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MOSSBAUER RESONANCE STUDIES OF GOLD ‘COMPOUNDS
Marjorie 0. Faltens |
Lawrence Radiation Laboratory
University of California

Berkeley, California 94720

Jaﬁuaryv1969

ABSTRACT

M8ssbauer experiments were.performéd at liquid helium temperature

‘on linear gold(I) compounds and square-planar gold(III) compounds. A

. linear relationship was est@blished between the isomer shift and quéérﬁ4

pole splitting values for both the aurous and auric compounds. These

'results are explained in terms of thé comparable electric.field'

gradient Valués of the 5d and 6p electrons of gold and the differences
in the ioniec character of the compounds. The nuclear factor OJR/R

for Au 197 was determined to be 3.1 X% 1o'h. A séale was establihsed

to indicate the number of 6s electrons on gold which corresponds to

a given isomer shift and thé number of 6p electrons and 5d electron

holes which are responsible for the'observed'quadrupole splittings.
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I.. INTRODUCTION
The M&ssbauef effect hasApfoven to be a valuabieut§dl in the
> ;ﬁ particular, the
MGssbéuer effect provides a sensitive method of investigating the changes
in the elecéronic environment 6fbthe M6éébauer nucleus as a fﬁnétion.
of the atoms “to which it is bonded. Informétioh about thé elec£ronic
structure.of'an gtom is accessible by several nuclear resonance

techni@ues (e.g., NQR, NMR) but the results often involve ambiguities

concerning the importance of ionic character and bond hybridization.

' The Mdssbauekr effect is unique in that it observes both the

effects of the s electrons (isomer shift) and the unbalance of p and

d electrons (quadrupole splitting); thus facilitating the interpretation

of ‘the results.

vInterest in the present’stﬁdies Was.initiated when it wasvfound
by D. A. Shii’ley3 et al. that the quadrupole splittings of the'sguare—
planar gold(III) halides were much léss than those of the correséondihg

linear gold(I) halides. Townes and Daileyh’5’6

had proposed-—writh
supporting evidence from lighter atoms—--that the electric field

gradients and thus the quadrupole splittings are mainly due to valence

i) electréns. Since gold(III) has two 6p valence electrons in the

molecular plane and gold(I) has one 6p electron along the syrmetry

axis, it was expected that both oxidation states of gold'wduld.have

similar values of'quadrﬁpole splittings. The large differences in the

quadrupoie splittings of the two oxidation states are explained by

.“taking the 54 electrons into consideration.



S o UCRL~18706

II.- MOSSBAUER: EFFECT

A. General Background -

‘$everal comprehensive reviews on the theory and applicétion of -

1,7,8,9

lthe Mossbauer effect are available in the literature. We will
therefore limit this section to the.discussion bf'tﬁe MSssEauer effeét
as related to thé present investigation._lThe MSssbauer Y—ray'resonanée
is a cqﬁsequence'of-the recoil-free fraction of Y rays emitted‘and
absorbed by the Mossbauer nucleus. |

| When.a free atom at rest emits a Yy ray between isomeric states

whose energiesvdiffer by energy E,, the atom recoils with an energy

t

of ER which is given by

_ 2, 2 | o |
Ep = E /2me” . | - (1)
Hefe, m is the mass of the atom and ¢ is thé speed'of light. The

resultant energy of the Y ray, EY, is then .
E =E -E, . . - (2)

.similarly, the Y ray enérgy, Ey,; which is required to excite a nucleus

of mass m to an isomeric state that is Et higher is

B, =E + B . . (3)

This results in s ’2ER " energy discrepancy from exact resonance

conditions. E, for Au 197 is about 1.6 x 1072

R eV. Although the
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energy lost in the recoil is small, this energy los§5is significant

when compared to the inherently narrow natural linewidth, Tn, of the

.Y ray. Pn can be determined from the uncertainty principle if the

average lifetime; T, of the isomeric state is known:

n

h is Plank's constant divided by 2m. The naturalvlineﬁidth of
9

Au 197, which has a half life of 1.82 = 0.10 X 10~ seconds,lo is

T

0.0972 *+ 0.054 cm/sec. This is equivalent to 2.51 * 0.04 x 107" ev.:

2Fn is the minimum observable linewidth in the limit of zero absorber

thickneés., The~experimentalviinewidths are generally wider. The ideal
v observable linewidth for Au 197 is 0.194 * 0.10 cm/sec. Shirley,

-g&_g;.ll discuss absorberslof finite thickness. -

The lines are sufficiently narrow that the'Y ray gmissibn and

absorption lines do not overlap and a resonance is not observed. When

' the nucleus is embedded in a solid or érystallite, the recoil energyi

- may be greatly diminished because the crystal may recoil as a whole.

M is the-mass_of the

E (crystallite) = E$/2Mc2 : a - (5)

18

”érystéliite, which can approach 107 atomic masses or more. As ,ER_.gets
i vahishingly small, there is,‘Quantﬁm mechaniéally, é finitz probability

-that no phonons will be excited in the crystal lattice and that there-
‘ v j ovhere

t

':fore the Yy ray will carry away_thé entire transitioﬁ energy, E_. The
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fraction of these recoil-free events, f, is approximated by
_ R [ 1 T xdx
foew |- (Y6 x (e)
D D/ Jjo e -1

where T is the ambient temperature and k is the Boltzman's constant.
OD; the Debye température, is a characteristic of the crystal. For
metals such as gold, possessing low Debye temperatures (OD-= 165°K),

low ambient temperatures are required to obtain an acceptable recoil--

free fraction of Y ray transitions. All of our experiments were per-
formed at 4.2°K. At this teﬁperature, the recoil-free fraction of

the 77 keV vy ray for gold.in platinum metal‘(our source) is 0.27 % 0.03.12

The shape of the absorption line is given by a Lorentz curve:

(r/2)?
12 4 (1*‘/2)2

o(E) = 0,
™ (B-E
0]

where T is the total linewidth of the absorption line. o, is the

effective cross section for absorption and is defined asll

A%y 1

' = or(e1+1l)  (T+a) N €))

, : #® _—
A is the wave length of the radiation, I and I are the spins of ~
"~ the excited and ground states respectively. a is the internal conversion
coefficient for the competing mode of decay. o is equal to 3.94% * 0.1L for

©aw 1971t
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| B. Hyperfine Intepéctions
Due to the narrow linewidth 6f tﬁe resonance Y ray, the hyper-
fine structure of the nuclear transitions ‘can be analyéed by the Massbguer
effect. The nuclea; énergy levels are perturbed by.the éurfoundingv'
electroné iﬁ the solid giving rise to three possible hyﬁerfine inter-
aqtibns: the electfic ménopolé, m&sg theimagnetic diéole, m&; épd;phé '
electric quadrupble inféraction, H.. The Hamiltoniaﬁ for thé intéragtions

Q

is

K=+ K 4 A | | B
=B+ Hy K . o (9) | |
We shall discuss the three effects in turn.

The perturbatioh of the nuclear energy levels by the above inter-_

" actions destroys the rééonance conditions, but resonance can be resfored
:vby imparting a small Doppler velocity, v, to the Y ray of energy E.

- The change in the energy, AE, of the modulated y ray is ‘given By:

AE = E v/e ‘ - o R (10)

 where c¢ is the speed of light. The velocity is taken as positive

whén the source approaches the absorber.

1. Isomer Shift

The nuclear energy levels are perturbed by the coulombic inter-

~action between the_huclear and electronic chafges in the nucleus. The

isomer shift, IS, is. the difference between the energy changes in the

absorber,'GEébs, and the source, SES. The IS; giveﬁ,in Eq. (11) is a

/

'vfunétion of the mean nuclear charge radii, Rex and ’Rg, of the
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- excited and ground states respectively and is also a function of the

electron densities in the nuclei, }E: w(0)2 and j{: w(o)g, of the

abs s
absorber and source respectively.

f
i

‘ _ 22 R _-R
- = InZeR%e o, _ex g § 2 § : 2.
IS = GEabs - 6Es = SEY s'(z) [ ] P(o)* - (o)

i S

(11)

. The constants have their’usual significanée.l3 The quantity in the
 first square brackets is the nuclear factor which is the same for any
absorber—sdurce pair of a given isotope. The gquantity in the second
square brackets_is an atomic factor which reflects the electronic
configuration about.the nuclei of-the source and absorber. Rex for
- the T7 keV isomeric state of Au 197 is larger than Rg, SO thernuclear
factor is pqsitive for our studies,12 The electrbn density in the |
“‘nucleus is chiefly governed by the number of s electrons since only
they have non-zero probability density at the nucleus.* The inner 4
eléctrons can affect the charge density at the nucleus by screening

the s electrons. In our experiments, the éource was always Au 197

in platinum metal, thus ZZIQKO)Q was held constant and only E::W(O)z

s : ~ abs

Fa—
Relativistic p. 5
In Section V-C, %Ae results show that the charge density of the Pl/

~ electrons in the nucleus of gold is about L% of that of the s eletBrons.

electrons also have a finite density in the nucleus.
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was varied. Therefbre, a positive IS (where the absorpfion maximum

occurs when the source is mov1ng toward the absorber) indicates that

Z l,D(O) is greater than Zw(o

abs - . - S ]
- For Au 197, Eq.'(ll) simplifies to
ol

IS(cm/sec) = 5.39 - 10; GR/RAw(O) {12)

relativistic

where

AU)(O = Z II)(O) Zq)(o)e S ' ) : .:('13)
" o . ,

abs

“and OR 1is the difference between Rex and Rg{n

2. Nuclear Zeeman Splitting

The interaction of the nuclear magnetic moment, U, and the

of £ is given by:

HM =-Fw .. | | S (1)

This lifts the degeneracy of the spin I state into 2I + 1 levels.

The magnetic dipole transitions (M1) are governed by the following

selection rule, Am = 0, *1. m is the projection of I on the symmetry
Iaxis. Since our cbmpounds are all diamagnetic, we shall not elaborate
. on this hyperfine interaction.

© 3. Quadrupole Splitting

The quadrﬁpole splitting arises from the interactioh_between the -

';ﬁuclear quadfupole momént, Q, and the electric field gradiemt,f



UCRL-18706

q(= 82V/ 22). The Hamiltonian for this interaction is given by Egq.

(15): 1

H B 315 - I(I+1) + n(Ii—Is) . | (15)

= e
Q  Li(or-1
Here e 1is the electron charge, I the nuclear spin and fz the
projection of I on the z—axis. N, the asymmetry parameter, is

given by:

3%V 3%V o -
no= 5~ 2 ), 2 : (16)
ox dy 8; :

The convention is to select the x, y and 2z axes sovthat‘“

82V

822

el
8x2

a2

dy

<

|

= =

(17)

n

vthen n will take on values between zero and unity. If the crystal
;is axially.symmetric, n=20 and m = Iz and the states of =% m are
_degeneréte. Then AE is given by Eq. (18) and is non-zero for spin
I = 1. TFor Au'l97, only the ground state with spin I = 3/2 is

perfurbed by the quadrupole interaction:

- 2\1/2 |
- leggl 2 _ N
AE M) | s I(I+1) 1+ 73 . (18) <
Figure II-1 depicts the lifting of the energy degeneracy of the v

I= +3/2v state. The guadrupole splitting, @S, which is the difference
between the energy changes of the ground and excited states is equal

to eqQ@/2 for Au 197 axially symmetric compounds.
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Excited I=+1/2 o

state /L ,L

_ , /L L =z
- A

77 keV

Ground 1=+3/2 ¢ / - AT5= eq Q
state . | , | Z
, , ” \\\\\\\¥ ! ¢' |

~+1/2

Au 197

XBL69I-1783

Fig. II-1. Splitting of nuclear energy level
of Au 197 due to non-zero electric field

gradient.
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The electric quadrupolé coupling intéraction, like the iscomer
shift, is a function of both a nUCléar and an atomic factor: the quadru-
pole moment wﬁich is a méasuré ofvthé déviation of thé nuclear charge

~distribution from spherical symmétry and the electric field gradient,
g, which is a function 6f the eleetronic distribution on the vicinity of

the nucleus. For a given isotope, @ is a constant (Q= +O.59hi.OleO—2hém2)

);15

" for the_77 keV isomeric state of Au 197 thérefore, we can deduce
vinformation about the interétomic bonds from the quadrupoie splittings
- for compounds of the same isotope.

Several of our gold compounds have asymmetric QS doublets.* One
conceivable source of the unequal line intensities is the existence of
more than one chemical species of gold. Since'goid generally forms
Vfairly-unstable compounds, this is always a possibiiity. We made
special precautions against decomposition of our absorbers. An aniso-

. tropic absorber (or source) could also cause unequal line intensities.
To help guard against this possibility, we Qarefully ground our samples.
-If_the asymmétry parameter is non-zero, the transition components are
‘no longer pure O and ‘7. For the single crystal, the intensities

of the absorption lines are no longer equal. For the powder sample,
 however, the intensities are averaged over-all angles and the observed
 intensities are equal.

The third and less trivial possibility is the Gol'danskii effect.

16,17,18,190

This effect has been treated in the literature obviating an

extensive development here.

*
The three gold sulfides and AuShCh(CN)h show the greatest asymmetry.
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It has been shown that the ratio of the T— to the O-transition

intensities for an isotropic polycrystalline samplé is:18
' st im(0)dcosO ' :
im(total) _ =1 =1 (19)
io(total) fl_iO(O)dcosO ' : -

-1

If the recoil-free fraction of the Y-transitions have angular dependence,

we have

1, |
im(total) 11 iM(0)feosd(dcosd) .)

io(total) Zi io(0)fcosO(dcosO)

resulting in unequal line intensities in the QS doublet. Gol'danskii,

17,19

et al. have experimentally tested and confirmed such an effect.
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III. COORDINATION CHEMISTRY OF GOLD

A. Chemical Characteristies of Gold

The chief éhemical characteristic of gold is its extreme inacti-
vity. DNeither oxygeﬁ nor étrong écids attack gold,'and the halogens
at ordinary temperatufeé feéct with it very slowly, ifvat all. All
gold compounds are easily decomposed. Due to its chemiéal inactivity,
géld‘occurs naturally in qnly two forms: as native or metallic gold
‘and as a component of the telluride minerdls. Gold can be dissolved
“.in a very dilute aquéous solution'of potassium cyanide to form the
stable dicyanoaurate(I) complex ion, [Au(CN)é]_.‘ However, it does
so only to the extent of 2 g of gold éer liter. Aside from aqueous
potassium cyanide, gold will'only‘dissolve in the presence of thé |
strongest o#idizing agent, especially those which contain chloride (as
. in aqua regia) and so form the stable. chloride complex anion, [AuClh]—.
Although the existence of divalent aﬁd tetravalent gold
- compounds has been reported, the principle valencies of gold are only
+1 and +3. The much rarer +2 and +h.states are discussed briefly at the
end of this section.

The wide occurrence of the +1 and +3 oxidation states complicates
. the chemistry of gold. With two possible valencies, there is the
possibility of the atom being oxidized of reduced frdm éne staﬁe‘to
';the other by its surroundings,ana the further problem of the aurous‘
(+1) state disproportionating into the auric (+3) state and the free:

metal:_
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3 Au(+1) = Au(+3) + 2 Au(metal) . ' , (’1)'

This poSes a special problem because the eiceptionalvstability and
insolubility of the metal promotes its separation.

Gold manifests some unusual chemical behavior. The orderfof
stabilify of most metal halidé complexés decreases in the following

order:

-_— .

F » Cc1 >Br >1I . _ (2)

\

- Gold, however, is a member of a small group of metalsbwhich have a
reversed order of complex stability. This makes it apparent that the
stabilities of the gold complexes are directly relatéd to their
xcovalent character. 'indeed, aurous fluoride AuF, (which should be
highly idnic) does not exist-due to thermo—instabilities.eo -AuF3v
and [AuFL]f are extremely unstable. In general, a given gold(III)

<&

_compound is more stable than the correspbnding:gold(l) compound. One

'excéption is the instability of Aul_ as compared to the relative

3
 stability of Aul.

The instability of Aul_, may be partly attributed to steric

3
‘crowding. From simple'geometrié considerations, the square-planar
configuration of gold(iII) compounds would require the radii ratio of the
a gold ion to‘the ligand ion, r+/r-, to be equal to or greater than 0.41k.
.As seen in Téble I, this requirement is met by all the ligands exdept

the iodide ion (r+/r- = 0.394) and the carbon atom in the cyanide ion

(r+/r- = 0.328). The cyanide complexes are stabilized by multiple
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Table I. Ionic.charge and ionic radii iﬁformation for the ligands.

*
. : Bonding Tonic - _r(Au+3)
Ligand Atom Charge Radius r(1igand)
F B F . -1 . 1.36 0.625
c1” o -1 1.81 0.460
Br~ Br -1 1.95 0.436
I I -1 2.16 7 039)4
o 0 | -2 1.40 0.608
: -2 ' o 4
s2o3 , S 2 1.8k _ 0.462
ont c -k : 2.60 - 0.328
At ' +1 , 1.37
+3 : : 0.8523“

. Au : +3

It should be noted that none of the gold compounds are purely ionic;

a fact which would increase the value of these ratios.
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bonding. The iodide complex has no such stabilizing possibility. The
33

which is similar to [Ath]_, may also account for this instability.

possible existance of a low energy charge transfer band in Aul

There is evidence from charge transfer spectra studies of [AuClh]_ and
[AuBrh]_, that [Ath]- would have a charge transfer band in the infraréd
region,‘causing it to decomposé spontaneously at room temperature.gl

Gold forms covalent bonds in great preference to ionic bonds.

Not only are all gold compounds largely covalent, but apparently they

all form complexes to increase their coordination number from one to

twd for the aurous state and from three to four in the aqric state.
Therefore, most goid compounds can accurately be considered céordination
compounds in which the number of bonds (the coordination number)

formed by one of the atoms is greatef fhan that expected from the

valency considerations. The atoms or groups of atoms attachéd to the

vcentral (gold) atom are referréd to as ligands and- are said.to be

coordinated or complexed to the cehtral (metal) atom in the first

-coordination sphere.

Although +1 and +3 are the only important oxidation states of

gold, other oxidation states have been reported. Therefore, for the

sake of being complete, we will briefly discuss the +2 and +4 oxidation

‘states.

Divalent gold complexes complexes have been reportedeh but we

-‘were-not'able to prepare it in sufficient quantity to obSérVe a Moss-
bauer effect. 'Gold(I) dithiocarbamates, when treated with thiuram

‘disulfide, are reported to yield gold(II) species in solution;. It
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would have an odd number of unshared electrons and thus would be
" paramagnetic. If the gold complex is isomorphous to the silver
. congener (which is drawn below), the gold(II) complex would have

25

~linear bonding with a square-planar coordination (Easley). - Divalent

silver has a ha’ electronic configuration.

NN

R IS :

NSNS
7N

The only known tetravalent gold compound, Ath, was pfepared by
" Rao and associateé.26 It is a ﬁéie yellow substance which is highly
 paramagnetic wifh_u = 3.9 B.M. at 293%K. AuF) was found to be amorphous

to x-rays and no detailed structural information is available.

B. Chemical Bonding in Cold Compounds

Before discﬁssing the hybridization of gold bonds, it will be
_instructive at.this Juncture to bresent theugeometrics'of the é? P and
d atomic orbitals. ATHe diagramsrin Fig. III-1 indicate the surfaces

" of constant probability density.

The s orbitai is spherically symmetric,:while_the three
degenerate 3 orbitals-(px, py and pz)_have positive and negative lobes |
_along the reépeétive axes and are mutually per?endiculaf.

There are three mutually_perpendigular da orbitals.(d 5 dyz
and dxz)’ each'with four alterngiing plus and minus lobes in the

" respective planesf The lobes are at 45° angles with the respect to

2

the Cartesian coordinate axes. i A fburth-d orbital, d
T ee ‘ _ R 7 ey

0 whichvis



“

Fig.

ITT-1.
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XBL69I-1784 .

Configurations of the s, p and 4 atomic orbitals.
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orthogonal to the first three, lies along the x-y axes with four

lobes alternating in sign. Finally, there is the 4 5 orbital which has,
z

positive iobes along the z-axis and a negative collar around the
z~-axis in the x-y plane. In the absence of a perturbing ligand fieid,
the five 4 6rbitéls of a given d Shell are degenerate.

Pauling has developed much of the current valence-bond treatment
of coordination compounds which succéssfully predicts the configurations
of gold complexes. According to the valence-bond treatment, the central
gold atom will make available a number of orbitals equal to its
coordination number for the formation of covalent bonds with ligand
orbitals. The strength of the bond is a funétion of the degree of
overlap of the orbitals. The amount of overlap of the gold bonds with
the ligand bonds is maximized by hybfidizing the required number of
gold atomic orbitals to form a new set of equivalent bonding orbitals
?ossessing definite directionai properties. |

In valence;bond notation, gold(I) has a filled 54 inner shell,
or core, of ten unshared electrons, and hydridizes the 6s and 6pZ '

vorbitals for bonding. The orbitals are arbitrariiy oriented along the
t z directions. Having a fiiled 5d10 core and no unpaired electrons,

the aurous complexes are diamagnetic. 'The sp-hybrid orbitals are

“

E

1/v2 (6s—6pz)
(3)

T
N
[}

1/v2 (6s+6pz)
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The sp~hybrid orbitals'consist-df equal parts of normalized
6s and 6pZ Qévefunctions of the go}d-atom. The configuration of the
‘sp~hybrid orbitals are shown in Fig. III—2(a).

In bonding, the two bonding molecular orbitais can be approximafed

by the following expression:

1 + F S
v a2 (65—6pz)Au ey . | (L)
[AuL,, ] .
27
The wave function of the ligand is denoted by wL. The upper signs are
for one bond and the lower signs are for the other. If one pair of
signs were reversed, the resulting orbitals would be antibonding.
To facilitate the discussion of the bonding electrons, we will

take the ligand, L, to be chlorine. We then have

=0 1/V2 .(65i6pz>A’u ¥ B(3p,)

o (5)

. U) -
[AuClz]

Each bond involves two electrons which are spin-paired. Therefore, a

total of four electrons participate in the two bonds. For [AuClg]_

in CsAuClQ, for example, the sources of the four electrons are:

Gold atom 1 electron

One each from
both Cl atoms 2 electrons
Metal cation :

(Cs+) _ 1 electron

k eleetrons

This electron count will facilitate the discussion of electric field

- gradients in Section V-D.
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(b) dsp® hybrid orbitals

XBL69I-1785

Fig. III-2. Configuration of the (a) sp
and (b) dsp2 hybrid orbitals.
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For the Au(Cl polymer; it fakes a little more care to accoﬁnt for
all four bonding electréns. Each.chloriné atom bridges two gold atoms
in a zig-zag chain. In thé‘diagrém béIOW; thé bonding of the polymér
‘is indicated by the electron pairs'bgtﬁeen thé atoms.‘ The gold electron

"is denoted by an open circlé and each chlorine electron is given by

an x.

Q 014 bonding electrons

)( chlorine bonding electrons
-If the bonds are considered to be formed in the x-~y plane of chlorine,
the two chlorine bonding orbitals would be 3pX and 3py. One orbital will

- have a single electron and thus form a normal bond with gold. The
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second, however, will be doubly océupied and will thus contribute both
of the required electrons'to.form évﬁond with gold. The eleétron
count would then be: one eléctron from the gold atom, Qné electron
from the first chlorine atom and two electrons from the second chlorine
atom to make a total of four electrons. The electrons from gold atoms
are denoted by open circles, o, and those from chlorine atoms are
denoted by the crosses, x.

Gold(III) has a 5d8 core of eight unshargd electrons. which are
all spin—péired, resulting in diamagnetic complexes. For bonding,

. gold(III). forms four dsp2 hybrid orbitals by utilizing its 54 , ., 6s,

, X -y
6pX, and 6py atomic orbitals. The orbitals, which have square-planar
symmetry, can be taken along the *x andaiy directions. Their con-

figuration and orientations are indicated in Fig. III-2(b). The

compositions of the four_dsp2 hybrid orbitals are

Uy = 1/2(6s) - 1/v2(6p ) - 1/2(58 , )
S .
b, = 1/2(6s) + 1//2(6p ) - 1/2(5a , )
_ v (6)
Yy = 1/2(6s) - 1//5'(6py) +1/2(5a , ,)
x =y
Y_y = 1/2(6s) + 1//5’(6py) +1/2(54 5 ) .
. , ooy

The four molecular orbitals for gold(III) compounds are sipilar

to,the-[AuClh]_ molecular orbitals which are given below.
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{1/2(6s) % 1//5(6px) - 1/2(54 o 2)} F (3pX)Cl
. x =y Au
l1’[Au01,4]' -
{1/2(6s) * 1/V/2(6p. ) + 1/2(54 5 2)} * (3p )Cl
' y x =y Au v

(1)

Again, as in the case of the gold(I) molecular orbitals’, the upper signs
represent one molecular orbital and the lower sigﬁs.reppesent the other.
The eight required electrons for the four bonds are supplied by the

following atoms

electrons

Gold atom 3
Metal cation(Na+) 1 electron
- Four chlorines,
one each 'L} electrons
8 electrons

‘In the gold(IIT) dimers such as (AuCl3)2, the four terminal
halides (Cl) contribute one electron each to the bonds. The two
bridging halides (Cl), however, utilize two p orbitals, as in the

example of the AuCl polymer. The bonding electron count for (AuCl3)2 is

"Gold atom 3 electrons
Two terminal chlorines '

one each- : 2 electrons
One bridging chlorine

one electron 1l electron

Other bridging
chlorine filled 3p
orbital 2 electrons

8 electrons
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The bonding electrons in (Au013)2 are depicted in the diagram

below:

.+o +o.++ o

Yo Q) Yo—"0

gold 1 bonding electrons

0
. gold 2 bonding electrons:
X

chlorine 1 bonding electrons

l‘ chlorine 2 bonding electrons

From the:bond~strength criterion of maximum overlap of orbitals, the
valence-bond theory correctly predicts that the tervalent gold com-
plexes are in géneral more stable than the corresponding univélent gold
complexes. The relative bond strepgths of the sp and dsp2 hybrid

v ' *
orbitals are 1.732 and 2.694 respectively.

* : .
The bond strengths are taken relative to the s orbital. See
Pauling's Nature of the Chemical Bond, Reference 22.
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IV. EXPERIMENTAL TECHNIQUE AND APPARATUS
‘Our Mdssbauer apparatus basically consists of a source, an

absorber andva detector, plus a means of imparting a Doppler velocity
to the source (or absorber) to modulate the resonance éamma.ray energy.
This velocity drive system includes a linear drive amplifier and an
instantaneous velocity monitor for the moving source (or_absorbef).

All of our'experiments were performedvat liquid heiium temperature
(h.2°K)vin a three-wall cryostat. These basic systéms are described
below. A block schematic diagram of the electronic equipment is given

in Fig. IV-1.

A. Source

27

Pt 197, which populates the 77.345 = .00L kev isémeric state
of Au 1975 Qas obtained by thefmal neut;on bombardment of Pt 196. The
latter wa;vpufchased as a powder in 65% enrichment from the Oak Ridge
Radioisotopes Division. The Pt 196.powder was solidified by heating
it in a zinc oxide crucible at 1750°C for ten minutes in a vacuum.
(This is a few degrees below its melting point. At the actual mélting
point of platinum, 1769°C, we found that the metal wets the crucible.)

.The so0lid source could then be moved with respect to the absorber with
little danger of extraneous movements due to bouncing of qnsécured
powder particles._ The active source was contained in Mylar tape which

.1 could subsequently be dissolved with benzene. The spent source could

_be re~irradiated several times.
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oscillator - Crypstct
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N N drive \L Drive
25cps J10 ke amplifier coil
n n clock
start advance
Monitoring
)lr scope Tronsducer
N
. Voltage to = Source.

Plz:;::;?m frequency K#Absjorber

(400 chs) converter VNOI
Regulated
- Photo dc high volt
SCA | Linear tube cehighvo
(gating circuit)] amplifier Preamp l
XBL69I-1789

Fig. 1IV-1. Schematic diagram of Mossbauer

effect electronic circuitry.
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Pieces of Pt 196 weighing about 10 mg. each were sent to the
General Electric Vallecitos reactor for an 18-hour irradiation in a

flux of 2 x lOlh neutrons/cm2/sec. When Vallecitos was not avaiiable,

a 24-36 hour irradiation at a flux of about 2 X lO13 neutrons/cmg/sec

was obtained at.the University of,Caliernia's reactor in Livermere,
California. These sources were used in the form received from the
reactors; without further heat treaiment or chemical modifications. The
absorbers were gold nuclei in various chemical compounds. - The decay

scheme for Au 197 is given in Fig. IV-2.

B. Absorber Preparation

All of the gold compounds,vexcept where indicated, were prepared
in this.laboratory-end the methods of preparationvare given below.
Generally, the samples were prepared in the wet a few_heurs before the
M8ssbauer experiment was performed so as to keep the deeomposition to
a minimum. The absorbers were etored'at dry ice or liquid nitrogen
temperatures and Wheﬁ necessary were kept in the dark to avoid either
photo- or thermo-decomposition. A helf—gram sample of powdered absorber
was placed in a lucite or teflon container which pressed the fowder into

. i *
an uniform disc of 2 cm2 area. A photograph of these containers is

* : .
Lucite absorber holders were used except in the cases of highly reactive

AuF; and [BrF2]+[Ath]‘, at which time we used teflon absorber holders.

‘The ¢ylinder, cover and rim-press shown in the 2nd row of Fig. IV-3 was
- commonly used. The fully assembled absorber holder is the forth item
‘in the 2nd row.- The lucite absorber holder in the top row is used

when only a small sample is available. The teflon absorber holder
is indicated in the photograph. '
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279.3 keV, T1/2 =16 ps

268.8 keV

77.345 keV, TV2=18 ns
71 M1+10%E.2 »
S+ 1 -0
79Au197
y, = 77.345 keV
Y, = 191.5 keV
y3= 268.8 keV
Y4: 279.3 keV
XBL69I-1786

Fig. IV-2. Decay scheme of Au 197 Mossbauer nucleus
28 :

(Lederer, et al.” ).
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Fig. IV--3. Photograph of the Lucite and Teflon
' - absorber holders.
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given in Fig. IV-3. Once in the cryostat, where conditions of inert
atmosphere (He gas) and low témperature (4.2°K) prevailed, deccmposition
was virtually arrested.

The compounds were chafacterized by chemical analysis and x-ray
diffraction patterns when possible. In the following Sections, the
compouﬁds are enumerated along with their chemical characteristics and
methods of prépayation.

1. Tetrafluoroaurate(III), [Ath]“

Because of the high reactivity and toxicity of BrF3 and the ease

. *
with which moisture reacts with the gold fluorides, the preparation

was done in a Monel reaction vacuum system. One gram of 30;meéh gold
powderEWas placed in a translucent "Kel-F" reacfion vessel+ and dried
by evacuating the heated vessel overnight. Ten to fifteen milliliters
of BrF, were transferred into the vessel and allOWedbto react at room

3

tenperature. The light yellow BrF., turned dark red to black with bromine

3

as it was liberated in the reaction

Au metal + 2BrF.—— AuBrF, + I Br

3 6 22
mustard light bright dark (1)
yellow. yellow yellow red

* . ‘
- The details of the preparation has been reported by A. G. Sharp.h

Kel-F is a non-reactive fluoro-organic substance. The reaction tubes
were purchased from Argonne National Laboratories.
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The bromine was removed periodically by cbllecting it into a liquid
nitrogen cold finger. Thé complétioﬁ’of the reaction was marked by the
cessation of bromine liberation and subsequent coloration. The bright
yellow AuBrF6 was isolated by heating the reaction vessel to 50°C and

removing the excess BrF_ into a cold finger. This final step took

3
approximately six hours. The sample was preparéd as an absorber by

putting it into a non-reactive Teflon absorber holder.

2. Gold(III) trifluoride, AuF3

Gold trifluoride was prepared by converting AuBrF6 in the
following reaction,

1%

12
A —_— F + F T,
uBrF6 Au 3 Br 3

bright paprika light (2)

yellow orange yellow

' by heating the system to 120°C in a vacuum for about an hour. This
compound, like AuBrF6, was transferred into a Teflon absorber holder in
a dry-box. The chemical analysis gave a ratio of gold-to-fluoride of
1.0/3.0.

3. Gold(III) trichloride, AuCl3

The auric chloride was prepared from chlorauric acid, HAuClh,
by heating it in a tube furnace in an atmosphere of dry chlorine gas.
The chlorauric acid, which is commeréially available as gold chloride,

can be prepared by dissolving gold in aqua regia. The reaction is:

: Cl : , ‘
Haucl, 4,0 ——2— aucl, + H1 ] + mO ] . (3)
L4 2 o 3 2
175%C
golden brownish

orange red
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Chlorine gas was dried by passing it through two. sulfuric acid
scrubbing towers. The trichloride reacts readiiy with moisture in the
air. A typical analysis gave a chlorine-to-gold molar ratio of

during analysis. .

'2.h6/l.00. This ratio was low in Cl due to loss of 012

k. Gold(I) chloride, AuCl

By heating auric chloride to 235°C in an atmosphere of dry

hydrogen chloride gas, one can decompose it into aurous chloride

) o
Auct, —232C  puc1 o+ c1 I
3 2
brownish light (4)
red yellow

" Aurous chloride reacts readily with atmospheric moisture to form
_auric chloride. At elevated temperatures, AuCl will disproportionate
and gold metal. The presence of AuCl

into AuCi can’ be detected by

3 3
its intense brownish-red color. Gold metal can be recognized by-its
daéker mustard-yellow color. It has been Suggested that aurous chloride
can be purified.of auric chloride by rinsing it with anhydrous ethér.
This procedure imparts . a éale but distinct green.tinge to the cémpounds:
-aurous chloride turns to this color upon standing for a few days in a
desiccator. We used the compound as it came‘from'the tube:furnace. A
typical analysis gave a chlorine;to—gold molar'ratio-of 1.05/1.06.

5. Cesium aurous auric chloride, Cs Aﬁ(I)Au(III)Cl6

2

The preparation of black ngAu(I)Au(III)Cl6 requires a large . -
-excess of CsCl and a dilute solution of gold complex to avoid the

Tdeposjtion of the sparingly soluble yellow CsAuClh. In the’preparatidn,

. “w
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we mixed 2 grams of AuCl with 12 grams of CsCl in a beaker containing
300 cc 6N HCl. The mixture was boiled, cooled, filtered, and allowed
to crystallize. The details of the preparation is given by Wells.29

6. Sodium and potassium tetrachloraurate(III), NaAuClh and KAuClh»

These two salts were purchased from Alfa Inorganics, Inc.
NaAuClh is light bright-yellow and KAuClh is a deep golden-yellow
color.

7. Gold{(III) tribromide, AuBr3

By combining and mechanically stirring aqueous liquid bromine

and 30-mesh gold powder, one obtains AuBr. by the following reaction

3

Au + 3/2 -Bre———> AuBr3v
: ‘ (5)
mustard  dark black

yellow red

Chemical analysis yields an average bromine~to-gold molar ratio of
2.96/1.00.

In an attempt to prepare bromauric acid, HAuBrh-ngo, we reacted

- gold powder with an acid mixture of three-parts HBr and one-part

nitric acid. After the brown nitrous oxide, N02, stopped evolving,

the dark reddish-brown solution was decanted to check for unreacted

. gold poWder. The solution was then eVaporated to dryness in air.

~ However, chemical analysis gave a ratio of bromine-to-gold of 3.0k-to-

1.00 indicating that AuBr., was probably formed. The physical appearance

3

was that of‘AuBr3, black.
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8. Gold(I) bromide, AuBr

Aurous brémide was prepared by heating auric bromide at 100°C

in an atmosphere of dry argon gas:

100°C ’ T
—
AuBr3 ary AuBr =+ Br2
black gray- ' : . (6)

yellow

.'Abdve 115°C, AuBr decomposes into its elemeénts. ‘This reactioﬁ, which
takes approximately a half-day, was carried out in a tube furnace. AuBr
‘is sblubie in water in which it disproportionates into AuBr3 and metallic
gold. A chemical analysis gave a gold-to~bromide molar ratio of

1.006/1.000.

9. Potassium tetrabromoaurate(III), KAuBrh

The compound KAuBr, was prepared according to the method outlinéd
L :

by Bailar.3o» The reaction can be summarized as follows
o]
—22L Khubr) -2K_0

KBr + Au + 3/2 Br2

dark

reddish-~-brown
The actual molar ratio of bromine~to-gold used was four—to—oﬁe.'
The KAuBru waé dissolved in methanol and filteréd’through sigtefed
. glass followed by evaporafion to dryrness at 40°C in a stream of air.
The chemical analysis gave the following molar ratios: K/Au/Br =

1.02/1.00/3.97.
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10. Cold(III) iodide, AuI3

Auric iodide, Aul decomposes into gold metal and aurous iodide,

3’

Aul, at 25°C. We made several attempts to prepare Aul_ at 0°C by slowly

3

pouring an aqueous solution of chlorauric acid into an agueous solution

of potassium iodide:

[Au01h]"+ 41T —_—— [Ath]_ + he1l” (8)

3[Ath]_ + [AuClh]————————+ uAu13 + hc1m . (9)

At first, a brownish precipitate forms, which Prescott. and

31

Johnson suggest is KAth, an intermediate product. It quickly reacts

with the excess [AuClh]_ to form AuI3. This precipitate was filtered

through a medium sintered glaés funnel and washed with ice water. The
brownish precipitate turns into a dark dull green clay—like sﬁbstance,
AuI3. Auric iodide decomposes into aﬁrous iodide on standing in air.

Althohghva typical analysis gave an iodine-to-gold molar ratio of

about 2.8/1.0, and the color was that of AulI_, we believe that the

3
substance was essentially converted into aurcus iodide and the extra

iodine existed in elemental form. See the -discussion of the results in

Section V.

11.- Gold(I) iodide, Aul

Aurous iodide is more easily prepared than the other gold
halides. It is precipitated by slowly adding a dilute solution of KI
to an equivalent amount of chlorauric acid, HAuClh, in aquéous solution.

The reaction is
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317 + [Aucy)]” = Aul + 3C1° + I,
bright lemon (10)
orange yellow
" This yellow, finely-divided substance has a tinge of green. A typical
analysis gave an iodine-to-gold molar ratio of 1.05/1.00.

12. Potassium dicyanocaurate(I), KAu(CN)2

KAu(CN), can be prepared from elemental gold by the "old cyanide

2
process' used by gold miners. The chemical reactions involved are probably,

Au  + 0. + 2ET + h(eN) T ——s 2[Au(cN) 1"+ HOOH (11)

2 2

HOOH + L(CN)~ + 2au ——b 2lau(cw) 17 + 2(0m)” . (12)

Gold powder in a dilute aqueous solution of KCN was vigorously stirred
with a magnetic stirrer. A stream of air was bubbled through the
solution. About five grams of 30-mesh gold powder can be dissolved

overnight. The KAu(CN) . was purified by regrystallization from water.

2
13. Gold(I) cyanide, AuCN

AuCN was prepared by heating an acidic agueous solution of

Ku(CN), at 5000

+ - 50°¢C _ , ‘ '
H + [Ag(CN)2] —~Z— % AuCN + HCN . (13)

Gold(I) cyanide is sparingly soluble in water. No chemical analysis

was done due to difficulty in dissolving AuCN.
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14. Potassium trans-dicyanodihaloaurate(III) .

X The halogen-cyanide mixed complexés were pre-

2
pared by the method outlined by J. M. Smith §§\§;,32 The chlorine--

a. Kau(CN),.C1

cyanide complex was formed by dissdlving 0.02 moles of I‘{Au(CN)2 in
lOO:cc water aﬁd 30 cc methanol solution. The solufion was mechanically
stirred while chlorine gas was being bubbled through it. This was
continued overnight to insure a complete reaction. The éolution was
then‘evaporated,untii very pale yellow crystals bégan to appear, after
which the solution was chilled with ice and the complex was filtered and
collected. ThevKAﬁ(CN)ZCl2 was recrystallized from water. The analysis

gave the foilowing molar ratios: K/Au/Cl/CN = 1.03/1.00/1.99/1.99.

b. KAu(CN)QBr2.

The bromine-cyanide mixed .complex was prepared

by mixing an aqueous solution of KAu(CN) With.an excess amount of

2

liquid bromine which had been dissolved in methanol. The mixture was

. mechanically stirred overnight then partially evaporated, chilled in

ice and filtered. The chemical analysis gave the following molar
ratios: K/Au/Br/CN = 1.03/1.00/2.05/1.98.
c. KAu(CN)Elg. Like its chlorine and bromine congeners, it was

An aqueous solution of KAu(CN),. was stirred

prepared from KAu(CN) o

5
with a solution of iodine which was dissolved in methanol. After
reacting overnight, this solution was partially evaporated, chilled

to 0°C and the crystals were collected by filtering. A chemical

analysis gave: X/Au/I/CN = 1.02/1.00/2.0k/2.05.
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15. Potassium tetracyanoaurate(III), KAu(CN)h

KAu(CN)h was prepared by treating 0.02 moles of KAu(CN)gBr2 with

0.04 moles KCN_ in 60 cc methanol:

CH_OH
KAu(CN) Br, + 2KCN —=——> KAu(CN), + KBr
bright ' colorless

yellow

' Thé yellow solution was stirred until it turned colorless. Then the

solutioﬁ was evaporated down to 15 cc and filtered to remove the white

'crysfals.of KBr. After carefully evaporating the clear solution to

dryness, it ﬁas recrystallized from water. The chemical analysis gave:
K/Au/CN = l.O8/lfOO/h.02.. This sample tested positive for Br

which is probably from residual KBr impurity. This would account for the

" slight excess.potassium in the cheﬁical analysis. |

Au(s )

‘16. Sodium dithiosulfatoaurate(I), Na3 03)5

The reactions involved in the preparation of the gold thiosulfate

complex can be summarized as follows

3(oH)” + [AuClh]-———+4Am(OH) + hcih“ (15)

3

)

35 (16)

+ hNazs 0. ——%3NaOH +_Na28h06 + Na

Au(OH) 03

Au(SZO

3 3

The details of the preparation are given by J. Brown.33 We started by

“adding 21 grams of HAuClh-hHQO to about 75 ml of water. To this solution,

' we added a 40% (by weight) solution of NaOH dropwise until a vivid
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red-orange precipitatevstarted to form. This solution'was thén poured
into a mechanically stirred solution of 50 grams Na2(8203)-5Hé0 in

100 ml of water, causing no visiblé change. The difééﬁion of ﬁouring

is important because if the solutions aré mixéd in the reversé order,

the insoluble black-precipitaté of gold sulfide results. While still

stirring vigorously, UM HNO_, was added dropwise at such a rate that any

3
red coloration caused by the addition of each drop of acid disappeared
completely before the next was addéd. The acid was added until all

of the red-orange precipitéte had dissolved and the red coloration no
longer appeared. The solution, which amqunted to about 200 cc, was -
filtered through a "fine" sintered glass funnel and to it was added’

800 cé of ethyl alcohol. The white fluocculent precipitate which formed
was collected onaa similar glass funnel and washed with ethanol (about

_ 100 ce), then recrystallized twice by dissolving the gold thiosulfate

in the minimum of Water and then adding about two volumes of ethanol

and allowing the crystais to grow overhight.

17. Gold sulfides, Au.S, Au.S, and Au2S

2 22 3

The three gold sulfide compounds were reasonably stable-and
35

sparingly soluble in water. They are all dark substances.

3k

a. AuQS. Au,.S is & steel-gray sulfide with a solubility product

of less than 10_3.

2

It dissolves in aqua regia, potassium cyanide, and

sulfide solutions. The compound was prepared by bubbling H,.S through

2
an aqueous solution of aurous cyanide:
2[Au(cN) 17 + HS + 2 —5— Au S + hHCNT . - (a7)
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The.insoluble precipitate was washed with dilute ﬁCl solutién to avoid
peptizing the precipitate. Thé initially dark reddish-brown pre~

cipitate soon turned steél—gray. The chémical analysis gave the following
molar ratio: Au/S = 2.04/1.00.

b. Auesg. This gold sulfidé was prepared by reacting st with

an ‘aqueous solution of auric chloride

8Auc13 + 9H2$ + quo-———ahAu Se + 2LhHC1 + stoh

Chemical analysis gives Au/S = 1.000/1.007.

c. Au283. This compound was prepared35 by passing Hes through

a solution of chlorauric acid in anhydrous ether. The precipitate was

washed with more of the anhydrous ether. Chemical analysis gave the
following molar ratio: Au/S = 1.00/1.65. This ratio is a little high

in sulfur,.which may be from odcluded HES' The reaction for the

preparation is

-anhydrous

- + -
2[aucy) ] + 3H,8 Au S, + 6H + 8C1 (18)
: - ether
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C. Apparatus

1. Radiation detector system

For detecting the y-rays, we used NaI(Tl) scintillation détectors
which were mounted on Amperex XP1010 photomultiplief tuﬁes. A one~inch
thick NaI crystal, which was purchased fromvthe'Harshaw Chemical.
Company ,- was used for the'detection of the TT7T~keV y-ray of Au 197.

At TT keV; the resolution Was'about lT%.v We found that our lithium—
drifted germanium counter had tooblow an efficiency to be pféctical.
Its high resolution was offset by its count rate, whiéh was about 1/8
that of the Nal assembly. For the low energy Y.ray of Fe 57, we used’
. a 2mm—thick’NaI crystal for optimum resolution. Atﬂ5.9.keV, the
~resolution was approximately 50%. |

The Y—ray4pulses were amplified by the.Amperéx-photomultiplier
which was powered by a regulated dec high-voltage power supply. Tﬁe |
photomultiplief tube was usually operated at.between lOOO-and 1200'

- volts, where the resolution of the reQﬁired Y ray Was'oﬁtimized.' After
passing through a preamplifier; the scintillation ﬁuisés were aﬁplified
in a Golding linear ampiifiér_which contained a siﬁgle channelbanélyzer
~ for gating on the Yy ray of ihterest; For gating purposes, the y-ray
spectrum was displayed on the Packard analyzer in the pulse-height
analyzer mode. :The.gated Y-ray pulseé‘were'suBsequently'stored in the
_appropriate channeis in the Péékard analyzer to produce a M3ssbauer

_vspectrum.
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2. Drive system

Briefly, the linear closéd-loop‘drive systém consists of a loud-
speaker drive coil and a velocity_transduéer along with the necéssary
electronics. .The_drive éoil providés an acceleration which is broportional
to the applied current. The voltage output éf the velocity transducer
is proportional to the instantaneous velocity of the suitablyvgoupled
rod-magnet on which the source is firmly mounted. The drive coil,
drive magnet, transducer, bar‘magqet,,source and absorber are éontained
in the drive capsule which is illustrated in Fig. IV-L(a). Figure
IV-4(v) is-a photograph of the drive capsule.

A 20-kec tuning-fork oscillator (purchased from the American
© Time Products) is used to‘synchrohize the PHA start-advance pulses with
f.the velocity wave form. The frequency stability of the tuning fork
oscillator is better than i0.0Q%.over'the temperature interval between
. 15°C and h5°C.' The PHA is.operated in the multiséalar (timé) mode
".with its channels being sequeqtially addressed by a 10-kc pﬁlse derived
from the above oscillator. A channel of the PHA is capable of receiving
and storing pulses from the SCA during the périod when it is being
addressed. The 10-kc pulse advance frequency is further divided by the
number of PHA channels (400) to produce a 25-cps square-wave which is
used to re-initialize the analyzer after all 40O channels have been
 scanned'apd for the closed-loop drive system. This common frequenCy
_soﬁrqe effectivelj synchronizes the channei numbers and‘thelinstanténeous
‘veloéity of the source.A A 25-cps triangularéwave is produced by -

integrating the avae équare wave which has first been amplitude-stabilized
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Fig. IV-4(a). The electromechanical

“drive capsule (Zane36).
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Chem 3640

Fig. IV-4(b). Photograph of the drive capsule assembly (Wickman37).



: tobthe triangle wave was needed to linearize the veloecity. This

—k4s5- UCRL~18706

by a precision squaring circuit. The émplitude fluctuation is specified
as being less than 0.001%/1°C.

The 25—cps referenéé triangle Wavé fopm is then fed into the
closed-loop negative-feedback drive éystém to drive fhe loudspeaker

coil. It was found that an additional small parabolic correction term

/

- parabolic wave was obtained by integrating the reference triangle wave

and was therefore automatically synchronized with the system.  When
the feedback drive system is properly balanced, the deﬁiation from
linearity of the veloéity wavé form is lESS'fhan 1% over 90% of the
velocity range._ The drive assembly is capable of attaining»velocifies

of -about i»QO cm/sec. A schematic of the linear velocity drive amplifier

.is given in Fig. IV-5.

3. Velocity transducer

The veloci%y of the transducer is determined by converting the
transaucer's instantaneous output voltage to a corresponding fregquency
by using a modified VIDAR 260B voltage-to-frequency converter. These
frequéncy‘éounts are stored in the PHA in multiscaler mode controlled

by the scaler advance, as when collecting the Mossbauer spectra. The

. velocity profile is fitted with an nth-degree polynomial (usually n

equals 4) which is used to convert the channel numbers to the correspond-

. ing velocities. The VIDAR generates frequencies between 0 and 100 ke

with the zero voltage (therefore zero velocity) at 50 kc. The

50 ke ¥ 50 ke frequency span can be set equal to selected

voltages from = 50 mv up to 2000 mv.
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The,ﬁfansducer‘voltagé outpuf isvcoilécfed with the transducer
both "on" and "off". When the transducér is ”on", thé frequency profile
reflects the voltage output of thé 25~cps vélocity triangle wave of the
source (or absorber). When thé'traﬁsducer is'"cff", the avefage of the
freqﬁency counts in all the channéls déﬁérmines the channel of Zero

, is given by Eq. (20),

velocity. The calculated average, (I , ”off”)calc

_ (50 keps)(counting time, sec.)

calc (number of channels) : (20)

(I , "off”)

. The experimentally-determined average of the counts for zero voltage,
(., "off")ave, is less than the calculated value due to the finite

dead time of the analyzer. A dead time correction factor,

,-is applied to the velocities. The velocity of

channel i, veli, is then

(1, "On")i - (1, "off")a . Transducer

. Vv
vel, = Calibration > A
i (peak voltage of VIDAR) em/sec/volt

(21)

The actual '(Iv,'"on")-i valueé uSea is derived from an nth-degree polynomial
fit‘éxpiained ébove. The peak voltage is the scale which was selected
on the VIDAR at the time of the eipériment. 'The transducer calibratioﬁ
is explained below in this secfion.
It is noted that since the start pulse is generated at the same

frequency as the velocity wave, and the scaler advance operates at 10 ke,
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two mirror-image Mossbauer spectra are collected in the 40O channels.

The two spectra can then bé used to;ch§CR and correct for the time lag
which might- occur between thé VIDAR output (apparént vélocity) and ﬁhe
traﬁsducervoutput (true velocity). If the true velocity lagé the VIDAR
velocity in time, the cenfroids of the two spectra will not agree. The
correction for this.time lag is made by taking the algebraic mean of the
two ééntfdids;'since the deviations which are caused by a lag would be in
the opposite sense. The effect of a time lag is illustrated in Fig. Iv-6.
If the actual centroids are located at points a and ﬁ on the velocity
triangle, they would appear to be located at points a' for spectrum I
and -b' for spectrum II. This would result in velocity errdrs of the
opposite sense. The correction is applied by taking thé algebréic mean
of a' and b'.

The traﬁsducers were calibrated by obtaining the Well.khown six~
line Md3ssbauer spectrum of Fe 57 and determining the velocity separation
of the two outer Zeeman cbmponents. Klein and Zane38 obtained a
1.0658 + 0.004 cm/sec separation of the outer two Zeeman lines from laser
interferometer calibrations at room temperature. This velocity separation
-is in excelient agreement with that reported by Preston et al. of
l.0657 cm/éec. Hanna g&_gi. had previously determined the splitiing of the
outer VZeeman components at room and liquid helium temperatures as
1.0608 cm/sec'and 1.0885 cm/sec respectively. Hanﬁa's values were used to
convert the laser room temperature value to one applicable at L.2° K.

This separation is 1.0939 cm/sec.
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We used a l;l;millicurié singleeliné source which had been prepared
by plating and annéaling Co 57 into 0.001" thick copper métal. "The
absorber was a pieéé of énrichéd (> 90%) Fe 57 foil (1.9 mg. Fe 57/cm2).
Both_the source and absorbér wéré puréhased from NeW‘England Nuclear.

At h.2°K,.the Sanborn 6LVI transducers which we used.had an
unacceptably short lifetime. We désigned'two systems to resolve this
problem: 1) new sturdier transducers which were wound at the Lawrence
Radiation Laboratory and 2) a long push-rod extension of the drive
qapsﬁle which was built with a geometry that permits thé transducer to
be Rept out Qf’the cold region of thé cryostat.A Both systems were success-
ful and the firét of these modifications was used for these experiments.
Figure iVuT gives avdiagram of the exfended drive capsule. The push-rod
portion centers into the assembly drawn above it.

The Sanborn transducer consists of two separatg»coils méde of
.apprdximately 43 gauge wire. Our coils were wound with 38 géugé copper
magnet wire in 6ne countinous piece, reversing the direction of the winding
at the center. As much wire as possible (about 6400 turns per.half coil)
was wound on the bobbin to maximize the sensitivity. .The bobbin was turned
from a single piece of bakelite and the wound coil waé secured to the
mu-metal outer cylinder with Dow Corning silicon rubber.

A push-rod. extension had been previously.built and found acceptable
and was easily adapted.to our syStem. With thé 2L inch. extension of the
drive capéule, the transducer and drive coil arevsituated in that portion

. of the vacuum chamber which extends above the cryostat. The ekfension

is friction-~secured tc the original drive capsule by an expansion band.
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Fig..IV-?. Diagram of the extended drive capsule
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The lightweight moving portion was made of 0.006. inch thick stainless

steel metal of 3/8>inch.O.D.

L. Cryostat

The cryostat is a threé—wall dewar with liquid nitrogen and liquid
heiium pots (cévities). Wé képt approximately 2 mm Hg of helium exchange
gas in fhevinner vacuum chamber where the drive capsule is situated.

. This inner chamber is separated from a T7°K heat~shield_by three thin
aluminum—éoated Mylar windows. The.outer vacuum jacket has an indium-
sealed beryllium window which minimizes the attenuation of low_energy

Y rays. The source was located appro#imately T‘inches-from the detector.
After thermal equilibrium was reachéd, the'cryostat maintained.ité low
temperature for about 2h'hours.b The geometry of the‘cryostat is given
~in Fig. IV-8. A is the absorber, S the source gnd C the drive
capsule. The relativé'dimensions of the long push-rod extension drive
capsule is indicated at the right of the cryostat. Figure IV—9 is a
photograph of the MOssbauer apparatus. vThé drive capsule Was.puiled out
of the vacuum chamber and is shown.at the right of the cryostat to

illustrate its relative dimensions.

e
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Fig. IV-9. Photograph of the electronic equipment of Mossbauer

experiments.
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D. Data Processing

Data analysis was facilitatéd by high—spéed computers. Ini££ally,
we used the IBM 709k with which we had problems of adequate computer |
space in core. We eventually convertéd to the CDC 6600. The program
for fitting Lorentz curves to the Maésbauér spectra, FLOR, is written

[

as a subroutine to VARMIT, a least—squares'fitting program. The

_report by W. é. Davidon inclﬁdes the mathematical details of fhe method}ho
For most gold cqmpound;, the individﬁal liﬁewidths, ', are not

narrow enough compared to the quadrupole splitting sepafétions to give

resolved component lines. FLOR fé@ilitates the resolution of»fhosé;lines

and determines their intensities (I(i)), linewidths (T'(i)), and line

positions (vo(i)); Figure IV-10 illustrates these parameters.

The absorption line shapes are assumed to be Lorentzian and each

line is fitted to the formula:

. 2
(F(Jg-)/Q) 5 (22)
(v=v (1))7 + (T(1)/2)

I(i) = k(1)

K(i) is a constant. If N is the number of absorption maxima, then the

~ theoretical velocity spectrum I is given by

. N _ '
I = Base - Z (i) . _ (23)
' i=1 '

The total number of parameters, NPAR, is (3N + 1) and is given in

 FLOR in the following order:
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Fig. 1IV-10.. The parameters of FLOR, the CDC 6600
computer program for fitting Lorentz curves
to the Mdssbauer spectra.
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Base, T(1), (1), vy(1), T(2), 1(2), vy(2), «oe v

) s v L (2h)

There is a pro#ision for sétting thé Valué of any parametér to a fixed
constant and also for imposing linear conétraints aﬁong the parametefs
as governed b& the Hamiltonian. These provisiéns are especiall}
important when the resolution of the Mgssbauér spectrum is poor and a
good fit could not otherwise be made.

| The program ﬁtilizes-a linearly-independent square "constraint”
matrix with the dimension equal to NPAR; The programmer provides as
input a set of linear constraint vectors, CNTSK,.whose coefficients

" satisfy Eq. (25).

3N+1

CNTS, = Z ¢,y =0 | (25)

The coefficient of the 1th parameter in the kth constraint is ékl'
The program generates the required number of linearly-independent
" dummy "' cénstraints to complete the.square (3N+l,'3N;l) constraint
matrix. This matrix‘spans the NPAR dimehsional-vector space.

In addition.to the values 6f the parameters, the program determines
the root-mean-square statistical uncertainties, RMSU. The RMSU ig a
stétistical‘error indication and is equal to the sguare root of the
diagonal eleménfs of the H (inverse Héssian) matrix

RMSU, =8/¢H.. > . ' : (26)
1 13
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These RMSU values are reasonable for thé baséline and intensities of
the individual lihes. For linewidths and liné positions; thé RMSU values
are usually quite small. Actually, thésé RMSU values aré very close in
value to the standard déviations which can bé calculated by the method
of maximumvlikelihood. This méthod is baséd on Poisson statistics
and is more accurate than the léast~squarés méthod for the treatment of
data from én experiment with poor statistics. Howéver, in the limit of
high'sﬁétistics, as with our MOssbauer experiments (about 106 counts),
both methods converge. Being quite small, both the RMSU and standard
deviation values_are.uéually a poor indiéétion of the reproducibility of
the data. Therefore, we have reported the most probable error instead.
For a set. of experimental results, the probable error, pe, is

given by Eq. (27).

(x - x,)° | :
pe = 0.6745 E: —————fi—* - (21)

M is the number of measurements, x the average value of the measurements,
and xi’s are the individual measurements. By definition, pe  1is the
50% confidence limit. That is, given a single additional experiment,
there is a 50-50 chance that it's results will be within the pe of the
previous identical experiments.

| When possible, we pérforﬁed several experiments on each compoﬁnd.
v A given experiment yields two mirrof—image sﬁectra. Generally, for

purposes of determining the errors, each image was considered individually.
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In the case of IS, however, we first averaged the results of the
two images; as explained in Section ‘IV-C-3.

A discussion of errors is given in Appendix A.
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V. EXPERIMENTAL AND THEORETICAL RESULTS

_A. Results of the Mossbauer Effect Experiments

The results of our MBssbauér ékpériments on diamegnetic gold
compounds aré givén in this chapter. Thé éxperiments were performed at
L.2°K with a moving source of Pt 197 Which‘béta decays to the 77.345 keV
isomeric state of Au 197. The statiOnary absorbérs‘contained the various
gold compounds-. Thé:errors that are indicated are the most probable
errors. Another given Mossbauer exﬁériment on the same gold compound
would have a 50 percent chance of yielding results that are within'the
probable error. The evaluation of errors is discussed in Appendix A.

The interpretation of these results are given in the following sections.

1. Gold(III) trifluoride, AuF

"paprika" orange crystalline substance with

Gold trifluoride is a
hexagonal symmetry, which has been characterized by a single-crystal
X ray structural determina‘bion.hl The space grouphg is P61 or P612’
with cell dimensions of a = 5.1k49 R and ¢ = 16.26 A. There are 6
molecules in the unit cell. The first coordination sphere has square-
planar symmetry. The details of its structure are shown in Fig. V-1.
The bond lengths and bond angles a.r'e:hl
(o]
Au - F (bridging) = 2.04 A
. . o]
Au - F (cross-linking) = 2.69 A
ZAiu - F = 116°

The AuF3-units form an infinite hexagonal helix.’
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AuF

XBL69I-1792 .

Fig. V-1. The coordination of gold in AuF3

(Einsteinhz).-
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The Mossbauer spectrum for AuF_ at L4.2°K is given in Fig. V-2. The

3 .
line drawn through the data points is the least-squares fit of two
Lorentz lines. Because of the square-planar symmetry about the gold

atom in AuF,_,, the two Lorentz lines were constrained to have equal line-

3’
widths and equal absorption intensities. The linewidth determined by the
fit was 0.232 (0.002) cm/sec. The IS with respect to gold-in-platinum is
~O.107 (0.001) cm/sec and the @S is 0.274 (0.002) cm/sec. Roberts

43 ’

et al. ~ reported an IS value of -1.3 % 0.2 mm/sec, Whichiis in agreement
with our value within experimental error.  They observed no quadrupoie
splitting. Three runs were made-on this compound. The goid density

of the common‘absorber was 163.9 mg/cme. A chemical gnalysis‘disclosed.

a fluorine to gold molar ratio of 3.00.

2. Tetrafluoroaurate(III), [Ath]—

From the reactivity of AuBrF6, Sharphu suggests that the compound
is not formulated as [AuF2]+[Bth]— but rather asI[BrF2]+[Aan]—. The
gold(III) tetrafluoride ion is yellow aﬁd hydrolizes in atmosphefic
hoisture. The particular structure has not been characterized, but it
is most 1likely that the [Ath]_ anion is square-planar as was‘found for
the aniohs of the Af[Ath]—.compounds, for A = Na, K, Mo, and Rb. Debye
powder photos have been taken of the A+[Ath]— cqmpounds.26

-In Fig. V-3 is ‘shown the Mossbauer spectrum'for.[BrF2]+[Ath]—
at 4.2°K. The_line‘dfawn through the aata points is the least~squares
fit of two Lorenfz lines. " We aséumed that the symmetry of the complex
' wég square~planar and fitted the data with two Lorentz lines which were

constrained to have both equal width and equal intensity. The linewidth
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determined by the fit was 0.228 (0.0L0) cm/sec:‘ The IS with respect

to gold in platinuﬁ is -0.069 (01002),cm/séc and the QS is 0.182 (0.002)
cm/sec. These recent résults aré in good agréémént with earlier results
that we obtained on a différént apparatuéf ﬁobértsvgz;gisu3 pérformed a
MOssbauer experiment on KAth, Théy obééfVed an IS of 0 % 0.02 mm/sec

and no quadrupole splitting. .Since the symmétry of the first coordination
sphere around gold is thought to be square-planar in both compounds, the
results were expected to be in closer agreement.

We considered the results of only the first of three-funs rerformed
on our latest sample of [BrF2]+[Ath]— as there was some evidence of
_sample decomposition; The first experiment had the best fesélutign of
" the three runs. - The aﬁsorber contained 160.2 mg/cm2 of gold and no
chemical analysis was attempted on-the'decomposéd sampie.

3. Gold(III) trichloride, AuCl3

Gold trichloride is a dark réddishfbrOWn crystalline substénce of
monoclinic symmetry. It has been characterized by a single-crystal
X rayh5 determination to be of the Pel/c space group with tﬁe following
ﬂcell dimensioné: a = 5.67, 5 = 11.0L4, and ¢ = 6.4k K.hs Angle
B = 113.3°. The substance feacts with moisture and may be photosensitive.
The first coordination Spheré has square—planar symmetry and the crysﬁal
consists of distinct dimer molecules Au2Cl6.

The bond lengths and bond angles are:

I+
o
R
=

Au - C1 (terminal) 2.25 and 2.23

Au - C1 (bridging)

"2.33 and 2.3k

I+
o
B
b=

o]

Au - Au (closest) = 3.55 % 0.02 A
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90°

Cl-Au-Cl (terminal chlorines)

Cl-Au~Cl (bridging chlorines) 86° . .

We note here that the average Au-Cl distance is 2.29 % 0.02 R. Tt was
found that in the CsAu(I) Au(IIT)C1, comppﬁnd, the Au(IIT)~Cl distance

is 2.31 K. The two bond 1enéths afé égual within experiménfal'error.

See Fig;‘V—h for structural diagrams of the unit cell and the coordination
of gold.:

The Mossbauer spectra for AuCl. at L4.2°K are given in Fig. V-5 (a)

3
and (b). The profile of two Lorentz lines is drawn through the spectrum
for AuCl3 in run 128 while the profile of run 173 consists ofsfhree
Lorentz lines. In the preparation of the compound for run 173, it appears
that thefsamplé'héa"undergone somé détompositionvinto gold metal. There-
foré,-the spectrum waé fitted with three lines, one of which represents

the line for gold metal with an IS of -0.12 cm/sec; ‘The AuCl. portion of

3
the two runs was fitted with two Lorentz lines whose linéwidths and
inteﬁsities were constrained to be equal. 'The\IS is +0.057 {0.009) em/sec
and the QS is 0.075 (0.008) cm/sec. The linewidth is 0.241 (0.020) cm/sec.
Shirley, §§_§1.3 observed an Au-to-Pt IS of 0.037 (0.015) cm/sec and no

quadrupole splitting for AuClB. Roberts g§_§;3h3 report an Au-to-Pt IS

- of 0.9 iAO.2 mm/sec and no quadrupole splitting. Our IS result is within
expgrimental efror of the result of Shirley but is not ih good agreement
with thét of Roberts.

- The areal density of gold in run 128_was 253;5 mg/cm2 and the
areal density in run 173 was 202.1 mg/cmg. ‘A chemical analysis of the

sample from run 173 gave a chlorine-to-gold molar ratio of only 2.36.
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'(.o)

® Au
o Cl

(b)
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Fig. V-k. Coordination of gold in AuCl,.
(Clark, et al. %)
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Fig. V-5. MJssbauer spectrum of Au 197 in AuClB.‘

(a) Experiment 173.
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Fig. V-5. Mossbauer spectrum of Au 197 in AuCls.
(b) Experiment 128. :
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The theoretical molar ratio is 3.00 and thus this lower ratio helps
substantiate the possibility that the sample contained metallic gold.

4. Go0ld(I) chlorine, AuCl

Gold chlorine, a light yellow, highly unstable substance of
orthorhombic symmetry belongs to one of the following possible space

6 11 14 19 . L6
5 ng, ng, D2h' It has only been characterized by an X-ray

groups; D
powder péttern. Gold(I) chloride has four molecules in the unit cell

and the cell dimensions are: a = 6.41, b = 3.36, and c = 9.48 &. o
bond lengths have been determined. We deduce from the bond lengths of

h7'that the bond

the linear [C1-Au-Cl]  complex in CsAu(I) Au(III)Cl6,
length for AuCl should be close to 2.3 A.

From the dynamics of the reversible reaction between chlorine gas
and gold at 500°C, Blitth showed that at these temperatures the vapor
was essentially Au,.Cl He found no evidence of the formation of AuCl2

272"
49

(as with copper and silver) or of KAuCl,. We assume that the aurous

2

chloride forms a polymer similar to aurous iodide, yielding a linear
configuration of the first coordination sphere similar to Fig. V-15 for
aurous iodide.

The M&ssbauer spectrum for AuCl at L4.2°K is shown in Fig. V-6.
The line through the data points is the least-squares fit of two Lorentz
curves. The lines, as resolved by the fit, were of width 0.196 (0.004)
cm/sec. Because of the axial symmetry of AuCl polymers, the two Lorentz
lines were constrained to have equal linewidths and absorption intensities.

Shirley 23_9133 performed a MOssbauer experiment on AuCl and obtained

values of IS and QS which agree with our values within experimental error.
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Machmerso ohserved a pure .quadrupole spectrum of Au l97sin AuCl and
obtained a nuclear quadrupocle coupiing of 514 MHz which,corresponds to
a smaller QS value than ours. To facilitate the comparison of the
quadrupole spllttlng values, we list them in.the table below. Included

in the table are the values of the trlplet observed by Macher in AuCl

at 300°K.
Isomer Shift: . Quadrupole Splitting '
This work -0.142 (0.001) cm/sec 0.465 (0.001) cm/sec
Shirley ~0.161 (0.020) cm/sec 0.434 (0.040) cm/sec
Machmer — _ 514.15 Mz = 0.4120 cm/sec
514.346Mz = 0.4122 cm/sec

514.754Mz

0.4125 em/sec
We performed the Mossbauer experiment on AuCl four times and obtained
good agreement for the QS each time. AuCl is an unstable, hydroscopic

substance which easily undergoes decompoeifion into AuCl_ and gold metal.

3
We feel that in our vacuum cryostat at 4.2°K,3AuCl probably did not decom--
pose appreciably during a single run. The difference in the ambient
experimental temperatures may accouﬁt for part of the discrepancy in the
QS valuee between the MOssbauer experiments aﬁd the more accurete nuclearr
~ quadrupole resonance technique.

| Of the two absorber samples we used, one had a gold density of
180.25 mg/cme, the other of 160.06 mg/cmz. A chemical analysis disclosed.

Aygold to chlorine molar ratios of 1.05 and 1.02.

5. Sodium and potassium tetrachloroaurate(III), NaAuClh'and KAuClh

The sodium salt of the gold(III) chloride ion (di-hydrate) is

light bright¥yellow with orthorhombic symmetry. The structure has been



" determined by Bonamico gz.gl.sl. The compound belongs to the Pnma, D

D5 —P2l/a group.
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16
2n

space group. There are four complex_ions in a unit cell with cell dimen-
sions: a = 12.818, b = T7.067, ¢ = 8.993 + 0.005 &. The symmetry of the
first coordination is square-planar with an average Au~Cl bond distance

of 2.28 R. 'Thg structure of_the [AuCih]_ ion‘is constructed in Fig. V-7

51

from bond length and bond angle values Of“Bonamico, et al. The bond

lengths and bond angles are:

2.288

Au - Cc1(1) = + 0.0058
Au - C1(2) = 2.260 * 0.0058
Au - C1(3) = 2.283 * 0.0058.
Au - c1(k4) = 2.278 # 0.005R
C1(1)-Au-C1(2) = 90.2 * 0.2°
C1(1)-Au-C1(L) = 89.6 + 0.2°
C1(2)-Au-c1(3) = 89.2 + 0.2°
C1(3)-Au-C1(4) = 90.9 + 0.2°

The potassium salt of the gold(III) chloride ion is a deeper golden’

- yellow than the sodium salt. It has monoclinic symmetry and belongs to the

>h o2 Thére are four complex ions in the unit cell which has

the following dimensions: a = 12.18, b = 6.35, ¢ = 8.67 R ana B = 95°24'.

Although no detailed structural data are available for the potassium salt,

" the coordination of gold is probably square-planar as it is in the sodium

salt.
The Mossbauer spectrum for KfAuClh] at 4.2°K is shown in Fig. V-8.

The line drawn through the data points is the least-squares £fit of two
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Fig. V-7. Coordination of gold in [Auc) ™.
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Lorentz lines. Since gold is in a square-planar environment, the two
Lorentz lines were consfrained to have equai linewidths-end absorption
intensities. The IS with respect to goid in platinum is +0.04% (0.006)
cm/sec and the QS is +0.127 (0.008) cm/sec. The iinewidth is 0.254
(0.029) cm/sec. Our IS value is irn eesential agreement with that of
Shirley eﬁ_g;.3 who report an Au-in-Pt IS value of 0.036 (0.020) cm/sec

43

and no QS for KAuClh. Roberts et al. ~ obtained an Aﬁein—Pt I3 of
1.3 £ 0.07 mm/sec and no QS.  This IS value was not in good agreement
with our value. Neither Shirley no Roberts reported_the narrow.split—
ting which we have observed..

Both NaAuClh and KAuClh were used as absorbers. The IS; QS and
linewidth values were in agreement. The density of gold_for the
sodium salt was 302.0 mg/cm2 and for potassium was 223.8 mg/cﬁg. Both

of these compounds'were purchased from the Alfa Inorganics. chemical

suppliers.

6. Cesium Aurous Auric Chloride CsﬁAu(I)Au(III)Cl6
o~
29

This compound, which was discovered by Wells, is of interest

: because of the presence of go;d in its two oxidation states. Its jet-
black coloration is ascribed to the existence of both the Au(I) and
_Au(III) states in the same compound. The compound was found to be di-
amagnetic, precluding the existence of gold in the +2 state.53

' The structure was’investigated by Eliiott,and Paul_ihg.h7 and was
found to have tetragonal eymmetry containing coﬁplex ions of [AuClg]_,

which are linear, and [AuClh]_, which are square-planar.
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The unit cell has the following values: a = T7.49 * 0.02 X ana

¢c = 10.87 * 0.02 R. The space group is th—lh/mmm. The Au-Cl bond

~

lengths in.[AuClg]- are 2.31 % and in.[AuClh]— are 2.42 R. Figure V-9
"gives the coordination of the two different gold atoms. |

We attempted to fit the Maésbauer spectrum of Cs;AuQ(I)Auz(III)Cl12
shown in Fig. V-10 with the split lines of AuCl'and'[AuClh]_;_ The results
were in unexpeétedly close agreement for the Au(I) chloride. qu compari-

son, the values for the IS and QS of the cesium triple salt and of AuCl

and KAuClh compounds are given below.

CshAun(I)Aun(III)CllnfCesium Triple Salt Separate Gold Chlorides
I - S 4 < < - .

[AuCle]_ portion: : AuCl:
IS = -0.143 (0.028) cm/sec } . 18- -0.142 (0.007) cem/sec
QS = 0.410 (0.065) cm/sec ° Qs = 0.465 (0.001) cm/sec

I' = 0.216 (0.00L4) cm/sec

[Auc1) 1" portion: : - [auc1)17:
IS = -0.009 {0.022) cm/sec - IS = 0.044 (0.008) cm/sec
QS = 0.133 (0.018) em/sec @S = 0.127 (0.008) cm/sec

I' = 0.164 (0.006) cm/sec

The linewidth for [AuCl)]” is smaller than the natural linewidth of 0.194
: * & : T : C
cm/sec. Except for the IS of the [AuClh] portion of the cesium triple

salt, the IS and QS.values.bfathe triple sait and the double salt are in

An atﬁemptﬂwas made to fit this spectrum with linewidths constrained to
equal the natural linewidth, 0.194 em/sec. . It was not successful.
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CsAu(I)Au(III)Cl, (Elliott end Paulingh7).
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agreemeht. of course, we can at best only guess the origin of the com;
ponent Lorentz lines. We note, howeVer,‘that the bond lengths and bond
angles of the [AuClh]—'portion of the cesium triple salt.are essentially
the same as those of fhe sodium and potagsium double salts. The [AuClz]—
portion of the triple salt was found to be linear; Since only one good
run was made of this compound, we heslitate to put great weight on these

results.

7. Gold(ITI) tribromide, AuBr

This blaék substance is slightly scluble in water. The three

bromide bonds were found .to be equivalent by radio-trace chemistry:

> AuBroler + BrOlmr

AuBr + 81Br2

and molecular wéight determination by vaporization yielded the average

54

weight of 910 amu. The theoretical molecular weight for the dimer is

3 givgn in
Fig. V-k(a). Tt is a diamagnetic compound with a magnetic susceptability

'6f -0.23 % lO—6 emu.

874k amu. The proposed gold coordination is similar to AuCl

The MOssbauer spectrum which is shown in Fig. V-11 was least-squares
fitted with two Lorentz linés. The resulting linewidth is 0.300 (0.00k4)
cm/sec. The IS with respect to gold in platinum is 0.079 (0.00T) ém/sec and

the QS . is 0.127 (0.002) cm/sec. The-Componeht lines were constrained tq

have equal linewidths and intensities.
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For the single run performed, we used an absorber with an areal
gold density of 186.5 mg/cmz.' The chemical analysis yielded a bromine-
to-gold molar ratio of 2.96/1.00.

8. (Gold(I) bromide, AuBr

Aurocus bromide, a dull grayish-yellow compound, has not béen stfuc-
turally investigated. It is generally assumed that AuBr forms long
polymers similar to Aul and that it is frobably also linéér in the first
coordiﬁation sphére.

In Fig. V-12, the MOssbauer spectrum for AuBr at 4.2°K is given.
The line through the data points represents the least-squares fit of two
Lorehtz lines. Because of the axial symmetry of AuBr, the two Loréntz
lines were constrained to have equal linewidths and absorption intensities.
The linewidth determined by the fit is 0.217 (0.008) cm/sec. The IS with
respect to gold-in-platinum is -0.147 (0.001) cm/sec, and the QSAisv
0.423 (0.004) cm/sec. Our values are in good égreement with Shirley

53.2;.3. They report an Au-in-Pt IS of -0.143 (0.010) cm/sec and a QS

Vof‘O.hlo (0.020) em/sec. There were two absorbers of AuBr. One had an
areal density of gold of 217.9 mg/cm2 and the second had 190.3 mg/cmg.
The results of a chemical analysis gave a gold to bromine molar ratio of

1.00k4.

9. - Potassium tetrabromoaurate(III), KAuBrh

The potassium salt of auric tetrabromide is a reasonably stable
dark reddish-brown crystalline substance. It is not photosensitive and

‘can be stored for at least a month in a dessicator. It has been
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Fig. V-12. MoOssbauer spectrum of Au 197 in AuBr.
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characterized52 as having two waters of hydration, KAuBrh°2H20, and és
being monoclinic. It belongs to the PQl/n-Cgh space group with the
following cell dimensions: a = 9.51, b = 11.93, ¢ = 8.46 K, with

" beta = 9L4o24', :Each unit cell contains four molecules. The two gold-
bromine bond lengths are 2.65 and 2.46 . The symmetry of the first co-
ordihation sphere is square-planar. |

Two Lorentz lines were leaét—squares fitted to the Mossbauer
spectrum of KAuBrh. See Fig. V-13. Due to its axial symmetry, the two
lines were consfrained to have equal linewidths and abéorption intensities.
The result of.the fit gave a linewidth of 0.220 (0.012) cm/sec. The.
Au-in-Pt IS is +0.067 (0.002) cm/sec and the QS is 0.113 (0.002) cm/sec.
Our values for both the IS and Q35 were élightly larger than the corre-
sponding values reported by Shirley gﬁ_gl,3. They observed an Au-in-Pt IS
» of 0.015 (0;015) em/sec and no guadrupole splitting.

We used three [AuBrh]— absorbers which had gold densities of 177.3
mg/cmg, 212.1 mg/cﬁe, and 156.2 mg/cmg. The best experimént was done on ‘
the sample containing 156.2 mg/cm2 of gold. The compound was made here
in the laboratory and recrystallized in anhydrous ether. A chemical
analysis disclosed a potaséium to gold to bromine molar ratio, K/Au/Br,

of 1.00/1.01/3.97.

10. Gold(I) iodide, Aul

Aurous iodide is a lemon-yellow compound of tetragonal symmetry.

It belongs to the Cth-th/n space group.55

There are four molecules per
unit cell with cell dimensions of: a = 4.359 * 0.00.4 K, c = 13.711

i_0.00T 3. The Au-I units connect to each other to form long. chains
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Fig. V-13. Mossbauer speétrum of Au 197.in KAuBrh.
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resulting in a coordination number of two and linear symmetry in the first

coordination sphere. B8ee Fig. V-14 for a diagram. The gold-iodine bond

3.56

| 055 i 56
length has been reported as 2.60 A7 and 2.62 Jagodzinski gives

the following additional bond distances:

Au has 2 I neighbors at 2.62 R}
Au has b4 Au neighbors at 3.08 X
Au has L4 Au neighbors at 4.359 i
Au has 4 I neighbors at 4.02 R
Au has 2 I neighbors at 5.06 X

Au-I-Au =_72°

The Mossbauer spectrum illustrated in Fig. V-15 for Aul is the
ieast—squares fit of two Lorentz curves which were constrained to have
both equal absorption intensities and linewidths. The best linewidth,
as determined by the fit, was 0.242 (0.004) cm/sec. Shirley gg_g;.3 ob-
tained values in close agreement with our‘IS and QS values. Machmer57
.observed é pure quadrupole spectrum of Au 197 in Aul at 300°K and T7T7°K.
At the lower temperature, he discovered a triplet. The QS results of

Machmer were about 3% larger than ours. The iS and QS values are tabulated

in the table which follows.

Quadrupole Splitting in Aul

This work | Shirley et al.> MachmerST(O.l% precision)
0.398 (0.001)em/sec 0.388 (0.020)cm/sec  508.296 MH_=0.40739 cm/sec

(4.2°K) (4.2°K) (300°K)
512,55k MH_=0.410799cm/sec
516.55h MHZ=Oth3898cm/sec
516.620 MHZ=o.h1h058cm/sec
(77°K) |
Iscmer Shift in Aul
-0.132 (0.003) em/sec  -0.124 (0.010) cm/sec = —me--
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Coordination of gold in AuI. (JagodziﬁSkiS6).
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11.  Gold(III) iodide, Aul,

This dark-green finely-divided compound is extremely unstable and

has not been structurally characterized. Auric iodide, Aul decomposes

3
into gold metal and aurous iodide, Aul, at 25°C. We have not been able

to prepare it in the wet at 0°C. From charge transfer spéctra on [AuClh]_
and [AuBrh]—, it was deduced that [Ath]_ has a low-energy charge transfer
band in the infrared region2l and hence spontaneously decomposes at room
temperature.

The Mdssbauer spectrum for Aul._ at 4.2°K is given in Fig; V-16.

3
The line drawn through the data points is the least-squares fit of two
Lorentz curves. Since AuI3 probably decomposed into Aul before we were

able to complete the Mossbauer experiments, we list the results of the

two compounds for comparison:
h

Linewidth IS QS
AuTl 0.242 (0.005) cm/sec -0.132(0.003)cm/sec 0.398(0.001)cm/sec
AuI_(?) 0.237 (0.041) cm/sec  =0.153(0.037)cm/sec  0.399(0.006)cm/sec

3

The linewidths are the values deﬁermined by the least-squares fit. The
cqrresponding results for Aul and AuI3(?) are within experimental érror.
In the section on interpretations, we make a correlation of IS and Q5 for
several gold compounds. .From this correlation, the pair of values for

3

state.

(?) seem to indicate that they probably belong to the Au(I) oxidation
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We used two Aul samples with aréal gold densities of 83.2 mg/cm2
and 526.9 mg/cme. A chemical analysis géve_a gold-to—iodine molar ratio
of 0.959. The-chemical analysis for AuI3 disclosed an iodine to gold
molar ratio of 2.97 and 2.83, but the extra iodine probably existed in
eleﬁental form.

12. Gold(I) cyanide, AuCN

Gold cyanide is a stable, finely divided bright yellow substance
which has not been thoroughly characterized due to the difficulty of pre-

58

paring single crystals. AuCN belongs to the C6mm;cév space group and
has hexagonal symmetry. It is highly probable that gold cyanide is linear
in the first coordination sphere. Most authors report that AuCN forms

58,59

long (linear) chains of gold atoms connected by CN groups. One source
reports. that AuCN is made up of long continuous zig-zag chains through the

crystal lattice. If there is a bend in the structure, it most likely

occurs at the nitrogen. or carbon atoms. The distance between two gold

58

AU -C=N:Au-C=N

<——5.09 8—

The MOssbauer spectrum for AuCN at 4.2°K is shown in Fig. V-17.
The data points ﬁere least-squares fitted with two Lorentz lines. The

linewidth is 0.272 (0.023) cm/sec. The IS with respect to gold in

. platinum is +0.166 (0.017) cm/sec, and the QS is 0.809 (0.003) ;m/sec.

We assumed that AuCN has an axially-symmetric environment and constrained
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the two component lines to be of equal linewidth and intensity. AuCN,

along with [Au(CN)Z]—, [Au(S 17 and [Au(CN)h]_ manifests the largest’

203)2
QS values observed for gold compounds. For this experiment the absorber

sample had a gold density of 289.3 mg/cmg. No chemical analysis was

performed on this insoluble gold cyanide.

13. Potassium dicyanocaurate(I), K'Au(CN)2

This colorless complex is one of the most stable complexes of

28 60

gold. It has a solubility constant K = & x 107, has rhombohedral

symmetry, and belongs to the R, space group.6l' The cell dimensions are:

3
a = 9.h7vX with o = 43.9°. The unit cell contains six [Au(CN)Q]—
complexes. Due to the similarity in thé electronic compositions of
carbon and nitrogen, an X-ray anaiysis leaves some ambiguities. However,
29 of KAu(CN)g, it has been concluded that the
carbon is directly bonded to gold. The complek consists of linear layers

- +
of [Au(CN)e] ions alternating with K ion layers. See Fig. V-18. The

bond lengths and bond angles are:

Ay - C =2.12 + 0.14 &
C -N=1.17%0.20 &
K -N=2.78% (average distance)
Au- C - N = 172.8 + 7.5°
C axis-Au-N = 20.4 % 2.9°
C axis-Au-C = 19.5 + h.be

. 7 .
The sodium conge’ner,02 which we did not investigate is a color-

less crystalline substance with three molecules per unit cell -and the

following cell dimensions: a = 3.64 &, ¢ = 27.0 & and o = 22°L2'.
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The IS for KAu(CN)2 is + 0.325'(0.008) cm/sec and the QS is
1.021 (0.006) cm/sec. The Mossbauer spectrum, shown in Fig. V-19, was
fitted with two Loréntz lines. The width as determihed from the fit
was 0.195 (0.014) cm/sec. Since the compound has axial syumetry, the
two Lorentz lines wefe constrained to have equal‘widtﬁs and intensities.

Three of the four samples of KAu(CN)2 contéihed areal gold
densities of 1.005 g/cmg, 168.2 mg/cmg, and 271.8 mg/cmz.‘ The third
sample contained some KAu(CN)212 as well as KAu(CN)Q. This was the
result of an incomplete reaction in the preparation.of KAu(CN)212. Al-
thougﬁ there were two pairs of lines in the spec£fum of the mixed ab-
sorber, we were able to reSolve the two pairs of lines to obtain useful
information. (See Fig. V-20).

lh, Potassium tetracyanoaurate(III),'K[Au(CN)h]

This fairly stable, crysfalline substance is colorless, appears
to have orthorhombic sym"metrys3 and has four complex aggregates in a
unit cell. It bélohgs to the th space group and Vas found not to be
perfectly square?planér.6h Based on infrared spectra, the Au-C-N unit

is out of the plane and the C-~Au~C unit is deformed. The cell dimensions

of KAu(CN)h are: a = 6.7L4 # 0.01, b 7.18 £ 0.01 and ¢ = 17.48 % 0.02 R.
The average Au-~C bond length is 1.931K.

The Mdssbauer sﬁectrum for KAu(CN)u at 4.2°K is shown in Fig.
V-21. The line drawn through the data is the least-squareé'fit of two
Lorentz lines with resultant width of 0.218 (0.014) cm/sec. The IS and '

QS are +0.421 (0.012) cm/sec and 0.699 (0.005) cm/sec, respectively.
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Fig. V-20. Mossbauer spectrum of Au 197 in a mixture

_KAu(CI\T)2 and KAu(CN)ZIQ.
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Although the symmetry around gold is a slightly-deformed, square-planar
configuration, we fitted the results with Lorentz lines of equal line-
widths and intensities.

We used four absorber samples with the following areal -gold densities:
126.47, 166.6, 170.3, and 206.6 mg/cme. One chemical analysis disclosed

a potassium to gold to cyanide molar ratio of 1.07/1.00/k.02.

15. Potassium trans-dicyanodihaloaurate(III), Au(CN)2X2 (X=C1, Br, I)

From‘infrared and Raman studies, it was determined that these

65
as indicated in Fig. v-22. No;exﬁensive X-ray structural determination
has yet been reported for these compounds; From an X-fay powder pattern

66

of the bromine-cyanide complex, it has been shown that it is monoclinic.

" " Further structural studies are being conducted.

The potassium salt of the chlorine-cyanide complex is a pale yellow
cryStalline complex which appears to be reasonably stable. The bromine-
cyanide complex is bright yellow and the iodihe—cygnide complex is a deep
reddish-brown to almost biack crystalline substance.

The'MSssbauérvspectra.for KAu(CN)zclz, KAu(CN)2Br2, and KAu(CN)2I2

are given in Figs. V-23, 24, 25. The linewidth, IS and QS results are

 listed below. Although the éhemical en?ironment of gold is not symmetric

with respect to the ligands, the spectra appeared nearly symmetric so we

. constrained the two component Lorentz lines to have equal linewidths and

intensities.
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trans - Au (CN)2X2‘;

X=Cl,Br,I,CN

XB8L691-1882

Fig. V-22. Coordination of gold in

Au(CN) X,, X = C1, Br, I.
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IS Q8 Linewidth
.KAu(CN)2Clé . 4+0.256(0.002)cm/sec . +0.526(0.002)cm/sec 0.218(0.004)em/sec

‘KAu(CN) Br,  +0.272(0.007)cm/sec +0.5h6(0.001)cm/séC’ 0.245(0.025)em/sec

KAu(CN),.I

oIo +0.278(0.006)cm/sec  +0.587(0.003)cm/sec  0.215(.92) cm/sec

The IS and QS values are slightly monotonicaily increasing from'the chlorine
complex to.thé iodine complex, ;s might be expected from ourvmbdel which is
exblained later,

| The areal densities of gold ih the samples’ and the results of the

chemical analyses are listed in the following table.

Areal gold density : Chemical. Analyses
‘ KAu(CN)2012 327.6 mg/cm2  . K/Au/Cl/CN = 1,03/1.60/1.99/1.99
- Kau(cn) Br, 118.9 mg/cm2 K/Au/Br/CN = 1.03/1.00/1.98/2.05
- Khu(CN), I,  80.9 mg/cm® K/Au/I/CN = 1.02/1.00/2.0L4/2.05
 :"sample 2 : . 113.2 mg/cm-2 ~ (no analysis)

16. Sodium dithiosulfatoaurate(I), NaQAu(8203)2

This compound, medically knoﬁn as sanocrycin, has been variously
.Tused for attempting to cure tuberculosis, leprosy and arthritis. It is a
vstgbie white flécculent compound Vhich has monoclinic syﬁmetry66 and belongs
to the E?l/a spaceNgroup, .There are‘four molecules per ﬁnit cell whose
 vdimensions are: a = 18.206, b = 11.355, and ¢ = 5,44 R, and B = 97.87°."
'-,The S-Au-S bond angle is very hearly 180°'and_the average Au-S’boﬁd distance

“igs 2.28 k.  This compound forms a cyclic structure as shown in Fig. V-26(a).

.
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Fig. V-26. Coordination of gold in NaéAu(S203)2.

'H. Templeton and H. Rubin, Ref. 66.
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This X-ray study is probably the first X-ray structural determination of

the thiosulfate anion structure: o : )

; 0 ' ' A -
{‘TS—S}<7'O | | |

2 3)2 A list

_of the tentative values of the Bond lengths and angles are given in Table I.

In Fig. V-27 is given the Mossbauer spectrum of Na,(Au(85,0,),).

Figure V-26(b) gives the oridntation of a unit cell of Na3Au(S

2 3)2

tSince'the X-ray structural determihatioh of the cqmpound reveéled an
;'éssentially linear boud:ét gold, thé two Lbrent; lines were.constrained

to have both équal-linewidtﬁs and line intensities. The lihéwidth is.
. 0.317(0.020) cm/sec and the IS and QS are +0.072(0.029) cm/sec and 0. 708
(O OOh) cm/sec respectlvely._

"Since an early chemlcal analy51s showed that there was a large

3excess of the thlosulfate llgand we used a larger than average.sample The
':actual gold content of the sample has not been determlned

1T, Au(III) c1s—l 2- dlcyanoethylene—l o dlthlolate anion, [AuSh h(CN)h]

This medium reddish—brown compound, [(CaHs)hN].{AuShCh(CN)h]" is
. s . \

'*dlamagnetlc and essentlally square—planar in the first COordination sphere.
;th is the only truly bldentate gold complex 1ncluded in this study. The

“general structure of this compound is given in Structure I
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. 66 . ' *
Table I. Distances = in Na3(Au(S 0.) )2H20

2”372
Atom 1-Atom 2 Bond (A) o ~ Atom l-Atom 2 Bond (A)
Au - s(4) 2.28 - . Na(1) - 0(6) 2.u47
- -s(3) 2.28 ¢ - wW(1) 2.36
- - w(2) 2.39
s(1) - s(4)  2.05
© - 0(1) 1.4 ~ ma(2) - 0(1) 2.55
- 0(2) 1.b5 | - 0(2) 2.43
- 0(3) 1.4s ' | , = 0(3) 2.40,
_ ; o - o(4) 2.39
s(2) -s(3) 26 - 0(6) 2.46
- o(k) 1y ' - W(1) 2.34
- o(5) 1T o | |
~0(6) 1.hy -~ ma(3) - 0(1) 2.55
| : - 0(2) 2.38
¥a(1) - 0(1) 2.63 o Zo(3) 2.39
- o(k)  2.50 - - o(s) 2.42!
~o(5)  2.46 - - W(2) 2.3k,
’ | o -o0(1) 2.91
- 0(6) 2

.91

The standard deviations are Au-S 0.004A, S-S5 0.01A, S-0 0.02A, and

Na-0 0.02A or less. ' I’
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Fig. V-27. Mossbauer spectrum of Au 197 in NaBAu(8203)2.
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Structure I’

The MBssbauer-spectrum is not éymmetric as seen in_Figi,V—28. Since
we die not prepare thisvcompound in our laboratory and we are not certain
about its stability, it is difficult to evaluate the reéults. The larger
of the two intensities occurs at near zero isomer shifﬁl
We also fitted the spectrum with a single and a double line as

_shown in Fig. V-28 (b). When the double line was constrained to have equal
intensities and linewidths, the resulting linewidth was 0.221 (0.005)cm/sec
and the splitting is 0.197 (o.ooé)cm/éec. The isomer shift with respect to
'gold in platinum is +0.326 (0.007)em/sec.

| The linewidth of the ;ingle line is O.236.(0.0ll)cm/séc; it is
locatéd at 0.121 (0.00S)cm/sec. We have not come to a satisfactory con-
clusion about this compound. In Sec. II-B-3, we have discussed other
. possible sources of unequal 1iné intensities.

18.  Gold(III) -- sesquioxide, Au203

This reddish—browﬁ powdery coﬁpound has not been characterized. It
was purchased from Alfa Inofganiés, Inc; If the gold(III) oxide structuren
is consistent ﬁith the other ﬁervalent compqundé of gelds, it would have
coordination'number four with square—planar symmetry at the central gold

metal.
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Fig. V-28(a). Mossbauer spectrum of Au 197 in
[aus)C) (M), 17
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Fig. V-28(b). Mossbauer spectrum of Au 197 in [Ausl"ch'(CN)h]‘.
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Gold oxide, Au203,.has a siightly asymmetric Mossbauer spectrum
as seen in Fig. V-29.  This compound is reportédly not very stable, but
was investigated as purchased from the Alfa Inorganics, Inc. Chemical
Company. The average linewidth is large, 0.350 (0.022)cm/sec, so the -
Mossbauer spectrum méy represent more lines than two. The natural line-‘

91 is 0.194 cm/sec. We tried fitting the

width for the 77 keV y-ray of Au1
speétrum with three lines, one of which was the line for gold metal at>
-0.12 cm/sec isomer shift. This did not improve the fit appreciably so
we simply -approximated the chemical environment of thé gold nucleus as
being axially symmetric and‘fitted.the spectrum'with_two lines which were
constrained to have equal linewidths and -equal line intensities. The IS
is +0.094 (O;OOi)cm/sec and QS is 0.168 (0.00h)cm/sec.

The absorber sample contained 232.k4 mg/cm2 of goid. No chemical
analysis was performed due to the difficulty of analyzing for 6xygen.

19. Gold sulfides: AuES, AuéS and AuQS

2 3

The three gold sulfide compounds were reasonably stable, sparingly
soluble in water and appeared to be amorphous to X-ray diffraction inves-
tigations.

a. Au,S. Crystalline Au, S was obtainéd by some French investigators68

2 2
who had determined that AuQS belongs to the Oh

Pn3m space group of Cu,.0

h 2

type structure and has cubic symmetry. They report two Au2S molecules
per unit cell and a = 5.020 * 0.003%.
The Au2S Mossbauer spectrum was fittéd with two Lorentz lines of

unequal intensities but of equal linewidths as shown in Fig. V-30. The
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Fig. V-30. Mdssbauer spectrum of Au 197 in AuS.
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linewidth and the two line positions are 0.249 (0.004)cm/sec, and 0.433
(0.007)em/sec and -0.156 (0.006)cm/sec, respectively. A chemical analysis
gave a gold-to-sulfur molar ratio of 2.04.

b. Au, S,.. Au, S, might be more accurately written as Au25°Au ,» Since

22 22

it has been amply stated in the literature that many gold compounds with

253

an apparent +2 oxidation state are just gold comﬁouhds contéining_thevﬁetal
in both the +1 and +3 oxidation states in equivalent amounts. These com-
pounds are invariably black. This gold sulfide was not completely amorphous
to X-ray powder studies and had lines similar to those of the gold metal.
The MBSsbauer speétrum for Au,S, at 4.2°K is given in Fig. V-31.
The spectrum was fitted with four Lorentz lines with no knowledge of thé
Hamiltonian. The compound may be a combination of several gold sulfides

or may even contain scme metallic gold. The linewidths were constrained

to be equal and the four lines occur at -0.344 (0.011)em/sec, -0.197

(0.015)cm/sec, +0.021 (0.058)cm/sec and +0.290 (0.011)cm/sec. The line-

width determined by the fit was 0.326 (0.008). The molar ratio of sulfur

to gold was determined to be 1.007, which is essentially the theoretical
molar ratio.

c. Au283. ‘Au2S3 is a black powder which decomposes'into its elemehts at
_—e 2 L ,

3 If this compound is structurally similar to the other
gold (III) compounds (square-planar with coordination number four) then

the shortest bonds to gold might involve the following structure:
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The Massbauer spectrum’for Au283 is a complicgted cufve which we
attempted to fit with three Tines of ‘equal linewidth as shown in Fig. v-32.
The line positions are -0.197 (0.009)cm/sec, +0.50 (0.011)cm/sec and
+0.348 (0.007)cm/sec. The linewidth determined by the fi£ was 0.303
(0.016)cm/sec.

Three samples were prepared containing the following areai densities
on gold: 81.k4 mg/cmg, 87.2_mg/cm? and T77.5 mg/cﬁz. The chemical analysis

on Au283 gave a sulfur to gold molar ratio of 1.60, 1.63, and 1.60.

B. General Observations About the Resuits

The complete results of our Mossbauer effect experiments on gold

compounds are given in Table II. In the first column of the table are

2

listed M(0)g s tivistic

Qalues which were computed from the IS results

using Eq. (11) of Sec. II-B-1. For Au 197 we have

N -7 2 |
IS (cm/sec) = ‘.618 x 10 Aw(o)Relativistic (1)
The IS values are relative to a gold-in-platinum source.
In the fourth column are listed the electric field gradients, qzz’.

which were determined from the following expression
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Fig. V-32. Mossbauer spectrum of Au 197 in Au2S3.



Table II. Results of the Mdssbauer Experiments
(The assumed signs are indicated parenthetically).

Compound IS M(0)%x10%° Qs g, Ix10*
: cm/sec Relativistic ‘ em/sec

AuF -0.107(.001)  -6.611 0.274(.002) (=) 7.860 0.
[Ath]~ » -0.069(.002) -4.263 0.182(.002) (-) 5.221 . 0.
Aug : -0.142(.001) -8.774 0.465(.001) (-)13.339 . 0.
{aucy) )™ 0.0L4k4(.006) 2.7187 0.127(.008) 3.643 0.
AuCl, 2.057(.009)  3.521 0.075(.008) 2.151 0.
AuBr -0.1k47(.001) -9.083. 0:423(.00k) (-)12.134 0.
[AuBru]— : .0666(.002) 4.115 0.113(.002) 3.2415 0.
AuBr. .079(.007) L.881 0.127(.002) 3.643 0.
Aul -0.132(.003)  -8.156 0.398(.001) (-)11.k17 0.
Aul, | -0.153(.037)  -9.4537 0.399(.005) - (-)11.k46 0.
CshAuéAU£IIC112 -0.143(.028) " 1. 0.4510(.005) 0.

: -0.009(.022) III 0.133(.018) . 0.
AuCN 5 - 0.166(.017)  10.257 - 0.809(.003)  (-)23.207 0.
[au(cn), ] . 0.325(.008)  20.0815 1.022(.006)  (-)29.288 0.
[Au(CN)h]— 0.421(.012) = 26.013 0.699(.005) .  20.052 0.
[Au(CN)2012]‘ 0.256(.002) 15.818 0.526(.002) n 12,69 0.
[Au(CN)EBrz]_ 0.272(.007) ~ 16.807 0.546(.001) " 13.53 0.
[Au(CN)212]— 0.278(.006) 17.177 0.587(.003) ~ 13.85 0.
[AuShCh(CN)h]" 0.326(.007) 20.143 0.197(.006) 0.
Au,04 ' 0.094(.001) 5.808 0.168(.00L4) L.819 0.
[Au(8,045),]1 0.072(.029) L.L488 0.708(.00k) (-)20.310 0.

~6T1-

90L8T~THoN
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1/2 (?)

eq_ Q@ (1 + n2/3)

QS = 22

o[+

This equation was discussed in Sec. 11—3-3. Here n,; the asymmetry
parameter, is taken to be zero. This isvvalid for mosf gold(I) and
gold(III) compounds, which afe considered to héve axial symmetry. The
known exception is the goldvcyano—halidés, KAu(CN)2X2 (X = C1, Bf, 1),
where 0 < n <1, We do not have the valueé of n for these compounds.
We have approximated the electric field gradients for these three com-
pounds at the énd of this section, and ‘have estimated their n values.
The observed linewidthé are given in.the last column. The

. ol 015
quadrupole moment, Q, of Au 197 has the value +0.594(10) x 10 ehcm2 and

e is the unit of electronic charge, 4.803 x lO'-lo esu. Substituting
the above values, we have the following conversion between QS and .,
for Au 197
= 15 3
QS (em/sec) x 28.686 = q,, % 1077 esu/em (3)
Before presenting the detailed calculations for the nuclear electron
densities and electric field gradients, we will first make some ob- -

serVations about the results.

1. Isomer Shift

a. The isomer shift and the nuclear electron density. The isomer

shift values of gold(I) and gold(III) compounds have been arranged in

CFig. V=33 in order of increasingly positive IS values (smaller values
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at the bottom). In Sec,‘II—B, we concluded that the gold absorbers with
the larger tp(O)2 values wouldjhavé the mbre,bositive IS values. Gold(I).
and gold(III) compounds use 6s6p and.5d6s6p2 hybrid orbitals for bonding,
respectively. Therefore, in compounds with ligands of lower electro-
negativities,.the gold atoms wQuld'be expected to accumulate larger
densities of>6s elecfrons and this have the more positive IS values.

From electronegativity differencés between gold and thé halides,
gold halides are éxpected to be partially ionic, with the halides having
the (slightly) larger portion of the bonding electfons. The cyanide
fadical is generally considered to be less electron-dttrécting than the
halides; ‘In Fig. V-33, we find the gold halides neafvthe tottom and
.the cyanides at the top. Therefore, this observed orderipg of compounds
with respect to IS values helps support the model which proposés an
increase in w(O)2 from bottom to top of Fig. V-33. |

b. - Comparison of isomer shift values for gold(I) and gold(III) compounds.

In Fig. V-33, we see that for a given ligand, the IS value of the gold(III)
compound is more positive than of the corresponding gold(I) compounds. This
implies that for a given ligand, the.gold(III) compound has a greater
nuclear:electron densi£y than the corresponding gold(I) bompound. Compare,
for example, KAu(CN)h with KAu(CN)2 which have IS-valuesvof +b.h21 and |

+Of325 cm/sec, respectivély; and AuCl. with AuCl whdse IS Qalues are

3
+0.057 and -0.142 cm/sec, respectivély.

In Sec. ITI-B, we gave the inner electron configurations and

hybrid orbitals of ﬁhe aurous and auric. compounds as
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Gold(I); 5dlo(6s6p)1fT -0 _<_i_v < 2 (4)
Gold(III); Sd8(5d6s6p2)N' 0<N"<2 - (5)

To simpify this discussion,'consider an hypothetical ligand, L, which
forms perfectly covalent bonds with gold (N = 1, N' = 1):'[AuL2]_ éhd
[AuLh]-. [AuLe]- would have one 6s and one 6p electron. [AuLh]— would
have one 6s and two 6p electrons and a 5d hole. Although both com-
.pounds would ha&e the same number of s electrons, the effective LP(O)2

for [AuLh]_ should be more than.for [AuLz]_ due to lower shieldingbof the
6s electron in the [AuLh]— complex by its nine 54 electrons. Therefore,
the IS values of the gold(III) would be expected to be more positive than
that of the corresponding gold(I) compounds, as observed. The 6plv/2
electrons, which are more energetic (and therefore farther'from the
nucleus) than the 6s electrons, are not expected to cont?ibuteasignifi—
)2 " '*

cantly to the P(0)° value or to effectively shield the 6s electrons.

*

ll)(O)2 of the 5dlo6p 1~ configuration of gold is about 2% of the
: 6pl/2 1/2 ] .

W(O)Eé value of the 5d106s configuration. These results are given in

Sec. C of this chapter.
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2. Quadrupole Splitting

a. Quadrupole splitting résuits and electric field gradient. In Fig.
V-3k4, the QS résults are arrénged with thé larger values at the top. The
sign.of the electric field gradient, EFG, whose magnitude is proportional
to the QS, cannot be determinea by these experimental results. :The sign
of the EFG of the molecular bond of the gold compounds is adéessible from
.bond symmetry considerations. However, we can only guess the sign of
the EFG at the nucleus of gold, which is caused by the bonding electrons.
The electrdnic configuration of gold(I) compounds .is depicted in Fig. V-35.
The EFG of the sp bonding electrons of gold(I) is negative. However,
since the.bonding electrons extend a distance from fhe_nucleus-of gold,
the‘actual EFG at the nucleus of gold may not directly rgflect the |
symmetry of the bohding electrons. If‘the'repulsive fbréeé of the valence
6p électroﬁs were.to distort the inner closed shells‘of'electrons, for
iﬁstance; the EFG at the nucleus could be oblate and therefore positive.
For,gold(IiI) compounds, the EFG is further complicated by the

existence of a 5d ‘
v x2—y2

~of the 5d hole and the dspe—hybrid bonding orbitals. Since the two give

electron hole. Figure V-36 gives the geometries

opposite-sign contributions to the EFG, the sign of the resultant EFG

of the valence electrons plus the 5d_2 2'hole would depend on the rela-

v b'e
tivé~magnitudés of the 54 and 6p EFG vaiues. With the sign of the EFG
of the combined gold(III) bonding and nonBondiné electrons themselves in
) questibn, it seems speculative to assign a sign to the EFG at.the gold
-nucleus; Although the sign of the EFG at the nucleus’méy not bé the same

as thut of the bonding and nonbonding electrons, the nuclear EFG is

probably proportional to the EFG of the outer electrons.
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Gold (I)  Gold (ImI)

| O'_r‘_.v_,KAu (CN),

0.8-——_. AuCN | -

—e Na3Au(S;03); 4 oKAu(CN),

0.64 | -———oKAu(CN)212
——* KAu(CN);, Br,

——aAuct 1> K Au(CN), CI

———o Au Br _
0.4--——\.AuI ———OAuI3(?)_

| _ _/‘AUS4C4(CN)4
o2 [AuF,] e

2

:_—————0 AU203
KAuBrge—= * AuBr3, KAuCl,

XBL6EO|~-1795

Fig. V-3k. Quadrupole splitting results of gold( I)
' and gold(III) compounds.
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5d 65 6p

WY

\ . 2 \— _p

‘Symmetric 5d'° core sp hybrid orbitals

> X

qzz( bo-nd)=q6lo<0

XBL6B2-1868

Fig. V-35. The electric field gradients of .
the 5a%0 core -and the 6s6p, hybrid
orbitals of gold(I).
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‘ 5d Cp’-.’fi%z 6s 6p
IS '
5d820re dsp? hy;id orb’i'rc:ls
z -z

4

g,f hole)=-2q,,,< O qzz(bond)= 29t Ag,,> O

X8L682-1871

Fig. V-36. The electric field gradients of the 5d8 core
and the 5d6s6p° hybrid orbitals of gold(III).
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b. Comparison of the gquadrupole splitting of gold(I) and gold(III)

comgouhds. In the introduction, we.exPlained that the large differences
in the QS résults of related gold(I) and gold(III) compounds, such as

AuCl and AuCl3, aroused our interest in the bonding characteristics of
gold compoundsf Although 6ur resﬁlts’have réised additional questions,

we did arrive at a satisfactory qualitative explanation for the above

4,69,70

observation. Earlier wérkers on nuclear quadrupole effectsvcon-
sidered mainly the p electron contribution to the EFG and essentially
neglected the 4 electrons as a'éource of EFG. Howevef, from our cal-
culations of the 5d and 6p eiectron EFG Yalues of various gold ionic and
excited states, we find that the EFG of the 5d and 6p electrohs are com-
parable. Thereforé, the probable reasonvfor thé observed sméller QS
values of the gold(III) compounds compared to the corresponding gold (1)

compounds is that the 54 hole would decrease the effect of the EFG

x2-y2

of the bonding electrons in gdld(III) compounds and therefore decrease

the QS results.

3. .Relationship of the Isomer Shifts and Quadrupole Splittingg

a. Gold(I>. From the IS and QS résults for gold(I) compounds which
are given in Figs. V-33 and V-3L4 respectively, the 1in§ar relationship
between the IS and QS feéﬁlts is apparent. We have assumed that the
electric field gradient, EFG, of the nucleus has the samersign as that
of the valence electrdns. The aiternative'aSSumption would not affect
the results of tﬁe following discussion. Gold(I) utilizes the two
6s6p hybrid orbitals fér bonding. The élosed shells of electrons form

a symmetric sphere. . The bonding electrons, which have .a prblate-
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configuration around gold, have a negative EFG. The electronic distri-
‘bution around the gold atom is depicted in Fig. V~35. Gold is located
at the origin of the coordinates and the ligands, L, are located along
the 2z axié.

We have plotted the IS against a quantity which is proportional

y1/2

to the gquadrupole coupling constant, l-eqzzQ(l + n2/3 , in Fig. V-37.

2
The QS is equal to thevmagnitude of this quantity. The best straight
line through all the data points, determined by the least-squares.method,

is
15(Au(I)) = 0.7815 (eqq@/2) - 0.47hL cm/sec | A(6)

The IS and (qu/2) are in units of cm/sec,,

b. Gold(IIi). For Gold(III) compounds, a linear relationship between the
shift and the quadrupole coﬁpling constant would also exist 1if there were
a difference in the sign of the EFG between the gold flubrides and the
remaining gold compounds. This is not unrgésonable since a sign differ-
ence does exist:between the 5d8(5d6s6px6py)0 aﬁd the 5d8(5d656px6py)2
-electrornic configurations. The first electronic configuration represents
the ionic extreme where gold has the 5d8(43) configuration, having none
" of the bonding electrons. In the second electronic configuration, gold

has all of the eight bonding electrons. The first case would have a

prolate charge distribution and thus a negative EFG: the second has an
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Isomer shift (cm/sec)

Fig. V-37. Linear relationship of isomer shift and

1/2(eqQ) for Gold(I) compounds.
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oblate distribution and a positive EFG. The assumption is that in the
gold fluoride compounds, the highly electronegative fluorine atom re-
tains a major share of the bonding electrons and that the resulting EFG

on gold is negative. As the gold atom receivés a greater and greater

protion of the bonding elecﬁrons, the sign of the outer-electron EFG

changes from negative to'stitive._ The electronic configuration of the
outer electrons in goid(III).compéunds is given in Fig. V-36. The gold
atom is located at the origin'of the coordinates and the ligands, L,
along the x and y axes.

| The linear relatibnship between the IS and the guadrupole coupling
constant is shown in Fig. V-38. Here, as for goid(I) éompounds, we have
assumed that the nuclear EFG has'the séme sigﬁ.as that of the outer elec-
trons. The eéuation of the best stréight line through'thé axially
symmetric gold compounds, determined by the least-squares method, is

1S(Au(III)) = 0.5L422 (eqQ/2) + 0.0162 cm/sec (7)

The data used in determining this equation were taken from the following

compounds
Compound 1/2(eqQ) cm/sec IS cm/sec
[AuF, )™ (-) 0.182 -0.069
[AﬁClh]— ©0.127 0.0Lk
[AuBr) 1™ ,‘ ) 0.113 0.067

[Au(cn)y 1™ 0.699 | 0.421
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Fig. V-38. Linear relationship of isomer shift and

quadrupole splitting of gold(III) compounds.
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If we include the following nearly axially symmetric compounds

Compound 21/2 (Eq. Q) - I8
AuF (=) 0.274 - 0.107
AuCl1, ~0.0T5 0.057

the best straight line is
I8(Au(III))' = 0.570% (eq@/2) + 0.0078 en/sec (8)

The assumed signs for the 1/2(eqQ) values are indicated parenthetically.

The linear relationship between the isomer shift and gquadrupole
coupling constant shows that the gain in nuclear electron dénsity
(mainly from the 6s electrons) is approximately proportional to the
gain in the 54 and 6p electron unbalance. This suggests that the hy-
bridization of the sp and.dsp2 orbitals remains constant and that the
changé in the IS and QS from one gold compound to another is caused by
the change in the number of bonding electrons at the gold atom. The
proportion of the tonding electrons Vhich reside at the gold atom is
governed by the electronegativity of the ligands.

From the éraph ih Fig. V-38, we can now estimate the asymmetry
parameter, n, for the gold(III) cyano-halides. Since the QS values for
gold(I) nhalides aﬁd gold(I)_cyanides lie at opposite extremes of the
scale in Fig. V—3L , large Qalues of neare expected for the géld(III)
éyano-halides. We determined n-to be 1:1, 1.0, and 1.2 for KAu(CN)C1,,

KAu(CN)ZBrg, and KAu(CN) . I,

1o respectively. However, rFshould be between

zero_énd one. The fact that these values were determined to be about

10% high may indicate that the line which was determined from the QS
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and IS relationship should‘be steeper or the intercept should be a little
larger. The q,, values of these. compounds were computed from Eq. (18) of

Sec. II and are listed-in Table III.

C. ,Calculation of Nuclear Electron Density

The w(0)2 calculations were made with parameters generated by

71

\Mann in Dirac-Fock atomic structure calculations for excited states of

gold. The major component of the radial wave function, P, is given by

7 _
P = PA rl+ (1 - ar2 + Brh + . ] (9)
The minor component, Q, is
Q=PA-rtlq +aqri+ar’+ ... ] (10)
_ o 1. 2
where q, is zero fpr 81/2"p3/2’ and d5/2 electrons. PA, 950 93> 9o o,
and B are available in Mann's program.
The normalizatioﬁ condition is:
0
) . .
E + =
Jf (PP, +QQ)  ar= &, o - (11)

0

Nedr the origin, the charge density for a 51/2 or pl/2 electron is:
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Table ITI. Determination of nzfor the potassium dicyanodihaloaurates.
_QS(calc)- . -qzz(calc) QS n2

Compound - IS : n=0" ' 15 3 observed calcu-
(cm/sec): (cm/sec) 10" “esu/cm - em/sec lated
KAu(CN)2012 0.256 - 0.4423 ' 12.69  ° 0.526 1.11L
KAu(CN)eBrQ 0.272 0.4718 13.53 0.546 1.007
KAu(CN)212 0.278 0.4828 13.85 0.587 1.196

Both IS and QS values are the observed values. QS(calc) are the values
which were determined from Eq. (7) and qzz(calc) was computed from Eq.

(3). n2, the asymmetry parameter, was determined from Fg. (2).
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where wi is the occupation number of the shell.

For the s

1/2 shell,
. 2 .
w, (PA) o . .
2l_ 7i . 2 2 Y
W) |= =5 [ l - (20 - ql)r + (28 + a“ + 2q,0,)r" + ... }
(13)
and for the p1/2 sﬁell,
2
w,(q_*PA)
2 _ _i 7o : 2, .2 : 2
lIJ(r)Pl/2 = [l + (29 /q, + 1/q )" + _[2q2/qo + (q,/a )
: | | (1)
- 20L/q2]rh R ] . .
o : .
The units are in a;3. The eiectron density at the nucleus is,
R R | '
IID(O)-ZI =[ WP (r)r? dr/'f r? ar (15)
0 o 0 ' ' -

where R(= 2.0219 X 1Of5 Al/3) is the nuclear radius.|T This yields the

following explicit expressions

' 3 5 - T :
2 i R° _R 2 R 2
¥(0) l:———-—-[——--—_- 20° - q,) + 7— (28 + a” + 2q.q,)
l 51/2 LI-TT(R3/3) -3 5 . 1 T ) .l 2

(16)



-137- UCRL~18706

2 o
w, (g _PA) 3.5 2q T /2, [/ a. \2
wo2 e &+&< .1.2.-+.,..l.>+,R.<-_2_+ ,1.>
Priel w3 L3 2\ o8 % T\ % %
“20_‘> . ] | (17)
= . | 4
q | |

O

Multiblying thé above expressions by 0}067h86.x lO26 converts the units
from a;3 to cm-3. | v

The values of w(o)is for the individual shells (n =1, 2, 3, 4, 5,
6) are given in Table IV for comparison between the different ionic
states. The total nuclear electron density, Zw(o)i, is also indicated.
A few values pf_w(o)ip are given in Table V. We find that Ip(0)°

1/2 Py/2

is approximately 5% of the s electron nuclear density, zw(o)i.

D. Calculation of the Electric Field Gradient

The electric field gradient, q, of an eiectron_is given by the

*
following expression

(21) 3)
= g i g 18
Yy =3y YV a (18)

. . ' ' -10 ' .
where e is the electron charge, equal to 4.803 10 esu, and 1 is the

azimutal guantum number. The determination of %91 of a particular

electron requirés its (l/r3 > value, which can be calculated from the

* : '
"~ See Eq. (10), Appendix C for consideration of spin and relativistic

correction. -




Table IV. DNuclear electron densities for ns electrons, w(O)2

ns® for golq.
, 2 2 2 2 2 . 2 2: 2
State w(o)lsz_ tp(o)252 Q(o)352 w(O)hsz w(o)552 111(0)68n & v(0)
x10°1 x1030 x10°7 x1028 x1028 x1028 x10°1
5a1%s  1.0811351  1.6181933  3.7074950 9.2513488  1.72M0657 €.4876425  1.291068257
n=1 SRR
5d96s . 1.08113463  1.6181935 3.707Lok © 9.2519601 1.7327180 8.9125LLs 1.29110182
. : : n=1
5d86s 1.0811339 1.61819598  3.707491  9.2527926  1.T7LL8536 11.156826k4 1.29113758
K ' ‘ n=1
5d96s2 1.08113399 1.61819893  3.70T4957 9.25316815 1.7387135 1h.6529252 ©1.29116725 -
. : : n=2
5d96p 1.0811344L  1.61818562  3.70729750 9.250Lhk562  1.728676 —— 1.291005095
510 1.08113533  1.6182132h  3.70725501 9.25010076 1.71813546  ~—--- 1.29099743
Mercury 1.13&63355" 1.71599995 3.9h1h777 9.8927001 | 1.8956166 . 16.0490299 1.35759712
10,.2 ' : ' n=2
6s o

: 54

. -geT-

"90.8T-T¥0N
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Table Vi Nuclear electron de.nsitieS't'i‘orvnpl/.2 electrons, w(O)npl/z, for goldii
2 2 2 2 2 548 2
WP wef W) ¥(0) W(0)2 | 2 w(0)2
State 2p 3p hp6 5p6 6p n=2 P
><102'9 ' ><.1028 Xi027 : ><1027 '><1025 X1o31
5a1%s 3.6570099 9.3985819  23.1275LL2 3.79192177 —— 0.0486606
-Sdlo6pl /o 1.23705252  3.17923915  7.82373819 1.2832301499 1.63742407 0.04938630
5410 1.23705170  3.17921018 T7.82340609 1.28086806 -— 0.049380k46
. : i
sa%p, ,  3.656943%  0.39862M8  23.13267997  3.8222755  3.92364908 0.04866752 @
. ]

90.L8T-T80N
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appropriate electronie wavefunction.v This task has proven to be our
greatest ﬁ:oblem. In-thisvsection we discuss how we arrived at the 991
values which we finally sele¢ted. 

Relativistic (l/r3) values for free ions were obtained from

Ma.,nn,'-(l where

apd o= [ e ee®) ar B et
0

P and Q are the major and minor components respectively of the relativistic

wavefunctions and are given in Sec. V-C.

1. Electric Field Gradient for 5d Electrons

For the 54 electrons, we calculated the average (l/r3) values

v 5d
of several ionic states from the occupation numbers of the 5d3/2 and
: 3 3 . . - 71
a tat d the (1/r”) afi/r>) 1 lied by Mann.
5v5/2 states an e {1/r 5d3/2 and /r 545 values supplied by Mann

These valﬁes are listed in Table VI and are plotted in Fig. V-39. Un-
fortunately, we ére interested in bonding configurations that are not
found in the free ions, thus precluding direct calgulation. " By connecting
the goihts (solid lines) of the states of equal numbers of 5d electrons
and varying numbers of 6s and 6p electrons, we £ind that the lines formed
have nearly the same_curyatures. Thefefore, we have estimated the (1/r3_)Sd
' dependence on charéebfor the 5d96s6p2 state by drawing a dashed line with
- a curvature sémilar to the other gxisting curves but occurriné midway be-
tween the pointé for the 5d96p and 5d96s sfates. This results in the

i
following expression for <l/r3> as a function of charge

5d
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Table VI. Determination of (l/r3 ) values from <l/r3‘> and
(l/r3 ) a values. (Mann7l) '
25 /0
. electron 3 3
State , J occupation (1/r )J : (1/r >5d
number .
5a*%s 5D P 15.6964 14,1861
5/2 . ‘ L.
D30 4 ;1.9206
10 .
54~ 6p 5Dg /o 6 - 12.2721 ;3.6826
5D3/2 4 15.7984
9, 2
54 6s 5D5/2 : 5 | - 12.7303 | 14.4079
5D3/2 h. 16.5C4L8
10 : '
54 5D5/2 6 15.9915 14.4938
| 5D3/2 4 12.247hL |
9
5d 5D5/2 5 13.4185 ‘ 15.0836
‘5D3/2 L 17.1650
8 .
54 5p5/2 N 1&.538h | ;6.&632
5D3/2 ok '18.3880
9
547 6s 5D5/2 5 13.0329 | 1k.701L
. -5D3/2 Y 16.7870
. 54 6s 5D5/2 k J1k.1190 16.0361
5D3/2 ok 17.9532
9
53”7 6p 5D5/2 5 13.279 14,8603
5D3/2 Y 16.837
5d86$6p : 5D5/2 Y 13.9782 15.7983
5D b 17.6186
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states of gold.
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Fig. V-39. The Dirac-Fock (l/r3) . results of. free-atom
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(1/r3>Sd = 0.0443 X2 + 0.249 X + 1h.k49 ~ (20)

whefe X is the charge on the gold atom and the exprgssion is in units of
ao_3. The (l/r3)5d of.the above equation is no# a very senéiti&e.function
of charge for sméll X. This is as'one mighf ha?e.eX§ected, since the ionic
charges on gold arises from differing numbers of 54, 65, and 6p electrons.
The mutual shielding of the 54 electrons is probably not very effective
‘and the»shieiding of'thé 54 electrons by the 6s and 6p electrons would be
even less sc. The value of (1/r3>Sd obtained in this w;y for neutral gold

-3

(x = 0), is feasonable when compared with the values of 12.3 ao and
ll.BaO—3 which were obtained“from magnetic hyperfine structgre and atomic
fine étructuré determination, respectively.72

For the caiculations hade in Sec. E of this chapfer, we used
(l/r3)5d value for neutral gold of 1h.49 aof3. Due to the appfoxiﬁate

nature of the calculations in Sec. E, this simplificétion is probably

justified. Using Eq. (18) of this section, we get the following EFG

500 = 26.86 x lOls esu/cm3 (21)

2. Electric Field Gradienﬁ for ép,Eleétréns.

| The determination of (l/r3>6p for gold was coﬁsiaefably more
difficult'and the results are less certain. The difficulty arises partly
because the 6p electron of gold is loosely bound and close in energy to

the continuum. Therefore, the directly calculated (l/r3)6p values for
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free-atom gold has beéh subsﬁantiélly-smaller than we had expected and

are sufely not a good estimation for molecular configurations. From the

value of (l/r3>6p'of 8;87 aof3 for Hg 20].,73

‘ #
for gold.

we would expect a comparable
value fér (l/r3)6p | -
We considéréd.several sourées of (l/r3>6p calculations and attempted
t§ e#trapolate a yalue which would be appropriate for goid; The sources of
<l/r3)6p calculations are discussed and evaluated in Appendix B. These
calculationé are described below and the results aré tabulatedAin Table
VII. Thevresults of cases B through E inélude a relativistic correction
factor, Rr;Th which was applied to the Hartree-Fock non—relativistic results.

71

Case A. Mann madevDirac—Fock calculations of (l/r3)6p'3/2 for
the following excited ionic states of gold: 5d56p(+3), Sd86p(+2), and
5d96p(f1). This is probably the best set of calculations among the five

- cases that we conéidered {cases A through E). The (1/r3> values are given
‘v in Table VII. The equation of the beét straight line,‘determined‘by the
least—squéres method is |

3

3y e e
(1/r >6p = (5.775 X + 3.9833) a, (22)

Here X is the ionic charge on gold. Using Eq. (16) and doubling the value

to obtain the EFG along the z axis, we have

> 3

This value corresponds to-23XlOl for the electric field

‘esu/cm
gradient. o

1



Table VII. (l/r3)6p values of gold and related elements

(in units of ao_3).

—gWT_

Au excited states Case A: Dirac-Fock (Ma.nn)71

5a6p (+3) 21.30

5d86p (+2) 15.55

5a%6p (+1) . 972

. h Case B Case C Case D Case E - .
Element R ground states ground states 54106p ’ 541065%6p

T Hartree-Fock . Slater-Hartree-Fock 1isoelectronic states isoelectronic states 
(Mann)T> (Herman&Skillman)T6 Hartree-Fock Hartree-Fock
(minimal basis set) (minimel basis set)

Au 1.3172

Hg 1.3268. | ~ 7.52
Tl 1.3369 10.09 15.963 , 13.89 8.L48

Pb 1.3470 14.80 21.565 : ' 18.47 13.75

Bi 1.357h 19.63 26.55 24 .84 20.10

Po - . 1.3681 25.09 33.42 : 25.73

90.L8T-T¥0N
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]

>

9o = (14.874 X + 10.258) X-lOl esu/cm3 (23)

Case B. Case B consists of <1/r3)6p values obtained from the
Hartree-Fock atomic structure calculations for the ground states of T1,

75

Pb, Bi, and Po, which were published by Mann. The equation of the best

straight line, as deétermined by the leasf-squares method, is
3 _ . -3
(1/r )6p = (4.981 X, - 0.031) a (24)

where XZ is the increase in nuclear charge over that of gold (2 = 79).

The corresponding electric field -gradient expression is

q6i0 = (12.83 XZ;-O.081) x 101° esu/cm3 : (25)
Case C. From the Slater-Hartree-Fock atomic structure éalcula—

tions of Herman and Skillman,76 we computed the (l/r3)6p values for the

ground states of Tl, Bi, and Po. The result gave
3 - ‘ -3
(1/r >6p = (5.293 X, + 5.480) a_ | (26)

where X is‘the increase in nuclear charge over that of gold (Z = T9).

Z

The correspondiﬁg électric_field gradient is

>

Ao = (13.632 X, + 14.11L4) x 10t esu/em - (e7)

Z
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Case D. Using a minimal basis set, we made atomic structure cal-
culations on a program written and developed by Roothaan,'n’78 for the
5d106p isoelectronic states of the following atoms: Au, Hg, Tl, Pb, Bi,

and Po. The resulting (l/r3)6p function is
(1/r3), = (6.275 x + 0.804) a 3 (28)
ép : ’ o

which corresponds to

>

= (16.160 X + 2.071) x 10°° esu/em> (29)

%10

There, X corresponds to the ionic charge on the atoms.
Case E. A set of calculations similar to case D above was made
for the 5d106s26p isoelectronic states of Au, Hg, T1, Pb, Bi, and Po. The

equation of the best straight line determined by the results is

3 _ -3
(1/r )6p - (5.810 X ~ 3.322) a (30)
where we have that
- 15 3
90 = (1k.964 X - 8.555) x 10~7 esu/cm (31)

Compared to the <l/r3 functions, the (l/r3>6p.functions are

Gd .
much more sensitive to the ionic or nuclear charge. The éhielding'co—_

efficient of the outer 6p electrons should reflect the number of inner
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5d and 6s electrons. _HOWeQer, it is not evident that the (l/r3)6p values
should vary so greatly with the charge.

If we wish to estimate the valence~electron occupation number on
the gold atom in the various gold compounds, we are faced with the
selection of somé value for (l/r3)6p.for gold which is reasonable. We
feel that the <l/r3)6p values which were extrapolated to gold in cases A
kthrough E are too small. These calculations were made for gold free-atom
states. The maximum radii (as determined by Mann7l) of‘some of these

states are

9 . . _ . _ .
54”6py /, (+1): rg, = 3-195 a, = 1.69 &
8 . — P
5d 6p3/2 (+2): Tep = 2.825 & = 1.49 A
T ' . _ o o
5d 6p3/2 (+3): Tep = 2.603 a_ = 1.37A

Molecularly bonded gold, on the other hand, would have somewhat more
confined wave functiéns due to the electrons on the ligands. Some of

the measured interatomic distances in gold compounds.are given in Téble
VIII. 1In the'thira column of Table VIII are listed the covalent radii

of the ligands. This'radius,should represent a lower 1imit in the ligand
radius. If weltake the sum of the gold 6ép maximum radius (r =1.69 k)
for the 5d96p (+1) excited state and the covalent radius of the ligand,
it should givé the approximate interatomic distance requiréd for no
interaction to exist between thelgold'6p electron and those>electrons of
the ligand. Fof>interatomic distances shorter fhan.this, the electron:

should expérience some confinement of its wavefunctions. 'In the fifth
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Table VIII. Comparison of interatomic distances with those deter-
mined from covalent radii and the maximum extension of
the 6p electron of the 5376p(+1) excited state of the
gold ion.

Compound Interatomic Ligand Ligand Ligand covalent
distance, covalent ionic radius plus 1.608 -
radius radius
AuF 2.00 0.72 (F7) 1.36 241
[aucyy ™ 2.29 10.99 (c17)1.81 2.68
[Aupr) ]~ 2.56 - 1.1k (Br~)1.95 2.83
[AuCl2]_l 2.30 0.99 (c17)1.81 2.68
-3 -
[Au(szo3)2] 2.28 - 1.02 (8,7)1.84 2.71
[Au(c1\r)2]‘l 2.12 0.77 (c'h)2.6o . 2.46
Aul 2.62 1.33 (17) 2.16 3.02




-150- UCRL-18706

column of Table VIII, these values are, without exception, larger than
the measured interatomic distancé (column two). ~Therefore, the 6p wave-
functions for molecular gold should have less radial extension than the
6p free-atom wave functions. This wouid fesult in a larger (l/r3>6p
value for molecular gold. The ionic radii of the ligands are-given in
the fourth column to indicate the upper limit of the calculated inter-

. atomic distance, below which gold-ligand electron interactioﬁ will occur.
The electric field gradient of gold should probably be close to

73 >

that of mercury'~ which has a %10 value of about 23><10l esu/cm3. This
corresponds to a (l/r3)6p value of 8.87 a6—3. We estimate (l/r3>6p for
gold as that calculated for the 6p electron in the 5d96p gold ion. Due
to the'appro#imaté nature of this aspect of the calculation, we shall

not consider (l/r3)6b as a function of charge but as

(1/r3), = 9.71 a3
1/r 6p = -T2, (32)
which gives an electric field gradient wvalue of

U0 = 25.01 x lO15 esu/cm3 , (33)

In the next section, we have made a second estimation of 910
by an indirect.method involving the expressions for the nuclear factor,

SR/E (in the iscmer shift equation), and Eqs. (V-52) and (V-53).
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E. Discussion
In Sec. III-B, we discussed the hybrid -orbitals of gold as well
as the molecular orbitals of gold with a ligand, L. The molecular orbit-

als were approximated as

where o and B are positive real numbers. This approximation is reasonably

good in the region close to the nucleus. Fortunately, we are interested
in the electric field gradients at the nucleus where Eq. (31) probably
best describes the true molecular orbitals. The normalization condition
would require that

oo

[ wAuLedT = QL2 + g%+ éuBf Yy, ¥y, 4T (35)
o _

We know from studies on {diatomic) molecules that the overlap term can be

79

non-negligible. However, in keeping with the already apprdximate nature

of the present treatment, we will neglect the overlap term in the normal-
ization and make the further simplification that

of+ge=1 | (36)

The EFG at gold due to a bond with a ligand, L, is
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’ T 3c0s°0 - 1) ¥ :
qZZ(Ag,bond) = eﬂ/ wAuL ("*—;E;———) wAuL art (37)

where wA is given by Egs. IIi—(h), (5), and (7). Due to the l/r3

ul

factor, where r is the distance from the gold nucleus, the only significant

term in the expansion of the above expression is

2
- 2 3cos 0.- 1\ ¥
qzz(Au,bond) = el ,[ wAu (————;g———~> wAu at (38)

The gold wavefunctions, VY have been given in Chapter III for

, Au’
the two linear gold(I) hybrid orbitals as

Vau(r) = 1/3 (6s6p,) ' (39)

and the four .square-planar gold(III) hybrid orbitals as

i+

1/26s + 1/2 ép, - 1/2 5d > 2
YAu(III) = ‘ oy (40)
1/26s * 1/2 6py +1/2 deg_ 5

y

+

- The upper signs designate one hybrid orbital and the lower signs designate
the other.

Combining Eqs. (35) and (36), we have the EFG for gold(I) compounds

2
qz;(A“_(I-)=b°“d) =07/2 [qp + %p, * q6s,6pzl | (L1)
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From the symmetry rules which are outlines.in Appendix C, only the
second term in square brackets is non-zero. After transforming to

* .
spherical harmonics, we have that

o 4
‘ = !
qZZ(Au(I),bond) o~/2 [q610] v (ko)
In a gold(I) molecule or complex, there are two hybrid orbifals
which can accomodate two spin-paired electrons each, resulting in a total
#% :

of four bonding electrons. Therefore, the EFG in a gold(I) molecule is
given by

(Au(I),molecule) = h(a2/2) a = 2a2 q (L43)
zZ > : 610 610

4z

where o was defined in Eg. (34).
Due to possibly large Sternheimer antishielding factors, the

lattice contribution to the EFG cannot be categorically disregarded.

For gold(I) compounds, the observable EFG, qZZ(Au(I) ), which includes

the Sternheimer8 ’ antishielding factors and the lattice contributions,

is

a, (Au(1)) = (1 - v ) %" + 20%(

zz " 1- RGﬁ)q610

¥  See Appendix C.
®% :
The bonding electron count is made in Sec. III-B.
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Here, qlatt is the lattice EFG,Yw:the lattice Sternheimer antishielding

factor, and R6p the Sternheimer antishielding factor for the gold 6p
electrons. From the 7y value calculated for Bi(+3),82 Y, for Au(+1)
can be approximated as -4O. In Appendix D we have estimated the average

latt 5

q for gold(I) compounds as between zero and ~0.06x10% esu/cm3.

Since this would result in an average lattice contribution of less than

> 5

-2.5><lO1 esu/cm3 as compared to the %10 value of about -25><10l esu/cm3,
the lattice correction has not been applied to the 4, calculations of
this section. We will also have to disregard the R6p correction since

that value has not been calculated for gold(I). We thus have
a (au(1)) = 20° q (45)
z% 610

The EFG for gold(III) compounds is

- 1 1 1 . 1 1 1
= +
a,,(Au(III),bond) = [faga* Taspot %611 5%00,50207/3%10,611% /%522, 611
(46)
From the symmetry rules given in Appendix C, we have that the second,
third and fourth terms in the square brackets are non-zero. The fourth

term is probably small. We will regard the orbital EFG to be

IS SO | | |
qZZ(Au(III),bond) = q (h s + 5 q6ll) (b7)

m _
4, is determined to be even larger'(—huxlol5 esu/cm3) at the end of

this section by a second method of computation.

IS
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As explained in Chapter III, there are a total of eight épin-paired bond -
. ing electrons. In addition to these eight bonding electrons, there are

eight non-bonding 5d electrons with an EFG of The molecular EFG

-2q522.

is therefore

. ‘ 2 .
qzz(Au(III),molecule) = —2q522 + 20, [q522 + 2q6ll] (L8)

Since no Sternhéimer antishielding factors have been calculated for the
gold(III) lattice, 6s or 6p EFG and as the average qlatt is small (0 to

0.03x10%°

esu/cm )* compared to the q522 and q6ll values, we will approxi-
mate qZZ(Au(III)) by Eq. (L48). |

From the results in this chapter, one can solve for the nuclear
factor SR/R, from the expression for the isomer shift (Eq. (II-2)). The
v equation for the isomer shift can be modified to give the difference in

the IS values of two different absorbers (when using a chemically equi-

valent source):

_ sl o : 2 2
abs(1) ™ Tqps(r17) = 539710 <aR/R_>Lb§(I>w<o> I o) ]

AIS = IS

The nuclear electron densities can be approximated from the free-atom
Dirac-Fock wavefunctions. We will take the first absorber, abs{I), to be

the completely ionic gold ion (a2 = 0) and the second absorber, abs(II),

*
Appendix D.
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to be a 100% covalent gold compound (a2 = 1/2). The two states of interest
for gold(I) coﬁpounds are
le(

5a'%(+1) ana  sa’°[6s6p](-1) (50)

and the gold(III) compounds are
5d8(+3) and 5d8[5d6s6p2]l = Sd96s6p2(-l) (51)

The approximate nuclear electron densities are given in Table IX
where the free-atom states from which the lp(O)2 values were taken are in-

dicated. For gold(I) compounds of a2 = 0 and a2 = 1/2,Alj)(0)2 is —7.O8><1026

and for gold(III) compounds for a2.= 0 and a2 = 1/2,AIJJ(O)2 is -7.91X1026.‘
No éorrections have been applied for nng(O)is due to shielding
by the additional 6s electrons. We found this shielding effect, which was
suggested b& Crawfcrd and _Schawlow,83 to be negligible. In Appendix E,
we discuss this effecﬁ. "
The values of IS(a° = 0) and IS(0° = 1/2) are obtained from the
values of the molecular EFG, g, which are computed from Eqs. V-(L45) and

V-(48) and are subsequently converted to quadrupole splitting values by.

Eq. V-(3) and to the IS values by Egs. V-(6) and V-(T):

AIs(gold-I) = -0.7815 q6lo/28.686x10ls
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Determination of AUJ(O)2 for gold(I) and gold(III)

Table IX.
states where a2 = 0 and 1/2.
State _ . 2 26
o Required State ~Ip(0)T x 10
gold(I)
2
0 5d10 5d10 z xp(o)2 = 129099.743
n=l‘ ns
10 =410 : 6 2
1/2 54~ 6s6p 54~ 6s T (o) s = 129106.825
n=1 .
Myray2 2
(o) o = ~7.08,
Au(I)
Au(II1)
- . 5 ,
0 5d8 5d86s z w(o)2 = 129102.601
ns
n=1
9 2 9 . 6 ) *
1/2 5d”6s6p” - 547 6s z xp(o)ns = 129110.182
: n=1 . '
’ . | R ~ . * %
5476p P(0)" = 0.327
. 6p2
2
Mp(0) = -7.908
Au(III)
* ,** ) 5
Thé difference of shielding of I w(O)is by the 6s and 6p electrons is
v n=1 :
only about 5 -parts in 106. Therefore we approximated w(o)sotal of a = 1/2

by summing the two w(O)2 values.




=158~
' UCRL-18T706

and

AIS(gold-III) = 0.5Lk22 (q610 )/28.686 x 10%° (53)

= 9522
Assuming that Egs. V-(L42) and V-(45) are good approximations of the molec-
ular EFG for the aurous and auric compounds respectively, one can solve
for the nuclear factor, SR/R. The equations for the nuclear factor, from
g£0l1d(I) and gold(III) compound results respectively, are:

8R/R(gold-I) = 5.06-106 qslo/mp(o)2 | (5&)'

SR/R(gold-III) 3.51-106 (q6lo-'q522)/Aw2(o) (55)

>

If the values of 4spp and qg, . are taken as 26.86x10" esu/cm3 and

—25><lOlS

ésu/cm3 respectively [Egs. V-(22) and V-(20)], and the AU)(O)2
(a0 = 0, @ = 1/2) is approximated by those values in Table IX, then SR/R
(gold-I) and OR/R(gold-III) are 1.78><1o"h and 2.3OXlO-u respectively.
The nuclear factors should be the same from both thé gold(I) énd
gold(III) data; therefore, an alternative method is suggested by first

considering SR/R to be constant and solving for g o from Egs. (54) and

(55). This results in a %10 value of —hh.OhxlOl5 esu/cm3 and a S6R/R value
of 3.1X10—h. The SR/R value is very close to that estimated by Shirley13
(SR/R = 3x10'h).

5

Because of the q610 value for Hg of 23><lOl esu/cm3 which was

determined by Delmelt EE.EL‘:TB we expeéted a similar value for gold.
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>

However, if %10 is —25Xlol esu/cm3, the charges on gold are somewhat
more negative than one might expect. The values of Q. a2 and X are
given in Table X from Egs. (45) and (48). The charge, X, for gold{(I) and

gold(III) compounds was determined from the following equations

X(Aw-1) =1 = la® | | (56)

3 - 8a° | (57)

X(Au-III)

where a° is computed from Egs. (45) or (48). The charge on gold for
15

esu/cm”, ranges from -0.5 in AuF

5

%0 equals -25x10 to -2.6 1n_KAu(CN)h.

3

The much larger g, value of “hhx1ot esu/cm3 which was deter-
mined in this section gives an internally more consistent set of results.
Not only is SR/R a constant, but the calculated charges on the gold atom
are more neutral. | |

From electronegativity considerations, we expecf the charge oh
gold to be positive for (at leasﬁ) the goid chlorides, bromides and iodides.
- This means that according to our model, %10 ;hould béilarger in magnitude

15

for gold(III) compounds. For gold(I) compounds, q610 of -LkLx10 esu/cm3

results in positive -charges on gold in AuCl, AuBr, and Aul. For gold(III)

2 esu/cm3 is required for the

hOWever, a value of é610 equal about —50X10l
,goid atom to be positively charged in the gold(III) halides. This is
approximately a 12% difference between these values for.lq610]. Since

| %10 Qalues for gold(I) and gold(III) need not be the same value and in-

deed'are'probably not identical, this difference may not be unrecasonable.

The values of a2 and chafges X for gold in the individual compounds are

15 p

listed in Table X for %10 values of -25%X1077, —35X1015, —hOXlOls, —hhxlOl

and —SOXlO15 esu/cm3.



Bonding results of gold compounds.

%1073 96107740 910" 107"
Compound %, a X a? X 02 X a® X o« X
Gold(I)
AuCl 13.339  0.27 -0.07  0.19 +0.2k 0.17 - +0.33‘ 0.15 0.4 0.13 0.k7
AuBr 12.134 0.24  0.03 0.17 0.31 0.15 0.39 0.135 0.4 0.12 0.51
AuI S11.b7 o0.23 0.09 0.16 0.35 0.1k 0.43 0.124 0.49 0.11 0.54
Au(s 203) =3 20.310 0.4 -0.62 0.29 -0.16 0.25 -0.02 0.23 0.10 0.20 0.19
AuCN - 23.207 0.4 -0.86 0.33 -0.32 0.29 -0.16 0.26 -0.03 0.23 +0.07
KAu(CN), 29.288  0.59 -1.34 0.42 -0.67 0.37 -0.% 0.33 -0.30 0.29 -0.17
Gold(III) - ' N
AuF 5 -7.860 0.4k  -0.54  0.37 0.0k 0.3k 0.26 ,0.32 0.41 0.29 +0.61
[AuF)]™ -5.221  0.47  -0.7h. 0.39 0.1% 0.36 0.10 0.3k 0.26 0.32 0.48.
KAuCl, 3.643 = 0.55 -1.b2 0.4 -0.70 0.43 -0.43 0.40 -0.24 0.37 0.01
AuCl, 2.151 0.5 -1.31 0.5 -0.61 0.42 -0.34 0.39 -0.15 0.36 0.09
KAuBr), 3.242 0.55 -1.39 .'0.46 -0.68 0.43 -0.41 0.40 -0.21 0.37 0.0k
AuBr 3.643 0.55 -1.42 0.46 -0.70 0.43 -0.43 0.k0 -0.24 0.37 0.01
KAu(CN)), 20.052 0.7T1 -2.69 0.60 -1.77 0.55 -1.4k1 0.52 -1.16 0.48 -0.84
Kau(CN) Cl, ~12.69 0.64 -2.12 0.54 -1.29 0.50 -0.97 0.47 -0.75 0.43 -0.46
(CN)QBr2 ~13.53 0.65 -2.19 0.54 -1.35 0.50 -1.02 0O.k7 -0.80 O0.44 -0.50°
KAu(C N)QI ~13.85 0.65 -2.21. 0.55 -1.37 ©0.51 -1.04 0.48 -0.81 0.4k -0.52
[AuS),C),(CN)),] 5.651 0.57 -1.58 0.48 -0.84 o0.k4 -0.55 o0.k2 -0.35 0.39 -0.09
Aus04 4.819 0.56 -1.52 0.k7 -0.78 0.4k -0.50 0.1 -0.30 0.38 -0.05

9z %610

3

are in units of 1012 esu/em”.

90L8T-Td0N

-091-



13

- implies a minimum value of [q610| for gold(I) compounds of about —BTXlo;
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VI. SUMMARY
From the MOssbauer experiment results of the linear gold(I) and
square-planar gold(III) compdunds; a direct relationship was established
between the isomer shifts and quardupole splittings for both oxidation
states of gold. This relationship was explained in terms of the hybridiza-
tion of the bonds and the number of bénding electrons on gdid. The results

suggest that the hybridizations of the compounds remain essentially con-

" stant, sp for the gold(I) and dspz'for the gold(III) compounds, and that

the changes in the isomer shift and gquadrupole splittings afe.due to the

differences in the ionic character of the various compounds.

.

We attempted to determine the values of q522 and qélo from Dirac-
Tl

Fock free-atom wavefunctions of gold which were calculated by Mann.

5

For

q522, we deduced a value of 26.86X10l esu/cm3. was not a sensitive

2500

function of charge. Unfortunately, the q6lb value was much more difficult

. to determine and was found to be a very -sensitive function of charge. From

15 3

the free-atom wavefunctions, we estimated %10 to be about -25%10 ésu/cm .
prever, from the results of the linear relationship of the isomer shift.
and quadrupole‘splitting for gold(I) and gold(III) compounds, and the
nuclegr'electron density caiculations, we arrived‘at a Qg value of
“4lx10%? eSu/cm3. This corresponds toka nuclear facfor, SR/R, of +3.1x10'h.

The chargés on gold in the compounds were determined for several q610 values

>

15

between -25%X107° and —SOXlOl eéu/cm3. From electronegativity considera-

. tions, the charge on gold is expected to be positive for gold halides. This

5

esu/cm3 and a minimum value of Iqélol for 'gold(III) compounds of about
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—SOXlO15

esu/cm3. This difference may not be unreasonable since the
%10 value which is applicable for the gold(I) compounds is most likely
not identical to that which is applicable for the gold(III) compounds.
It appears that the free-atom wavefunction calculations are nof
adequate fér estimating the electric field gradient for loosely bound
'electrons such as the 6p electrons of gold. Further insight into the
bonding characteristics of these gold compounds must await molecular

structure calculations which are not available at this time for heavy

atoms.

ty
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APPENDIX A

" Error Analysiss5

We givé briéf definitions for the standard deviation and probable
error, and a detailed discussion of the computation of thé errors reported
in this work.

For a function, ¥, of several-variables Ly Yy ooy ité standard -

deviation, OF’ is defined as:

[oe 2 ‘ z !
oy = (%F( ox) + (%-Fx- oy) oo | ' (1)

where o> oy,;.. are the standard deviations of x, Yy «os . O "Oy’ are

not always known and cannot always be readily determined.

The standard deviation, 0, for a collection of N measurements is

N (% - x)2 _ .
o=/ __N__l.__ _ ~ (2)
i=1 -

where x is the average value of the measured xi's. From the standard
deviatiqn, we can compute the probable error, pe, of the collection of

megsurements:
pe = 0.6T7450 7 | (3)

The pe is the 50%-confidence limit as explained in Sec. IV-D.
For the results of an experiment as complex as that of the
MSssbauer effect, it is difficult to find a simple probability model for

the computed measurements: isomer shift IS,>quadrupole splitting QS and .
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linewidth T. Ih this work we have given the more limitéd statistical

precision indices. A detailed error analysis follows for AuF3.

Table I includes a tabulation of the vo(l) and vo(2) values which

are the line positiohs of the two componeht'lines for the three AuF3 ex-

periments: runs 184a, 184 and 185. The IS and QS are computed from the
expressions below for diamagnetic compounds in axially symmetric environ-
‘ments and are tabulated in columns III and V respectively:

v (1) + vo(2)

_ (
1S =v° 5 | (k)

jas] = v -v (2] | (5)

ForvAuF3 the IS and QS are +0.107 (.006) #nd 0.27h(.002) cm/seé respectively.
The linewidth is 0.232 (.002) cm/sec. The pe, given in pafenthesés, are
determined by applying Egs. (2) and (3). In Sec. IV-D, it was explained
that.the'mirror-image'ls values should be averaged, and not treated as
independent résults, This avefaging is done in column IV which yields

the same Ié value but a smaller (and more accurate) pe of 0.001 cm/sec

(vhich was actually computed as 0.0005 cm/sec). The pe for all the com—¥'
pounds were computed in this manner. To give an indication‘of the
statistics for -each run, the values of the baselines of each run are

listed in column VIT. Chi-squarés are given in the eighth colunmn. The

‘value of chi-square, xz, equal to one is the ideal lower limit. The Chi-

square increases with poorer fits.



Table T. -Computation of

probable error, pe, as reported in the results.

I 1T 111 IV v VI VII VIIT
Run vo(l) vo(2) IS IS QS r - Baseline x2
' cm/sec cm/sec cm/sec em/sec cm/sec cm/sec counts
-.253070 026410 ;.113330 .279480  .237019 ¢ 1.9087
18La ' -0.107591 2.5L4x10
-.238533 .0348272 -0.101853 273360  .230792 1.5851
-.252539 .0192205 =-.116609 271760 .235090 6 1.2396
184 -0.107731 : 1.32%10 3 .
-.235279 .0375700 -.09885L4 272849  .230300° 0.97819
-.255759 .0181634 -.1182978. ‘ . .2739225 .23190k 5 1.0537
. 185 -0.1068019 .- : 5.22x10 :
-.23254Y4 .0419315 -.095306 L2TLHLT6 - . 229290 1

.1830

Ave=-0.107) Ave=0.107) Ave=0.27h, Ave=C.232)

Pe = . 0061

pe =.00, g pe =.00lg¢ pe = .0018¢g

=691~

90.L8T~T40N
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An alternative method of determining a pe for the isomer shift,
IS, and the quadrupole splitting, QS, would be to use the RMSU values of

%
vo(l) and vo(2) wvhich are computed by FLOR . Table II has a tabulation

of these RMSU wvalues for AuF If these RMSU values are taken to be the

3°
errors in vo(l) and vo(2), then the OIé and 0., can be calculated from

QS
Eq. (1) where F would be given by Egs. (4) and (5),

Q
1}

s %- \/ RisU vo(l)2 + RMSU vo(z)2 | (6)

1}

o]

o | '\/RMSU v_(1)% + Rusu vo(é;§— (7)

From these standard deviations, the probabie errors can be computed as
above in Table I. This method yields a pe of (.0005) and'(.OOOh)”cm/sec
for the IS and QS respectively. The pe for the IS computéd in Table I is
approximately 2-1/2 times largér thén éomputed in Table II. Thaﬁ for the
QS is more thanAh times largef.

| The pe for the gold compounds in géneral, as coﬁéuted in Table I,
has been betﬁeen two and six times larger than the corresponding pe values
computed by the method of Table II. We have a few instances were the former
pe is more than an order of magnitude larger than the latter pe for the IS.
Table I-type pe values are consistently closer than the‘Table II-type pe
values to the value of the velocity interval between successive channels,
which is an index of the precision limit. The most frequent value of the
velocity interval between_sucéessive chanhelé is 0.012 cm/sec. Therefore,

we have given the Table I-type errors.

— .
FLOR is the computer program to fit Lorentz curves to the Mossbauer spectra.



- Table II. Computation of probable error, pe, from RMSU values.

I I 111 v s VI ViI
Run _RMSU—vo(l) RMSU—VO(2) o(18) pe(Is)i o(Qs) pe(QSi) RMSU T
' Y -k A A ! -y -k
o 2.18868x10 2.20659%X10 1.55397x10 1.04815x10 .10795%10° °  2.09631%10 5.44693%10
184a ' : _
2.‘16905><10'h ‘2.13252x10_h 1.52089><1o'h 1.0258hX1o'h .oh178><1o')‘L 2.05168><10'h 5.196llx10_h
~3.42478-L 3.37090-4 2.42120k-k 1.633102-4 .842L09-L 3.266205-4 8.01626-L
184 _ _ . : v
-3.h2342-4 3.63835-4 2.497869-4 1.6848126-L .995738-4 3.369625-4 - 9.2LLE0-k
“8 -5.81r(86x10"l+ _5.65212x10‘h L.066L458-4  2,7L281769-4 8.1328917-4  5.4856355-L 1.2996><1o‘3 g;
105 =
-5.7hoh1-) 5.8084k2-4 4.083902-4 2.754592-4 .167804-4 . 5.509184-L 1,338h1X1of3 !
O'T = 0’ =‘
2.8880139-4  5.7760288E-L
pe = } pe =
1.94797-b 3.895931-k
IS Qs

90L8T"T§Dﬂ
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APPENDIX B

Evaluation of (l/r3 ) Calculstions

To calculate (l/r3 ) for gold, we initially made Hartree-Fock
atomic structure calculations of various excited states of gold with a

17,78

program devised by Roothaan. This program uses Slater orbitals and
freats exchaﬁée exactly. We sfarted by uéing a miniﬁal basis éet'for
these calculationé. However, we soon réélized the serious extent of
the 1imitétions’of the program fbr heavy atoms. The maximum total
number of vector components allowed in the program is 150. This number
could adequately treat configurations up to about [Kr]Ss2 and probably
could not accommodate elements with Hd electrons.

As an alternative, we calculated (l/r3 ) values from the Slater-
v'Hartrée;Fock‘atomic structure calculations published by Herman and’

76

Skillman. These calculations, like those with the Roothaan's program
are nonrelativistic. Also, Herman and Skillman use the Slater approximation
for exchange. We find that the use of this approximation is not always

T1

justified by comparing some (l/r3 > values with.those of Mann, who
has published Hartree-Fock atomic structure calculations whére he has
tréated exchange exactly. We see from Table I, that the (l/r3 )SAn
values for Ir, Pt and.Au ground states which were éalculated from the

Herman and Skillman results and by Mann agree to about 10%. The former -

values being larger. However, we get much less agreement when comparing

K)

(l/r3 )6pn values in Table ITI. . Here, the Herman and Skillman method

vields much larger (1/r3) values than does Mann's. Table I also
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Table I. Non-relstivistic (lg-)sd values for Ir, Pt and Au
in units of a;3.

' Method Mann Hermann & Roothaan
of - Skillman Hartree-Fock

ales. Hartree-Fock Slater-Hartree (minimum basis
- Fock set)
ement .
5d76s2 . 5d76s2 5d8(+l)
r 1 1 1
<—§-> 7=1o.5h2 . <—§-> 7=12.h9 <—§-> 8=u.776
r 54 r 54 r~. 54
5d96s 5d96s 5d9(+1)
Pt 1 1 1 . »
(=) =11.116 <'7§) 9=13.1h5 <-§-) 9=6.017
r- 54 r° 54 r° 54
5a%%6s 53106 53 %p(+0)
Au 1 1 1
(=) =12.43 (=) =13.624 (=) =6.87h
v Sd10 »3 5dlo #3 -5d10
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Table II. Non-relativistic(l/x‘3>6p values for T1,

units of ao

_3.,7

Pb

UCRL-18T706

and Bi in

Method of calcs.

Element

Mann Hermann &

Hartree-Fock Skillman

Slater-Hartree-
Fock

-Roothaan
Hartree-Fock

minimal basis set

T1

Pb

- Bi

5a106s26p(+0)  5a%6s26p(+0)

3y _ o 3 _
(1/r°) = 17.55 {1/r >6p = 11.94
“5a106s%6p2(+0)  5a06s%6p°(+0)

3 _ ' 3 ~
(1/r”) 5 = 10.99 {1/r°? = 16.02
6p 6p°
sdlo6s26p3(+o) 5d106526p3(+0)

3 _ 3 _ ”
{1/r )6p3 = 1h.57 (1/r >6p3' 19.71

5a%s%6p(+0)

3 -
(1/r )6p = 6.34
5d106526p(+l)

3 =
(1l/r >6p = 10.21

5a7%6s26p(+2)

3 -
{1i/r >6p = 14,924
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and experimental results. (l/r3 )
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illustrates the inadequacy of the minimal basis set calculations which
we made with Roothaan's program. One Strong ihdication'that Mann's

Hartree-Fock calculations are probably reliable is the good agreement

" of the (l/r3 ) value for gold between.his calculations (12..43 a;3)

54

5d9 for gold has been determined as

12.3 and 11.8 a;3 from magnetic hyperfine interaction and atomic fine-
IS

structure splitting.

In Table III, we tested the agreement between calculations made
with Roothaan's program and those made by Mann by calculating the wave
functions and (l/r3 >hp values for bromine by using Clementi's87
expanded basis set. The Roothaan-Clementi result (¢ 1/r3 >hp = 11.186 a;3)

. . ' - 3 _ -3
was in excellent agreement with that of Mann ({1/r )hp = 11.996 8, ).
We feel that Mann's atoﬁip structure calculations are the best available.
As was evident in Section V-D, the problem of calculating electric field

gradients lies largely in determining which free-atom states are

applicable to the given molecular situation.
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Table III. Non-relativistic <l/r3) values for the ground state

hps

of bromine.

Mann75 Herman & Skillman76 RoothaanT
Hartree-Fock ‘ Slater—Hartree-Fock Hartree-Fock
_ Expanded basis set:
11.186 a >
o
-3 -3
11.996 a, 1L.857 a

Minimal basis set:

-3
T.322 a,

The expaﬁded basis set consisted of 76 basis vectors as determined by

Clementi.86 The minimal basis set consisted of only 26 vectors.
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APPENDIX C-

Electric Field Gradients

1. The Main Sources of Electric Field Gradientsl

The quadrupole splitting,vQS, obtained with the Mossbauer effect
is a sensitive indication of the electric field gradient, EFG, of the
nuclear electronic environment. Care is required in interpreting these
results as several factors affect the EFG; the hybridization of the bonds,
~ their ionic character, the effective lattice field gradient and its effect
on the closed electron shells, and the extent of multiple bonding, to name
a few. With Sternheimer's calculations, we find that the distortions of
the inner closed shells by the valence electrons and the latticé charges
cannot always be disregarded.  The Sternheimer80—82 shielding (anti-
shielding) faéfors are often large enough f6 make the lattice contributions
to the EFG signifiéant. These contributiéns to the EFG are related as

follows:

_ latt '
Uy = (1 -7v,)a + 5%; (1 - Rnl)anlm <qnlm)i (1)

) tt
The 9. is the observed field gradient oriented about the z axis and qla

is the field gradient due to lattice charges in the limit of zero polariz-
ability of the closed shells. (1 - Yo) is the lattice Sternheimer shield-
ing factor. If Y, 1s negative, the_factor is said to be antishielding.

(1 - Rni) is»the atomic Sternheimer shielding (antishielding) factor for

the nl electrons. > is the expectation value of the field gradient

<qnlm

for the nlm electron with its coefficient, & im’ which gives its fractional
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contribution to the mOlecular.anefunction. The atomic contributions are
summed over all the orbitals used in bonding. Neither Y, hor Rhl has been
theoretically calculated for gold.»

If it were not for large laﬁticé Sternheimer antishielding factofs,
the penetrating'valenCe electfons would be the most significant source of
EFG at the nucleus. Townes and Daileyh had predicted that of the valence
electrons, the p electrons were probably the most important. They based
this assumption largely on available experimental evidenée} For example,
the ratio of the EFG for the cesium 54 and 6p electrons ish

. (q5d(cs))/(q6p(cs)),§5,l/ll | (2)

However, we have determined that the values of (qu) and <q6p> are more

comparable for gold

<q5d(Au) YK q6p(Au) ) = E (3)
From our calculations in Sec. V-D, it appears that the EFG of the 5d eleé—
trons can be even larger than that of the 6p electrons. Therefore, it
would be incorrect to categorically disregard all non-p electron contri-
butions to the EFG. |

We offer the following explanation for the increase in the ratio
Of'<q5d)/<q6p) in going from cesium fé gold. For cesium, both the excited
58 and 6p électrons are subjécted to approximately the same amount of

screening from the (xenon—configuration) closed shell. Due to the r2
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dependence of the electron density_of 6p electrons near the nucleus as
compared to the fh depéhdence of the 5d electrons, there would be a larger
EFG at the cesium nucleus caused by the 6p electrons.

For gold, however, the mutual screening of the 54 electrons in the
nearly filled shell is less than their cbllective screening of the valence

6ép electrons. Therefore, the 54 electrons in gold are held more tightly

- by the larger effectivé nuclear charge than are the 6p electrons, and thus

A have a larger EFG.

2. Calculation of Electric Field Gradients

The calculation of atomic and molecular electric field gradients

4,5,69

has been treated in the literatﬁre, therefore we will develop here
only that pdrtibn which is necessary fbr'understanding our results. The
molecular electric field gradients, q; canhot be caluclated éxactly even
neglécting antishielding factors. They can, however, be estimated for

atoms and molecules by using hydrogenic wave functions,

wnlm

b= g{m a'nlm 1pnlm (&)

where n, 1, and m ére the principal, azimuthal and magnetic gquantum numbers

respectively and a is the coefficient of wn

nlm Im”

The molecular electric fiéld gradient, Q. is discussed in Sec.

V-E. There, we eétimated the dominating term of the qéz of a gold atom

which is bonded to a ligand, L, as
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.
, 2 (3cos®6 - 1) '
qzz(Au) =a _[ wAu 3 wAu dt (5)
r
where o is defined in Eq. (3) of Sec. V-E by
= +

Yaur = gy £ BV . (6)
and overlap is néglected in normalization, i.e.,

o+ g2 =1 (1)
The EFG arising from a given pair.of atomic orbitals, wﬁlm and wn'l'm'
is designated as qnlm,n‘l'm’ where

( ' Y= el vy . 3c0s%0 - l) " at (8)

qnlm,n'l'm' nlm r3 n'l'm'
and the total EFG of the molecule is
*

(9)

qzz(molecule) =

a . a
nlm ettt nlm n'l'm' qnlm,n'l'm'
H

) 5 . - » - ] . | = ]
The valae.pf qnlm,n'l'm' is non-zero if m = m' and either 1= 1' (1 # 0)
or 1 = 1' * 2, a consequeiice of the behavior of spherical harmonics and the
second order Legendre polynomial factor, (3c0529 - 1). For clarity, if

= n' = is give ' th
n n' and 1 1', g is given as q_ .. - The qnlm terms make e

nlm,nlm

largest contribution to qzz(ﬁolecule).
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The EFG due to a single hydrogenic orbital electron is given in

closed form as

qj =e %%g—i}%%- <l/r3>nl Rr | o (10)

where j is the sum of the electron spin and the orbital momentum, 1. =z

' is that direction in space in which 1 has the maximum projection (m = 1).

RrTh is the relativistic correction factor. The problem of obtaining the

orbital EFG is reduced to determining the average value of l/r3, (l/r3),

for the electrons of interest.

For the non-relativistic. hydrogenic case,

3
(l/r3> = 3 Z, 3 (ll)
n 1(1+1/2)(1+1)aO : '
where Z is the nuclear charge, and a, is the Bohr radius, h/2ﬂme2. When

scfeening effects become important, as with heavy'nuclei, the values of z
and n must be modified to réflect the effective nuclear charge and the
effective totél quantum number. This necessarily introduces uncertainties.
Fortunately, there are two experimental methods of obtaining more
reliable values of (l/r3); (l/r3> can be calculated from the magnetic
hyperfine structure constant, a, if the value of the nuclear magnetic

moment , uI, is known,

oun |
a=—22 <1/r3,>§(% * 1) g | S (12)

J+1 r
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where Mo is the Bohr magneteﬁ, I the nuclear spin, ahd'Fr is a relativistic
corfection. These relativisticlcorrections approach unity for small Z.
Their values are tabulated in Refs. 5 and Tk.

The second experimentel method of determining (l/r3> is from the

separation between two fine structure levels, Av:

tv = 2.(1 + 1/2) ¢1/r3 )R o Hr dnfan (13)
Zi is the effecti#e Z fer a penetrating 6rbit, R is the Rydberg constant,
0 is the fine structure constant and Hr is a relativistic correction. The
change in the effective principal.quantum number, with respect to the
principal quantum number is dn*/dn, and is usually taken as unity.

"We obtained our (l/r3) values from Dirac-Fock atomic structure

71

calculations which were supplied by Mann.. These results are discussed
in Sec. V-D and Appendix B.
Given a value for (l/f3>, S can be calculated from Eq. (10).

If the electron orbital of interest lies along the symmetry axis (as in a

diatomic molecule) the required field gradient, 9q0° is given by

(@ +1) ' '
910~ " (21 - 1) %h11 (14)

"and qnlm is non-zero fof 1 > 0. For s electrons (1 = 0), the charge dis-
tribution is symmetric and does not contribute to the. field gradient.
For p electrons (1 = 1), which have zero probability of being

in the nucleus (exeept for relativistic pl/2 electrons), we have from

-
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Laplace's equation, V2¢ = 0, that
%11 * Tt ?610 =0 | - | (15)
and from symmetry,
9611 T 61T | | (16)
Therefore, ag we also have from Eq. (11) for 1 = 1, we have
'Q%u =129, 4 (17)

For convenience, we have been using hydrogenic wavefunctions,
wnlm’ in discussing field gradients. Hoﬁever, when treating bonds, such
as in Sec. III, we used tﬁe more descriptive gtomic orbitals»(e.g., Py py,
ect.). Therefore we now give the unitary tfansformation.matrix which maps

the p orbitals into the equivalent hydrogenic wavefunctions:

ép, 1 1 0 611
6py =1//2 |1 -1 o 611 (18)
ép, 0 0 1 610

Thus, if § is the field gradient operator,

Gp, = Oyldl0e, = 12l +aD) = ey (19)
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Similarly,

Yp T %11 | (20)

and

q6pZ = %10

For the d electrons (1 = 2), we get the following relationships

- by using the same reasoning as for the p electrons:

Uopp * U555 * spy * UspT * d5pp < O (21)
where

U500 = 9503 (22)
and '

Q501 T T (23)
From Eq. (14) we have;

dsop T ~45p0 (24)
therefore,

q52l.= ~l/2q522 ’ ’ (25)

The unitary transformation between the 4 orbitals and the hydro-

genic wavefunctions is
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K B 1 0 0 0] ]
d 5 o 522
X -y
wd 1 -1 0 0 © 11’525
Xy
Yy =1/v2lo o 1 1 0 wSEl (26)
- Xz
ll)d 0. 0 1 -1 o0 “’52’1’
yz
wd , 0O 0 °0 o0 1 w520
L 2 X J L
This gives the following relationships
(27)

qdz2 = 590

Y5 T Y

o Oyz = Y2 dsp * 1/20557 = Agpy

Qg p= 9y = L2agm + 1/2a5,5 = dgpp
x - Xy
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APPENDIX D
The Calculation of gX®tt values
For the purpose of calculating qlatt values, we will treat the

charges of the ligands, XL’ as point charges which are located a distance
r (the interatomic' distance) from the gold atom. The expression for the

electric field gradient due to the point charges is
(‘1 = Z X + e (3cos28 - 1)/r> (1)
ZZ T L(i)

where e is the electronic charge 4}8O3X10—10 esu/cm3 and 6 is the angle

measured from the z axis.  The charge X. is related to a, the contribution

L
of the gold atomic orbitals to the molecular wavefunction, by the following

equation
X, =2 -1 ' - (2)

The nearest-neighbor lattice contribution to the electric field gradient

at the gold nucleus is

2 (au(T)) = W(202 - 1)e/r | (3)

for the linear gold(I) compounds and

latt

o2 (au(1II)) = -U(20®

C 3 (1)

tor the square-planar gold(III) compounds.
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In Table I, several values oqula'tt are given. In the third

column, the maximum possible qlatt is listed which was determined by

assuming that the ligands had a full charge of -1. The fifth column

has qlatt values which reflects the a2 values which were determined by

>

taking q610 to be ~25.01X101 esu/cm3. The sixth and seventh columns

have a2 and qlatt values respectively which correspond to a %10 of

p

—3T.h8XlOl esu/cm3. See Secs. V-C and V-E.
. o . latt
The interatomic distances are in angstroms and the 9~ values

15

are in units of 10 esu/cm3.
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Table I. qlatt values for gold compounds of known interatomic distances.
Compounds Interatomic qla;t for a2 latt a2 latt
P distances o =0 I d 2 d
b1 o
AuF3 2.00 +0.240 . 0.4k +0.029 0.36 +0.067
KAuClhhS 2.29 +0.160 0.55 -0.016 0.45 +0.016
KAubr) >° 2.56 +0.115  0.55 -0.011 0.4h  +0.01k
‘Average Average Average
=+0.17 = 0.00 =+0.032
Ry
[AuC1,) - 2.30 -0.158 0.27 =-0.073 0.18 -0.101
66 v
Na3Au(8203)2 2.28 -0.180 0.41 -0.029 0.27 -0.075
KAu(CN)262 2.12 -0.202 0.59 +0.036 0.39 -0.0uk
56
Aul 2.62 -0.107  0.23 -0.058 0.15 -0.075
Average Average Average

=-0.16 = 0.00. =_-0.06
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APPENDIX E

Evaluation of Crawford-Schawlow Effect

The Crawford—SchawlOW83 effect has been of interest where the
density of the electrons in the nucleus is of importance. Crawford and
Schawlow had predicted that the shielding of the inner s electrons by

the valence s electrons would be significant at the nucleus where the

inner electrons have a high density. For the isotope effect in Hg, they

estimated a l6%gcorrection due'to such shielding.

Since the isomer shift is a function of w(O)g, such an effect
would be'important if it were large enough to warrant subsequeﬁt correc-
tions. "To test for this shielding effect, we compared the w(O)Q values
for the 5d96e and 5d9632 states of gold which differ by one 6s electron.
We found, hoWe&er, that the w(O)is values for corresponding n values
#ere very close and that where they differed, the‘5d9652 state ﬁsually
had the larger electron density. This is in the unexpecﬁed direction
and it is difficult to understand since the 5d963 state of gold has a
residual +1 charge in addition to having one less 6s electron. Table
IV of Sec.JV—C'gives a complete 1list of the w(O)is values of interest.

We further comparea ﬁhe 5d106s gold ground state with the ground
state of mercury, 5d10652. Here, we found that without exception, mercury
had higher w(o)is values than the corresponding gold orbitals. This is
understéndable.since mercury has a higher nuclear charge (z = 80) than

has gold-(Z = 79). Mercury, therefore, has a greater attraction for its

electrons.
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The third pair of cases was chosen to.have the following properties:

1. The same element so that Z would be of equal value

2. The same ionic charge

3. One less valence & electron in one case of the pair

ﬁ. Equal numbers of 5d electrons to eliminate differences in the

shielding therefrom.
The 5d96s (+1) and 5d96p_(+l) states fulfilled these requirements. Here,
we observed the predicted shielding éffecté.' Table I facilitates the
comparison of the corresponding w(o)is values of theltwo sﬁétes, giving
both their algebraic'differences and the percentage differences. As.ex—
pected, the percentage shielding effect increases with principal quantum
number n. The shielding effect, however, is very small (a few tenths of
a percent to less than 10-h perceﬁt) end a correction due to shielding
differences is not warranted in our calculations.

Crawford and Schawlow estimated the importance of the screening
effect of the valence s electrons on the inner s electrons by evaluating
the ratio of w(o)is/w(o)és, uéing Hartree wavefunctions. In Table II we
list their Hartree—W(O)is values along with the w(O)is/w(O)gs ratios. For
comparison, we-have tabulated the Dirac—Fock—w(O)is values and the corre-
sponding w(d)is/w(o)gs ratios. From the Table II, it is evident that the
magnitﬁde of the screening effect appeared larger using the less accurate
Hartree wavefunctions, but is greatly reduced when Dirac-Fock wavefunctions

are considered instead.
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Table I. Screening correction due to bs electrons in 5d96s and

5d96p states of gold.

ns 5a%6s 5a%p . A A%
o > '
Ilp(o)nsl lw(o)nsl

1s 1.081135x103%  1.081134x103%  1.913x102% 1.76x10°°
- o2s 1.618193x10°0  1.618186x10°C  7.889x10°° 4.88x107°

3s 3.707h04x10°%7  3.707298x10%°  1.068x10°° 2.78%x1073

hs 9.251960x1028  9.2504L6x102° 1.51h5X1025 1.68x107°

55 1.732718x102°  1.728676x1028  1.ouox1020 2.34x107t
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Table II. lw(O)isl values of Hg and the ratios, |¢(O)isl/lw(o)és|(

Mann ‘ Crawford-Schawlow
Dirac—FoQk Hartree83

2 : ' 2
lv(o)g,| lw(o)g |

1s 1.13h6X1Q3l 7050 5.06X1o5_ o 15850

2s 1.715999><1030 | 1070 5.56x1§h 1740

38 3.94148x10%° 2L6 1.23x10 385
bs 9.89?70x1028 61.6 3.06x10° 95.5
'ss 1.89562x1028 11.8 6.10x10° 19.1

6s  1.60490x10°T 1 - 3.2 x10 1
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