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The Pure Rotational Spectra of AuCl and AuBr
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The pure rotational spectra of AuCl and AuBr have been measured in theéd and 1 (also fov = 2 for Au*Cl)
vibrational states in the 5—-22 GHz spectral region using a cavity pulsed-jet Fourier transform microwave spectrometer.
The molecules were prepared by ablating Au metal in the presence, @t ®Ir, entrained in the Ar or Ne backing gas
of the jet. The equilibrium internuclear distanagshave been determined along with estimates of the harmonic vibration
frequencies and the dissociation energies. The ionic characters of the AuCl and AuBr bonds have been estimated from
the halogen nuclear quadrupole-coupling constants to. be 38%. Thegold nuclear quadrupole coupling constants
change appreciably from AuF to AuCl to AuBr (including a sign change), indicating substantial differences in their
electronic structures at Au; these variations could not be accounted for with a simple Townes—Dailey calculation.
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INTRODUCTION 12), giving estimates of various equilibrium constants. To ou
knowledge, AuBr has not been studied spectroscopically in tf
Interest in relativistic effects has recently led to many thgras phase before. A theoretical study by Schwerdtfeget.
oretical studies on diatomic gold compounds-13. The pro- (5) listed spectroscopic constants for a number of diatom
nounced local maximum contraction of the 8hell in gold gold species, including AuBr.
makes it a unique element for which to study such effetds ( In this paper we report the first measurements of the pu
15). Experimental studies on Au(l) species and their electroniatational spectra of AuCl and AuBr. Rotational and centrifu:
structures have thus far been limited to investigations on soliggl distortion constants have been determined and have be
using NQR (L6) and Mtssbauer spectroscopic techniquEg( used to evaluate the equilibrium bond distanegsand har
The results obtained have led to some debate on whether thenic frequencies and dissociation energies. The determin
Au hybridization in these species is predominamsttjor spin  hyperfine constants have been used to investigate the nature
character 17a, 17c, 13 the bonding in gold monohalides.
Fourier transform microwave (FTMW) spectroscopy is ideal
for the analysis of hyperfine interactions in such molecules. In
this laboratory we have studied several transition metal mono- EXPERIMENTAL PROCEDURE
halides using a pulsed-cavity FTMW spectromet&®{21).
The determined hyperfine constants have allowed the elecThe pure rotational spectra of AuCl and AuBr were mea
tronic structures of these molecules to be probed and hateed using a Balle—Flygare25) type pulsed-jet cavity Fou-
helped in gaining some understanding of the nature of bondirigr transform microwave spectrometé&6]. Two aluminum
of transition metals. Recently we measured and assigned thierors form the cavity; one is held fixed, while the other is
pure rotational spectrum of AuR22). To help improve the used to tune the cavity to the microwave excitation frequenc
understanding of the bonding in Au(l) monohalides, we haw®amples, entrained in a noble gas, are supersonically expan
extended our studies to gold(l) monochloride (AuCl) anth to the cavity from a nozzle situated slightly off center on the
gold(l) monobromide (AuBr). fixed mirror. Accordingly, all observed lines appear as Dopple
AuCl was first observed spectroscopically in 1928 by Fedoublets since the molecular jet and the axis of microwav
guson R3), who reported electronic transitions of &Gl and propagation are parallel. The line frequencies are determin
Au®Cl in the visible region. Several vibronic bands werky taking the average of the Doppler components. In th
observed and attributed to thhe-X and B—X electronic tran- present work the standard deviation of the frequency of
sitions. Recently O’'Brieret al. (24) reinvestigated these bandswell-resolved line is estimated to be one-tenth the linewidt
at high resolution AQ = 1-X'3" and BQ = 0"-X'2" (ca. 1 kHz); for severely overlapped lines, this is increased |
electronic states) and determined equilibrium constants for thee-quarter the linewidth.
Au*Cl isotopomer. No hyperfine structure for tHéAu or **Cl A description of the FTMW laser ablation system has bee
nuclei was observed. Several theoretical studies have bgaren elsewhere 27). AuCl and AuBr were generated by
carried out on the electronic ground state of AuGHg, 7, 9, ablating gold foil (-98% purity, ~0.5-mm thick, wrapped
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106 EVANS AND GERRY

TABLE 1
Observed Transition Frequencies (in MHz) of Au®*Cl
inthev =0,v =1, and v = 2 Vibrational States

J'-Jj"  F{-F{' F-F" v=0 obs-cale v=1 obs-calc v=2 obs-calc

1-0 3.3 23 7008.5482 0.87  6976.0420 0.2* 69435516 1.6*
3.2 21 7008.5482 0.8 6976.0420 0.2 6943.5516 1.6
52 22 70085482  -2.1 6976.0420  -2.4 69435516 -0.9
8.3 14 7009.9585 1.9 6977.3572 3.3
22 12 7009.9585  -0.9 6977.3572 0.7
5.3 33 7010.0832 0.7 6977.4603 0.3 6911.8564 1.0
33 32 7010.0832  -2.1 6977.4603  -2.4 6944.8564 -1.4
33 01 7011.7053 0.8
22 1.0 7024.0598 1.3 6991.5576 0.2
52 11 7024.0598  -1.6 6991.5576  -2.4
33 43 7024.7934 04 6992.2468  -0.5 6959.7165 -0.2
-3 21 7025.3070 0.4 6992.7322 0.1 6960.1750 2.2
2.2 22 70253070  -24 6992.7322  -25 6960.1750 -0.3
-2 33 7026.4185 2.5 6993.7427 2.8 6961.0857 0.6
23 32 70264185  -0.5 6993.7427 0.1 6961.0857 -1.8
-2 11 7037.7534 0.9 7005.1784 2.8
5 12 7037.7534  -1.9 7005.1784 0.1
i 2-3 7037.9162 1.1 7005.3159 14 6972.7363 1.9
1 2-2 7037.9162  -1.7 7005.3159  -1.2 6972.7363  -0.5

2-1 3. 3-2 14028.5852 04  13963.4224 0.0  13898.2907 -0.9
3 1-2 14028.5852 1.7 13963.4224 14
3 2-2 140285852  -2.0 139634224  -2.1  13898.2907 -2.9
3. 1-1 14028.7484 23 13963.5610 12 138984141 28
3 2-1 140287484  -14 136935610  -24
s 1-2 14029.2700  -0.4
2- 3-3 14029.4480 00  13964.3179  -0.1  13899.2174 -18

2-2 14030.0090 -0.6 13964.8273 -0.6

4-4 14030.3274 0.4 13965.1221 1.1 13899.9510 0.8
1-1 14030.5170 1.3

3-2 14030.5570 -0.6

3-2 14041.1936 0.4

1 ll 1
[ L e L N Ea S AT T S N S R T N S R T T N e N e N P Y N I S [ T A )

3-4 14041.7074 1.4
- 1-0 14042.8709 0.0 13977.9198 0.9
- 2-2 14044.1325 0.4 13978.9823 0.2 13913.8645 0.3
- 1-2 14044.2230 -0.9 13979.0621 15
- 2-2 13914.1260 0.3
- 2-1 14044.2951 0.4 13979.1204 -0.6
- 1-1 14044.3852 -1.3

BRI 23— B0 2l NI[— B[O B[ NS BOJUT B[R BIJCR BRI b
]

2 Residuals in kHz.

around a 4-mm-diameter glass rod), using the second harmagiices of 5-7 atm. The choice of carrier gas depended on t
(532 nm) of a Nd:YAG laser, in the presence of 0.1% @ transitions sought: argon was used for molecules in the groul
Br, in ultrahigh-purity Ar or Ne carrier gas, at backing presvibrational state, and neon was used for those in excite
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TABLE 1—Continued

J'-J"  F{-F{ F'-F" v=0 obs-cale v=1 obs-calc v=2 obs-cale
- 1-1 14044.6206 0.1*  13979.5183 -0.62
- 4-3 14045.0385 0.1 13979.9088 0.6 13914.8108 -0.7*
- 5-4 14045.4340 0.1 13980.2760 0.1 13915.1520 -0.1
- 2-1 14045.5175 -0.5
- 4-3 14045.8269 -0.3 13980.6410 -0.4 13915.4899 -0.5
- 3-2 14046.1927 0.0 13980.9583 -0.4 13915.7643 0.1
- 2-2 14046.7692 04

3-2 14047.3170 0.2 13982.0160 -0.2 13916.7542 -0.1
4-4 14047.4501 0.5 13982.1346 0.5 13916.8601 1.4

= 8180 BI{Ld BIILO B|W B B3]0) BOILO BI|=1 BET BI|UT RIJ-T RI|=1 BI~J b]~F tIJCT dafen
G2 02180 B2 BI|LO BIILO BIILH BOILO BIJTT BO1CO BI|TO BOJGR BIJUT RIS BIJCR OO BOLY

- 1-0 14054.7925 0.0
- 3-3 140564179 0.5 13991.2775 0.7  13926.1711 0.5
- 2-3 140564179 -1.9
- 2-1 14056.5464 0.7  13991.3849  -0.2  13926.2608 -0.6
- 1-2 14057.9530 18
- 3-2 14057.9530 0.6  13992.6933  -1.8  13927.4752 -0.8
-2 22 14057.9530  -1.9  13992.6933  -3.9  13927.4752 -2.7
-3 23 14071.9647 0.0
i3 11 14072.1828 0.4

32 31 44 21051.1607  -0.3
.1 33 21051.3152  -0.5
2.1 55 21051.7456 0.6  20953.9545 0.8
35 01 21061.2064 0.0
-2 1 21062.1390 15 20964.4642 2.1
2310 21062.1390  -0.6
5L 11 21062.8323 1.2
34 32 21062.8965  -0.2  20965.1591 0.3 20867.4712 -0.3
2.3 43 21063.0137  -0.3  20965.2567  -0.2  20867.5515 -1.4
2.3 21 21063.5476  -0.6  20965.7549 2.3 20868.0103 -0.4
2.3 32 21064.0923  -0.5  20966.2633  -1.0  20868.4890 -0.3
3.1 21 21064.3277  -05  20966.4882  -0.6
31 22 21064.4195  -0.6  20966.5669  -0.3
2.1 33 21065.1365 0.3
-5 22 21065.9226 0.3
2 54 21066.8524 0.5  20969.1081  -0.6  20871.4171 0.5
52 65 21067.0097 0.0  20969.2557 0.0  20871.5534 0.4
-1 32 21067.0565 0.3
5-I 54 21067.1661 0.0  20969.4008  -0.6  20871.6889 0.7

vibrational states. This procedure followed recent experience THEORETICAL CALCULATIONS

with the copper(l) and silver(l) monohalides, Xw@and AgX

(X = F, ClI, Br), for which lines from excited vibrational states The geometries of AuF, AuCl, and AuBr were optimized a
could not be observed with argon as the backing gas. This vihe second-order Mgller—Plesset (MP2p)( level of theory
also found to be the case for AuCl and AuBr (though not farsing the GAUSSIAN 98 suite of program80j. For Au, a
some other molecules studied earlier in this laboratory, suchraativistic effective core potential (RECP) was usé&jl The
ZrO (28), ScCl @1), or YBr (20)). basis set used for gold was as(9p/6d/3f ) Gaussian basis set
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TABLE 1—Continued

J'-J"  F|-F] F'-F" v=0 obs-calc v=1 obs-calc v=2 obs-calc
%-% 4-3 21067.2245 -0.6* 20969.4578 -2.2% 20871.7465  0.7®
%-g 3-2 21067.4984 -0.4 20969.7007 0.3 20871.9574 1.4
%——g— 4-3 21067.5406 04 20969.7509 1.3 20872.0099 -0.8
57 55 21069.1822 0.5
%—% 4-4 21074.3932 0.2 20976.6255 0.0 20878.9128 0.8
%-% 2-2 21074.7302 -0.4
%—% 3-3 21074.7302 -0.7
%—% 3-3 21078.4436 -04 20980.7181 -0.4

contracted to (84p/5d/3f) (5, 31). For F we used the aug-In Egs. [3] and [4],X refers to the halogen. Line frequencies
cc-pVTZ basis set32), while for Cl and Br we used the were fitted within experimental uncertainty using Pickett's

aug-cc-pVDZ basis seB3B). weighted least-squares program SPR%)( The resulting mo-
lecular constants for ABCI and Au’Cl are listed in Table 3.
RESULTS Since there have been no previous spectroscopic studies

AuBr, its bond length was taken from the theoretical study o

The search for the pure rotational lines from the grounglu(l) diatomics by Schwerdtfegest al. (5). This was further
vibrational state of A&CI was initiated using the molecularrefined using the ratio of the observed of AuCl to its
parameters obtained in ReR24). Lines from theJ = 2-1 predicted value given in Ref5) [at the CEPA-1 level of
transition of AU°Cl were found within 2 MHz of the predicted theory]. Lines from thel = 3-2 transition of the ground
frequency. Further confirmation that the lines emanated froffbrational state of A{Br were found within 10 MHz of the
AuCl was made by the prediction and measurement of linggedicted frequency. Similar accuracy was found for AuF afte
from Au*’Cl. The strongest lines for AtCl were easily seen in scaling theab initio calculated bond lengti2g). Confirmation
10 pulses. A portion of the hyperfine structure of the 2—1  that the lines were from AuBr was made by the prediction an
transition of AU®Cl is shown in Fig. 1These results, combinedmeasurement of lines from ABr as well as from the ratio of
with those given in Ref.24), were then used to predict linethe nuclear quadrupole coupling constants”®&r and *Br,
frequencies of both isotopomers in their excited vibrationalhich agreed with the ratio of their quadrupole moments. /
states; these were equally easily found. portion of the hyperfine structure from the= 4-3 transition

Altogether, lines from thd = 1-0 toJ = 3-2 transitions
were measured and assigned tothe 0, 1, and 2 vibrational
states of A°Cl and thev = 0 andv = 1 vibrational states of
AU®Cl. In assigning and fitting the measured frequencies, the rL|_ 35,5-25,4
coupling schemé&, = J + |, F = F, + |, was employed,

F,,F-F,F"

where "Au (100% abundance)®Cl (74.5%), and *'Cl
(25.5%) each have a nuclear spinlof& 3/2. The measured
frequencies with their assignments are listed in Tables 1 and 2.
The observed spectra have been interpreted in terms of the 35.4-25.3 353252
Hamiltonian, e
3.5,2-25,1 |J-|

H= Hrot + Helecquad+ Hspin—ron [1]
where U JU\

H.= B,J?2— D,J* 2] J .

. 14045.33 Frequency/MIiz 14046.33
Heiec quad— 6 4% %Q ,(A?J +V §<2)Q §<2)) [3] FIG. 1. A portion of the hyperfine structure of the= 2—1 transition of

Au®Cl in the ground vibrational state. Experimental conditions: 0.1%iiCI
argon; backing pressure, 5—7 bar; microwave pulse widthu8;&umber of
Hopinrot= Ci(AU) | (ay) * I + C(X) 1+ J. [4] scans, 100; 4K transform.
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TABLE 2
Observed Transition Frequencies (in MHz) of Au®Cl in the v = 0 and v = 1 Vibrational States®

J'-J*  F{-F{' F'-F" v=0 obs-calc v=1 obs-calc J'-J"  F{-F{ F'-F" v=0 obs-calc v=1 obs-calc

1-0 - 2-3 6689.3465 1.2*  6659.0626 2.12 -2 32 13402.3673 0.0 133415556  -1.2
- 2-1 6689.3465 1.2 6659.0626 2.1 22 22 13402.8401  -0.2  13342.0288 0.0
- 2-2 6689.3465  -1.2 6659.0626  -0.1 £3 32 13403.4204 0.1  13342.5550 0.0
- 3-3 6690.8808 1.0 6660.4806  -0.5 I8 44 13403.5710 04 133426878  -05
- 3-2 6690.8808  -1.4 6660.4806  -2.7 3.3 33 13410.1952 0.0  13349.4797 0.9
- 11 6690.7156 15 38 23 134101952  -2.1 133494797  -1.0
- 1-2 6690.7156  -0.8 32 01 13410.3635 5.0
- 0-1 66925254  -0.3 23 21 13410.3635 04 133496196  -1.1
- 1-0 6701.6344 0.6 32 12 13411.7297 0.9
- 1-1 6701.6344  -1.7 3.2 32 134117297  -0.1  13350.9026 3.2
- 4-3 6702.3276  -0.5 6671.9953  -0.2 3.3 22 134117297  -2.1  13350.9026 13
- 2-1 6702.8002 0.6 6672.4460 0.5 i 2-3 13422.4789 0.2
- 2-2 6702.8002  -1.7 66724460  -1.6 i 1-1 134227578  -1.3
- 3-2 6703.9751  -0.1 6673.5136 0.7 3-2 I 4-4 20088.8252 0.2
- 3-3 6703.9751 2.3 6673.5136 2.9 - 3-3 20088.9784  -04
- 1-1 6712.6790 16 6682.3086 0.4 7 5-5 20089.4557  -0.3
- 1-2 6712.6790  -0.8 6682.3086  -1.8 3. 0-1 20096.4137 0.4
- 2-3 6712.8823 0.6 6682.4857 2.0 5 1-1 20097.3668 1.0
- 2-2 6712.8823  -1.7 6682.4857 0.2 2 1-0 20097.3668  -0.5

3

3-2 20098.1447 15 20007.0538 0.1
4-3 20098.3007 0.2 20007.1863 0.1
2-1 20098.8214 -1.0 20007.6711 -2.8
3-2 20099.3363 0.1 20008.1600 0.3
2-1 20099.5457 -0.4
2-2 20099.6600 -0.7
2-1 20010.0218 3.0
2-2 20100.3802 0.4
5-4 20101.2906 -0.1 20010.1948 0.5
6-5 20101.4435 -0.3 20010.3377 0.2
3-2 20101.4748 26
5-4 20101.5958 -0.2 20010.4799 0.2
4-3 20101.6388 -0.9 20010.5245 -0.8
4-3 20101.9586 0.5 20010.8221 2.8
3-2 20101.9586 -14 20010.8065 0.0
5-5 20103.6256 -0.2
1-1 20106.9756 -0.8
4-4 20107.3415 0.1
3-3 20110.4265 -0.3

3-2 13388.1934 0.0 13327.4772 1.0
1-2 13388.1934 1.0

2-2 13388.1934 -2.0

0-1 13388.3971 2.0

1-1 13388.3971 0.5 13327.6511 0.4
2-1 13388.3971 -2.8 13327.6511 -2.5
3-3 13388.7903 -2.5 13328.1056 0.7
2-2 13389.3865 0.5

4-4 13389.7062 0.1 13328.9400 1.0
3-4 13398.7477 0.7

1-0 13398.9379 0.1

2-1 13399.4422 1.2

2-2 13400.4774 0.5 13339.7637 -0.6
1-2 13400.5914 -0.1 13339.8633 0.3
2-1 13400.6811 -0.1 13339.9402 04
1-1 13400.7497 0.3 13340.0730 -0.9
4-3 13401.1543 0.0 13340.4546 1.2
5-4 13401.54086 -0.2 13340.8127 -1.2
2-1 13401.6241 -0.2

4-3 13401.9254 -0.4*  13341.1722 -0.9%

2-1

'
i

BOIUT BT RIUT 8O BIICA BO]r= B3l B BIFUT AIFLY ADICN RIIGT KLY ROIET KOk ROl Bl b B3] BaP= ROILY AI10D RIJCO MI[CO ROFLR BOITO POITO BIILE VIGS R[0S RACE O ML RO BOILY 831D RIS NI NS

i |
i i i

D200 BI]N BIION R IR BT BII=T B3] DT ) RIKA 1A BT D] Bl K163 NTY BOIEY B3 BIIG BIISS NI NII=) B3] BRI~ BAGS 8I|GS NI

NI NITT BI(TT MO BN R~ RO KD B3O N0 NI 3 ~T NI~1 BI{00 B3JLY N RN t[et B

BIF1 831 N(1 A BIIGR RO A0l = BILEO EOFCR BIIGD BIITR RGO BIIES IS BIICY [0 BIILS B3[TO NIt 6I] DI NI RIFEN BI[ET RIS AIUT RIS NG RIIOT R3[0O BIICO AIIT AIICS AI]08 RS ML Kt

® Residuals in kHz.

of Au®Br is shown in Fig. 2The vibration—rotation constant,J + I, F = F, + |, was employed, wheré€Br (50.5%) and
a., for AuBr was predicted by using the relationship betweetiBr (49.5%) also have a nuclear spinlof 3/2. The spectral
the a, of AgCI (35), AuCl, and AgBr 386). Lines from vibra analyses followed the same procedure as for AuCl; the resu
tionally excited AuBr were found to be considerably weakeng constants are listed in Table 5.

than those of AuCl, so that lines from only the first excited

vibrational state were observed. In all, lines from the 2—-1 DISCUSSION

to J = 5-4 transitions were measured and assigned to the

0 andv = 1 vibrational states of AliBr and AuU"'Br. The Tables 3 and 5 contain a large number of accurate spect
measured frequencies and their assignments are listed in Tagepic constants for both AuCl and AuBr. From the value
4. In assigning the measured lines, the coupling schépve  obtained earlier®, andD,, of Au*Cl), the present results are
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TABLE 3
Molecular Constants Calculated for Au®Cl and Au¥Cl in MHz?
Au®3(Cl
Parameters v=0 v=1 v=2 Lit. Value®
B, 3511.087771(85) 3494.793905(97) 3478.50879(11) 3511.06(19)
Dy, x 103 1.3182(53) 1.3233(65) 1.3363(74) 1.325(22)
eQq(An), 9.63312(13) 8.8969(18) 8.1861(25)
eQq(Cl), -61.99694(81) -62.0831(12) -62.1663(15)
Cr(Au) x 10* 3.34(85) 3.6(11) 3.34¢
Cr(Cl) x 10* 2.61(76) 2.61° 2.61¢
Au37Cl
Parameters v=0 v=1
B, 3350.184209(89) 3334.99834(11)
Dy, x 10 1.2016(56) 1.2053(74)
eQq(Au), 9.6415(14) 8.9222(25)
eQq(Cl), -48.85934(88) -48.9227(14)
Cr(Au) x 10* 2.66(93) 2.66°
Cr(Cl) x 10* 1.95(78) 1.95¢

¢ Numbers in parentheses are one standard deviation in units of last significant figure.

b Results from electronic study Ref. (24), for v=0.

¢ Fixed to ground state value.

within the uncertainties previously quote2j and are consid-

The results are listed in Tables 6 and 7 for AuCl and AuBtr

erably more precise. All other constants, namely rotationaspectively. Since lines from three vibrational states were me

constantsB,, centrifugal distortion constant®,, nuclear

sured for AG°Cl, all three vibration—rotation constants in Eq. [5]

quadrupole coupling constarg€q for all atoms, and nuclear could be determined. The resulting valuegpanda, of Au*Cl
spin—rotation constant€, are newly evaluated. They haveare in good agreement with those from the electronic stdy (
been used to obtain further information about the moleculegor Au*'Cl, for which there are data for only two vibrational

The equilibrium rotational constar8, and the vibration—
rotation constants, and vy, for AuCl and AuBr were calcu
lated using the expression:

B, = B.—

al(V+ 1/2) + y(v + 1/2)2 [5]

5.5,7-45,6

IJ'I

5.5,6-45,5

h

5.5,4-45,3

F,,F-F,F

45,6-35,5

L h

4.5,3-35,2

IJ'I

13089.31 13090.31

Frequency/MHz

FIG. 2. A portion of the hyperfine structure of the= 4-3 transition of
Au®Br in the ground vibrational state. Experimental conditions: 0.1%iiBr
argon; backing pressure, 5—7 bar; microwave pulse widthu8;&umber of
scans, 100; 4K transform.

statesB, anda, were determined by fixing, to the AU°Cl value.
For AuBr, the values in Table 7 were obtained assuning 0.

The equilibrium bond lengths;., obtained from theB.
values, are also listed in Tables 6 and 7. The uncertainti
given reflect those of the rotational constants, fundament
constants, and atomic masses. For AuCl,rthealues are two
orders of magnitude more precise than the one from the ele
tronic spectrumZ4). For AuBr, if v, is estimated as being in
the same ratio te, as in AuCl, ther . could be lower by~7 X
107 A. For both molecules, the isotopic variationripis less
than the uncertainties, indicating that the Born—Oppenheim
approximation holds well.

The harmonic vibration frequencw,, and the vibrational
anharmonicity constanty.X,, of AuCl and AuBr were esti
mated using the relations developed by KratZ&f) @nd Pe-
keris 38), respectively. They assume a Morse potential,

_ 4B3 (6]
@e ™ DJe
QeWe 2
WXe = Be W +1 s [7]
e
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TABLE 4
Observed Transition Frequencies (in MHz) of Au”Br and Au®Br in the v = 0 and v = 1 Vibrational States
Assignment Au™Br Au®'Br
J'-J" o F{-F{' F'-F" v=0 obs-calc v=1 obs-calc v=0 obs-calc v=1 obs-calc
2-1 33 33 6565.7367  -0.6° 64639892  0.0°
23 22 6571.5014 0.6 6469.7901 0.0
33 12 6571.6733 3.8 6469.9315 0.9
3.2 32 6571.6733 1.1 6469.9315 -1.6
32 10 6643.6777 0.9 6528.0856 1.2
3 22 6646.7023 0.8 6530.8808 1.0
2.4 43 6650.9485  -1.5 6628.8619 0.6° 6535.2914 -1.5 6513.7892 0.4>
3 33 6651.4933 2.1 6535.7736 1.2
32 21 6652.3459 0.8 6536.6978 1.1
75 54 6652.9153  -1.3 6630.8011 0.3 6537.1919 -1.0 6515.6611 -0.2
3 21 6653.2205 0.3 6537.4874 0.5
.3 32 6654.3981 -0.3 6632.2642  -1.9 6538.5856  -0.2 6517.0401 -0.7
I3 43 6654.5830 -0.7 6632.4394 -0.2 6538.8739 -0.8 6517.3151 0.4
53 22 6658.4626 0.2 6542.8559 0.8
23 32 6660.0189 0.3 6544.3804 0.6
18 44 6544.6829 1.7
121 6664.0142 -0.8 6546.6428 -0.5
-4 12 6664.1485 -1.3 6546.7977 -1.6
-1 22 6664.3323 1.4 6547.0206 1.2
5.5 33 6775.3763 -0.7 6639.3849 -0.4
53 44 6778.0903 1.0 6642.0501 1.2
a1 21 6650.5352 -2.7
3L 11 6788.7351 -2.4 6650.6762 -2.3
31 22 6788.8850 0.3
31 32 6789.0569 0.8 6651.0584 1.3
32 32 33 9894.7025 0.5 9735.1744 0.0
3.3 12 9894.7965 -1.8
32 44 9933.0681 0.1 9767.0219 0.9
2.5 22 9933.3877  -0.2 9767.2686 -0.2
-3 33 9934.7529 0.1 9768.7337 0.4
57 33 9982.6766 1.4
-3 22 9985.3340 0.3
2-2 44 9987.9562 1.4
-3 21 9988.4252 1.3 9813.3276 0.3
1.5 54 9988.9720  -1.4 9955.8081 -0.9 9813.8497 -1.0 9781.5604  -0.8

a Residuals in kHz.

where D,, is the equilibrium centrifugal distortion con- These expressions have been found to provide reasona
stant, which is approximated as the ground state vdlug, estimates ofw,, wcX., and D, for ScF and ScClZ41). The
The dissociation energy. can be approximated by the relaresults for AuCl and AuBr are listed in Tables 6 and 7
tion (39) respectively. For AuCl, the harmonic frequenay) is in good
agreement with the result from the electronic stuglf)( The
w? new value for the anharmonicity constant,x., differs con
(8] siderably from the value in Ref28); however, since the latter
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TABLE 4—Continued

Assignment Au™Br Au®'Br

J'-J"  F{-F F'-F" v=0 obs-calc v=1 obs-calc v=0 obs-calc v=1 obs-cale
15 33 9814.3982  0.6®
21 65 9989.7953 -1.1? 9956.6202 -0.32 9814.6492 -0.7 9782.3485 0.0®
-7 32 9990.3721 0.0 9957.1847 0.0 98152496 0.5 9782.9371 1.5
2.1 54 9990.4983  -0.8 9957.3114 0.5 9815.3607 -0.8 9783.0470  -0.7
2.7 43 9991.0465  -0.8 9957.8489 0.3 9815.9297 0.6 9783.6037  -0.6
-2 32 9991.0669 1.0 9957.8706 1.4 9815.9216 -0.7 9783.6037 2.2
75 43 9991.8861 -0.2 9958.6732 -0.4 9816.7722 -0.1 0784.4343 -0.6
.3 44 9995.0201 0.0 0819.9156 0.4
-1 55 9998.0140 1.8
34 01 10013.7746 -0.4
53 10 10015.7897 0.3 9835.9180 0.7
52 11 10016.0068 -0.1 9836.1082 0.0
2.3 43 100182798  -0.9 9985.1572 0.0 9838.3242 -0.5 9806.0705 0.0
31 3.2 10019.4275 0.2 9839.2113 -0.8
34 11 10019.5324 -0.8 9839.3396 -0.9
53 21 10020.1813 0.5 9840.1936 0.4
5.2 22 10020.3488 -0.7 9840.3345 0.7
2.3 33 10023.0984  -0.8
53 32 10023.2708 0.2 9843.3232 0.2
34 22 10025.3574 -1.9 9845.1493 -1.5
34 21 10025.5416 1.2 9845.3721 1.2
.7 55 10114.1474 1.3 9918.7085 1.9

4-3 -5 44 13213.9924 0.6 12997.9359 0.0
7 22 13281.1224  -1.3
-3 55 13281.4156 0.9 13054.0804 1.0
1 33 13281.5198 -0.7 13054.1140 -2.6
7 44 13282.1281 0.1 13054.8068 -0.6
21 65 13323.5588  -0.5 13279.3293  -0.3 13089.4009 -0.7 13046.3376 0.2
I 32 13323.6838 0.8 13279.4515 0.7 13089.5344 1.0 13046.4663 0.2
L2 78 13323.9788 -0.9 13279.7433 -0.8 13089.8102 -0.6 13046.7387 -1.8
L2 65 13324.3391 -0.3 13280.0987 1.2 13090.1745 -1.2 13047.0994 0.4
L 43 13324.3907  -1.5 13280.1481 -1.1 130902324 1.0 13047.1535 0.0
L2 54 133247076  -0.0 13280.4607 0.9 13090.5432 -0.1 13047.4616 0.9
57 54 13324.8275  -0.6 13280.5772  -0.6 13090.6693 -0.9 13047.5862 0.5
2.1 43 13324.8938 1.3 13280.6434 1.4 13090.7260 0.7 13047.6398 -1.0
18 22 13096.7361 -2.5

came from a 1928 study of the electronic spectrum, where timeprove the agreement a little; this is shown in Table 8.&9r
resolution was-0.5 cm %, the discrepancy is not unreasonablehe same calculations produce a very reasonable value, but:
For AuBr, the present values are the first obtained experimegDEPA-1 value in Ref. %) shows better agreement with our
tally. estimates. The Douglas—Kroll DFT value of the dissociatio

For AuCl and AuBr, there are several published quantuemergyD. in Ref. (11) is very close to our estimate. For AuBr,
chemical predictions of their properties, including those iwhose theoretical literature is less extensive, the CEPA-1 c:
Refs. 6, 7, 9, 10, 12 For AuCl, the most accurate predictectulation in Ref. §) provides moderately good valuesrqfand
value ofr, is from MP2 results in Ref.9). Our own MP2 w.. The calculated, andw, values in the present work (Table
results using a slightly different basis set, as given abow), show much better agreement with experiment.
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TABLE 4—Continued

Assignment Au™Br Au®'Br

J'-J"  F{-F{" F'-F" v=0 obs-calc v=1 obs-calc v=0 obs-calc v=1 obs-calc
9.1 55 13096.7361  1.4*
33 11 13333.4381 0.0* 13096.9809 0.4
-3 22 13334.9105 0.1 13098.4085 -1.0
1.5 33 13099.7812 0.3
LS| 13337.2438 0.4 13100.8257 2.1
7.5 54 13337.3196 -0.5 13293.1079 -0.1*  13100.9083 -0.9 13057.8598 0.32
2.2 43 13337.5968 -0.6 13293.3595 -0.1 13101.0858 -0.4 13058.0381 0.8
7.2 32 13339.1978 -0.7 13294.9570 0.0 13102.7689 -1.2 13059.6907 -15
38 32 13102.7823 1.0
7.5 43 13339.2623 0.8 13295.0203 2.5 13102.8464 -0.1 13059.7662 0.6
53 32 13339.2623 -0.5 13295.0203 -3.6
32 21 13340.9177 0.2 13104.4402 0.3
2.3 33 13345.1936 -1.3 13108.7187 -1.3
2.3 66 13447.9105 1.6 13193.4592 1.0

5-4 i.s 76 16656.8612 -0.2 16601.5705 0.6 16363.8308 -0.5 16309.9952 0.7
a5 43 16601.7753 -2.1 16364.0452 -1.7
B g7 16657.1043 -0.5 16601.8106 0.7 16364.0687 0.2 16310.2294 -0.1
B4 76 16657.3127 -0.2 16602.0138 -0.5 16364.2793 -0.5 16310.4358 -1.3
B 54 16657.4141 0.6 16602.1151 2.0 16364.3819 0.6 16310.5389 2.0
L2 65 16657.5204 -0.7 16364.4876 -1.2 16310.6426 -0.5
LU 65 16657.5938 0.9 16602.2880 -1.8 16364.5589 0.9 16310.7101 -1.0
A2 54 16657.7306 0.2 16602.4255 0.5 16364.6962 0.3 16310.8489 1.9
£ 65 16665.0306 -0.1 16609.7492 0.5 16370.6681 -0.8 16316.8447 3.3
1.3 54 16665.1328 -0.7 16609.8519 -0.3 16370.7399 0.2 16316.9121 -0.7
1 32 16665.2553 1.5 16370.8820 0.7
.2 a3 16665.8149 0.3 16371.4196 0.2
2.7 54 16665.9579 0.0 16371.5910 0.0
.3 21 16666.0724 -0.8 163716794 2.2
2.7 43 16666.2496 0.9 16371.8778 0.1
15 32 16666.7953 0.2 16372.4058 0.5

Relativistic effects on the properties of coinage metal coraules. Their isotopic ratios, for both Cl and Br, should be thos
pounds usually mean that simple periodic trends no longefr the quadrupole moments of the nuclei. These ratios a
apply (see, for example, Ref)]j. One of the main results is given in Table 9 for thev = 0 andv = 1 vibrational states.
bond contraction due to relaxation of the kinetic repulsiofhey are indeed in excellent agreement, as anticipated. Tt
between the two atom8,4, 14. Consequently, for a metal-agreement is especially important in the present work becau
halogen bond for a particular halogen atom thexAlistance is of the extraordinary variations in the Au NQCC among the
actually shorter than the corresponding>distance. These molecules, as discussed below. Extra evidence was requirec
effects are shown in Fig. 3, which contains plots of the assigneQqvalues to the nuclei, and these ratios have provided
values of CX, AgX, and AKX (X = F, Cl, Br). It can be seen The NQCC of all the nuclei show significant dependence o
that there is a consistent decrease-6£08 A in bond length in vibrational state. This dependence can be written in the forr
going from AgX to AuX.

eQq =eQq + v+ 3) + v +3)? 9
NUCLEAR QUADRUPOLE COUPLING CONSTANTS Q0 = QG + aeodV +2) + YeodV +2) 9]

Very precise nuclear quadrupole coupling constantghereeQaq. is the equilibrium NQCC, and .o, andy.q, are
(NQCC) have been obtained for both nuclei, for both moledbration—rotation correction terms. Their values, obtaine
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TABLE 5
Molecular Constants Calculated for AuBr in MHz*
Parameters Au™Br Au®'Br

v=0 v=1 v=0 v=1
B, 1665.996625(41) 1660.467068(77) 1636.651718(41) 1631.267772(81)
Dy, x 10* 2.959(11) 2.961(18) 2.853(11) 2.863(19)
eQq(An), 37.2669(14) 36.6572(78) 37.2702(16) 36.6683(80)
eQq(Br), 492.3271(12) 492.899(18) 411.2827(12) 411.738(18)
Cr(Au) x 104 3.86(64) 3.86° 3.58(66) 3.58°
Cy(Br) x 103 1.418(66) 1.55(28) 1.405(69) 1.43(29)

¢ Numbers in parentheses are one standard deviation in units of last significant figure.

b Fixed to ground state value.

from the results in Table 3 and 5, are listed in Table 10. It Igle species. It can be seen that both AuCl and AuBr ar
clearly seen that the NQCC of Au are especially vibrationgubstantially more covalent than their Cu and Ag counterpar
state-dependent; presumably they are very sensitive to strane their ionic characters are similar in magnitude to those
tural variations with vibrational state. This dependence is muétCl and HBr. This is expected because of the high electr
smaller for the halogens. negativity of Au (Pauling-type 2.54) compared to the othe
The ionic characters of the AuCl and AuBr bonds can group 11 metals (1.90 and 1.93 for Cu and Ag, respective
estimated from the halogen NQCC. If contributions from th@2)).
d-orbitals of Cl and Br are neglected in the bonding orbitals, The NQCC values for Au, and particularly their variation
the ionic characters can be related to the coupling constantsffgyn halide to halide, are quite remarkable. The ground vibrz
tional state NQCC values vary from53.2387 MHz in AuF
i.=1+eQq(X)/eQa(X), [10] (22 to +9.663312 and+-37.2669 MHz in AG°Cl and AU°Br,
respectively. Such a variation implies that the electronic stru
whereeQq,, is the NQCC for a singly occupiedp, (n = 3 ture at Au changes significantly in going from AuF to AuBr. In
and 4 for Cl and Br, respectively) orbitals of atomic Cl or Ban attempt to account for this, we have obtained Mullikel
[eQao(PCl) = +109.74 MHz; eQq.o(Br) = —769.76 orbital populations from our relativistic MP2 calculations de-
MHz (39)]. The results are listed in Table 11 with variouscribed earlier and have applied them to a simple Towne:
halide-containing diatomic species, including metal monohBailey analysis 43, 49.

TABLE 6
Equilibrium Constants Obtained for AuCI*

Literature Values

Parameters Au®3Cl Expt.P Theory*® Theory? Au?7Cl
B./MHz 3519.23798(21) 3519.20(33) 3483 3279 3357.78042(12)
ae/MHz 16.30261(46) 16.28(27) 14.5 15.19461(14)
~e/MHz 0.00437(14) 0.00437°

re/A 2.1990287(9) 2.19903(21) 2.211 2.278 2.1990283(9)
we/em™1 383.61(77) 383.3018(16) 393.1 383 374.46(87)
Wee/em™1 1.4569(32) 1.33 1.254 1.3878(36)
D, [eV 3.13 3.49f 2.973 2.516 3.13

# Numbers in parentheses are one standard deviation in units of last significant figure. The uncertainty givisrdfenived from
those of the fundamental constants, rotational constants, and atomic masses.

® Reference 24). The value ofw.X. used in Ref. 24) was taken from Ref.23).

°MP2 level of theory, Ref.9).

¢ CEPA-1 method, Ref.5).

® Fixed to AU®Cl value.

"D, was derived from the results in ReR4) by the same method used in the present work.
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TABLE 7 26 ‘
Equilibrium Constants Obtained for AuBr® G—OF
Parameters Au™Br Au®'Br Sjg
B./MHz 1668.761404(60) 1639.343691(61) 247 ///ﬁ“ TTTTe——
ore /MHz 5.529557(87) 5.383946(91) e 7
re/A 2.318410(1) 2.318410(1) 22l — [ —
wefem™! 264.38(49) 262.16(51) I ///
wez, fem™! 0.7306(15) 0.7183(15) A
De/eV 2.96 2.96 20 e—
 Numbers in parentheses are one standard deviation in units of - e
last significant figure. 18 -
=
The results of the Mulliken populgtion ana'lysis are Iisteq in '6 \
Table 12. They show a significant increase in the populations Cu Ag Au

of the Au o-orbitals (5, 6s, and §,), and a slight increase
of the &, orbital, in going from AuF to AuBr. This trend
follows the decrease in electronegativity in going from F to Br.
The populations were applied to the following modified

FIG. 3. Equilibrium bond lengths of CXi, AgX, and A (X = F, Cl, Br).

Townes—Dailey equatioB, 49

eQqg= eQ01o(Ngp, — 0.5ng;,)
+ €Q0zo(Nsg, + 0.5N5,. — Ngg,),

[11]

where n are the total Mulliken populations of the orbitals

indicated, andeQgs;,, and eQqs,, have been estimated from

(13, 29
(%)) o

Using the values fo¢r °) = 5.19,° and 12.58,° for the
6p (45) and = (18) orbitals, respectively, an@ = 54.7 fnf
(46), values ofeQa;0 = —534 MHz andeQqs,, = —925
MHz are obtained. When these are used in Eq. [11],
resulting AueQqvalues aret+213, +140, and+12 MHz for

2010 + 1)
(21 +3)(21 - 1)

AuF, AuCl, and AuBr, respectively, nowhere near the experi-

TABLE 8
Calculated Molecular Constants of AuF, AuCl, and AuBr
AuF AuCl AuBr

ro/A MP2 1.918 2.200 2.337

Observed 1.918449> 2.1990287 2.3184102
B./MHz MP2 7931 3515 1642

Observed 7896.81976° 3519.23798 1668.761404
wefem™! MP2 555.1 391.8 273.1

Observed 383.3018 264.38¢

2 Reference (22).
b Reference (24).
¢ This work from Eq. (6).

mental results. Once again, this simple theory has failed
account for transition metal NQCC value®l). Particularly
noteworthy is the failure to reproduce the variations in sign.
The quadrupole moments of the elements are generally r
very well determined. One way of improving their values is by
using the observed nuclear quadrupole coupling constant
atoms, molecules, or solids in conjunction with a calculated «
estimated value of the electric field gradient (EFG). Calculz
tion of EFG has in recent years improved considerably, s
much so that quadrupole moments can be estimated with
accuracy (if accurate nuclear quadrupole constants are av:
able) of~1%. Pernpointeet al. (47) have performed Douglas—
Kroll coupled cluster calculations for the EFG of group 11
metal chlorides (CuCl, AgCI, AuCl) using the point-charge
nuclear quadrupole moment (PCNQM) method. The quadri
pole moment and the electric field gradient are related throug

thige equation

eQq

Q= ~%340647" [13]

TABLE 9
Ratios of eQq for Cl and Br in AuCl and AuBr?®
v=0 v=1 Equil. Lit."
M 1.268886(28) 1.269001(44) 1.268804(66) 1.2688773(15)°
eQq(*7C1)
Qq("Br) 1.1970527(45) 1.197118(68)  1.197019(68) 1.197050(1)¢
eQq(*'Br)

2 Numbers in parentheses are one standard deviation in units of the last significant figure.
b The literature values are the ratios of the nuclear quadrupole moments.
¢ Reference {40).

4 Reference (41).

Copyright © 2000 by Academic Press



116 EVANS AND GERRY

TABLE 10 TABLE 12
Equilibrium eQq Values (in MHz) for AuF, AuCl, and AuBr® Mulliken Population Analysis
for AuF, AuCl, and AuBr
eQqe ®eQq YeQq
1977y in AuFP -52.965(12)  -0.5378(95) Molecule ns5q, ns4, Nsd;  Nes  Nep, Mep,
197 A in Au?SCl 10.0107(18) -0.7615(37) 0.0127(13) AuF 1.78 398 4.00 038 004 0.08
35Cl in Au®Cl -61.9527(23) -0.0885(48) AuCl 1.84 397 400 0.54 0.09 0.10
197Au in Au37Cl 10.0106(34) -0.7447(30) 0.0127¢ AuBr 1.92 4.00 400 0.73 0.17 0.11
37Cl in Au®7Cl -48.8276(18)  -0.0633(16)
197Au in Au™Br 37.5717(80) -0.6097(79)
“Br in Au”Br 492.041(18) 0.572(18) CONCLUSIONS
197A0 in Au®!Br 37.5712(84) -0.6019(82) _
81Br in AudlBr 411.055(18)  0.455(18) The microwave spectra of AuCl and AuBr have been mee

sured for the first time to produce rotational and centrifuge
distortion constants, along with nuclear quadrupole couplin
constants. The equilibrium bond distance and harmonic vibr
tional frequency of AuCl and AuBr have been determine
¢ Fixed to Au*Cl value. along with their dissociation energies. From the halide nucle:
quadrupole constants, the AuCl and AuBr bonds have be
shown to be predominantly covalent in nature. The changes
whereQ is the quadrupole moment in square femtométreshe gold nuclear quadrupole coupling constant from one hal
eQqis the nuclear quadrupole coupling constant (NQCC) ien to the next indicate substantial changes in the electror
megahertz, andj is the electric field gradient in atomicstructure at gold. The simple approach of using orbital popt
units. For CuCl,Pernpointeret al. (47) calculatedq(Cu) = lations with the Townes—Dailey equation in estimating the
—0.3467 andg(Cl) = +1.7058 a.u., which usin@(Cu) = nuclear quadrupole coupling constant of gold could not repre
—21.1 andQ(Cl) = —8.11 fnt (46) in the above equation give duce the observed values or even the general trends in go
eQqCu) = +17.18 anceQqCl) = —32.505 MHz, which are from one halide to the next; even recent sophisticatedhitio
in excellent agreement with the experimental values o#lculations have some difficulty making accurate prediction:
eQq(Cu) = +16.169 andeQq,(Cl) = —32.127 MHz 48).
For AuCl, they calculatedj(Au) = +0.5869 andq(Cl) = REFERENCES

+3.1854 a.u., which giv Au) = +75.43 an ) =
3.1854 a.u., chg qu U) " 5 3 a. d—Z‘QC(C) 1. P. Jeffrey Hay, W. R. Wadt, L. R. Kahn, and F. W. BobrowidzChem.
—60.69 MHz. The result for chlorine is again in very good Phys.69, 984997 (1978)

agreement with the experimental valeQq. = —61.9527 5  Basch and S. Topioll. Chem. Phys71, 802—814 (1979).
MHz; however, their result for Au (although half of that found 3. T. Ziegler, J. G. Snijders, and E. J. Baerendsem. Phys. LetZ5, 1-4

using the simple Townes—Dailey approach) is considerably (1980).

higher than the experimental value@QqE(Au) = 4+10.0107 4. T. Ziegler, J. G. Snijders, and E. J. Baeren@lsChem. Phys74, 1271—
MHz 1284 (1981).

5. P. Schwerdtfeger, M. Dolg, W. H. E. Schwarz, G. A. Bowmaker, anc
P. D. W. Boyd,J. Chem. Phys91, 1762-1774 (1989).
6. P. Schwerdtfeger, P. D. W. Boyd, A. K. Burrell, W. T. Robinson, and M. J.
TABLE 11 Taylor, Inorg. Chem.29, 3593-3607 (1990).
7. O. D. H&erlen and N. Rech,Chem. Phys. Lett199,491-496 (1992).
8. P. Schwerdtfeger, J. S. McFeaters, R. L. Stephens, M. J. Liddell, M. Dol
and B. A. HessChem. Phys. Let218,362-366 (1994).

2 Numbers in parentheses are one standard deviation in units
of the last significant figure.
b Reference (22).

lonicity of Some Selected
Halide-Containing Diatomic

Species 9. P. Schwerdtfegevol. Phys.86, 359—368 (1995).
1% Cl  i.% Br 10. P. Schwerdtfeger, J. S. McFeaters, M. J. Liddell, J. “Bkpsand H.
Schwarz,J. Chem. Physl103, 245-252 (1995).
Cu 0.71 0.66 11. V. A. Nasluzov and N. Rech,Chem. Phys210,913-925 (1996).
Ag 0.66 0.60 12. Zl-gggs P. Furdk, and M. Urban,J. Phys. Chem. A02, 5263-5268
Au 043  0.36 13. C. van Willen, J. Chem. Phys109, 392-399 (1998).

H 0.38 0.31 14. P. Pyykkg Chem. Rev88, 563-594 (1988) [and references therein].
) : 15. R. J. Puddephatt, “The Chemistry of Gold,” Elsevier, New York, 1978.
Y 0.99 0.98 16. [See, for example, P. Machmemorg. Nucl. Chem.30, 2627-2634

(1968)].
Na 0.95 0.92 17. (a) C. A. McAuliffe, R. V. Parish, and P. D. Randell,Chem. Soc. Dalton
In 0.87 0.85 1426-1430 (1977); (b) P. G. Jones and A. F. WilliamisChem. Soc.

Dalton 1430-1434 (1977); (c) P. G. Jones, A. G. Maddock, M. J. Mays
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