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Abstract: We report nonresonant inelastic X-ray scattering (NRIXS) measurement of core—shell excitations
from both B 1s and C 1s initial states in all three isomers of the dicarba-closo-dodecarboranes C;B1oH12.
First, these data yield an experimental determination of the angular-momentum-projected final local density
of states (-DOS). We find low-energy resonances with distinctive local s- or p-type character, providing a
more complete experimental characterization of bond hybridization than is available from dipole-transition
limited techniques, such as X-ray absorption spectroscopies. This analysis is supported by independent
density functional theory and real-space full multiple scattering calculation of the -DOS which yield a clear
distinction between tangential and radial contributions. Second, we investigate the isomer sensitivity of the
NRIXS signal and compare and contrast these results with prior electron energy loss spectroscopy
measurements. This work establishes NRIXS as a valuable tool for borane chemistry, not only for the
unique spectroscopic capabilities of the technique but also through its compatibility with future studies in
solution or in high-pressure environments. In addition, this work also establishes the real-space full multiple
scattering approach as a useful alternative to traditional approaches for excited states calculations of aromatic
polyhedral boranes and related systems.

Introduction have been key to rationalizing the formation and properties of

Boron’s propensity for forming strong, directional, and often these sgbs_tances, 6?“0' as such this h?‘s been a femlgleld for
exotic chemical bonds is responsible for the great range of the application of a wide range Of, theorgtlcal approathés:
interesting examples of and predictions for nanoscale boron- 1€ polyhedral boranes exhibit a rich taxonomy of related
based materials. This includes nanotubdspanowires two- structure¥’11 that have been extensively studied both experi-
dimensional sheefs clusters of various distinctive sym- Mentally® and theoretically*>*7A unifying characteristic of
metriest9 and the classic case of polyhedral boralé3The these molecules is the strong hybridization of atomic states

issues of aromaticity and delocalization of the bonding state Whi_Ch must result as a consequence of the natural “electron
deficiency” of boron and the associated occurrence of three-
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Figure 1. From left to right, ortho-, meta, and paraC;BioH12. The

solid lines signify only nominal geometric proximity, not bonding charac-
teristics.

center bonds, wherein the bonding electron density is often
localized in the central region between three boron atfSike
dicarbaclosedodecarboranes, i.e., the quasi-icosahediBl €1,
isomers (see Figure 1), are the best-known carboranes and hav
long been noted for their remarkable stability and diverse
application$11:1%-26 For example, the §B0H12 isomers are now
being used in contemporary research in boron neutron captur
cancer therap¥? HIV inhibitors,!® superacidg® nonlinear
optics2> molecular transistor® liquid crystals?? and functional
macromolecular nanomaterigfs?’

e

to other high-symmetry systems with a strong hybridization of
states of different orbital angular momentums.

We also return to the problem of the nominal binding energies
of the core-shell electrons for both B and C in the three isomers
of C,B10H12. We compare and contrast our results with prior
gas-phase measurements of eesbell electron energy loss
spectrd®?8 (EELS) and with prior theoretical calculatiois.
Additional RSFMS calculations again show good agreement
with experiment, further validating this computational approach
for the carboranes.

Nonresonant X-ray Raman Scattering

Nonresonant X-ray Raman scattering (XRS) is the contribu-
tion to NRIXS wherein the energy lost by X-rays during the
scattering process promotes a core electron to an unoccupied
gnal state?30 The development of the third-generation X-ray
synchrotrons and of multielement XRS spectrometers has led
to an explosive growth in applications of this technique as a
pulk-sensitive alternative to and extension of soft X-ray
measurements of X-ray absorption fine structiré 3" Re-
stricting ourselves to polycrystalline or amorphous materials so
that one may average the direction of the momentum tragsfer
of the scattering process, the double-differential cross-section

Here we report measurements of the nonresonant inelasticfOr this process is proportional ®q,o), i.e

X-ray scattering (NRIXS) from the three isomers aBgH1>.
Focusing on the contribution to the NRIXS from the coere
shell electrons, typically called the nonresonant X-ray Raman
scattering (XRS), we find a bulk-sensitive experimental deter-
mination of the angular-momentum projected final density of
states (i.e, thé-DOS) for the B site inpara-C,BigHi2. This
relatively new experimental capability yields a more complete

characterization of the unoccupied electronic states of the system

than is available from traditional dipole-transition limited
measurements such as X-ray absorption spectra or electron
energy loss spectra at lower momentum transfers.

By combining the experimentdtDOS with independent
density functional theory (DFT) and real space full multiple
scattering (RSFMS) calculations we find an unambiguous
fingerprint of the separation of skeletal and radial bonding in
this spectroscopy of the low-lying intramolecular unoccupied
states. While our results are specific teBgH12, our methodol-
ogy should be generically applicable across the higher-symmetry

members of the polyhedral aromatic boranes and also applicable
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dZOXRS fits to the independent information provided by the different
0 Sqw) = Zm Eadling O(E — E +ho) (1) [-DOS components would be optimal in this context.
dQdw Second, the qualitative value of simultaneous determination

of po and p; grows when localized features (i.e., resonances)
Thei andf indices refer to the initial and final states did is are present in the near-edge structure, as is indeed generally
the energy loss. For sufficiently smat], Sg,w) becomes the case. Any coincidence in weights in the tMDOS
proportional to the usual X-ray absorption coefficient such as components is a likely signature of hybridization, thus providing
is measured by inherently dipole-limited X-ray absorption model-independent information on the symmetry of the low-
spectroscopy (XAS) or in typical EELS studi&s. lying unoccupied states in the system.

At higher g, the correspondence between XRS and XAS is  When moving to molecules and compounds with somewhat
broken and transitions to dipole-forbidden final states can heavier elements; (i.e.,d-DOS) will also begin to contribute
significantly change the coreshell contribution toS(qg,w). In to S(q,w). Technical issuéd associated with the additional
the present study, higipdata provide sensitivity te-type final extraction ofp, may be overcome with sampling of a sufficiently
states which are invisible to dipole-transition limited measure- large range ofj.#3 The same two analysis routes and range of
ments. This key capability allows us to make a more complete scientific issues as discussed above may be used here, but one
characterization of the local electronic structure of the carbo- additional point deserves mention. All excited-state spec-
ranes. troscopies are sensitive to so-called final state effects, most

The quantitative connection between the angular-momentum prominently including the interaction between the photoelectron
projected local final density of statelsPOS orpi(w)) and the and the core-hole. While final states of different symmetry may
g-dependence of XRS for a given initial state has been be measured by XAS using different initial states (e.g., the K-
investigated by Soininen et & who find and Ly s-edges in Si), the differences in core-hole wavefunctions

and in interaction between the core-hole and photoelectron make
Sq.w) = ZS(q,w) = Z(ZI + DIM(q) % p (@) (2) it problematic to compare the resulting spectra. The final states
being observed in the two measurements are projected from
fundamentally different DOS. The determination of the full
Hence q,w) is a linear superposition of tHeDOS, weighted  spectrum of, starting from asingleinitial state eliminates this
by smoothly varying coefficientd (M|) that depend only on  jssye.
atomic properties. In principle, this formalism provides the For the case of §B1¢H12, We expect that onlg andp-type
means for model-independent determinatiorpiéb) from the final states are relevant, resulting in the system of linear
experimentally measuref(q,»). This was first proposed by  equations at each energy point in the unknoygand p; with
Verdrenskii et aP®

As with any spectroscopic technique, the experimental S(Gy.@) = My(y, @)? po() + 3M,(G.0)? py()
determination of-DOS is valuable only when it addresses issues : :
pertinent to the material of interest. Focusing on those molecules
and compounds of light elements where oslgndp-type local S0@) = Mo @)” po(@) + 3My (@, @) py()  (3)
symmetries contribute to the low-lying excitated states, this
method allows determination of botby (i.e., ssDOS) and one equation provided by each momentum transfer where an
pi(i.e.,p-DOS), whereas soft X-ray XAS or usual EELS studies energy loss spectrum is measured. From a pragmatic perspective,
of K-shell spectra would only be sensitivedpdue to the dipole this expression is only useful if the inverse problem is well-
selection rule. The additional information provideddayallows conditioned. At a minimum this requires thély, andM; have
two general analysis routes. significantly differentg- and w-dependence (as is indeed the

First, the existing theoretical methods for calculation and case in the near-edge regime), but it is also clearly helpful if
interpretation of the X-ray absorption near edge structure may measurements are taken at many (i.e., many more than two)
also be applied tpo, thus addressing the same general scientific differentq so as to strongly overspecify the system of equations.
questions about local structure and chemical bonding but with This is exactly the situation in the present study, as enabled by
spectral information that is independent of (in fact orthogonal recent instrumentation developmeffigzor B;oCzH1», we find
to) that provided by XAS. The necessary theoretical generaliza- that a simple least-squares fitting algorithm allows determination

tions have already been made for calculatiorS@f,w) or the of pi(w) from the measured spectra and the calculated atomic
full spectrum of p(w) by real-space full multiple scattering M(w) coefficients via eq 3.
calculation?® and by approaches based on the BetBealpeter Hence, the combination of recent theoretical and experimental

equation?2-3440\Work on nondipole contributions to EELS has progress provides a fundamental improvement in X-ray spec-
shown that comparison to molecular-orbital calculations may troscopies. Now-practicaidependent XRS measurements can
be used once the correct selection rules are reatizad ,does be inverted to provide experimental determination of the
more recent work in the NRIXS communit§3” Simultaneous ~ projection of dipole transition-allowedind many dipole-
forbidden local final electronic states onto an orbital angular
(38) psapman, R. D.; Rez, P.; Mayers, D.JF.Chem. Physl98Q 72, 1232 momentum basis. This is in contrast to the more limited
(39) Vedrinskii, R. V.; Kraizman, V. L.; Novakovich, A. A.; Machavariani, 6. information in XAS which is sensitive only to dipole transition-
Y. Machavariani, V. SJ. Phys CondensMatter 1994 6, 11045-11056. allowed final states. XRS has previously been used to determine

(40) Soininen, J. A.; Shirley, E. lPhys Rev. B 2001, 64, 165112.
(41) (a) Francis, J. T.; Turci, C. C.; Tyliszczak, T.; Desouza, G. G. B.; Kosugi,

N.; Hitchcock, A. P.Phys. Re. A 1995 52, 4665-4677. (b) Turci, C. C.; (42) Soininen, J. A.; Mattila, A.; Rehr, J. J.; Galambosi, S.; Hamalained, K.
Francis, J. T.; Tyliszczak, T.; Desouza, G. G. B.; Hitchcock, APRys. Phys. CondendViatter 2006 18, 7327-7336.
Rev. A 1995 52, 4678-4688. (43) Fister, T. T. Ph.D. Dissertation, University of Washington, 2007.
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the character (i.e., orbital angular momentum) of near-edge
resonances in Lif2 B,C,** aligned polyfluorené? and MgB..#?
Here, we address a different and broader problem: the con-
sequences of bond hybridization, anisotropy, and aromaticity
for the final state DOS in the entire near-edge regime for the
carboranes.

B K—edge Gave = 3.1 A7

Materials and Methods

_ -1
Materials and Sample Stability. Powders of each of the three Gave = 8.6 A

isomers of GBigHi2 (Aldrich 98%) were pressed into pellets of
approximately one-penetration length thickness, and the resulting pellets
were oriented perpendicular to the incident X-ray beam for a transmis-
sion geometry. During measurement, samples were held in a helium
environment to eliminate possible ozone damage resulting from
ionization of air by the incident X-ray beam. No systematic effects in
repeated energy scans were seen with increasing exposure. In this
regard, the use of hard X-rays in XRS is beneficial aBigH;> films
have been shown to dissociate into a mixturedho-carborane and
:r';ladbigtri?)%scarblde phase with exposure to soft X-ray synchrotron 191 197 203

Instrumentation and Spectroscopic Details.All XRS measure- Energy Loss (eV)
ments were performed with the lower energy resolution inelastic X-ray rigure 2. Comparison of the B K-edge foortho-, meta, and para-
scattering spectrometer (LERIX) user facifityat sector 20-ID PNC/ C,B1gH12 averaged over low (top, 3.1 A1) and highq (bottom, 8.6 A1).
XOR of the Advanced Photon Source. The typical incident and scattered
X-ray energy is 10 keV, giving a penetration length of over 3 mm for  Density Functional Theory Calculations. The DFT core binding
C;B10H12 and ensuring bulk-sensitivity of the measurements. Uncertainty energies were obtained using the Koopman’s approximation, i.e., by
in energy loss calibration is less than 0.1 ¥¥$ and the energy  calculating the difference between the energy of the lowest unoccupied
resolution for the measurements is 1.35 eV. In the present study, LERIX molecular orbital and the average of the core-level energies at each
provided simultaneous measuremenSf,w) at ten different momen-  site. This approximation ignores the effect of relaxation upon excitation
tum transfersq spanning 0.810 A~%. This number of independent  for both the core and excited-state orbitals, thus resulting in systemati-
measurements and the large rangedqirare sufficient to strongly cally lower binding energies. The theoretical calculations used the
overdetermine the inverse problem in eq 3. The contributions to the B3LYP exchange-correlation functiorflthe 6-31G(d,p) basis sef
NRIXS from the relevant core shells (i.e., the XRS) were isolated from and were performed with Gaussiarf@3\Ve find that core-optimized
the valence NRIXS background by simultaneous fitting of the measured basis sets do not change the results significantly. For instance, the EPR-
total §(g,w) to a Pearson function before the relevant absorption edge || basis set* changed the relative binding energies by less than 0.1
and the superposition of the Pearson function and the theoretical ev. Optimization of the initial structures at the B3LYP/6-3&(d,p)
g-dependent atomic background when far past the absorption edge. Theevel also shows very little effect on either the binding energies or
incident flux was~5 x 10 photons/s. The count rates at the edges S(q,w) from the multiple scattering theory. A qualitativeDOS was
and in the underlying valence Compton background were strong also obtained within the Koopman’s approximation by performing a
functions of momentum transfer. At= 2.4 A-* we found 1750 and  Natural Atomic Orbital (NAO) population analysis of the B3LYP
320 counts/s at the B and C K-edge step on backgrounds of 2360 andelectron density and producing a histogram of the predominasylge
1250 counts/s, respectively. Increasipgo 9.8 A2 resulted in 3310 andp-type NAOs.
and 1730 counts/s at the B and C K-edge step on backgrounds of 7640
and 23600 counts/s, respectively. Following these measurements weResults and Discussion
found a significant air leak into the He flight path (outside the sample . .
space) of the instrument. This resulted in a decrease in all count rates Experimental I-DOS Determlnatlon for para'CZB}OH 12.In
by a factor of 3.5 compared to present LERIX performance but Figure 2, we show a comparison of the B K-edge indftao-,
otherwise has no consequences for the results presented here. meta; andpara-carboranes. Since the signal is an average of

Full Multiple Scattering Calculations. Calculations for NRIXS the scattering from all 10 boron sites, the isomer-sensitivity is
from the B and C & orbitals, the associated atomic backgrounds, and relatively small at both low and high momentum transfers. The
the|-DOS were performed using a real space full multiple scattering XRS spectra are in reasonable agreement with the prior dipole-
(RSFMS) packag&:* This code is an extension of FEFF8.2 which |imit EELS study?®52with the exception of small discrepancies
computes the dynamic structure factor with a single particle Greens j, the exact values and relative shifts of the edge locations. The
function using self_—consstent muffin-tin potentlé‘l‘é‘.6 The input _to small negative shift (0.1 eV) in theetacarborane spectrum
the code was a single molecule whose coordinates were given by . .

was found to agree with the isomer-dependence of the DFT-

previous gas-phase diffraction measureméhister extensive testing, .
the single molecule calculations were found to work best with the calculated HOMG-LUMO gap. It did not, however, match the

default parameters, i.e., using a core-hole given by the final state rule
and a Hedir-Lundgvist exchange-correlation potential.

S(g.w) arb. units

ortho
meta
para

(48) (a) Becke, A. DJ. Chem. Phys1993 98, 5648-5652. (b) Lee, C. T;
Yang, W. T.; Parr, R. GPhys Rev. B 1988 37, 785-789. (c) Miehlich,
B.; Savin, A.; Stoll, H.; Preuss, FChem. Phys. Leti989 157, 200-206.

(44) Feng, Y. J.; Seidler, G. T.; Cross, J. O.; Macrander, A. T.; RehrPhy& (49) Francl, M. M.; Pietro, W. J.; Hehre, W. J.; Binkley, J. S.; Gordon, M. S;
Rev. B 2004 69, 125402. Defrees, D. J.; Pople, J. A. Chem. Physl982 77, 3654-3665.

(45) Byun, D.; Hwang, S.; Zhang, J. D.; Zeng, H.; Perkins, F. K.; Vidali, G.; (50) Frisch, M. J., et alGaussian O3revision C.02; Gaussian, Inc.: Wallingford,
Dowben, P. AJdpn. J. Appl. Phys., Part 2995 34, L941-1944. CT, 2004.

(46) Ankudinov, A. L.; Ravel, B.; Rehr, J. J.; Conradson, SFbys Rev. B (51) Barone, V.Recent adances in density functional methods, parorld
1998 58, 7565-7576. Scientific Publishing Co.: Singapore, 1996.

(47) Turner, A. R.; Robertson, H. E.; Borisenko, K. B.; Rankin, D. W. H.; Fox, (52) Hitchcock, A. P.; Wen, A. T.; Lee, S. W.; Glass, J. A.; Spencer, J. T.;
M. A. Dalton Trans.2005 1310-1318. Dowben, P. AJ. Phys. Chem1993 97, 8171-8181.
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para—C,BoH)2: B K—edge |

g=08A""

|

S(g.w) (arb. units)

10 87!

200 208 216

Energy Loss (eV)

192

Figure 3. Momentum-transferd) dependence of the Bsinonresonant
X-ray Raman scattering (XRS) fgrara-C;B10H12. From top to bottom,
the curves correspond tp= 0.8, 2.3, 3.8, 5.2, 6.5, 7.6, 8.6, 9.3, 9.8, and
10.0 AL,

binding energy shifts found in previous EELS d&t&?where
themetaC,B10H1> was shifted forward relative to the other two

isomers. The source of this disagreement is unclear but may be

due to instrumental issues given its small size.

To simplify the subsequent determination of tHBOS, we
focus onpara-carborane which has only one unique molecular
B site. In Figure 3 we show a more complete view of thee-
pendence of the BSIXRS signal forpara-C,B10H12. There is
substantialg-dependence in the first 10 eV of the near-edge
structure; given prior estimates of the ionization thresiidld,

—
=

)

Slg.w) (]0_‘l eVh

10
g(A ™"
Figure 4. Least-squares fit to the model f8g,w) given in eq 3 compared

these features correspond to intramolecular bound states. At lowWyith data (dots) at the three energy points labeled by arrows in Figure 3.

g, the spectrum is dominated by dipole-allowed> p transi-
tions, while the higher momentum transfers include additional
dipole-forbiddens and, to a much lesser extentfinal states.

In Figure 4 we show linear regression, least-squares fits for
thel = 0 and 1 components d¥q,w) based on eq 3 at the

three energy points labeled in Figure 3 (191.5, 194, and 212

eV). Note the narrow 95% confidence interval and the individual
contributions from thes- andp-DOS. We find that thel-DOS
can be ignored at the 1.5% levéIThe removal of the valence
Compton background from the total NRIXS signal is the primary
source of systematic error in the preseOS inversiorf243

It is of course impossible to characterize such errors when the

number ofq measurements is only equal to the number of
unknownp,. Here, we find that analysis of data collected at a
large number ofj spanning from the dipole limit to the strong
multipole scattering limit allows for straightforward identifica-
tion of such systematic errors. Spectra plagued by poor
background removals will be obvious statistical outliers in the
least-squares fit to eq 3 at essentially energy points. In our
first attempt to invert eq 3 using data from all 10 experimental
g we find that theq = 6.5 A~ spectrum is a consistent and
strong statistical outlier and is, therefore, omitted from{B©S
inversion procedure. The difficulty with this particular spectrum

(53) Allison, D. A.; Johansson, G.; Allan, C. J.; Gelius, U.; Siegbahn, H.; Allison,
J.; Siegbahn, KJ. Electron Spectrosc. Relat. Phenal®73 1, 269-83.

The 95% confidence interval is given by the dashed lines.

is unsurprising: at| = 6.5 A1 the XRS is close to the peak in
the valence Compton scattering contribution to the NRIXS, and
as such the extracted XRS spectrum is both most sensitive to a
correct treatment of that Compton line shape and also suffers
from the lowest count rates relative to background. Iflit¥OS
inversion was based on only two or three spectra measured at
different g, these types of subtle changes in the background-
subtracted XRS profiles may go unnoticed. The similarities
betweenM, coefficients when larget are considered, for
example Mo andM,, will tend to decrease the conditioning of
the inverse problem and will again require a larger number of
measurements to ensure reliability of the experimentally deter-
mined|-DOS#*3

Hence, by solving eq 3 at each energy point in the near-edge
region, we obtain aexperimentameasure of th&DOS. This
result, shown at the top of Figure 5, is compared with an
independent theoretical calculation using the modifigd
dependent FEFF code, as discussed aBdude agreement
between the experiment and theory is good, with the small shift
in the peak of the-DOS in the calculation likely due to a strong
sensitivity to the radial potential, i.e., to the electron distribution
in the B—H radial bonds.

The good agreement between theory and experiment not only
serves to additionally validate théOS inversion but also gives
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Figure 6. Representative quasi-spherically delocalized virtual molecular
| orbitals of local p-type (a) andstype (b—d) character. In the cage
NAQ s—states | representation of the carborane, the green vertices represent the carbon
i 1 positions, while the teal vertices correspond to boron atoms.
NAO p-states the RSFMS_resuIts onto a_sph_erica_l harmonic basis, with the
molecule oriented so thedirection (i.e., theY; o component
——— of thep-DOS) is along the radial hydrogen bond from the probe
197 207 217 atom. The tangential component is then approximated by the
Energy Loss (eV) sum of theY; 1 and Y11 components of th@-DOS. These
Figure 5. Top The experimentally determined bor¢DOS for para- results are shown in the middle section of Figure 5. We find a

CaBudHiz compared to results from real space full multiple scattering 0o gistinction between the radial and tangential excited states

calculations. Note the sharp onsetsefype character well after the initial, . . . . .
purely p-type spectral featurdiddle: The directional dependence of the ~ With the s—p hybridized radial feature in the calculations

calculatedl-DOS. Note that the radial (i.e., parallel to the-B bond) matching the experimentally derivedDOS and thep-type
direction contains a single peak near the position of#¥0S. Bottom tangential DOS exhibiting the same characteristic three-peak

Qualitativel-DOS obtained from a natural atomic orbital (NAO) analysis. . . . Lo
The histogram ofs-type NAO states has been vertically offset from the structure four_]d in the experlr_neanOS. This be_haV|or Isn
p-states. The bottom axis is the energy loss, and the top axis is the energyagreement with the expectations of TSH, as projected onto the

of the states with respect to the RSFMS calculated vacuum level at 197 |ocal DOS.
eV. Prior XPS resulf$ place the vacuum at 195.6 eV. We have also used the previously described DFT approach
some insight into the nature of the relevant states. FEFF per-to further invest?ga_te these iSSU?S' At the bottom of Figur_e 5
forms a real-space full-multiple scattering (RSFMS) calculation we .ShOW a qualltatlvd:LDOS obtained from a Natural Atomic
based on idealized, spherical muffin-tin potentials. As such, it Orbital (NAG) an.aIySIS of.the DFT.denS|ty. The NAOs were
has inherent difficulty reproducing spectral features at low pho- separated according o their predomlnaatlgr p-ype character,
toelectron kinetic energy if those features correspond to atomic- and thg m;mberhost(t)aSte's; W'rt]hm a cerrt]am energy rangeh\_/fvtaz
like resonances or strongly localized molecular-orbital states; Eouz;e ei(/) tgrr:otrr:ct for.relIJe:;aetircT?ff%éc?serr:strgallitszc\)ﬂ&erlrtee 3 flo?
such features would depend sensitively on the use of fully ™2 . , S . . o
realistic potentials. The general agreement between the FEFFWlthln thﬁ Koo%man SI appromm;tmg.sliiesplte the'.r qualltattljve
calculations and the experimentaDOS may therefore be a Przxrfh’; Re S’\IIZAM Sr:asllélfa?olzgr'lt'hf are gg)?;pigrgezgﬁ?aﬂve
consequence of the delocalization of the final states in this agreement with the results reborte)(; in Hitchcoci e’f“a?/here
system, which reduces the sensitivity of the RSFMS calculation . . .
to the fine details of local anisotropy in any particular atomic the _d||c_>ole-a|Iowedp-character transitions were calculated_ W'.th
potential. Delocalization of the low-lying unoccupied states is a S'm."ar app_roach. In t.hat §tudy, the calculatgq excitation
energies relative to the first dipole-allowed transitions are 4.5

expected across a wide range of polyhedral bor&hesd as . . . .
sugh the RSEMS method mgy ha\[/)e t))/een underutilized in this and 6.5 eV, in agreement with the values obtained in the present
study (4 and 7 eV, respectively).

field. . . . . :

Prior analysis, using the tensor spherical harmonic theory Flgure_6 §fhows| four tlyplcal wrtt;]al mgleculnzka)r gr_b't_?lssHWE'Ch
(TSH)>54and other approaché3predicts delocalizeg-type _?_ﬁpear S'g_n' Ilcantyana_ogorlljs to t" Ozel es?n g Ir']h h tdeo_ry.
molecular orbitals related to the icosohedra’s skeletal (tangential) | "€S€ orbitals are quasi-spherically delocalized, with the devia-
bonding ands—p hybridized orbitals related to the radiat-1 (54) (a) Stone, A. J.; Alderton, M. Jnorg. Chem 1982, 21, 2297-2302. (b)
bonding. To distinguish these types of orbitals we decompose Stone, A. J.; Wales, D. Mol. Phys.1987, 61, 747.
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Table 1. Local Electronic Structure of Dicarba-closo-dodecarboranes C,B1oH122

XRS EELS DFT DFT charge

data data?® unoptimized optimized transfer (e74)
ortho (1,2) 288.42 288.75 279.74 279.48 —0.041
meta(1,7) 287.910.51) 288.31{0.44) 279.1740.57) 278.93{0.55) —0.118
para(1,12) 287.93¢0.49) 288.070.68) 279.30€0.44) 278.84¢0.64) —0.096

aFor each isomer's K-edge, the XRS and prior EEESedge positions are compared to the DFT results using experimental (“‘unoptimized”) and
structurally optimized coordinates. The experimental edge position was determined by fitting the first feature of each spectrum to a GaimsiaklIfunct
guantities are reported in eV. The numbers reported in parentheses are the chemical shifts redettiveGgB10H12.

tions from the perfect spherical symmetry being caused by the o P
presence of the axial C atoms as well as mixing with she - C K-edge. gave =3.1 A
orbitals in the H atoms. From an atomically local perspective
their approximates (Figure 6b-d) and (Figure 6a) character
can be inferred by the number of nodal planes passing through
the reference atom (one fprcharacter, none fos character).

For example, the presence of a local nodal plane at both the C
and B atoms can be clearly seen for the orbital shown in Figure
6a. In the case of the orbitals shown in Figure-6h the nodal
planes are locate well off the reference atomic positions. Note
that the orbital shown in Figure 6a is in good agreement with
the excited-state orbitals reported in the prior study of dipole
transition-accessible final stat¥s.

It would be interesting in the future to extend this discussion
to the C sites in @BjoHi2. However, this would require
improved sensitivity to higher momentum transfer channels of
the C K-edge. In the present data, the higliesteasurements
place the C § XRS on top of the substantially larger background
signal from valence Compton scattering. It is also interesting
to ask whether the experimentally derive®0OS may more 286 291 296 301
broadly be compared to theory through the use of a best fit to Energy Loss (eV)
the projection of calculated molecular orbitals onto the atomic Figure 7. C 1snon-resonant X-ray Raman scattering (XRS) for the three
sites. Such an approach would be similar to that used by Wales ';?Jmelrz gig?elg;'12-Cg;gﬁf;t?gﬁs"ya?gpsirgs:tvatthtfgeég?ér;eaf‘éfgg;f full
in his discussion of the relationship between cluster (i.e., global) camg’rane. Note %e correspondence of the radial pag(p) with the
hybridization schemes in TSH theory and the assumed under-shoulder on the low-energy side of the second feature, which is consistent
lying (local) hybridization of atomic orbitals. with the findings from the B K-edge.

Isomer Sensitivity at the C K-Edge. The B K-edge (as o ) )
shown in Figure 2) shows little or no isomer-sensitivity, owing &N result from core-l_evel (i.e., initial state_) or relaxatlor_1 (i.e.,
to the fact that the measured dynamic structure factor is an final state) related shifts. In agreement with the analysis of
average of contributions from the 10 boron sites. In contrast, Hitchcock et alZ® we find that the relative chemical shift is
the near-edge structure has considerable isomer-sensitivity forPfimarily an initial-state effect. Further support for this position
the C & XRS spectra, as shown in Figure 7. The data in this 1S provided by the lack of correlation .betwee;n the average
figure is the average from several momentum transfers with c_alcu_lated va_lence staf[e of th_e atom and its relative edge position
Oaverage= 3.1 AL, which is effectively in the dipole limit for (i.e., its relative chem|ca_l shift). These_valence state_s were the
the C X initial state. The shoulder on the low-energy side of average charge co_unts in a self-conS|st¢nt calculayon for the
the second feature results from the same radiap state smgle_molecule using a real-space multiple scattering é@de._
discussed above for the B K-edges. This is shown in the The dlsagrgement between the presept results and the prior
directional RSFMS-DOS calculation presented in the bottom EELS work is rather smalk-0.2 eV, and is comparable to the
of Figure 7. After fitting to a Gaussian, we use the center of combined experimental uncertainties in energy loss in the two
the first feature to define the nominal binding energy. measurements.

In Table 1, we compare the measured edge position with ~,sions
previous EELS result¥;??RSFMS theory, and DFT calculations
using experimental and DFT optimized structures. The DFT We have usedg-dependent nonresonant inelastic X-ray
binding energies were found by the difference between the scattering to obtain an experimental determination of the
lowest unoccupied and the average core-level molecular orbitalunoccupied density of states projected onto the angular mo-
energies, neglecting the effect of orbital relaxation upon mentum basisl{DOS) at the B site fopara-C;BioHi2. This
excitation. Although this results in systematically lower binding extends prior dipole transition-limited measurements on the
energies, the error is expected to be systematic from isomer tocarboranes and finds a strong fingerprint of the anisotropic
isomer. For lower energy, such as we study here, chemical shiftsdelocalized bonding in the system. We find good performance

ortho (1,2)

meta (1,7)

para(1,12)

S(g.w) (arb. units)

theory (para)

tangential ——
radial -----

(55) Wales, D. JMol. Phys.1989 67, 303—320. (56) Stohr, INEXAFS Spectroscopgpringer: Berlin, 1992.
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