our analysis with ¢, Figure 3a—c shows the
calculated PESs of the S, state for the C,—C, bond elongation
for fixed ¢ values at —13, —87, and 0° respectively. In
addition, the TDM:s for selected points (Figure 3d—f) and the
calculated oscillator strengths (Figure 3g—i) are given to
investigate the origin of the corresponding S; = S, transitions
along these surfaces. It should be noted that the PESs and the
oscillator strengths at ¢ = —13° and ¢ = 0° show a similar
trend, which originates from the fact that orbital mixing
between o-carborane- and anthracene-based levels is similarly
restricted for such small ¢ values. In both cases, the PESs show
an energy barrier of ~0.3 eV with bond elongations at a
maximum point of ~2.0 A. Interestingly, this bond length also
corresponds to the crossover point for S; = S, transitions from
LE to CT character as indicated from the calculated oscillator
strengths. This is, of course, related to the relative energies of
the o-carborane-based and anthracene-based frontier orbitals
for the unoccupied levels (Figure S4) in the electronic
structure. When ¢ is —87° however, the calculated PES
becomes quite flat, indicating that C;—C, bond elongation can
occur on this surface without an energy penalty. Another
important point is that the S§; — S, transition becomes
increasingly HLCT in character with C,—C, elongation as
shown by the increase of the corresponding oscillator strengths
(Figure 3h) and TDMs (Figure 3e).

Previous experimental and theoretical works on o-CB—Ant
and its derivatives have shown that these systems can facilitate
dual emission in solution and solid state through LE and
HLCT (or TICT) states as a result of intramolecular rotation
upon photoexcitation. In addition, these systems generally
exhibit low quantum yields in solution, which is often
associated with the vibrational motion of the C,—C, bond.
More recently, Ochi et al.*>’® have demonstrated that for
carbon—boron fused carboranes, C;—C, bond elongation can
cause emission quenching without an intramolecular rotation.
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Table 1. Transition Energies (E,_, or E,_,), Oscillator Strengths (f), Adiabatic S, State Energies (Eg;), C,—C, Lengths, and
Dihedral Angles (@) for Ground-State and Three Main S, State Conformations of 0-CB—Ant”

So,min LE state
substitution Ey,; f Eg, C,—C, 17 E o f Eg, C,—C, 17
H 3.37 0.22 3.37 1.65 —-15 2.61 0.25 2.97 1.66 -13
F 3.31 0.23 3.31 1.69 -21 2.51 0.25 2.90 1.69 -19
Cl 3.23 0.22 3.23 1.73 -27 224" 0.21 2.77 1.73 =25
CN 3.23 0.22 3.23 1.70 -23 226" 0.21 2.78 1.70 -26
OH 3.30 0.22 3.30 1.76 -22 2.50 0.25 2.89 1.75 =21
HLCT state CT state
H 2.258 0.49 2.97 2.25 —86 1.31 0.00 2.79 2.53 0
F 2.24 0.50 2.61 2.25 —87 1.21 0.00 2.36 2.51 0
Cl 2.17 0.49 2.18 2.27 —87 1.04 0.00 2.00 2.56 0
CN 2.02 0.50 2.08 2.32 —87 0.90 0.00 1.81 2.54 0
OH 2.37 0.40 2.57 2.13 —86 1.18 0.00 2.49 2.55 0

“Energies are given in eV and C,—C, lengths are given in A. “LE geometry calculations for Cl and CN substituted molecules were performed with a
fixed C,—C, bond since they tend toward the formation of the HLCT state for these derivatives.
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Figure 4. Potential energy diagrams for the rotation at fixed C;—C, bond lengths of the (a) HLCT state and (b) CT state for the C-substituted
derivatives of the 0-CB—Ant dyad with their corresponding oscillator strengths (c,d).

In our investigation for the S, state of 0-CB—Ant, it is revealed
that C,—C, bond elongation to 2.53 A leads to a non-emissive
S, = Sy transition with a strong CT character and a vanishing
oscillator strength, which also corresponds to the lowest-
energy point on the S; PES. While this conformation exhibits a
highly energetic S, point (1.48 eV as shown in Figure 1), the
calculated energy barriers on the S, surfaces are quite
reasonable (0.3—0.4 eV), suggesting that the molecule can
reach this geometry via electronic-vibronic couplings upon
photoexcitation. In a very recent study, the existence of a
similar CT state has also been confirmed for the 1-(pyren-2-
yl)-o-carborane system, where the C,—C, bond length
becomes 2.62 A.°* In both cases, the energy gap between
the Sy and the S; surfaces becomes quite small around this
point, which can further increase the nonradiative decay rate
according to the energy gap law. These findings along with
previous experimental evidence suggest that the CT state

resulting from a fully elongated C,—C, bond could be an
important pathway on the fluorescence quenching of o-CB—
Ant and its derivatives. It should also be noted that
fluorescence quenching through the CT state may not be the
sole mechanism for o-CB—fluorophore systems where a
parallel conformation between the C,—C, bond and
fluorophores (¢ = 0°) is structurally prohibited such as the
cases of disubstituted 0-CBs.’*®*”” In these cases, other
mechanisms such as photoinduced electron transfer between
two fluorophores are more likely for fluorescence quenching.

3.2. Substitution Effect. On the basis of our findings, the
LUMO energy level of 0-CB and its response to structural
changes in the excited state (e.g., C;—C, bond elongation or
intramolecular twist) play a key role in determining the nature
and energetics of S; — S, transitions, and, in principle, it could
be tuned by substituting different elements or groups on the
carbon or boron atoms. Thus, we envisioned the investigation

4204 https://doi.org/10.1021/acs.jpca.2c02435

J. Phys. Chem. A 2022, 126, 4199—-4210


https://pubs.acs.org/doi/10.1021/acs.jpca.2c02435?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.2c02435?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.2c02435?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.2c02435?fig=fig4&ref=pdf
pubs.acs.org/JPCA?ref=pdf
https://doi.org/10.1021/acs.jpca.2c02435?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry A pubs.acs.org/JPCA
g .
- LE HLCT CT
4 (Emissive) (Non-emissive)
] , S Shy 4
| i K . %82 P >
S 21 A B c: ' el
@ [— 1
o e , %6 %96
4 t B 4 Eo.; =0.88eV
> s P18 01
’ * 0 — 0 00
o Egoy=1.47eV f —
S Egoy =1.65¢€V gl
. Egq =2.16 eV _ f=0. ®
c =0.16 @ 506
w1 =0.15 .1.
i e %55 ,‘:“,.,b.“
) %IE‘W %96 : ,'_‘— "4 AEq = 1.40 eV
] %3 s ,,,“%4’—"— - el AEy = 0.61eV
0 o AEy = 0.22 eV

Ground State

Conformation at S, state

Figure S. Illustration of the absorption and potential emission paths along with the corresponding geometries of the o-CB—Pnt system. The
conformations for LE and CT states correspond to the minimum energy points on the S; PES, while the HLCT state is obtained with excited-state
geometry optimization with constraints (C;—C, = 2.25 A and ¢ = —87°). % contributions of pentacene and o-CB-based orbitals to HOMO and

LUMO for each transition are shown in the orbital pictures.

of varied substituents (—F, —Cl, —CN, and —OH) in the
current 0-CB—Ant system. It has been previously shown that
different substituents on (car)borane clusters can induce
strong mesomeric (+M) and inductive (+I) effects on the
frontier energy levels of these clusters.*® In this regard, we
investigated how substitution may affect the photophysical
properties of 0-CB—Ant by altering the LUMO energy level of
the o-carborane cluster. In Table 1, the effects on the excited-
state geometries and the transition energies are given for o-
CB—Ant derivatives with different substitutions on one of the
carbon atoms (see Figure SS for the geometries of substituted
derivatives).

For the vertical Sy — S, transitions (i.e., optical absorption),
it is seen that substitution causes only a slight energetic red
shift for all systems as compared to that with —H substituents.
The reason is that these transitions mainly maintain the 7 —
7* character localized on the anthracene unit. The red shift is
0.06—0.07 eV for —F and —OH substitutions, whereas the
same red shift with —Cl and —CN substitutions are slightly
more pronounced (0.14 eV). Similarly, the S; — S, transition
(i.e., optical emission) shows a local # — 7* character for all
substitutions in the case of the LE state as well. However, in
this case the red shifts with respect to that with —H
substituents are significantly higher with —Cl and —CN
substitutions (~0.35 eV). A similar shift is also calculated for
the adiabatic excited-state energies (Eg;) as well. In
comparison, for the twisted conformation where ¢ = —86 or
—87°, the substitution shows a more pronounced stabilization
effect on the calculated Eg;. In the case of unsubstituted 0-CB—
Ant, there is no energy difference for Eg; values between
HLCT and LE states. On the other hand, the HLCT state
becomes significantly more stable upon substitution. This
stabilization mainly originates from the fact that the energy
difference between the minimum S, geometry and the twisted-
conformation S, geometry (AE,) becomes much smaller upon
substitution. The stabilization of the HLCT state when
compared to the LE state is more pronounced with
substitutions showing a strong —M effect (0.70 eV for
—CN), while —OH and —F substitutions show ~0.3 eV
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decreases for the Eg; of the twisted conformation compared to
the LE conformations. We note that the CT state remains the
global minimum with all substituents. For the unsubstituted
system, the energy difference between CT and HLCT states is
calculated to be 0.18 eV. With substitution, this energy
difference becomes the largest for the case of —CN (0.27 eV),
whereas it decreases by 0.08 eV for —OH substitution.

In addition to the geometric parameters of fully optimized
excited-state geometries, we have also scanned the PESs of the
S, state with respect to ¢ for fixed C;—C, bond lengths for
each substituted-o-CB—Ant. The comparison of Eg,’s is shown
in Figure 4a,b for a fixed C,—C, bond length of partially (C,—
C, =2.32—2.13 A) and fully stretched (C,—C, = 2.51-2.56 A)
conformations of each system, respectively. Figure 4c,d shows
the corresponding oscillator strengths for these S, — §,
transitions. When the C,—C, bond lengths are partially
stretched (those corresponding to the twisted conformations
for each system), the calculated PESs (Figure 4a) with —Cl
and —F substitutions show a similar trend to the unsubstituted
case. With the —CN substitution, however, the HLCT state (¢
—87°) does not correspond to the minimum point for this
PES anymore as the CT state (¢ = 0°) is predicted to be 0.16
eV more stable compared to the HLCT state. This stabilization
results from the strong —M effect and longer C,—C, bond
length induced by the —CN substituents, which strongly
stabilizes the o-carborane-based orbital energy levels. In the
case of —OH substitution, the HLCT state is predicted to be
more stable, while the CT state is predicted to be strongly
destabilized as shown in Figure 4a. For fully stretched
conformations (C,—C, = 2.51-2.56 A, Figure 4b), all
substituents show a similar PES and oscillator strength trends
compared to the unsubstituted 0-CB—Ant. In all cases, the CT
state with ¢ = 0° is predicted to be the minimum, while there
is another local minimum having an HLCT character predicted
for ¢ = ~90°. The energy difference between the CT and
HLCT states on this PES is calculated to be the largest with
—CN substitution (0.37 eV) and smallest with —OH
substitution (0.28 eV).
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as well.

Similar to the carbon-substituted molecules, we investigate
the PESs of S; states for boron-substituted-o-CB—Ant with
mono- and deca-substitution (Figures S6 and S7). As shown in
Figures S6a and S7a, the effect of boron substitution on the
calculated Eg, values is significantly less pronounced compared
to the case with carbon substitutions as the effect of boron
substitution on calculated AE; is much smaller compared to
the case with carbon substitutions. In general, both the PESs
and the oscillator strengths show a similar trend for boron-
substituted-o-CB—Ant compared to the unsubstituted system.
We also note that the CT state (¢ = 0°) is slightly more
stabilized compared to the HLCT state (¢ = —87°) with —F,
—Cl, and —CN substitutions. As a result, the CT state becomes
energetically more favorable even for the partially elongated
C,—C, bond lengths (Figure S6a) with —Cl and —CN
substitutions. In comparison, the energy of the CT state shows
a slight increase with —OH substitution for both PESs. We also
note that substituent effects, as expected, are significantly larger
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with deca-substitution as illustrated for the F-substituted
system (Figures S6¢,d and S7c,d). Based on our results with
carbon and boron substitutions, it is revealed that both CT and
HLCT states become energetically more stable compared to
LE state when the substituent shows an “—M effect” (e.g,
—CN), whereas substituents showing “+M effects” (e.g.,
—OH) can result in an energy increase for the CT state,
especially for partially stretched C,—C, bond lengths.

3.3. Effect of the Fluorophore. To investigate how the
energy levels of the conjugated z-system may affect the
photoexcitation processes for o-CB—fluorophore systems, an
anthracene unit was replaced with a 7-extended fused acene
molecule, pentacene. Energies of the vertical S, — S, transition
and possible S; — S, pathways for the o-CB-pentacene (o-
CB—Pnt) molecule are shown along with the excited-state
characteristics in Figure 5. As expected, both the vertical S; —
S, and S; — S, transitions in the LE state occur via 7 — 7*
transitions. In addition, the LE state exhibits a very similar
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geometry compared to the ground-state conformation. To see
the effect of the partially elongated C,—C, bond length and
twisted geometry, we perform an excited-state geometry
optimization with constraints (C,—C, = 2.25 A and ¢ =
—87°), which corresponds to the local minimum conformation
for the HLCT state of 0-CB—Ant. A moderate increase in the
oscillator strength is observed for the S; — S, transition for
this conformer; however, unlike the case in the 0-CB—Ant
system, the adiabatic energy of the excited state (Eg,) for this
conformation shows an increase compared to the same energy
for the LE state (1.88 eV — 2.08 eV) in the case of 0-CB—Pnt.
In this twisted conformation, the contribution of the o-
carborane-based orbitals only slightly increases, in a similar
extent for both HOMO and LUMO levels. As a result, the S,
— S, transition shows an LE dominant HLCT character for
this conformation in contrast to the twisted conformer of o-
CB—Ant. We should note that this HLCT state shown in
Figure S does not correspond to the minimum point on the S,
PES for twisted conformations (¢ ~ —90°) as shown in PES in
Figure 6 (vide infra). In fact, the C;—C, bond length was
found to be 1.71 A as a result of the full S, optimization of the
0-CB—Pnt with an initial twisted geometry, which also exhibits
a strong LE character with similar orbital contributions
compared to the conformer of the LE state shown in Figure
S. Here, it is clearly seen that the longer z-conjugation and,
consequently, the lower LUMO energy of pentacene (Figure
S8) does not allow an efficient mixing between o-CB and
pentacene orbitals, resulting in an absence of emission from
the HLCT state. Further elongation of the C,—C, bond length
up to 2.50 A, along with small ¢, results in a third local
minimum point having a pure CT character with vanishing
oscillator strength for o-CB—Pnt as well. Similar to the case in
0-CB—Ant, the CT state shows the minimum transition energy
(0.88 eV) among the three excited-state conformers. However,
unlike the case in 0-CB—Ant, this conformation has a
significantly larger Eg; compared to the other two possible
conformations, showing that the relative energies of CT,
HLCT, and LE states depend strongly on the energy of the
fluorophore LUMO level for such systems.

Finally, Figure 6 shows the PESs for the S, state of 0-CB—
Pnt with respect to changing ¢ values (Figure 6a—c) and C,—
C, bond lengths (Figure 6g—1), along with the corresponding
oscillator strengths for the S; — S, transitions (Figure 6d—f,j—
1, respectively). For C,—C, = 1.65 A, it is seen that calculated
PES and the excited-state character of S; — S, transitions with
respect to changing ¢ values are quite similar to the case in o-
CB—Ant. Similar to 0-CB—Ant system, the S; — S, transitions
mainly originate from z7—7z* transition on the pentacene 7-
system for this PES; therefore, the excited-state characters and
the oscillator strengths do not exhibit a large change through
the rotation at this bond length. Interestingly, S; — Sy
transitions mainly stay as an LE dominant HLCT transition
when the C;—C, bond length is 2.25 A, except for ¢ = 0°. For
@ = 0° the excited-state character shows a sharp LE to CT
transition; however, the calculated Eg; do not show a local
minimum around this ¢ value. These differences between the
calculated PESs of 0-CB—Ant and 0-CB—Pnt originate from
the fact that the mixing of pentacene- and o-carborane-based
levels for the LUMO still remains energetically unfavorable for
this C;—C, bond length, unlike the case in 0-CB—Ant. On the
other hand, when C,—C, is 2.50 A, the pentacene- and
carborane-based levels show significant mixing for the LUMO:s.
For this bond length, the calculated PES and the oscillator

4207

strengths show a somewhat similar profile to the case in 0-CB—
Ant, except for the fact that even with the elongated C,—C,
bond, the CT state does not become the single energy-
minimum point for this PES.

Similar to the change in ¢’s, the calculated PESs and the
oscillator strengths in 0-CB—Pnt with respect to changing C,—
C, bond lengths also exhibit critical differences compared to
the same case in 0-CB—Ant (Figure 6g—1 and 6j—1). For ¢ =
87°, the S, state shows an increasing HLCT character with
increasing C,—C, bond length as evident from the calculated
oscillator strengths. However, the calculated Eg, exhibits a
continuous increase with increasing C,—C, bond length,
whereas the same PES remains rather flat for 0-CB—Ant. As
expected from the MO analysis (Figure S8), the LE — CT
transition occurs in longer bond lengths for 0-CB—Pnt when ¢
is closer to 0°. Interestingly, the energy of the S, state
decreases with C;—C, bond elongation after the LE — CT
transition is much less pronounced for 0-CB—Pnt, as compared
to the case in 0-CB—Ant (Figure 3c). As a result, there is a
~0.4 eV difference between the minimum points of LE and
CT states, where the LE state is energetically more favorable.
Considering the aforementioned importance of CT conforma-
tion on emission quenching, it is likely that a larger quantum
yield might be expected for the 0-CB—Pnt system due to the
energy penalty for the CT state formation in this system.

4. CONCLUSIONS

In summary, we have studied the PES of the S; state for o-
carborane—anthracene (0-CB—Ant) using TDDFT methods,
with a focus on the nature and energetics of S; — S, transitions
with respect to the C,—C, bond length in 0-CB and dihedral
angle between 0-CB and Ant moieties. Furthermore, we have
evaluated the effect of different substituents (F, Cl, CN, and
OH) attached to carbon or boron atoms in 0-CB, along with a
m-extended acene-based fluorophore, pentacene, on the S; PES
and the resulting photophysical properties. In addition to the
emissive LE and HLCT states which correspond to local
minimum conformations on S; PES, our results show the
presence of a dark CT state for 0-CB—Ant as a result of
significant C,—C, bond elongation (C,;—C, = 2.53 A) in the o-
CB moiety, which also corresponds to the lowest-energy
excited state on the S; PES in our investigation. Calculated
energy barriers with respect to twist angle (¢) or C;—C, bond
length are within 0.3—0.4 eV, and for the twisted
conformations, the C,—C, bond elongation is shown to
occur without an energy penalty, indicating that this CT state
is energetically accessible on the S, surface. These results
suggest that the CT state could be an important pathway on
the fluorescence quenching mechanism of o-CB—Ant and other
0-CB—fluorophore systems with similar structures.

Upon carbon- or boron-substitution on o0-CB with
substituents showing a strong -M effect such as —CN, both
the CT and HLCT states become energetically even more
favorable compared to the LE state; however, substituents
showing “+M effects” (e.g, —OH) can result in an energy
increase for the CT state, especially for partially stretched C,—
C, bond lengths. This result mainly originates from tuning the
LUMO energy level of 0-CB, which affects the energetics of
CT between two moieties. Furthermore, it is shown that the
LUMO energy of the fluorophore is also critical for the relative
energies of CT, HLCT, and LE states and for the calculated
energy barriers on the S; PES. When anthracene is replaced
with 7-extended pentacene as the fluorophore (0-CB—Pnt), the
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CT state is no longer predicted as the minimum-energy point
on S, PES as a result of the lower LUMO energy level of Pnt,
and the calculated energy barriers for C,—C, bond elongation
show a considerable increase (0.5—0.6 eV). Our results clearly
emphasize that the energetics of emissive and non-emissive
transitions along with the energy barriers on the S, PES can be
tuned with respect to substituents or fluorophore energy levels
in 0-CB—fluorophore systems, which is expected to guide future
experimental work in emissive o-CB—fluorophore systems and
their sensing/optoelectronic applications.
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