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C h a p t e r  4  

ELECTRONIC STRUCTURES OF PERFUNCTIONALIZED DODECABORATE 
CLUSTERS 

A manuscript based on the work presented in this chapter is being prepared for submission 
by Schwan, L. J.; Oyala, P. H.; Stauber. J. M.; Axtell, J. C. Winkler, J. R.; Spokoyny, A. M.; 
Gray, H. B. Electronic Structures of Perfunctionalized Dodecaborate Clusters. 

Chapter 4 discusses our exploration of the electronic structures of hypoelectronic [B12(OR)12] clusters. Previous 

work has been focused on computational descriptions, as experimental investigations were hampered by the broad 

and unresolved continuous wave EPR spectra typically observed for open shell hypocloso-[B12(OR)12]1- species. 

Here, we use pulsed Q-band EPR techniques, with particular focus on ENDOR spectroscopy, to quantify the 

hyperfine interactions in these compounds and provide an experimental description of the SOMO(a1u) spin density 

distribution. Furthermore, following our discovery of super-oxidized dodecaborate cations, we extended our pulsed 

EPR work to investigate the spin density distribution of the SOMO(a2u) of [B12(OR)12]1+. Our work convincingly 

shows that the frontier orbitals of [B12(OR)12] clusters are confined to the cluster core and evenly delocalized across 

the 12 boron atoms. Comparisons between [B12(OR)12]1+ cations and hypocloso-[B12(OR)12]1- anions further 

suggest that the spin density becomes more localized in more highly oxidized clusters. Besides our EPR 

investigations, we report UV–vis–NIR data which suggest that the visible and NIR transitions of hypoelectronic 

[B12(OR)12] clusters involve orbitals largely confined to the cluster core. Ongoing work aims to produce a more 

comprehensive description of the electronic transitions through expansion of our UV–vis–NIR studies, and to 

perform in-depth analysis of the pulsed EPR data for the super-oxidized [B12(OR)12]1+ clusters. 
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4.1 Background 

The discovery of a convenient process to perfunctionalize dodecaborate clusters, starting from 

dodecahydroxy-closo-dodecaborate (closo-[B12(OH)12]2-), has led to the development of a range of 

aryloxy and alkyloxy-perfunctionalized dodecaborates ([B12(OR)12]; bracketing indicates an 

unspecified oxidation state if no oxidation number is given.).1,2 While the parent closo-[B12H12]2- 

cluster is stable only in its dianionic closed-shell form,3–7 the electron-donating OR groups allow 

[B12(OR)12] to undergo two (aryl) or three (alkyl) reversible one-electron oxidations to form 

hypoelectronic hypocloso-[B12]1- (25 electron), hypercloso-B12
0 (24 electron) and [B12]1+ (23 electron) 

cluster cores.1,2,8 These clusters are promising candidates for a range of applications; recent 

examples include acting as combined photoinitiators and weakly coordinating proanions for 

cationic styrene polymerization2,9, as well as for charge-storage devices10 and as dopants in 

conducting polymers.11 Here, we use pulsed electron paramagnetic resonance (EPR) techniques 

and UV-visible to near infrared (NIR) spectroscopies to investigate the electronic structure of 

five [B12(OR)12] clusters: [B12(OCH2C6F5)12] ([1]), [B12(OCH2(3,5-(CF3)2-C6H3)12] ([2]), 

[B12(OBz)12] ([3]), [B12(OEt)12] ([4]). [B12(OC2H4
iPr)12] and ([5]) (Bz = CH2C6H5, Et = C2H5, iPr 

= C3H7). 

The icosahedral closo-[B12H12]2- cluster is stabilized by a fully populated 4-fold degenerate B-B 

bonding HOMO(gu) (highest occupied molecular orbital). Oxidation yields an unstable open 

shell species and leads to decomposition of the cluster.3 However, some perfunctionalized 

dodecaborate clusters carrying electron-donating groups are able to accommodate 

hypoelectronic states. Examples include hypocloso-[B12(OR)12]1-, hypercloso-B12(OR)12 (R = alkyl or 

aryl),1,2,8,12,13 hypocloso-[B12Me12]1- (Me = CH3)14 and hypocloso-[B12X12]1- (X = F, Cl, Br, I).15,16 

Additionally, we recently discovered that [B12(OR)12] clusters carrying certain alkyl substituents, 
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such as [4] and [5], can accommodate a super-oxidized cationic [B12(OR)12]1+ state (see Chapter 

3).  

Several factors contribute to the ability of [B12(OR)12] clusters to support hypoelectronic 

oxidation states. Oxidized [B12H12] species are not stable as depopulation of the four-fold 

degenerate B-B bonding HOMO(gu) leads to an energetically unfavorable configuration. In 

hypoelectronic [B12(OR)12] clusters, B-B bonding is enhanced through electron donation from 

the OR groups. Furthermore, structural distortion lowers the cluster core symmetry from Ih to 

D3d, which splits the degenerate gu set into orbitals of a1u + a2u + eu symmetry. Raising the 

depopulated SOMO(a1u) (singly occupied molecular orbital; in [B12]1-) or LUMO(a1u) (lowest 

unoccupied molecular orbital; in B12
0 and [B12]1+) and lowering of the fully populated HOMO-

1(eu) set (HOMO-1 refers to the second lowest energy occupied molecular orbital) reduces the 

overall energy of the cluster. Steric factors may also contribute to the stability of the cluster core, 

in particular when considering clusters carrying bulky fluoroaryl-substituents.1,2,8,9,17,18 Motivated 

by the emerging applications and extraordinary ability to accommodate high oxidation states, we 

decided to perform an in-depth spectroscopic investigation of the electronic structures of 

[B12(OR)12] clusters, hoping to provide comprehensive experimental descriptions of the frontier 

orbitals and electronic transitions of these clusters.  

Attempts to examine the SOMO(a1u) of monoanionic hypocloso-dodecaborate clusters using EPR 

spectroscopy have been restrained by the lack of resolution in continuous wave (CW) 

spectrum.1,8,9,14 Even at high field strengths and low temperatures (285 GHz, 5 K) only very slight 

g-anisotropy is observed for [B12(OH)12]1-.17 It is generally believed that this is due to a highly 

delocalized SOMO, where the twelve near-equivalent boron nuclei give rise to a large number 
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of overlapping hyperfine lines. This description has gained support from DFT calculations, 

although the details of the computational results vary significantly between different authors. 

We decided to investigate paramagnetic hypocloso-[B12(OR)12]1- and recently discovered 

[B12(OR)12]1+ clusters using pulsed EPR techniques, hoping to verify the delocalized description 

of the frontier orbitals and show that the spin density is confined to the cluster core. To our 

knowledge this is the first time pulsed EPR data has been reported for paramagnetic 

dodecaborate clusters. 

 

4.2 Pulsed EPR Investigation of hypocloso-[B12(OR)12]1-  

Q-band (34 GHz) EPR data was collected for the three anionic hypocloso-[B12(OR)12]1- clusters [1-

3]1-. [1]1- and [2]1- samples were prepared from their respective tetrabutylammonium (TBA) salts. 

Sufficiently pure salts of [3]1- have proven difficult to isolate, so we instead opted to prepare 

samples through in-situ reduction of 30 with triethylamine. As expected, Q-band Electron Spin 

Echo (ESE) EPR spectra of [1-3]1- show broad unresolved signals (Figure 4.1; g([1]1-) = 2.00884, 

g([2]1-) = 2.00883, g([3]1-) = 2.00894), in line with reported X-band CW EPR spectra of hypocloso-

[B12]1- species. Davies Electron Nuclear Double Resonance (ENDOR) spectra for [1-3]1- are 

shown in Figure 4.2. The spectra were simulated as single class of rhombic 10/11B hyperfine 

couplings (|Ax,y,z([1]1-)| = [0.1, 8.8, 12.9] MHz, |Ax,y,z([2]1-)| = [0.1, 9.4, 13.1] MHz, |Ax,y,z([3]1-)| 

= [0.1, 9.1, 12.6] MHz) and 1H couplings (|Ax,y,z([1]1-)|  = [1, 9.5, 6] MHz, |Ax,y,z([2]1-)|  = [1, 

9.5, 6] MHz, |Ax,y,z([3]1-)|  = [1, 10, 6] MHz). g-values and hyperfine tensors are compared in 

Table 4.1. The simulations were refined using the Mims ENDOR spectra shown in Figure 4.3 

and HYSCORE data. Figure 4.4 shows the [3]1- HYSCORE along with the results from 
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simulations using the hyperfine tensors above. In addition to what can be observed in the Davies 

ENDOR, the Mims ENDOR spectra indicated a class of very weak hyperfine couplings to 19F 

(|Ax,y,z| < 0.5Mhz) for both [1]1- and [2]1-. 

 

 

 

Figure 4.1. Q-band ESE-EPR spectra of [1-3]1- collected at 5 K and 
34.11 GHz microwave frequency. Fitting of the ESE-EPR data yields 
isotropic g-values: g([1]1-) = 2.00884, g([2]1-) = 2.00883, g([3]1-) = 
2.00894. 

 

 

The hyperfine coupling tensors are near identical between the three clusters, indicating a cluster 

core confined SOMO(a1u) where the R-groups do not significantly perturb the spin density 
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distribution. The very weak 19F hyperfine coupling, which likely stems from through-space 

interactions, further substantiate a cluster core confined description. That we only observe a 

single class of 10/11B hyperfine interactions strongly supports describing the SOMO(a1u) as evenly 

delocalized over twelve near-equivalent boron nuclei. Calculating quantitative spin densities 

remains a major challenge as it requires determining the relative orientation of all the 

contributing boron 2p orbitals. In this chapter, we have limited our quantitative calculations to 

the s-orbital spin densities, which can be readily obtained from the isotropic component of the 

hyperfine tensor. These calculations (see Section 4.6 for details) give a total boron 2s orbital spin 

density of r2s = 3.4% (~0.3% on each of the 12 boron nuclei). Analogous calculations for the 

24 proton 1s orbitals yield a total orbital spin density of r1s = 9.9%. Rather than considering a 

SOMO(a1u) extended beyond the oxygens, which would be inconsistent with the very weak 19F 

hyperfine coupling, we believe the 1H hyperfine interactions stem from hyperconjugation 

between b-protons and oxygen 2p spin density. 
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Figure 4.2. Davies ENDOR spectra of [1-3]1- collected at 5 K and 
34.11 GHz microwave frequency. The colored lines show results 
from simulations using g([1]1-) = 2.00884, g([2]1-) = 2.00883, g([3]1-) = 
2.00894, and 10/11B hyperfine tensors |Ax,y,z([1]1-)| = [0.1, 8.8, 12.9] 
MHz, |Ax,y,z([2]1-)| = [0.1, 9.4, 13.1] MHz and |Ax,y,z([3]1-)| = [0.1, 
9.1, 12.6] MHz, and 1H hyperfine tensors|Ax,y,z([1]1-)|  = [1, 9.5, 6] 
MHz, |Ax,y,z([2]1-)|  = [1, 9.5, 6] MHz, |Ax,y,z([3]1-)|  = [1, 10, 6] MHz. 
Blue lines represent the 1H simulation, green lines the 10/11B 
simulation and red lines the total simulation combining both 1H and 
10/11B contributions. 

 

 

 

 



 104 
 

 

 

Figure 4.3. Mims ENDOR spectra of [1-3]1- collected at 5 K and 34.11 
GHz microwave frequency. A very weak 19F hyperfine coupling can 
be observed on the left side of the 1H signal. The colored lines show 
results from simulations using g([1]1-) = 2.00884, g([2]1-) = 2.00883, 
g([3]1-) = 2.00894, and the 19F hyperfine tensor Ax,y,z = [-0.25 0.5 -
0.25] MHz, 10/11B hyperfine tensors |Ax,y,z([1]1-)| = [0.1, 8.8, 12.9] 
MHz, |Ax,y,z([2]1-)| = [0.1, 9.4, 13.1] MHz and |Ax,y,z([3]1-)| = [0.1, 
9.1, 12.6] MHz, and 1H hyperfine tensors|Ax,y,z([1]1-)|  = [1, 9.5, 6] 
MHz, |Ax,y,z([2]1-)|  = [1, 9.5, 6] MHz, |Ax,y,z([3]1-)|  = [1, 10, 6] MHz. 
Blue lines represent the 1H simulation, green lines the 10/11B 
simulation and red lines the total simulation combining both 1H and 
10/11B contributions. 
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Figure 4.4. The top image shows HYSCORE data for [3]1- collected 
at 50 K and 34.11 GHz microwave frequency. Results for [1]1- and 
[2]1- are similar to the data presented here. The image figure shows 
the 10/11B simulation (red) obtained using g([3]1-) = 2.00894 and a 
|Ax,y,z([3]1-)| = [0.1, 9.1, 12.6] MHz hyperfine tensor. The underlying 
gray contour map corresponds to the experimental data. 
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4.3 Pulsed EPR Investigation of Super-Oxidized [B12(OR)12]1+ Clusters 

Motivated by our successful application of pulsed EPR techniques to the hypocloso-[B12(OR)12]1- 

clusters, we decided to explore the recently discovered super-oxidized [B12(OR)12]1+
 cation. 

Samples of [4-5]1+ were prepared through in-situ oxidation of 40 and 50 using a substochiometric 

amount of the strong oxidant tris(2,4-dibromophenyl)ammoniumyl hexachloroantimonate. 

Interestingly, the Q-band ESE-EPR spectrum, shown in Figure 4.5, of these species display 

some anisotropy in the g-tensor (gx,y,z([5]1+) = [2.0140 2.0082 2.0002]). This suggests that the 

cluster core is more distorted than in the [1-3]1- anions, which is not surprising given that further 

splitting the HOMO-1(eu) set and the SOMO(a2u) would likely result in a more stable cluster 

core. Figure 4.6 demonstrates the resemblance of the Davies ENDOR for [4-5]1+ and [3]1-, 

indicating that the SOMO distribution is similar in both the anion and the cation. Figure 4.7 and 

4.8 shows simulations of the Davies ENDOR spectra and HYSCORE of [5]1+, using hyperfine 

tensors relatively similar to those observed for [1-3]1-
 (10/11B |Ax,y,z([5]1+)| = [0.1 8.5 13.5] MHz 

and 1H |Ax,y,z([5]1+)| = [0.5 11 7] MHz). Interestingly, the HYSCORE of [4]1+, for which we 

were able to obtain a significantly improved signal-to-noise, indicate that an additional class of 

weak 11B hyperfine interactions are present (Figure 4.9). We are at this time unsure whether this 

weak signal indicates that [4]1+ is more distorted than [5]1+, or if we are simply not resolving the 

analogous features for [5]1+ due to poor signal intensity. Figure 4.10 compares Davies ENDOR 

spectra of [4]1+ at the high and low field edges. At the low field edge, the 10/11B signal appear 

broadened beyond detection, which is not suspiring given the broadness of the HYSCORE 

features in that quadrant. Simulations of the [4]1+ data are currently underway.  
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Figure 4.5. (Top) ESE-EPR spectra and (Bottom) pseudomodulated 
ESE-EPR spectra for [4-5]1+ collected 32 K and 34.11 GHz ([5]1+) or 
34.13 GHz ([4]1+) microwave frequency. Data for [3]1- is shown for 
comparison, demonstrating the significantly increased g-anisotropy. 
[3]1- data was collected at 5 K and 34.11 GHz microwave frequency. 
Fitting of the [5]1+ ESE-EPR spectrum gives gx,y,z([5]1+) = [2.0140 
2.0082 2.0002]. 
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Figure 4.6. Davies ENDOR spectra for [4-5]1+ compared to a 
spectrum collected for [3]1+, demonstrating the similarities between 
the anion and cation data. Data was collected at 5 K ([3]1-), 25 K ([4]1+) 
and 18 K ([3]1+). Microwave frequencies were the same as used for 
the ESE-EPR data (see Figure 4.5). 
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Figure 4.7. The black line shows the Davies ENDOR data for [5]1+. 
The colored lines show simulations to gx,y,z = [2.0140 2.0082 2.0002] 
10/11B |Ax,y,z| = [0.1, 8.5, 13.5] MHz and 1H |Ax,y,z|  = [0.5 11 7] 
MHz. Blue lines represent the 1H simulation, green lines the 10/11B 
simulation and red lines the total simulation combining both 1H and 
10/11B contributions. 
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Figure 4.8. (Top) [5]1+ HYSCORE collected at 32 K and 34.11 GHz 
microwave frequency. (Bottom) HYSCORE data in gray and 
simulation to gx,y,z = [2.0140 2.0082 2.0002] and |Ax,y,z| = [0.1, 8.5, 
13.5] MHz in color. 
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Figure 4.9. HYSCORE data collected for [4]1+ at 25 K and 34.13 GHz 
microwave frequency. A broad feature appears in the left quadrant at 
the low field edge.  
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Figure 4.10. Comparison of Davies ENDOR spectra of [4]1+ at the 
low field edge, mid field and high field edge. Data was collected at 25 
K and 34.13 GHz microwave frequency. Analogous data collected for 
[1-3]1- do not show significant field dependence (see Section 4.6). 

 

 

The mid field ENDOR spectra of [4-5]1+ are comparable to spectra collected for the [1-3]1- 

anions, suggesting that the distribution of the SOMO(a2u) is similar to the SOMO(a1u) of the 

anions. This is further validated by the likeness of the simulated hyperfine tensors of [5]1+ 

compared to [1-3]1-. This is expected, as the SOMO (a1u symmetry in [B12]1- and a2u symmetry in 

[B12]1+) stem from the same degenerate Ih symmetry HOMO(gu) in both cases. However, the 
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anisotropy in the ESE-EPR indicates that the SOMO(a2u) is not equally distributed across all 

twelve boron nuclei. This is further supported by the ENDOR field dependence and the 

additional features in the HYSCORE of [4]1+. This could be due to inherent differences in the 

orbital geometry between aryl-functionalized and alkyl-functionalized clusters, but a more 

probable cause is increased distortion in the cluster core of the more oxidized species. Although 

we have not yet been able to structurally characterize any super-oxidized [B12(OR)12)]1+ clusters, 

we postulate that the cluster core is elongated along the z-axis, resulting in a SOMO(a2u) with 

the majority of the spin density centered around the equatorial belt. g-values and hyperfine 

tensors obtained for [1-3]1- and [5]1+ are summarized in Table 4.1. 

 

 

Table 4.1. g-values and hyperfine tensors obtained by simulation of 
ESE-EPR, ENDOR and HYSCORE data. 

 gx,y,z 1H |Ax,y,z| (MHz) 10/11B |Ax,y,z| (MHz) 19F |Ax,y,z| (MHz) 

[1]1- 2.00884 [1 9.5 6] [0.1 8.8 12.9] < 0.5 

[2]1- 2.00883 [1 9.5 6] [0.1 9.4 13.1] < 0.5 

[3]1- 2.00894 [1 10 6] [0.1 9.1 12.6] - 

[5]1+ [2.0140 2.0082 2.0002] [0.5 11 7] [0.1 8.5 13.5] - 
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4.4 Electronic Transitions in [B12(OR)12] Clusters 

UV–vis–NIR spectra of 10, 20, TBA[1] and TBA[2] are shown Figure 4.11 and 4.12, while spectra 

of the alkyloxy functionalized clusters are shown in Figure 4.13 (40 and 50) and 4.14 ([4]1+). The 

excitation energies and extinction coefficients are summarized in Table 4.2. The dianionic closo-

[B12(OR)12]2- clusters are colorless, consistent with the large energy gap expected between the 

four-fold degenerate HOMO(gu) and LUMO(gg).18 Depopulation of the HOMO gives rise to a 

strong visible absorption band (ES3). In the anionic TBA[1] and TBA[2] cluster ES3 appears 

around 525 nm (1.9*105 cm-1, ~1.5*104 M-1 cm-1), while in the neutral 10 and 20 clusters it is blue-

shifted to around 455 nm (2.2*105 cm-1, ~3*104 M-1 cm-1). The alkyloxy-perfunctionalized 40 and 

50 clusters show analogous absorption bands blue-shifted by 5-10 nm. Given that the energy of  

 

 
Figure 4.11. UV–vis–NIR spectra of 10 and 20 collected in 
dichloromethane-d2. The visible band is displayed at approximately 
1/200 of its actual extinction coefficient. 
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Figure 4.12. UV–vis–NIR spectra of TBA[1] and TBA[2] collected in 
dichloromethane-d2. The visible band is displayed at approximately 
1/100 of its actual extinction coefficient. 

 
Figure 4.13. UV–vis–NIR spectra of 40 and 50 collected in 
dichloromethane-d2. The visible band is displayed at approximately 
1/100 of its actual intensity. Extinction coefficients are comparable 
to 10-20. 
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ES3 is largely independent of R-group, we believe this transition must occur between cluster 

core-based orbitals. Most likely, the donor orbital stems from the five-fold degenerate Ih 

HOMO-1(hg), which splits into one a1g symmetry and two sets of eg symmetry orbitals upon 

distortion to D3d. The ground state of the closed-shell hypercloso-B12(OR)12 species is 1A1g. 

Transitions from orbitals of a1g or eg symmetry would yield 1A1u or 1Eu excited states. Orbital 

selection rules state that electronic transitions are allowed if and only if equation 4.1 contains the 

fully symmetric representation (a1g).  

Γ(𝜓!∗) × Γ(�̂�!) × Γ(𝜓!) (4.1) 

where 𝜓!∗ is the excited-state wavefunction, 𝜓! is the ground state wave function and �̂�! is the 

dipole moment operator ((#!"!" ) in D3d).19 Examining the excited states above, we get the 

expressions show in equations 4.2 and 4.3. 

𝐴$% ← 𝐴$&: 𝐴$% (#!"!" ) 𝐴$& = (#!#!# ) (4.2) 

𝐸% ← 𝐴$&: 𝐸% (#!"!" ) 𝐴$& = ( !#
𝒂𝟏𝒈(#!#(!#

) (4.3) 

From these considerations, it becomes clear that only the 1Eu¬1A1g transition is allowed. The 

high extinction coefficient of ES3 strongly suggests that it corresponds to this transition. 

Analogous considerations can be used to show that the ~525 nm ES3 in open-shell hypocloso-

[B12(OR)12]1- clusters correspond to an 2Eg¬2A1u transition. 

Both neutral hypercloso-B12(OR)12 and anionic hypocloso-[B12(OR)12]1- clusters display weak NIR 

bands with extinction coefficients around 150 M-1cm-1 (ES1). These bands are shown along with 

the visible spectra in Figures 4.11–4.13. We suggest ES1 correspond to symmetry forbidden 
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transitions between orbitals of gu parentage, e.g. 1A2g¬1A1g or 1Eg¬1A1g for hypercloso-B12(OR)12 

and 2A2u¬2A1u or 2Eu¬2A2u for hypocloso-[B12(OR)12]. Although we feel confident in our 

assignments, we cannot definitively say that ES1 does not involve orbitals with more ligand 

character, for example lone pairs on the oxygens.  

Oxidation of 40
 to the super-oxidized [4]1+ species slightly blue-shifts ES3 and gives rise to a new 

absorption band centered at 706 nm (ES2). In [4]1+ both the LUMO(a1u) and SOMO(a2u) can 

act as acceptor orbitals, which likely explain the appearance of the new absorption band. Similar 

to ES3, we suggest the donor orbital(s) in ES2 are of Ih HOMO-1(hg) parentage. Forbidden 

lower-energy transitions analogous to ES1 are likely also accessible in [B12(OR)12]1+ clusters, 

however, we have so far been unable to collect NIR spectra of [4]1+ and [5]1+ due to in-solution 

stability issues. Following the selection rule arguments discussed above, ES3 in [B12(OR)12]1+ is 

likely an 2Eg¬2A2u transition involving the same eg symmetry donor orbitals as ES3 in hypercloso-

B12(OR)12 and hypocloso-[B12(OR)12]1-. The energy difference between ES2 and ES3 is D(ES3-ES2) 

» 8000 cm-1. It is interesting to compare this value to the ES1 energy, as both provide indications 

of the energy splitting between the LUMO(a1u), SOMO(a2u) and HOMO-1(eu) orbitals. Given 

that the ES1 energy appears to increase as the clusters become more oxidized, we presume that 

the ES1 energy of [4]1+ is similar or larger than the ES1 energy of 40 (11500 cm-1). This means 

that ES1 is at least 2500 cm-1 higher than D(ES3-ES2), which could indicate that the ES1 donor 

orbital is the HOMO-1(eg) set, rather than the SOMO-1(a2u). For ES2 eq. 4.4 and 4.5 show that 

transitions from orbitals of both a1g and eg symmetry could be allowed, assuming the SOMO(a2u) 

is the acceptor orbital, which further complicates the analysis.  
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𝐴$& ← 𝐴)%: 𝐴$& (#!"!" )𝐴)% = (𝒂𝟏𝒈!# )  (4.4) 
 
 
𝐸& ← 𝐴)%: 𝐸& (#!"!" )𝐴)% = ( !#

𝒂𝟏𝒈(#!#(!#
)  (4.5) 

 

Future spectroscopic work investigating NIR transitions in [B12(OR)12]1+ may shed more light 

on the identity of these transitions. 

 

 

Figure 4.14. Electrochemically generated visible spectrum of [4]1+ 
collected in 0.1 M tetrabutylammonium hexafluorophosphate 
dichloromethane electrolyte. Experimental details can be found in 
Chapter 3. 
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Table 4.2. Excitation energies and extinction coefficients (e) obtained 
from UV–vis–NIR spectra. k is the excitation energy in cm-1, while 
l is the excitation energy in M-1cm-1. ES1 is the lowest energy excited 
state, ES2 the second lowest energy excited state and ES3 the third 
lowest energy excited state (not considering triplets). ES2 is only 
observed in the [4]1+ cation. We expect ES1 to be accessible in [4]1+ 
but have so far not been able to experimentally observe it.   

 ES1  ES2  ES3  

 k (cm-1) [l (nm)] e (M-1cm-1) k (cm-1) [l (nm)] e (M-1cm-1) k (cm-1) [l (nm)] e (M-1cm-1) 

[1]1- 9.69*103 [1030] 140 - 

 

- 2.20*104 [455] 1.5*104 

10 1.20*104 [837] 150 - - 2.21*104 [453] 2.9*104 

[2]1- 9.06*103 [1100] 120 - - 1.90*104 [527] 1.6*104 

20 1.14*104 [875] 170 - - 2.18*104 [457] 2.9*104 

40 1.15*104 [871] ~150 - - 2.19*104 [457] 3*104 

[4]1+ ? ? 1.42*104 [706] ~5*103 2.20*104 [454] ~2.5*104 

50 ? ? - - 2.20*104 [454] 3*104 
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4.5. Conclusions 

The pulsed EPR work presented here provides strong experimental evidence supporting a 

cluster-confined but highly delocalized description of the [B12(OR)12] frontier orbitals. In 

addition to offering an experimental description of the spin density, we suggest that the 

hyperfine tensors obtained from our simulations can help guide and improve the accuracy future 

computational studies. Furthermore, we hope other researcher will be inspired to apply similar 

methods to study the frontier orbitals of other hypoelectronic dodecaborates clusters such as 

hypocloso-[B12X12]1- and hypocloso-[B12Me12]1-. 

The NIR and visible absorption bands of [B12(OR)12] clusters are best described as transitions 

between orbitals primarily confined to the cluster core. This is most evident for ES3, where the 

excitation energy is nearly independent of the R substituent. Additional work is required to 

definitively assign the transitions. Two key areas include obtaining NIR spectra of super-oxidized 

[B12(OR)12]1+ clusters, which would provide further evidence of transitions between orbitals of 

Ih symmetry gu parentage, and calculating of E0,0 energies from emission spectra.  
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4.6 Experimental Details 

Compounds 

10-50, [TBA][1] and [TBA][2] were kindly gifted by the Spokoyny lab.  We did not attempt study 

[4-5]1- as these species appear to disproportionate in solution.  

Electron Paramagnetic Resonance 

Sample preparation 

All samples were prepared in quartz Q-band EPR tubes (Wilmad WG-221T-RB), ID = 1.1 mm, 

OD = 1.6 mm, L = 10 cm. A nitrogen-filled glove box was used for generation and manipulation 

of [4-5]1+. Toluene (Millipore) had been dried on a commercial solvent purification system and 

further degassed through at least three freeze-pump-thaw cycles before introduction to the glove 

box. Inside the glove box, the solvent was stored over activated 3 Å molecular sieves (Sigma-

Aldrich). Perfluorotoluene (TCI) and perfluoro-methylcyclohexane (TCI) were dried over 3 Å 

molecular sieves for > 84 hours, followed by distillation, discarding the initial and final fractions. 

Anhydrous diochloromethane-d2 (Cambridge Isotope Labs) was used as received. Before use, 

the solvents were degassed by at least three freeze-pump-thaw cycles. Tris(2,4-

dibromophenyl)ammoniumyl hexachloroantimonate was obtained from the Spokoyny lab.  

[1]1-: Sample prepared using standard air-free techniques. 8 mg of [TBA][1] was dissolved in 0.2 

ml toluene. The solution was then diluted to 2 ml and transferred to a Q-band EPR tube. The 

sample was immediately frozen in liquid nitrogen. 

[2]1-: Sample prepared using standard air-free techniques. [TBA][2] was dissolved in 5:1 

perfluorotoluene/perfluoro-methylcyclohexane and transferred to a Q-band EPR tube. The 

sample was immediately frozen in liquid nitrogen. 
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[3]1-: Sample prepared open-air. 3 mg of 30 was added to 2 ml 1 mM triethylamine toluene 

solution. The sample was transferred to a Q-band EPR tube and immediately frozen in liquid 

nitrogen. 

[4]1+: Sample prepared inside a nitrogen-filled glove box. 4.5 mg tris(2,4-

dibromophenyl)ammoniumyl hexachloroantimonate and 3.4 mg 40 was dissolved in a 

toluene/dichloromethane-d2 mixture (1 ml toluene, 1 g dichloromethane-d2). The solution was 

mixed until all of the oxidant had been consumed (determined visually). The sample was 

immediately transferred to a Q-band EPR tube and frozen in liquid nitrogen. The frozen sample 

was handled under ambient conditions, taking care not to thaw the solution. 

[5]1+: Sample prepared inside a nitrogen-filled glove box. 1.7 mg tris(2,4-

dibromophenyl)ammoniumyl hexachloroantimonate and 3 mg 50 was dissolved in 1 ml toluene. 

The solution was mixed until all of the oxidant had been consumed (determined visually). The 

sample was immediately transferred to a Q-band EPR tube and frozen in liquid nitrogen. The 

frozen sample was handled under ambient conditions, taking care not to thaw the solution. 

Pulsed EPR experiments 

All pulsed EPR spectra were obtained on a Bruker (Billerica, MA) ELEXSYS E580 pulse EPR 

spectrometer equipped with a Bruker D2 ENDOR resonator and an ER 4118HV-CF5-L 

Flexline Cryogen-Free VT cryostat (ColdEdge, Allentown, PA) combined with an Oxford 

Instruments Mercury ITC. Descriptions of the ESE-EPR, Davies ENDOR, Mims ENDOR 

and HYSCORE experiments can be found in the literature.20–27  
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Simulation 

MATLAB R2019a (MathWorks) was used along with the EasySpin25 software package to 

simulate pulsed EPR data. ESE-EPR spectra were fitted using the Pepper function. ENDOR 

spectra were simulated using the Salt function and g-values from the ESE-EPR fitting. 

HYSCORE data was used to refine hyperfine tensors by simulation using the Saffron function. 

Spin density calculations 

The observed hyperfine tensors (A), contains both isotropic and anisotropic contributions. The 

mean of the hyperfine tensor corresponds to the isotropic contributions (aiso). Subtracting aiso 

from A yields the anisotropic contributions (Aaniso). Considering the 11B hyperfine tensor of [1]1- 

as an example:  

𝐀/ 𝐵$$ 1 = [0.1	8.8	12.9]	MHz = 𝑎*+, + 𝑨#-*+, = 7.3 + [−7.2	1.5	5.6]	MHz (4.6) 

The s-orbital spin density can be readily calculated by dividing aiso with the calculated isotropic 

hyperfine interaction for unit spin density (aiso0).28 The anisotropic part of the hyperfine tensor 

represents contributions from non-spherical orbitals (p, d, f). To estimate spin densities from 

the anisotropic hyperfine, the isotropic hyperfine parameter (P) has to be considered along with 

an angular factor corresponding to the orbital in question. Such calculations are straightforward 

when the relative orientations of the orbitals are well defined. However, given the complexities 

involved in assigning p-orbital orientations in B12 clusters, we have opted to not attempt these 

calculations at this time. That said, work is underway to address these issues using both 

theoretical and computational approaches. 

ENDOR field dependence [1-3]1- 

Spectra collected mid field and at the high and low field edges are shown in Figure 4.15-4.17. 
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Figure 4.15. Field dependent Davies ENDOR spectra of [1]1- 
collected at 5 K and 34.11 GHz microwave frequency.  

 

Figure 4.16. Field dependent Davies ENDOR spectra of [2]1- 
collected at 5 K and 34.12 GHz microwave frequency.  
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Figure 4.17. Field dependent Davies ENDOR spectra of [3]1- 
collected at 5 K and 34.11 GHz microwave frequency.  

UV–vis–NIR Spectroscopy 

All UV-vis-NIR Spectra were collected on a Varian Cary 500 UV-vis-NIR spectrometer in dual 

beam mode. Spectra were corrected for solvent backgrounds collected in 0% transmittance and 

100% transmittance modes. Small-volume (~0.5 ml) quartz 1 cm path length cuvettes were used 

for high concentration NIR samples. Regular quartz 1 cm path length cuvettes were used to 

collect spectra in the UV-visible region. All spectra were collected in dichloromethane-d2 

(Cambridge Isotope Labs). The spectra did not change depending on if the samples were 

prepared air free (in a nitrogen-filled glove box) or open air. 
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