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The interaction of decaborane Bl14) with the I ion and the (isoelectronic) Xe atom is investigated using

a number of theoretical methods: MP2, CCSD(T), CCSD, spibit CISD, and DFT using the B3LYP,
B3PW91, PW91PW91, and PBEO methods. All non-DFT and some DFT methods agreqthat Bis

bound by chargedipole electrostatic forces, chargand dipole-induced-dipole forces, and dispersion forces,

while B;oH14Xe is bound by dipole-induced-dipole forces and dispersion forces. Counterpoise corrections

are necessary to obtain reliable results. Relativistic effective core potentials were used for the I, Xe, and B
atoms. Basis sets for use with these potentials are discussed as is the question of basis set balance in molecules.
We find ByoH14l~ to be bound by 19.8 kcal/mol and dBi14Xe by 1.1 kcal/mol, indicating that the charge and
polarizability of I play the major role in the interaction energy.

1. Introduction

Decaborane (BH14) exhibits a wide range of properties, the
investigation of which has previoudlyed to the preparation
for the first time of an interesting complex ion formed between
the iodide ion and decaborane, namelygHB 4~ (see Figure
1).

Under certain experimental conditions,B14~ is found to
be stable both in the solid state and in solufichhe X-ray
crystal structure of 2,4-B10H12l ~ (in Figure 1 but with hydrogen
atoms attached to B(10) and B(9) instead of iodine atoms)
revealsC,, symmetry! The formation of the ByH14~ complex
results in some perturbation of thedli4 framework, as is
experimentally evident from th€B andH NMR, Raman, IR,
and visible spectrd.The unique iodide is situated at the open
end of the decaborane, effectively resting on the four bridging Figure 1. The molecular configuration and numbering scheme of
hydrogens. lodide presumably transfers electronic charge to thegtoz';'ué’mag)d aBlncaHgé?- g?gSt;fiiﬂggef}é/dggggg%%i)t v?éz nb%tgt)eeg(s)
:;)W_e;t unoccupied m_olecula!r orbltal (LUMO) o_f _the electron- and B(6). B(3), but between B(4). B(5), and B(10), and B(6), B(),
eficient BHisa by interacting with the positive end of 4 B(9).
decaborane. While the bridging hydrogens are believed to act
as Lewis acids, the boron atoms B(1) and B(2) become
susceptible to nucleophilic attaékHowever, the interaction

The calculation of an accurate molecular binding energy
; ; . : . involves the use of an accurate correlation treatment and
involves distances which are consistent with van der Waals adequate basis sets. The wave function based methods that we
interactions. On the other ha_md, _the polar nature of dgcaboraneapply are restricted Hartredeock self-consistent-field theory
alnd the charge o; the iodide ||on_ suggest a Icha[gpqle (SCF), (single-reference) spirbit single- and double-excita-
electrostatic and chargeand dipole-induced-dipole contribu-  jo configuration interaction (SOCISD), using configuration
tions to the interaction energy of this molecular system. state functions (CSFs) with spin quantum numbers 0, 1, and 2,
The purpose of this work is to study the nature of this second-order MgllerPlesset perturbation theory (MP2), coupled-
interaction and describe the electronic charge transfer from thecluster theory with single and double excitations (CCSD), and
iodide ion to BigH14. In doing so, we have computed the ground-  CCSD(T), which also includes perturbation-theory values of the
state interaction energy of the iodide ion with decaborane in connected-triple-excitation terms. We also compare these results
the complex BoHual ™. Our principal results reveal the most  with density functional theory (DFT) calculations with four
important term in the interaction energy ofidBli~ to be different exchange-correlation functionals.
electrostatic. We have also focused our attention gfiBXe,
an unknown compound isoelectronic tqoB14~. We have 2. Theoretical and Computational Methods
determined the ground-state interaction energy@fiXe and
compared the electronic structure characteristics of it with  2.1. Evaluation of the Interaction Energy.The method used
B1oH14l ~. We find ByoH14Xe to be weakly bound by dispersion to evaluate the interaction energy between two interacting
forces. systems (suitable for either weak or strong binding) is based
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on the supermolecular approach, which is an important choice TABLE 1: | cc-pVTZ Basis Set: (5s5p5d1f)/[4s3p3d1f]

for non-size-extensive methods. orbital primitives contraction contraction contraction contraction
Basis set superposition error (BSSE) in the evaluation of the — 3.072 0.048359 00 0.0 00

interaction energyis a matching or balancing errékVe apply 0.9631 —0.806443 0.0 0.0 0.0

the function counterpoise procedure (€B$ a way to correct 0.5303 0.674366 0.0 0.0 1.0

for it. 0.2070 0.683570 1.0 0.0 0.0
While simple implementation of BSSE is suitable for the 009835 0242690 0.0 1.0 0.0

evaluation of the interaction energy between two monomer units, P~ 9.624 ~ —0.002450 0.0 0.0

further improvement of it may become necessary in the case 8'228‘11 _06241158;5571— ooégszzs g-g

that the monomers are molecules. In principle, the energy change 0.1744 0.582505 1.0 —0.310319

for distorting the monomers from their isolated geometries to 0.06839  0.208211 0.0 1.0

the ones in the complex (known as fragment relaxation energy ;37 53 0012148 0.0 0.0

or deformation enerdy) should also be included. However, 4.724 0.203370 0.0 0.0

as a first approximation, these terms were neglected in our 2.399 0.470191 0.0 0.0

evaluation of the interaction energy betweenHB 4 and I~ ion 1.100 0.378001 1.0 0.0

and Xe. 0.4419 0.101520 0.0 1.0
2.2. Core Potentials.We use the relativistic effective core f 0.701216 1.0

potential (RECP) approximation in order to properly describe
the relativistic effects of the many-electron systems that we study Problem, known as the two-center efféétrequires further
and, in particular, the RECPs developed by Christiansen etchange in the A basis set. Christiansen adds an additional s
al7~12 These potentials replace inner-shell (core) electrons and contraction to the basis set on atom A such that the next-most-
orbitals by a repulsive potential. These RECP technitfdés diffuse primitive function is freed. This s contraction has a large
describe the valence space in terms of pseudo-orbitals whichamplitude in the core region so that, in the formation of the
are identical to the corresponding all-electron valence orbitals molecular orbitals (MOs), it can be used to cancel out the
in the valence region, but go smoothly to zero in the core region. amplitudes of the B orbitals in the A core region. This s
The RECP methodology is advantageous for our work becausecontraction will also lead to a virtual MO which has such high
(i) more electrons can be removed from the computation, (i) energy it will not contribute significantly to correlation energy
relativistic corrections are easily incorporated into RECPs, and calculations and hence may be omitted from them. This
(iii) it is possible to obtain one-electron spinrbit operators additional s contraction makes it unnecessary to use augmented
simultaneously with the RECPs, at the same level of ap- S functions.
proximation. We used the iodine basis set shown in Table 1, which, except
With the core electrons removed from the problem, the for the f polarization function, was developed by Christiansen
Hamiltonian includes the nonrelativistic Hamiltonian for the in a correlation-consistent (cc) man#e¥ and has polarized
valence electrons (kinetic energy and Coulomb terms) plus thetriple-g (cc-pVTZ) quality. The resulting basis set is of
RECPs and spirorbit operators. The spirorbit operators  (5s5p5d1f)/[4s3p3d1f] size, where this notation represents
include the (large) spinorbit interactions of the valence  (primitives)/[contractions]. Itincludes freed-up diffuse primitives
electrons with the nucleus and with the core electrons as well for s, p, and d (augmented for p). We refer to this basis set in
as an approximatidfi to the (small) spir-orbit interaction the tables as “diffuse- tight s + aug. p+ f(0.701266)". We

between the valence electrons. The boron thiethe 1s shell  also wanted to find out how much valence correlation energy
(2 electrons), and both the iodine and xenon cores are the 1scan be recovered using Christiansen’s contraction methods. Our
through 4p shells (36 electrons). Thus, indB.l~ and results are tabulated in Table 2. In the same table, we include
B1oH14Xe, 56 electrons (core) were removed from the calcula- the SCF and CISD energies that result from inclusion of an f
tions and 62 electrons (valence) were treated explicitly. polarization function. Both choices of exponent for the f function

2.3. Basis SetsMost atomic-orbital (AO) basis sets available c@me from cc valence basis sets for use with the Stutigart
for use with RECPs are those originally published with the Dresder-Bonn (SDB) (46-electron core) RECF:! Similar
RECPs. The basis sets we use in this work, however, includevalues are available from basis sets for 28-electron REEPs.
more recent improvements as described below. A common Our xenon basis set is a cc polarized doublgec-pVDZ)
method of choosing contractions for basis sets is to use occupiedset and is shown in Table 3. The primitive functions are those
atomic SCF orbitals for the basic contractions and then free up provided with the RECP? We freed up the two most diffuse s
some number of the more diffuse primitive functions for primitives and the most diffuse p (augmented) primitive, as well
additional contraction¥ However, the RECP methodology as adding one more d function (exponent 0.22865) to polarize
requires the valence pseudo-orbitals to have a small amplitudethe 5p shell since none of the primitives for the 4d shell were
in the core region and go smoothly and nodelessly to zero atdiffuse enough to serve this purpose. The two most diffuse d
the nucleus#17.18Correspondingly, suitable additional contrac- primitives were left uncontracted. We then performed CISD
tions have been chosen to satisfy these properties. This is mosgalculations using a series of f polarization functi® and
commonly known as the one-center effécnd can be found that an exponent of 0.801144 was best. The contractions
addressed in several WaVs%SChristiansen uses an augmenta- Wwere chosen in a way that would make the basis set similar to
tion schem? that involves the formation of two-primitive @ cC-pVDZ basis set. Its size is (3s3p5d1f)/[3s2p3d1f].
contractions with coefficients that give exact cancellation of the ~ We have developed our own RECP basis set for bétars,
leading power of at the origin. He finds that augmented (aug. shown in Table 4. It is of cc-pVDZ size, (4s4pld)/[3s2pld].
in the tables) primitives are unnecessary for d and higher angularThe hydrogen basis €is also of cc-pVDZ size, (4s1p)/[2s1p].
momentum orbitals. 2.4. Computational Methods. For both the (closed-shell)

However, orbitals centered on a neighboring atom B may ground electronic states ofig14~ and BgH14Xe, the SCF
have moderate magnitude in the core region of atom A. This and SG-CISD calculations were performed using the COLUM-
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TABLE 2: SCF and SO—CISD Energies Relative to—144 Ey, for B1gH14 ~ at Its Equilibrium Geometry Using Various Basis
Set Contraction Schemes on the | Atorh

primitives E(SCF) E(SO-CISD) AE
diffuse —0.642918 —1.578548 —0.935629
aug. s —0.642823 —1.579481 —0.936658
diffuse+ tight s —0.642932 —1.581517 —0.938585
diffuse+ tight s+ aug. p —0.643107 —1.600639 —0.957532
diffuse+ tight s+ aug. p+ f(0.429319) —0.643192 —1.638329 —0.995137
diffuse + tight s+ aug. p+ f(0.701216) —0.643158 —1.663509 —1.020351

aThe AE values are correlation energies @). ° Basis set in Table 1.

TABLE 3: Xe cc-pVDZ Basis Set: (3s3p5d1f)/[3s2p3d1f] TABLE 5: SCF and Spin—Orbit CI (singles and doubles)
- — - - - Energies (in E;) for BigH14l~ at Re and at R = 100 (both in
orbital  primitives  contraction  contraction  contraction b)a
S 0.7127 —2.536570 0.0 0.0
0.5719 2.742737 1.0 0.0 SCF SO-CISD
0.1519 0.638936 0.0 1.0 R.=7.18183 —144.643158 —145.663509
P 12353  —0.141311 0.0 N “Higoalals 1032800
0.3726 0.644602 —0.249969 : :
0.1229 0.511983 1.0 a AE is the dissociation energy (in kcal/mol).
d 4.5119 0.266105 0.0 0.0 . .
2 4799 0.385422 0.0 0.0 TABLE 6: Ground-State B;oH14 SCF Mulliken Population
1.2983 0.365995 0.0 0.0 Analysis®
0.5435 0.124862 1.0 0.0 gross atomic populations
0.22865 0.0 0.0 1.0

atom B(2) B(4) B(8) B(10) H(2) u—H H(4) H(10) H(8)
total 2.916 3.061 3.007 3.021 0.985 0.967 0.998 1.017 1.001

TABLE 4: B cc-pVDZ Basis Set: (4s4p1d)/[3s2pld] aBoron has three valence electrons, and the labels refer to the
orbital  primitives  contraction  contraction  contraction sgmme;r)(]-distinct atﬁmShThe Iakt)Jelstfdthe hyféif QQfenS ;r%t%e same as
s 455 ~0.0103380 00 00 those of the borons that they are bonded to,zanH is for the bridging

f 0.801144 1.0

2250  —0.1368565 0.0 0.0 hydrogens.

0.3076 0.5752983 0.0 1.0 . . -

0.09889 0.5324867 1.0 0.0 (Re) of the potential surface of f8H14Xe was obtained by fitting
D 5.984 0.0355794 0.0 parabolas to three points.

1.239 0.1982340 0.0

0.3358 0.5058596 0.0 3. Results

0.09527 0.4785609 1.0 _
d 0.3477 10 3.1. Ground-State SCF Results for BoH14l ~. The ground-

state SCF energy of gH14~ was computed aR. = 7.18183

BUS system of quantum chemistry prograth§he SO-CISD b between the center of mass of the atoms B(4,6,3,5)¢18
method is implemented in COLUMBUS in combination with and I” determined from the X-ray analysis (Table 5 and Figure

RECPs and spinorbit operators. 1). We also made an SCF calculation at an interfragment
The binding energies of #Hid~ and BiHiXe were distgnce of.100 b, since the supermolecule is composed of two

computed at additional levels of theory with thaVCher®® noninteracting closed-shell subsystems.

computational chemistry package. The wave function based The dissociation products are well-represented by closed-shell

methods include MP2, CCS?#,28 and CCSD(TP30 We wave functions, so closed-shell SCF calculations give the correct

performed DFT calculations within the KohiShani-32formal- size-consistent behavior in the limit of large intermolecular

ism. Several functionals were used: the Becke three-parametedistance. Of particular interest is the comparison of the occupied
exchange functional with the Leérang—Parr correlation MO spectrum that is obtained at a situation of no molecular
functional (B3LYP)3334the same exchange functional with the interaction with that at the equilibrium geometry.

Perdew-Wang91 (PW91) correlation functional (B3PWJ3§° The highest occupied MOs are | 5p/5s orbitals (symmetries
PW091 for both exchange and correlation (PW91PW9Hand Az, By, By, A;) atR = 100 b, but they show mixing with other
the functional PBEG® AOs at the equilibrium geometry ofigH14l~, particularly with

In all cases, we used the same basis sets and RECPs. SomAOs centered on all the B atoms and on the bridging hydrogens
of these calculations included the spiorbit interaction. These  (see Figure 1). The orbital energieB,) of these MOs are
were SO-CISD and some separate DFT calculations £SO —0.167 (A), —0.164 (B), —0.163 (B), and—0.652(A). The
DFT) for the cases that the DFT functional gave binding partial gross atomic populations for these occupied MOs suggest
energies close to our CCSD(T) results (most accurate correlationelectron charge transfer of ca. 0.1 electron from the iodide to
treatment). The SODFT results were used merely as an the B atoms. The most important charge transfer takes place
indication of the contribution of the spirorbit interaction to from the A, 5p iodide orbital. The lowest unoccupied MO of
the binding energy in DFT theory. We also note that, for the BioHi4 (orbital energy 0.047 and ;Asymmetry) consists of
wave function based calculations, we included all occupied and orbitals mostly centered on the same atoms to which charge
virtual MOs. transfer has been noted.

For BioH14Xe, our initial effort focused on the optimization Decaborane is a polar molecule with positive character at
of the intermolecular distande between BgH14 and Xe at the the open face of the B4 basket. The population analysis of
SO-CISD level of theory. We kept thegH14 atoms fixed at BigH14is given in Table 6. The bridging hydrogens and B(2,1)
the crystallographic geometry. The position of the minimum atoms (Figure 1) are electron deficient, and are therefore Lewis
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TABLE 7: Ground-State BoH 14~ SCF Mulliken Population TABLE 8: SCF and Spin—Orbit CI (singles and doubles)
Analysis? Energies (in E) for BgH14Xe at Re = 8.73293 b and atR =
- - 100 k#
gross atomic populations
atom B(2) B(4) B(8) B(10) H2)u—H H(4) H(10) H®) I(1) SCF SG-CISD
total 2.921 3.067 3.034 3.075 0.992 0.916 1.014 1.027 1.007 17.896 R=Re —160.936594 —161.926417
2 The number of valence electrons is 3 for boron and 18 for iodide. EE: 100 _1_68.'3336959 _16%)"324894

The labels refer to the symmetry-distinct atoms. The labels of the
hydrogens are the same as those of the borons that they are bonded to, # AE denotes the dissociation energy (in kcal/mol).
andu—H is for the bridging hydrogens. )
TABLE 9: Ground-State B1oH14Xe SCF Mulliken

acids, and the B(2) and B(1) sites are susceptible to nucleophilicPopulation Analysis atR. = 8.73293 andR = 100 b*
attack. A comparison of the gross atomic populations between gross atomic populations
BlloHtM a_nd ELOH14I*T|sba|1 uieftqul |nd|(;{;]1t|on forltr:_e transf;er _of f R B(2) B(4) B(8) B(10) H(2) x—H H(4) H(10) H@E) Xe
electronic charge. Table 7 shows the population analysis o

9 pop Y R. 2.923 3.061 3.005 3.022 0.985 0.965 0.998 1.017 1.001 17.992

BioH1d ™. The magnitude of the charge transfer from iodide IS 154 917 3,061 3.007 3.020 0.986 0.967 0.998 1.017 1.001 18
apparent and somewhat surprising in that the bridging hydrogens

become more electron deficient upon the formation ofB4l . @ The number of valence electrons is 3 for boron and 18 for xenon.

The electron charge transferred is distributed among all remain-, '€ |abels refer to the symmetry-distinct atoms. The labels of the
. . . hydrogens are the same as those of the borons that they are bonded to,
ing atoms of the molecule with emphasis on those of B(10,9)

andu—H is for the bridging hydrogens.

and B(7,8).
Our SCF results are in agreement with the experimental TABLE 10: Wave Function Based Results for BoHil =2
results! We find that B(2) and B(1) of BH.4 are susceptible method BE AECP BE, AENoCP
. . . T CCSD 18.95 23.96
While population analyses are known to be particularly sensitive MP2 20.75 26.04
to basis set choice, especially when diffuse basis functions are SO-CISD 19.23
involved, one may still assign physical significance to such SCF 13.64

results as long as the basis sets are balanced. Although the iodine aThe pinding energy (BE) is in kcal/mol and CP denotes counter-
basis set is larger than those of boron and of hydrogen, carepoise procedure.

has been taken that the number of basis functions describing

the valence space of iodide is proportional to the number of TABLE 11: DFT and SO-DFT Results for ByoH14l ~®

valence electrons. In an analogous way, the same proportionality functionals BEAECP BE, AEM°CP
is kept, approximately, for boron and hydrogen. In this way, B3LYP 17.02 17.65
we try to keep a proper balance among the basis sets of the B3pw91 19.76 20.24
system. The alternative of using pVDZ basis sets for both B PW91PW91 21.68 22.47
and | would probably lead to less balanced results. PBEO 20.91 21.44
3.2. Single-Reference SO©CISD Results for BjgH14l ~. We B3PW9L(SO-DFT) 19.84
performed single-reference S@ISD calculations for the aThe binding energy (BE) is in kcal/mol and CP denotes counter-

ground state of BH14l~, using the SCF MOs and including  poise procedure.

excitations from all occupied MOs to all unoccupied MOs,

generating a total of 4.% 10" CSFs. The reference configu-  coefficients from 1s orbitals on the bridging hydrogens and also
ration of ByHisd™ at the equilibrium geometry has a CI from 2p orbitals on the B(4) group of atoms and from 4d orbitals
coefficient close to 0.88. Three of the four highest contributing on the iodide ion. At the supermolecular separation of 100 b,
doubly excited configurations are also basic doubly excited we notice the same doubly excited configurations of decaborane
configurations for the Cl expansion of decaborane with almost with almost the same CI coefficients and with excitations from
the same ClI coefficients as those in the Cl expansiongfifl — the same types of occupied MOs to the same types of virtual
at its equilibrium geometry. We examined the SCF MOs from orbitals. There are also a significant number of doubly excited
which the electrons are excited along with the MOs that the configurations involving excitations from 5s, 5p, and 4d orbitals
electrons go into. The excitations go from the; Gnd 7h on iodide to higher-energy s and p MOs on iodide.

occupied MOs to the lowest-energy virtual MOs af gymmetry According to Table 5, the binding energy between decaborane
and A symmetry. The principal coefficients for 6bome from and the iodide ion has been calculated as 19.23 kcal/mol at the
the 2p orbitals on the B(10) group of atoms and also those on SO—CISD level, which is 5.59 kcal/mol more than the corre-
the B(4) group of atoms. The 7O has significant mixing sponding SCF result. This additional contribution to the binding
of the 2p orbitals from the B(10), B(8), and B(2) groups of energy upon inclusion of correlation and spiorbit effects for
atoms. The lowest virtual of Asymmetry has its principal ~ BioHi4l ™~ signifies their importance in this type of binding
coefficients from the 2p and 2s orbitals on the B(4) and B(2) energy.

group of atoms, and the lowest virtual MO of, Aymmetry 3.3. MP2, CCSD, CCSD(T), and DFT Results for BH14l ~.

has its principal coefficients from the 2s and 2p orbitals on the Tables 10 and 11, respectively, contain the binding energies
B(4,6,3,5) group of atoms. The fourth excited configuration has from all the theoretical methods, both without and with the CP
excitation from 7k to an A symmetry virtual MO and from corrections. In Table 10, we note the importance of the triple
8h, to an A symmetry virtual MO. The 7pand 8k MOs are excitations as a correction to the CCSD approximation. The
the highest-energy occupied MOs and have iodide 5p characterCCSD(T) results have the most accurate correlation treatment
The principal coefficients for the Avirtual MO are for 2s and but do not include spinorbit effects. However, the CCSD
2p orbitals on the B(8) group of atoms and for 2s orbitals on binding energy is close to the SECISD result already

the B(10) group of atoms. TheAvirtual MO has principal mentioned. Also, the MP2 result shows close agreement with
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the CCSD(T) calculations, so it provides a relatively good TABLE 12: Wave Function Based Results for BoHi4Xe?

estimate of the binding energy. This has been seen previously; method BE AECP BE, AECP
pertL_eratlon theory method_s (even at a second-order level) ccso() 109 104
provide an adequate description of weakly bonded systems CcCSD 0.91 1.70
whose binding is mostly electrostafit Table 11 shows that MP2 1.51 2.33
the B3LYP method underestimates the binding energy of SO-CISD 0.96
BioH14~, while PW91PW91 and PBEO for the CP-corrected SCF —0.23

binding energies show the opposite effect, a result owing  aThe binding energy (BE) is in kcal/mol and CP denotes counter-
possibly to fortuitous cancellations of inaccuracies in the poise procedure.
exchange and correlation functionals being used. In contrast

B3PW91 gives a good estimate of the binding energy, slightly TABLE 13: DFT and SO-DFT Results for ByoH.Xe®

lower than our CCSD(T) results. Inclusion of the sporbit functionals BEAEC? BE, AEMCP
interaction makes a difference in the case @fHB4l~, giving B3LYP -0.37 —0.11
a result that turns out to be the same as our CCSD(T) results ~ B3PW91 —0.57 —0.37
(which do not include the spirorbit interaction). E\E’;Vggpwgl 8-4714 016022
3.4. Ground-State SCF Results for BoH14Xe. BigH14Xe is PW91PW91(SODFT) 6.75 '

also a closed-shell system that, at large distaice (L00 b),
separates into closed-shell subsystems. This makes the Closedﬁ0
shell SCF calculation applicable to the whole potential surface

characterizing the separation of fragments, giving a convenientyq gingles and doubles correlation treatment of the system
reference configuration for several correlation methods. shows that it is in fact very weakly bound.

We compared the ground-state occupied MOs fofB.Xe 3.6. MP2, CCSD, CCSD(T), and DFT Results for BgH14Xe.
at the equilibrium distance & = 8.73293 b and aR = 100 Tables 12 and 13 summarize our wave function based and DFT
b and noticed difference_s for energetically neighboring occupied regyits, respectively, for f8H14Xe. Table 12 indicates that the
MOs. The MO 10a (orbital energy—0.491E;) at R. has Xe inclusion of triple excitations in CCSD(T) has a larger effect
5p as its largest coefficient. It has smaller coefficients on the gn the binding energy when the system is bound mostly by
2p AOs of the B(2), B(4), B(8), and B(10) groups of atoms dispersion forces. Since the dispersion interaction is due to
(see Figure 1) and 1s AOs of the bridging hydrogens, H(10) electron correlation, triple excitations contribute significantly
and H(8) atoms. However, at 100 b, this MO is entirely on the in addition to the double excitatiot:45 Along the same lines,
BioH14. The 11a(—0.475Ey) is composed mostly of xenon 5p  methods such as MP2 (and MP3) are less suitable for the
at both distances. AR, this MO has smaller coefficients on  quantitative description of dispersion effects. Table 13 shows
the 2p orbitals of atoms B(2), B(4), B(8), and B(10) and the 1s that the B3LYP and B3PW91 functionals completely fail to
orbitals of the bridging hydrogens. The total populations for describe the binding of BH14Xe, while the PW91PW91 and
the 11a and 10a (at Re) are approximately independent of PBEO functionals underestimate the binding energy, with the
distance. The same behavior holds for the 6£0.490E;) and latter deviating significantly from our CCSD(T) result. The
7b, (—0.476E,) MOs, but with less change for the individual ~ spin—orbit corrections do not contribute much to the binding
MOs. Table 9 shows the gross atomic populations for all atoms energy within the PW91PW91 framework.
for BigH14Xe at equilibrium and alR = 100 b. The total
electronic charge of Xe suggests no significant electron charge4. Discussion
transfer from this atom. The polar decaborane induces a dipole ) o .
moment in the Xe atom, which interacts with the permanent ~ The results in Tables 1613 indicate several things. Some
dipole moment of BoH1a. wave fun_ctl(_)n based_ and DFT methods foiolB_MI* give

3.5. Single-Reference SOCISD Results for BigHieXe. reliable binding energies, but at the level of chemical accuracy,

Single-reference SOCISD calculations were carried out on the small discrepancies appear..The energy values are also strongly
ground state of BHieXe, requiring a total of ca, 4.% 107 affected by the BSSE, which corrects overestimates of the
1 ’ . A

CSFs. The reference configuration ofgB12Xe at R. has a Cl binding energy. Since the CCSD(T) results have the most

coefficient close to 0.88. The three characteristic doubly excited accurate correlation treatment, we compare the results of other
. ; o ) y calculations to them, in the absence of any relevant experimental
configurations of BoH14 appear in the same manner as before.

Most of the double excitations come from;@b-0.476Ey) and information. The CP binding energy was calculated to be 19.84

. kcal/mol, whereas the corresponding energy without the BSSE
0 (_0'476Eh)'. Bqth of these M.OS haye mostly Xe 5p atomlp correction was calculated to be 25.30 kcal/mol. Hence, the error
character. Excitation from orbitals with Xe 4d character is

. | anifi he virtual h in the calculation due to BSSE is 5.46 kcal/mol, approximately
noticeable but not very significant. The virtual MOs that e game size as the correlation energy contribution to the
contribute the most to the correlation energy have as contributing binding. The CCSD method gives a value of 18.95 kcal/mol

AOs the 2s on the B(2), B(4), and B(8) atoms, the 2p on B(2), 4nq. by comparison with the corresponding CCSD(T) result,
B(4), B(8), and B(10), and the 4d type on Xe to some extent. 4iyes 0.89 kcal/mol as the contribution of the connected triple
At R= 100 b, some single excitations with approximately the excitations to the binding energy. An alternative highly cor-
same magnitude CI coefficients appear. Some of these are forg|5ted wave function based method is-SCISD, which gave
CSFs with different spatial symmetry than the reference CSF 3 yajue of 19.23 kcal/mol, quite close to the CCSD(T) value.
and are due to spirorbit mixing,*® commonly observed for  Finally, MP2 did a good job in giving a relatively close (20.75
both xenon and iodide. kcal/mol) value to the CCSD(T) binding energy fogoBi14l ~,
The SO-CISD method gives the binding energy of decabo- overshooting it by 0.91 kcal/mol. The BSSE values for CCSD-
rane with xenon as 0.96 kcal/mol (see Table 8). Whereas at the(T), CCSD, and MP2 were approximately 5 kcal/mol, showing
SCF level of theory ByH14Xe appears to be slightly unbound, the need for their inclusion. In terms of decreasing quality of

2 The binding energy (BE) is in kcal/mol and CP denotes counter-
ise procedure.
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calculated binding energy, the DFT functionals used were present study has found that DFT methods with certain
ordered as B3PW91, PBEO, PW91PW91, and B3LYP (Table exchange-correlation functionals do describe this interaction.
11). It is also notable that the BSSE does not play an important In particular, the PW91PW91 and PBEO functionals are the
role in the DFT results. These calculations suggest that the better choices for studying weak-interaction systems. Other
electrostatic nature of the binding energy can be adequatelyfunctionals also gave realistic descriptions of the interaction
described by DFT methods. energy in BoHi4l ™. If one takes the high-level wave function

BigH1sXe is stabilized by weaker intermolecular forces based estimates as a reliable reference, we can conclude that
(dispersion and dipoteinduced-dipole). As a correlation effect, selected DFT methods can be efficient alternatives when dealing
dispersion interactions are one of the most difficult interactions with very large systems. It has also been found that the CP for
to calculate and cannot be described at the HartFeek level. BSSE is necessary when comparing different computational
The accurate calculation of dispersion interactions necessitatesapproaches.
the use of highly correlated wave function based techniques.
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