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The crystal structures af-KrF, and salts containing the Kifand KpF3* cations have been investigated for the
first time using low-temperature single-crystal X-ray diffraction. The low-temperattplease of Krk; crystallizes

in the tetragonal space grolg/mmmuwith a = 4.1790(6) A,c = 6.489(1) A,Z= 2,V =113.32(3) B, R, =
0.0231, and wR= 0.0534 at—125°C. The [KrF][MFg] (M = As, Sb, Bi) salts are isomorphous and isostructural
and crystallize in the monoclinic space grdey/c with Z = 4. The unit cell parameters are as follows{KrF]-
[AsFe], a=5.1753(2) Ab = 10.2019(7) Ac = 10.5763(8) A3 = 95.298(23, V = 556.02(6) &R, R; = 0.0265,
and wR = 0.0652 at—120°C; [KrF][SbFg], a = 5.2922(6) Ab = 10.444(1) A,c = 10.796(1) A 8 = 94.693-
(4, V=1594.73(1) B, R, = 0.0266, wR = 0.0526 at—113 °C; [KrF][BiF¢], a = 5.336(1) A,b = 10.513(2)

A, c=11.046(2) Ap =94.79(3}, V = 617.6(2) B, R, = 0.0344, and wR= 0.0912 at—130°C. The KpFs*
cation was investigated in [KFFs][SbFs]-KrFy, [KraFs]o[SbFs]2KrF,, and [KeFs][AsFe][KrF][AsFe]. [KraFs]2-
[SbFs]2-KrF; crystallizes in the monoclini®2/c space group witlZ = 4 anda = 8.042(2) A,b = 30.815(6) A,

c = 8.137(2) A p = 111.945(2), V = 1870.1(7) B, R, = 0.0376, and wR= 0.0742 at—125 °C. [KrFs]-
[SbFRs]-KrF; crystallizes in the triclinidP1 space group wittZ = 2 anda = 8.032(3) A,b = 8.559(4) A,c =
8.948(4) A,a. = 69.659(93, B = 63.75(1), y = 82.60(1), V = 517.1(4) B, R, = 0.0402, and wR= 0.1039

at —113 °C. [KraF3][AsFg]-[KrF][AsFg] crystallizes in the monoclinic space gro®2i/c with Z = 4 anda =
6.247(1) A,b = 24.705(4) A,c = 8.8616(6) A, = 90.304(6}, V = 1367.6(3) B, Ry = 0.0471 and wR=
0.0958 at—120 °C. The terminal Kr-F bond lengths of KrE and KiFs™ are very similar, exhibiting no
crystallographically significant variation in the structures investigated (range, 1.766{3)4(6) A and 1.780-
(7)—1.805(5) A, respectively). The KiF bridge bond lengths are significantly longer, with values ranging from
2.089(6) to 2.140(3) A in the KrFsalts and from 2.027(5) to 2.065(4) A in the K" salts. The Ke-F bond
lengths of Krk in [KroF3][SbFg]-KrF, and [KrF3][SbFs]2-KrF2 range from 1.868(4) to 1.888(4) A and are similar
to those observed in-KrF, (1.894(5) A). The synthesis and Raman spectrum of the new salf{f@Fg]:
nKrF,, are also reported. Electron structure calculations at the Hatffreek and local density-functional theory
levels were used to calculate the gas-phase geometries, charges, Mayer bond orders, and Mayer valencies of
KrF*, KrF,, KroFst, and the ion pairs, [KrF][ME (M = P, As, Sh, Bi), and to assign their experimental vibrational
frequencies.

Introduction and KrRMnF4,22the RCN-KrF* (R = H, CR, CyFs, n-C3F7)
cations?324and Kr(OTek),.2> While the strong oxidant char-
acters of Krlz, KrF*, and KeF3™ provide clean, low-temperature
synthetic routes to B 1326 CIFs",27 OsQF4,28 AuFs,1* and
TcORs,2% they have also served as a significant impediment to
their detailed structural characterization by single-

The known compounds of krypton are limited to the
oxidation state and include Kgf~9 salts of the KrF,10-18 and
KroFgt 11713.15.16.18cations, the molecular adducts KfMOF,
(M = Cr, Mo, W) 1920KrF,-nMoOF, (n = 2, 3) 19 KrF,-VFs,2!

T Dedicated to the memory of our colleague and friend, Karel (Drago) (7) (a) Bezmelnitsyn, V. N.; Legasov, V. A.; Chaivanov, B. Broc.
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crystal X-ray diffraction. With the exception of KsFno other
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Kr Fs* salts have been assigned on the basis of a V-shaped

krypton compound has been structurally characterized in detail fluorine-bridged geometry for the catid!®analogous to that

by diffraction techniques. Of the two phases of Ki#fentified
by variable-temperature Raman spectroscmnly the X-ray
crystal structure of the high-temperatufephase has been
reported at—80 °C3! although an incorrect determination of
the unit cell parameters of thifephase at room temperature had
been reported earlié?.

Krypton difluoride has been shown to exhibit fluoride ion

established by X-ray crystallography for Xg*.3738Unlike the
vibrational assignments for XEs™,3"-38the vibrational assign-
ments of KpFs+ are based on an unsymmetrical catiéh16

In contrast with the KrF salts, the catioranion interactions

in the Kr,F3™ salts appear to be weak, as indicated by retention
of octahedral symmetry by the anion. The Lewis acid properties
of KrF* that lead to fluorine bridging in the salts are further

donor properties that are analogous to those established formanifested in the formation of adducts with the nitrogen electron

XeF,.1819.33-36 The reaction of Krk with strong fluoride ion
acceptors leads to the formation of a number of KaRd KiFz™
salts, i.e., [KrF][MR] (M = As, Sb, Bi, Au, Pt, Ta}} 17 [KrF]-

[M 2F11] (M = Sb, Ta, Nb)1,°v11v13v15v16and [Krng][MFs] (M =

As, Sb, Ta)t1-13.1516The physical and spectroscopic properties
of these salts have been reviewed by Selig and Hollot#ay.
Unlike their xenon(ll) analogues, the majority of, if not all,
krypton(ll) compounds are thermodynamically unstable. The
relative kinetic stabilities of their salts, however, show consider-
able variancé1” A number of salts such as [KrF][SgF213.16
[KrF][ShaF1],10-1518[Kr oF3][SbFg], 1315 16and [KrF][AuRg]** can

pair in oxidatively resistant nitriles to give the adduct cations
RCN—-KrF* (R = H, CR, CFs, n-CsF;), which provide the
first examples of KN bonds?324Fluorine-19 NMR spectros-
copy has also been used to study the Kcation in HF solution
and the KpFs' cation in Brks solution and has provided the
first unambiguous characterization of the structure of the
fluorine-bridged KgF3" cationl3.16

The adducts of Krgwith weak fluoride ion acceptor metal
oxide tetrafluorides, KrFMOF, (M = Mo, W) and Krk:
nMoOF; (n = 2, 3), have been extensively studied in 80
solution by low-temperatur®®F NMR spectroscopy and have

be handled and stored at room temperature for appreciablebeen shown to contain KiFy--M (Fy,, bridge fluorine) bridges,

periods of time without significant decomposition.
Structural characterization of the KrFand KrFs* salts in

which are nonlabile in solution at low temperatures on the NMR
time scalé'® The adducts KrEFMOF, (M = Cr, Mo, W)9.20

the solid state using Raman spectroscopy has been mos@nd Krk+VFs 2! have been studied in the solid state by

extensivet’"17 The Raman spectra of KiFsalts also indicate
that the KrF cation strongly interacts with the anion by
formation of a fluorine bridge between krypton and a fluorine
of the anion, as is the case for Xe the crystal structures of
[XeF][AsFg],%> [XeF][SbyF11],*® and [XeF][Ruf].3* Conse-
quently, fluorine bridge modes and vibrational modes resulting
from symmetry lowering of the octahedral anion have been
reported and tentatively assign¥d!” The Raman spectra of
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vibrational spectroscopy. The compounds are consistent with
the weaker fluoride ion acceptor properties of MG@ihrd Vs,
and are best represented as covalent adducts in whichi&rF
weakly fluorine bridged to the transition metal, so that the-Kr
F: (F, terminal fluorine) and KrF, bond lengths are expected
to be similar to those of free KgFWith the exception of Xef
CrOF,, which is presently unknown, the vibrational spettra
and solution'% and'>>Xe NMR spectré of the analogous XeF
adducts of MoOFand WOR have been reported, and the crystal
structure of FXe—F--WOF; has been determinéf.

The present study reports the first detailed X-ray crystal-
lographic study of salts containing the Krand KiF3™ cations
and confirms the dimorphism of Kgfby determination of the
X-ray structure of the low-temperature phase. Theoretical
calculations have been used to arrive at the energy-minimized
gas-phase geometries and to reassign or confirm earlier vibra-
tional assignments of Kg-the [KrF][MFe¢] (M = P, As, Sb,
Bi) ion pairs, and KgF3" in the gas phase. The effects of crystal
packing on the geometries of the [KrF][MFHon pairs and the
Kr,Fs* cation are also assessed in light of their calculated gas-
phase geometries.

Results and Discussion

X-ray Crystal Structures of a-KrF ; and Salts of the KrF*+
and Kr,F3™ Cations. The unit cell parameters and refinement
statistics for the titte compounds are given in Table 1. Important
bond lengths, contacts, and bond angles are listed in Tablés 2
With the exception of [KiFs][AsFe]-[KrF][AsFg], which was
refined as a merohedral twin, all of the Krland KrFs* salts
were isolated and solved as single crystals.

The [KrF][MFg] (M = As, Sb, Bi), [KrFs][SbFg]-KrF,,
[KroF3]2[SbRs] - KrF,, and [KeFs][AsFg] - [KrF][AsF¢] salts were
synthesized by reaction of Kgkvith MFsin 1:1, 1:1, 2:1, 3.5:
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Table 1. Summary of Crystal Data and Refinement ResultsofdfrF,, [KrF][MF¢] (M = As, Sb, Bi), [KeFs][SbFs]-KrF-,

[Kr2Fs]2[SbRs]2:KrF2, and [KiFs][AsFe] < [KrF][AsFe)

[Krng]z[SbFs] 2° [Kr 2F3][Sb|:5] . [Krng][ASFe] .

a-KrF; B-IKrF][AsFg]  [KrF][SbFg] [KrF][BIF ¢] KrF; KrF; [KrF][AsFg)
space group 14/mmm Ra/c P2i/c P2i/c P2i/c P1 P2,/c
a(h) 4.1790(6) 5.1753(2) 5.2922(6) 5.336(1) 8.042(2) 8.032(3) 6.247(1)
b (A) 4.1790(6) 10.2019(7) 10.444(1) 10.513(2) 30.815(6) 8.559(4) 24.705(4)
c(A) 6.489(1) 10.5763(8) 10.796(1) 11.046(2) 8.137(2) 8.948(4) 8.8616(6)
o (deg) 90 90 90 90 90 69.659(9) 90
p (deg) 90 95.298(2) 94.693(4) 94.79(3) 111.945(3) 63.75(1) 90.304(6)
y (deg) 90 90 90 90 90 82.60(1) 90
V (A3) 113.32(3) 556.02(6) 594.73(1) 617.6(2) 1870.1(7) 517.1(4) 1367.6(3)
Z (molecules/unitcell) 2 4 4 4 4 2
mol wt (g mol™?) 121.80 291.72 338.55 425.78 1042.47 582.15 705.24
Pealcd (g €T 3) 3.570 3.485 3.781 4.579 3.703 3.739 3.425
T(°C) —125 —120 —113 —130 —125 —113 —120
w (mm2) 19.60 14.09 12.09 35.72 14.82 15.54 14.70
final agreement R=0.0231 R = 0.0265 R = 0.0266 R =0.0344 R =0.0376 R = 0.0402 R =0.0471
factorg® wR,=0.0534 wR=0.0652 wR=0.0526 wR=0.0912 wR=0.0742 wR=0.1039 wR = 0.0958

ARy = 3 [IFol = [Fell/3IFo| for I > 20(1). ®*WRe = J|(IFol — [Fe)W"2l/3.(|Fclw) for | > 20(1).

Table 2. Experimental and Calculated Bond Lengths (A) and Bond
Angles (deg) for Krk

a-KrF2  B-KrF®  KrFp(gasy LDFT HF
Bond Lengths (A)
Kr—F 1.894(5) 1.89(2) 1.889(10) 1.910 1.822
F---F 2.71 2.71
Bond Angles (deg)
F—Kr—F 180 180 180 180 180

2This work.? From ref 31.¢ From ref 41.

1, and 2:1 molar ratios, respectively, in anhydrous HF solvent.
Despite repeated attempts, crystals offg{{SbFs] could not
be obtained. The stoichiometric mixture, 2K:%bFs, was found
to decompose rapidly in HF at temperatures as low 48 °C,
resulting in the growth of crystals of the less soluble [KrF][gbF
salt. Attempts to crystallize [KF3][SbFg] using an excess of
KrF, to account for the decomposition resulted in a mixture of
crystalline [KrF][Sbk] and [KrFs]2[SbFs]2:KrF, or [KraF3]-
[SbRs]-KrF2. Crystallization of [KeF3][AsFg] was also unsuc-
cessful but resulted in the discovery of the new crystalline
double salt, [KsFs][AsFg] - [KrF][AsFg].

a-KrF ,. The crystal structure ofi-KrF, (Figure 1) was

parallel to each other and to tleaxis, with eight molecules
centered at the corners of the unit cell and one located in the
center of the unit cell. This contrasts with thehase in which
the Krk molecules are centered on the corners of the unit cell
lying in the ab-plane are rotated by 45with respect to the
a-axis. The central KrFmolecule also lies in thab-plane but

is perpendicular with respect to the molecular axes of,KrF
molecules occupying the corner positichsnterconversion of
the- anda-phases occurs without loss of crystallinity by means
of a 45 rotation of the molecules occupying the corner sites,
such that they align with the-axis of thef-phase and a 45
rotation of the central molecule in the opposite direction such
that it also lies parallel to tha-axis of thea-phase. As a result,
the unit cell axes of th@-phase transform into those of the
o-phase as followsa — c andb, c — a, bor b, a.

The Kr—F bond length ina-KrF; is 1.894(5) A (Table 2)
and is in excellent agreement with those determine@{krr,
(1.89(2) A,—80°C) by X-ray diffractior$! and for gaseous KgF
by electron diffraction (1.889(10) A;-40 °C)4! As observed
for B-KrF,, a-KrF; is linear by symmetry. Despite contraction
of the unit cell volume for thex-phase (113.32(3) A —125
°C) relative to that of thgs-phase (122.5 & —80 °C) and

determined in order to obtain more precise structural parametersreorientation of Kri; molecules within the cell, the interatomic

for KrF,, which are important for comparison with other-Kif

F---F distance between collinearly orientated KrRolecules

bond lengths, and to establish the structural basis for theis 2.71 A in both structures.

dimorphism of Krk,. The dimorphism of Krg was originally
studied by Raman spectroscopy in conjunction with a factor-

P-IKrF][ASF ¢], [KrF][SbF ¢], and [KrF][BIF ¢]. The title
compounds form an isomorphous and isostructural series (Figure

group analysis. This study indicated that the low-temperature 2) in which the KrF cation strongly interacts with the anion

phase,o-KrF,, is isomorphous with XeF which crystallizes
in the tetragonal space grougp/mmmat room temperatur®.
The present study confirms the dimorphism of Krkhe

by forming a fluorine bridge with the pseudo-octahedral anion
that is bent about-The [KrF][MFg] ion pairs pack in columns
along thea-axis of the unit cell and are orientated such that

correctness of the earlier vibrational spectroscopic analysis, andalternating cation and anion planes are parallel tdithe face

the space group assignment. The crystal structugelaf-; has
been previously determined &30 °C, and theS — a phase

(Figure 2d). The point group symmetries of the [KrF][yion
pairs areC; because thed~Kr—F; group is skewed with respect

transition has been shown by variable-temperature Ramanto a plane defined by the axial fluorineg{frans to the bridging

spectroscopy to occur below this temperafiir&éhe fact that
crystals off-KrF;, were initially grown by sublimation at-78

°C in the present study and then cooled-425 °C for X-ray
data collection on thei-phase indicates that th&—a phase
transition occurs without serious disruption of the crystal lattice
(vide infra).

The crystal packing odi-KrF; (Figure 1) is analogous to that

of XeFR,.#% All the KrF, molecules in this phase are arranged

fluorine (F,) and two equatorial fluorines {Frans to each other.
The smallest M- -Fy- -Kr dihedral angles are 22.1, 22.2, 19.7,
and 28.2 for B-[KrF][AsFg], [KIF][SbFg], [KrF][BiF ¢], and
[KraFs][AsFe] - [KrF][AsFe], respectively.

As inferred from the Raman spectra, the- bond lengths
(1.765(3)-1.774(6) A) in these salts are significantly shorter,
and the Kr- -k5 bridge bond lengths are significantly longer than
the Kr—F bonds ofa-KrF; (1.894(5) A). The Mk~ octahedra

(40) Agron, P. A.; Begun, G. M,; Levy, H. A;; Mason, A. A,; Jones, C.
G.; Smith, D. F.Sciencel963 139, 842.

(41) Harshberger, W.; Bohn, R. K.; Bauer, S.HHAm. Chem. S0d.967,
89, 6466.
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Table 3. Experimental and Calculated Bond Lengths (A) and Bond Angles (deg) in [KrR][MMF = As, Sb, Bi) and Calculated Bond
Lengths (A) and Bond Angles (deg) in [KrF][MF

[KI’ 2F3][ASF5] .

[-[KrF][AsFg) [KrF][AsF¢]2 [KrF][SbFg) [KrF][BiF ¢] [KrF][PFé¢]
exp LDFT  HF exp exp LDFT  HF exp LDFT HF  LDFT  HF
Bond Lengths (A)
Kr—F(1) 1.765(2) 1.867  1.746 1.783(6) 1.765(3) 1.857 1739  1.774(6) 1.859 1745 1877 1.789
Kr- - -F(2) 2.131(2) 1998  2.002 2.106(6) 2.140(3) 2.017 2.038  2.090(6) 2.012 2.003 1.972  1.873
M- -F(2) 1.845(2) 2.096  1.972 1.878(6) 1.963(3) 2185 2.049 2.106(6) 2.266 2194 2176  2.493
M—F(3) 1.691(2) 1.709 1.659 1.686(6) 1.856(3) 1.898 1.813 1.944(6) 1.948 1.950 1.561 1.526
M—F(4) 1.698(2) 1729 1672 1.711(6) 1.847(3) 1907 1821 1.957(6) 1.977 1969 1588  1.533
M—F(5) 1.710(2) 1.752  1.700 1.684(7) 1.859(3) 1.907 1.821  1.962(6) 1.977 1.969 1.609  1.572
M—F(6) 1.703(2) 1.734  1.681 1.720(6) 1.861(3) 1.925 1.841  1.938(6) 1.957 1.958 1.592  1.556
M—F(7) 1.703(2)  1.734  1.681 1.685(7) 1.857(3) 1.925 1.841  1.941(6) 1957 1958 1592  1.556

Bond Angles (deg)
F(1)-Kr--F(2) 176.8(1) 177.7 1783 177.3(3) 177.9(2) 1774 1786  177.0(4) 1772 1787 1783 179.3
Kr--F(2-M  133.7(1) 1200 128.3 124.6(3) 139.2(2) 1141 1249 138.3(3) 1138 131.2 1191  117.2

aThe fluorine atom labels F(4), F(5), F(6), F(7), F(8), F(9), and F(10) for the [KrF]§Aghit in [Kr,Fs][AsFe]-[KrF][AsF¢] (see Figure 5) are
given as F(1), F(2), F(3), F(4), F(5), F(6), and F(7), respectively, in this table.
Table 4. Experimental Bond Lengths (A) and Bond Angles (deg) for theFiKr Cation and M~ (M = As, Sb) Anion in [KeF3][SbFs]-KrFs,
[Kr 2F3]o[SbRs]o:KrF», and [KrF3][AsFe]:[KrF][AsF¢] and Calculated Bond Lengths (A) and Bond Angles (deg) isFir
exp KrFs*
[Krng] z[SbFa] 2KrF; [Kr 2F3][SbF6]-KrF2 [KI’ 2F3][ASF5] '[KI’F][ASFG] LDFT (Czp) HF (Dmh)
Bond Lengths (A)

Kr(1)—F(1) 1.805(5) 1.800(5) 1.780(7) 1.826 1.730

Kr(2)—F(2) 1.799(4) 1.790(5) 1.803(6) 1.826 1.730

Kr(1)- - -F(3) 2.041(4) 2.027(5) 2.061(6) 2.081 2.082

Kr(2)- - -F(3) 2.065(4) 2.046(5) 2.049(6) 2.081 2.082

Kr(3)—F(4) 1.797(5)

Kr(4)—F(5) 1.787(4)

Kr(3)- - -F(6) 2.052(5)

Kr(4)- - -F(6) 2.056(4)

Kr(5)—F(7) 1.881(4) 1.868(4)

Kr(5)—F(8) 1.887(4) 1.888(4)

M—F(9) 1.872(4) 1.875(4)

M—F(10) 1.880(4) 1.874(4)

M—F(11) 1.876(4) 1.872(4) 1.689(7)

M—F(12) 1.879(4) 1.861(4) 1.701(7)

M—F(13) 1.873(4) 1.875(4) 1.719(7)

M—F(14) 1.872(4) 1.886(4) 1.710(8)

M—F(15) 1.882(4) 1.674(9)

M—F(16) 1.874(4) 1.712(6)

M—F(17) 1.882(4)

M—F(18) 1.876(4)

M—F(19) 1.879(4)

M—F(20) 1.872(4)

M—Fs (mean) 1.876(4) 1.874(8) 1.701(17)

Bond Angles (deg)

F(1)—Kr(1)- - -F(3) 177.9(2) 175.1(2) 178.2(3) 177.4 180.0

F(2)—Kr(2)- - -F(3) 177.8(2) 176.8(2) 178.6(3) 177.4 180.0

F(4)—Kr(3)- - -F(6) 178.7(2)

F(5)—Kr(4)- - -F(6) 178.3(2)

Kr(1)- - -F(3)- - -Kr(2) 126.0(2) 142.5(3) 127.5(3) 135.2 180.0

Kr(3)- - -F(6)- - -Kr(4) 128.0(2)

F(7)—Kr(5)—F(8) 179.1(2) 178.0(2)
are distorted and have loc@l, symmetries that result from  Comparison of the Xe- {fbonds in3-[XeF;][SbFs]*?and [XeFR]-
strong bridging to the cation, giving rise to a long My {#ond. [BiF¢]*® reveals the same trend. The Kry4ond distances of
There is no clear distinction between thed#. and the M-F, all three salts are significantly less than the sum of the fluorine

bond lengths in these compounds. Despite the strong fluorine(1.47, 1.35 A¥*45and krypton (2.02 A van der Waals radii
bridge interactions and variations in the fluoride ion acceptor and are indicative of significant covalent bond character that is
strengths of Ask, SbFs, and Biks, the Kr—F; bond lengths in also reflected in the nonlinearity of the Kr-- bridge angles

all three salts and the Kr- sfbond distances ifi-[KrF][AsFg] (vide infra).

(2'131(2) A) and [KrF][SbE.(Z.'14O(3) A) (?Xl’.llblt no crystal- (42) Boldrini, P.; Gillespie, R. J.; Ireland, P. R.; Schrobilgen, Gndrg.
lographically significant variation at theo3imit. The Kr- -F, Chem.1974 13, 1690.

bridge bond length is, however, significantly shorter in thegBiF  (43) Gillespie, R. J.; Martin, D.; Schrobilgen, G. J.; Slim, D.RChem.
salt (2.089(6) A) than in the arsenic and antimony analogues, , . Soc., Dalton Trans1977 2234.

S ; . . (44) Bondi, A.J. Phys. Chem1964 68, 441.
which is consistent with a weaker fluoride acceptor strength (45) payling, L. The Nature of the Chemical Bon@rd ed.; Corell

for BiFs when compared with those of AsFand Sbk. University Press: Ithaca, NY, 1960; p 260.
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observed for the #Kr- -F, bond angle, which ranged from

f S ? 176.8(1) to 177.9(2)in the three KrF salts. Similar deviations

f from linearity are also obtained for the energy-minimized gas-
e phase geometries (see Computational Results), and therefore
eb cannot be attributed to packing effects alone. The Kg- -M

E predicted by the VSEPR model of molecular geoméinyere

7

= bridge bond angles, which also exhibit minor variations over
= tﬁ =% =i the seriesﬁ-[KrF][AsFe] (133.7(1)), [KrF_][SbFa] (_139.2(2)’),
S =) & and [KrF][BiFg] (138.3(3)), are consistent with the bent
& geometry predicted for an AXYHA = Fp,, X =Kr, Y = M)
3 y VSEPR arrangement. The angles are considerably more open
r F than the ideal tetrahedral angle owing to the high ionic character
7 %5 of the Kr- -F, bond.
S The structure of the [KrF][Asgf ion pair in [KraFs][AsFg]-
[KrF][AsFe¢] differs from that of -[KrF][AsFe] in that the
Kr dihedral B-M- -Fp- -Kr angle (28.2) in the double salt is larger
than that of 8-[KrF][AsFe] (22.1°) and indicates that the
ek % geometry of the ion pair is significantly influenced by the crystal
F packing. The Kr- -k bond length is significantly shorter (2.106-
’L | (6) A) than in B-[KrF][AsF¢], while the Kr—F; bond length
___—————G_fé; (1.783(6) A) shows no significant change.
P a { @ The effects of secondary krF contacts on the structures of
4] p & &l [KrF][MF ] (M = As, Sb, Bi) and [KpFs3][AsFg]-[KrF][AsFg]
# & are difficult to assess. Each isomorphous [KrF][i{&tructure
ép has eight secondary intermolecular-KF contacts (2.980
SL €p 3.480 A) that are less than or equal to the sum of the krypton
c £ and fluorine van der Waals radii, while the krypton atom of
£ €b KrF* in [KroFs][AsFg]+[KrF][AsFg] has seven such contacts
€p (3.076-3.489 A). Intramolecular contacts between krypton and
a an equatorial fluorine in the anion of the same ion pair are only
LSy observed in [KrF][Ask] (3.301 A) and [KeFs][AsFe]-[KrF]-
Figure 1. Packing diagram ofi-KrF, along thea-axis. [AsFg] (3.061, 3.449 A).

[Kr 2F3]2[SbF6]2-KrF 2, [KI’ 2F3][SbF6]-KrF 2, and [Kr 2F3]-
[AsFg][KrF][ASF ¢]. The X-ray crystal structures of the title
compounds, along with their packing diagrams, are depicted in

Variable-temperature Raman spectroscopy has previously
shown that [KrF][Ask] exhibits a phase transition between 25

and =78 °C. It was expected that [KrF][SigFand the low- Figures 3-5. When viewed along tha-axis, the crystal packing

temperaturgs-phase of [KrF][Ask] would prove to be isomor- . i .
phoEs andq‘?s?)structurz[il b(l,[cau'ase their gimilar Raman spectramc [Kr2F5][Sbf]-KrF, consists of alternating cation and equally

; ; +
exhibit the same split(Kr—F) (615, 619 cm?) andv(Kr- -Fy) populated anlonlllKIrEIa%;rs .(F'g.u;]e r?b)' C;olumn? Of Gk h
(338 cn1Y) stretching frequenci€’$.The structural relationship cations run parallel to tha-axis with the cations eclipsing eac
has now been verified b the. crvstal structures of these other when viewed along this axis. Columns of alternatingsSbF

. Y. s anions and KrgEmolecules are also observed along thaxis;
compounds and their near identical  and K- -f, bond however, the Krkmolecules are off center with respect to the
lengths. Although significant lengthening of the K, bond ’ P

with respect to the arsenic and antimony compounds is not & o= . . L
observegin the [KrF][BiF] structure, the spl?{ K+ Fs)tretching The packing of [KsFs]o[SbFg]oKrF (Figure 4D) is signifi-
frequency is shifted to lower frequency (604, 610 ¢jrand is cantly more complex than that of [KF|[SbFe|-KrF>. When )
consistent with a shortening of the Kr-,-Bond length relative viewed along thec-axis, a layered structure IS not _e_wdent,
to those in the arsenic and antimony compounds. The effect Onhowever, a+com_plex system of COIl.JmnS. can be |d¢nt|f|ed._ Half
the Kr- -, stretch cannot be directly assessed for [KrF]BiF of the KrF3™ cations form columns in which the cations eclipse

because the experimental frequency of this vibration has not °N€ anothe(, while the oj[her half Is ?h'“ed off center .and
been reported; however, the frequency of this mode has been"j"ltemz’lteS with the SBF anions of an ad_Ja}cent c_olumn, which
calculated (see Computational Results) and is predicted to have;lz?e::tﬁ]essp;?gﬂgg tzg?ﬁ('faﬁr:]enﬁmﬂ;gﬁ t?]rélons IZT:%IE;F
a value similar to that predicted for [KrF][AgF The splitting rang . . Ko

of the Kr—F, stretch in all three compountis’is now readily are off center with respect to the anion, similar to that observed

understood in terms of their crystal structures and arises from in [Kr2F3|[SbFe]-KrF>. When viewed along tha-axis, there is

vibrational coupling among the four equivalent structural units also no apparent Iayc_arlng, and the view is similar to that
in each of their unit cells. A factor-group analysis correlates observed algng the-axis. . . N

the C, symmetry of the four free ion pairs to their site symmetry, Of the solid-state structures investigated in this study, only
C;. Correlation of theC; site symmetry to the unit cell - -
symmetry,Con, reveals that each vibrational mode is split into  46) g:’ag;Xantam, S.; Venkatarayudu, Roc. Indian Acad. Sci1939

two Raman-active components having &nd B, symmetries (47) Carter, R. LJ. Chem. Educl971, 48, 297.

and into two infrared-active components having #nd B, (48) Fateley, W. G.; Dollish, F. R.; McDevitt, N. T.; Bentley, F.IFfrared
symmetriegi6—48 and Raman Selection Rules for Molecular and Lattice Vibrations: The
. o . Correlation Method Wiley: New York, 1972.
Minor deviations from the linear AXYE(A = Kr, X = F, (49) Gillespie, R. J.; Hargittai, The VSEPR Model of Molecular Geometry

Y = F,, E = valence electron lone-pair domain) geometry, Allyn and Bacon: Boston 1991.



X-ray Crystal Structures Inorganic Chemistry, Vol. 40, No. 13, 2008007

Figure 2. Structures of (a) [KrF][AsH, (b) [KrF][SbFg], (c) [KrF][BiF¢], and (d) packing diagram viewed along taexis showing the head to
tail arrangement of the isomorphous ion pairs, [KrF]iyIltM = As, Sb, Bi); thermal ellipsoids are shown at the 50% probability level.

[Kr2Fs][AsFg] - [KrF][AsFg] exhibited crystal twinning. Twinning  proposed on the basis of Raman spectroscopic evidéigés

in this structure is not surprising because of its nearly orthor- In all other cases, Nffz* cations have been described as

hombic unit cell § = 90.304(6y), which can allow a 99 symmetrical, havingC,, point group symmetries.

reorientation of the crystal growth along thexis. The refined The R-Kr- -Fp bond angles of the KF3s* cation structures

structure was found to contain a 0.489:0.511 population ratio investigated exhibit small, but significant, distortions from the

for the two orientations. When viewed along texis (Figure expected linear AXYE VSEPR arrangements, ranging from

5b), eclipsed columns of KFs™, Asks~, and [KrF][Ask] are 177.8(2) to 178.7(2)in [KraF3][SbFs]2-KrF,, from 175.1(2)

observed. Double layers of [KrF][AgFalternate with double to 176.8(2) in [Kr2F3][SbFg]-KrF2, and from 178.2(3) to 178.6-

layers of [KrFs][AsFg] parallel to theac-plane. (3)° in [KraFs][AsFe)«[KrF][AsFe]. The most significant bond
The Kr—F; bond lengths of the KFs* cations exhibit no angle variation occurs for the Kr-xFKr bridge, which is

crystallographically significant variation among the structures 126.0(2) to 128.0(2) in [Kr2F3s]2[SbFs]2-KrF,, 127.5(3) in

of [Kr2F3]o[SbFs]2:KrF, (Figure 3a), [KeFs][SbFs]-KrF; (Figure [Kr2F3][AsFe) - [KrF][AsFe], and largest in [KsFs][SbFg]-KrF;

4a), and [KpF3][AsFe) - [KrF][AsFe] (Figure 5a), ranging from (142.5(3Y). The variability of the Kr- -l5- -Kr bond angles of

1.780(7) to 1.805(5) A with an average value of 1.796(9) A. KroFs* in these salts can be attributed to long interionic/

The longer and more polar Kr-sfonds are somewhat more intermolecular Kr--F contact® and to the effects of crystal

sensitive to their environments and range from 2.027(5) to packing on these highly deformable angles. In contrast, the small

2.065(4) A with an average value of 2.048(14) A. LongKF

(50) The effects of secondary contacts on the geometries of thiesKr

interionic contacts are likely responsible for the variability of cations are difficult to assess. The number of-K contacts to the
Kr- -F, bond lengths and Kr- 4-Kr bond angles in the KraF3* cations range from 6 to 8 per krypton atom with#F contact
structures that have been studied. Half of theFr cations in ﬂlstagces trantgl?g ftrhom 5690% ?é-éB? A-ITheredatrﬁ alsé ﬁ)fng

. . hg r--+F contacts 1or the aaducte olecules, an ey vary rrom
[Kr2Fs]o[SbFs|o-KrF are asymmetrical and exhibit a small, but 3.104 t0 3.473 A. Of the 58 (KFs*) and 14 (KrF) Kr+F contacts
significant, bond length difference between Kr{E,(3) (2.041- observed in the structures of [fe][SbFg]-KrFa, [Kr2F3]o[SbRgKrFa,
(4) A) and Kr(2)-Fy(3) (2.065(4) A). This is the first example and [KrFs][AsFe]-[KrF][AsFe], 50 (KrFs*) and 12 (KrF) contacts
of an asymmetric N§3+ (Ng = Kr, Xe) cation that has been have F—Kr--+F angles falling in the ranges 580° and 100-122,

- o while the remaining long contact angles fall between 80 anc.100
documented crystallographically, although the possibility of an The angular distribution of long contacts is generally consistent with
asymmetric KgFs* cation in [KrF3][SbFRg] had been previously avoidance of the three valence lone pair domains of krypton.
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F(8)

Kr(5)

F(7}

Figure 3. (a) Structure of [KsFs][SbFs]-KrF; and (b) view of the
[Kr2F3][SbFe]-KrF unit cell along thea-axis; thermal ellipsoids are
shown at the 50% probability level.

F-Kr- -Fp angle distortions that give rise to the W-shapegrgt
cations in these salts are not attributed to secondary-Kr

Lehmann et al.

This trend is consistent with the valence bond (Structuré)
and 3c-4e descriptions of Kri which predict formal KrF

FKr" F & FKrF & F Kr-F'
1 II I

bond orders of one-half for KeFand one for the free KrF
cation. The Kr-F bond length in KsFs™ is expected to be
intermediate with respect to those of Krland KrF" and
consistent with the dominant roles Kriand KrF, play in the
resonance description of ™ (Structures I\-VI) and with

*Kr-F < Kr-F* F-Kr-F
VI

F-Kr-F Kr-F* & FKr' F
v v

a description that invokes a significant contribution from the
fully ionic resonance Structure V. Moreover, the Kry ffond
(2.027(5)-2.065(4) A), though significantly longer than that
of KrF,, has substantial covalent character and is ca. 1.4 A
shorter than the sum of the krypton and fluorine van der Waals
radii. The covalency of the Kr- {bond is also reflected in the
Kr- -Fp- -Kr bridge angles, which are significantly bent in all
three crystal structures containing theRg™ cation. The bent
angles are consistent with AK, VSEPR arrangements at their
respective fluorine bridge atoms but are more open than the
ideal tetrahedral angle. The upper limit of the Kry—FKr bond
angle (range, 126.0(2)142.4(3Y) is in good agreement with
the Xe- -k- -Xe bond angles observed in the monoclinic (148.6-
(4)°)3738and trigonal (139.8(8)3%8 phases of [Xg 3][AsFg] but
is considerably smaller than the angle observed inF{ESbFs]
(160.3(3)).%8 The X-ray crystal structures and energy-minimized
structures derived from electron structure calculations for the
Xe,F3' cation3® and the KgF3™ cation in this work show that
they are W-shaped (see Computational Results), with the F
Xe- -k, angles distorted from linearity by similar amounts
(experimental, 2.4(3)[As] and 1.4(4) [Sb]; theoretical, 2.3
when compared with those of ;™ (experimental, 3.2(1)
2.1(2y; theoretical, 2.8).

Although the crystal structures of the related Xefalts are

contacts and crystal packing because they persist in the gasnot as precise as those determined for the'ks&lts described
phase energy-minimized geometry (see Computational Results), the present study, the trends in geometrical parameters are

Unlike the KrF, molecules ino-KrF, andS-KrF,, which are
linear by symmetry, the KeFmolecules in [KgF3][SbFg]-KrF2
and [KnF3][SbRs] - KrF; are slightly bent (178.0(2) and 179.1-
(2)°) with Kr—F bond lengths of 1.868(4), 1.888(4) A and 1.881-

clearly analogous. The XeF bond lengths in the XeFsalts
of Asks~, ShF11~, and Ruk~ are 1.873(6), 1.82(3), and 1.87-
(2) A, and the Xe- -Fbond lengths are 2.212(5), 2.34(3), and
2.18(2) A, respectively3-3° At the 3 limit, the Xe—F; and

(4), 1.887(4) A, respectively. The small bond length differences Xe- -, bond lengths, like their counterparts in [KrF][MF

and angle distortions are likely attributable to long-+F

contact8 and to crystal packing, and do not persist in the gas-

exhibit no crystallographically significant dependence on the
counteranion. TheNg- -k, angles in both series of salts are

phase energy-minimized geometry (see Computational Results)very close to linear. Although the distortions from linearity are

The X-ray structure determinations of fikg]o[SbFs]»*KrF2 and
[KroF3][SbFs]-KrF, confirm earlier Raman spectroscopic studies
of the KrF/Sbk and KrR/AsFs systems in which an undeter-
mined excess of KrFwas shown to associate with [}&s][SbFs]

and [KrF3][AsF¢].131516The symmetric stretch of the associated
KrF, was shifted to higher frequency of that of free Kby
~10 cnTtin these studies.

Structural Comparisons Among NgR, NgF", and NgF3™
(Ng = Kr, Xe). Experimental trends in bond lengths and bond
angles among [NgF][M§ ion pairs, Ngk, and NgFs* salts
are analogous for krypton and xenon. The-kt bond exhibits

significant in the krypton series, the uncertainties are too high
in the xenon structures to differentiate. The Ng--fM angles

in both series are significantly bent and are consistent with
AXYE, VSEPR arrangements at their respective fluorine bridge
atoms, which, because of the high ionic characters of these
bonds, are significantly more open than the ideal tetrahedral
angle. The Xe--F-M angles in the XeF salts, 137.2(5)
(RuRs™)%* and 134.8(2) (AsFs),%° are in good agreement with
those of [KrF][MFg] [133.7(1) (As), 139.2(2) (Sb), 138.(3(Bi)]

and contrast with those of [KrF][AsF(124.6(37) in [KraF3]-
[AsF¢]-[KrF][AsF¢] and [XeF][ShF11] (149(2)).23 The differ-

a considerable variation in length among the solid-state krypton ences likely arise from differences in the crystal packings and

fluoride structures that are now known. The-& bonds in
the KrF" salts (1.765(3)1.783(6) A) and in the KiFs* salts
(1.780(7)-1.805(5) A) show no crystallographically significant
differences and are longest in KriE1.868(4)>-1.889(10) A).

the deformabilities of the Ng- 4~-M angles (see Computational
Results).

Synthesis and Characterization by Raman Spectroscopy
of [Kr oF3][PFg]-nKrF ,. Neither [KrF][PR] and [KroFs][PFe]



X-ray Crystal Structures Inorganic Chemistry, Vol. 40, No. 13, 2008009

a

P o = —— 4 =
' $ ‘f )
% F?;‘g%:; ;;%0' Q‘E §§ .
@4;’*%: ealh E ‘t, e &
P 0%\\.:?\0' N ?[
Pow ﬁ

Figure 4. (a) Structure of [KsF3][SbRs]2KrF2 and (b) view of the [KsFs]o[SbFs]2*KrF, unit cell along thea-axis; thermal ellipsoids are shown
at the 50% probablility level.

%
»

nor their xenon(ll) analogues have been reported previously. and were verified with the aid of theoretical calculations (see

Attempts, in the present work, to synthesize Krid KeFs™ Computational Results). The PFanion spectrum was identified
salts of the PE anion by reaction of KrgFwith excess Pin by the Ay (748 cm?), Ey (572 and 581 cm?), and Ty (464,
anhydrous HF solvent at78 °C failed. Reaction of Krgwith 469, and 475 cm!) modes, which are consistent with an
liquid PR at —78 °C, however, yielded [KiFs][PF¢]-nKrF, octahedral anion for which site symmetry lowering apparently

results in removal of the degeneracies of th@id T,y modes>!

. . The intense bands at 555 and 605 érare assigned undél,
[PR]-nKrF, required nearly 2 months and was deemed complete symmetry to the asymmetric and symmetricH& stretches,

upon the disappearance of the inteng&"g) vibrational mode ve(By) and vi(A1), respectively, of the KFs~ cation. It is

of free Krf; at 465.5 cm* (a-phase) or 468.6 and 469.5 cin no(tev)vorthy th(at,)like [Ingg][As)ée]-nKer and [KnFs][SbF-
(5-phase) in the Raman spectrum, during which time modes i r, the 605 cm? band is not factor-group split but is split
consistent with KiFs* and Pls~ became more intense. Further [Kr2F3][AsFg] and [KrFz][SbFg]. The weak band at 358 crh
addition of fresh aliquots of RFto [KraFs][PFg]-nKrF did not is assigned to»(A1), the symmetric Kr- -f -Kr stretch, and
result in [KrF][PF] or any further changes in the Raman the coupled in-plane and out-of-plane bends associated with the
spectrum over an additional 2 month period. The salt was F-Kr- -F, groups are assigned to the medium intensity bands

wheren is unspecified. The complete conversion to JKdl-

isolated at-78 °C as a white solid under 1000 Torr of §§). vo(B2) 191, v3(A;) 185, andvs(Az) 176 cntl. The aforemen-
The [Kr2F3][PFe]-nKrF, adduct rapidly dissociated to Kyend tioned show negligible dependence on the counteranion, which
PR under reduced RFpressures at78 °C. is also true of the AsfE and the SbF salts!®6 and is

) consistent with a KiFs* cation that interacts weakly with the
The Raman spectrum of [K#s][PFe]:nKrF (Figure 6) was  pp.- anjon. The Raman spectrum (Figure 6) also revealed a
acquired under 1000 Torr of Bfat —80 °C after 7 weeks of  {race impurity in the sample, which exhibited weak vibrational
contact between KeFand Pl at —78°C and closely resembles  frequencies at 1859 and 1863 tinThe bands are assigned to
the spectra of the [KF3][MF ¢]-nKrF; (M = As, Sh) salts (Table  the G+ cation and are in good agreement with the™O
5). The assignments of the [i#][PFe]-nKrF, spectrum were
consequently based on those of the &s&nd Sbk~ analogues (51) Heyns, A. M.Spectrochim. Actd977, 33A 315.
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Figure 5. (a) Structure of [KsFs][AsFe]-[KrF][AsFgs] and (b) view of the [KsF3][AsFg]:[KrF][AsFg] unit cell along thea-axis; thermal ellipsoids

are shown at the 50% probability level.

frequencies observed for f{PIMF¢] (M = As, Sb, Bi, Ru, Rh,
Pd, Pt, Au)? The [Q][PFs] contaminant arises from the
oxidation of trace amounts of & and/or Q by the strongly
oxidizing KrpFs+ cation® The band splitting is likely attribut-
able to a mixture ob- andS-[O2][PFe] that apparently coexist
near the phase-transition temperature as noted fH€Fq]>354
and [Q][AuFg].5%®

Computational Results

Dixon et al® have previously used ab initio calculations at
the Hartree-Fock (HF) level to obtain the energy-minimized

(52) Griffiths, J. E.; Sunder, W. A.; Falconer, W. Bpectrochim. Acta
1975 31A 1207.

(53) Naulin, C.; Bougon, R. . Chem. Phys1976 64, 4155.

(54) Griffiths, J. E.; Sunder, W. AlJ. Chem. Phys1982 77, 1087.

(55) Lehmann, J. F.; Schrobilgen, G. J. Unpublished results.

(56) Dixon, D. A.; Arduengo, A. J., lll.; Farnahm, W. Bnorg. Chem.
1989 28, 4589.

geometries and electronic properties obR&g and the isoelec-
tronic analogue, Xelg defining for the first time the 5e6e
hypervalent bond. In these studies, the HF method predicted a
linear structure for XgHs+. This contrasts with the bent structure
observed for XgFs* in its crystal structures in which the Xe- -
Fu- -Xe bond angle ranges from 139.8(8) to 160.3£3%¢In a
more recent study, the local density-functional theory (LDFT)
results for XeFs™ are in better agreement with the experiment
than the HF values, predicting a bent Xep—FXe angle
(146.9).38 In the present study, we have used both HF and
LDFT electronic structure calculations to characterize KrF
KrF*, KroFst, and the fluorine-bridged ion pairs [KrF][MF

(M = P, As, Sb, Bi).

Geometries. (a) Krk. The optimized HF and LDFT
geometries of Kri(Table 2) are linear with krF bond lengths
of 1.822 and 1.910 A, respectively, with the LDFT method
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Table 5. Experimental Raman and Calculated Vibrational Frequencies, Assignments, and Mode DescriptionBsfor Kr

[Kr2Fs][PFe)* [KraFs][AsFg]- [Kr2Fs][SbFe]- assignments for kF3*
[KraF3][AsFe]2P [KroFs][SbFg]2P nKrFpPe NKrF2> NKrF2> LDFTH in Cy, point groug
610(43), 600(80), 603(100), 594(89) 605(100) 602(100) 599(100) 628(12) v1(Az) v(KrF; + KrFy)
594(100)
570(4), 567(31) 555(34) 555(52) 575(23), 553(50) 557(50) 608(273y6(B1) v(KrF — KrF)
437(5) 456(4) 462(11) 462 466(60) 441(212) v7(By) vadKrFp)
347(sh), 336(17) 330(18) 358(19) 355(19) 340(14) 313(11) vo(Aq) vo(KrFy)
183(15) 186(16) 191(11) 190(10) 200(2) 196(14) vo(B2) S(F—Kr- - -Fy)
oop antisym comb
174(13) 180(sh) 185(7) 184(sh) 188(10) 168(1) v3(A1) O(F—Kr—Fy)
ip sym comb
158(2) 176(sh) 176(5) 177(sh) 122(46) 159(0)  ws(A2) O(F—Kr- - -Fy)
oop sym comb
155(0) vg(B1) O(F—Kr- - -Fy)
ip antisym comb
41(0) v4(A1) O(Kr- - -Fp- - -Kr)

bend

aFrom ref 16; anion modes are also given in this reference. The abbreviation, sh, denotes a shdaldes in parentheses denote relative
Raman intensities. Frequencies observed for PE 748(7)v1(A1g); 581(7) and 572(13)2(A1g); 475(12), 469(35), and 464(11)(T2g). Spectrum
recorded on a powder in*&-in. FEP sample tube at80 °C using 514.5 nm excitation. Values in parentheses denote relative Raman intensities.
Additional weak bands were observed at 1859(0.20) and 1863(0.15)that are assigned to,Q ¢ Infrared intensities, in km mot, are given in
parenthese$.The abbreviations oop and ip denote out of plane and in plane, respectively.
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Figure 6. Raman spectrum of powdered B&g][PFs]-nKrF, recorded

at —80 °C using 514.5 nm excitation. Peaks arising from the FEP

sample tube are denoted by asterisks (*), while that resulting from

excess PFis denoted by a dagger ().

staggered, C,
Structure VI

and consequently, their deviations from the calculated values
are attributed to crystal packing.

The bond length of free KrFwas calculated to be 1.780 A
(LDFT) and 1.717 A (HF). The LDFT values for the KF;
bond length do not show as pronounced variations for the
structures of the ion pairs (1.851.877 A) as the HF values
do, which predict a longer bond in [KrF][RF(1.789 A) than
in [KrF][AsF¢] (1.746 A), [KrF][SbFs] (1.739 A), and [KrF]-
[BiFg] (1.739 A). Surprisingly, the experimental KF, bond
lengths are most accurately approximated by the bond length
of free KrF", which is overestimated by the same magnitude

predicting longer distances and providing better agreement with (~0-01 A) as those calculated for Kifand the Kr-F; bond

the experimental values.

(b) KrF * and [KrF][MF ¢]. Two conformers havin@s point
symmetry are found for the energy-minimized gas-phase
structures of the [KrF][ME] ion pairs (Table 3). The theoretical
structures for [KrF][PE and [KrF][AsFs] have the FKr- -Fp
moiety in an MK plane (Structure VII), whereas for [KrF][SEF

eclipsed, C;
Structure VI

and [KrF][BiFg], the R-Kr- -F, moiety is rotated by 45so that

lengths of KsFs* using LDFT. It should be noted that the LDFT
Kr—F; bond lengths in the ion pairs are longer than the free
KrF* value by ~0.09 A and are also predicted to be longer
than the Kr-F; bond lengths of KiF3t.

LDFT predicts that the Krfinteraction with the weak fluoride
ion acceptor, P§; is better described as a KfPFs adduct than
the ionic complex [KrF][PE]. The KrF, moiety in this species
is asymmetric with a Kr- -Fbond length of 1.972 A and a Kr
F; bond length of 1.877 A. The Kr- ¢bond is 0.06 A longer,
and the Kr-F; bond is 0.03 A shorter than the calculated bond
distance in Krlz, while Kr—F; in KrF»-PFs is 0.10 A longer
than the bond in free KrE The P- -k bond distance of 2.176
A is lengthened by 36% when compared with the average bond
length of the equatorial PF bonds (1.595(9) A). The M-
bridge distances for the heavier pnicogens in [KrF]g&re
2.096 (As), 2.185 (Sb), and 2.266 (Bi) A, and the Kry bidge

it is staggered and lying in the mirror plane that bisects the bond distances are 1.998 (As), 2.017 (Sh), and 2.012 (Bi) A
angle subtended by two equatorial fluorine atoms of the axially with shorter terminal KrF; bond distances of 1.867 (As), 1.857
distorted MR~ anion (Structure VIII). The staggered structure (Sb), and 1.859 (Bi) A. The experimental structures likewise
is more stable than the eclipsed one by 0.7 kcaldnfalr [KrF]- fail to show a consistent trend among Kry-distances [2.131-
[SbRs] and by 0.8 kcal mai? for [KrF][BiF ¢]. In contrast, this (2) (As), 2.140(3) (Sh), and 2.089(6) (Bi) A] andKF [1.765-
angle ranges from 19.7 to 28.ih the experimental structures,  (2) (As), 1.765(3) (Sh), and 1.774(6) (Bi) A] bond lengths. The
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calculated M- -l distances are 21 (As), 14 (Sb), and 15% (Bi)
longer than the average of the equatoriat-Mbond lengths:
1.737(10) (As), 1.916(10) (Sh), and 1.967(12) (Bi) A. The
comparison is particularly noteworthy for P and As, which have
similar averaged equatorial #F bond lengths. The degree of
fluoride ion transfer from Krk to the strong fluoride ion
acceptor, Ask, is considerably greater than for PRhe M- -

Fy interactions and degrees of Eansfer are greatest for ShF
and BiFs, where the M- - bond lengths are onk15% longer
than the average equatorial NF bond length. This trend is
consistent with the fluoride ion affinities of the parent MF
molecules, which have been calculated to be EHR.9 kcal
mol~1) < AsFs (105.9 kcal mot?) < SbF; (120.3 kcal mot?).57

Lehmann et al.

and lie in the Kr- -k- -Kr plane to give a W-shaped structure.
The persistence of these bond angles in the gas phase indicates
that they are intrinsic properties of the cation, although packing
effects and long contacts in the solid state are undoubtedly
responsible for the bond angle variations observed among the
different salts.

The nonlinear FKr- -F, bond angles result from a number
of factors. The overall molecule is bent with a Kry-FKr bond
angle of 138 and an asymmetric environment about the krypton
with two inequivalent fluorine atoms. Thus, there is no
symmetry constraint to keep the-lkr- -F, bond angle linear.
The bond angle deviates by less thanffdm 18C, leading to
an increase in the distance betwegmtems. We note that the

Comparison of the calculated structures with the experimental molecule is quite floppy with FKr- -F, bending frequencies
structures shows that the degree of fluoride ion transfer from less than 170 cri. The deviation from linearity likely arises

MF¢~ to KrFT in the crystal is substantially less than is predicted
for the gas-phase species. The experimental Mberd lengths

because the bonding about krypton is no longer as symmetric
as it is in Krk. Thus, the 3e-4e hypervalent bond at krypton

were determined to be 1.845(2), 1.963(3), and 2.105(6) A for can build in other orbital character and deviate from linearity.
As, Sb, and Bi, respectively, and are only 8, 6, and 8% longer The bonding in KsFs™ has a strong component of two KrF
than the average of their respective experimental equatorial cations bonding to the centrat kon. With no orbital symmetry

M—F bonds.

The R-Kr--F, angles in the [KrF][MF] ion pairs are
predicted to be slightly distorted [178.3 (P), 177.7 (As), 177.4
(Sb), and 177.2 (Bf) from linearity, and similar angle distor-

constraint, the bond angles at the Kr can adjust to maximize

the interactions with frand minimize any repulsive interactions.
Vibrational Frequencies. The vibrational frequencies of

KrF,, KroFs™, KrF*, and the [KrF][MR] ion pairs have been

tions are observed in the experimental structures [176.8(1) (As), determined using HF and LDFT calculations. Comparison of

177.9(2) (Sb), and 177.0(4) (B]) The Kr- -ky- -M angles [120.0
(As), 114.1 (Sb), and 113.8 (B])are predicted to be more

the two methods reveals that the vibrational frequencies
predicted by the LDFT method are more accurate than those

closed than in the experimental structures [133.7(1) (As), 139.2- predicted by the HF method. HF theory was found to overes-

(2) (Sb), and 138.3(3) (Bi), where crystal packing apparently

timate the vibrational frequencies by 2243 cnt?, in accord

requires more open angles. The consistency of the experimentalvith the shorter bond lengths predicted at this level of theory.
angles is likely a consequence of their isomorphous packing Moreover, the geometry of KFs* calculated at the HF level is
arrangements. The explanation is supported by the observatiorlinear and not bent as arrived at by LDFT and observed

that the Kr- -k- -As angle (124.6(3) in the [KrF][AsFg] unit
of the nonisomorphous double salt, pRE][AsFg] - [KrF][AsFg],
is more closed than ii-[KrF][AsF¢] and is in better agreement

experimentally. Despite the significant difference in the LDFT
and HF bond lengths and bond angles, the frequency orderings
are essentially identical using the two levels of theory. Only

with the theoretical value. These angles are expected to be highlythe vibrational frequencies predicted by LDFT theory are
deformable and susceptible to crystal packing effects, on the compared in the ensuing discussion.

basis of the low calculated gas-phase frequencies of their

bending modes [73 (As), 80 (Sb), and 74 (Bi) cin
(c) KroF3™. As in a previous study of X&5",%8 the LDFT
method predicts a bent structure for,Rg™ in agreement with

(a) KrF,. LDFT predicts the vibrational modes of Krfo
occur atry(Z1) 623,v,(Eg) 504, andva(IT,) 228 cm'l, which
are in reasonable agreement with those found experimentally
(596/580, 449, and 233 crt).58 The Kr—F stretch of free Krf

the experiment, whereas the HF method predicts a linearis predicted to be at 686 cthand is significantly higher than

structure (Table 4). As expected from the results for Xtke
LDFT method predicts the Kl bond lengths to be too long
by ~0.03 A. Similarly, the Kr- -F5 bond length is predicted to
be too long by 0.020.05 A, depending on the structure. The
linear structure predicted by the HF method has & Krbond
distance that is too short (1.730 A) and a Kry, Hond distance
that is too long (2.082 A).

As previously noted for Krk; the predicted bond lengths
bracket the Kr-F bond length with a slight overestimation
(~0.02 A) by LDFT and a larger underestimatiorQ.07 A)
by HF theory. Both LDFT and HF theory overestimate the Kr- -
F, bond length, arriving at similar values of 2.081 and 2.082
A, respectively. In a previously published study, LDFT was
shown to predict FXe- -F, (178.3) and Xe- -k -Xe (146.9)
bond angles in Xg5" with reasonable accuraéy Likewise,
LDFT predicts Kr- -F, and Kr- -k- -Kr bond angles of 177.4
and 135.2, respectively, which lie within their respective
experimental bond angle ranges of 175.12}8.6(3) and
126.0(2)-142.4(3). Moreover, in both the experimental and
calculated structures, the&toms are bent away from each other

the symmetric stretching frequency of krH he difference is
consistent with the 2e2e and 3e-2e descriptions of KrFand
KrF,, which lead to formal bond orders of 1 aHgl respectively.
The experimental KrF stretching frequencies for the KrBalts

we have considered in the present work range from 607 to 619
cmL. The high value of the stretching frequency of the free
KrF* cation, relative to that of coordinated Krfn its salts, is
consistent with a significant fluorine bridge interaction between
the cation and anion, which leads to longer and more ionie Kr

F: bonds in the ion pairs.

(b) Kr 2F3™. The calculated LDFT vibrational frequencies of
the Kr—F stretches of KiFs™ (Table 5) are also significantly
lower than the Kr-F stretching frequency of free KfFand are
consistent with a significant bonding interaction between the
KrF* cations and the bridging = The calculated values are in
excellent agreement with the experimental frequencies, with
calculated values for the Kif; stretching modes a%(B1), 608
andvi(A,), 628 cnt! and for the Kr- -5 stretching modes at
v2(A1), 313 andv(B,), 441 cntl. The previous experimental
assignments for;(A;) andve(B1) are, however, reversed with

(57) Christe, K. O.; Dixon, D. A.; McLemore, D. K.; Wilson, W. W.;
Sheehy, J. A.; Boatz, J. Al. Fluorine Chem200Q 101, 151.

(58) Claassen, H. H.; Goodman, G. L.; Malm, J. G.; Schreinet, Ehem.
Phys.1965 42, 1229.
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respect to the theory-based assignments and have been rea3able 6. Calculated Vibrational Frequencies, Assignments, and
signed accordingly in Table 5. The-Rr- -F, in-plane and out- ~ Mode Descriptions for [KrF][PH
of-plane bending modes are in good agreement with the frequencies (crmt)
experimental values. The in-plane bending frequency corre- " pera  pp
e L a0 2 V0 i) oo Al
' e TS, S ; 937(305) 1071(413) A(PFe)
could easily distort this angle because the potential energy 917(375) 1052(382) Av(PF)
surface for bending is so flat. Similar deformabilities have been 735(8) 859(8) AwvsPF)
noted for the Xe- -f- -Xe angles in several %E;™ salts”38 616(71)  694(5)  AvgPRd — vs(PFe) — vs(PF'e) + v(KIF)

when compared with their theoretical gas-phase values. giggg)o) ggg((fgg)) %{5&3; (SV(SI(:PIEE) :VFS(PPPF,"E)) — V(KR

(c) [KrF][MF ¢]. A difficulty arises when assigning the 511(38)  592(57) A S(FePF'e) + S(FPF — F-PF)
vibrational spectra of the ion pairs. In the idealized case of 499(1) 587(5) A S(F'PFR) + O(FPR)

complete fluoride ion transfer, an octahedral ¢Wianion O 497(21)  580(27)  Ad(PRe) + d(PFF"e) 00p+ v(KrF2)
436(113) 505(283) Av(KIF"e) + v(KrFp) + 6(PFedF oF'e) 0Op

assignments@y)P

point symmetry) results, and only the Raman-activA1g), 358(0 202(6 A S(EPE) — S(FPE) 4 S(FPE) — S(F.P
vo(Eg), andvs(T2g) modes and the infrared-activg(T1,) and 341%) 387((03 Aé((Fj;,,:?Z) ip § g(F:%PE) i(pe ) = O(FePF)
v4(T1y) modes are observed in additiomi@Kr—F) of the cation. 278(117) 312(83)  Av(KrFy) + O(FKrFy) ip

Because complete fluoride ion transfer is never achieved in the 247(6) 304(20) A o(FKrFy) 0op

solid state, except when the cation is coordinately saturated as 199(0) 149(0)  Ad(FePP'q) ip — O(FePFy) along B—P—F,
in Kr.F;* salts, the anion symmetry is primarily distorted by  oato) 145(5) A O(FKIFe) oop+ torsion about PFe

In Kraks ' Yy yisp y Y 155(6) 112(5)  AS(FPF'e) — O(FKIF"o) ip

the elongation of the bond involved in fluorine bridging to the  127(17) 75(10)  Av(P—Fp)

cation, namely, M- -k The secondary fluorine bridge interaction 81(0) 52(3) A S(PRKr) + v(KrF"y)

results in lowering of the anion symmetry and the observation 23(0) 10i(0) A" torsion of KrF, group about the PF, bond
of additional bands in the vibrational spectra. The symmetry + rock of Pks group toward Krfz

lowering is oftentimes approximated @s, symmetry!4-17.59.60 2|nfrared intensities, in km mot, are given in parenthesesThe

and the vibrational spectra are assigned under this or a loweradtom Iabeling.scheme is given.in Structure VII; oop and ip denote out
point symmetry such a6 symmetry®®to allow for the bent ~ °f Plane and in plane, respectively.
nature of the Ng- -f- -M moiety (where Ng is the central Kr  Taple 7. Experimental Raman Frequencies and Calculated
or Xe atom of the cation). Along with the tentative assignments Vibrational Frequencies, Assignments, and Mode Descriptions for
and approximate mode descriptions for the fluorine-bridged A-[KrF][AsF]
anion, attempts have been previously made to assign the frequencies (cmt)
K . f : i 14-17,59,60
vibrational modes associated with th(_a Ngj--FRA bridge! LDFT2 __ HF® exp? assignmentsda)®
We now report the mode descriptions and the frequency -
assignments derived from LDFT and HF calculations for the 745(152) 824(199) AvadASFe)

fluorine-bridged FKr- -Fy- -MFs ion pairs. The assignments and Zggﬁ%g; gigﬁﬁg 716(16) ’Xﬁﬁiﬁj _ EEQ:EZ; + igﬁz,iz))
their descriptions (Tables-) are for eclipsed (M= P, As; 652(16) 745(57) 676(13)  'Avg(AsFs) + smallv(AsF.)
Structure VII) and staggered (M Sb, Bi; Structure VIII) gas- 611(179) 735(113) 615(100), A" v(KrFy) — v(KrFyp)

; . . : 619(72)
phase conformations havir@ point symmetries. Although the 601(0) 650(4)  595(5) Ar(ASF'e + ASFS) — 1(ASFod
conformations of the ion pairs are skewed to gi¥e point 454(23) 498(128) 464(3) ’A/(Ker)e— v(Asle:b)+30mev(KrFt)
symmetry in their crystal structures and not all of the predicted 411(10), unassigned AsF bandé
frequencies have been observed, the approach provides more 419sh , . ,
complete assignments and more precise descriptions of the361(16) 447(63)  384(4) AO(FASPe) — O(FASF"e)

) . ) 356(14) 434(52) 366(9 PO(FpASF'e) + O(FeASFe) alon
vibrational modes in these strongly coupled systems than have (14) 62 © F'(efﬁsfﬁ?'e (FASF) g

been available previoushf. Assignments and descriptions of  340(25) 425(35} { A" 5(F ASFe) — O(F AsFe)
the vibrational modes of the MFnoiety are provided without ~ 335(24) 406(13) 338(16) A,?(F_e’,iiﬁe)F + 0(F"eAsFy) along
e e

further comment. 289(199) 365(0)  273(1)  M(AsRy) + O(ASFedF'eF"e) 00p
The calculated K+F; stretches of the gas-phase [KrF][MF 280(0) 315(157) A S(FpASFe) + O(F.AsF)

ion pairs occur at 611 (As), 616 (Sbh), and 616 (Bi)<¢nand 249(7)  299(376) AO(F"eASF,) + O(F'eASF) + v(FoKT)

are in excellent agreement with the experimental values, which 225(5)  282(5) A O(FiKrFp) oop+ o(FoKrFy)

are also insensitive to the degree ofibn transfer. The lower gé%g ig%gg ggg% %EE??FE‘?Z)TP%FL(SQ:%

frequency Kr- -5 stretches, which are predicted at 454 (As), 149(1) 185(41) A 8(FKrFy) oop+ (AsFs) rock oop
357 (Sbh), and 436 (Bi) crt, are in good agreement with the  137(1)  168(9) AO(F'eAsFy) — O(F eAsFy)
experiment. Direct comparison of the Kr--Btretching mode 73(0)  70(0) A O(KrFoAS)

is not possible because of significant coupling to-& (As) 40) 210 A Atfs’rfg”bg‘;'éfr%&“gfitfs%;’gtrgﬁp

and to Mk modes (Sb). Only in [KrF][Bik] is the Kr--F, toward Krk

stretch not significantly coupled. The KF‘ and Kr--k aInfrared intensities, in km mot, are given in parentheses.

stretches of the RF compound, for which there are no o gyperimental values are taken from ref 16. The abbreviation, sh,

experimental values, are both strongly coupled to anion modesdenotes a shoulder. Values in parentheses denote relative Raman

and cannot be compared with other members of the series. intensities The atom labeling scheme is given in Structure VII; oop
Mayer Bond Orders and Valencies and Mulliken Charges. and ip denote out of plane and in plane, respectivegimilar bands

One way to gain insight into the types of interactions involved have been observed in other Asfsalts but are not assigned.

. H i 4
is to use Mayer valency and bond order indiees? The Mayer bond orders, Mayer valencies, and atomic charges for,KrF

i ¥ : . .

(59) Sladky, F. O.; Bulliner, P. A.; Bartlett, N. Chem. Soc. A969 2179. Kr'.:  KraFs™, and t.he [KrF][MF] Ion. pairs have been estlmatgzd

(60) Gillespie, R. J.; Landa, B.: Schrobilgen, Glrbrg. Chem 1976 15, using the electronic structures derived from LDFT calculations
1256. (Table 10). The KrF; bond orders were found to have little
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Table 8. Experimental Raman Frequencies and Calculated
Vibrational Frequencies, Assignments, and Mode Descriptions for
[KrF][SbFe]

Lehmann et al.

Table 9. Experimental Raman Frequencies and Calculated
Vibrational Frequencies, Assignments, and Mode Descriptions for
[KrF][BiF 6]

frequencies (cmt)
LDFT2  HF*  exp

assignmentyCs)

frequencies (cmt)
LDFTa HF2 exp assignmentsds)©

668(94) 748(72) 682(3)  AvadSbR — SbFe) + vadSbFR) +

vad SbFe — SbR)

616(149) 737(106) 604(11), A’ v(KrFy) — smallv(KrFy)
610(100)

666(94) 727(134) 664(45) 'Av(SbF.— SbR) + (SbR — SbF) 578(68) 691(83) 592(35), A’ »(BiFy)
661(72) 725(139) 642(10) 'A(SbR) — ¥(SbFe+ SbFy) 600(11)
616(170) 719(113) 615(100)A’ v(KrFy) + v(SbFse + SbF2g) 567(60) 690(119) gon 4 A" vadBiF2) — v(BIF'g
619(74) 566(64) 689(93) A vadBiF2e) — v(BiF'c)
600(5) 677(38) Av(SbRze + SbF2¢) + smallv(SbF,) — 537(6) 668(48) 547(3)  AvdBiFze+ BiF'2)
smallv(Krf) 527(8) 614(8)  541(9)  AvagBiF2d + vadBiF'2d)
581(4) 613(4) 586(5)  Av(SbR + SbF¢) — v(SbR + SbF¢) 436(75) 446(368) Av(KrFy)
439(64) 439(239)438(24()8), A" v(KrFp) + v(KrFy) 342(43) 374(31) 316(6)  A(BiFy)
234(22) 293(44) 244(5)  AS(FoKrF) oop— S(FoKrFa)
357(43) 413(31) 338(4)  'A/(SbR) i)
253(47) 331(82) 288(9)  AS(FSbFo) 230(30) 258(0) 2%%?{)3) A" O(BIF29
246(44) 327(12) 266(6) Ad(FuSHR) 00p(FKIFy) 213(65) 237(203) 209(5)  'A(BiFzq)
236(60) SLL(78) o5 ) [ A’ O(FeSDR) , 205(33) 236(67) 203(3)  AS(FeBiFs) — O(FeBiFe) — O(F BiFe)
231(41) 300(19 AJ(FaSbR,) ip + d(FeSbR) — 0(F'eSbFe) 201(35) 234(52) 193(4), M(FeBiF'e) + O(FBiFy) ip
226(5) 294(268) 214(2) = 'AS(FKrFy) oop— 5(F.ShF) oop 184(5)
179(4) 236(35) 169(5)  AS(FiKrFp) — 6(FoSbF) 166(1) 199(1) A 6(FeBiF2) + 6(FKrFy) oop
1651) 1042) 145(3)  RO(RKIEY)ip 159(1) 184(15) 173(7) AgéE;IgEB ip + v(FoBi) + small
109(2) 152(0) AS(FoSbR) ip — O(SbRKT) 132(%)) ig;g; 1§77((;‘)) A’A((zS((Féjﬁ:l:IE)r)I%(;)é(KerBl)
9%(0)  141(11) A 0(FeSbFe) 00p — O(F'eSbfe) 7400) 51(1)  81(10)  AS(BIFsKr)ip
ggggg gggég £ SDRIT) & O(F SR 4300)  6i(0) A’ KIF; torsion about Bi-Fy + (BiFs)
+ torsion about Sbf (SbFs) rock rock

a|nfrared intensities, in km mol, are given in parentheses.
b Experimental values are taken from ref 16. Values in parenthesesy
denote relative Raman intensiti€slhe atom labeling scheme is given
in Structure VIII; oop and ip denote out of plane and in plane,
respectively.

a|nfrared intensities, in km mol, are given in parentheses.
Experimental values are taken from ref 17. Values in parentheses
denote relative Raman intensiti€sShe atom labeling scheme is given

in Structure VIII; oop and ip denote out of plane and in plane,
respectively.

dependence on the hexafluoropnicogen counteranion despite e charge has shifted from the bridge fluorine onto the-Rr
strong fluorine bridge between the two ions and are in agreementgroup. The charge on F—0.37) of KiFs* is very similar to
with the constancy of the KrF; bond lengths observed among  those on the fluorines of Ke{—0.36) and that of £(—0.16)
the crystal structures of [KrF][Mgf (M = As, Sb, Bi) (Table g intermediate with respect to that of Kr0.00) and Krf.

3) and their calculated values (Table 3). The charge distributions indicate that the bridge fluorine of
The atomic charges of Kgfwere calculated to be 0.72 on  yy F.+ is "next to the fluorine of KrF, the most electrophilic
krypton and—0.36 on each of the fluorine centers. For KIF fiyorine in the series under discussion. There is again a

the full positive charge resides on krypton with zero charge on gjgnificant bond order for F-Fy (0.14) in the KgFs* cation,
the fluorine atom. The Mayer bond order for uncoordinated \ynich is reduced with respect to that of Kri0.22) but
KrF+* is 1.09, and the valence at Kr is 1.09 as compared with significantly greater than that in XEs* (0.08)% The 5c-6e
the Kr—F bond order of Krk, which is reduced to 0.67 with @ - ponq that can be used to qualitatively describe the bonding in
Kr valence of 1.35. There is considerable residual bond order i F.+ shows that there is an interaction between tharid K
between the terminal fluorine atoms in Krfrhis arises because  atoms resulting in a bond order of 0.14 for each-Fy
of the 3c-4e bond that can be used to describe the bonding in jnteraction. The lengthening of the KF, bond and the decrease
KrF2. The 3e-4e bond leads to build up of density on the 4 the Kr—F, bond will lead to a decrease in the actual
terminal atoms, and these atoms are linked through thet8c  jteractions involving an individual #Kr- -F, moiety and a
bond, which is manifested in the residual bond order of 0.22. decrease in the bond order. There are also fewer electrons
The bond orders are similar for both Mg* cations; however, i volved in the 5e-6e bond when compared with two-3de
the charges and valencies gkg" values are taken from ref 38 5nqs which is again consistent with a decrease in the Mayer
and are given in square brackets) show some noteworthy g order betweensfand F. It is useful to note that the total
variations. The Kr- -f bridge bond order of kFs" is 0.38  jyyglvement of F with the two F atoms as measured by the
[0.40] while the Kr-F bond order of 0.86 [0.92] is intermediate  \jayer hond order is 0.28, which is actually greater than that of
with respect to that of free KrFand KrF. The valence atthe 5 individual fluorine in Kr: this is consistent with the 5¢
krypton atoms in Kifs" is 1.28 [1.37] and is slightly reduced g model superimposed on an ionic model in whictirferacts
with respect to that of Kr: The valencies for £1.04 [1.03], ith two KrF+ cations. A similar set of results is found for
and k, 1.03 [0.94], are also similar, but the fluorine charges XeF, and XeFs" .55

Fr, —0.37 [-0.24], and , —0.16 [-O.46]+and Ng atom charges, The Mayer bond orders are in semiquantitative agreement
0.85[0.96], indicate that, relative to ¥&*, a significant amount with the simple valence bond descriptions of NgRgF, and
NgzFs*, which predict Ng-F bond orders of one-half for NgF

a bond order of one for the free NgEation, a value somewhere

(61) Mayer, I.Chem. Phys. Lettl983 97, 270.
(62) Mayer, I.Theor. Chim. Actel985 67, 315.
(63) Mayer, l.Int. J. Quantum Chen1986 29, 73.
(64) Mayer, I.Int. J. Quantum Cheni986 29, 477.

(65) Dixon, D. A.; Schrobilgen, G. J. Unpublished results, also see ref 38.
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Table 10. Atomic Charges, Mayer Valencies, and Mayer Bond Orders for [KIFMM = P, As, Sb, Bi), KrF, Kr.F;*, and Krk

[KrF]-[PFg] [KrF][AsFg] [KrF][SbFg] [KrF][BiF ¢ KrF+ KraFs* KrF,
Atomic Charges and Valencigs
Kr +0.79 (1.32) +0.80 (1.32) +0.82 (1.31) +0.82 (1.32) +1.00 (1.09) +0.85 (1.28) +0.72 (1.35)
M +1.16 (5.36) +0.90 (5.60) +1.45 (5.14) +2.23(3.15)
F —0.30 (0.95) —0.27 (0.97) —0.26 (0.98) —0.26 (0.98) 0.00 (1.09)  —0.37(1.04) —0.36 (0.89)
Fy —0.37 (0.99) —0.31 (1.08) —0.31(1.08) —0.41(0.92) —0.16 (1.03)
Fa —0.26 (1.14) —0.20 (1.20) —0.31 (1.08) —0.47 (0.82)
Fe —0.26 (1.08) —0.22 (1.15) —0.32 (1.06) —0.50 (0.76)
Fe —0.24 (1.10) —0.20 (1.18) —0.36 (1.00) —0.46 (0.81)
F'e —0.30(1.03) —0.27 (1.10)
Mayer Bond Orders

Kr—F 0.74 0.76 0.79 0.79 1.09 0.86 0.67
Kr—Fp 0.54 0.50 0.47 0.48 0.38
F—F 0.19 0.18 0.17 0.18 0.14 0.22
M~—F, 0.23 0.37 0.42 0.18
M—F, 1.09 1.10 0.99 0.65
M—Fe 1.02 1.04 0.96 0.61
M—F 1.03 1.05 0.90 0.55
M—F"¢ 0.97 0.98

aCalculated values are at the LDFT leveMayer valencies are given in parentheses.

between one-half and one for the terminal Ngbends of
Ng.Fs*, and a value between zero and one-half for the Ng-F
bonds of NgFs™.

structure determination of the low-temperatarghase. Single-
crystal X-ray structure determinations and theoretical calcula-
tions show that the solid-state and gas-phase [KrF}Mén

Little variation and no clear pattern is apparent among the pairs are strongly fluorine bridged. With the exception of

atomic charges of thedKr- -F, groups of the [KrF][MF] ion
pairs. The negative charges on thgaRd k atoms of the Mk

theoretically predicted Kii-PFs adduct, the KiF; bond length
is little influenced by the MF~ anion. No significant difference

groups increase on descending group 15, a trend that isin the Kr--R, bond length was observed in the Asfand Sbi
consistent with a corresponding increase in fluoride ion acceptor salts, although this bond length was found to be significantly

strength (see Computational Results; Geometries. (by lrfel
[KrF][MF¢]). Thus, the [KrF][MF] ion pairs containing the
heavier pnicogens are shown to be more ionic from their M- -
F, bond orders [0.23 (P), 0.37 (As), 0.42 (Sb), and 0.18 (Bi)],
their valencies at M [5.36 (P), 5.60 (As), 5.14 (Sb), and 3.15
(Bi)], and their Kr- -k, bond orders [0.54 (P), 0.50 (As), 0.47

shorter in the Big~ salt, in accord with the higher covalent
character associated with the weaker fluoride ion acceptor
strength of Bik. The Raman spectra of the fluorine-bridged
[KrF][MF g] ion pairs have been assigned by comparison with
their calculated vibrational spectra.

The KrF3* cation is highly deformable in the solid state,

(Sbh), and 0.48 (Bi)]. The valencies at Kr remain nearly constant specifically with regards to the Kr- sfbond distances and the

at 1.31-1.32 over the series. The KF; bond orders [0.74 (P),
0.76 (As), 0.79 (Sb), and 0.79 (Bi)] and-H, bond orders
[0.19 (P), 0.18 (As), 0.17 (Sh), and 0.18 (Bi)] are intermediate
with respect to those of KFs* (0.86 and 0.14, respectively)
and Krk, (0.67 and 0.22, respectively). The most significant
increase in M- -k bond order and in pnicogen valence occurs
on going from P to As with a smaller decrease in the K¢ -F

Kr- -Fp- -Kr bridge bond angle. These deformations are at-
tributed to long contacts between the krypton atoms in the cation
and fluorine atoms associated with the affoand are not
reproduced by theoretical calculations of the gas-phase geom-
etries. The calculated vibrational frequencies off§F show

that the prior detailed assignmetftsf the terminal symmetric
and asymmetric stretching modes were incorrect and that their

bond order. Similar changes are noted for the transition from assignments should be interchanged.

As to Sb, but no significant changes in the aforementioned

parameters occur in going from Sb to Bi except that the Bj- -F

Raman spectroscopic investigation of the K system
indicates that the only existing species is JRd|[PFe]-nKrF.

bond order is smaller by 0.24. The anomaly seen for bismuth This compound is characteristic of the pRg][MF ¢]-nKrF2 (M

likely arises from the core potential used in the calculations.
These results show that the degree otbmplexation increases

= As, Sb, Bi) series and exhibits vibrational modes consistent
with a weakly interacting KiFs* cation and an octahedral PF

as the size of the central atom increases, and the coordinatioranion. Failure to synthesize [KrF][BFHn the presence of excess
sphere around the pnicogen atom becomes less crowdedPFs; reflects the low fluoride ion affinity of Pfrelative to those

allowing MFs to more effectively compete with the KrFeation

for the bridge fluorine. This is consistent with the gas-phase
fluoride ion affinities of Pk, AsFs, and Sbk %7 and our failure

to prepare [KrF][PE] (see Synthesis and Characterization by
Raman Spectroscopy of [Kis][PFe]-nKrF;). Moreover, a
comparison of the P- ¢fbond order in [KrF][PE] with the Kr- -

Fy, bond order in KsF3™ indicates that KrFE has a greater F
affinity than Pk. Our inability to synthesize [KrF][P4f at low
temperatures in the presence of excess iBEonsistent with
these findings.

Conclusion

A more precise structure of Kgfhas been obtained, and the
dimorphism of Krk; has been confirmed by an X-ray crystal

of the heavier pnicogen pentafluorides and conforms with the
theoretical results, which predict an adduct in whichs B~
weakly fluorine bridged to Krg-and the Krk bond lengths
exhibit little distortion from the bond lengths of free KtF

Experimental Section

Caution: Anhydrous HF must be handled using appropriate
protective gear with immediate access to proper treatment procedures
in the event of contact with liquid HF, HF vapor, or HF solutions of
krypton(ll) species. Krypton(ll) compounds are potent oxidizers that
react explosively with water and organic materials. Extreme caution is
to be exercised in their handling and disposal in order to avoid violent
detonations. The recommended procedure for disposing of small
guantities of Krl, KrF*, and KeFs* salts in anhydrous HF solvent
(ca. 200 mg of compound in 2 mL of HF or less) is by slowly pouring
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the cold HF solution (OC or lower) into several liters of a mixture of

Lehmann et al.

between—78 and—53 °C with agitation for 1 h. Excess AsRvas

ice and aqueous NaOH inside a properly shielded fume hood. Solutionthen removed under dynamic vacuum-at8 °C. Raman spectroscopy
sample containers must be handled with long metal tongs and protectiveat —78 °C confirmed the presence of bath[KrF][AsF¢] and S-[KrF]-

gloves when dumping their contents into the disposal medium.
Apparatus and Materials. Volatile materials were handled in

vacuum lines constructed of stainless steel, nickel, and FEP fluoro-

plastic, and nonvolatile materials were handled in the dry nitrogen
atmosphere of a glovebox as previously descritfed.

Arsenic pentafluoride was prepared as previously descilzt
was used without further purification. Anhydrous HF (Harshaw
Chemical Co.f8 SbR; (Aldrich, 98%)% and BiFs (Ozark Mahoning
Co.)*” were purified by the standard literature methods. Purified HF
was stored over Biin a Kel-F vessel equipped with a Kel-F valve
until used. Fluorine gas (Air Products) was used without further
purification. Antimony pentafluoride was synthesized in situ by direct
fluorination of Sbi with F, in anhydrous HF as previously descriféd.

(a) PFs. Phosphorus pentafluoride (Ozark Mahoning) was purified
by distillation under dynamic vacuum through two FEP traps maintained
at —117 °C to remove POfand HF impurities and at196 °C to

[AsFg] in the samplé® The [KrF:][AsFe]:[KrF][AsF¢] adduct was
synthesized by condensing a slight stoichiometric excess of ¢trto

a sample of [KrF][Ask]. Sufficient anhydrous HF (ca. 1.5 mL) was
condensed into each reactor until the sample was completely soluble
at—10°C. The reactor was then backfilled with ultra-high-purity (UHP)
nitrogen (99.999%,<10 ppm Q + CO + CO, + HO) or argon
(99.999%,<2 ppm Q, <3 ppm HO) and stored at78 °C.

[KrF][SbF ¢] and [KrF][BiF ¢]. The salts, [KrF][SbE and [KrF]-
[BiF¢], were prepared by the literature methégis.In each preparation,
approximately 100 mg of the pentafluoride was dissolved-#2 InL
of anhydrous HF in a rigorously dried and prefluorinated T-shaped
reaction vessel fabricated frotfy-in. 0.d. FEP tubing and fitted with
a stainless steel valve. A stoichiometric excess of,Kda. 10% to
account for the passivation of the stainless steel valve by)Kis
then condensed on top of the mixture-&lt96 °C before being warmed
to —78°C and backfilling the vessel with UHP nitrogen or argon. The

condense Pf This process was repeated a second time before the vessel was then carefully warmed t6@ and agitated for 10 min before
purified product was condensed into a prefluorinated stainless steelstoring at—78 °C.

cylinder at—196 °C. The cylinder and contents were stored at room
temperature until used.

(b) KrF 2. Krypton difluoride was prepared using a 316 stainless
steel hot-wire reactor equipped with a nickel filament, similar to that
originally described by Bezmel'nitsyn et’aand subsequently modified
and described by Kinkead et &llhe filament of the reactor used in
the present work was fabricated frofge-in. nickel rod tightly wound
about a second length df;sin. rod that was, in turn, coiled and
stretched into a helix. Approximately 1000 Torr (50 mmol) of krypton
(Air Products, 99.995%) was initially added to the prefluorinated
reactor, which was then immersed in a 20 L dewar filled with liquid
nitrogen. After the reactor was cooled, 25 Torr of (Rir Products,

[Kr oF3][PF¢]-nKrF ». Approximately 100 mg of KrFwas vacuum-
distilled into a dried and Fpassivated FEP reaction vessel equipped
with a stainless steel valve. Phosphorus pentafluoride {95 °C)
was then condensed into the reaction vessel and allowed to react at
—78°C. The reaction was monitored biweekly by Raman spectroscopy,
and additional aliquots of RRwvere added as necessary. The reaction
was determined to be complete when the changes in the Raman
spectrum ceased after 7 weeks, and the inten€&";) vibration of
KrF, was barely visible at 465 cmi. Further reaction with PHailed
to produce [KsFs][PFe] or [KrF][PFg]. The spectrum was also monitored
for [O,][PFe] arising from the reaction of kF;™ with O, or H,O. Only
extremely weak peaks associated with the &tretches at 1859.5 and

technical grade) was added, and the DC power supply for the nickel 1863.0 cni* were observed after 7 weeks.

filament was adjusted to approximated V and 30 A (the filament
under these conditions was dull red in color), which increased the F

[Kl’ 2F3][SbFe]'KI'F »and [Kr 2F3]2[SbF6]2'KrF >. The [KI’2F3][SbF5]‘
KrF, and [KrFs3][SbR].:KrF, salts were synthesized in the same

pressure to ca. 45 Torr once the temperature of the filament and reactorfashion as the [KrF][Shd salt with only minor modifications. The
had stabilized. The pressure inside the hot-wire reactor was maintained[Kr ,F;][SbF]-KrF, salt was synthesized using a large excess ohKrF

between 25 and 45 Torr for each-82 h run. As Krk formation

(3.5KrF:ShFs, a 75 mol % excess with respect to,Rg"). The [KrFs),-

progressed, the pressure was periodically readjusted by adding morgSbr],-KrF, salt was synthesized using a 0.6 mol % stoichiometric

F.. When KrF, production slowed or ceased, a 2.0 mmol aliquot
of krypton was condensed into the reactor. After the reaction was

excess of Krk. After both samples were crystallized, both K-
[SbRs].+KrF, and [KrF][SbFk] were shown to be present by determina-

completed, excess fluorine was removed by pumping the reactor attjons of their respective unit cell parameters.

—196 °C. Excess krypton and crude Krkvere recovered as a pink
solid (because of chromium oxide fluoride contamination leached from
the stainless steel reactor body) by allowing the reactor to slowly warm
to room temperature while dynamically pumping the volatile contents
through a/»-in. 0.d. FEP U-trap that was cooled t6196 °C. The
Kr/KrF, mixture was then warmed and dynamically pumped-@8

°C to remove unreacted krypton. The crude Kfas purified by briefly
warming the sample to approximately’G and flash distilling off the
more volatile chromium oxide fluorides. The remaining colorlessKrF
was finally warmed to room temperature and rapidly sublimed into a
3/g-in. 0.d. FEP tube equipped with a Kel-F valve and stored under
nitrogen or argon at-78 °C until used. This synthesis is highly
reproducible and typically yields 2:8.0 g of purified KrF; over a 12

h period.

P-IKrF][ASF ¢] and [Kr oF3][AsFe]-[KrF][AsF ¢]. The salts [KsFs]-
[AsFg]-[KrF][AsF¢] and [KrF][AsFs] were prepared in a manner similar
to that described earlier for [KrF][AsF'® Approximately 100 mg of
KrF, was condensed at196°C into a'/4-in. 0.d. T-shaped FEP reactor
equipped with a stainless steel valve. An excess ofsAg&s then
condensed on top of the KgFand the reaction vessel was cycled

(66) Casteel, W. J., Jr.; Kolb, P.; LeBlond, N.; Mercier, H. P. A,;
Schrobilgen, G. Jinorg. Chem.1996 35, 929.

(67) Mercier, H. P. A;; Sanders, J. C. P.; Schrobilgen, G. J.; Tsai, S. S.
Inorg. Chem.1993 32, 386.

(68) Emara, A. A. A.; Schrobilgen, G. lhorg. Chem.1992 31, 1323.

(69) LeBlond, N.; Dixon, D. A.; Schrobilgen, G. Ihorg. Chem.200Q
39, 2473.

Crystal Growth. o-KrF,. Approximately 50 mg of Krk was
distilled into one arm of an h-shaped reaction vessel constructed of
FEP and equipped with a Kel-F valve. The reaction vessel was
evacuated at-78 °C on a metal vacuum line and then allowed to stand
under static vacuum. The arm containing Kvirlas warmed from-78
to —40 °C using a dry ice/acetone bath, while the other arm of the
reactor was maintained at78 °C. Over the course of several hours,
nearly cubic crystals of KrFwere deposited in the colder arm above
the coolant level. The reactor was backfilled with UHR When the
sublimation was complete and stored-at8 °C until the crystals could
be mounted on the X-ray diffractometer.

[KFF][MF 5] (M = As, Sb, BI), [Kl'ng]z[MF 6]2'KFF 2, and [Kr 2F3]-
[MF¢]KrF 2 (M = As, Sb). The KrF;" salts and their adducts with
KrF, were completely dissolved, or nearly completely in the case of
the moderately soluble [KrF][Bif salt, by carefully warming the
solutions to a maximum of-10 °C to minimize decomposition. The
reaction vessel was then slowly cooled by insertion into a glass,
vacuum-jacketed tube that was cooled by a flow of cold nitrogen gas.
The rate of cooling was controlled by the nitrogen gas flow rate and
could be regulatedt0.2 °C) between room temperature an@0 °C.
Once cooled to—80 °C, the bulk of the HF was decanted into the
sidearm of the T-shaped FEP reactor, which was cooled1®6 °C
immediately before the solvent was decanted. The sample was then
pumped on dynamically to thoroughly dry the crystals before the
sidearm was heat sealed off. The reactor was then backfilled with dry
N, and stored at-78 °C until the crystals could be mounted on the
X-ray diffractometer. The [KrF][ME (M = As, Sb, Bi) salts all



X-ray Crystal Structures

crystallized as discreet colorless needles, whileFfSbFs]-KrF, and
[Kr2Fs)[SbRs]2:KrF, crystallized as intergrown pale yellow plates.

Raman SpectroscopyRaman spectra of [KFs][PFs]-nKrF, were
recorded as previously describ®dhe spectra were recorded if/a
in. FEP sample tube under 1000 Torr ofsP& —80 C’ using the
macrochamber of the instrument. The 514.5-nm line of an laser
with an output setting of 300 mW was used for excitation of the sample
with a laser spot of~1 mm at the sample. The slit width settings
corresponded to a resolution of 1 thnA total of 10 reads each having
60 s integration times were summed using a CCD detector.

X-ray Crystallography. Crystal Mounting and the Collection of
X-ray Data. All crystals were mounted at110+5 °C as previously
described? and data were collected at113 to—130°C. All crystals
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sets in UniChen% All calculations were done at the local level with
the potential fit of Vosko, Wilk, and Nusafif. The geometries were
optimized by using analytic gradient methods, and second derivatives
were also calculated analyticafyThe HF calculations were done with
the program Gaussian-98.For the F and P atoms, the polarized
double< basis sets of Dunning and Hay were ugelor the remaining
atoms, the effective core potentials and doublesis sets of Hay and
Wad#%-82 were used with the polarization functions of Huzinaga et
a|.88

Acknowledgment. We thank the donors of the Petroleum
Research Fund, administered by the American Chemical Society,
for support of this work under ACS-PRF 33594-AC3. We also

were centered on a P4 Siemens diffractometer, equipped with a Siemenghank the Natural Sciences and Engineering Research Council

SMART 1K CCD area detector, controlled by SMARTand a rotating
anode emitting k& radiation monochromated. (= 0.710 73 A) by a
graphite crystal. The crystal to detector distance was typically 5 cm,
and the data collection was carried out in a 54512 pixel mode
using 2x 2 pixel binning. Processing of the raw data was completed
using SAINT+,72 which applied Lorentz and polarization corrections
to the three-dimensionally integrated diffraction spots. Scaling of the
integrated data was completed with SADABSyhich applies decay

of Canada for a postgraduate scholarship and McMaster
University for a Dalley Fellowship to J.F.L. and the Canada
Council for the award of a Killam Research Fellowship (1998
and 1999) to G.J.S. The density-functional theory calculations
were performed in the Wiliam R. Wiley Environmental
Molecular Sciences Laboratory funded by the Office of Biologi-
cal Environmental Research, U.S. Department of Energy, under

corrections, and an empirical absorption correction on the basis of the Contract DE-AC06-76RLO 1830 with the Battelle Memorial

intensity ratios of redundant reflections.
Solution and Refinement of the StructuresThe program XPREP
was used to confirm the unit cell dimensions and the crystal lattice. A

solution was found using direct methods to determine the locations of

the heavy elements (Kr, As, Sb, Bi). The fluorine positions were

Institute, which operates the Pacific Northwest National Labora-
tory, a multiprogram national laboratory for the Department of
Energy.

Supporting Information Available: An X-ray crystallographic file,

identified in successive difference Fourier syntheses. Final refinementsin CIF format, for the structure determinationseoKrf, [KrF][MF ¢]
were obtained using data that had been corrected for absorption by(M =AS, Sb, Bi), [KeFs|[SbFs]-KrF>, [KroFs]o[SbFe]oKrF2, and [KrFs]-
introducing an extinction coefficient and optimized using anisotropic [AsFe]*[KIFI[MF¢]. This material is available free of charge via the

thermal parameters.

Calculations. Electron structure calculations at the DFT level were
done with the density-functional thedhprogram DGaus§ 78 on SGlI
computer systems. The DZVP basis'%etas used for all atoms, except
for Bi where the Hay-Wadt ECP basis set was @&&éwith the fitting

(70) Gerken, M.; Dixon, D. A.; Schrobilgen, G.lhorg. Chem200Q 39,
4244,

(71) SMART Version 5.054; Siemens Energy and Automation Inc.:
Madison, WI, 1999.

(72) SAINT, Version 6.01; Siemens Energy and Automation Inc.:
Madison, WI, 1999.

(73) Sheldrick, G. M. SADABS (Siemens Area Detector Absorption
Corrections), Personal Communication, 1998.

(74) Sheldrick, G. MSHELXTL Version 5.1; Siemens Analytical X-ray
Instruments Inc.: 1998.

(75) Par, R. G.; Yang, WDensity-Functional Theory of Atoms and
Molecules Oxford University Press: New York, 1989.

(76) Andzelm, J.; Wimmer, E.; Salahub, D. R.The Challenge of d and
f Electrons: Theory and ComputatipBalahub, D. R., Zerner, M.
C., Eds.; ACS Symposium Series 394; American Chemical Society:
Washington, DC, 1989; p 228.

(77) Andzelm, J. IDensity Functional Theory in Chemistiyabanowski,
J., Andzelm, J., Eds.; Springer-Verlag: New York, 1991; p 155.

(78) Andzelm, J. W.; Wimmer, E. J. Chem. Physl992 96, 1280. DGauss
is a density-functional program that is part of UniChem and is available
from Oxford Molecular. Versions 4.1 and 5.0 were used.

(79) Godbout, N.; Salahub, D. R.; Andzelm, J.; WimmerC&n. J. Chem.
1992 70, 560.

Internet at http://pubs.acs.org.

IC001167W

(80) Hay, P. J.; Wadt, W. RI. Chem. Phys1982 82, 271.

(81) Hay, P. J.; Wadt, W. Rl. Chem. Phys1982 82, 285.

(82) Hay, P. J.; Wadt, W. Rl. Chem. Phys1982 82, 299.

(83) Lee, C.; Chen, H. Unpublished results; 8#8Chem Manual, Version
3.0,

(84) Vosko, S. J.; Wilk, L.; Nusair, WCan. J. Phys198Q 58, 1200.

(85) Komornicki, A.; Fitzgerald, G. 1. Chem. Phys1993 98, 1398.

(86) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery J. A., Jr.;
Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels,
A. D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone,
V.; Cossi, M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C;
Clifford, S.; Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.;
Morokuma K.; Malick D. K.; Rabuck A. D.; Raghavachari, K.;
Foresman, J. B.; Ciosloski, J.; Ortiz, J. V.; Stefanov, B. B.; Lui, G.;
Liashenko, A.; Piskorz, P.; Komaromi, I.; Gomperts, R.; Martin, R.
L.; Fox, D. J.; Keith T.; Al-Laham, M. A.; Peng, C. Y.; Nanayakkara,
A.; Gonzalez, C.; Challacombe, M.; Gill, P. M. W.; Johnson, B.; Chen,
W.; Wong, M. W.; Andres, J. L.; Gonzalez, C.; Head-Gordon, M.;
Replogle, E. S.; Pople, J. AGaussian 98revision A.4; Gaussian,
Inc.: Pittsburgh, PA, 1998.

(87) Dunning, T. H., Jr.; Hay, P. J. INlethods of Electronic Structure
Theory Schaefer, H. F., lll, Ed.; Plenum: New York, 1977; p 1.
(88) Huzinaga, S.; Andzelm, J.; Klobukowski, M.; Radzio-Andzelm, E.;
Sakai, Y.; Tatwaki, HGaussian Basis Sets for Molecular Calculatipns

Physical Sciences Data 16; Elsevier: Amsterdam, 1984.





