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Abstract: Seventeen compounds including the parent ortho-,
meta- and para-carboranes and derivatives of ortho-carborane
were investigated for luminescence in cyclohexane and di-
chloromethane solutions. Fifteen of these carboranes revealed
very weak emissions in the 285-493 nm range. These car-
boranes may arguably be viewed as non-emissive in solutions
at room temperatures. No emissions could be observed for 1,2-di-
methyl-ortho-carborane and 2-methyl-1-phenyl-ortho-carbor-
\ane. The carboranes with a 2’-pyridyl substituent at the cluster

carbon atom gave unusual local and charge-transfer emissions
indicating that different excited states are generated on photo-
excitation. Of all the carboranes investigated, only 2-(diphenyl-
phosphino)-1-phenyl-ortho-carborane, 1,2-diphenyl-ortho-car-
borane and 1-phenyl-2-(2’-pyridyl)-ortho-carborane are lumi-
nescent in the solid state with emissions at 476-612 nm and
large Stokes shifts of 12000-13600 cm~'. The solid-state struc-
tures of 1,2-bis(2”-pyridyl)- and 1-phenyl-2-(2"-pyridyl)-ortho-
carborane were determined by X-ray crystallography. Y.

Introduction

Luminescence properties of derivatives of the dicarba-closo-
dodecaborane isomers (1,2-, 1,7- and 1,12-C,BoH;,, which are
ortho-, meta- and para-carborane 1, 2 and 3, respectively;
Scheme 1),['?! have gained much interest recently.l3! Derivatives
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Scheme 1. Icosahedral carboranes 1-3. Each naked vertex is BH.
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with meta- and para-carborane groups revealed luminescence
properties characteristic of the non-carborane moieties.[*'3!
The meta- or para-carborane cluster merely plays roles as a
spectator, a spacer or an inductively electron-withdrawing
group in these molecules or polymers. There are, however, rare
exceptions where the clusters are actively involved in the ex-
cited states of bis(benzodiazaborolyl)-meta- and -para-carbor-
anes.

The ortho-carboranyl group, on the other hand, can be a
uniquely strong electron acceptor when connected to a donor
at one or both cluster carbon atoms [at C1 and/or C2 in 1,2-
C,B40H15 (1)] due to the elasticity of the cluster C1-C2 bond.['¥
The ortho-carborane unit can thus play an active role as the
acceptor in organic donor-acceptor molecules (dyads). Photo-
excitation of such dyads induced a charge transfer from an or-
ganic scaffold to the carborane cluster, which either led to lumi-
nescence quenching or to charge-transfer (CT) emissions or
both - depending on the solvents used and whether the mate-
rials were investigated as solids.’~'>">-281 Dual fluorescence
with CT and local transitions has been observed in some ortho-
Carbol’anes.“2'13’15_20’28]

The ortho-carborane unit plays a role similar to meta- and
para-carborane clusters in the photophysical process of a com-
pound if there is a stronger electron acceptor than the cluster
in these systems,!>62%3% and if the ortho-carborane group is
connected to a donor at one or more boron cluster at-
oms.72831 The ortho-carborane group is a much weaker elec-
tron acceptor when bonded at the boron atom (it may even
be a donor depending on the position of the attached boron
atom).13?!
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Recently, there have been considerable research efforts on
the luminescence properties of iridium complexes with car-
borane clusters present.*337! |ridium complexes such as
Ir(ppy);3® have been studied in great depth for fifteen years
due to their attractive phosphorescence properties as dopants
in efficient light-emitting devices (LEDs).13®! While iridium com-
plexes containing meta- and para-carboranes give subtle effects
on the photophysics as expected,’3#3>! those containing the or-
tho-carborane cluster yield very different luminescence proper-
ties provided that it is attached at the cluster carbon atom and
is the electron acceptor in the photophysical processes. The
luminescence of an iridium complex is therefore quenched or
reduced significantly in this case.3>3¢! If the ortho-carborane
cluster is not the electron acceptor, it acts as an inductively
electron-withdrawing group and can subtly influence the emis-
sion wavelength.[3436:37]

Here we report our photophysical studies on the three par-
ent carboranes 1-3 and fourteen ortho-carborane derivatives
4-17 with common substituents at the carborane carbon atoms
(C1, C2) (Scheme 2). Only ortho-carboranes with substituents
are explored here as varied photophysical properties have been
noted earlier for ortho-carboranes. All carboranes - apart from
6 and 8 — are shown to fluoresce in cyclohexane and dichloro-
methane solutions at high concentrations. Thin films of 1-17
made by sublimation onto quartz plates revealed that only
three, i.e. 15-17, fluoresce in the solid state.

The carborane dithiol 9 is a well-known precursor to a vast
field of metal complexes with carborane-thiolate ligands.”*”
Some complexes made from 9 have been shown to luminesce
with the carborane cluster acting as a spectator in these lumi-
nescence processes.*! 1,2-Bis(phenylthio)-ortho-carborane, an
analogue of 10 here, has been reported to luminesce at
406 nm."2 The phosphine 12 is also a precursor to many metal
complexes as a bidentate donor ligand, and the closo-carborane
cage can, however, be converted into a nido-carborane anion
during the reaction.[*3 Phosphine 12 itself has been reported

Table 1. Absorption data for 1-17.
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Scheme 2. Substituted ortho-carboranes 4-17, investigated in this study.

to be non-emissive,** and luminescent metal complexes con-
taining 12 as ligand have so far been limited to a silver com-
plex.#!

The pyridylcarborane 13 has been used as a precursor to
luminescent iridium complexes analogous to the ubiquitous
Ir(ppy); dopant emitter.>3 Also other highly luminescent metal
complexes have been reported with the pyridylcarborane unit
present.*®! Given that there have been many articles on the
observed luminescence of 1-monoalkyl-, 1-monoaryl- and 1,2-
diaryl-ortho-carborane derivatives,”~'31>-3% by contrast 1-
monomethyl-ortho-carborane 4, 1-monophenyl-ortho-carbor-
ane 7 and 1,2-diphenyl-ortho-carborane 16 were quoted to be
non-emissive.[20:30)

Results and Discussion

Absorption

The absorption data for 1-17 in cyclohexane, dichloromethane
and as sublimed thin films are listed in Table 1 and absorption

R! R? Cyclohexane Dichloromethane Film [nm]™®
Concentration™  Absorption maxima [nm] Concentration'?  Absorption maxima [nm]
(extinction coefficient ¢[L mol~' cm™']) (extinction coefficient ¢ [L mol™' cm™])

H H 1 53 mm 228 (2), 271 (<1) 43 mm 230 (1), 261 (<1), 282 (<1) 239

H H 2 17 mm 251 (1), 282 (1) 18 mm 258 (1), 282 (1) 241

H H 3 36 mm 283 (<1) 38 mm 235 (<1), 280 (<1) 241

Me H 4 65 mm 273 (1) 56 mm 270 (1) 239
SiMe; H 5 27 mMm 272 (1) 35 mm 271 (1) 238

Me Me 6 42 mm 274 (<1) 43 mm 263 (<1) 241

Ph H 7 100 um 260 (380), 265 (410), 272 (310) 100 um 260 (520), 265 (560), 272 (420) 267

Ph Me 8 1.5 mm 260 (450), 266 (530), 272 (410) 23 mm 261 (440), 266 (510), 273 (390) 266

SH SH 9 750 pum 2384 750 um 2389 239
SMe SMe 10 | 750 um 23819(2960) 750 um 238 (3900) 239
PPh, H 11 | 200 pm 261 (5160), 268 (4960), 275 (3900) 200 pum 262 (3830), 267 (3670), 275 (2910) 274
PPh, PPh, 12 |50 um 269 (10630), 275 (10870) 50 um 269 (11600), 275 (11760) 238, 275
2"-Py H 13 |50 um 257 (45760), 262 (52040), 269 (39290) | 50 pm 257 (36850), 262 (41930), 268 (30040) 262
2Py 2Py 14 |40pm 261 (73850) 40 pm 262 (67850) 260

Ph PPh, 15 |50 um 262 (5280), 268 (5240), 277 (4250) 50 um 262 (5190), 268 (5080), 276 (4220) 240, 278
Ph Ph 16 | 100 um 267 (1370), 274 (1200), 298 (480), 307 | 100 um 267 (1570), 274 (1370), 298 (640), 309 238, 266

(260), 321 (210) (510), 323 (310)
Ph 2’-Py 17 | 500 um 257 (3560), 261 (3620) 500 pum 233 (8680), 257 (4890), 261 (5020) 259

[a] Concentration = molar concentration. [b] Film = sublimed thin film. [c] Estimated, no structured maximum.
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spectra shown in Figures 1, 2, 3, and 4 and in Figures S1-
S13. Carboranes 1-3 show very weak absorption bands in solu-
tions as reported elsewhere (1: 252 nm with extinction co-
efficient ¢ = 0.4 Lmol™" cm™ in n-hexane;*”? 2: 239 nm with
e = 20 Lmol” cm™ in n-hexane*”! 3: 273 nm with ¢ =
3.2 L mol™" cm™ in dichloromethane®®). Methyl and trimethyl-
silyl groups have little influence on the extinction coefficients
or absorption maxima when the values for 4-6 are compared
with 1. Concentrations in the region of mm were necessary to
record these weak bands (¢ < 1 L mol~' cm™) in 1-6. Structured
bands and higher coefficients (¢ = 310-420 L mol~' cm™") were
observed in 7 and 8 where m—n* transitions in the phenyl
group present are responsible for these bands.[**°% The absorp-
tion spectra for 9 or 10 showed one unstructured band slope
tailing off at ca. 300 nm. Carboranes 11-17 contain bands with
higher extinction coefficients (e = 1200-73850 L mol~' cm™) re-
flecting the presence of aryl groups with m—at* transitions. The
absorption spectra of sublimed thin films were broad and
lacked fine structure with maxima observed in the range of
238-278 nm.

Emission and Excitation

Table 2 lists the emission and excitation data and Figures 1, 2,
3, and 4 and Figures S1-S13 depict emission and excitation
spectra for 1-17 except for 6 and 8. The excitation spectra
shown here are the profile in the 2D emission-excitation spectra
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(EES) at the emission maximum (Figure S14). The C-methyl-
carboranes 6 and 8 did not show any emissions in solution.
Most of the observed emissions were very weak with photo-
luminescence quantum yields (®F) of less than 1%. The ®F
values listed in italics are those with large errors for such
measurements as the very low absorption coefficients
(e < 1 Lmol™" cm™) combined with low fluorescence intensities
result in significant uncertainties.

The parent carboranes 1-3 have not been reported to
fluoresce in solutions at ambient temperatures prior to this
study. Weak emissions from solutions of high concentrations
were observed at 317-342 nm with Stokes shifts of 3970-
7470 cm™' (Figure 1 and Figure S1). The Stokes shift is calcu-
lated here as the difference between the low-energy excitation
maximum and the high-energy emission maximum. The excita-
tion maxima values are not necessarily the same as the absorp-
tion maxima values as the lowest-energy absorption maximum
may not be observed. The latter band can be very weak or
hidden in the low-energy tail end of a strong absorption band.

While most of the ortho-carborane derivatives follow the
general photophysical pattern of 1, there are some exceptions.
The two derivatives with Ph,P- or 2’-pyridyl groups at both car-
borane carbon atoms, 12 and 14, contain structured emissions
and small Stokes shifts of 210-1870 cm™ and these emissions
are based on local transitions at the aromatic rings. The car-
borane cluster in both compounds are not active in the radia-
tive pathways here.

Table 2. Solution-state excitation (Ex), emission (Em) and quantum vyield (QY) data for 1-5, 7 and 9-17.

R! R? Cyclohexane Dichloromethane
Ex [nm] Em [nm] Stokes shift [cm™'] QY (PF) [%] Ex [nm] Em [nm] Stokes shift [cm™'] QY (D) [%]
H H 1 275 317 4818 1 266 332 7474 0.6
H H 2 280 315/329 3968 4 280 317/330/342 4169 4
H H 3 280 325 4945 1 280 325 4945 1
Me H 4 270 323 6077 1 270 324 6173 0.7
SiMe; H 5 268 286/311 2348 1 269 285/314 2087 4
Ph H 7 278 328 5483 <0.5 284 334 5271 <0.5
SH SH 9 295 353 5570 <0.1 275 358 8431 <0.1
SMe SMe 10 332 410 5730 <0.5 332 410 5730 <0.5
PPh, H 1 313 339/353/436 2450 <0.1 311 359/435 4299 <0.1
PPh, PPh, 12 414 428/442 790 3 416 451 1866 8
2’-Py H 13 284 316 3566 <0.5 286 314 3118 <0.5
2’-Py H 13 364 493 7189 0.8 338 418 5662 <0.5
2’-Py 2-Py 14 308 310/322/332 209 <0.1 308 311/324/333 313 <0.1
Ph PPh, 15 298 346 4655 <0.1 298 346 4655 <0.1
Ph Ph 16 292 348 5511 3 294 348 5278 4
Ph 2-Py 17 286 329 4570 <0.1 366 442 4698 <0.1
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Figure 1. Absorption, emission and excitation spectra of (a) 1, (b) 2 and (c) 3 in dichloromethane.
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Two other exceptions to the general carborane spectra pat-
terns are the 2-pyridylcarboranes 13 and 17, where emissions
are observed at different wavelengths. Compound 13 reveals
two distinct emissions with the relative band intensities de-
pendent on the excitation wavelengths (Figure 2 and Fig-
ure S14). It is possible that there are two distinct excited states.
There is a strong intramolecular interaction between the pyridyl
nitrogen atom and the carboranyl hydrogen atom in 13, and
these observed states relate to the presence or absence of hy-
drogen bonding.®" Emission and excitation measurements on
13 were also carried out in other solvents (Table S1). Both emis-
sions were observed with these solvents except for methanol
and ethanol, where only the higher-energy emission could be
seen. The low-energy emission for 13 does not have the solva-
tochromism character expected for a CT excited state as the
emission wavelengths in some nonpolar solvents are longer
than the emission wavelengths in some polar solvents. Nega-
tive solvatochromism may be implied, but there is no clear
trend between the Stokes shift energies and the solvent polari-
ties.

An ortho-carborane with a 2’-pyridyl-CH(OH)- substituent at
C1 has been reported with different emission wavelengths at
349-384 nm in ethanol and 427-492 nm in the solid state.*?
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It was implied that there are significant intermolecular interac-
tions between molecules in the solid state not present in solu-
tion, thus different emission wavelengths are observed. For 13,
intramolecular interactions between the carboranyl protons
and the pyridyl nitrogen atoms result in the low-energy emis-
sions observed here.

The 1-phenyl-2-(2"-pyridyl)-ortho-carborane 17 is unique
within the series here as the emission observed (Figure 3) is
solvent-dependent with an emission maximum at 329 nm in
cyclohexane and at 442 nm in dichloromethane. Based on re-
ported photophysical data of other ortho-carboranes,!'%13:15-19
the emission at 329 nm is from local transitions at one or both
aryl groups, whereas the emission at 442 nm is a charge transfer
involving the carborane cluster. Low-energy emissions of 17 are
also observed in toluene (440 nm), chloroform (408 nm) and
acetonitrile (426 nm).

Solids of 1-17 were vacuum-sublimed onto quartz slides for
photophysical measurements as carried out in our reported 1-
borolyl- and 1-boryl-ortho-carborane investigations.®'>6171 No
thin-film emissions were observed at room temperatures for the
parent carboranes 1-3. Solid-state emissions at ambient tem-
peratures were reported elsewhere for 1 (powder form:
395 nm;P3! silica gel form: 356 nm'®), 2 (silica gel: 380 nm'®))
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Figure 2. Absorption, emission and excitation spectra for 13 in (a) cyclohexane and (b) dichloromethane solutions with emission measured at 285 nm
excitation wavelength and excitation determined at 316 and 314 nm emission wavelength and in (c) cyclohexane and (d) dichloromethane solutions with
emission measured at 360 nm excitation wavelength and excitation determined at 493 and 418 nm emission wavelength.
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Figure 4. Absorption, emission and excitation spectra on sublimed thin films of (a) 15, (b) 16 and (c) 17.

and 3 (silica gel: 345 nm[)). The different results are attributed
to the different solid morphologies looked at. No emissions
were observed from films of 4-14 either. However, low-energy
emissions were observed for the aryl-ortho-carboranes 15-17
(Figure 4, Table 3) with quantum yields (®F) of 2-9 % and large
Stokes shifts of 12000-13600 cm™". The effect of the diphenyl-
phosphino (Ph,P), phenyl or 2’-pyridyl group at the second
carbon atom of the 1-phenyl-ortho-carborane on the emission
is reflected in the emission wavelengths: 612 nm for 15, 537 nm
for 16 and 476 nm for 17. Such low-energy emissions have
been reported in other diaryl-ortho-carboranes and arise from
charge transfer involving both the ring and the carborane clus-
ter,[910:13,15,16,18,20.22-26] The solid-state emission of 1,2-diphenyl-
ortho-carborane 16 here is expected as many derivatives con-
taining the diphenyl-ortho-carborane unit emit in the solid
state.

Table 3. Thin film excitation (Ex), emission (Em) and quantum yield (QY) data
for 15-17.

R R? Ex [nm] Em [nm] Stokes shift [cm™'] QY (@F) [%]
Ph PPh, 15 353 612 11989 2
Ph Ph 16 312 537 13429 7
Ph 2-Py 17 289 476 13594 9

Crystallography

Crystal structures of 14 and 17 were obtained here (Figure 5)
to give insight into why there are differences in the photophysi-
cal data in these compounds. The two independent molecu-

Eur. J. Inorg. Chem. 2016, 403-412
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les A and B in 14 revealed different pyridyl group orientations.
The structures in both compounds have very similar C1-C2
bond lengths of 1.6838(17) (A) and 1.6918(17) A (B) in 14 and
1.6955(16) A in 17. The aryl orientations between these molecu-
les do vary with both rings perpendicular to the C1-C2 plane
in 17 (maximising the overlap between the ring & orbital and
the antibonding C1-C2 orbital) and may be responsible for the
solid-state emission observed only for 17. These findings do
not explain the obvious differences in the photophysical data
between the two carboranes in solution though. Table 4 lists all
experimentally determined C1-C2 bond lengths for carboranes
studied where available.>>4-¢" While disubstituted ortho-car-
boranes contain longer C1-C2 bonds than the monosubstituted

Figure 5. Molecular structures of 14 and 17 determined by X-ray crystallogra-
phy. Two independent molecules A and B are present in the crystal of 14.
Selected torsion angles [°]: C1A-C2A-C8A-N2A -80.52(14), C2A-C1A-C3A-
N1A -61.41(15), C1-C2-C8-N2 -61.28(15), C2-C1-C3-N1 90.19(14) for 14;
C1-C2-C9-N1 -88.4(13), C2-C1-C3-C4 93.10(14) for 17. Thermal ellipsoids
are at 50 % probability.
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Table 4. Comparison of emission values with C1-C2 bond lengths and reduction potentials.

R! R2 Emission maxima'® C1-C2 [A]® E(Red) V] Eqpp [V
CyH DCM Film

H H 1 317 332 1.620(3)54 -3.09

H H 2 315 317

H H 3 325 325

Me H 4 323 324 - -3.12

SiMes H 5 286 285 - -3.01

Me Me 6 - - - -3.00

Ph H 7 328 334 1.649(2)(5%1 -2.48

Ph Me 8 - - 1.6954(16)1°¢! -2.24

SH SH 9 353 358 - -1.43

SMe SMe 10 410 410 1.803(2)1%7) -1.76

PPh, H 11 339 359 1.666(9)1°8! -2.54

PPh, PPh, 12 428 451 1.7171(18)% -1.98

2’-Py H 13 316 314 1.632(3)1°" -2.59

2-Py 2-Py 14 310 311 1.6838(17), 1.6918(17) -1.75 -1.54

Ph PPh, 15 346 346 612 1.719(3), 1.737(3)[% -1.75

Ph Ph 16 348 348 537 1.722(2), 1.730(2)16" -1.80 -1.61

Ph 2-Py 17 329 442 476 1.6955(16) -1.74 -1.55

[a] Highest energy maximum listed in nm; CyH = cyclohexane, DCM = dichloromethane, film = sublimed thin film. [b] Most accurate carborane C1-C2 bond
length from X-ray data where possible; the two reported values in some cases are from two independent molecules within the crystal. [c] Cathodic wave
from cyclic-voltammetry measurements, values in italics are from irreversible waves. [d] First half-wave reduction potential of reversible waves.

ortho-carboranes, there is little correlation between these bond
lengths and the emission data observed.

Cyclic Voltammetry

Cyclic voltammetry (CV) studies were carried out on carboranes
1-17 to obtain reduction potentials for comparison with ob-
served emission data. No reduction waves were observed for
the meta- and para-carboranes 2 and 3 within the acetonitrile
solvent window. Only three compounds (14, 16 and 17)
showed reversible waves (Table S2); therefore, the cathodic
wave values for 1 and 4-17 are listed in Table 4 for comparison.
It has been shown elsewhere that CV studies of 1,162 4,163 ,[63]
71931 and 12 contain irreversible waves due to either car-
borane C-H or C-P cleavage, addition of a proton to the di-
anion formed, spontaneous deboronation of the dianion
formed or combinations of these processes. For 4, 11 and 13,
cleavage of the carborane C-H bond takes place on reduction.
A decomposition process found®3! in the reduction of 6 occurs
in the reduction of 8 as well. S-H bond cleavage follows on
reduction of 9 based on the reported® electrochemical reduc-
tion of thiophenol. Cleavage of the carborane C-S bond occurs
in 10 and likewise cleavage of the carborane C-P bond in 11
and 15 on the basis of a CV study® on related sulfur and
phosphorus carboranes.

There is a general relationship between the reduction poten-
tials and the C1-C2 bond lengths as indicated elsewhere.['5¢!
Two groups are identified on this basis, one group with bond
lengths of 1.62 (for 1) to 1.67 A (for 11) gives reduction poten-
tials of -3.09 (for 1) to -2.54 V (for 11), while another group
containing longer bonds of 1.68 (for 14) to 1.80 A (for 10) gives
lower reduction potentials of —2.24 (for 8) to -1.74 V (for 17).
However, there is little correlation between the emission data
and the CV data, which is perhaps expected as reduction poten-
tials only give an estimate for the relative LUMO energies. The
energy differences between the HOMOs and LUMOs can be pre-
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dicted if oxidation waves in these carboranes were observed
and the energy differences would have a better correlation with
the emission maxima observed.

Of the three carboranes with poorly resolved two-electron
reversible waves observed, dipyridyl-ortho-carborane 14 and 1-
phenyl-2-(2"-pyridyl)-ortho-carborane 17 are easier to reduce
than diphenyl-ortho-carborane 16,°¢1-63671 and 1-phenyl-2-(2’-
pyridyl)-ortho-carborane 17. This observation suggests that the
carborane moiety is a suitable acceptor in 14 and thus gives
charge-transfer emissions. These CT emissions are quenched for
14 in solutions and in the solid state, even though very weak
absorption bands are found in the 350 nm region in solutions
for 14 (Figure S15).

Conclusions

Our photophysical measurements on the parent carboranes 1-
3 and fourteen derivatives 4-17 of ortho-carborane reveal that
all - except two (1,2-dimethyl- and 2-methyl-1-phenyl-ortho-
carboranes 6 and 8, respectively) — are emissive in concentrated
solutions (cyclohexane and dichloromethane). However, the
vast majority of these compounds give very weak emissions;
thus, these carboranes are considered (and have been reported
for 4,139 7,301 1244 and 16[2%) as non-emissive. The influence
of the substituents, Me, SH, SMe and SiMes, on the photo-
physics of ortho-carborane is subtle, whereas the influence of
the aryl groups, Ph, PPh, and 2’-pyridyl, is inevitably present
with m—t* transitions and/or charge-transfer emissions.

The effect of the 2-pyridyl group on the photophysics of
ortho-carborane is remarkable. The monopyridylcarborane 13
revealed low- and high-energy emissions - arising from two
excited states formed from two initial ground states with one
involving an intramolecular hydrogen bond. The 1,2-dipyridyl-
carborane 14 gave a high-energy emission consistent with local
ring transitions, while emission of 1-phenyl-2-(2’-pyridyl)-ortho-
carborane 17 is solvent-dependent affording a high-energy

© 2016 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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emission (329 nm) in cyclohexane and a low-energy emission
(442 nm) in dichloromethane.

Examination of the photophysics on thin films of compounds
1-17 made by sublimation showed that only three were de-
tected to be fluorescent with emission maxima at 612 nm [2-
(diphenylphosphino)-1-phenyl-ortho-carborane, 15], 537 nm
(1,2-diphenyl-ortho-carborane, 16) and 476 nm [1-phenyl-2-(2’-
pyridyl)-ortho-carborane, 17]. While the observed solid-state
emission of 16 is expected as many derivatives containing the
diphenyl-ortho-carborane unit are luminescent in the solid
state, the use of a Ph,P- or 2-pyridyl group in place of one
phenyl group is intriguing. Derivatives containing a 2-(diphenyl-
phosphino)-1-phenyl- or a 1-phenyl-2-(2’-pyridyl)carborane unit
may also be notably emissive in the solid state and at longer
and shorter wavelengths, respectively, compared to the emis-
sion wavelength from the diphenylcarborane unit.

Any correlations between the emission maxima of the ortho-
carboranes studied here with their reduction potentials and
their experimental carborane C1-C2 bond lengths were not
found. For example, the crystal structures and reduction poten-
tials of 14 and 17 determined here were very similar, yet their
emission data were remarkably different. Nevertheless, the pho-
tophysical data reported here provide a useful databank for
photophysical studies on new carborane-containing derivatives
with intriguing luminescence properties carried out here and
elsewhere.

Experimental Section

Syntheses: Compounds 1-3 were purchased commercially (Kat-
Chem) and purified by repeated sublimations, whereas 4,181 5,6
6,[68] 7/[69] 8,[70] 9[[71] 10,[71] 11,[72] 12,[73] 13,[74] 14[[74] 15,[72] 16[75]
and 1774 were prepared according to literature procedures. '3C
NMR spectroscopic data in CDCl; calibrated on the solvent signal
at 0 = 77.0 ppm; 5: 6 = 66.2 (C1), 59.7 (C2 H), -1.5 (CH3) ppm; 15:
0 = 135.4 (d, 2Jpc = 27 Hz, ortho-PPh,), 132.8 (d, "Jpc = 15 Hz, ipso-
PPh,), 131.9 (d, *Jpc = 2, para-PPh,), 131.2 (d, 3Jpc = 4 Hz, ipso-
phenyl C), 130.9 (s, ortho-phenyl C), 130.6 (s, para-phenyl C), 128.5
(d, 3Jpc = 10 Hz, meta-PPh.,), 86.0 (d, Zpc = 20 Hz, C1), 83.2 (d, "Jpc =
72 Hz, C2) ppm; 17: 6 = 148.9 (C6’), 148.7 (C2'), 136.6 (C4"), 130.7
(ortho- and ipso-phenyl C), 130.0 (para-phenyl C), 128.0 (meta-
phenyl C), 124.9 (C3), 124.3 (C5’), 84.7 (C1), 84.1 (C2) ppm.

Photophysical Measurements: Absorption spectra were measured
from 200 to 600 nm (AA1 = 0.5 nm) with a Shimadzu absorption
spectrometer. In most cases, the sample concentrations (Table 1)
used for the absorption measurements were too low to obtain the
excitation-emission spectra. Samples with significantly higher con-
centrations were therefore used to obtain the excitation-emission
spectra. For every substance measurement, a spectrum of the pure
solvent was measured to ensure that the cuvette and the solvent
were free of any luminescent impurities. The sample was then dis-
solved directly in the solvent within the cuvette. The samples were
generally excited from 230 nm to 430 nm (A4 = 0.5 nm). The excita-
tion monochromator entrance and exit slits were opened at 3 mm
during the measurements. For weak emissions, longer integration
times were used for the samples at 230 to 330 nm excitation with-
out lengthening the time of measurement. The emission wave-
lengths were separated by a grating with 150 lines/mm using a
central wavelength of 500 nm. The entrance slits of the emission
monochromator were opened at 25 um. The spectra were measured
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with 10 s integration time/nm in most cases. Substances with
stronger emissions were measured with 4 s integration time.

For the solid-state photophysical measurements, each substance in
a flask was sublimed onto quartz plates (35 x 10 x 1 mm) with an
operating vacuum pressure of 1072 to 10~ mbar using a Schlenk
vacuum line. The substance at the bottom of the flask was heated
to the initial sublimation temperature of the particular carborane
(40-150 °C region) until a thin film was observed on the plate. Opti-
cal densities were not determined as the film thicknesses were vari-
able; thus, normalized data are reported here. While the solid mor-
phologies of the films differ as expected from the crystals of the
carborane samples, the observed fluorescence of the carborane
crystals and films are identical to the naked eye under a UV lamp
(365 nm). The thin-film spectra were detected with an edge filter
(360 nm) in front of the emission monochromator to block the exci-
tation light.

Stokes shifts were calculated from the difference between excita-
tion and emission spectra in wavenumbers. When more maxima are
observed in excitation and/or emission the most redshifted excita-
tion maximum and the most blueshifted emission maximum are
used. The quantum yields in solution were determined against the
standard POPOP [1,4-bis(5-phenyloxazol-2-yl)benzene, @ = 0.93],
while quantum yields of the thin films were determined with the
integration-sphere setup according to the Mello method.”®! The
emission of a thin film was measured in the integration sphere with
excitation at 290 nm. The sample was placed in the centre of the
sphere where direct excitation takes place for the first measurement
(index: X_in). The sample was in a position where only indirect exci-
tation with scattered light takes place for the second measurement
(index: X_out). A quartz plate without the sample was also meas-
ured (X_LM) as background. The difference in the integrated scatter-
ing signal (X) of both sample and background plates gives the ab-
sorption (A), while the emission is determined from the integration
of the fluorescence signal (E) with the equations as

A = (X_out — X_in)/X_out
and
QY = [E_in - (1 = A)-E_out]/(X_LM-A)

Crystallography: The single-crystal X-ray data were collected at
120 K with the Bruker D8Venture diffractometer [Photon100 CMOS
detector, luS-microsource, focusing mirrors, A(Mo-K,), A = 0.71073 A,
w-scan, 1°/frame] equipped with Cryostream (Oxford Cryosystems)
open-flow nitrogen cryostates. The structures were solved by direct
methods and refined by full-matrix least-squares on F? for all data
using SHELXTLY7! and OLEX278! software. All non-hydrogen atoms
were refined with anisotropic displacement parameters, H atoms
were located on the difference map and refined isotropically. In
molecule B, the Py ring shows a 0.8:0.2 disorder by 180° rotation
around the C2-C8 bond with the major component shown in Fig-
ure 5. Crystal data and experimental details are given in Table S3.
CCDC 1435093 (for 14), and 1435094 (for 17) contain the supple-
mentary crystallographic data for this paper. These data can be ob-
tained free of charge from The Cambridge Crystallographic Data
Centre.

Cyclic Voltammetry: Cyclic-voltammetry measurements were car-
ried out with an EcoChemie Autolab PG-STAT 30 potentiostat at
298 K with a glassy carbon working electrode and platinum wires
as counter and reference electrodes in a nitrogen-containing glove
box with 0.1 m nBusNPFg in acetonitrile. Scan rates of 100 mV s’
were used. The ferrocene/ferrocenium FcH/FcH* couple served as
internal reference at 0.0 V for potential measurements, and peak-
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peak separations of this couple were generally in the region of 90—
110 mV.

Supporting Information (see footnote on the first page of this
article): Figures of solution-state absorption spectra for 1-12 and
14-16, emission and excitation spectra for 1-5, 7, 9-12 and 14—
16, 2D emission-excitation spectra (EES) for 13 in chloroform, solu-
tion-state absorption spectra of 13, 14 and 17 at high concentra-
tions and CV traces for 1 and 4-17; tables of emission data for 13
in various solvents, CV data for 14, 16 and 17 and crystallographic
data for 14 and 17.
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