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Rotational spectra of KrCuF and KrCuCl have been measured in the frequency range 8—18 GHz, using a pulsed
jet cavity Fourier transform microwave spectrometer. The molecules were prepared by ablating Cu metal with a
pulsed Nd:YAG laser (1064 nm) and allowing the plasma to react with appropriate precursors (Kr plus SFs or Cly)
contained in the backing gas of the jet (Ar or Kr). Rotational constants, internuclear distances, vibration frequencies,
and &Kr, Cu, and Cl nuclear quadrupole coupling constants have all been evaluated. The Kr—Cu bonds are short
and the complexes are rigid. The 8Kr coupling constant of KrCuF is large (128.8 MHz). The Cu nuclear quadrupole
coupling constants differ radically from those of uncomplexed CuF and CuCl molecules. The results are supported
by those of ab initio calculations, which have also yielded Mulliken populations, MOLDEN plots of valence molecular
orbitals and Laplace concentrations, and electron localization functions. The results are consistent with those reported
earlier for other noble gas—noble metal halide complexes. The results have been used to assess the nature of the
bonding in the complexes and have produced good evidence for weak noble gas—noble metal chemical bonding.

Introduction

Recently, we have reported the microwave spectra and

geometries of a series of linear complexes with the general
formula NgMX (Ng= Ar, Kr, Xe; M = Cu, Ag, Au; X=
F, Cl, Br)18 An example is KrAgCP The Ng—M bonds
are unexpectedly short, ranging in length from 2:2230
A for Ar—Cu? through 2.39-2.52 A for Ar—Au and Kr—
Au347t0 2.56-2.66 A for Ar—Ag and Kr—Ag.1>7 These
are much less than the lengths usually found forNgutral
molecule van der Waals complexes, thougAr—Na) =
2.889 A in the van der Waals complex ANaCl? The
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centrifugal distortion constantd);, evaluated from the
spectra, are all less than 1 kHz, indicating the complexes to
be rather rigid. This is in contrast to 9 kHz found for the
much more flexible A-NaCl® The NgMX complexes are
apparently rather strongly bound.

The results are supported by those from MP2 ab initio
calculations. 819 The bond lengths are reproduced. Stretch-
ing frequenciess(Ng—M) agree with those calculated from
D;. In addition, MOLDEN plots of occupied valence
molecular orbitals are consistent with electron sharing
between the noble gas and metal. Mulliken populations
suggest the donation of up to 0.2 electron from Ng to M.
Plots of Laplace concentrations indicate possible small
electron density buildup between Ng and M. The possibility
of weak Ng-M chemical bonding is implied.

This suggestion is supported by the nuclear quadrupole
coupling constants of all three atoms. For both M and X,
large changes are found in theiQqvalues when Ar or Kr
attaches to MX;7 These changes are35—40% of those
found when MX is converted to XMXions (e.g., BrAuBT);
these ions are isoelectronic with the NgMX complexes. Such

(9) Mizoguchi, A.; Endo, Y.; Ohshima, YJ. Chem. Phys1998 109
10539.
(10) Lovallo, C. C.; Klobukowski, MChem. Phys. LetR002 368 589.
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changes indicate a significant reorganization of the MX in front of the nozzle was ablated with the fundamental (1064 nm)

electron distribution on complex formation. of a pulsed Nd:YAG laser. The rod was rotated and translated to
The quadrupole coupling data are even more dramatic for Provide a fresh surface for each laser pulse. The Cu plasma reacted

the Ng atom. Nuclear quadrupole coupling constants (NQCCS)With a precursor gas contained in the backing gas of the jet, and

for both 8Kr and 32Xe have been reported. The trends
for both Kr and Xe are similar. Fo#Kr, for example,
whereaeQqg= 0 for the isolated atom, values 6105 and
~186 MHz have been found fd*KrAgF and 83KrAuF,
respectively. These are in contrastt® MHz for 83Kr—
HCI, a typical atom-neutral molecule van der Waals
complex!! These results are clearly consistent with unusually
strong bonding in noble gasioble metal halide complexes
and support the possibility of weak Ng/l chemical bonding.
Support for such a view also comes from data on the
NgM* ions. In a recent review, Bellert and Breckenridge
could rationalize their bonding in terms of electrostatics for
all metals, M, except for some complexes of noble metals.
XeAut seems especially anomalous, with Kridand ArAu®
being less so. They felt that NgAgnd NgCu fit the usual

pattern. These results have been considered in our recen

reassessment of the nature of the NgMX bondimdnhere it
is concluded that chemical bonding is likely in NgAuX and
possible in NgCuX and NgAgX.

Although spectra of 15 NgMX complexes have been

the reaction products were injected into the cell. To prepare KrCuF,
~0.5% Sk in pure Kr was used; to prepare KrCuC0.5%

Cl, in 33% Kr in Ar was used. The backing pressures were 6
atm.

The concentrations and lifetimes of the samples vary with
backing gas composition. Accordingly, the timings of the laser,
microwave, and sample pulses had to be varied to optimize the
signal-to-noise ratios of each sample. The most intense spectra were
obtained with microwave pulse lengths of Qu8, the shortest
available with our spectrometer, consistent with high dipole
moments for the sample molecules. Though the strongest lines of
KrCuF could be seen clearly witk60 pulses, the lines of samples
containing®3Kr, namely8Kr83CulF, required~20 000 pulses for
a good signal-to-noise ratio.

The spectra were observed in the frequency rang#88GHz.

Line frequency measurements were referenced to a Loran frequency
standard, accurate to 1 part in!20The observed line widths were
L?—lo kHz (fwhm), and the reported line frequencies have an
estimated accuracy afl kHz.

Quantum Chemical Calculations.Ab initio calculations were
performed at the second-order Mghtd?lesset (MP2) level of
theory, using the GAUSSIAN 98 suite of prograiig-or F and

reported, only three of these have contained Cu, and all threexr, we used the simple 6-31G(d) basis set and the cc-pVTZ basis

were ArCuX? Yet spectra of others are needed to reveal a
complete picture of the bonding. The-ACu bonds are the

set,” respectively. For Cl, we used the (631111s/52111p) Mckean
Chandler basis sét,augmented with one d-polarization function

shortest so far reported, but their bond energies are apparentiy@a = 0.75)*° For Cu, an effective core potential (ECP) was used,

intermediate between those of the-A%g and Ar—Au bonds.

Spectra of further complexes, containing Kr and Xe, would
be of interest, not just to fill in the data set. Hyperfine
coupling for both nuclei should provide excellent information
on the electron distribution of the molecule. Spectra of
KrCuX and XeCuX were not anticipated to be easy to

which left 19 valence electrons @gP3di%s'). The ECP for Cu

and the optimized Gaussian basis set (31111s/22111p/411d) were
taken from Andrae et &P The Cu basis set was further augmented
with two f-functions, oy = 3.1235 andos = 1.3375'° In the
calculation of dissociation energies, the counterpoise correction was
applied to account for basis set superposition error (BSSEI.
structures were constrained to a linear geometry.

observe because of the multitude of possible isotopic species, spectra and Analysis. (i) KrCuF. A preliminary rotational

all producing greater or lesser hyperfine structure. However,

constant of the most abundant isotopom&kKré3CulF, was

it has now been possible to measure spectra of both KrCuFestimated using the ab initio bond lengths of Lovallo and Klo-

and KrCuCl, including®Kr8CuF. These results and their
implications are reported in this paper.

Experimental Methods

The spectra were measured with a Balfdygare-typé? cavity
pulsed jet Fourier transform microwave (FTMW) spectrometer; it
has been described in detail earfi¢iThe cell is a FabryPerot
cavity, containing two spherical aluminum mirrors 28.5 cm in
diameter, with a radius of curvature of 38 cm, held approximately
30 cm apart. The cavity is frequency-tuned by moving one of the
mirrors; the other mirror is held fixed in place. Samples are injected

entrained in a noble gas from a pulsed nozzle (General Valve Series

9), mounted in the fixed mirror. Although this arrangement
optimizes both the sensitivity and resolution of the spectrometer,
each line is doubled by the Doppler effect.

The complexes were produced in the laser ablation source, whos
design has been given earli€A 5 mm diameter Cu rod mounted

(11) Campbell, E. J.; Buxton, L. W.; Keenan, M. R.; Flygare, WPHys.
Rev. A: At., Mol., Opt. Phys1981 24, 812.

(12) Bellert, D.; Breckenridge, W. HChem. Re. 2002 102, 1595.

(13) Balle, T. J.; Flygare, W. HRev. Sci. Instrum.1989 52, 33.

(14) Xu, Y.; Jger, W.; Gerry, M. C. LJ. Mol. Spectroscl992 151, 206.

(15) Walker, K. A.; Gerry, M. C. LJ. Mol. Spectrosc1997, 182 178.

3872 Inorganic Chemistry, Vol. 43, No. 13, 2004

€,

bukowskil® It, along with the®3Cu nuclear quadrupole coupling
constanteQq (%3Cu), of ArCuF2 was used in a prediction of the
spectrum. The first searches were near 8640 MHz, fod thel—3
transition.

(16) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,

M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A,;

Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Milliam, J. M.; Daniels,

A. D.; Rudin, 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.; Peterson, G. A.; Ayala, P. Y.; Cui, Q.;

Morokuma, K.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K.;

Foresman, J. B.; Cioslowski, J.; Ortiz, J. V.; Stefanov, B. B.; Liu, G.;

Liashenko, A.; Piskorz, P.; Komaroni, |.; Gomperts, R.; Martin, R.

L.; Fox, D. J.; Keith, T.; Al-Lahma, M. A.; Peng, C. Y.; Nanayakkara,

A.; Gonzalez, C.; Challacombe, M.; Gill, P. M. W.; Johnson, B. G.;

Chen, W.; Wong, M. W.; Andres, J. L.; Head-Gordon, M.; Replogle,

E. S.; Pople, J. AGaussian 98revision A.6; Gaussian Inc.: Pittsburgh

PA, 1998.

(17) (a) Woon, D. E.; Dunning, T. H., J8. Chem. Phys1993 98, 1358.
(b) Wilson, A. K.; Woon, D. E.; Peterson, K. A.; Dunning, T. H., Jr.
J. Chem. Physl1999 110, 7667.

(18) McLean, A. D.; Chandler, G. S. Chem. Phys198Q 72, 5639.

(19) Antes, |.; Dapprich, S.; Frenking, G.; SchwerdtfegetnBrg. Chem.
1996 35, 2089.

(20) Andrae, D.; Hasermann, V.; Dolg, M.; Stoll, H.; Preus, Hheor.
Chim. Actal99Q 27, 213.

(21) Hobza, P.; Zahraduik, hem. Re. 1988 88, 871.



Spectra, Structures, and Bonding of KrCuF and KrCucCl
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Figure 2. A portion of the hyperfine structure of the= 4—3 transition

of 83r83CuF, compared with the pattern predicted with the derived hyperfine
coupling constants. In the experimental spectrum, 20 000 averaging cycles
were taken over 4k data points; an 8k transform was used.

Figure 1. Portions of the observed hyperfine structures in e 6—5
transitions of (af*Kré3CuF and (bf*Kr8CuF. In both cases, 1000 averaging
cycles were taken over 4k data points; an 8k transform was used.

The first peaks, found near 8690 MHz, were somewhat weaker whetheroc,r was a scalar or a tensor constant; the latter gave a
than expected; they were accordingly assigned to a minor isoto- slightly better fit and was retained. It should be noted that there
pomer, and the searches continued. A much stronger group, foundwas nothing in the appearance of the spectrum to confirm the
near 8590 MHz, was assigned fKré3Cul®F. These signals  quantum number assignments of these very small splittings. The
disappeared when laser ablation was omitted, or whenvw&is sign of ac,r depended on the choice made. Given that both Cu
omitted from the preparation mixture. Furthermore, successive and F are nearer the top than the bottom of the periodic table, the
(J+1)—J transitions, separated byBg, were found, as expected  sign ofacy=was chosen as that for direct coupling, and assignments
for a linear molecule. followed accordingly. The choice made no difference to the

The assignments were confirmed further by the isotopic depend- structural conclusions given below. It is fair to say thed,r
ences of the spectra. The relative frequencies of the different probably C,(F), and possiblyC,(Cu) are best regarded as simply
isotopomers could be predicted from the atomic masses and thefitting parameters. Fits to the remaining isotopomers also included
geometry. The intensities were consistent with the relative isotopic these constants, though in most cases, one or more were held fixed.
abundances. Each transition showed hyperfine structure due to CuThis is indicated in Table 1, which presents all the derived
nuclear quadrupole coupling; the ratios of #@u and®>*Cu nuclear spectroscopic constants for this complex.
guadrupole coupling constants (from the fits described below) for ~ The transitions off3Kré3Cul%F were much weaker and more
corresponding isotopomers followed the ratio of the quadrupole complex because of the addition&Kr hyperfine splittings.
moments. Some transitions showed small but measurable furtherPrediction of the rotational constant was straightforward, either by
splittings due td°F spin—rotation coupling. Finally, the transitions  interpolation between those of other isotopomers or by using the
of 8Kr83CulF showed further hyperfine structure due to nuclear geometry derived from them. Prediction of the hyperfine patterns
quadrupole coupling ofKr(l = 9/2). Some example transitions was less simple. The method chosen was toef(63Cu) at its
are shown in Figures 1 and 2. value for other isotopomers, and then to predict a series of line

The measured frequencies are given with their quantum number patterns witheQq(®3Kr) intermediate between those of KrAgF and
assignments in the Supporting Information. For all isotopic species KrAuF. This led to an excellent match, part of which is shown in
except®KréCulF, the quantum number assignments follow the Figure 2. From this, quantum number assignments were made
coupling schemd + lc, = Fy; F1 + I = F. The spectra were according to the coupling scherdet I, = Fy; F1 + lcy=Fy F»
analyzed using Pickett's global least-squares fitting program + | = F. Afit of the spectra using this scheme in SPEIgroduced

SPFIT?2 Each isotopic species was treated separately. the spectroscopic constants for this isotopomer in Table 1.

To obtain a good fit for8Kr63Cul°F, nuclear spirrotation (ii) KrCuCl. The predicted bond lengths of KrCuCl in ref 10
constants for botR3Cu and!®F were included €;(Cu) andC,(F)), were scaled using the ratios of experimental and predicted bond
along with a spir-spin coupling term for these two nucleidyg). lengths for KrCuF. Rotational constants calculated from these bond

There was only a marginal difference in the fit, depending on lengths guided initial spectral searches. The first groups, found near
7646 MHz, were again somewhat weaker than expected and
(22) Pickett, H. M.J. Mol. Spectrosc1991, 148 371. assigned to a minor isotopomer. The strongest group in the vicinity,
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Table 1. Spectroscopic Constants of KrCuF
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parameter 82Kr63CuF 82Kr85CuF 83Kr83CuF 84Kr83CuF 84K r85CuF 86Kr63CuF 86K r65CuF
Bo (MH2) 1448.2467(8  1440.7921(2) 1440.6303(5)  1433.2064(1) 1425.6545(3)  1418.8143(2)  1411.1676(4)
D; (kHz) 0.3862(33) 0.3371(35) 0.389(10) 0.3802(26) 0.3727(53) 0.3664(33) 0.3636(73)
eQqCu) (MHz) 41.79(3) 38.32(4) 41.51(5) 41.77(3) 38.654(5) 41.80(35) 38.63(10)
eQq&Kr) (MHz) 128.79(12)
CiCu) (kHz) 5.40 5.68 5.40° 5.40(17) 4.97(34) 5.40 5.68
Ci(F) (kHz) 5.82 5.82 5.82 5.82(147) 5.82 5.82 5.82
ocur (kHz) 3.58 3.83 3.58 3.58(51) 3.88 3.58 3.83

aNumbers in parentheses are one standard deviation in units of the last significant figixet at the value foP“Kr63CuF.° Fixed at the value for

84Kr83CuF, scaled by the ratio of tH&Cu and3Cu magnetic moments.

132-1172,
87

Table 3. Geometr§ of KrCuF

method r (Kr—Cu)

r (Cu—F)

comments

o 2.31801(619
Me 2.318301(40)
P 2.316887(52)

1.7536(13)

1.74883(17)
1.74777(20)

€ =0.431(14) uRk
c=0.0459(14) &2A

rm® 2.31625(6) 1.744923 c=0.097(3) #'2A;
d=—0.108(8) ¥2A2
MP2

Mp

2.28
2.322

1.73
1.730

13110,
6 ..

aBond distances in A2 Numbers in parentheses are one standard
deviation in units of the last significant figureln the rm(® geometry, the
CuF internuclear distance was fixedratof CuF26 9 Values predicted in
ref 10.

1292,
29, ||| 7.
6

Cu and Cu-F (or Cu-Cl) internuclear distances. Ideally, the
equilibrium {¢) bond lengths should be obtained. However, since
the complexes were observed only in their ground states, only
approximater, values at best were available. The following
procedures were used.

An initial fit was made to the moments of inerti&)( corre-
sponding to the ground-state rotational constaBgsusing rigid
rotor formulas and assuming no dependence of the structure on
isotopomer or vibrations:

165
9R-112,
65
RS2,
U 43
TV DR LIJ\J LVJ‘} ‘l\w

msh, 65,
9574200 9575.700

3-2

\\\

112912,
5-4 “

Figure 3. A portion of the hyperfine structure of the= 4—3 transition

of 84Kr83CLP>Cl. The experiment required 3700 averaging cycles taken over

4k data points; an 8k transform was used.

Frequency (MHz)

@

[ I (
Table 2. Spectroscopic Constants of KrCuCl © ”g'd( o

Bo D; eQqCu) eQqCl) This gave ground-state effective,( bond lengths.
isotopomer (MHz) (kHz) (MHz) (MHz) The vibrational dependence of the rotational constants can be
BKr63CUBCI  957.5262(8) 0.1489(24)  36.522(36) —27.297(27) accounted for, at least partially, by including an additional constant
84Kr65CUPSCI  955.8138(3) 0.1179(76) 32.930(80)—27.153(61) parameter, designatedassumed to be independent of isotopomer:
86Kr83Cu3Cl  947.679(3) 0.143(9) 36.0(12) —27.3(10)
84KrS3CLPCl  931.2194(4)  0.1337(89) 36.41(11) —21.533(39) lo = liga(ri) + € @)

aNumbers in parentheses are one standard deviation in units of the last

significant figure. A fit to the bond lengths plus gaver, values®® These are

) equivalent to the earlier substitution)(bond length&' when a large
near 7660 MHz, was assigned lo= 4—3 of 8Kr63Cu>Cl. After number of isotopomers is used.
optimum conditions to produce the spectra had been found, Finally, the dependence efon the isotopomers was accounted

transitions of two further minor isotopomers were easily located. ¢y, using the mass-dependent) structures of Watson et &.For
Three (+1)—J transitions were found fot*Kré3Cu5Cl, with two a linear triatomic molecule the equation is:

each for the remainder. The lines ¥Kré3Cu>Cl were weak. All
observed transitions showed nuclear quadrupole coupling due to
both Cu and CI; the quantum number assignments followed the
schemed + lcy = Fy; F1+ I = F. The same checks of the
assignments as for those of KrCuF were carried out. Spectra of Wherelm = ligia(rm), andc andd are constantsyy, m, andms are
83KrCuCl were too weak to be observed. the atomic masses, amdlis the molecular mass. A fit including
The frequencies of all measured transitions are given with their but omittingd produced arry(® structure; a fit including botle
guantum number assignments in the Supporting Information. A andd gave anr,@ geometry.
representative transition is depicted in Figure 3. The spectra were The derived bond lengths of KrCuF are in Table 3. Ther.,
analyzed using SPFIT to give the spectroscopic constants in Tableandrn!) parameters seem well-determined, with thealues being
2. an order of magnitude less well-determined than the others,
Structures of the Complexes.The rotational constants shown
in Tables 1 and 2 have been used to determine the geometries
the complexes. Since the spectra are consistent with linear structure
for both complexes, the parameters to be determined were the Kr

1/4
mlmzrrb) @)

lo=1,+c(, )+ d(T

Of23) Rudolph, H. D.Struct. Chem1991, 2, 581.
%24) Costain, C. CJ. Chem. Phys1958 29, 864.
25) Watson, J. K. G.; Roytburg, A.; Ulrich, W. Mol. Spectrosc1999
196, 202.
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Table 4. Geometr§ of KrCuCl of the MP2 calculations, are in Table 4. The ab initio MP2 values
method r (Kr—Cu) r (Cu—Cl) comments from ref 10 agree well with experiment, but our values agree to a
lesser extent.
fo 2.36286(84)  2.0525(12)
e 2.3592(23) 2.0538(12) ¢=0.77(46) uR , )
rm@® 2.357484(33) 2.05230(89) c¢=0.067(40) &/2A Discussion
rm@e 2.3563 2.05147 c=0.144 W2A; .
d=—0.224 J2A2 Molecular Structures. The newly determined KrCu
MP2 2.314 2.0415 bond lengths are presented in Table 5, in comparison with
Mp2 2.369 2.055
r{(CuCIp 2 051177 the NgM bond lengths of all NgMX complexes reported to
date, plus some related complexes. The ab initio values are

aBond distances in AP Numbers in parentheses are one standard

deviation in units of the last significant figuréExact calculation: four also glven_. L
structural parameters from four rotational constahReference 102 Ref- From this table it is clear that the KiCu bond lengths
erence 27. are consistent with those of the other NgMX complexes. The

presumably because of isotopic variations in the ground-state bondexperlmental values are S"gh“}’ greater than the ab initio
lengths. An unconstraineg® fit produced highly correlated, poorly ~ V@lues. The Kr-Cu bonds are slightly longer than the-Ar
determined values probably because no isotopic substitution at FCU bonds, and the variations follow the trends predicted ab
was possible. Accordingly, a fit with(CuF), constrained to the initio, not only for NgCuX but also for the NgCuNgons.
value of re for CuF monome?® was carried out. This was The Kr—CuX bonds are significantly shorter than theKr
satisfactory and produced the values in Table 3. This table also AuX and Kr—AgX bonds for the same X (F, Cl, or Br),
presents the ab initio MP2 values from both this work and that in with similar trends predicted for KrCuKrand KrAuKrt.
ref 10. They are in moderate agreement with experiment, though  Taple 6 contains a comparison of the experimentat-Ng
they agree poorly between themselves. _ _ _bond lengths with values obtained from two sums of standard
In Qng sense, KrCuCl was easier to deal with because isotopic parameters. One is the sum of the noble gas van der Waals

substitutions could be made at all atoms, and there are no large’_ .. o S .

radius and the M ionic radius; this is effectively the van

correlations between the bond lengths. Again, reasonable valuesd Is limi h d is th f nobl d
could be obtained using unconstrained fitsrtp ry., and r,® er Waals limit. The second is the sum of noble gas an

parameters, though the fits seem poorer than the others. Since M() radii, in what can be regarded as the covalent limit.
ther,@ calculations involved obtaining four parameters from four The table is an extension of Table 11 in ref 7, modified

rotational constants, an exact calculation was carried out; it too Slightly to reveal some clear trends which are beginning to
gave reasonable values. All the derived bond lengths, plus thoseemerge.

Table 5. Ng—M Bond Lengths ), Centrifugal Distortion Constant®g), Stretching Frequencies], Force Constantk), and Calculated Dissociation
Energies D¢) of Noble Gas-Noble Metal Halides and Related Complexes

complex r(NgM) (A) D; (kHz) o(NgM) (cm™?) o(MX) (cm™1) k(NgM) (N m~1)d De (kJ mol™?)
e (ap x 107 e (ap ¢ (my c (up

ArCuF 2.22(2.19) 94 224 (228) 674 (691 79 44,37 (47)
ArCucl 2.27 (2.24) 34 197 (190) 456 (418 65 33,28 (37)
ArCuBr' 2.30 (2.26) 12 170 (164) 350 (313 53
ArCuArt« (2.34) (41)
KrCuP 2.32(2.28) 38 185 (198) 669 (691 84 45, 48 (61)
KrCucl 2.36 (2.31) 15 162 (148) 441 (4)8 70 37,39 (53)
KrCuKr+k (2.42) (58)
ArAgF™ 2.56 (2.56) 95 141 (127) 541 (573 36 14,18 (17)
ArAgCIm 2.61 (2.59) 35 135 (120) 357 (394 34 16, 16 (14)
ArAgBrm 2.64 11 124 (259 30

KrAgFd 2.59 (2.60) 31 125 (113) 544 (573 48 17,28 (32)
KrAgCI' 2.64 (2.63) 13 117 (105) 352 (394 43 15, 26 (28)
KrAgBrs 2.66 (2.69) 4 106 (89) 255 (287 38 17 (25)
XeAgH 2.65 (2.74) 14 130 (108) 546(518 64 36, 43 (56)
XeAgClt 2.70(2.78) 6 120 (99) 356 (3% 58 33, 39 (54)
ArAuFv 2.39 (2.39) 51 221 (214) 583 (594 97 55, 50 (59)
ArAuCIv 2.47 (2.46) 21 198 (184) 413 (393 78 42, 38 (47)
ArAuBrv 2.50 (2.49) 6 178 (165) 286 (284 65
ArAUuArtY (2.54) (141, 202) (44)
KrAuFs 2.46 (2.45) 16 176 (184) (5 110 58, 71 (86)
KrAuCIv 2.52 (2.51) 8 161 (163) 409 (383 94 44,56 (72)
KrAuKr+Y (2.57) (126, 186) (69)
Ar—NaCF 2.89 900 21 0.6 (8)
ArHgaa 4.05 22

ag = results of experiment. & values calculated ab initid.e = experimental values which for the NgMX complexes have been derived from the
centrifugal distortion constants using a diatomic approximation. &b initio values® ¢ = ab initio values for the complex. r¥ experimental values for
the monomer? Force constantk, derived fromw(Ng—M), using a diatomic approximatio.Ab initio dissociation energies. & corrected for basis set
superposition error, using the counterpoise correction.uncorrected for basis set superposition err&eferences 2 or 7, except where stated otherwise.
9 Reference 267 Reference 10.Reference 274d.Reference 27 Reference 28. Average valuesdf(Cu—Ng) are given! Present work, unless otherwise
indicated.™ References 1 or 7, except where stated otherWiReference 29 Reference 30 Reference 319 Reference 6 or 7, except where stated otherwise.
" Reference 5, except where stated otherwiggeference 7, unless otherwise stafeRleference 8, unless otherwise indicatéReference 4, unless otherwise
indicated.” Reference 32; apparent typographical error correcté&eference 3% Reference 33/ Reference 34¢4 andoy stretching frequencies are given,
respectively. Dissociation energies given are one-half the atomization enéigaference 922 Reference 35.
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Table 6. Comparison of Noble GasNoble Metal Bond Lengths (&) in The stretching frequencies(KrCu) were obtained from
NgMX Complexes with Values Estimated from Standard Parameters the distortion constants using the pseudo-diatomic equa-
Standard Parameters tion:#1
van der Waals  ionic radius covalent radius 3\12
atom/ion radius(rvaw)® (rion) (reow) w(KrCu) = 0 4)
Ar 1.88 0.94-0.99 (0.98F D;
K 2.00 1.09-1.1P : : . . e
XL 2.18 1.36-1.31 These results are also in Table 5 in comparison with ab initio
Cut/Cu(l) 0.60' 1.06° values; the agreement between experiment and theory
AgTIAg()) 0.81 128 supports the use of eq 4 to derive the experimental values.
Aut/Au(l) 0.7™ 1.27 : i o
Nat 0.79" From the comparison in Table 5, it is clear that the KrCuX

complexes fit the established overall pattern: @{@&rCu)
frequencies are less than the correspondi(@yrCu) values,
rvaw(Ng) + reo(NQ) + very close to those ofy(KrAu), and considerably greater

Bond Lengthsi((Ng—M) in NgMX)

lion(M™* experimental reolM(l .
o '°;(48) 2p2}2 - °;“(04( ) than thew(KrAg) values. In all cases, these frequencies are
rcu . . . .
Kroux 560 53203 K 296 much greater than the(ArNa) value for the Ar-NaCl van
ArAgX 2.69 2.56-2.64 2.26 der Waals bond, and much nearer to low-end values for
KrAgX 2.81 2.59-2.66 2.38 chemical bonds.
XeAgX 2.99 2.65-2.70 ... 2.58 : P~
ATAUX 565 539250 595 A _better picture qf the rigidity of the _complexes has been
KrAuX 2.77 2.46-252 .. 2.37 obtained by evaluating tH€NgM) stretching force constants,
Ar—NaCl 2.67 2.89 thus removing any mass dependence from the measurements.
aReference 36° Reference 37¢ Reference 38 These are the values  Again, a pseudo-diatomic approximation was used, the results
fok: Coorldina;ion ngmbgr 295+A|| ar? Calculfated fLG('M? = ;&MF)d— gF‘)- are in Table 5, and the present complexes are consistent with
The values for Ctiand Ag™ are from ref 39; those for Auand N&a are
newly calculated here.Reference 40.Dots show which sum of radii is the Ot_her NgMX complexes. ThIs(KrCu) force constants
closer to the experimental bond lengths. are slightly bigger than thigArCu) constants, much greater

than the corresponding(KrAg) values, and somewhat less

. . than thek(KrAu) values. They are 2 orders of magnitude
The complexes in Table 6 are grouped according to the greater thark(ArNa) in Ar—NaCl.

metal, with the experimental values presented between the The last col fTable 5 ai b initio NaM di .
sums in the van der Waals and covalent limits. In all cases, . € 1ast column of favle 5 gives ab nitio Ngi dissocia-
tion energies of all NgMX complexes reported to date,

the experimental values are less than the van der Waals limit,. . .
and bigger than the covalent limit. (The exception is the including KrCuF and KrCuCl. Three values are given for

undoubted van der Waals complex-A¥aCl, in which the most complexes. Two are the results of MP2 calculations

experimental value is greater than the van der Waals sum aérom the present work, in which basis set superposition error

defined here.) The dots (...) in Table 6 indicate where the _(BSSE) has and has not been accounted for. The third value

experimental values are closer to one limit or the other. For is also an MP2 value, corrected for BSSE, from ref 10,

NgAgX, which, from Table 5, are the most weakly bound obtained using a different program and basis set. There is
of the noble metal complexes, there is a variation from Ng general agreement between the two sets of values corrected

= Ar, where the experimental values are nearer the van der]cor BSSE, with the possible exception of KEAgX values. The
Waals limit, through Ng= Kr, where the differences are values calculated for KrCuF (4548 kJ mot?) and KrCuClI

. 1 i
about equal, to Ng= Xe, where the experimental values are (37-39 kj ir(nof éan‘?roa?T Ege KrF bond energy in the
closer to the covalent limit. Where the metal is Cu or Au, compound Kre ( mor™).
however, the Ng= Ar complexes are intermediate between (27) (a) Manson, E. L.; DeLucia, F. C.; Gordy, \i. Chem. Phys1975

the two limits, and the Ng= Kr complexes are closer to the 62, 1040; (b) Manson, E. L.; Delucia, F. C.; Gordy, \.. Chem.
. o Phys.1975 63, 2724.
covalent side. One can anticipate from these trends that the,g) gauschlicher, C. W.. Jr.: Partridge, H.; Langhoff, SGRem. Phys.

Xe—Cu and Xe-Au bonds will be found to be very close Lett. 199Q 165 272.
to the covalent limit in XeCuX and XeAuX (29) Barrow, R. F.; Clements, R. MProc. R. Soc. London, Ser. ¥971,
L . . o o 322, 243,
Vibration Frequencies and Dissociation EnergiesTable (30) (a) Brice, B. APhys. Re. 1931, 35, 960. (b) Pearson, E. F.; Gordy,
5 also contains a comparison of the centrifugal distortion W. Phys. Re., Ser. B1966 152 42.

. 31) Brice, B. A.Phys. Re. 1931, 38, 658.
constants of KrCuF and KrCuCl with those of the other ggzg Aﬂgfee\,’ S Bﬁ BrSnO, J.la;hem. Phys. LetR00Q 329, 490.

NgMX complexes. The values for KrCuX are significantly (33) Evans, C. J.; Gerry, M. C. Ll. Mol. Spectrosc200Q 203 105.

: (34) Pyykkq P.J. Am. Chem. S0d.995 117, 2067.
less than those of the corresponding ArCuX complexes, (35) Ohshima, Y : lida, M. Endo, YJ. Chern. Phys199Q 92, 3990.
mostly, but not entirely, because of the greater mass of Kr. (36) Pyykkqg P.Chem. Re. 1997 97, 597.

i indi (37) Bartlett, N.; Sladky, F. O. l€omprehensie Inorganic Chemistry
The low values in all cases indicate that the complexes are Bailar J. C.. Emeie. H. .. Nyholm. R.. Trotman Dickenson. A F..

rigid. They are much more rigid than the reference van der Eds.; Pergamon: Oxford, 1973; pp 21330.
Waals complex ArNaCl, whose distortion constant is over (38) Pyykka P. Science200Q 290, 64.

. . (39) Huheey, J. E.; Keiter, E. A.; Keiter, R. linorganic Chemistry
an order of magthde blgger. Principles of Structure and Reactly, 4th ed.; Harper-Collins: New

York, 1993.
(26) Hoeft, J.; Lovas, F. C.; Tiemann, E.;'ffimg, T. Z. Naturforsch, A: (40) Pyykkg P.Chem. Re. 1988 88, 579.
Phys. Sci197Q 25, 35. (41) Kratzer, A.Z. Phys.192Q 3, 289.
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Table 7. Comparison of MX Dipole Moments and Effective Atomic
Charges, Induction Energies, and ab Initio Dissociation Energies of
NgMX Complexes

MX D¢
complex u? Oeft® —Eind® our worlké ref 10
ArCuF 5.77 0.69 22 44 37
ArCucl 5.2 0.53 13 33 28
KrCuF 5.77 0.69 28 48 48
KrCuCl 5.2 0.53 16 37 39
ArAgF 6.22 0.65 11 14 18
ArAgCl 6.08 0.55 8 16
KrAgF 6.22 0.65 16 17 28
KrAgCl 6.08 0.55 11 19 26
KrAgBr 5.62 0.49 8 17
XeAgF 6.22 0.65 24 36¢ 43
XeAgCl 6.08 0.55 16 33 39
Figure 4. Plots of dissociation energy vs force constant for-Mgbonds ArAuF 3.49 0.37 5 55 50
in NgMX complexes. ArAuCl 3.19 0.29 3 42 38
) ) _ KrAuF 3.4 0.37 6 58 71
There is general correlation between the experimental force KrAucl 3.1 0.29 4 44 56
constantsk, and the ab initio dissociation energi€, It is Ar—NaCl 9.00) 0.79 10 g
shown in Figure 4. This is approximately consistent with  A;_geo 7. 0.84 84 45

the Morse potential, for whick andD. are related by: ay is the dipole moment (Debye) of the MX monomeres is the

2 effective charge of the metal ion to produce the value af the molecular
k= ZDBB (5) bond length. It is in fractions of an elementary charge. Values from ref 7.
¢ Charge-induced dipole induction energy (kJ ml 9 De in kJ mol;

with ﬁ being the Morse potential constant. Thus, if the Morse BSSE is accounted fof.Values from ref 7 or 8, or present workReference
. . 26.9 Reference 7" Present work! Reference 43.Reference 44 Refer-
potential holds andj is constant, therk and De are ence 8! References 45 and 48.Reference 9" Reference 47.
proportional. Figure 4 shows this to be roughly the case here.
The centrifugal distortion constants, measured with the energy, as well as dispersion terms which give contributions
rotational spectrum, from which the force constants have comparable to the charge-induced dipole term, they are
been obtained, thus give an indirect, if approximate, measurecounterbalanced by a significant repulsion enéég9verall,
of the Ng—M dissociation energies. it is not at all clear that th®, values can be accounted for
Since the ab initidD, values are comparable to those of with purely electrostatic considerations. This is almost
at least some clearly chemical bonds, it is appropriate to certainly not the case for NgAuX and also may well not be
query whether such bonding is also found here. To test thisthe case for NgCuX and NgAgX.
idea, purely electrostatic induction energies have been Nuclear Quadrupole Coupling Constants.In the present
calculated. In particular, given the linear NgMX geometry work, nuclear quadrupole coupling constants (NQCCs) have
of the complexes, a good first approximation is the-M been evaluated for coppetCu and®Cu), chlorine $°Cl
Ng charge-induced dipole term. Values calculated for this and®’Cl), and®Kr. Each has provided useful information
energy can be expected to be reduced by about 10% by theon the distribution of electron density at the nucleus in
X~—Ng term. The method of calculation is given in detail question.
in ref 7. The NQCCs for%3Cu and®Cu, as well as for®Cl and
Table 7 gives the induction energies for KrCuF and 37Cl, are in the ratios of their nuclear quadrupole moments
KrCuCl in comparison with those of the other NgMX (e.qg., for®Kr83CuF and®Kr®CuF this ratio is 1.0805(8),
complexes reported earliét® Once again, the KrMX  very close teeQ®Cu)eQ®Cu)= 1.0806(338). Accordingly,
complexes fit well into the earlier picture: the calculated the discussion will consider only tféCu and3°Cl values.
induction energies of the NgCuX and NgAgX complexes  Addition of the noble gases to CuX induces major changes

are~0.5D,, while those of the NgAuX are nearer to Dd to theeQ®3Cu) values. These are shown in Table 8. The
For the accepted van der Waals complexes-WaCl and NQCC of ArCuCl is roughly double that of CuCl, and that
Ar—BeO, the induction energies excebd of KrCuCl is even bigger. However, those changes are better

Several points must be considered in assessing theseonsidered as additive rather than multiplicative. Thus,
calculations. To start with, they assume a long-distance addition of Ar to CuX increasesQq®3Cu) by 16-17 MHz,
approximation, which may not be fully valid, and the while addition of Kr increases it by»20 MHz. The changes
calculated induction energies could be low by about 50%.
If this were the case, they would barely exceld for (43) Nair, K. P. R.; Hoeft, JJ. Phys. B: At. Mol. Phys1984 17, 735.

. (44) Nair, K. P. R.; Hoeft. JChem. Phys. Lettl982 102 438.
NgAgX, but would remain belovwD, for NgCuX and far (45) Hebert, A. J.; Lovas, F. J.; Melendres, C. J.; Hollowell, C. D.; Story,

belowD, for NgAuX. Furthermore, although there are several ” B LL Streeé, E.quhs\r/n- Ehysllg§8D48, 2824.ACh P06
other, smaller, attractive contributions to the induction (46 DELecuw. F.H.VanWachem, R.; DymanusJAChem. Physi969
(47) Veldkamp, A.; Frenking, GChem. Phys. Lettl994 226, 11.
(42) Lehmann, J. F.; Mercier, H. P. A.; Schrobilgen, GCéord. Chem. (48) Gordy, W.; Cook, R. LMicrowave Molecular SpectraNo XVIII in
Rev. 2002 233-234, 1. Techniques of Chemistrgrd ed.; Wiley: New York, 1984.
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Table 8. 83Cu Nuclear Quadrupole Coupling Constants (MHz) in Table 10. 83%r and '3%Xe Nuclear Quadrupole Coupling Constants
ArCuX and KrCuX Complexes and Related Species (MHz) for Various Kr- and Xe-Containing Species
eQq*®3Cu) molecule eQq®Kr) reference  molecule eQq'3Xe) reference
molecule X=F X=Cl X =Br Kr 0 Xe 0
Cux 21.956 16.16908 12.8510 Kr—Ne — —0.52 54 Xe-e 0.39 55
Kr—Ar —0.85 54 Xe-Ar 0.72 55
ArCuXx 38.056 33.186 29.92
Kr—HCI 5.20 11 Xe-HCI —-4.9 56
KrCuX 41.7F 36.52 KICUE 128.79 hi K
XCuX- 61.4 57.7 rcu 19 thiswor
A 7541 20,83 o753 KrAgF 105.10 6 XeAgF -82.8 8
’ ’ : KrAuF 185.94 7 XeAgCl —78.0 8
a Reference 2 Reference 49 This work. 9 Reference 50¢ Reference KrD* 549 57 XeH —369.5 58
51.f Reference 52. Kr+ 915 59 Xe([KI']4d0 —505 60
5p°6s")

Table 9. Halogen Quadrupole Coupling Constants (MHz) in CuCl, ) )
NgCucCl, and Related Species Table 11. 83Kr Nuclear Quadrupole Coupling Constants Resulting

from Polarization Due to External Charges

parameter CuX ArCuXx KrCuX XCuX OCCuxX
eQq(MHz)
eQq3Cl) —32.12729 -—28.032 -—27.30 —19.3' -—21.474 -
eQqBr) 261.1799  2255% 152.8  171.66 complex Qe® Ez;(M) En(F) E  calculated experimental
a C Thi d KrCuF  0.689 —1.593 0.294 —1.299 64 128.8
e fl'\l;eef]E-:(;rreennccee459‘;Reference 2¢ This work. 9 Reference 50¢ Reference KrAGF  0.653 —1.069 0.195 —0.874 13 10510
’ ' KrAuF 040 -—0.715 0.127 —0.588 29 185.94
: XeAgF 0.653 —0.994 0.189 —0.805 —34 —82.8
~380 ~ 450,
are ~38% and~45% of the change whenXis added to XeAgCl 0555 —0.807 0129 —0.678  —29 782

form XCuX™ ions. Similarly, addition of Ar and Kr causes e e tand (Table 7}t A f

0 0 ; ; a Fractional charge of the Mand F ions (Table 7)® E,;is the sum o
changes of-30% and-~37% of those obiained when CO is the field gradients at the Kr nucleus due to thé &hd F ions alone E;{M)
added to form the compounds OCCeAClearly, very large andE,{F), respectively). Units are #0J C-* m~2. ¢ Calculated using eqs
redistributions of the electron density at Cu are obtained 6 and 7 withy., = 78! the second term of eq 6 is negligible.
when the noble gases are added to CuX. Since both XCuX _ o
and OCCuX are fully chemically bonded for all X, these the trends found for the force constants and dissociation
results beg the question of whether the NgCuX complexes €nergies described above.

also show some degree of chemical bonding. It should be As_with the dissociation energies, it is also z_‘;mppropriate to
noted also that the fractional changes of #@q3Cu) are consider whether theQq®Kr) values result simply from

very close to those &Qq97Au) on addition of Ng to AuX. polarization of the spherical electron distribution of Kr by
In the latter cases, the change in the NQCCs on addition ofthe external charges on MX, particularly CuX. The procedure
Ar or Kr to AuX are ~33% and~42% of those found when  for doing this was also described in ref 7. Basically this

X~ is added to form XAuX ions and~27% and~35% of involves evaluating the fiel&, and field gradieng,; at the
those found when CO is added to form OCAUX. Kr nucleus due to MX alone, and then adjusting this value

The 35Cl and7%Br nuclear quadrupole coupling constants by _adding in the polarized ele_ctrons. This is Sternheimer
are shown in Table 9. While their absolute changes on antishielding;*®2and the equations are:
complex formation are less dramatic than those ofte ke K 2
constants, their fractional changes are comparable. For Vo, =" +1E, T eF (6)
example, the change on forming KrCuCl from CuCl is about eQq=—eQV,, 7)
38% of the change on forming CICUCIThis is comparable
tO, if a little smaller than, the fractional Change in ﬁ@u HereyKr andEKl’ are Sternheimer Sh|e|d|ng parametepgs
constant (45%). This pattern is repeated for all ligands studiedand 5 /2 respectively fof%Kr). As was found earlief the
(Br, Cl, and CO). term eK'E2 is negligible. The values fo®KrCuF are given
The value ofeQq(**Kr) in KrCuF is entirely in keeping  in Table 11, in comparison with those of the other reported
with those of KI’AgF and KrAuF. All three are given in Table Comp|exes_ Again, the Ca|cu|atmgqfa||s far short of the
8, in comparison with those of several other Kr-containing
complexes and of corresponding Xe-containing complexes. (53) Evans, C. J.; Reynard, L. M.; Gerry, M. C.lnorg. Chem2001, 40,
The NQCCs of both noble gases follow very similar trends; 6123, hi _—
. ) (54) Xu, Y.; Jger, W.; Djauhari, J.; Gerry, M. C. L1. Chem. Phys1995
in particular, those of KrMX and XeMX are much larger 103 2827.

i (55) Xu, Y.; Jger, W.; Gerry, M. C. LJ. Chem. Phys1993 99, 919.
than those of conventional van der Waals complexes, though(56) Keenan M. R.; Buxton. L. W.. Campbell E. J. Balle T. 3.+ Flygare.

well short of those of Ki and of Xe ([Kr]4d%p°6sh), W. H. J. Chem. Phys198Q 73, 3523.
respectively. RemarkablgQq®3Kr) in KrCuF lies between  (57) g\{arSrLtelré H. E.; Conner, W. T.; Woods, R. €.Chem. Phys1984

the values for KrAgF and KrAuF. This is consistent with (58) Peterson, K. A.; Petrmichl, R. H.: McClain, R. L.: Woods, R.IC.

Chem. Phys1991 95, 2352.
(49) Low, R. J.; Varberg, T. D.; Connelly, J. P.; Auty, A. R.; Howard, B.  (59) Holloway, J. H.; Schrobilgen, G. J.; Bukshpan, S.; Hilbrants, W.;

J.; Brown, J. M.J. Mol. Spectrosc1993 161, 499. deWaard, HJ. Chem. Physl977, 66, 2627.
(50) Bowmaker, G. A.; Brockliss, L. D.; Whiting, RAust. J. Chem1973 (60) Faust, W. L.; McDermott, M. NPhys. Re. 1961 123 198.

26, 29. (61) Foley, H. M.; Sternheimer, R. M.; Tycko, [Phys. Re. 1954 93,
(51) Bowmaker, G. A.; Boyd, P. D. W.; Sorrensen, RJJChem. Soc., 734 and references therein.

Faraday Trans. 21985 81, 1627. (62) (a) Fowler, P. W.; Lazzeretti, P.; Steiner, E.; ZanasiCRem. Phys.
(52) Walker, N. R.; Gerry, M. C. Llnorg. Chem.2001, 40, 6158. 1989 133 121. (b) Fowler, P. WChem. Phys. Lettl989 156, 494.
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Table 12. Comparison of*Br and83Kr Nuclear Quadrupole Coupling
Constants€Qq,) and Field Gradientsqp)

7QBr 83Kr
molecules eQq (MHz) 02 eQq (MHz) Qo?
DBr/DKr* 530.648 16.95 549.4 21.20
BrCuBr/KrCuF 152.8 4.88 128.79 4.97
BrAuBr—/KrAuF 202.3 6.45 185.9 7.18
OCCuBI/KrCuF 1716 5.48 128.79 4.97
OCAgBI/KrAgF 223.9 7.15 105.1 4.06
OCAuUBI/KrAuF 285.1 9.11 185.9 7.18

aRelative values EeQq/eQin MHz fm~2), calculated usingQ("°Br)
= 31.3 fn? (ref 63) andeQ (83Kr) = 25.9 fn? (ref 64). Reference 65.
¢ Reference 579 Reference 51¢ Reference 7f Reference 529 Reference
66. " Reference 53.

experimental value, and an alternative mechanism to elec-

trostatic polarization must be sought to rationalize the Figure 5. MOLDEN contour diagrams of two occupied valence molecular
; orbitals of KrCuF; in each case, the value of the contours=#s0.02 with
COUp"r_]g ConStar_]ts' ) n= 1-13. The different colors indicate opposite signs of the wave function.
A different view presented earlieralso applies to
83Kr63CUL9F. Because Br is adjacent to Kr in the periodic Table 13. Mulliken Valence Orbital Populations) for Kr, CuF,

table, it is appropriate to compare field gradients at Br and KrCuF, CuCl, and KrCucl

Kr in isoelectronic ions and molecules. Such a comparison _©rbital population  Krt CuF  KrCuF Kr+ CuCl KrCuCl
is in Table 12. It is interesting that in each of the pairs DBr/ Kr Kr
DKr*, BrAuBr/KrAuF, and BrCuBr/KrCuF the field q 0 0.13 0 0.13
gradient at Kr is very similar to that at Br. The inference is n g-gg i-gg g-gg i-gg
th_at _the electroq distributions at Br an_d I_(r are very sim_ilar nf:; 4.00 3.08 4.00 3.08
within each pair of complexes. A similar consideration Ndy 2.00 2.00 2.00 2.00
applies to the comparison with the carbonyl complexes, Nax 4.00 4.00 4.00 4.01
. Nas 4.00 4,00 4.00 4.00
whose values are also in Table 12.
The eQq®3Kr) value can also give a simple indication of cu cu
the charge displaced from Kr to CuF. Complete removal of ﬂ g'gg g'gg 8"313 8'%
. . S . . . .
an electron would give K, for which eQq®Kr) = 915 Moo 0.05 0.09 0.12 0.18
MHz. Thus, the degree of charge displacement from Kr is Moz g.ég 2.;3 2.32 (1)'82
— H Ndo . . . .
1?9/915— 0.14 of an eIec_tron. This should be contrasted e 106 106 104 103
with 0.006 of an electron in KrHCI. Ns 4.00 4.00 4.00 4.00
Electron Distributions from ab Initio Calculations. = cl
Along \_N|t_h the bonq lengths, wbr_appn frequenqes, and NgM q _064 063 —0.49 —051
dissociation energies, the ab initio calculations produced ns 2.00 1.99 2.01 1.97
information on the electron distribution of the complexes. Mpo 1.81 1.80 1.68 1.66
N 3.84 3.83 3.93 3.87

In particular, Mulliken populations, as well as MOLDEN

plots of electron density of valence molecular orbitals and
Laplace concentrations, have been obtained. In addition
electron localization functions (ELFs) have been calculated.

) ) ) Plots of Laplace concentrations,V2p(r), for both com-
The Mulliken populations are shown in Table 13. For both

| h i | h i th plexes are in Figure 6. These plots show where the total
complexes, the most striking results are changes in the 4sgiac1ron density of the molecule concentrates and provide
and 4p populations on Kr. For both complexes, there is

, another approach to discussing chemical bonding. In the case
apparently &o-donation of 0.13-0.14 electron from Krto ¢ NgBeO, distortion of the Laplace concentrations was
CuX, with a marginatz-donation (if any). Most of this IS yeemed to indicate the degree of covalency of the-Beg
taken up by the 4sorbitals on Cu, with rather less todp 5467 5 clear lobe for Xe was taken to indicate the onset
Interestingly, there is also a smalecreasein the 3dr of covalent bonding§® For KrCuF and KrCuCl, such distor-
populations on Cu.

; tion is slight (Figure 6), so by this criterion, the bonding is
Figure 5 shows MOLDEN plots of contours of electron considered largely electrostatic.

density of fully occupied 8- and Iz-valence MOs for

KrCuF. For all four orbitals, the plots suggest significant (63) Pyykka P.Mol. Phys.2001, 99, 1617.

i i i (64) Kello, V.; Pyykko, P.; Sadlej, A. JChem. Phys. Let2001, 346, 155.
shanng of electron densny be_tween 4p orbitals on .Kr and (65) Dolicia, F C.. Heiminger. P.. Gordy. Whys. Re. A AL, Mol
3d orbitals on Cu. The-sharing is greater than thesharing. Opt. Phys1971 3, 1849.

Such sharing would appear to be a requirement if there is to(66) Walker, N. R.; Gerry, M. C. Linorg. Chem.2002 41, 1236.

. . i : (67) Frenking, G.; Koch, W.; Gauss, J.; Cremer, D.Am. Chem. Soc.
be chemical bonding. It is interesting that we haotbeen 1988 110 8007,

able to construct corresponding MOs with comparable (68) Veldkamp, A.; Frenking, GChem. Phys. Lettl994 226, 11.

sharing for either of the accepted van der Waals complexes
'Ar—NaCl and Ar-BeO.
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Figure 6. MOLDEN contour plots of the Laplace concentrations of the
electron density for (a) KrCuF and (b) KrCuCl. Blue and red indicate
positive and negative values efv2p(r), respectively.

Michaud et al.

been confirmed with ab initio calculations. Nuclear quad-
rupole coupling constants (NQCCs) f8Kr, Cu, and Cl have
also been evaluated. KCuX dissociation energieBg, have
been calculated ab initio, along with various indicators of
electron distribution.

Both KrCuF and KrCuCl fit the trends established for other
noble gas-noble metal halide (NgMX) complexes studied
to date. The K¥-Cu bonds are short and the complexes are
rigid. The Kr—Cu stretching force constants, are larger
than the Ar-Cu values. Their values follow the trend
k(KrAg) < k(KrCu) < Kk(KrAu), a trend paralleled by the
dissociation energies. It is also paralleled by%e& NQCCs,
which are large. The NQCC for KrCuF is greater than that
for KrAgF but less than that for KrAuF, showing that the
distortion of the noble gas electron distribution on complex

As an alternative to the use of the Laplace concentration, formation follows the trend Ag< Cu < Au. All three
a topological analysis of the ELF has been carried out. This parameters (force constants, dissociation energies, and

function, 57(x,y,2, is defined by:%72

Dg(x,y,z))z)l

n(xy,2) = (1 + (Dg v 8)

where D, and D] represent the curvature of the electron
pair density of electrons of identical spin, for the actual

nuclear quadrupole coupling constants) imply that the-Mg
bonds are rather stronger than simple van der Waals bonds.

Though KrCuF and KrCuCl are consistent with other
known NgMX complexes, they have done little to resolve
the puzzle of the nature of the N@/ bonds. Thus, Ng
M™* induction energies are-0.5D, for all NgCuX and
NgAgX, but ~0.1D, for NgAuX. The Ng-M bonds are

system D,) and for a homogeneous electron gas of the same gjgpjficantly shorter than corresponding sums of Ng van der

density Dg). The original interpretatidii was that where
D, = 0, makingn = 1, there is zero probability of finding

Waals radii and M ionic radii and are, if anything, closer
to the sums of the Ng and M(l) covalent radii. The NQCCs

electrons of the same spin, but that electron pairs of oppositesf 41 atoms indicate significant reorganization of electron

spin can congregate. Whei&, = D?, makingny = 0.5,
there is perfect delocalization, and where< 0.5, there is

distribution on complex formation. The values f8Kr (or
131Xe)® could not be accounted for with a simple electrostatic

very little electron density. More recently, it was shown that model. The field gradient at Kr in KrCuF is close to that at
n = 0.5 can also occur where there are many nodes in thegy in isoelectronic BrCuBr, also consistent with related
spatial wave functions, and significant electron density can complexes. TheQq®Kr) value suggests a donation of 0.14

be masked?
Savin et af® have put forward an interpretation of the
topology of the ELF for a given molecule in which

electron from Kr to CuF, a value which is confirmed by ab
initio Mulliken populations. MOLDEN plots of occupied
valence molecular orbitals continue to imply significant

topological domains are located and assigned chemicalgharing between Ng and MX (which we could not show for
significance. This type of analysis, when applied to the results oy —NaCl or Ng-BeO van der Waals complexes). On the

of the KrCuF ab initio calculations described above, dem-

other hand, MOLDEN plots of Laplace concentrations and

onstrates the presence of a so-called “disynaptic-valenceg| F calculations indicate only small electron buildup

attractor”, V(Kr,Cu), located between, and associated with,
the Kr and Cu core basins. Savin et al. characterize di- or
polysynaptic attractors of this type as a shared-electron
interaction and thus, presumably, a covalent bond. For
KrCuF, the analysis demonstrates that the electron population
of V(Kr,Cu) is small, and this suggests that the covalent

interaction between the Kr and Cu centers is very weak.

Concluding Remarks

The complexes KrCuF and KrCuCl have been detected
and characterized using Fourier transform microwave rota-
tional spectroscopy. Rotational constants and centrifugal

between the Ng and M nuclei.

It is clear that, overall, the NgMX complexes are at the
border between van der Waals and chemical bonding. van
der Waals bonding can account for most of the properties
of NgAgX but is entirely inadequate to deal with NgAuX.
The NgCuX are intermediate, with KrCuF and KrCuCl
perhaps closest of all to the border. Making the distinction
is hampered by the lack of a clear definition of a chemical
bond and of a clear criterion for such bonding. (A recent
exchange in the literature illustrates the dilemfh&) None
of the experimental parameters can be fully accounted for
with a model in which the noble gas and metal halide are

distortion constants have been precisely evaluated and havey .y resting against each other, and further rationales must

produced geometries and vibrational data. These results hav%
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Spectra, Structures, and Bonding of KrCuF and KrCuCl

Table 14. Changes in Mulliken Populations on Complex Formation cmt) > Aut (15039 cnl)!7® So sd hybridization is much
Ng M more difficult for Ag than for Cu or Au, in keeping with the
Ane Al Ane Al Ana trends for. the NgM?( complexe;. It is amusing to note t_hat
ATCUF 0 T0.08 012 002 005 changes in nd Mulliken populations on complex formation
ArCucl 0 ~0.08 0.07 004 —004 (Table 14, column 7) follow roughly the same trend.
ArCuBr 0 —0.08 0.08 0.04  —0.02 If the d orbitals on M are essential in the Niyl bonds
R oy e o oo oo (and all evidence, particularly the MOLDEN plots of the
ArAgE 0 004 0.07 0 002 valence MOs, suggests that they are), then it must be argued
ArAgCl 0 004 005 -001  —-002 that these bondsll show a greater or lesser degree of
ArAgBr 0 —0.04 0.03 —-0.01 —-0.01 chemical bonding fomll the complexes. For our purposes,
KrAgF 0 —0.07 009 001  -0.03 we will regard a chemical bond as occurring between two
KrAgCl 0 —0.06 008  —0.01 -0.03 .
KrAgBr 0 —0.06 005 —-001  -002 atoms when electron density on one atom when they are not
XeAgF 0 —0.04 0.07 0 —0.04 bonded can have a significant probability of being in the
XeAgCl 0 —004 010 003  —0.04 sphere of influence (orbitals?) of the other atom when they
ArAuF 0 —0.12 0.18 005 -0.09 are bonded. Both the Laplace concentrations and ELFs give
ﬁﬁﬁﬂg: :8:83 :8:}? 8:}3 8:8; :8:82 only a weak indication of covalent bonding, implying the
KrAuF -0.02 —0.19 0.22 007  —0.09 bonding to be electrostatic. This could be interpreted as
KrAucCl —-003  -017 0.17 0.07  -0.06 polarization/dispersion van der Waals bonding. However, for

) ) ) ) ) KrCuX, as with XeAgX and AuXg*, the noble gas NQCCs
It is particularly interesting that, for a given Ng, all an4/0r the Mulliken populations indicate a small charge

indicators of bond strength follow the trend AgCu < Au. displacement from Ng to M, thus suggesting weak chemical
This applies not only to the properties mentioned above but bonding.

also to the changes in Mulliken populations on complex .

formation; our values are in Table 14. Donations are, for Ar  Acknowledgment. This research has been supported by
and Kr,~0.06 e for Ng—Ag, 0.1 e for Ng—Cu, and 0.15  the Natural Sciences and Engineering Research Council of
e for Ng—Au. Canada.

One property common to the noble metals but not to Na  Supporting Information Available: Measured transition fre-
or Be is the availability of low-lying d orbitals for bonding.  quencies with their quantum number assignments. This material is
If the bonding is thought of as involving some sd hybrid available free of charge via the Internet at http://pubs.acs.org.
orbitals on the metal, then an important property is the energy ;400095
required to excite an nd electron on M to{ri)s. For M',
these follow the trend Af (39164 cm') > Cu' (21928 (75) Moore, C. EAtomic Energy Leels NBS Circular 467, 1958.

Inorganic Chemistry, Vol. 43, No. 13, 2004 3881





