Published on 13 November 2019. Downloaded on 1/2/2020 6:35:17 PM.

ChemComm

W) Check for updates ‘

Cite this: Chem. Commun., 2019,
55, 14518

Received 2nd October 2019,
Accepted 12th November 2019

Kang Mun Lee 2 *
DOI: 10.1039/c9cc07729d

rsc.li/chemcomm

To clarify the relationship between planarity and intramolecular
charge transfer (ICT), two o-carboranyl compounds (TCB and FCB)
containing different ortho-type terphenyl rings, namely, perfectly
distorted or planar phenyl rings, were synthesised and fully charac-
terised. Although the emission spectra of both compounds presented
intriguing dual-emission patterns in solution at 298 or 77 K and in
the film state, distorted TCB mostly showed locally excited emission,
whereas planar FCB demonstrated intense emission corresponding to
an ICT transition. Interestingly, the emission efficiencies and radiative
decay constants of terphenyl-based o-carboranyl compounds were
gradually enhanced by increasing the planarity of the terphenyl groups.
These results verify the existence of a strong relationship between
the planarity of appended aryl groups and ICT-based radiative decay in
o-carborane-substituted compounds.

The development of novel organic luminophores has led to con-
siderable research into efficient functional materials for prominent
optoelectronic applications. For instance, compounds consisting
of o-carborane (closo-1,2-C,B;,H;,) linked to organic fluorophores
have been widely researched as unprecedented optoelectronic
materials' > for a variety of photonic applications, such as organic
light-emitting diodes® and organic field-effect transistors.”" These
thermally and electrochemically stable compounds exhibit specific
photophysical properties resulting from the intrinsic nature of
the o-carborane unit.>*'*™'> In particular, the strong electron-
withdrawing properties of the C atoms in the o-carborane cage
lead to the formation of electron donor-acceptor dyad systems that
induce distinct intramolecular-charge-transfer (ICT) transitions
with m-conjugated aromatic substituents,”” " resulting in unique
luminescent behaviors. Recently, manipulation of the ICT process
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Planarity of terphenyl rings possessing
o-carborane cages: turning on
intramolecular-charge-transfer-based emissiont

* and

in o-carboranyl derivatives by strategically designing the molecular
geometry has been extensively investigated.>"*>™*° The C-diazaboryl-
o-carborane-based donor-acceptor dyad system reported by the
Fox group demonstrated that diazaboryl-group rotation prevents
the emissive ICT mechanism, resulting in the formation of only
locally excited (LE) high-energy states.>* Furthermore, a variety
of o-carboranyl-bearing fluorescent m-aromatic units, such as
naphthyl,® anthracenyl,**® tetraphenylethenyl,>” pyrenyl,*®
chrysenyl,®® and benzodithiophene,*® display multiple photo-
luminescence (PL) bands originating from twisted intramolecular
charge-transfer (TICT) states. Such features were also observed for
structural variations of the aryl group linked to the o-carborane
cage. By comparing the photophysical properties of o-carboranyl
biphenyl and fluorene compounds, our group found that the
emissive ICT transitions showed a dramatic dependence on the
planarity of the biphenyl rings.*" These results suggested that
the emissive characteristics of o-carboranyl compounds are
controlled by the structural arrangement the aryl moieties and
o-carborane cage as well as by the structural features of the
appended aromatic groups themselves. Although studies on
various aryl groups appended to o-carborane cages and their
ICT behaviors have clearly revealed that geometrical arrange-
ments between aryl moieties and o-carborane play important
roles in controlling the intrinsic electronic characteristics, the
influence of structurally varying the appended aromatic groups
themselves on the photophysical properties has rarely been
investigated in detail.

Thus, to explore the dependence of the intramolecular
electronic characteristics on structural features, in particular the
planarity, and to gain in-depth insight into this relationship,
o-carboranes were coupled with 2’,5'-dimethyl-1,1":4’,1"-terphenyl
(perfectly distorted o-terphenyl rings) and 6,6,12,12-tetramethyl-
6,12-dihydroindeno[1,2-b]fluorene (perfectly planar o-terphenyl
rings). We report herein the synthesis and photophysical properties
of two terphenyl-based o-carboranyl compounds (Fig. 1a, TCB and
FCB) and compare their radiative decay efficiencies for ICT-based
emission with those of reported terphenyl-based (compound 2*')
and fluorene-based (2F*') o-carboranyl compounds. These strategic,
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Fig. 1 (a) Synthetic routes for the terphenyl based o-carboranyl compounds TCB and FCB. Reaction conditions: (i) 1-hexyne, Cul, Pd(PPhz),Cl,,
triethylamine/toluene, r.t., 24 h. (i) BjgH14, diethyl sulfide, toluene, 110 °C, 72 h. (b) X-ray crystal structure of TCB (50% thermal ellipsoids with H atoms

omitted for clarity).

systematic studies revealed that the radiative decay efficiency of
ICT-based emission is significantly affected by the planarity of
appended aromatic groups.

The synthetic routes for the terphenyl-based o-carboranyl
compounds (TCB and FCB) are shown in Fig. la. Detailed
synthetic procedures for the dibromo precursors (TBr and
FBr) can be found in the Experimental section in the ESLf
Sonogashira coupling between 1-hexyne and TBr or FBr pro-
duced the acetylene-substituted compound, TAC or FAC, in
moderate yield (40% for TAC and 50% for FAC). Finally, the
o-carborane-appended ortho-type-terphenyl compound, TCB or
FCB, was prepared from TAC and FAC using a decaborane
(B1oHu4)-promoted cage-forming reaction in the presence of a weak
base.”>™** The terminal n-butyl groups of both the o-carboranyl
cages and dimethyl groups in FCB were introduced to achieve
good solubility in various organic solvents. All precursors and
o-carboranyl compounds were fully characterised by multinuclear
NMR spectroscopy (Fig. S1-S14, ESIt) and elemental analysis. In
particular, two broad singlet peaks between —3 and —13 ppm in
the "H-decoupled "'B NMR spectra of TCB and FCB clearly confirm
the presence of the closo-carborane cage in each compound. In
addition, TCB was subjected to X-ray crystallography, and the
elucidated solid-state molecular structure is displayed in Fig. 1b.
The structure clearly reveals a central terphenyl group with appended
o-carborane cages.

To investigate the photophysical properties of the terphenyl-
based o-carboranyl compounds TCB and FCB, UV-vis absorp-
tion and PL measurements (Fig. 2 and Table 1) were performed.
TCB and FCB exhibited a dominant low-energy absorption
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Fig. 2 UV-vis absorption and PL spectra for (a) TCB (lex = 298 nm) and
(b) FCB (Zex = 351 nm). Inset figures show the emission colour in each state
under irradiation by a hand-held UV lamp (lex = 295 nm for TCB and
365 nm for FCB).
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band at Z,,s = ~272 and 356 nm, respectively, in THF, which
is associated with the major spin-allowed n-n* LE transition of
the center phenylene group, as well as typical ICT transitions
between the o-carboranyl cage and the central phenyl rings
(see the electronic transition results from time-dependent density
functional theory (TD-DFT) calculations below). The emissive
properties of both compounds were further examined by PL
spectroscopy under a variety of conditions (Fig. 2 and Table 1).
Although the PL spectra of TCB and FCB in THF both exhibited
dual-emission patterns when excited at 298 and 351 nm, respec-
tively, the emission of TCB was focused in the high-energy region
centered at Ao, = ~350 nm, whereas FCB exhibited intense
low-energy emission in the range of 450-600 nm, which tailed
off at 650 nm. With reference to the results of our computational
study (vide infra), the high-energy emission originates from n-n*
transitions of the central terphenyl group, corresponding to LE
emission. In contrast, the low-energy emission is closely associated
with ICT transitions between o-carborane cages and the terphenyl
moiety. The high-energy emission of TCB was relatively unchanged
in various solvents with different polarities, whereas the low-energy
emission of FCB was dramatically altered (Table 1 and Fig. S16,
ESIt), showing a solvatochromic effect. These results also strongly
indicate that TCB and FCB have LE- and ICT-based emissive
characteristics, respectively. Thus, it is evident that the planarity
of the terphenyl rings plays an important role in controlling the
intramolecular electronic transitions as well as the corresponding
radiative decay mechanism. Although TCB showed weak trace only
for ICT-based emission in solution (THF solution at 298 K), it
exhibited a little enhanced ICT-based emission in the rigid states
(THF solution at 77 K and films of 5 wt% doped in poly(methyl
methacrylate) (PMMA)). This behavior originates from the increased
efficiency of the radiative decay associated with the ICT transition
in the rigid molecular state, which restricts structural fluctuations
such as C-C bond variations in the o-carborane cage.''"**?*23

To obtain insight into the relationship between the radiative
decay mechanism for the ICT-based emission and the terphenyl
group planarity, the quantum efficiencies (@) and decay
lifetimes (tops) of TCB and FCB in the low-energy region
(TCB: 400-550 nm, FCB: 420-650 nm) were estimated in THF
solution and in films at 298 K (Table 1 and Fig. S17, S18, ESI¥).
An emission decay lifetime of 0.3-6.9 ns was determined for
both compounds, indicating that the observed emission corre-
sponds to fluorescence. The @, values of FCB in THF at 298 K
and in the film were 4% and 56%, respectively, whereas those
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Table 1 Photophysical data for terphenyl-based o-carboranyl compounds TCB and FCB

Aem/NIM

Aapbs in THF/nm

(ex10>M *em™!) Je/nm Toluene® THF* DCM* 77K’ Film® B Tobs/NS /%107 st ko JIx108 st
TCB 272 (47.0) 298 349 350 349, 526 345,484 348,495 <0.01 0.016 — 6.90 — 029 — 1.4
FCB 340 (42.0), 356 (49.3) 351 375,504 375,548 376, 560 509 514 0.042 0.563 0.28 2.60 15.0 21.7 342 1.7

?¢=5.0 x 10~° M, observed at 298 K. ” ¢=5.0 x 10° M in THF, observed at 77 K. ¢ Measured in the film state (5 wt% doped in PMMA). ¢ Absolute
PL quantum yield. ¢ k, = Pern/Tobs-” knr = ki(1/®e — 1). ¢ Not measured due to weak emission.

for TCB were much lower (only 2% in the film state). The radiative
decay constant (k;, 2.2 x 10® s™*, Table 1) for ICT-based emission in
the FCB film, calculated from the &.,, and 7. values, was more
than 70 times larger than that of the TCB film (0.3 x 107 s™).
In contrast, the nonradiative decay constants for the films of
both compounds were similar (k,,, 1.4 x 10® s~* for TCB and
1.7 x 10® s7' for FCB, Table 1). Interestingly, as the center
phenyl rings become more planar (TCB: fixed distortion of
terphenyl rings — compound 2:*" terphenyl rings that can freely
rotate — 2F:*' fluorene group — FCB: perfectly planar terphenyl
rings), the radiative decay constants for ICT-based emission in
the film state are gradually enhanced (ie., 0.3 x 10”7 s™' for
TCB — 0.8 x 10" s~ ' for compound 2*' — 7.8 x 107 s™* for
2F" — 2.2 x 10® s7' for FCB). Furthermore, the k. values
for compound 2" (P, = 7.8% — ke = 1.0 x 10° s7) and 2F*"
(Dem = 36.8% — ke = 1.3 x 10% s7) are similar to those for TCB
and FCB. These results strongly indicate that maintaining the
planarity of the aromatic rings linked to the o-carborane cages can
increase the radiative decay based on ICT transitions involving an
o-carborane cage.

TD-DFT calculations on the optimised ground (S,) and first
excited state (S;) structures of TCB and FCB revealed the origin
of their intramolecular electronic transitions (Fig. S19-S21 and
Table S3, ESIt). The calculated geometries were optimised
based on the X-ray crystal structure of TCB. The computational
data for the S, state show that the lowest-energy electronic
transition for both compounds is the HOMO — LUMO transition
(Fig. S19 and Table S3, ESIt). The HOMOs of both compounds are
localised on the central terphenyl rings (>95%, Tables S5 and
S7, ESIT), whereas the orbital contribution of the o-carborane
moieties to the LUMOs is slightly higher (>24%). These results
indicate that the lowest-energy absorption band of both compounds
can be mainly attributed to m-m* transitions of the terphenyl
moieties, with a minor contribution from ICT transitions between
the o-carborane cages and the terphenyl groups. All the calculated
data for the optimised S, structures show good agreement with the
experimental UV-vis absorption spectra. In contrast, based on
the computational data for the S; structures of TCB and FCB, both
the HOMO — LUMO and LUMO+1 transitions make major contribu-
tions to the low-energy emission band (Fig. S19 and Table S3, ESIt).
While the LUMOs of both compounds show significant localisation
on the o-carborane moieties (>80%, Tables S5 and S7, ESIY), the
HOMOs are mostly localised on the central terphenyl groups
(>92%). These results strongly suggest that the experimentally
observed emission in the low-energy region predominantly origi-
nates from ICT between the o-carborane cage and the aryl rings,
resulting in ICT-based emission. In addition, for each compound,
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the LUMO+1 is mostly localised on the central terphenyl group
(>83%, Tables S5 and S7, ESIt), strongly suggesting that the intense
emission in the high-energy region (centered at ~350 nm for TCB
and ~375 nm for FCB) originates from n-n* transitions of the
terphenyl rings, namely LE-based emission. These theoretical calcu-
lations allowed precise analysis of all the electronic transitions
occurring in each o-carboranyl compound.

The optimised geometries of TCB and compound 2*' provide
further evidence for the relationship between the ICT-based
radiative decay efficiency and the planarity of the terphenyl rings.
The optimised S, structure of TCB exhibited significantly distorted
aryl groups, with the dihedral angles between the center phenyl
ring and each side phenyl ring calculated as ¥; = 50.3° and
¥, = 53.2° (Table 2). These values are similar to those in the
solid-state molecular structure of TCB (53.8° and 55.9°, Table 2).
Interestingly, the dihedral angles in the optimised S; structure of
TCB decreased significantly (38.0° and 42.1°, Table 2), despite
the steric repulsion of the methyl groups on center phenyl ring.
This observation indicates that the terphenyl moiety prefers to
be planar in the excited states. Distinct structural features are
observed in the optimised S, and S; geometries of compound
2.*' Compared with TCB, the dihedral angles (~35°, Table 2) in
the S, structure of compound 2 were much smaller, and these
values further decreased to ~22° in the S, structure. These
results imply that the terphenyl moiety adopts a structure that
is as planar as possible in the excited states. Consequently, the
experimental and theoretical features of these terphenyl-based
o-carboranyl compounds confirm that the planarity of the ter-
phenyl rings strongly influences the efficiency of the radiative

Table 2 The dihedral angles (¥, and ¥,) between terphenylene rings for
TCB and compound 24

ecInBu y ¥ R R nBu\ce
N = ¥ CAZN
W = V27
R
R =CH,, TCB BH
R =H, Compound 2
TCB Compound 2
cale.? cale.?
EXp.a So S1 So Sq
P./° 53.8 50.3 38.0 34.5 21.9
P,l° 55.9 53.2 42.1 36.7 21.8

“ Experimental values from the X-ray crystal structures. ” Calculated
values from their ground (S,) and the first excited singlet state (S;)
optimised structures.

This journal is © The Royal Society of Chemistry 2019


https://doi.org/10.1039/c9cc07729d

Published on 13 November 2019. Downloaded on 1/2/2020 6:35:17 PM.

Communication

decay for the ICT transition involving the o-carborane moiety.
Furthermore, these results imply that linking planar aryl rings to
o-carborane cages can turn on the ICT-based radiative decay
mechanism.

In conclusion, we prepared and characterised distorted and
planar terphenyl-based o-carboranyl compounds (TCB and FCB).
The solid-state structure of TCB showed perfectly distorted terphenyl
rings. Although TCB exhibited LE-based emission in THF at
298 K, under the same conditions, FCB demonstrated intense
emission that was attributable to ICT transitions involving the
o-carborane cage. Interestingly, increasing the planarity of the
terphenyl group enhanced the quantum efficiency and radiative
decay efficiency. Consequently, these results definitively indicate
that the planarity of the aryl groups appended on o-carborane is
critical for controlling the ICT-based radiative decay of o-carborane
substituted compounds.

This work was supported by the Basic Science Research Program
(2017R1D1A1B03035412 for D. K. An and 2018R1D1A1B07040387
for K. M. Lee), the Basic Research Laboratory Program
(2017R1A4A1015405 for K. M. Lee), and the Nano Material
Technology Development Program (NRF2016M3A7B4909246
for K. M. Lee) through the National Research Foundation of
Korea (NRF) funded by the Ministry of Science and ICT.

Conflicts of interest

There are no conflicts to declare.

Notes and references

1 V. L. Bregadze, Chem. Rev., 1992, 92, 209.

2 A. Gonzalez-Campo, E. ]. Juarez-Pérez, C. Vifias, B. Boury,

R. Sillanpédd, R. Kivekds and R. Nufiez, Macromolecules, 2008,

41, 8458.

R. N. Grimes, Carboranes, Academic Press, London, 2nd edn, 2011.

F. Issa, M. Kassiou and L. M. Rendina, Chem. Rev., 2011, 111, 5701.

5 K.-R. Wee, Y.-]J. Cho, S. Jeong, S. Kwon, ]J.-D. Lee, I.-H. Suh and

S. O. Kang, J. Am. Chem. Soc., 2012, 134, 17982.
6 A. Ferrer-Ugalde, E. J. Juarez-Pérez, F. Teixidor, C. Vifas and
R. Nufez, Chem. - Eur. J., 2013, 19, 17021.

7 T. Kim, H. Kim, K. M. Lee, Y. S. Lee and M. H. Lee, Inorg. Chem.,

2013, 52, 160.

A. M. Spokoyny, Pure Appl. Chem., 2013, 85, 903.

J. Poater, M. Sola, C. Viias and F. Teixidor, Angew. Chem., Int. Ed.,

2014, 53, 1191.

10 H.]J. Bae, J. Chung, H. Kim, J. Park, K. M. Lee, T.-W. Koh, Y. S. Lee,
S. Yoo, Y. Do and M. H. Lee, Inorg. Chem., 2014, 53, 128.

11 Y. H. Lee, ]J. Park, J. Lee, S. U. Lee and M. H. Lee, J. Am. Chem. Soc.,
2015, 137, 8018.

12 Y. H. Lee, ]J. Park, S.-]J. Jo, M. Kim, J. Lee, S. U. Lee and M. H. Lee,
Chem. — Eur. J., 2015, 21, 2052.

13 J. Poater, M. Sola, C. Vinas and F. Teixidor, Chem. - Eur. J., 2016,
22, 7437.

ISNN)

O

This journal is © The Royal Society of Chemistry 2019

14

15

16

17
18

19

20

21

22

23

24

25

26

27
28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

View Article Online

ChemComm

R. Nuiiez, I. Romero, F. Teixidor and C. Vinas, Chem. Soc. Rev., 2016,
45, 5147.

J. Cabrera-Gonzalez, V. Sanchez-Arderiu, C. Vinas, T. Parella,
F. Teixidor and R. Nuifiez, Inorg. Chem., 2016, 55, 11630.

R. Ntiiez, M. Tarrés, A. Ferrer-Ugalde and F. Fabrizi de Biani, Chem.
Rev., 2016, 116, 14307.

S. Mukherjee and P. Thilagar, Chem. Commun., 2016, 52, 1070.

K. O. Kirlikovali, J. C. Axtell, A. Gonzalez, A. C. Phung, S. I. Khan and
A. M. Spokoyny, Chem. Sci., 2016, 7, 5132.

Y. Kim, S. Park, Y. H. Lee, J. Jung, S. Yoo and M. H. Lee, Inorg. Chem.,
2016, 55, 909.

D. Tu, P. Leong, S. Guo, H. Yan, C. Lu and Q. Zhao, Angew. Chem.,
Int. Ed., 2017, 56, 11370.

N. Shin, S. Yu, J. H. Lee, H. Hwang and K. M. Lee, Organometallics,
2017, 36, 1522.

I. Nar, A. Atsay, A. Altindal and E. Hamuryudan, Inorg. Chem., 2018,
57, 2199.

H. Jin, H. ]J. Bae, S. Kim, ]J. H. Lee, H. Hwang, M. H. Park and
K. M. Lee, Dalton Trans., 2019, 48, 1467.

J. O. Huh, H. Kim, K. M. Lee, Y. S. Lee, Y. Do and M. H. Lee, Chem.
Commun., 2010, 46, 1138.

K. M. Lee, J. O. Huh, T. Kim, Y. Do and M. H. Lee, Dalton Trans.,
2011, 40, 11758.

C. A. Lugo, C. E. Moore, A. L. Rheingold and V. Lavallo, Inorg. Chem.,
2015, 54, 2094.

K. Kokado and Y. Chujo, J. Org. Chem., 2011, 76, 316.

B. P. Dash, R. Satapathy, E. R. Gaillard, K. M. Norton, J. A. Maguire,
N. Chug and N. S. Hosmane, Inorg. Chem., 2011, 50, 5485.

K.-R. Wee, W.-S. Han, D. W. Cho, S. Kwon, C. Pac and S. O. Kang,
Angew. Chem., Int. Ed., 2012, 51, 2677.

S. Kwon, K.-R. Wee, Y.-J. Cho and S. O. Kang, Chem. - Eur. J., 2014,
20, 5953.

H. Naito, Y. Morisaki and Y. Chujo, Angew. Chem., Int. Ed., 2015,
54, 5084.

L. Weber, ]J. Kahlert, R. Brockhinke, L. Bohling, A. Brockhinke, H.-G.
Stammler, B. Neumann, R. A. Harder and M. A. Fox, Chem. - Eur. J.,
2012, 18, 8347.

K.-R. Wee, Y.-J. Cho, J. K. Song and S. O. Kang, Angew. Chem., Int. Ed.,
2013, 52, 9682.

A. Ferrer-Ugalde, A. Gonzalez-Campo, C. Vifias, J. Rodriguez-Romero,
R. Santillan, N. Farfan, R. Sillanpai, A. Sousa-Pedrares, R. Nuiiez and
F. Teixidor, Chem. — Eur. J., 2014, 20, 9940.

H. Naito, K. Nishino, Y. Morisaki, K. Tanaka and Y. Chujo, Angew.
Chem., Int. Ed., 2017, 56, 254.

X. Wu, J. Guo, Y. Cao, J. Zhao, W. Jia, Y. Chen and D. Jia, Chem. Sci.,
2018, 9, 5270.

J. Li, C. Yang, X. Peng, Y. Chen, Q. Qi, X. Luo, W.-Y. Lai and
W. Huang, J. Mater. Chem. C, 2018, 6, 19.

K. Nishino, H. Yamamoto, K. Tanaka and Y. Chujo, Org. Lett., 2016,
18, 4064.

A. V. Marsh, N. J. Cheetham, M. Little, M. Dyson, A. J. P. White,
P. Beavis, C. N. Warriner, A. C. Swain, P. N. Stavrinou and
M. Heeney, Angew. Chem., Int. Ed., 2018, 57, 10640.

K. Nishino, K. Uemura, K. Tanaka, Y. Morisaki and Y. Chujo, Eur.
J. Org. Chem., 2018, 1507.

J. H. Lee, H. Hwang and K. M. Lee, J. Organomet. Chem., 2016,
825, 69.

M. F. Hawthorne, T. E. Berry and P. A. Wegner, J. Am. Chem. Soc.,
1965, 87, 4746.

T. E. Paxson, K. P. Callahan and M. F. Hawthorne, Inorg. Chem.,
1973, 12, 708.

W. Jiang, C. B. Knobler and M. F. Hawthorne, Inorg. Chem., 1996,
35, 3056.

Chem. Commun., 2019, 55, 14518-14521 | 14521


https://doi.org/10.1039/c9cc07729d



