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Photophysics in a glass and in solution
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Figure S1. Emission spectrum of compound 1 in a methylcyclohexane glass at 77 K.
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Figure S2. Normalized emission spectra of compound 1 in hexane at different concentrations.
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Figure S3. Emission decays at 381 nm and 519 nm after excitation of 1 in degassed hexane (ex @ 338 nm).
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Figure S4: Decays of the LE band (left) and CT band (right) in hexane at different temperatures. At

temperatures lower than 218 K, the LE band became so weak and the viscosity of hexane became so large,

that scattered light affects the measurements of the LE band, and a fast decay (7 < 1 ns), which is shorter

than the instrument response function (1.34 ns full-width-at-half-maximum), was found. However, the

lifetime of the longer decay is still the same as that of the CT band.
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Figure S5. Temperature-dependent emission spectra of 1 in methylcyclohexane.
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Figure S6. Stevens-Ban plot with linear least-square fit from variable temperature emission spectra in

methylcyclohexane (left) and fluorescence lifetimes of compound 1 in methylcyclohexane at 298 K (ex @
338 nm, right).
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Figure S7. fs-Transient absorption spectra for selected time ranges and time scans at selected wavenumbers
with global fit (red line) of 1 at 333 nm excitation in hexane at r.t.
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Figure S8. Rotational energy profile for 1 at the CAM-B3LYP/6-31G(d) level.
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Figure S9: Comparison between the experimental (blue line and area) in methylcyclohexane at 77 K and
CAM-B3LYP (red line, rigidly shifted by -0.5 eV) emission spectra. The theoretical emission spectrum only
contains the contribution from the S;-LE state.

Radiative decay and internal conversion rates in hexane solution

In hexane solution, where our steady state (temperature-dependent LE:CT band ratios) and
time-resolved fluorescence experiments (monoexponential decays with identical lifetimes at any temperature)
suggest that the LE and CT states of 1 are in thermodynamic equilibrium, and equations 1 and 2 apply at
time ¢ during a time-resolved measurement, the ratio of the two states is a constant, that is:

_[CTle _ [CTloe™t/®er _ [CT]y t(=—-5) _
K= [LE],  [LEJge-t/7E [LE]Oe LE TcT' = CONSt. (Eq S1)

which indicates that the exponential term equals 1 and zr = 7e as K is a time-independent constant.
This is a prerequisite for a thermodynamically equilibrated dual-excited states system.

The total radiative decay rate (k) in a thermodynamically equilibrated system can be calculated from the
absolute fluorescence quantum yields of both emission bands (@ = 0.11) and lifetimes measured in hexane at
room temperature:

ke =kepe + krer= @/ 1= 4.89 x 10° 5™! (Eq S2)

Fitting equation 6 to the Stevens-Ban plot (Figure 3b) yields

In :— = -3.23(7) (Eq S3)

r,LE
as the intersection with the y axis for T — o

By combining equations S2 and S3, we evaluated the radiative decay rate constant of the LE band ks =
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4.70 (1) x 10° 5!, being ca. one order of magnitude faster than that of the CT band (krcr = 1.9 (1) x 10° s).
However, both rate constants are overall relatively small because they refer to (almost) forbidden transitions,
from the pyrene LE state because it is symmetry forbidden and the CT state because of the small

Franck-Condon factors caused by strong structural distortion.

Thermodynamic equilibrium in solvents with different polarities

The band ratio changes in hexane with dioxane additive, according to equation 5,

lnIC_TI _ nIC_T — ]n kr,CT’ K, _ 11’1 kI‘,CT K (Eq S4)

I/ Ig krie! I,LE
where apostrophes represent dioxane added, and due to the fact that the radiative decay of pyrene is not

much affected by solvent polarity, that is, kg = kg , equation S4 can be written as,

Icr! I kel AG—-AG' kpcr!
In==—In<=InK'— InK +In—== = + In ==
Ipg! LE r,cT RT r,CT
krcr! Ieq! 1 AG-AG'
and thus In—*= =In-— —In—= — (Eq S5)
I,CT Ipg! Lg RT

The LE:CT band ratio changes from 1:2.6 to 1:16 by adding 10% of dioxane into the hexane solution of
1, indicating that k:cr dramatically decreases by factor 0.019 with 10% dioxane added, according to equation
11. This is probably because a more polar solvent further stabilizes the CT state and distorts the molecular
geometry from the ground state geometry and decreases the Franck-Condon factors, i.e., the degree of

overlap of the nuclear wave functions for the ground state and excited state of 1.



Single-crystal X-ray diffraction and solid-state emission

Table S1. Details of in-house single-crystal X-ray diffraction data and structure refinements of compound 1,

1-(pyren-2-yl)-o-carborane.

Data Compound 1
CCDC number 1863611
Empirical formula CisH20B10
Formula weight / g-mol™! 344.44
T/K 100(2)
A1 A, radiation 0.71073, Mo-Kq

0.09x0.12x0.34
colorless, needle

Crystal size / mm?

Crystal color, habit

Crystal system triclinic
Space group P1
al A 7.1379(15)
b/ A 19.799(4)
clA 27.542(5)
al® 110.801(5)
p/° 90.566(9)
yl° 90.757(7)
Volume / A® 3637.8(13)
Z 8
Pealc / g-cm ™ 1.258
ul mm! 0.063
Minimum/maximum transmission 0.593/0.746
F(000) 1424
@range/° 2.057-26.022
-8 <n <8,
Index ranges -24 <k £22,
0<A<33
Reflections collected 72311
Unique reflections 14263
Rint 0.1292
Observed reflections [[>2o(1)] 10789
Parameters / restraints 1010/0
GooF on F* 1.052
R [I>26(1)] 0.1028
wR? (all data) 0.2695
Max. / min. residual electron density /
0.446 / -0.370

e-A-




Figure S10. The n-stacking of the /-(pyren-2-yl)-o-carborane molecules parallel to the @ axis is shown for
the two different stacks in a projection along the b axis.

Figure S11. Crystal structure of /-(pyren-2-yl)-o-carborane projected along the a axis. The unit cell is
shown by bold black lines. Molecules pack in alternating stacks parallel to the a axis. Two different types of
stacks are observed; one of them shows a large rotation angle between the two stacking pyrene orientations
of 142.3(3)°, as is defined by the angle between the two C—C bonds connecting the pyrene and the carborane
moieties. The other stack shows a smaller rotation angle of 44.5(3)° between stacked molecules.
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Figure S12. Emission spectrum of 1 in the crystalline state.

Single-crystal synchrotron X-ray diffraction: Small single crystal plates of 1-(pyren-2-yl)-o-carborane
(diameter ca. 30—60 um, thickness ca. 10 um) were selected and glued on MiTeGen sample holders using a
2-component glue. Intensity data were collected at 100 K on three single crystals at the Small Molecule
Single Crystal Diffraction beamline 119 at Diamond Light Source (UK). A three-circle diffractometer
equipped with a Pilatus 2M detector from DECTRIS and synchrotron radiation with a wavelength of 0.6889
A were used. The sample-to-detector distance was 160 mm. A total of 3450 exposures (0.2° /frame
rotation, 0.196 s exposure time) were collected for each of the crystals. Data reduction and empirical
absorption correction were performed with the CrysAlis”° software (version 1.171.39.32¢).!. The crystal
structure was solved in space group P1 from the best one of the data sets using the intrinsic phasing method
(SHELXT,?) and Fourier expansion technique. Due to a low quality of the fit, all atoms were refined with
isotropic displacement parameters and hydrogen atoms ‘riding’ in idealized positions, by full-matrix least
squares against 2 of all data. The SHELXL? software and the SHELXLE graphical user interface* were
used. The C—C bond distances of the pyrene moieties were restrained to ideal values. A two-fold rotation
twin with twin matrix [1 0 0, 0 -1 0, 0 0 -1] was refined with a twin component of about 25.8%. The
carborane moieties were refined with only one carbon atom and 11 boron atoms each as the position of the
second carbon atom could not be reliably distinguished among the carbon-surrounding boron positions
either due to the low quality of the data or disorder. The final residual values converged to R1 = 0.345 for
reflections with F, > 46(F,) and wR? = 0.653 for all reflections. This led to the conclusion that something
was wrong either with the structural model, which looked reasonable with respect to the molecular packing,
or with the data. It could be that the intensities obtained were incorrect due to the choice of inappropriate
data collection parameters. The diffraction data from all three crystals showed diffuse reflection streaks

along the reciprocal b* direction in every row with odd / indices (Figure S13).
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Figure S13. Reciprocal layers of the single-crystal X-ray diffraction data reconstructed from the synchrotron
data collection using CrysAlis” software. Diffuse scattering is observed in »* direction in every row with
odd | indices as can be seen in the (0kl), (1kl), and (hk1) layers.
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Figure S14. Reciprocal layers of the single-crystal X-ray diffraction data reconstructed from the in-house

data collection using CrysAlis?™ software. The 180° rotation twin around the b* reciprocal axis can explain

the additional Bragg reflections in b* direction in every row with odd 1 indices as can be seen in the (0kl)
and (hk1) layers.
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NMR Spectra

'H NMR spectrum of 1
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13C NMR spectrum of 1
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B NMR spectrum of 1
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Cartesian coordinates of all optimized states
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-0.579607
-0.029836
-2.165047
-2.278094
0.607681
2.458548
0.330614
-2.682404
-0.902071
2.030677
1.964065
-0.835198
0.039245
0.111005
0.801372
-0.579052
0.805720
1.355145
-0.606539
-1.113488
0.092169
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-2.165737
-2.107780
-3.541839
-3.541973
-1.630809
-3.483912
-1.550564
-4.265883
-4.236660
-4.091629
-4.011119
-5.675444
-5.646845
-6.356291
-6.229320
-6.178344
-7.440106

-2.346389
-3.151811
-3.150663
-3.245458
-3.230517
-3.138321
-4.597763
-4.698796
-4.755374
-4.684331
-4.584222
-5.596011
-2.464450
-2.532247
-2.668234
-2.606695
-2.452958
-4.924400
-5.218417
-5.323075
-5.194198
-4.904657
-6.778306
-0.837926
-0.151427
-0.116726

1.243073
-0.690364

-1.870699
2.102824
0.125644

-1.862424

-2.638681
2.118509
2.864522

-0.869151
1.135219

-2.625253
2.893501

-0.834693
1.126710
0.152182

-1.596393
1.899233
0.162206

0.095271
-1.125876
0.383508
1.536727
0.645299
-1.077656
-0.633766
1.090566
1.254215
-0.371238
-1.533041
-0.092796
0.511626
-1.882359
2.562964
1.053185
-1.847297
-1.176835
1.857849
2.152468
-0.656364
-2.672791
-0.180047
0.058009
-1.154702
1.248951
-1.198448
-2.096047

1.506334
-1.311602
0.081972
1.497530
2.055517
-1.325620
-1.847206
0.788523
-0.632914
2.040289
-1.873397
0.762589
-0.628377
0.061520
1.303075
-1.175924
0.053371

-0.040711
0.678680
1.464035
0.132216
-1.395906
-1.026278
1.405729
1.035305
-0.736984
-1.453246
-0.120106
0.051167
2.416674
1.140274
0.234323
-2.315319
-1.601856
2.405824
1.775649
-1.264862
-2.485496
-0.136100
0.094897
-0.021658
0.000063
-0.042086
0.012471
-0.014705
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1.278592
-0.637582
1.974176
1.968609
2.039844
3.398831
3.320211
1.403212
3.391444
1.500505
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