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Abstract  

First-principles study of electronic structure, excitons, and defects in Li2B12H12 reveal unique 

photophysical properties of Li2B12H12 and its potential as a neutron scintillator material. We 

identify the electronic shell structure in (B12H12)2-, which gives rise to strong chemical stability 

of (B12H12)2- and a large band gap of Li2B12H12. Based on hybrid functional calculations, we 

show that excitons in Li2B12H12 are strongly self-trapped and predict that the exciton excitation 

and emission are both in the UV range and are not related to the bright blue emission observed in 

experiment. The experimentally observed blue emission in Li2B12H12 is likely due to the 

emission of excitons bound to hydrogen vacancies. The calculated strong localization and large 

exciton trapping energy at hydrogen vacancies indicate enhanced radiative recombination, while 

the calculated large Stokes shift suggests that the self-absorption and the resonance transfer of 

the excitation energy may be suppressed. These properties should promote efficient defect 

emission at room temperature. The efficient defect emission, combined with the large thermal 

neutron capture cross-section by Li and B and the efficient energy transfer between fast neutrons 

and H, suggest potential applications of Li2B12H12 as a thermal or fast neutron scintillator. 

Optical characterization of VH may also be used to monitor H and Li concentrations in Li2B12H12-

based hydrogen storage material and solid-state electrolyte in Li batteries. 
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I.   Introduction

Metal boranes are a large family of compounds with unique chemical bonding1 and 

diverse functionalities.2, 3 Li2B12H12 and related metal boranes and carboranes have received 

intensive interests for their wide range of applications, including inorganic solid-state electrolyte 

for battery technologies,2, 3, 4-7 hydrogen storage,2, 3,8, 9 and neutron capture therapy of cancer.10, 11 

Recently, Li2B12H12 has also been found to exhibit interesting photophysical properties, which 

suggest potential applications as luminescent down-conversion dye.12 However, different 

photoluminescence (PL) spectra have been reported and the origin of the luminescence (whether 

from excitons or defects/impurities) is still under debate. 12-14 

Li2B12H12 contains anionic (B12H12 )2- clusters, which are separated from each other by 

Li+ countercations. The resulting localized electronic states at (B12H12 )2- clusters and/or defects 

may trap excitons, leading to efficient self-activated luminescence.15-18 Recent studies on low-

dimensional materials, which are self-activated luminescent materials, have demonstrated high 

photoluminescence quantum efficiencies (PLQEs) (near unity in some cases) for self-trapped 

exciton (STE) emission.16, 17, 19-28 Both STE and defect-related emissions have been reported in 

low-dimensional compounds.17, 24 In this work, we studied the electronic structure as well as the 

excitation and emission of self-trapped and defect/impurity-bound excitons in Li2B12H12. The 

highly symmetric icosahedral structure of (B12H12)2- leads to an electronic shell structure with a 

large band gap. Our calculations of exciton and defect emissions suggest that the experimentally 

observed bright blue emission is not due to excitons but likely the result of the defect emission. 

On the other hand, the observed weak UV emission may result from the parity-forbidden exciton 

emission. We further propose that the combination of the strong neutron capture capability of Li 

and B and the efficient luminescence renders Li2B12H12 a potential neutron scintillator material, 
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which may be used for thermal or fast neutron detection. High-efficiency neutron detection is an 

important technology that finds applications in areas such as high energy physics, non-

proliferation of special nuclear materials, nuclear energy, oil-well logging, etc.29

 and  have significant thermal neutron capture cross sections of 940 barn and 6
3Li 10

5 B

3835 barn, respectively.30 Thus, Li and B compounds have been extensively studied as thermal 

neutron scintillators.29 Li2B12H12 has high concentrations of both Li and B (9.11  1021 cm-3 and 

5.46  1022 cm-3, respectively). In comparison, LiI and Cs2LiYCl6, the two Li-containing solid-

state neutron detector materials, have Li concentrations of 1.84  1022 cm-3 and 3.47  1021 cm-3, 

respectively. The Li concentration in Li2B12H12 is comparable to those in LiI and Cs2LiYCl6, 

while the concentration of B, which has a higher thermal neutron capture cross section than Li, is 

significantly higher. As a result, Li2B12H12 should be more efficient in capturing thermal neutrons 

than LiI and Cs2LiYCl6. Li2B12H12 has a low density of 1.23 g/cm3, much lower than those of LiI 

and Cs2LiYCl6, which are 4.13 g/cm3 and 3.33 g/cm3, respectively. The low density of Li2B12H12 

is highly desirable for reducing sensitivity to background gamma rays. Furthermore, hydrogen in 

Li2B12H12 can absorb the energy of fast neutrons efficiently; thus, the hydrogen-rich Li2B12H12 

may be interesting as a fast neutron scintillator as well.

The fast neutrons transfer their kinetic energy to protons through elastic scattering. For 

the slower thermal neutrons, the absorption by  and  leads to prompt nuclear reactions 6
3Li 10

5 B

[  +   (2.05 MeV) +  (2.73 MeV); +    (1.013 MeV) +  (1.776 6
3Li 1

0 n 4
2 He 3

1H 10
5 B 1

0 n 4
2 He 7

3Li

MeV)],29 which produce secondary charged particles with significant energy. In either case, if 

the energy deposited into Li2B12H12 leads to efficient light emission, Li2B12H12 would be 

interesting as a neutron scintillator. 
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II. Computational Methods

All calculations on Li2B12H12 were based on density functional theory (DFT) 

implemented in the VASP code.31 The interaction between ions and electrons was described by 

projector augmented wave method.32 The kinetic energy cutoff of 499 eV for the plane-wave 

basis was used for all calculations except the dielectric constant calculation, in which a higher 

energy cutoff of 624 eV was used. The reciprocal-space integrations were performed on a 22 ×

2 k-point mesh. Experimental lattice parameters of  Li2B12H12 (space group Pa -3; a = ×

9.57713 Å) 33 were used while the atomic positions were fully relaxed until the residual forces 

were less than 0.02 eV/ Å. 

Electronic band structure and density of states (DOS) of Li2B12H12 were calculated using 

Perdew−Burke−Ernzerhof (PBE) exchange-correlation functional34 while the exciton and defect 

properties were treated by using more advanced hybrid PBE0 functional,35 which has 25% non-

local Fock exchange. The inclusion of a fraction of Fock exchange significantly improves the 

band gap energy35-37 and the description of charge localization in insulators.38-42 

The electronic shell structure of the (B12H12)2- cluster was analyzed by calculating the 

auxiliary radial functions43

,                                                (1)     
2

* ,l lm
m

F r Y d 


    r

where (r) is the wavefunction and Ylm(, ) is the spherical harmonic function. The integration 

in Eq. (1) was carried out over the surface of a sphere of radius r centered at the middle of the 

cluster. The above wavefunction analysis of the charged (B12H12)2- cluster was performed using 

the BOMD code44 with Troullier-Martin pseudopotential.45  
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The total energy of an exciton was calculated by fixing the occupation numbers of the 

electron and hole-occupied eigenlevels [∆ self-consistent field (∆SCF) method46-48]. The ∆SCF 

method has formally been justified for general excited states by extending the Kohn-Sham 

formalism to include excited states.47 The ∆SCF method can be easily used in Li2B12H12 because 

the electron and hole are both localized on a single (B12H12)2- cluster and each occupies one 

single eigenlevel deep inside the band gap.16 The ∆SCF method combined with the hybrid PBE0 

functional allows excited-state structural relaxation and has shown accurate results in exciton 

excitation and emission energies in many compounds.16-18, 20, 21, 24, 27, 49 Between the two popular 

hybrid functionals (PBE0 and HSE functionals), the PBE0 band gap error is usually smaller in 

large-gap insulators but larger in semiconductors with medium to small band gaps.37, 42, 50 We 

used PBE0 functional in this study because Li2B12H12 is an insulator with a large band gap (see 

Sec. III-A). 

Following the Franck-Condon principle, the exciton excitation and emission energies 

were obtained by calculating the total energy differences between the excited and the ground 

states using PBE0-optimized ground-state and excited-state structures, respectively. Although 

the spin-triplet exciton is slightly more stable, the spin-singlet exciton was considered in the 

excited-state calculation because the spin-orbit coupling, which can enable intersystem crossing 

between singlet and triplet excitons, is weak in Li2B12H12, which consist of only light elements. 

The exciton binding energy relative to a free electron and a free hole was calculated by 

                                       ΔEb = E(GS) + Eg – E(exciton),                                                 (2)

where E(GS) and E(exciton) are the total energies of the ground state and the exciton, 

respectively, and Eg is the band gap. 
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The charge transition level  of a defect was determined by the Fermi level at which (q/ q')

the formation energy of the defect with the charge state q is equal to that with the charge state q’51:

                                                                    ,                                                                        (3), ' ,(q/ q')
'

D q D qE E
q q







where  ( ) is the total energy of the supercell that contains the relaxed structure of a ,D qE , 'D qE

defect at charge state q (q’). The binding energies of hole and electron polarons (or the energies 

of hole and electron polarons relative to those of free hole and free electron) are 

 and , respectively.42 Here,  and  are the energies of  0hole pol V     0c electron pol    V c

the valence band maximum (VBM) and the conduction band minimum (CBM), respectively. 

 and  are the transition levels for the hole and the electron polarons,  0hole pol    0electron pol  

respectively. When calculating the transition levels for polarons using Eq. 3, the structure for the 

neutral charge state is simply the structure of the defect-free material. Therefore, the binding 

energies of hole and electron polarons are  and , where  is 0 hole pol vE E   0c electron polE E   0E

the energy of the neutral defect-free supercell and  and  are the energies of the hole polE  electron polE 

supercells that contain relaxed structures of hole and electron polarons, respectively. The image-

charge and potential alignment corrections were applied to the total energies of the charged 

defects and polarons.52 The dielectric constant was calculated for the purpose of estimating the 

image charge correction.56 The calculated static dielectric constant in Li2B12H12 is 7.06. The 

electronic and ionic contributions to the static dielectric constant are 3.12 and 3.94, respectively. 

III. Results and Discussion

A. Electronic structure
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Figure 1 shows the electronic band structure and DOS of Li2B12H12 calculated using the 

PBE exchange-correlation functional. The band gap is direct at the Γ point. The calculated PBE 

band gap is 5.74 eV, which is expected to be underestimated due to the well-known band gap 

error of the PBE calculation. The hybrid PBE0 calculation increases the band gap to 7.63 eV. 

The projected DOS shown in Figure 1(b) shows that both valence and conduction bands are 

made up of the molecular orbitals (MOs) of (B12H12)2-. The large band gap indicates the 

exceptional stability of the (B12H12)2- molecule, which exhibits electronic shell structure as 

shown below.

Figure 1. Electronic band structure (a) and density of states (DOS) (b) of Li2B12H12 obtained by 

the PBE calculation. Note that the band gap is underestimated. The hybrid PBE0 calculation 

increases the band gap to 7.63 eV.  The energy of the valence band maximum is set to zero. 

Figure 2(a) shows the energy levels of the occupied MOs of the (B12H12)2- molecule. The 

comparison between Figure 1 and Figure 2(a) shows that the five occupied narrow bands in 

Figure 1 largely retain the molecular character of (B12H12)2-. The (B12H12)2- molecule has the 

highly symmetric icosahedral structure; its 50 valence electrons (consisting of B 2s and 2p and H 

1s electrons) occupy the Ag, T1u, Hg, Ag, T1u, T2u, Hg, Gu levels as shown in Figure 2(a). The 
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(B12H12)2- molecule behaves somewhat like a superatom,53, 54 exhibiting the electronic shell 

structure.55 The occupied MOs in (B12H12)2- in Figure 2(a) are labeled by n, l, and the symmetry, 

where n is the number of radial nodes plus one, and l is the angular momentum of the wave 

function.  The n and l are determined by the auxiliary radial function Fl(r) as calculated by Eq. 1.  

Figures 2(b)-(i) show Fl(r)r2, as a function of r for the occupied states shown in Fig. 2(a). We 

found, with only two exceptions [Fig. 2 (f) and (h)] (to be explained later), that each state here 

has a dominant angular momentum and is therefore labeled by only one set of n and l. The 

icosahedral point group (Ih) splits the spherical harmonic f state into Gu and T2u states, and also 

split the g state into Hg and Gg states. The Ih point group, however, does not split the p and d 

states.

Figure 2. (a) Occupied energy levels of icosahedral (B12H12)2- with the energy of the HOMO is set 

to zero. The energy levels in dotted line indicate the skeletal B12 MOs while those in solid line 
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indicate the B-H MOs. (b)-(i) , where  is the auxiliary radial function defined by   2
lF r r  lF r

Eq. 1, are shown for each occupied MO. The two dotted lines in (b)-(i) indicate the position of the 

B and H atoms, respectively.

From the wavefunction analysis, one can identify that (i) the 1s, 1p, 1d, and 1f-Gu orbitals 

[shown by dotted lines in Fig. 2(a)] are the 13 MOs of B12 (skeletal bonds of the B12 cage), and (ii) 

the 2s, 2p/1h-T1u, 1f- T2u, and 2d/1g- Hg orbitals are 12 B-H MOs that host 24 electrons.56 Among 

the skeletal orbitals, the 1d and 1f-Gu orbitals exhibit the characteristic three-center-two-electron 

(3c2e) bond1 with triangular-shaped wavefuctions on the surface of the cage.57 

Although the bonding in (B12H12)2- molecule is not purely metallic (due to the covalent B-

H bonds), the shell model55 commonly used for metal clusters could still be a good starting point 

to analyzing the molecular stability, because the MOs for the skeletal bonds are all delocalized. 

We note that the total number of electrons for (B12H12)2-  is 50, which, within the square-well 

potential approximation,55 is not a magic number for a stable metal cluster, because 50 electrons 

fill 1s, 1p, 1d, 2s, 2p, 1f states and five of the 1g states, leaving no energy gap. However, under the 

icosahedral potential of (B12H12)2-, the partially occupied 1g state splits into 1g-Hg (occupied) and 

1g-Gg (empty), creating an energy gap. The gap is further widened significantly by the 

hybridization between the occupied 1g-Hg states and the empty 2d states [see Fig. 2(h)]. Such 

hybridization lowers the occupied 2d/1g-Hg bonding state below the 1f-Gu state, which becomes 

the highest occupied molecular orbital (HOMO) for (B12H12)2-, and meanwhile raises the empty 

2d/1g-Hg anti-bonding state above the 3s state, which becomes the lowest unoccupied molecular 

orbitals (LUMO). Note that the strong hybridization of 2d and 1g-Hg states of different angular 

momenta is allowed because they are B-H states under less spherical potential. Similarly, the 
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occupied 2p and the empty 1h-T1u states also hybridize strongly [see Fig. 2(f)] to further lower the 

energy and stabilize the (B12H12)2- molecule. 

The high symmetry of (B12H12)2- leads to electronic shell structure as shown above and is 

also responsible for the enhanced stability of (B12H12)2- relative to other experimentally observed 

closo boranes [BnHn
2- (6 ≤ n ≤ 11)].1 The hybridization of the B-H orbitals lowers the total energy 

and widens the HOMO-LUMO gap most effectively in B12H12
2- due to its high-level orbital 

degeneracy, but less so in all other closo boranes (of lower symmetry). Also, the quasi-sphericality 

of B12H12
2- allows for better itinerancy of the electrons on the boron cage surface, which is 

desirable for the resonant 3c2e skeletal bonding.56 

B. Exciton excitation, relaxation, and emission

The small dispersion of both the valence and conduction bands in Li2B12H12 as shown in 

Figure 1(a) indicates that the electronic coupling between the adjacent (B12H12)2- molecules is 

weak. As a molecular crystal, the bond distortion in one (B12H12)2- molecule does not affect 

bonding in adjacent (B12H12)2- molecules significantly. The narrow bands and the weak inter-

cluster coupling promote the formation of the STE, which is localized on one (B12H12)2- cluster 

rather than delocalized.  Figure 3 shows the partial charge density contours for the hole and the 

electron wavefunctions in a STE. As can be seen, the exciton is localized on the B12 cage not on 

the B-H bonds. The hole is distributed on eight B-B-B triangles while the electron is mostly 

localized on six B-B bonds. The length of these six B-B bonds is decreased from 1.77Å in the 

ground state to 1.66 Å, whereas the side lengths of the eight hole-occupied B-B-B triangles are 

increased from 1.77 Ă to 1.85 Ă in average. The electron wavefunction distributed on the six B-
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B bonds is polarized towards to the adjacent six Li cations, which are the vertices of a Li6 

octahedron.

The spin-allowed excitation creates spin-singlet excitons. The triplet exciton is calculated 

to be more stable than the singlet exciton by 0.08 eV. However, due to the weak spin-orbit 

coupling in Li2B12H12, which consists of only light elements, the intersystem crossing is 

inefficient. Thus, we calculated the exciton emission energy based on the singlet exciton. The 

calculated exciton excitation and emission energies are 7.06 eV and 4.60 eV (based on the hybrid 

PBE0 calculation). The large Stokes shift of 2.46 eV is due to the strong excited-state relaxation 

as shown above, which lowers the exciton energy by 1.23 eV, indicating strong exciton self-

trapping. The exciton binding energy relative to the free electron and hole for the unrelaxed and 

relaxed singlet exciton is calculated to be 0.57 eV and 1.79 eV, respectively, by using Eq. 2. 

Thus, free electrons and holes should not exist at room temperature due to the large exciton 

binding energy. 

Figure 3. Partial charge density contours of the hole (a) and the electron (b) in a relaxed exciton 

in Li2B12H12.
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We have also calculated the binding energies of electron and hole polarons in Li2B12H12 

and studied exciton stability against dissociation to polarons. Our calculation shows a binding 

energy of 0.72 eV for a hole polaron, which is localized on one (B12H12)2- cluster causing the 

expansion of the areas of the eight B-B-B triangles. However, the electron polaron is found to be 

less stable than a delocalized free electron by 0.12 eV. Thus, we calculated the exciton binding 

energy relative to a hole polaron and a free electron; the calculated binding energy is 1.07 eV, 

which is significant. These calculations show that the exciton in Li2B12H12 should be stable 

against dissociation to polarons or free carriers at room temperature. 

 

Table 1. The calculated excitation and emission energies for the self-trapped exciton and the 

excitons bound to hydrogen vacancies [at +1, 0, and -1 charge states ( , , )] and the HV  0
HV HV 

(B11H14)- impurity. The experimentally measured peak energies in excitation and emission 

spectra are also shown for both the blue12 and UV13 emissions in Li2B12H12. 

Excitation Energy (eV) Emission Energy (eV)

Exciton 7.06 4.60

HV  3.63 1.30

0
HV 4.54 1.92

HV  3.90 1.95

(B11H14)- 5.82 1.89

Exp. (blue emission12) 3.65 2.64

Exp. (UV emission13) N/A 3.54
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The experimentally observed blue emission in solid-state Li2B12H12 is centered at  470 nm 

(2.64 eV),12 which is much lower than the PBE0-calculated exciton emission energy of 4.60 eV. 

(We have also tested another hybrid functional, i.e., the HSE functional,36, 58 which results in the 

exciton emission energy that differs from the PBE0 result by only 0.01 eV.) Such large 

discrepancy suggests that the experimentally observed blue emission at 470 nm is not due to the 

exciton emission. The calculated exciton excitation and emission energies for Li2B12H12 are both 

very high in the UV range, which directly result from the exceptional stability and the large band 

gap as discussed in Sec. III-A. The observed blue emission was shown to be bright at room 

temperature. Our calculated squared transition dipole moment between the electron and the hole 

states of a STE is near zero, 0.04 Debye2 (due to the parity-forbidden transition), indicating a 

slow emission and possibly a weak emission. (Note that an inefficient optical transition does not 

necessarily result in a weak optical emission,59 because a slow emission can still be intense as 

long as the nonradiative recombination of the exciton is inefficient.) Measuring the decay time of 

the blue emission would be useful for the understanding of the emission mechanism. 

Paskevicius et al. reported a weak UV emission around 3.54 eV (350 nm) with a low 

PLQE of only 0.0002 by Li2B12H12 in aqueous solution.13 The weak UV emission reported in 

Ref. 13 is not visible to human eyes in contrast to the bright blue emission reported in Ref. 12. 

The reported UV emission energy of 3.54 eV is closer to but still significantly lower than the 

calculated exciton emission energy of 4.60 eV. However, the optical measurements were 

performed on Li2B12H12 in aqueous solution while our calculations were based on solid-state 

Li2B12H12; this may cause some discrepancy between calculated and measured results. The weak 

UV emission could be due to the parity-forbidden STE emission. However, we cannot rule out 

the possibility of emission by an unknown defect or impurity.
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C. Exciton trapping and emission at hydrogen vacancy

The observed low emission energy in Li2B12H12
12 relative to the calculated band gap and 

exciton emission energy suggests that the emission may be related to defect levels inside the 

band gap. The sub-band-gap excitation energy used in the experiment (3.65 eV) is substantially 

lower than the calculated exciton excitation energy of 7.06 eV and, thus, cannot generate 

excitons. However, such excitation may excite defects, leading to defect-related luminescence. It 

has been shown that increasing temperature to a moderate level of 355 °C leads to a phase 

transition followed by hydrogen release and decomposition.60, 61 Thus, hydrogen vacancy (VH) 

may exist in significant quantity in Li2B12H12 at room temperature, acting as luminescent centers.

Figure 4. PBE0-calculated charge transition levels of VH in Li2B12H12.

Removing a hydrogen atom from the B12H12 molecule results in a B dangling bond, 

which inserts a deep level inside the band gap. We find that VH is an amphoteric defect with its 

(+/0) and (0/-) charge transition levels located at ɛVBM + 3.42 eV and ɛVBM + 4.40 eV, 

respectively (Figure 4). The charge state of VH depends on the Fermi level of Li2B12H12. A high 

Page 15 of 23 Journal of Materials Chemistry C



16

Fermi level favors ,  whereas a low Fermi level favors . In Li2B12H12, the Fermi level is HV 
HV 

likely closer to the CBM rather than the VBM because the large electron affinity of B12H12
62 

leads to a low VBM that makes hole generation energetically costly. The strong electronegativity 

of B12H12 favors the filling of the B dangling bond of the VH defect to form a lone pair, resulting 

in the negatively charged . (B12H12)2- is a large-sized anion carrying a small charge of -2, HV 

which is balanced by merely two small-sized Li+ cations in Li2B12H12. Therefore, there are plenty 

of interstitial spaces between (B12H12)2- anions in Li2B12H12, which can accommodate Li 

interstitials. These Li interstitials are electron donors that raise the Fermi level to favor the 

formation of .HV 

An exciton can be trapped by VH, forming a VH-bound exciton. Table 1 shows the PBE0-

calculated excitation and emission energies for excitons bound to , , and . The HV  0
HV HV 

calculated excitation and emission energies of -bound exciton agree reasonably well with the HV 

experimentally measured peak excitation and emission energies, suggesting that the blue 

emission observed in Li2B12H12
12

 is likely due to the -bound exciton. The PBE0 calculation HV 

shows that the trapping of a STE by  lowers the total energy by 2.80 eV; such large trapping HV 

energy indicates strong binding of the exciton to . Figure 5 shows the partial charge density HV 

contours of the hole and electron wavefunctions in a -bound exciton. The hole is trapped by HV 

the hydrogen vacancy defect on the B dangling bond, while the electron is distributed on the 

B12H12 surface, similar to the electron in a STE shown in Figure 3(b). The removal of a H from 

B12H12 breaks the inversion symmetry; therefore, the optical transition at  is no longer parity HV 

forbidden; the calculated squared transition dipole moment is 78.9 Debye2, compared to the near-
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zero value (0.04 Debye2) for a STE.  The large Stokes shift of VH emission as shown in Table 1 

(the energy difference between the excitation and emission) suppresses self-absorption and 

excitation energy transport, potentially leading to efficient luminescence.16

Figure 5. Partial density contours of the hole (a) and the electron (b) in a -bound exciton in HV 

Li2B12H12.

The excitation and emission spectra of Li2B12H12 have been measured in solid-state 

Li2B12H12 and Li2B12H12  in water and various organic solvent (e.g., ethylene glycol).12 It was 

found that the wavelength of the blue emission does not change significantly in the different 

forms of Li2B12H12, whereas the excitation energy for dissolved Li2B12H12 is significantly blue-

shifted from that for solid-state Li2B12H12. This may be caused by the change of the charge state 

of VH from -1 in solid-state Li2B12H12 to neutral in dissolved Li2B12H12 as suggested by the higher 

excitation energy of  than that of  in Table 1. The exciton trapping by  can lead to two 0
HV HV  0

HV

outcomes. One is that the hole is localized on the B dangling bond while the electron is localized 

on the B12 cage, which is effectively a  bound with an electron polaron. In the second HV 
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scenario, the electron is localized on the B dangling bond while the hole is localized on the B12 

cage, which is effectively a  bound with a hole polaron. The calculated trapping energies of HV 

the above two -bound excitons are 2.13 eV and 2.51 eV, respectively. Thus, the exciton 0
HV

trapping by  should lead to the formation of a  bound with a hole polaron. Our calculations 0
HV HV 

show that the emission energy of the -bound exciton is close to that of  while the excitation 0
HV HV 

energy of the -bound exciton is significantly blue-shifted from that of  (see Table 1). 0
HV HV 

Therefore, the stable charge states of VH in solid state and dissolved Li2B12H12 are likely to be -1 

and neutral, respectively. The experiment showed that the emission energy is not sensitive to 

strong acid or strong basic conditions,12 which also suggest that neutral  is likely responsible 0
HV

for the blue emission in Li2B12H12 in solution. The charged VH may easily be terminated by 

charged species in solution. 

We have also studied the Li vacancy (VLi) and found it is a shallow acceptor. The exciton 

bound to VLi is a weakly perturbed STE still localized at (B12H12)2-, whose excitation and 

emission energies are close to those for an isolated STE and, thus, should not account for the 

blue emission observed in experiment.

D. (B11H14)- and (BH4)- impurities

It was previously suggested that impurities, such as (B11H14)- and (BH4)- ,  may be 

responsible for the visible light emission in Li2B12H12.13 We studied (B11H14)- and (BH4)- in 

Li2B12H12 by replacing a (B12H12)2- anion by (B11H14)- and (BH4)-, respectively; therefore, these 

are +1 charged defects in Li2B12H12. (BH4)- is a very stable anion with four strong B-H covalent 

bonds and a large energy gap. As a result, (BH4)- does not introduce impurity levels in the band 
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gap of Li2B12H12 and cannot trap an exciton for luminescence. On the other hand, (B11H14)- does 

insert deep levels within the band gap of Li2B12H12. The calculated excitation and emission 

energies for (B11H14)- in Li2B12H12 are given in Table 1; the calculated excitation energy of 5.82 

eV is too high compared to the experimentally measured excitation energy (3.65 eV) for the blue 

emission12 while the calculated emission energy of 1.89 eV is too low compared to the observed 

UV emission (3.54 eV)13. Thus, (B11H14)- is unlikely the origin of the observed blue12 or UV13 

emission in Li2B12H12, but could be related to the broad visible light emission observed in an 

impurity-rich sample of Li2B12H12.13

E. Li2B12H12 as a neutron scintillator

As discussed above, Li2B12H12 should be an efficient neutron absorber, which is a 

prerequisite for a neutron scintillator; another important prerequisite is the efficient light 

emission under ionizing radiation. Ionizing radiation generates excitons. The narrow conduction 

and valence bands in Li2B12H12 lead to strong exciton self-trapping as shown in Sec. III-B, which 

should stabilize STEs at room temperature.15 A STE can be further trapped by VH with a large 

trapping energy and the large Stokes shift of the VH emission is desirable for efficient light 

emission as discussed in Sec. III-C. A H-poor growth condition should help create VH and a Li-

rich condition should promote the formation of . The longer-wavelength emission of  is HV 
HV 

less desirable because a photomultiplier tube has a lower quantum efficiency for the long 

wavelength red emission.

F. Monitoring dynamic H and Li concentrations in Li2B12H12
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The emission intensity of the VH-bound exciton is correlated to the density of VH, [VH]. 

Thus, the characteristic VH emission can be used to monitor the charging and discharging 

dynamics of Li2B12H12 for hydrogen storage. Also, the densities of  and  are strongly HV 
HV 

affected by the Fermi level of Li2B12H12, which in turn is affected by the density of the Li 

interstitial [Lii]. As [Lii] increases, the Fermi level should increase; consequently, [ ] increases, HV 

[ ] decreases, while [ ] does not change. Since , , and  have their characteristic HV  0
HV HV  0

HV HV 

optical excitation and emission energies (as shown in Table 1), by monitoring the relative 

intensities of their emission, one can monitor [Lii] in Li2B12H12 electrolyte during the charging 

and discharging processes in the Li battery. Thus, the characterization of the VH emission may be 

useful for the research and development of Li2B12H12 as a hydrogen storage material or as a 

solid-state electrolyte material in Li batteries.

IV. Conclusions

Hybrid DFT calculations are performed to gain fundamental understanding of the 

photophysical properties of Li2B12H12.  We found that Li2B12H12 is a molecular crystal, in which 

the (B12H12)2- molecule with the icosahedral symmetry exhibits an electronic shell structure. The 

weak inter-molecular electronic coupling leads to the small dispersion of both conduction and 

valence bands, promoting exciton self-trapping. The experimentally observed bright blue 

emission (excited by the sub-band-gap excitation) is assigned to the radiative recombination of 

the exciton bound to the hydrogen vacancy. The combination of the efficient luminescence and 

strong absorption of thermal neutrons by Li and B and fast neutrons by H indicate the potential 

application of Li2B12H12 as a thermal or fast neutron scintillator. Optical characterization of VH 

may also provide a useful tool for monitoring H and Li concentrations in Li2B12H12-based 
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hydrogen storage material and solid-state electrolyte in Li batteries. The insights gained in this 

study should be useful for the future design of new self-activated phosphors and scintillators.
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