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Abstract: In this work, we report the synthesis of the nido-carborane-substituted ruthenium complexes
and the substituent effects of nido-carboranes on the optical properties. Initially, from the optical
measurements, it is shown that deep-red phosphorescence was obtained from the synthesized
molecule, and the phosphorescent quantum yields were significantly improved by loading onto a
polyethylene glycol film. This result represents that nido-carborane can work as a strong electron
donor and should be an effective unit for enhancing the solid-state phosphorescence of ruthenium
complexes. Further, it is suggested that the electron-donating properties of the nido-carborane
units and subsequently the optical properties can be tuned by controlling the conformation of the
nido-carborane units with the steric substituents. We demonstrate in this study the potential of nido-
carborane as a building block for constructing optical materials as well as fundamental information
regarding electronic interactions with 7-conjugated systems.
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1. Introduction

Tris(2,2’-bipyridyl)ruthenium(II) complex ([Ru(bpy)3]2+) is recognized as one of many
versatile transition metal complexes because of their unique properties, such as high
chemical stability, visible light photoredox property [1,2], metal-to-ligand charge transfer
(MLCT) [1,3], long-lived T; excited state [3], and room-temperature phosphorescence [4,5].
So far, [Ru(bpy)s]>* and its derivatives have been utilized as a platform for the development
of photochemistry, photophysics, electrochemistry, photocatalysis, and chemiluminescence.
Particularly, the red phosphorescence of these complexes has attracted a great deal of
attention for the numerous applications in organic light-emitting diodes [6,7], oxygen
chemosensors, and bio-imaging [8]. Considerable efforts have been devoted to the synthesis
of high-performance complexes with longer wavelengths and higher phosphorescent
efficiency through the proper choice of the coordinated ligands. The one effective strategy
to induce redshift into the emission band of [Ru(bpy);]** is the introduction of strong
electron-donating groups to the 4,4’-positions in the bipyridine ligand. For example,
a series of ruthenium complexes containing hydroxyl-substituted polypyridyl ligands
were studied by Jared and co-workers, and a significant redshift in the absorption and
emission spectra was observed, originating from the ligand’s orbitals heavily mixed with
the d-orbitals of ruthenium [9]. However, these deep-red phosphorescent complexes
exhibit poor emission, especially in the solid-state, due to triplet-triplet annihilation,
low band gap, and concentration quenching. Therefore, the development of deep-red
phosphorescent materials with high emission efficiencies is still challenging and required
for further applications.

7,8-Dicarba-nido-undecaborate anion (nido-carborane) is the class of polyhedral boron—
carbon molecular clusters (Figure 1). nido-Carborane is usually synthesized from o-carborane,
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which is the icosahedral boron—carbon cluster, by deboronation. Both carboranes have
high stabilities and rigid structures because the skeleton electrons are delocalized three-
dimensionally through their three-center-two-electron (3¢, 2e) bonds [10,11]. Moreover,
characteristic electronic properties have been discovered. Electron-withdrawing properties
of closo-carboranes have been reported in various carborane-related compounds [12-14],
meanwhile, the electronic structures of nido-carboranes give unique electron-donating
properties as substituents or ligands [15,16]. From these notable properties, nido-carborane
derivatives have been studied in a variety of areas, for example, boron neutron capture
therapy (BNCT) [17], coordination chemistry [18-25], and catalysts [26].

N
1 H \ Me
/ /
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Parallel Twist

R = H: H-nCB-Ru
R = CH3: Me-nCB-Ru

Figure 1. Chemical structures and molecular conformations of the ruthenium complexes used in
this study.

Because of such unique electronic structures, we focus on carboranes as an element-
block, which is a minimum functional unit containing heteroatoms, for developing opto-
electronic materials [27-30]. It is established that o-carborane works as a strong electron
acceptor when bonded to aromatic units at the carbon, and especially its electron-accepting
ability is significantly dependent on the angle between the 7-plane and the direction of the
C—C bond in o-carborane [31-38]. Therefore, highly-efficient luminescent materials with
variable colors have been developed by blocking intramolecular motions at the o-carborane
unit [39-41]. Furthermore, luminochromic behaviors were also observed based on solid-
state luminescent o-carboranes [42-50]. In contrast, it is known that nido-carboranes can
work as strong electron donors [15,16]. In recent years, emissive materials concerning
nido-carborane were also studied. For example, we have reported that stimuli-responsive
solid-state luminochromism was observed from the helicene-tethered nido-carborane [51].
Therefore, nido-carborane is expected as a potential element block for obtaining further
functional materials.

In this study, we synthesized nido-carborane-substituted ruthenium complexes, Me-
nCB-Ru and H-nCB-Ru, with or without the methyl group at the carbon in the nido-
carborane unit and performed optical measurements in various media (Figure 1). The
synthesized complexes showed deep-red phosphorescence, and we obtained higher emis-
sion efficiencies in the polyethylene glycol (PEG) film by suppressing molecular motions.
This result means that nido-carborane should work as a strong electron donor. Moreover,
we performed detailed studies on the substituent effect on phosphorescent properties and
theoretical data. Accordingly, it was revealed that the methyl substituent plays a critical
role in molecular conformation because of steric hindrance, and the electron-donating
properties of the nido-carborane units should be enhanced and weakened at the paral-
lel and twisted conformation, respectively. As a result, optical properties were varied
by changing the degree of electronic interaction between the ruthenium complex moi-
ety and the nido-carborane units. This is the first study, to the best of our knowledge,
not only to present phosphorescent films containing nido-carborane but also to show the
conformation-dependent electronic interaction of nido-carborane to 7-conjugation and
followed by optical properties.
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2. Results and Discussion
2.1. Synthesis of Ru(II) Complexes

Although it is implied that the substituent on the nido-carborane unit might be respon-
sible for the molecular conformation followed by electronic interaction with 7-conjugated
units, the detail mechanism is still unclear. Particularly, in comparison to the tunabil-
ity of the electron-accepting ability of o-carborane by modulating the angle toward the
mi-plane, the relationship between molecular conformation and electron-donating ability
of the nido-carborane unit is still veiled. Furthermore, there are only a few examples to
offer nido-carborane-based phosphorescent materials. Therefore, we synthesized nido-
carborane-substituted ruthenium complexes with variable substituents at the carbon in the
nido-carborane unit to comprehend the relationship between molecular conformation and
electronic properties.

Two ruthenium complexes, H-nCB-Ru and Me-nCB-Ru were synthesized (Scheme 1).
The nido-carborane-substituted bipyridine ligand L1 was synthesized by the modified
procedure including Migita—Kosugi-Stille coupling reaction with a good reaction yield [52],
and L2 was obtained through the methylation of L1. When the ligand was exchanged from
one of the bipyridine ligands in cis-bis(bipyridyl)Ru(II) dichloride [53] to L1, deboronation
proceeded, and H-nCB-Ru was obtained. In the case of Me-nCB-Ru, tetrabutylammo-
nium fluoride (TBAF) was needed as a nucleophile for deboronation. Both compounds
were characterized with 'H, >C, and !B NMR spectroscopies and high-resolution mass
measurements (see Supplementary Material, Charts S1-520).
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Scheme 1. Synthetic schemes of nido-carboranes.

2.2. Photophysical Properties o Ru(I) Complexes

Optical spectra are summarized in Figure 2 and the data are listed in Table 1. In the
UV-vis absorption spectra in the EtOH/MeOH = 4/1 mixture solvent, the absorption bands
were observed around 290 and 450 nm assigned to ligand-centered (LC) and metal-to-ligand
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charge transfer (MLCT) transition, respectively (Figure 2a) [3]. In particular, redshifts of the
MLCT absorption bands were detected from the nido-carborane-substituted complexes. In the
photoluminescence (PL) spectra under argon for avoiding oxygen quenching, emission bands
attributable to the phosphorescence of MLCT were obtained from all complexes (Figure 2b—d).
In particular, H-nCB-Ru showed the band in the relatively longer wavelength region. These
MLCT absorptions and emissions generally originated from the d—7t transitions from the highest
occupied molecular orbital (HOMO) localized in the metal center to the lowest unoccupied
molecular orbital (LUMO) in the ligand [3]. Thus, the observed peak shifts indicate that strong
electron donation from the anionic nido-carborane units should unstabilize HOMO followed by
the narrow HOMO-LUMO energy gap. It should be mentioned that the red-shifted emission
band was observed not from Me-nCB-Ru but from H-#CB-Ru, meaning that the substituent
effect should significantly influence the electronic structure in the excited state. Similar to the
results from o-carborane dyads, these data also represent that molecular conformations and
rotations could play a critical role in the degree of electronic interaction between the Ru complex
and nido-carborane units.
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Figure 2. (a) UV-vis absorption and (b) phosphorescence spectra of the ruthenium complexes in
EtOH/MeOH = 4/1 (1.0 x 107> M), (c) solid and (d) 1 wt% PEG films.
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Table 1. Photophysical properties of the complexes .

Compound

&
[M-1 cm—1]

[nm] [nm] ®

/\ab AemJ{T Dt € TRT kr knr Aem,77l( P}
T [ns] 4 [10° s~1] [10° s-1] [nm] 77K

[Ru(bpy)s|**
H-nCB-Ru

Me-nCB-Ru

84,000
88,000

110,000

450 615 0.09 430 0.28 2.0 578 0.33
458 637 0.10 420 0.29 2.1 596 0.25

170 (54%)
457 614 0.015 12 (46%) 0.14 6.6 583 0.39

? In EtOH/MeOH = 4/1 (1.0 x 107> M). ¥ Excited at A,p. ¢ Determined with the integrated sphere method.
4 Excited at 375 nm.

In comparison with phosphorescence quantum yields at room temperature (®rr), it
was found that the value of Me-nCB-Ru was crucially smaller than those of the other two
complexes. In order to quantitatively evaluate kinetics in the decay processes, lifetimes
were determined, and the rate constants of radiative (k;) and non-radiative decay processes
(knr) were calculated. Accordingly, the short lifetime component with the level of several
tens of nanoseconds was observed only from Me-nCB-Ru. Correspondingly, larger k,, was
obtained than those of other complexes, meanwhile, the phosphorescence quantum yields
at 77 K were observed at a similar level. From these results, it is suggested that the methyl
group should facilitate non-radiative decay through molecular motions in solution.

Table 2 shows the photophysical properties in solid and in the PEG film containing
1 wt% each complex. In the solid states, significant bathochromic shifts and decreases in
the phosphorescence quantum yields by the substitution of nido-carboranes were observed.
Additionally, in comparison with the photophysical data in the solution states, [Ru(bpy)3]**
exhibited almost the same optical properties, while H-nCB-Ru and Me-nCB-Ru showed
differences in the optical data between solution and solid states. Therefore, in the case of
[Ru(bpy)s]**, it was suggested that there were slight intermolecular interactions to affect
the optical properties in the solid-state. Conversely, in the solid states of H-nCB-Ru and
Me-nCB-Ru, strong intermolecular interaction existed probably due to the large dipole
moments between anionic nido-carborane units and the cationic ruthenium center, and
the interaction caused the bathochromic shifts and the decreases in the phosphorescence
quantum yields. In the PEG film, remarkable improvements in the phosphorescence
quantum yields were exhibited by the introduction of nido-carboranes (®rr = 0.03 —
H-nCB-Ru: 0.14, Me-nCB-Ru: 0.11). According to kinetic information, these emission
enhancements should be attributable to both increases in k, and decreases in k. Since the
nido-carborane units improve the transition dipole moment by expanding the conjugation
system, the electronic transition for emission should be accelerated. Therefore, larger k;
than that of the pristine complex is obtained. Further, it is likely that rigid and bulky
nido-carborane units suppress intermolecular interactions as well as molecular motions in
the condensed states. Thus, non-radiative decay should be disturbed.

Table 2. Photophysical properties of the complexes in solid state and 1 wt% PEG film.

Solid PEG

Compound

Aem
[nm] *

P

T k, kar A T k, kor

T n em b T n
[ns] € [10° s—1] [106 s—1] [nm] * 2 [ns] [10° s1] [106 s—1]

[Ru(bpy)s I>*
H-nCB-Ru
Me-nCB-
Ru

607
651

627

0.08
0.04

0.02

340 0.24 2.7 572 0.03 270 0.11 3.7
190 0.21 5.1 634 0.14 670 0.19 1.2

170 0.12 5.7 616 0.11 490 0.22 1.8

? Excited at A,p, in EtOH/MeOH =4/1 (1.0 x 10~% M). ¥ Determined with the integrated sphere method. ¢ Excited
at 375 nm.

2.3. Electrochemical Properties of Ru(1I) Complexes

The electrochemical properties of each complex were examined by cyclic voltammetry
(CV) in CH3CN with 0.1 M BuyNPFg as a supporting electrolyte (Table 3 and Figure S1) [54].
Due to the narrow electrochemical windows of EtOH and MeOH, which were used in
optical measurements as a solvent, we performed CV in CH3CN. [Ru(bpy)3]2+, H-nCB-Ru,
and Me-nCB-Ru displayed reduction peaks at —1.67, —1.70, and —1.68 V, respectively.
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From peak onset potentials in cyclic voltammograms, LUMO energy levels were estimated,
and subsequently, HOMO energy levels were calculated from the band gap energies
estimated from the absorption edges (Figure 3). Comparing the frontier orbitals of the
nido-carborane-substituted complexes with that of [Ru(bpy);]**, we found that the LUMO
levels were slightly unstabilized, while the HOMO levels were significantly elevated.
This result indicates that the electron-donating properties of the nido-carborane units only
affected the HOMO levels of the complexes. In [Ru(bpy)s;]*" and its derivatives, it is
supposed that HOMO is delocalized between the ruthenium center and the nido-carborane
units, meanwhile, the LUMO is localized in bipyridine ligands. Therefore, only HOMO
should be elevated by the substituent effect at the ligand units. Hence, the emission band
should be obtained in the longer wavelength region. These transitions were called mixed
metal-ligand-to-ligand charge transfer (MLLCT) [9].

Table 3. Electrochemical properties for the ruthenium complexes.

Ered,onset Erumo,cv EHOMO,0pt Eg opt
Compound V] @ UL [eV] ¢ [ev] 4
[Ru(bpy)s]** —1.67 —3.43 —5.97 2.54
H-nCB-Ru —-1.70 —3.40 —5.86 2.46
Me-nCB-Ru —1.68 —3.42 —5.90 2.48
@ Onset potential of first reduction wave. ? Calculated from the empirical formula, LUMO = —Ered,onset — 5.10

(eV). “ HOMO = LUMO — Eg opt (V). 4 Band gap energy: Eg = 1240/ Ayp edge-

Energy

-5.97 eV
HOMO

[Ru(bpy);]** H-nCB-Ru Me-nCB-Ru

Figure 3. Estimated energy levels of frontier orbitals of the ruthenium complexes from electrochemical
and optical data.

2.4. DFT Calculations

The optimized geometries of each complex in the ground (Sp) and lowest-lying triplet
excited (T7) states were estimated using unrestricted B3LYP with the 6-31G(d) basis set
for all atoms except for the ruthenium atom which was treated with LANL2DZ effective
core potentials (ECPs) and corresponding basis sets [55]. Vertical excitation energies were
calculated using time-dependent DFT (TD-DFT) with the same set of functionals and
basis sets. In order to include the solvation effect of CH3CN, the polarizable continuum
model (PCM) was used in these calculations. All calculations were performed using the
GAUSSIAN 16 program. Table 4 shows the absorption data calculated at the optimized Sy
geometries of each complex. In order to obtain a qualitative description of the electronic
transitions which represent absorption behaviors, the analysis with natural transition
orbitals (NTOs), which was generated from the complicated ordinary orbital representation
as single or double pairs of orbitals for each transition, was carried out [56]. The optimized
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Sp geometries of each complex and their highest occupied transition orbitals (HOTOs)
and lowest unoccupied transition orbitals (LUTOs) for the main allowed transitions are
illustrated in Figure 4. Corresponding results to experimental data as shown in Table 1 were
obtained from calculations. In [Ru(bpy)s;]** and Me-nCB-Ru, their NTOs show similar
features in that the HOTOs are localized in the d-orbitals of ruthenium, whereas the LUTOs
are localized in the 7*-orbitals of bipyridine ligands. Note that there is no contribution
of the nido-carborane units to HOTO and/or LUTO in Me-nCB-Ru, meanwhile, in the
case of H-nCB-Ru, the LUTO is localized in the bipyridine moiety and the HOTO is
delocalized in the nido-carborane units as well as ruthenium. According to these results
and the electrochemical data (Table 3), MLLCT is certainly the major absorption transition
in H-nCB-Ru. These behaviors correspond to the experimental data.

Table 4. Estimated absorption data from TD-DFT calculations.

/\ab,calc Eg,calc e a
Compound [nm] [oV] f Transitions
H-2—-L017%),H—-—2—L+1(35%),H
[Ru(bpy)s]** 408 3.04 0.1254 —2—>L+20B%),H-1—-L“%),H-1
—L+13%),H—-1—L+2(33%)
H-5—L+2(6%),H—-3—L+1(23%),
H-nCB-Ru 425 2.92 0.2424 H— 2 L+1(6%),H— L+ 2 (60%)
: . H-4—-L+1(52%),H—-3—L(10%),H
Me-nCB-Ru 407 3.05 0.1662 C 3L+ 2(33%)
% H =HOMO and L = LUMO.
Absorption Emission
HOTO LUTO
[Ru(bpy)s]**
H-nCB-Ru
Me-nCB-Ru

Figure 4. Natural transition orbitals calculated from the transitions of absorption and emission with
the ruthenium complexes.

To gather deep insight regarding the substituent effect on the contributions of the
nido-carborane units to NTOs between H-nCB-Ru and Me-nCB-Ru, the dihedral angles
(¢ and @pe, respectively), between the C-C bond in nido-carborane and the m-plane of
the bipyridine ligand were evaluated in the optimized Sy geometries. Significantly, the ¢y
and ¢pe angles are 13.9° (parallel state) and 71.2° (twisted state), respectively (Figure 1),
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indicating that the substituent should play a critical role in the determination of molecular
conformations where the bipyridine moiety is roughly co-planar or orthogonal to the five-
membered ring of nido-carborane. Moreover, energy level diagrams upon rotation of the
nido-carborane units were obtained by relaxed scanning (Figure 5). The calculated rotational
barriers of H-nCB-Ru and Me-nCB-Ru are 0.10 and 0.18 eV, respectively, suggesting that
H-nCB-Ru prefers to form the parallel distribution for the extension of the conjugation
system and resonant electron-donating of the nido-carborane unit, while Me-nCB-Ru was
forced to be in the twisted state because of the steric hindrance between the bulky methyl
group and bipyridine moiety. In summary, it is revealed that the dihedral angle between
ni-plane of bipyridine and nido-carborane is largely determined by the substituent effect.
In the parallel and twisted conformation, the degree of electronic donation from the nido-
carborane unit is intrinsically changed (parallel: strong, twist: weak). Based on this
angle-dependent electron-donating effect, the electronic properties of the ruthenium complex
are varied.

0.20
Me-nCB-Ru
0.151
% H-nCB-Ru
I 0.101
<
0.051
O-r""'lr'l'lllllll
0 60 120 180

Dihedral angle (degree)

Figure 5. Energy level diagrams of the Sy state for each complex upon rotation of the nido-
carborane units.

Table 5 shows the emission data calculated with the TD-DFT method at the optimized
T; geometries. Further, NTO analyses were performed at the geometries. The optimized T
geometries of each complex and their HOTOs and LUTOs are illustrated in Figure 4. The
features of the NTOs for each emission transition were almost the same as that of absorption.
Additionally, the dipole moments in the ground and excited states (MLCT states) of each
complex were calculated (Table 6). It was shown that nido-carborane-substituted ruthenium
complexes have significantly large dipole moments in comparison to [Ru(bpy)s]?>* derived
from the anionic nido-carborane units and the cationic ruthenium center. In the case of
H-nCB-Ru and Me-nCB-Ru, the dipole moments in the MLCT states are smaller than those
of ground states because the directions of MLCT are opposite to the vectors of original
dipole moments. In particular, the dipole moments of H-nCB-Ru are smaller than those
of Me-nCB-Ru, especially in the MLCT state. From these data, it is proposed that the
delocalization of negative charge on the nido-carborane units could occur by the formation
of the MLLCT state in H-nCB-Ru. In contrast, the electron density on the nido-carborane
units should be larger because Me-nCB-Ru forms the MLCT state. In other words, negative
charges are dispersed in the whole H-nCB-Ru molecule, whereas the negative charge
should be localized at the ruthenium complex moiety in the excited state of Me-nCB-Ru.
The delocalized charge would weaken to make electronic interactions to polar solvents in
the charge-separated excited state. As a result, relatively larger ®rr can be obtained from
H-nCB-Ru than that from Me-nCB-Ru through the suppression of non-radiative decay
caused by non-specific interaction with solvents.
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Table 5. Calculated emission data from TD-DFT at the optimized T; geometries.

/\em,calc Eg,calc
[nm] [eV]

[Ru(bpy)s]** 620 2.00 H—3—L(6%),H—L(86%),H—L+1(2%)
H-nCB-Ru 649 191 H—6—L(3%),H—2— L (44%), H — L (42%)
Me-nCB-Ru 562 221 H-8—3L2%),H—2—L+1(8%),H—L+1(4%)

"H =HOMO and L = LUMO.

Compound Transitions ?

Table 6. Calculated dipole moments at the optimized structures.

Hground HMLCT A”
[Debyel [Debyel [Debyel

[Ru(bpy)s]** 0.01 7.37 +7.4
H-nCB-Ru 63.4 56.9 —6.5
Me-nCB-Ru 66.9 61.2 —5.7

Compound

3. Conclusions

nido-Carborane-substituted tris(2,2"-bipyridyl)ruthenium(Il) complexes, H-nCB-Ru
and Me-nCB-Ru, were synthesized. We initially show that nido-carborane should be an
effective electron donor because of deep-red phosphorescence with good phosphorescent
quantum yields from the PEG films containing the complexes. Furthermore, from the
experimental and computational studies, it was shown that the electron-donating properties
of the nido-carborane units and the optical properties were tunable by controlling the
dihedral angles between bipyridine moieties and five-membered ring planes with steric
substituents. It should be emphasized that this is the first study to demonstrate the angle-
dependent variable contributions of the nido-carborane units to the electronic and optical
properties of phosphorescent compounds. In other words, another unique electronic
character can be found originating from the 3D aromaticity property of the boron clusters.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/cryst12050688/s1, Charts S1-S15: NMR spectra; Charts 5S16-S20:
mass spectra; Figure S1: Cyclic voltammograms for Ru complexes in CH3CN with 0.1 M BuyNPF; at
50 mV s~ 1. The horizontal scale refers to an Fc/Fc* electrode.
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