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~ ABSTRACT
' 197

MSssbauer spectra at 4.2°K were taken with Au in several aurous

and auric éompounds. For'eachvoxidation sﬁaté‘a_linear cdr}elationvwaé'
observed.Béfween ﬁhe isomer Shifﬁ (IS) and the'qﬁédrupole splitting (QS).
Both tﬁe iS and Qs varied oVef widé ranges in both auric and aurous com-
péunds, .Neither IS nor QS alone could be used to determiné the oxidation
state,_bﬁt together they. appear to determine it uniquély. The results
fof linear auroué and sQﬁare4planar auric compléxes.are interpreted in
terms . of  6s6p and 5d6s6p27hjbridization, respectiveiy, with varying
degreés:of ionic charactér. Attempts to interprét the results quanti-

: 3,

tatively~in terms of the atomic parameters wz(o) and (r were

only partially sugcessful: it was not possible to reproduée the large

‘experimental values for (r-3 >6p using free atom theory. The nuclear

factor was determined as G6R/R = +(2.5%0.6) using the simple hybridization

model.



width of the TT-keV resonance is abouy 50 times that of
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I. INTRODUCTION

.Monoisotopic Au-197 possesses one of the best resonances for chemi?

- cal applications of Mossbauer spectroscopy. ‘Aifhough the natural line-

5T

Fe, the ranges

- of both'isomer shifts énd quadrupoie_coupling consfants are also much

o7

197

larger in "7 'Au than in Fe, thus rendering the“gold resonance of nearly

equal valﬁe for structural chemical work. Relatively little application

bf the l97Au resonance to chemical problems has'beenvmade until now,
however,?szd The'present‘work'was carried out to tes£,further~the feasif
bility'§f éuch application and to establish the s&stematic relaticnships
of the Mﬁésbauerrspectra.tobchemical structure.

Section II is a description of experimental procedures. Results. -

are given in Section III. In.Section IV these results are intercompared

and correlations are made. A simple interpretation is given in

Sectiqh V.

ITI. EXPERIMENTAL .
A. Source
197

Pt in Pt metal were made by neutron irradiation

196

~ Sources of

of 10 mg discs of metallic Pt enriched to 65% in Pt. These discs were

used as.received from the reactor, without further treatment. A single

disc cbuld be used repeaﬁedly._ The decay sc_heme3 of 18-hour 197Pt is

l97Au in gold

shown in Fig. 1. Absorbers consisted of (monoiostopic)v

compounds .
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B. Preparation of Absorber Samplés

Moét of the absorber samples were pfepared in,fhis Laboratory. Some
of the;léSs:stable gold compounds were made énly-a_few minutes before the
experiméﬁtsvwere performed, to avoid excesgivevdecdmposition, Once the
absorbéfisamples were in the cryoétat, which was maintained at 4.2°K in
an inér£ gﬁmosphere of helium exéhange gas at N2 Torr, the decomposition
process Vééiviftuﬁlly arrested..‘About a half gram of gold sbsorber was

2 area in a plastic sample holder. Some of

constrained to a disc of.2 cm
the more unstable compoﬁnds showed slight signs.éf decoﬁposition on the
surfacéé.ofvthis disc. H&wévér in each such cé$é1only a small percentage
of the_£$tél effective sa;ple'#as thus affected, ﬁith no observable effect
on the;MSsébauer speétrum.

"fThé'methéds of absorber preparation are summarized }n the flow

chart 'in Fig. 2 and are described briefly below. The marginal stability

of most of these compounds and the unreliability of commercial preparations .

made this the most sensitive aspect of the research reported here. More

detaiis’offthe_ syntheses are given elsewhere.y Many of the compounds

are vividly colored, thus facilitating their preparation and identification. .

Most of ﬁhe compounds were characterized by chemical analysis.
in*preparing gold samples for spectroscopy omne can employ the fact
that gold is a member of a small group of metals which form metal halides

having the following order of stability:

Iodide > Bromide > Chloride > Fluoride.
Most ﬁetals have the reversed order of stability. In general,'a given

gold(IIT) compound is more stable than the corresponding gold(I) compound,
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theilatferihsualiy having & tendency to disoroﬁorﬁionate into the auric
compound plusvelemental goldu Gold forms covaienﬁ:bonds in‘great pref-
erence:toVionic bonds and forms complexes appefentiy without e#ception,
Ito increase the coordinaoion hUmbers from one to two in the aurous state
and from hhree.to four in the auric state.

The compounds used in this work Qere_preoared as follows (cf. Fig. 2):

1;. fBrFé]+[Ath]— was prepared by reacting gold metal with liquid
BrF3;5oi$ihce BrF3 is both highly corrosive and extremely toxiec, the pre-
paration wes made in a monel vacuum system. “The transfer of this dull
yellow, Qery hygroscopic compound from the'reaction‘vessei‘into the
absorhe; holderiwas done in a dry box fo avoid forming the blaok hydroxide
(OXide)vof gold. Teflon absorber holders were used for this compoﬁnd.
.No chemioai analysis was performed on this cohpound. |

2. Orange AuF, was made by heating [ BrF ] [Ath] to 50°C and re-

3

: mov1ng the excess BrF_ in a cold finger. AuF._, ‘also highly hygroscopic,

3 3
was treated with the same precautions used for [ BrF ] [AuFu] A chemi~-
‘cal analys1s disclosed a gold—to—fluorine molar ratio of 1.0/3.0. |
3. Chlorauric acid, HAuClh? was formed'byidiesolving gold metal
~in aqﬁe regia. If is & reasohably stable orange—colored_compoond.
L, -Chlorauric acidlwas converted to the dark reddish—brown AuCl3
by heating the acid to 175 C in a tube furnace in an atmosphere of dry
chlorine gas. Atmospheric m01sture can decompose AuCl3

5. AuCl was made from AuCl by heating thevletter in a.tubeffurnace

3

to a temperature of 235°C in an atmoéphere of dry HC1 gas; AuCl can be

distinguished from the dark reddish brown AuCl3u

A typical chemical analysis geve a ehlorine—to-gold molar ratio of

by its light yellow color.

1.05/1.00.
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6.’ CseAu(I)Au(III)Clé was prec1p1tated from an acid solution of

CsCl and. AuCl.6 CszAu(I)Au(III)Cl6 is a black-solid which contains

gold in twovoxidation statee. N

'Y.F Both NaAuClh and KAuClh vere purchased “from Alfa Inorganlcs
NaAuClh is a golden yellow salt and KAuClh is a brlght yellow salt.

8f: AnBr3 was prepared by stirring Au powder with liquid bromine.
The black"product had a bromine—to—gold molar ratio of 2.96/1.00.

9. AuBr a pale yellow substance, was prepared by heatlng AuBr3
in a tube furnace to 100°C in a stream of dry argon gas. At about 115° c,
AuBr w1ll‘decompose 1nto its elements. The compound was analyzed as
having a gold to—bromine molar ratlo of 1. 006/1 000.

iO KAuBrh was - synthe51zed by dissolv1ng gold powder in anbaqueouS‘
$olution'of Br2 andiKBr;7_ Thls dark-reddlsh—brown compound was recrys;
ta.llized from'methanol. The chemica.l analy31s gave the following molar
_ra’tios.t 'K‘/Au/Br‘ 1. 02/1 00/3 97. .

11, Au13 is an extremely unstable’compound,which decompoees at

room temperature. We attempted_to synthesize it by slowly pouring a cold,

dllute‘aqueous solution of'HAuClh into an aqueous solution of KI.8 The
precipitete, which was initially brown, turned slowly to a green clay-like
substance,on-standing.f'The chemical analysis.game an iodine-to—gold ratio

of 2. 8/lvO We believe that the substance was essentlally converted to

AuTl and elemental iodine by the. time we were able to perform the Mossbauer

experiments.
12. ‘Aul is very easy to prepare. This.yellowfcomponnd was preci-
pitated by slowly pouring a dilute aqueous solution of KI into an eQuiva—

lent amount of a dilute aqueous solutiOn,of HAuClhﬂ(cf.:AUI3 above).‘
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This finely'divided substance, . which decomposes when dried, had a'green ‘

tinge and gave a different iodine- -to~gold molar ratlo than did the

(¥}

above preparatlon for AuI3 I/Au = 1. 05/1 OO

13. VKAu(CN)2, e colorless crystalline substance, was-synthesized
‘ frem ele@entalbgold by the cyanide process ﬁsed by.gold>minefs; Gold was
dissol?ed in a dilute aqueous solution of XKCN in the presencevefvatmoe—
pherie}okygen. Five grams of 30 mesh gold powdefICOuld.be dissolved
.overnight"when stirred vigorously in a dilute KCN eolﬁtibn. . We bubbled
a thin stream of oxygen through the solution.

1& AuCN a sparingly soluble bright yellow siubstance, was made by
vheafing‘an acidic solution of KAu(CN)2 to 50°C.

15; The Eggggfdicyanbdihaloaurate(iII) complexee wefe formed by
dissolving KAu(CN)zvin a solution of 100 cc water and‘30 ce metﬁanol and
adding the.epﬁropriate haiogen.9 To make KAu(CN)2C12, Cl2 gas was bubbled
through the solution. Methyl elcohol solutions of liquid bromine and -

elemental iodine were added to KAu(CN)2 to make KAu(CN)QBr and KAu(CN)

2

respectively. The chemical analyses of the dicyanodihaloaurate(III)

compounds gave the ratios:

K/Au/CN/C1 = 1.02/1.00/1.99/1.99
K/Au/CN/Br = 1.03/1.00/2.05/1.98
v K/Au/CN/I = 1.02/1.00/2.04/2.05 .

The chloride salt is pale yellow, the bromide is bright yellow and
v the iodide is deep reddish-brown. KAu(CN) is the least stable of the
three congeners.

16. KAu(CN)h; a colorless stable gold compound, was prepared'by‘-

treetihg.KAu(CN) Br2 with KCN. The KAu(CN)h solution was decanted to

2 2’
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separate 1t from KBr crystals whlch came out of - solutlon at high concentra-

tions. The chemical analysis gave K/Au/CN 1. 08/1 oo/h 02.
.17; Na Au(S ) was synthesized by neutra11z1ng HAuClh with

NeOH, then reactlng the resultlng solutlon with Ne/S to give the color-

2 2 3
less Na Au(S 0 ). salt. 10 Care was taken to pour the thiosulfate solution

2732
into the gold hydroxide solutlon to avoid prec1p1tat1ng an insoluble
~gold sulflde.'
18; Au O3 was purchased from Alpha Ineréahics as a brown powder;
19, [(c HS)hN] [Aus)C) (), 17 was kindly provided'by'Dr. N.
. EdelSteiﬁ; It is a reddlsh—brown crystalllne substance.

:LQCf- The three gold sulfldes were all black flnely d1v1ded sub-
stances}whlch.were amorphous, acocording to thelr'x—ray patterns.‘ " Only
: .Auész f(Aﬁ§AuS ); showed faint liﬁesvin'ifs peﬁder-pattern.“
in H S.- ~This initially dark reddlsh—brown prec1p1tate turns steel-gray
“The chemlcal analysis ylelded the gold to—sulfur molar ratlo '

2.04/1. oo

'21.‘ Au 83 was prepared by passing H S through a solution of chlor-
auric aeid in anhydrous~ether. A chemical analy51s ylelded a gold—to—
sulfur molar ratlo of 1. OO/l 65, a llttle hlgh in sulfur. This may have
been due to occluded HQS.

zé;' Au2s2‘was made by reactingszs with an aéﬁeous solution ef
auric chloride. The 'chemieal analyeis_gave.a gold-te—sulfur rafio of

1.000/1.007.

A 28 was prec1p1tated from an acid solutlon of KAu(CN) by'bubbling .

&, .

¥
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C. Apparatus .

‘A'Déppler velocity, which was_confrolled:by a closed-loop linear-
drive-system, was imposed on the absorber. Thé dri#e system consisted
of a léudspeakef drive coil, a velocity transdﬁcer; and electronic cir-
cuitrj'ﬁhiéh is:describéd briefly below and moré.completely elséwﬁere.
The gémma.rays which were transmitted through ﬁhéiabsorber sample (or
absorbed and retransmitféd) were detected by'a'l—iﬁch—thick NaI(T1) scin-
<tiilati§n»counter, Pulses corresponding to tﬁe T7~keV peak ﬁere selected
by.a singie—channel enalyzer. The output (logic) puises were sent into 
a multi@ﬁéhnel analyzer operating in thé'multiscalar mode.

In the 1inear—drive amplifier, a ZO;kc'tuﬁing—fork oécillator was
- used tb,éynchronize the”multiséalar start-advance pulses with thé wave-
form of the drive coil output. The 400 channels of the multiscalar were
o seQuentiéily'addreséed by a ld kc pulse derived from the 20 ke oééiliator.
A 10 kc pulse advance frequency. was further dividéd bj‘hOOItoiﬁroduée a
25-cps square—ﬁave which was ﬁséd to reset thé address of the ﬁﬁitiécalar
anglyzer”aftér all 400 channelé have been scahned.' A é5.cps-triangﬁiar
,wave-ﬁas ﬁroduced by integrating the above square wave which had first
been gmplitude-stabiliZEd by a precision séuaring circuit. This frequency
-éoﬁr#egeffeétively synchronized-the'channel ngmbers and.the instantaneous
velocity of,the source. | |

Within the drive unit, the 25-cps reference triangle wave form was
fed into the cloéed-loop negative feedback drive system to drive the
' loudspéaker coil. An additional small parabolic correction term to the
triangle wave was used tobfurther linearize the veléci_ty.ll This paraQ

bolic wave was obtained by integrating the reference triangle wave and



B ~ UCRL-19559

 was therefore eutometically synchronizeduwiph'the.svstem.' When’the feed~
back drive system was properly balanced the dev1at10n from llnearlty of -
the veloc1ty wave form vas less ‘than l% over 907 of the veloc1ty range.
Even 8o, combiningvthe up“ and ﬁdown s1des of phertrlangular velocity
wave'would”have resulted in lower resolution, So they were analyzed
' separately | A schemapic diagrsm of the circuipdis given in Fig.v3. Each
time a specprum was run the veloc1ty waveform was callbrated before re-
.mOVingvphelsample. This was accomplished by converting.the voltage oup—
put of tnevtrsnsducer.to a corresponding frequency:nsing a modified
VIDAR QECB‘voltage-to-frequency converter.. The frequencyfto—velocity '
conversionifor'each transducer was established:by obtainingffne well—knovn
‘six—lineﬂMossbauer speCtrﬁm_Of 57Fe sndvdeterminlng the seperation (in
voltage) of the two outerIZeeman components. A separation‘of
1.066 & 0. OOM cm/sec was obtained by an absolute laser 1nterferometer
d_callbratlonlz at room'temperature. Preston Hanna and Heberlel3"
: had prev1ously determlned the spllttlng of the outer—Zeeman components
at room temperature and 4.2°K as 1.061 cm/sec and 1.089 cm/sec respectlvely
Hanna's velues were used to convert the 1aser—calibrated room tempera—
ture value to one applicable at 4.2°' K. This separation is 1.09k cm/sec. -
Dafa analvsisvwes accomplished with FLOR, a'computer'program for
the,CﬁC 6600 that fits Lorentz curves to a spectrum.i'This progrem is
written as a. subroutine to VARMIT, a least;squares fitting program. A
V report'by Davidonlh gives the‘mathematical details of the metnod. For
many. gold compounds, the quadrupole splittings are not great enough com-

pared to the linewidths to give well—resolved component llnes. FLOR
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facilitates the resolution of'these‘lines and determines their intensities,
linewidths and line positions. There are provisiohs in FLOR for setting -

the value of any parameter to a fixed cohstant and for imposing linear

.constréinté:among.thé parameters as governed by the Hamiltonian.

.FLOR-computes the foot—ﬁean—square uncértainties, RMSU, for each
parameter; The RMSU is a measure of the étatistical error and is equal
to the square root of the diagonal elements of the H (inverse Hessian)
matrix Vﬁiéh is geherated by YARMIT. For MSssbéuer experiments; with

good statiétical accuracies, the RMSU valués are almost identical to the

'standéfd‘deviation.vaiues as determined by thevmethdd of maximum likeli-

hood (Poisson Sfatistics). Unfortunately, these RMSU valﬁes are small
for the linewidths and line posiﬁions and>offen'give liﬁtle indication

of‘fhe repfb&ucibilityjof the results. We therefore report the

probable error,

. {2
Z (x,-%)° - 1)

i=]1

e b

pe = 0:675

where M is the number of M3ssbauer experiments, x is the average of
the pgréméters and the ~xi's are the individﬁal measurements. The ope

is theiSO% confidence limit. That is, given a single additional experi-
méﬁt, there is a 50% chance that its results will be within the pe of

the previous identical experiment.
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III. EXPERIMENTAL.RESULTS.

The spectra are presented below for groups “of compounds that are
loglcally con51dered together. Where relevent, comparisons are made with
other_experlments. Unless otherwiSe-stated, the spectra were fitted v @
'with'two Lorentz curves of equal linewidths and intensities. Several of
the compounds had sllghtly asymmetric spectra which could have several
poss1ble causes: oriented crystallltes, chemically 1nequ1valent gold
atoms, or the Gol'danskii effect. Some structural 1nformation is 1ncluded.
here, to'fscilitate understanding ofjthe spectra;f More detailed crystai

structure:information, with references, is given elsewhere.

A. AuCl, AuBr, Aul

The Mossbauer spectra of the aurous halides AuCl, AuBr, and AuI
-are_shown,invFig; L, 'The'coordination of the gold atom - in AuI15 is
vdepicted‘inufig; 5. It is assumed thst AuCl and AuBr have similar
t'structures namely long zig—zag'polymers with linearﬂcoordination at the
gold atom;l No’crystallographic structurai determinetion'hes heen'done on:
AuCl or AuBr, which are both unstable compounds. Figure ﬁ includes the

" spectrum. of Aul for reasons explained in Sec. III.E. below.

3?
' Shirley, Grant and Keller2 did Mossbauer experlments on these
17

.eurous halides earlier, while'Machmer16 and Machmer gt_g;, have observed
pure quadrupole spectra of 97Au in AuCl and AuI All the results are set’
out for comparison in Table I. The results of Ref. 2 are in agreement

.with those of this work, within experimental error. However, the quadrupole

splitting results of Ref. 17 were over 10% lower for AuCl and those of

Ref. 16'were about 3% higher for Aul. The ambient temperatures of the
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samplesvin‘this work wés subétantialiy léwe?-thén.fhose temperatures

used iangfs. 16 and 17, but this probablyfwill not explaiﬁ'the discrep-
ancies: ‘With these unstable aurous halides;'thefe_is always the possibility
of decbmpééition; We feel,'however; that once.in our vacuum cryostat at '
h.EPKL;na inert‘atmospheré of helium—exchanée gas, our absorbers ﬁrobébly

did not- decompose appreciably during an experiment, and we have no satis-

factory explanation for the disagreement.

B. _Na3Au(szo3)2-2H20

3 203)2'2H20 is shown in Fig. 6. This compound

Th?lspectrum of Na,Au(S
is'essentialiyflinearly bonded at the gold atom, as illustrated in Fig. T.l

8

The tentative Au-§S interatomic distance in this compound,is%2.28.A. The
linewidth, 0.317(0.020) cm/sec, is large due partly to the thick absorber

samplé_ﬁe'used. 'The'gold content of the sample has not been determined.

C. AuCN, KAu(CN)2

. Aﬁong those compounds included in this work, the‘gold cyanides'have
thé'most_bositive iéomef shift and largest quadrﬁpole spiitting. The
Msssbauef spectra of AuCN and KAu(CN)zvare gi&eh in Fig. 8. The crystal
structure of AuCN is_nét known due to the difficulty of preparing single
crystéls; A powdér pattérn study has been made bf_this compqund, but
fhe reéulis are ambiguous bécause-of thé diffiéulty ;f differentiating

19,20

betwéen*the carbon and nitrogen atoms. The AuCN structure probablyv

inyolves both a nitrogen and a carbon bond to the gold atom to form a



IR A o UCRL-19559
long polymér:

Au —'C,-ANYF Aut—lc - N

[%f—'sfog'A»~>[‘
This méyvbé-a'zig-zag polymer?l with a bend ét_either the carbon or
nitfogeh_bonds. : KAu(CN)2 single crystals are £élétive1y easy to grow;
and x—ra&_analysié shows that the structure has‘linear units of cyanide-
gold-cyanide aggregates. By means of'infrared'épécﬁroscopy22 it has been
determiﬁedfthgtnthe carbon atoms are directly bonded fd the gold atoms as -

©is illustrated in Fig. 9.2°

D, AﬁF3'and [ BrF ]+[Aan]-

The.Mossbauer spectra for ‘the auric halides are not asrwell resolved
as for the aurous halides. The spectra of the auric fluorldes, AuF3 andv:
[BrF ] [Ath] , are illustrated in Fig. 10. The lines ‘are symmetrlcal :
| and part;ally resolvedf Both gold fluorides are extremely unstable and
. showed‘sigﬁs of some decompos1tlon even whlle in the cryostat. Several
experimepﬁé were méde on the same samples by changing the Doppler velocity
range aﬁdfreadjusting.the linear drive amplifier but not disfurbing the
'abéorpef which was in the cryostat. The quality and resolution of the
MSssbguer-épectra deteriopated slightlyvffém one experiment to the nexf.
The c§lors of the absorbers turned slightly dérk.at the surfaces which
© were in:contact with the aBsofber holder, indicating that some gold
hydroxide probably had been formed. The'first'experiments on both AuF3'

and [Ath]; gave the best spectra. Roberts g}_g}sl also did Mgssbauer

€
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experiments on these gold fluorides. Their results are listed with ours

in Table II. The isomer shift results for AuF._ are in agreement, but we -

3
~expected closer agreement for the [Ath]_ results. This difference may
be due to the different cations. Roberts g§_§l3 did nét report quadrupole

splittingsffor the gold fluorides. The coordination2h of the gold atom

in AuF3 is depicted in Fig. 11.

KAuBrh .

E. AuCly, NeAuCly, KAuCl), AuBr,,

The auric halides had very small quadrupole .coupling constants
(Fig. 12). The order of 'stability for four of these compounds is appfoxi—

mately as follows, starting with the least stable: AuCl KAuCl) and

3°

NaAuClh; 'KAuBrh. The AuBr. appeared reéSbnably étable;.but due %é ifs:

3
blaék célor,-é visual observétion'of any decomﬁosiﬁion was difficult. We
' afteﬁptéd'ﬁo pfépared AuIB, but it appears that this upstablé compouhd‘f
decomposed into Aul and elemental iodine before the exéeriment could bé
completed. The isomer shift and quadrupole splitting results of Aul and

"AuI3" are equal within experimental error. The Mossbauer spectrum of

"AuI." is given in Fig. 4, next to that of Aul, for visual comparison

3

"AuI3f has a broadened linewidth which may indicate that there was some
residual AuI3 which hadynot undergone decomposition.

The coordination of gold in these compounds is essentially square-

25

planar. The known bond length and bond angle information“’ for AuCl. is

3
depicted in Fig. 13. Bonamico 23_55326 have determined'the crystal

structure of NaAuClh. They found the AuCli ion to be essentially square-
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planar W1th all four Cl-Au-Cl angles belng W1th1n l of 90 R and an
average Au—Cl bond dlstance of 2. 28 A

In Table IIT the present results for auric ehlorldes and bromides
are compared wlth earlier work from thls Laboratory.?" The agreement is
’satisfaotory in-vieW“of'the‘lower'accuraey of the'earller work andﬂthe

fact:that-it-did not reveal: the quadrupole interaction;

F. KAu(CN).X,., X = C1, Br, I

2 2’

The trans—dlcyanodihaloaurate(III) complexes gave “Well-resolved

doublets, as shown in’ Flg 14.  Figure 15 1llustrates the’trans—symmetry"

of the cyanlde and hallde ligands, which form a square-planar conflgura—
tion around the- gold atom.28 Thevllne 1nten31t1es of the_two quadrupole

components_areyapprox1mately equal; however, the:lOVerevelocity~lineiisf

in_eaehjcése slightly more intense. ‘This may be due to the Gol'danskii -

effect27

or tova crystallographically non-isotropic sample. These com-
pounds' formed needle-like crystals. It is possible that these needle
crystale ﬁay not have been thoroughlyvcrushed; resulting in a partial

alignment of the needle crystals in the plane of the absorber disc.

G. KAu(CN)h

This substance has the largest observed quadrupole splitting and
the most poéitive.isomer shift of the auric compounds. The lines are

(Fig. 16) well-resolved and, as in the three KAu(CN)QXQ(X = Cl1, Br;»I)

€
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compounds, the line 1nten31ties are almost but not exactly equal. The .
ymmetry around gold is a slightly distorted square—planar conflguratlon{
However the linewidths and intensities were constralned to be equal in

our fitting of the data.

H._Au203, [(c H5)h ] {AuShCh(CN)h]— and ngAu(I)Au(IiI)Cl6

303, [(C HS)h N] [AuShCM(CN)h] and

Cs Au(I)Ad(III)Cl are grouped together in Fig. 17 because either the crystal

The MOssbauer spectra of Au

structure or the purlty of the compounds or both are 1n some questlon

The crystal structure of Au203, a brown powder, has ‘not been

determined. Lacking structural 1nformation we have'simply assumed that

Aus05 has square—planar (axial) symmetry as do other kniowh gold(III) com—

.pounds,vand fitted the spectrum with two lines of equal llnew1dths and

intensities.

The structure of [AﬁShCh(CN)h]_'has not been determined crystallo-

graphically, but it has been deduced to be square-planar at gold:29
- NC CN
\(3 S S C/’
I \Au/ ]
c-87 >s- c_
nc” N

The Mossbauer spectrum of [aus,c), (CM))17 is asymmetric, as seen in Fig.
17. The possible causes of this asymmetry are: chemically inequivalent
gold atoms, partially oriented erystallites, or the Gol'danskii effect.

The first possibility would probably result in more than the two (doublet) =

‘lines of square—planar[AuShCh(CN)h]—. Fitting the spectrum with a single
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‘line in addition to a doﬁblét'gave;a gingle'liné:éf 0.121(11) cm/sec and
a doublét; split by 0.197(6) cm/sec,fcénteréd éBoﬁt 0.326(7) cm/sec. The
remaiﬁing fﬁfee:possibilities would:(proﬁably).in&olVe two lines of unedual
intensitieg}Since [(cgﬂsth]f[Auégch(CN)h]T forms needlelike cryétais,,a partigl
orientatién of incompletely crushed érystals in the plane of the absorber
dise is,a'aistinct possibility._ Fiﬁting the spéétrum with two lines of egual
linewidfhstbﬁf uﬁequal'iﬁtensitieé gave liﬁes at 0.36L4 and 0.1L46 cm/sec.
".Thé-MBSsbéuer'sbectrUm Obtained for Cs2Aﬁ(I)AU(III)Cl6 shows a widé,
unresolved.absofption area. This black compéund consists éf equal parts |
gold(l)‘ahd gold(III) oxidation states.3o It is diamagnetic,3lvsolgold is
nof:inbfﬁé divalent étatef Thé_étructure is known to have tetragona1 symmetry,
‘contaipiﬁé complex'ions‘of linear.[Aucig]— and:équare—pianaf tAuClh]_
_upits.32“1Sin¢e;ngAu(I)Au(iII)Cl6 contains both.the.aurous and-aurié.Chlor—
1id§s,:thé{observed>pa?gmeters for AuCl and KAuCl; wefe.gsed_as'a fipstgAf‘ |
approximatiop tq fit the CszAu(I)Au(III)Cl6 Massbauer spe;trum..:The.reéu;ts  1‘

are consistent with this interpretation (see Table IV below).

,I' Gold Sulfides: Au2S, Au2S2 and Au283 f'

:"The three gold sulfide compounds wére‘réasdnably stable ahd sparingly
soluble ih;water._ Our samples appeared Amorphousvin xfray studies. |

_Vnysfélliﬁe Augsﬁwasvstudied by some French investigators33 Whé
determinéd that Aﬁes belongs.to tﬁe Og Pn3m space group of Cﬁ20 type structure
and has cubic symmetry; The AuQS MESsbauerISpectrum was fitted with two ' '& 
Lorenté lines of unequal intensities but of eqﬁal linewidths as shown in
Fig. 18. 'The linewidth and two line positions are O.2h9(h) cm/sec; - |

0.433(7) em/sec, and —0.156(6) cm/sec, respectively.

&
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:Augsg, which is diamagnetic, was not completely amorphous to x-ray

.powder studies, having lines similar fo those of gold metal. The Mossbauer

spectrﬁm fér Au282 is also shown in Fig. 18. The spectrum was fitted with
four Loréntzians;_withfno knowledge of_the Hami1tonian. This‘compound
may be:a‘cdﬁbinétion of gold in both the uﬁivalent and trivalent oxidation
vstates and mey even confain some metallic gold. iThe linewidths weré coh-
strained fo be equal.andvthe four lines‘were fifted at -0.344(11) cm/sec,
-0.197(15)‘cm/sec +0.021(58) cm/sec and +O.290(ll) cm/sec. The linewidth
détermined by the fit was 0.326(8).

”.Aﬁ S, is a black powder which decomposeé into its elements at about

273

28 is a complicated curve which we ..

attempted to fit with three lines of equal linewidth as shown in Fig. 18.

The‘lide positions are -0.197(9), 0.050(11) cm/sec and +0.348(7) cm/sec.

' The linewidth determined by the fit was 0.303(16) cm/sec.:

o The sulfide spectfa are too complex td interpret unambigubusly;

we shall thefefore not attempt to include them in the general discussion

~below. The derived parameters for the other twenty compounds are set out

in Table IV,
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IVQ 'COMPARISON OF RESULTS
‘A really definitive quantltatlve interpretatlon of our. spectra
would requirevcalculatlons of'HartreesFock quallty‘for the gold complexes

studied. This is not feasible yet, so we shall make do with a rather crude

N

' molecular-orbital interprétation. In this section we discuss quaiifétive

|
i

relations of the derived parameters and in Sec. V we make a tentative attempt

at a Quahtitative.treatment using atomic functions}‘

| Flrst we can convert the isomer Shlft IS and the gquadrupole split-

‘ 21/2
tlng, QS, 1nto the atomic parameters Aw (0) and q.z (l + %—- by using
r , .
the relatlons' ' ‘ B
] 2R2¢ SR
Is = _EHZE—B——( ) (a7 (o)) (2a)
= L. n_ . : B '
B N

Most of the parameters in Eq(2a) have their usual meani'ng,3h but the last

two'factors require comment. The differential electron density of the nucleus

~has a'subseript r to denote that it is the relativistic value. Often‘one

3L

uses the nonrelativistic form -wg(O) and corrects with a relativity factor

S'(Z);_ Tﬁus AWi(O) = S'(Z) Awg(o). The nucleus factor SR/R has been

igiVen_es +3'x 10" for lgTAu, although we note that its magnitude is not |
very_well-known.3h The positive sign for this parameter has received éup—

R _ v
port from Patterson 33.5;.;35 and seems quite well established. ' After

substitution, Eq. (2a) becomes

Is = 1.62 x 10‘27 Awi(o) . : (3)_'
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Using Eq. (3) and (4), we have calculated AWf(O)_:and qzz(l + =)
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The asymmetry parameter -1 is included in Eq. (2b) because we did not
determihe'its value experimentally and cannot rigorously derive qzz’from
QS. For the linear surous and square—?lanar,auricﬂcomplex ions we shall

take - n'.as‘zero (this would be exact for a complex ion in free space: it

36

should be a good approximation in a lattice). Substituting the value

Q = +O,59h(10) X J_O—ehcm2 for the‘quadrupole mqment of the ground state of

1974 into Eq. (2b), we find

o 2 1/2 : V ‘
: q(l + g_) = 28,7 X 10—15 (QS) B . | (h)

2
n 1/2.

3

“the resulfs are tabulated in Table IV.

Fitted liﬁewidths are also given in Table IV. Although we shall

~ not discuss these in detail, they may be compared with thé natural line- .

width ©f .0.19 cm/sec' FWHM. Most of the fitted linewidtls are in the range .
. 0.20 = 0.25 cm/sec, reflécting the broadening;expécted usiﬁg medium-

" thickness -absorbers.

Isomer Shift Systematics

~The isomer shift values of gold(I) and gold(III) compounds have
beénbafraﬁged in order in'Fig, 19. The first observationvthét we can make
aboutlﬁhese results is that the range of isomer shifts is veryrlarge for
both 6iid§tion states and the two ranges almost totally overlap. Thus,

it isnot feasible to determine the oxidation state of gold from the isomer

shift alone. From Eq. (3), a positive IS indicates that the nuclear elec-

tron density of the absorber is greater than that of the source. The shifts’
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observed for these combounds probably arlse largely from the contrlbutlon
to w (0) of the gold 6s electrons. Thls 6s electrOn den51ty is affected
by the llgands to which the gold atoms are bonded in each compound. In
Fig. 19, the more electronegatlve halides are near the bottom and the less
v electrooegetive cyanides are.near the top of . the ieomer shift scale for
both. the gold(I) and gold(III) complexes.

.:FrOm Fig;'l9'we note that for a given iigand the IS value of the
gold(III).compound is more p031t1ve than in the correspondlng gold(I) com-
pound{  ThlS 1mp11es that the Au atom in the gold(III) compound has a greater
‘nucleai electron density than in the corresPondingrgold(i) compound. Com-
.pare, fof exemple,*KAu(Cﬁ)h with KAu(CN) which have IS values of +0.k421
’ and +O 325 cm/sec, respectlvely or AuCl3 and AuCl with IS value° of
'2+0 057 and O th cm/sec, respectlvely. This observatlon can be explalned
'nae follows. | | |
v The'electron configurations of gold_iﬁ the aurods and euric com-

pounds.may‘be approximated in a.molecular-orbital picture byv__
Go1a(1): 5a*%(6s6p)"
| Gold(III): 5d8(5d6s6p2)Nl .

To elmpllfy this discussion, consider a hypothetlcal ligand, L, which forms
perfectly covalent bonds with gold (N ='1, N' - 1): [AuL, ] and [AuL)]”.
Gold>in'{AuL2]_ would have one 6s and one 6p electron. In [AuLh] gold
would have one 6s and two 6p electrons and a 5d hole. Although botb com-_
pounds- would have the same number of s electrons, bhe effective wﬁ(o)

for'[AuLu]_ should be more than for [AuLz]_ due to lower shielding of the
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65 electron in [AuLh]_.cOmplex'by;thé_nine'Sd eléctrqns. ‘Therefore, the

IS values of the gold(III) compounds would be expected to be more positive
than those of the corresponding gold(I) compounds, as .observed. For

N=DN'= O; and compleﬁely ionic bonding,"the same‘argument applies, but

'shielding.gf the 5s electrons by.the 5d's would be the major factor in

this éaée,-_The 6p.l/2 electrons are not expected to contribute significantly

o2 _ ' , : e
to the ~y~(0) value or to shield the 6s electrons effecti.vely._h

B. Quadiupole Splitting ngparisdns'
 The quadrupole splitting results are arranged in Fig. 20. The sign
of the'électricvfield gradient cannot be determined from these experiments,

although we shall_make_assumptions about the signs ‘in the discussion below.

First:wé“can‘make two observations fromeig. 20._ The QSlpafameter varies

in magniﬁude with ligand in about the same order for aurous and auric com-

pounds, and this order is similar to that of the IS variation. Also the

' Qs rénge is large for both oxidation states, with considerable’bverlaﬁ; 50

the oxidation state could notfbe reliably determined from QS alone.
The quadrupole Hamiltonian may be written

H e

To assign a sign to the gquadrupole splitting;:QS =’qu(1 + 3241/2’.we
make the foilowing arguments. Linéar aurous complexes are usually regarded
as having sp hybrid bonds along the symmetry axis: this would make eQQ
negaﬁive. Actuaily»any 0 bonds along the axis would produce an eqq < O.
The observation that @S is always fairly large in Au(I) compounds supports

this interpretation.
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In square-planar auric cdmpounds‘theﬂsituﬁtion is more complicated.
If the comﬁiexes were highly‘iohic_the Aﬁ_atom wdu;d-héve a d8 configura-.
tion, with:the vdxg - g2 orbitél empty.'”This wouid correspond to a con-
centraﬁion'of negative chafgé density along the symmetry axis (relativé to
spherical éymmetry), or eq®@ < 0. Cova.len.t'kdsp2 bonding, on the other
hand, teﬁdsbto producé an excess of negafive charge in the plane perpen-
diculaf to the tetragonal axis. Calculafions show- that this contribution

‘con-

to eqQ can be larger in magnitude than that from the (dx2 )

‘ -J
figuratioﬁ,- Thus in passing from a purely ionic square-planar case to a
completg;j'covalent case; i.e., from (5dx2 _ ye)f? to (Sdk2 _ yg)_l 6s6p2;
the-quantity eqQ is expected to vary in sign from negative to positive.

We notebfufthef that the p-electron contributions to dsp2 and sp.bonds
7have-tﬁ§ Sém¢ magnitude but opposite'sighs. Thﬁs for a éiven degree of

' covalencY’pér bond the Au(III) complexes‘should have an eqQ smaller than
thé cofresponding Au(I) complexeé;-because of the can¢éilation'in.qu due

“to the.'d8“ configuration. That these éxpectations”are all borne 6ut'is’:

clear on inspection of Fig. 20.

C. The Isomer Shift-Quadrupole Splitting Correlations

From Figs. 19 and 20 and the accompanying discussion; we would
éxpéct.cdffelations between the IS and QS parameters. The theoreticgl
basisbfbr‘this is especially plain iq ﬁhe Au(I) case. We can describe a
trend from more ionic to more covalent complexes in terms of an increasing
admixture of a covalenf sp component into the total wave function. Thus
the 6sy§opulation should be proportiénal to the 6p population; or the IS and

QS should be linearly related. Figure 21 shows that this is’ the case for
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aurous-halides. The relation can be‘describéd,by the least-squares fitted

equation

-IS(Au(I)) = O‘YBZI(QS) - béh?h cm/sec . | o (6)

For the auric compounds an IS-QS relationship is also expected,

-and it should probably'also be linear. The situation is more complicated

for the Au III compounds because both the ionic (dx2 )—2 configuration

| - y@ .
and the covalent dsp2 configuration contribute to both IS and QS. Further-
more qu"can have either sigh. We have assumed the auric fluorides to be

the most ionic and acdordingly assignedbtp their eqQ parameters the nega-

tive sign expected if the (dx2

2)—2 ionic configuration dominates eQQ,
With this aésumption the auric complexes show:a gégd linear.correlation,
as showﬁ‘in Fig. 22. Using only the (assumed) truly square complexes
'AﬁF&_, AuClh_, AuBrh_, and Au(CN)h—, we least-squares fitted the étraight’
liné given]by | -

IS(Au(III)) = 0.542 (QS) + 0.016 cm/sec . (7)

Since the straight lines described by Egs. (6) and (7) do not cross, we

infer that the isomer shift and quadrupole splitting taken together

determiné'theoxidation state.

The three cyanbhalides lie well above the line implied by Eq. (T)
(sééFig. 22). This is expected becaﬁse the asymmetry in the field gra-
dient, n, will enhance QS. Because the QS values for Au(I) cyanides and
halides ‘lie ét oppositebends of the scale, large values of n2 ére

expected for trans-cyanohalides. By comparing the observed QS for these



ceebe UCRL-19559

three compounds with those calculated_frdm_theif”isomé; shifts and Eq. (7),
we can estimate n2. The results are giVen in Table V. We cannot of course
‘take this type of estimsate 1iterally, and the vh? values in excess of 1

o8

are‘clearlyfwrong, bﬁt the result that_'n2 does'turn out to be of order

unity suppbfts our expectation that-it_should be}large for these complexes. -
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V.o INTERPRETAi'IoN
"Lédkiﬁg a seif—consistent:fieid c#lculétiﬁﬁ;’we‘shall intefpret.
the sffuctural IS and QS.parémeteré in-pérms of a vefy.simple moleéular;
orbital quel..‘Afomic-wave fuﬁctionSTWill be'ﬁSed to estimaté 'Awe(O)

and q. Writing a bonding orbital for a gold-ligand (Au-L) bond as
Y(AuL) = o p(Au) + v P(L) ,

we have

’if'overlap is.neglected} ‘For linear, sp?bOnded aurdus‘complekes, the

molecular orbitals ﬁay be ﬁritten. _ _
) —“'[(6s) + (6p )] FAE ww) o,
_ /5' _ z ‘ L

"

Yy, (AuL,

while for'square—plénar éuric complexes the fquf orbitals are

Wix(AﬁLh)-='§' [(6s) + /3 (6p.) - (Sd 2. é) ] * /8% w(1)
_ : g .
b (aur,) = & [<6s) £ /2 (6p) + (54, ] * /167 (@)
. ’ _.y

- The electric field gradient at the gold nucleus can be evaluated

' > 30598 - 1
q,, = e(w(AuL l———-—-——-—

HJ(AL)) ,

I'
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where h §e2 or L and 8 is taken w1th respect to the z'_symmeﬁry axis
w1th the orlgln of coordlnates at the gold nucleug.l Because of the r—3
term in q only the gold atomlc functlons contrlbute appre01ably to q,,

Thus

R

a,, (Aul,) 2o%q(6p,) e (8a)

qu(AuLh) .282[q(6pi).+ q(6py) + q{dez'% &2)] s - (85):

-where we have taken explicit note of the fact that these'equationsvgive only
the contributions of'theegold;ligandvbends to- qzz{ Befere proceeding we
vnote that'e COmplete treatment ﬁould include;a'lattice contribution, a

contrlbutlon from the 1onic configuration, and a shielding correctlon to

the bond contrlbutlon

bond

latt q1on + (1-R)q . _ , ' .(9)

(l—y)

. Z

The shielding factor R for 54 and 6p electrons'is unknown, and
~we shall neglect it. The antishielding factor, Ym, is

. ) - + R
perhaps as large as -h2.h,37 the value for BiS'. Even so, we estimate

att is only 6 x 1013 esu or smallerf38 In Au(I)(Bdlo) the

8

that (1-y)q

5310 core is spherically symmetrical and g O = 0. In Au(III)(5d°) the
5d8cofe gives a contribution q;on = - 2q(5dx2 _ yg)."Changing now to an

angular momentum basis, and using the relations

q,,{(54 > ) = q,,(522)

- y2
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00al®8,) = 0, (610 o

where fOr-example:(6lO) represents n = 6, & =  1.‘,vm2 = 0, we may combine

Egqs. (8) and (11) to read

 gZZ(AuLé) ='2a?qzz(610) ' S ..» - : (10a)

-2qzz(522),+ '28?[ézz(522) +'ngz(611)] . (100)

Thus calculation of qzz'-requires the evaluation of tﬁé7atomic parameters

' qzz(6ll)lénd' qzz(522); :Evalﬁating the angular factor, we can write

S : =1, =3, .
qnll = 8(2%)(22 + 3) {r >n2' Thus
a0 = Pagy, = 129 x 107 (x7) ) (11a)
o _" 15, -3 e o o

if'(r-3 ) is given in units of a;3 and q in units of esu/cm3.

-For the 5d core the evaluation of <r-3 ) was not difficult. Although

there_is_some ambiguity about just which ionic configuration“bf the free

ion should be used in calculating (3 >5d, the choice isn't critical

 because this parameter is not very sensitive to the configuration chosen. -

Of more concern is the difference between <rf3 >5a for the 5d3/2 and
5/2 ' shells, which are considerably different in a heavy 'atom like gold, v

where relativistic effects are importaht. ' We used the results of Dirac- -

5d

Fock : calculations for several configurations;kindly provided by



-28- . UCRL-19559

J. B. Ménh,?g After a somewhat complicated fiﬁting procedﬁre38:we adopted
the valﬁeee-
3y =aks a3
A 54 ,.lh 5 aq
or
. _ ) -3 .
Agpp = 26.9 esu cm R

as being_aﬁpropfiate for neutral gold in the '5d8(dsp?)n configuration
(i.e., for n = 3/L). " This value is in fair agreement with the values of

12.3 e’ “and ll.8-a;3 obtained from magnetic hfs and«é#dmic fiee structure
results.ho
We found (r ﬂ)6p much moreldifficult ﬁd'eStimate. The range of

_experlmental quadrupole spllttlngs (QS) requlres, on our bondlng model
»that (r >6é be qulte large, probably substantlally in excess of the
.'value 8 9 ag -3 h1,h2
the valuee of (r73 )6p for Au and Hg would be about the samefl

‘Ouf atfempts to estimate an appropriate (r3 )6p from the results
of freeQetom calculations were not successfu;; A direet calculation on
Au‘(SQ}OGSép) is not feasible, and even-in.ﬁhe Au (5&1Q6p) state the 6p
electreﬁ isvtoo weakly beﬁn&-to give arreaiietie resﬁlt. We therefore
tried.farious extrapolation schemes (a total of five) using etomic_Hartree-

Fock and Dirac-Fock results on neighboring atoms or ions in which the_6p

electron was more tightly bound.h3 The results were very diseppeinting.'

The extrapolated values for (73 )6p in neutral gold were very lov'6<'5 a;3

different extrapolation procedures'gave widely varying results. We have

S

fo und - for Hg»in HgCl2. One-would expect_g_griori tham S

), and

1
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'3 )sﬁv.véipes were relisble: four dif-

Slater—Hartree—Fock,,h_and two variants of

little doubt that the atomic (r
g T . 39
ferent methods——Dlrac—Fock,

45,46 u7

Hartree—Fock -gave results'tﬁaﬁ‘agreed quite well. We

could; however, find no conVincing way"to extrapolate these
~results to the case of interesf, The one - p081t1ve result of these caleu~

lations isithe'conclusion that {(r~ 3 >6p for neutral gold is probably not

larger than about S_a;3. We shall see below that this value is too small

\

to accdunt“for'the observed QS in terms 6f 6s6p‘§ybrid bonds. This con-

clusion also aPplies to the HgCl, results of Dehmelt,fet él.h2 . We aré

2
thereforefaced with a choice in 1nterpretat10n at thls p01nt (1) we can
give up thebsp hybrld model, or (2) we can. paraméterlze q616, that is,
admit that it cannot be. evaluated from atomlc wave functions and try instead
.to deterﬁine itvempirically. We have chosen,this_second'alternative;

: The observed isomer shift between two chpoundé'is giyen'by Eq. (3).
If we pgfameterize GR/R; this becomes !
-24 (GR

&y ayie) . (12)

‘IS = 5.4 x 10 =

- Nowthe IS between any two aurous compounds could be calculated if o and
GR/R ‘vere known, and 31mllarly for the auric serles. The values of

(O) for the conflguratlons correspondlng to the values o° = 0, 1/2, and

.32

0, 1/2 taken from Mann's Dlrac—Fock calculatlons, are set out in Table
'VI. Now we can relate SR/R to %10 for aurous compounds, and to q610
and ”q522 for auric compounds, because we know the_variation of IS with -

' QS, e#eh though we do not know o or f  for any component.. Evaluating

. (10)at o° =0, 1/2 end g2 =0, 1/2, and using Egs. (5-7), and
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Q = 0.595 leo—eh cm2,‘n =’O;'we find_-

Ts(auT, Ad® = 1/2) = -0.391 %gg QGiO‘” | (13a)
B ] |
1S(autir, 4g'% =1/2) = o.271 4 (qélo - ) (13b)
. | 'Y

where Ve have used vq610 ='_2q6llf' Substituting'for IS now from Eq.

(12),,usiﬁé the appropriate values from Table‘VI, we find finally

e - -5 R S
COR/R = -T.15 X200 a0 o (1ka)

SRR = B X207 (agp - ag) 0 - (akw)
where these two equations have been derived from (13a) and (13b), respec;.
vtlvely?‘ Here 9610 and q522 are in cgs-esu aéd 6R/R» is dimensionless.

Replacing . qség"by its numerical value of 26.9 XViOlsvesu/cmBQ we ‘have

two equations and twp‘ugknOWns: SR/R and q610."Theﬁ§01utiohs are

L

" SR/R +3.1 x 10~

- %10 C=hlox lO15 esu/cm3
-~ Although this Value of S8R/R is in excellent agreement with the
: 3L .

earlier estimate,‘ neither was very well-founded, and we do not believe

that this agreement should be taken seriously. Probably we are pushing

the simple molecular-orbital model too far in requifing.Eqs. (14) to hold.:

p

concommitant |q610| = 44 x 10T

esn/cm3 is much too large to be credible.

Thef

3
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It is d1ff1cult even to reconc1le the value |q6lO(Hg in HgCl )l =

15

23 X 10 esu/cm3, which can be calculated from the results of Dehmelt

gt.gl.,he with values calculated from atom;c:fUnctions. The extrapolated
value (r” -3 )6p;= Sa;3 for«atomic gold-correspoads to '§610 =

-13 x 10'5'esp/cm3. | |

) Still if we.are going to express our results in terms of sp and

'dsp hybrldlzatlon ‘we apparently must accept the very. large lq610| that
Eqsf (lh ‘give us. Of course this quantlty must be understood as an |
"effectlveﬁ6p field gradient, qslo(eff)'that must be associated with some -
more subtle property of the llnear or square—planar bonds than Jjust the
:charge dlstrlbutlon ‘of a 51ngle 6p electron (because (r-3 >6p would then’
- be too‘large) ' It‘would be tempting to suppose that exact satisfaction
of Eqs. (lh) was not really required, but that we could allow |q6lo(eff)|

to be as small as 25 X lO15 esu cm 3; for example, ratlona11z1ng that the

resultent discrepancy in 6R/R '(+i.8 x 107 for Au(I) versus +2.3 X 10 4
for Au(IIl))_was acceptable in the spirit of the dodel. This'approach would
evenhaye the support of an empirical precedent in that the HgClé results

.implied a similar value for |q6lo(eff)l in Hg. Unfortunately this
interpretation would lead to even worse problems, because if Iq6l0(eff),

15

. were as small as_25 x 10 esu/cm—3, then o and B would have to be
increased considerably to fit the experimental values of QS, and the bonds
“would become strongly polar toward gold. This seems rather unlikely for

gold-halogen (especially Au-F) bonds. This result is illustrated in

Table VII, where the charges X on the gold atoms, calculated from

-X(AuI) =1 - ko
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CX(auITT) = 3 - 882,

have been. cé.lc_ulated from the ‘.e'@erix_ﬁeﬁtétl valies | of QS, together with
EQS. (;O5ﬁénd the_fwo yalués-'éélo = -25 and -ﬁh'x iOl5 esu cmf3. Since
thé»chafge? on Au are ﬁnreasonably,negatiﬁe for”tﬁe formér valug we are
inclinéd‘to favor the latter; although it is much:larger than we wouid

calculatélﬁsing atomic orbitals.

i
1
i
i
1
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vI. SUMMARY‘ :
i‘From the MSSsbauer experiment’resultsccf.the lineaf”gold(l) and

square;planar;gold(III) compounds , direct feiatdonehibs were established
betweendthe isoqer shdfte;and quadrupole apliﬁﬁiﬁQS'fcr.both Qxidation states
of gold.’-These relationships»were explained in'fefms of the hybridization
of the bcnds and the numbef of bonding electrons on gold. The results
suggestthat the hybridizations of the compounds may‘remain essentially con-
staht, sp for the gold(I) and dsp2 for the gold(III) eompoﬁnds, and that
_ thechahgee,in the-ieomer shift and quadrupole'splittings.may be due to the
dlfference81n the ionic character of the varlous compounds

We attempted to determlne the values of q522. and q610 from Dirac~
Fockfree-atom wave fgnctlons of gold wh;ch were calculated by Mann. For
v_q522;]we deduced a'Qalue of 26;9 X lO]’5 esu/cm3.‘ The pafaaetef. q522 was
not a,sensitife function of'charge.‘ Uhfortunately,ithe_ q610v value_Was
vmuchmore difficult to determine and was found to be a very seﬁéitivé-fﬁnétionv‘
cfcﬁarge.’_Frcm the free-atom wave functions,:we estimated q.,, for ﬁeué
tral Auztc be quite small, perhaps -(10-15) x 101° esu/cm3. However; from
the results of the linear relationshliip of the isomerdshift.and gquadrupole
'splittiné for gold(I) and gold(IIT) compounds, and the nuclear electron
15

den31tycalculat10ns, we arrlved at a qg, Value of -Lh x 10 esu/cm3.

L
This . corresponds to a nuclear factor, SR/R, of +3.1 x 10 '. ' The charges»
 on‘gold;in the -compounds were given for 10 values of -25 X 10 15 and -
15 3 _ 15
-4} x 1077 esu/em”. For A0 = -25 x 10 u/cm , SR/R is about

+2 X 10’”. Thus we can probably conclude that the nuclear factor probably

liesin the range OR/R = +(2.5 * 0.6) X 10—h.
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It »appea.rs' tha.t the freé-atoin 'wa'.v_e’funét.iOns‘.'arev nOt adequete for
estlmatlng the electrlc fleld gradlent for loosely bound electrons such
as the 6p electrons of gold “Further insight 1nto the bondlng character-

istics of these gold compounds must a.walt molecular ‘structure calculatlons

which a._re_n_}o}t yet ava.llable for heavyv a.toms.
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Table I. Paramefei_'s' f;)r AurousHalldes
: . .. & . Quadrupole split- 5
AgCl T X | Isomer Shift (gm/sec) : %?igr?ﬁz/:eigal i
This work L2 -0.1k2 (1) 0.465 (1) |
Ref. 2 - -0.161 (20);f1 0.434 (%0) |
; B ' |
Ref.17 =~ 300 _— ‘triplet ;
514,15 MHz = 0.4120 cm/sec i
-51k.346MHz = 0.4122 cm/sec .
514.754MHz = 0.4125 cm/sec
AuB
This work - b2 ~0.147 (1) 0.423 (1) |
Ref. 2~ b2 ~0.143 (10) 10.1410 (20) |
Aul
This work .2 ~0.132 (3) 0.398 (1)
Ref. 2 b2 ~0.12h (10) 0.383 (20)
" Ref. 16 300 --= ' 508.296 MHz = 0.h0Th . |
‘Ref. 16 7 —- triplet | |
512.554 MHz = 0.4108 cm/sec
516.554 MHz = 0.4139 cm/sec
516.620 MHz = O.hlhl.cm/sec.}vf7ﬂ
®Errors in last place indicated pareathetically. |
|
|
|
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Table II. Results fdr,Aufic[Fluorideé.

Compound - Isomer Shift'(ggg Quadfupblé_Splitfing (ggg) Reference

o, .3, , o -0.13 (2) o . R >y L

. L - : | - L ' f

AuF S -0.107(1) B ‘ 0-274(2) This work
Kar, ~ 0.00.(2) — - 1

[BrF2]+[Ath]- -b.069(2) . C . 0.182(2) : This work




Table IIT.

bo-
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- Auric Bromide,and ChloridélParameters.

Compound .

Isomer

. o
Shift (seq) ngd?up§le Spllttlng:(g;g) ‘Refgrence

AuCl

2  5.

NaAucih-,KAumLl 0

.057(9) -
.037(15)
.0k (6)

.o36(éo)
.067(2)

.015(15)

0.075(8)

This work
2
- This work

2

This: work

2




" Table IV.

Results of the MOssbauer Experiments

Gold

Parameters from Fits of Spectra

Derlved Parameters

1y

65G6T-THON -

. Areal = Isomer Shift ) Quaqrugo;e Linewidth Aw(o) x10° 1+§Eél/2
Compons [ e e e TR A e
AuFs 164 ~0.107(1) 0.274(2) 0.232(2) -6.61 (=) 7.86
[Brro]*[AuF), ]~ 160 ~0.069(2) - 0.182(2) 0.228(40) -k.26 (-) 5.22
AuCl 170 -0.1k42(1) 0.465(1) 0.196(L)" -8.77 (-)13.33
KAuCl), 224 0.0LL(6) 0.127(8) 0.254(29) 2.71 3.64
AuClg 228 2.057(9) 0.075(8) 0.241(20) 3.52 2.15
AuBr 20k -0.147(1) 0.423(k) 0.217(8) -9.08 (-)12.13
KAuBr), 156 0.067(2) 0.113(2) ~ 0.220(12) h.11 3.24
AuBr 187 0.079(~T) 0.127("2) 0.300(L) 4.88 3.64
Aul 527 ~0.132(3) 0.398(1) 0.242(k) -8.15 (-)11.h1
"AuTs" 583 ~0.153(37) 0.399(5) 0.237(41) - -9.45 ’ l( )14k
CsphupCly -0.143(28) I 0.410(5) 0.216(k) |
; -0.009(22) IIT.0.133(18) 0.164(6) A .
AuCN 289 0.166(17) 0.809(3) 0.272(23) 10.25 (-)23.20.
KAu(CN)p 168 0.325(8) 1.021(6) 0.195(18)  20.08 (-)29.28
KAu(CN)), 168 0.421(12) 0.699(5) 0.218(1k) 26.01 20,05
Kau(CN)5C1, 328 0.256(2)  0.526(2) 0.218(k) 15.81 N 12,69
KAu(CN)oBro 119 0.272(T) 0.5L46(1) 0.2h5(25) 16.80 " 13.53
© Kau(cN) I, 97 0.278(6) 0.587(3) 0.215(12) - 17.17 A 13.85
[(CoHg) N ]*[AuS)Cly(CN))y ] 0.326(7) 0.197(6) 0.221(5) 20.1k o
Auj0, ' -o232 0.094(1) 0.168(k4) 0.350(22) 5.80- 4.81
NazAu(S505), ' 0.072(29)  0.708(k) 0.317(20) Lohy (-)20.31




Table V. Estimates of n2 for the potaé$iﬁm‘diéyahddihaloaurates.._ ;

~ho-
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o 18 QS(éalc) IQQS'VV n2
Compound - (cm/sec) - for n=0 observed calcu-
- m gec " (em/sec) : ﬁcm/sec lated
Kau(CN) 01, - o0.256 . o0.kb2 0.526 1.11k
Kau(CN) Br,, 0.272 0.471 0.546 1.007
KAu(CN) 1, - .0.218 0.482 0.587 1.196
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~ Table VI. Values of Awg(O)' for gold(I) and gold(III1)
states for which a2, B2 =0 and  1/2.° :

2 " State . State . _Units of
' " Required Calculated . Zwe(o),1026 em™3.
B |
- Au(I)
0 o 5al0 - 5q10 U Zv%(0) = 129099.743
- : " n=l  ns
‘ S 10 10 ' 6. 5 '
1/2 . 5d 6sb6p 54~ 6s L Y(0) = 129106.825
o _ vn=l ns .
Ay (0)ns = ~7.08,
v Au(T)
S  au(III)
S ST . 5 . -
o o s sad6s I yP(0) = 129102.601
: Coe - S n=l ns '
.  ,' 9 2 9 ‘ 6 o *
1/2 54" 6s6p 547 6s L YT(0) = 129110.182
' n=1 ns
o ' *%
5a76p W) = 0.327
_ ‘ 6p2 .
Ap(0)2 = -7.908
Au(IIT)

®_ _ 5 ' . ,
> The difference in shielding of 2 wZ(Q)_ by ‘the 6s and 6p electrons is
' L n=1 ns :
)2

Jeotar OT B8 = 1/2

6n1y abouf 5 parts in 106. Therefore we approximated (0

by summing the two wE(O) values.




Table VII.

UCRL-19559

.80 .

0

Charges on gold atoms 1nvar10us '.'comvpoun'ds .
Compound vq (a) q"610 - -_-25_ 9610 = -hb
RS 2% B : 5 5
.0 or B X - o or B X

Gold(I)

awcl 13.3 0.27  -0.07 0.15 0.41
AuBr . 12.1 0.24 0.03. - 0.1k 0.46
Aul : : 11.k4 0.23 0.09 - 0.13 0.49
Na3Au(S 0, ) 20.3 0.41 -0.62 0.23  0.10
AuCN . 23.2 0.46  -0.86 . 0.26  -0.03
Kau(CN), - 29.3 0.59 - -1.34 0.33 -0.30
Gold(III) | o
AuF3 ‘”ﬁ: ' _ ;7.9 0.4k -0.54 0.32 - 0.41
[BrF, ] [auF)]”  -5.2 047 -0.TH 0.3k 0.26

CKawCl, . 3.6 ©0.55 1.2 0.40 -0.24
AuCl ;- L .2 0.5k =1.31 0.39 ~  ~0.15
KAuBr), 3.2 0.55 -1.39 0.40 -0.21
AuBrgy . 3.6 0.55 -1.k2 0.bo 0 -0.24
Kau(CH), 201 0.7 = -2.69 0.52 ~1.16
KAu(CN)2012 S N12.LT 0.6k -2.12 S 0.k7  -0.75
Kau(CN)Br, "13.5 0.65 -2.19 0.k7 -0

, KAu(CN)212 . A13.9 0.65 . ..-2.21 0.48 -0.81
v[(c Hs)hN] | | |

- [AuShCh(CN) 1~ 5.7 0.57 -1.58 0.k2 -0.35

‘ Au2O3 o 4.8 .0.56 f1.52 - :o.h; | Lfo.
(a)qz.z’_'qGL'LO are in units' of 1015. e.su/cm3.‘
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FIGURE CAPTIONS =

197

Fig. l.f/Deéay scheme of Pt after'Ref.'3.{

Fig. 2.:"Fibw>3heet-sh6wihg préparétion’of=gold'coﬁpounds.

: : T T b . AR

Fig. 3;. Séhematic diagram:bf the MSssbauer spéctfometer circuit.l

Fig. h;‘ Sbeétra:of aufous.haliaes;‘with fitted_Ldfentzian curves !

Fig. 5;"666rdinationbof Au in AﬁI, after Ref. 15.

Fig..6g Mgssbauef'specfrum 5f éodium'dithiosulfatéaurafe dihydrate.

‘Fig;;T;_'coordination of gold in sodium dithiosulfatoaurate dihydrate, after
'Témpiefon and Rubin, Ref. 18.

- Fig. 8,':Spectra_of the. Gold cyanides.

Fig. 9.: CQordihafiQﬁ of gold iﬁ'KAu(CN)Q, aftéf Réf. ééf:v'
Fig. 10;  Séebffa 6f Aufic fluorides. ~ o

Fig. li}' Qold’cbofdination’iﬁ AuF after Réfiv24.

fig.‘lél Auric bromide and chloride speétra., H
‘_fig.'13f"Struéfure of (Auclé)2“dimer,'éfter Réffsés.'

.Fig. 1L. spectra of'pétassium §£3£§fdicyanodihéloaurates.

Fig. lS;».Cdordihétion Of‘gold in the Ezgggfdicyanodihaloaufate compléxes,
as given in ﬁef. 28. o |

Fig.,16.a.Spe¢trﬁﬁ of KAu(CN)h.

Fig. 17:  MBssbauér spectra of tﬁree gold compduhds; The salt
[(CéHS)hN]+[Au840h(CN)u]f Vaslused for the middle spectrum.

Fig.viS. Spectra df gold sulfideé.

‘ Fig. 19.. Comparison‘of isomer shifts.

Fig;>201 .Comparison éf quadrﬁbble_splittings.

Fig.'21.‘ Liﬁear relation:of QS -and IS for éurous compounds.

. Fig.‘22;i'Linear relation of.QS.and IS for auric compounds..
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Synthesis - of Gold Compounds ~ |

AuFs3
- |120°C
: vacuum :
[Bra [Aur]” Au283' Ay AuS,
BrF S '
."OCSU."‘ . on:'ydsr?fus ether H2S, HZO

¥ 1 agua regia 175°C 235°C
Gold metol —— HAuClg " 0 gQSAuCI3 Sy HCI AuCI .

, Py Na S;03 ul, Aul - HCI
iquid A_uBr4 N R [

KCN ‘Br.2 L ' [NO3AU(SZO3)2] Hzé
ool AuBr |oo c_AuBr o |
o wLKAu(CN)ZC|2 | CSZA“(I)A“(I[[)C'G )

KAU(CN)2 M—KAU(CN)ZBQ- KCN KAu(CN)4 |

I»,CH30H

::g R‘%KAU(CN)ZIZ
" AWCN
AUZS

XBL694-2593 -

- Fig. 2.
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LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, nor any person acting on
behalf of the Commission:

A. Makes any warranty or representation, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or '

B. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, apparatus method, or
process disclosed in this report.

As used in the above, “person acting on behalf of the Commission”
includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor. '
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