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A contribution to the understanding of the structure of xenon hexafluoride

T. Daniel Crawford,® Kristen W. Springer,” and Henry F. Schaefer I
Center for Computational Quantum Chemistry, University of Georgia, Athens, Georgia 30602

(Received 19 September 1994; accepted 7 November) 1994

Three stationary points of symmei8g,,, C,,, andOy, on the potential energy surface of xgdfave

been located and characterized at the self-consistent field level of theory with a large basis set. At
this level of theory, and contrary to results given earlier in the literature, two of these stationary
points(C,, andO,,) are determined to be transition states, with harmonic vibrational frequencies
leading to the third stationary poinCg,). In addition, second-order Mer—Plesset perturbation
theory, configuration interaction, and coupled-cluster energies have been determined at each of these
optimized geometries. Th@;, structure is predicted to lie lowest, followed by 8¢, and then the

O,, structure. ©1995 American Institute of Physics.

INTRODUCTION levels of theory. In addition, harmonic vibrational frequen-
cies for each structure have been determined and analyzed.

Shortly following its synthesis in 1962the electronic At the SCF level of theory, th€,, stationary point has been

structure of Xef became the subject of a long-standing sci-shown not to be a minimum, but, in fact, to be a transition

entific debaté~'® Many interesting interpretations of the state whose imaginary vibrational frequency leads toQhe

molecule’s very complicated ir and Raman spectt®led  structure.

to the conclusion that an octahedral structure could not be

the lowest in energ}?'>~!" Indeed, the simple VSEPR

model**® predicted that the “extra” electron pair should be

stereochemically active a_nd distort the molecu_le to any of & HEORETICAL METHODS

number of lower symmetries. If the electron pair were local-

ized on one face or in the "belt” of the octahedron, for  tpee stationary points on the potential energy surface of
example Cg, andC,, structures would result, respectively. yer have been determined and characterized using the re-
Past theoretical studies of the electronic structure ofyicteq Hartree—FockSCPH method. At each of these sta-
XeFg included the pioneering self-consistent fil8CH  ionary points, second-order Mer—Plesset perturbation
study of the Xef series with a relatively small basis by theory (MP2), configuration interaction including all single-
Basch, Moskowitz, Hollister, and Hankfran excellent crys-  ang “double-excitations(CISD), and Davidson-corrected
tal flgld study by Wang gnd_ Lot which examined the en- |gp (CISD+Q) energies were determined. At ti@, and
ergetics of the geometric divergence from g structure, ¢, * stationary points coupled-cluster including all single-
and a pseudopotential SCF-MO study by Rothman, Bartellang gouple-excitation§CCSD single-point energies have
Ewig, and Van Wazef which predicted a large deformation aiso heen determined. All results were obtained using the
from the Oy, structure. Most recently, theoretical work by ps20 angcappac?! suites of quantum chemistry codes.
Klobukowski, Huzinaga, Seijo, and Barandiataprovided The basis set used for Xe was provided by Harry
information concerning th&y,, C,, and Cg, structures.  partridgé? in its uncontracted form. This basis set was con-
They determined optimized geometries for Xeft the SCF  {racted via an iterative scheme by using the molecular orbital
level of theory using a medium-sized basis set. coefficients from isolated-atom SCF calculations on Xe as
Recent experimental work by Cutler, Bancroft, Bozek,the contraction coefficients. The uncontracted basis was de-
Tan, and Schrobilgén used high-resolution photoelectron termined to have a Hartree—Fock energy-of 232.138 101
spectroscopy to resolve the ligand-field splittings for XeF h, while that for the contracted basis wa3 231.724 437 h.
and reported bond angles for tlig, structure which agreed Thjs contraction represents an energy difference of less than
well with the results of Klobukowskét al.'® But they report  0,006% from the Hartree—Fock limit 6f7232.153 2 This
no experimental data for the bond lengths. In addition, theyiffers by an order of magnitude from the basis set used for
concurred with the earlier resuilts*® that the dipole mo-  Xe in previous work® which reporte a 5 h diference from
ment of the molecule is exceedingly small, on the order of ghe Hartree—Fock limit. In addition, one extra setdsfype
few tenths of a debye. However, both of these recenbrbitals and one set of-type orbitals were added to the
works'®*referred to theC,, structure as a local minimum, basis. The exponent of thé-type orbitals(ay=0.160 871
though no theoretical vibrational frequency analysis has beefesulted from an even-tempered extrapolation from the pre-
presented in the literature to support this conclusion. vious two lowerd-type orbital sets. The exponent on the
In this work, theOy,, Cg,, andC,, structures for Xef  f-type orbitals(a;=0.503 94 was obtained by determining
are studied with a significantly larger basis set and highethe energy of the XeFmolecule at a fixed geometry near
that of theO,, minimum with three different-orbital expo-

aDepartment of Defense Graduate Fellow; Fritz London Graduate Fellow, N€NtS ar_]d ﬁnding_the minimu_m of the parabola ﬁttin_g the
91993 CCQC Summer Undergraduate Fellow. three points. The final contraction scheme may be designated
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3308 Crawford, Springer, and Schaefer Ill: Structure of xenon hexafluoride

TABLE |. The contracted gaussian (889p14d1f/12s11p8d1f ) basis

TABLE Il. Geometrical parameter®ond lengths in Aas determined at the

set used for Xe in this study. The atomic basis set was supplied by Partridg&SCF level of theory for theD,, C,,, and C5, structures of Xef. Total

energy(hartreey as determined at the SCF level of theory. Definitions of

Function Exponent Contraction coefficient geometrical parameters may be found in Figs. 1-3.
S 71082 420.0 0.000001 6 Structure Bond lengths Bond angles Total energy
10 642 320.0 0.000 012 7
2421851.0 0.000 067 1 O r=1.902 —7828.1061
686 010.2 0.000 283 3 C,, a=1.960 j=139.7° —7828.1743
223823.9 0.001 0325 b=1.826 k=79.9°
80813.37 0.003 3657 c=1.805 |=74.8°
31524.33 0.010 008 8 C, a=1.927 |=80.8° _7828.1799
13078.18 0.027 302 4 b=1.796 K=115.1°
5706.402 0.067 683 9
2 596.865 0.147551 1
s 1224.248 0.2637234
594.200 7 0.335 767 0 _ _ _
293.798 7 0.236 041 1 were the six- and ten-component Cartesian Gaussian func-
141.9751 0.0551757 tions, respectively. There were a total of 199 contracted
S 141.9751 0.004 481 4 Gaussian functions used in this basis.
73.97328 0.611024 1 . . . .
s 38.188 05 1.0 . The three stationary points were dgtermlned using ana-
s 18.786 29 1.0 Iytic gradients of SCF energies. Calculations on@hestruc-
s 10.342 10 1.0 ture were carried out in thB,,, subgroup ofO,,, and those
2 g:ggg %i; 1:8 on theC,, structure were ca_rri_ed out ir_l the subgr_oup of
s 1.306 924 1.0 Cj,- All structures were optl_mlzed until all Cartesian com-
s 0.469 391 1.0 ponents of the analytic gradients were less thar®10
s 0.236 422 1.0 The harmonic vibrational frequencies at each stationary
; " 10041503 898 3'800 . point were determined using finite differences of analytic
26 056.61 0.000 226 2 g_radients. along (;artesian coordinatgs. In addition, MP2
8 463.323 0.001 318 0 single-point energies at the SCF stationary points were de-
3240.730 0.005 944 3 termined using a standard MP2 algorithm. CISD single-point
! ggf'ggg 1 g'ggé 3;3‘11 energies at these same stationary points were determined us-
P 305.729 1 0.162 716 1 ing algorithms based on the sh_ape-driv_en graphical unitary
154.056 7 0.295 767 1 group approack® For the CISD single-point energy calcula-
80.026 0 0.351416 5 tions, the F 5 and Xe s, 2s, 3s, 4s, 2p, 3p, 4p, and 3
42.25503 0.2191399 core orbitals were frozen. In addition, the virtual orbitals
p 42.255 03 0.037 7708 .
22171 42 0.3338720 correspondl_ng to the Fsland the Xe_ %, 2s, 3s, 4;, 2p, 3p,
p 11.873 60 1.0 and 4p orbitals were deleted. This resulted in a total of
P 6.356 799 1.0 1 255 360 configurations state functio(@SFs for the Oy,
g i%é éég 1'8 calculation(carried out inD,;,, symmetry, 2 449 121 CSFs
D 0.844 142 10 for the C,, calculation(carried out ipsz sy.mmetry,. and
p 0.397 700 1.0 4831192 CSFs for th€,, calculation(carried out inCg
p 0.175 363 1.0 symmetry. In addition, the Davidson correction to the CISD
5 360%037536773 (1)'800 1354 energies was determined to account for the size-extensivity
1091745 0.001 338 7 error of the truncated Cf Finally, CCSD single-point ener-
426.853 0.008 001 2 gies for theO,, andC,, structures were also obtainéd??
190.431 0.0333714
91.699 560 0.1015185
46.452 430 0.223 666 1 RESULTS
24.154 870 0.3415537 _ _
d 12.792 640 1.0 Table Il summarizes the geometrical parameters, as de-
g 6.792 993 1.0 fined in Figs. 1-3, and total SCF energy for the three sta-
q i'ggé ggg 1‘8 tionary points. The definitions of the geometric parameters
d 0.878 397 1.0 given in Fhe figures are pased on those of the work by Klo-
d 0.375917 1.0 bukowskiet al8 As is evident from the table, bond lengths
d 0.160 871 1.0 and angles in theC;, and C,, structures diverge signifi-
f 0.503 940 1.0

cantly from those ofO,, structure. Such deviations are ex-
pected, based not only on the early models of Pitzer and
Bernsteirt® and Wang and Loht® but also, on the more re-

as (2419p14d1f/12s11p8d1f ). This basis set is sum- cent results of Klobukowsket al® and Cutleret al®
marized in Table |. The basis set used for the F atoms was There are several quantitative deviations from the previ-

the standard Huzinaga—Dunning double-zeta5{®4s2p)

ous theoretical results in the geometric data. For example,

basi€* with an extra set ofl-type orbitals added with expo- Klobukowskiet al.report the single geometric parameter for
nent ay=1.2. All d- and f-type orbitals used in this work the O,, structure to ber=1.951 A, while that reported in
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FIG. 2. Structural parameters f&,, symmetry. In this figure, the two
fluorines with bond lengtlta) and the two fluorines with bond lengtb) lie
in the o, (x2) plane, while the two fluorines with bond length) lie in the
o,(y2) plane. TheC, axis coincides with the axis shown.

FIG. 1. Structural parameters f@;, symmetry.

Table Il is much shorter, namely=1.902 A. The average
difference between the bond lengths reported here and thostuding the MP2, CISD, and CISBQ corrections are in-
reported by Klobukowskiet al. is 0.056 A. Agreement cluded in Table Ill. Surprisingly, the MP2 results alter the
among the reported bond angles is excellent. The differencesrder of the structures, most notably by shifting @gstruc-
in bond lengths are most likely due to the significantly ture 4 kcal/mol lower than th€s, structure. The ordering of
smaller basis set used in the previous work, as well as to thihe C;, and C,, structures relative to each other is un-
fact that analytic gradients were converged to only®l®ee  changed, though the energy separation is reduced by 2.1
the previous section for a complete description of the basig&cal/mol. On the other hand, the CISD and CtsQ ener-
set and convergence criteria used in this work. gies correct this shift, placing th@,, structure 28.0 and 20.9
Table Il summarizes the total and relative energies forkcal/mol, respectively, below th®,, structure, and th€,,
the three stationary points for the MP2, CISD, and CISP  structure 2.4 and 1.9 kcal/mol, respectively, below @g.
levels of theory. The SCF relative energies reported here aréor theO,, andC,,, structures, CCSD single-point energies
much larger than those reported previously. Klobukowskiwere found to be-7829.7205 and-7829.7420 hartree, re-
et al.report that theC,, structure lies 23.0 kcal/mol lower in  spectively. This gives an energy difference of 13.5 kcal/mol
energy than the,, structure, and that th€,, structure is between the two symmetries, in qualitative agreement with
only 1.0 kcal/mol lower than th€,, structure. While this the CISD and CISB-Q results. It is our opinion that in this
works agrees with the ordering of these relative energies, wease, the MP2 single-point energies alone are not sufficient
report that the difference between t@g andC,, structures to draw definitive conclusions about the effect of correlation
has increased to 42.8 kcal/mol, and that of @ andC,, energy on the geometry and energetics of the g&@fstem,
structures to 3.5 kcal/mol. These discrepancies are also eand that the CISD, CISBQ, and CCSD energies present a
plained by differences in basis set and convergence criterianore reliable picture of the relative energetic ordering of
In addition, we report MP2, CISD, and CISH single-  these three structures. However, it is clear that correlation is
point energies determined at each of the three SCF optimizemiost important for the octahedral structure. While the David-
geometries. The relative energies of the three structures irson correction is inaccurate for systems with large numbers

TABLE Ill. Total energies(hartreeg and relative energiegkcal/mol) as determined at the SCF, MP2, CISD, and CiSD levels of theory at the SCF
optimized geometries.

Total energy Relative energy
Structure SCF MP2 CIsD CISB-Q SCF MP2 CISD CISB-Q
Oy, —7828.1061 —7830.3058 —7829.3779 —7829.5996 0.0 0.0 0.0 0.0
Cy, —7828.1743 —7830.2960 —7829.4226 —7829.6329 —42.8 +6.1 —28.0 —20.9
Cs, —7828.1799 —7830.2983 —7829.4264 —7829.6360 —46.3 +4.7 -30.4 -22.8
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TABLE IV. Harmonic vibrational frequencieén cm™ %) for XeF; in Oy,
C,,, andC3, symmetries determined at the SCF level of theory. Infrared
intensities for theCz, minimum are shown in parenthesg@s km/mol) be-
side the associated vibrational frequency.

Oh C2U C3v
Mode Frequency Mode Frequency Mode Frequency

aq 699 a; 786 a; 79882

€y 560 by 732 e 759(165)
b, 729

tiy 558 a; 690 a; 617(20)

a; 592 e 547(271)
a; 528

tog 212 b, 501 e 47929
b, 447

b, 439 a; 44947)

toy 150 a; 365 a, 3530)

a, 361 e 3420)
a; 236

tiy 342 b, 212 a; 324(46)

L a, 88 e 46(0)
FIG. 3. Structural parameters f@;, symmetry. In this figure, the three b, 132

fluorines with bond lengtita) lie above thexy plane, and those with bond
length (b) lie below thexy plane. TheC; axis coincides with the axis
shown.

tional frequencies. In particular, the stretch at 617 crt

scales to 561 cm' and compares to the peak at 557 ¢m
of electrons, the CISBQ and CCSD energies reported herethe e stretch at 547 cmt scales to 498 cm' and compares
suggest that the size-extensivity error does not alter the relag the peak at 506 cnt; and thea, bend at 324 cm! scales
tive ordering of the three structures. to 294 cm * and compares to the peak at 302 ¢rNone of

Table IV summarizes the calculated harmonic vibra-the experimentally observed absorptions corresponds to the
tional frequencies for all three structures at the SCF level ohigher-frequency stretches at 798 and 759 trtv26 and
theory, including assignment of each to the appropriate irre6g91 cni® after reduction by 9% both of which are pre-
ducible representation. To our knowledge, this is the firsigicted here to be of relatively high intensity. Pitzer and
report of theoretica”y determined harmonic vibrational fre- Bernsteiﬁs report an ana|ysis and pre”minary assignment of
quencies for this molecular system. In addition, Table IVthe matrix-isolation infrared and Raman spectra of Claassen,
includes the theoretical infrared intensitiés km/mol) for Goodman, and Kidf based on symmetry correlation of fre-
the C,, structure. quencies from arD,, structure to aCj, structure. Their as-

Of particular interest in Table IV are the imagindry,  signment predicts twa, stretches at 630 and 624 cf an
bending mode for theéd, structure and the imaginary,  a, bend at 302 cm!, two e stretches at 557 and 506 ¢
bending mode for th@zv structure. Each of these modes and ane bend at 252 ciit. Again, On|y three of these as-
were followed, and each led to ti@;, structure, thus inter-  signments correspond well to the frequencies presented in
connecting this small region of the potential energy surfaceraple |v, namely, the, stretch at 617 cmt (which Pitzer
for XeFs. It is very important to note here, that tf®,,  and Bernstein assign to @stretching modethee stretch at
structure is not predicted to be a minimum at this level of547 cm* and thea, bend at 324 cm', as described above.
theory, contrary to statements in the literattfré? Electric dipole moments were also predicted for the

Group theoretical analysis determines that all of the Vithree structures. Th&,, structure was determined to have a
brational modes for th€;, structure are both Raman and dipole moment of 0.46 D, twice that predicted by Klo-
infrared active except for the singég bending mode at 353  pukowskiet al,*® but certainly within the range determined
cmfl, which is inactive in both. The calculated intensities by Falconeret al. (=0.3 D)5 and by Pitzer and Bernstein
provided in Table IV for theC;, vibrational frequencies sug- (0.1-0.6 D.*® The dipole moment determined for ti@,,

gest that there should be perhaps five observable fundamestructure was 0.23 D, in agreement with that of Klobukowski
tal bands in the vibrational spectrum. Comparison of thesgt al. (0.22 D).28

results to the low-temperature matrix—isolati?n infrared and
Eaman spectra .of Claassen, qudman, and ?(shqw fair SONCLUSIONS

greement. Their spectra show five strong absorptions at 630,
624, 506, 302, and 252 crhand five weaker absorptions at We have presented geometric parameters, relative ener-
557, 384, 365, 352, and 326 ¢th The infrared and Raman gies, dipole moments, and harmonic vibrational frequencies
spectra show almost complete coincidence in the stretchinfpr three stationary points on the potential energy surface of
region of 500700 cr. If the values presented in Table IV XeF; as determined byab initio SCF energy and analytic
are scaled by a factor of 9% to account for electron correlagradient calculations with a large basis. These results indi-
tion and anharmonicity, quantitative agreement with theseate that theC;, structure is a minimum and that tigs, and
experimental results is obtained for only three of the vibra-C,, structures are transition states with imaginary vibrational
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frequencies leading to th&;, structure. The geometric pa- this research. The authors would also like to thank Professor
rameters and vibrational frequencies, as well as the electri¢Vesley Allen, George Vacek, John Galbraith and David
dipole moment all agree well with past experimental resultsSherrill for helpful discussions concerning symmetry analy-
though some disagreement is found with earlier theoreticasis of vibrational frequencies, and Peter Schreiner for a dis-
reports. In addition, MP2, CISD, CISBQ, and CCSD cussion of transition states and potential energy surfaces.
single-point energies have been presented. While the MPZ2.D.C. would like to thank Emily for listening to him ramble
results alter the order of the relative energies, CISDall the time.

CISD+Q, and CCSD maintain them as compared to the SCF

1 . . . 3
results. For a discussion of the xenon fluorides and related compoundblatde:

. . . Gas Compoundsedited by H. H. Hyman(University of Chicago, Chi-
Before any final conclusions may be drawn about this a0, 196’; Y Y v 9

region of the Xefk potential energy surface, other effects 2E. L. Gasner and H. H. Claassen, Inorg. Chém1937(1967).

should be included in the theoretical model. In particular,jh iirﬁa:elhJéggi?énpg¥1%6é4ii%(rizininor Chane16(1963

Impl’_oyed IDCIUSIOn of electron correlation eﬁeCt_S mz_iy hsze a5W. E. Iéalt;on.er, A. Buhl‘er, J. L.. Stauffer,' andi. Klemperer, J. .Chem.

significant influence on the calculated harmonic vibrational phys 48 312 (1968.

frequencies and relative energies. If experience is a guide$R. M. Gavin and L. S. Bartell, J. Chem. Phys8, 2460(1968.

the MP2 method overestimates the effects of correlation, angL- S- Bartell and R. M. Gavin, J. Chem. Phyt8, 2466(1968.

the ultimate theoretical treatment will somewhat disfavor the ?é‘ Blzszczh(’ljg'?\]/)v_' Moskowitz, C. Hollister, and D. Hankin, J. Chem. Phys.

octahedral structure with respect to MP2; the reported CISD?G. L. Goodman, J. Chem. Phys6, 5038(1972.

CISD+Q, and CCSD results support this prediction. Al- i)H Claassen, G. Goodman, and H. Kim, J. Chem. PB§s5042(1972.

though the CISB-Q predictions are the most reliable to 125 Elie‘?s”erga;k zg‘;riéf-aﬂ%”\?v& 2 émécchr\]/\?::i S’Jm(-:“hs;gf’%gs&

date, coupled-clustefCCSD and CCSDI)] methods will (1'974). T ' T i :

probably nudgeAE(C3,—Oy) to a lower absolute value. A 3. s. Pitzer and L. S. Bernstein, J. Chem. PI§&.3849(1975.

reasonable estimate is that tlg, structure lies below the ER-;. GilleSpig. J. F?hem-I Ed0, 295(1963. ) "

Oy, structure by about 5 kcal/mol. In addition, for a moleculgmél Sioeas ;r;ncch. Esféh’:’t-f- C?}‘;ﬂ“gﬁé)’ %%bsl?’(ls(n%?a'

containing a heavy atom such as Xe, relativistic effects will7y ; Rothman, L. S. Bartell, C. S. Ewig, and J. R. Van Wazer, J. Chem.

be very important in absolute terms, although probably not phys.73, 377(1980.

so for the relative energies of our three structures. 18M. Klobukowski, S. Huzinaga, L. Seijo, and Z. Barandiaran, Theo. Chim.
Note added in proofDr. Tm.wthy J. Le.e has informed lgﬁc:\? 7cl(m2e3r,7 (CJS-?QI\S/I?).Bancroft, J. D. Bozek, K. H. Tan, and G. J. Schrobil-

the authors of new data resulting from his own CCSD and ge, 3. am. Chem. Sod13 9127(1991.

CCSOT) calculations on the XefFsystem. His calculations 2%si 205 C. L. Janssen, E. T. Seidl, G. E. Scuseria, T. P. Hamilton, Y.

indicate that the CCSD energy for th&;, structure is Yamaguchi, R. B. Remington, Y. Xie, G. Vacek, C. D. Sherrill, T. D.

_ : Crawford, J. T. Fermann, W. D. Allen, B. R. Brooks, G. B. Fitzgerald, D.
7829.7445 hartree, that is, 15.1 kcal/mol lower than@he 3 Fox, J. . Gaw, N. C. Handy, W. D. Laidig, T. J. Lee., R. M. Pitzer, J. E.

structure and 1.6 kcal/mol lower than tki, structure. In Rice, P. Saxe, A. C. Scheiner, and H. F. Schaék8ITECH, Inc., Wat-
addition, the CCSII) energies for theD,, C,,, and C, kinsville, 1994.
structures were determined to b&7829.7808 —7829.7881, ~‘cappacs The Cambridge Analytic Derivatives Package Issue 5, Cam-

. . . bridge, England, 1992. A suite of quantum chemistry programs developed
and —7829.7902 hartree, respectlvely. Thus, at this level of by R. D. Amos with contributions from I. L. Alberts, J. S. Andrews, S. M.

theory, theC;, structure lies below th@®,, structure by 5.9  Colwell, N. C. Handy, D. Jayatilaka, P. J. Knowles, R. Kobayashi, N.
kcal/mol and below th€,, structure by 1.3 kcal/mol. These  Koga, K. E. Laidig, P. E. Maslen, C. W. Murray, J. E. Rice, J. Sanz, E. D.
data completely support the authors’ conclusions that thg,Simandiras, A. J. Stone, and M.-D. Su.

. . . . H. Partridge(unpublished work
relative ordering of energies would be retained on greates

: A . S. Fraga, K. M. S. Saxena, and J. Karwows#éandbook of Atomic Data
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