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ABSTRACT

The preparation of a number of new compounds containing'mercury
in formally low oxidation states is reported. The preparations are
described and Raman spectra are reported, for ng(AiFG)Z'SQZl'

Hg, (ASFg) oy HO(SboFiq),.50,, HG,(SbFg),.S0,, Hg,(SBF(),, and Hg,(SO4F).,.
A1l of the mercurous salts have been prepared for the first time. The
preparationsof Hg3(AsF6)2 and HgB(SbZF]]jz, both of which-contain\Fhe

Hgs2 2

*cation,are presented. The Hg, ¥ cation, which has not been
identified previously, is present in Hg4(AsFé)2. The' preparation of this
compound and its Rahan and UV-visible spectra are discussed. Raman
spectroséﬁpic and x-ray crystallographic studies show that the jons are
linear, and that the bond iengths increase.in the order Hg 2* . Hg32+

< Hg4 ..

Two new compounds containing infinite, linear, non-intersecting
chains of mercury atoms in two mutually pe?pendicular directions have -
been prepared. The bonding in the meta1.atoms ché%ns can be described
as metallic, with the charge delocalized over the mercury atom chains.

An experimental technique for measuring the e]ect}ical con-

ductivity of these extremely hygroscopic compounds is described, and

conductivity and optical studies show that the compounds are anisotropic,

metallic conductors. They constitute a new class of anigotropic materials.

{.
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CHAPTER I

INTROBUCTION

Meftury-wa§ oné of the firit‘metaTg_known to man, having .been
discovered at least as early as the fifteenth or sixteenth century B.C.
Its 1iquid state and shiny metallic appearance fascinated early chemists
and gt played a central role in the Age of A]cﬁemy, which reached its
zenith in seventeenth century Europe. Mercury, symbolizﬁng the mineral
spirit of metals, and su]phur,fsymbolizing combustibility or the spirit
of fire, were considered to contain the essence of all metals. If the-
two "spirits” or principles werenjained whilst in an impure state they
gave rise to base metals, such as tin énd'lead; when they were of high
ﬁurity they gave silver and gold; but when each of the two principles was
of superfine purity they yielded the "Philosopher's Stone". One of the
favourite metals for multiplying an initial sma]l quantity of ultrapure

{
gold by means of the Philosopher's Stone was quicksilver, or mercury.

-

1.1 POLYATOMIC CATIONS OF THE NON-METALS

Polyatomic cation formation by the non-metals has been an
active research area in the last several years. Cation formation is
usually associated with the metals, but under suitable conditions the
elements of Groups VI and VII form cationic clusters. The T cation
has long been proposed as an.intermediate in electrophilic substitution-

-1-
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reactions, and although no evidence has yet been presented to support
the existence of the simple I+ cation, it has been shown that the
intense blue colour of iodine in 65% oleum is due to the 12+ cation (1).
Halogen cations, which may be—homonuCTear (I3+) or heteronuclear
(C1F2+), have been discussed in é recent review article(2). Such
species are highly electrophilic, and consequently exist only in media
of very low basicity. |

Shortly after the discovery of the 02+ cation by Bartlett (3)
in the compound 02+ Pth it was shown that tne highly coloured solutions

of sulphur-in oleum, which have been known for well over 150 years, are

due to the S 2 2+

16 +, 58 and 542+ cations (4,5). Oxidatébn of sglbﬁur byh
Lewis acids such as arsenic pentafluoride and aﬁtimony pentafiuoride forhs
-5011d compounds containing the same cafions. Selenium and tellurium

form analogous cations. The polycations of Group VI have been di;cussed
in detail in a review artié]e (6). Again, cation formation by‘the non-
metals is only possible in very weakly basic media. Stabilization of
solid derivatives of polycations is achieved by using anions such as
Ast_, SbFs", SOBF', etc., énd the development of superacid media has

greatly facilitated their study.

1.2 POLYATOMIC CATION FORMATION BY THE METALS

Metal-metal bonded systems involving the transition metals (in
particular Nb, Ta, Cr, Mo, W, Tc and Re) have received a great deal
of attention lately and have been the subject of several review

articles (7,8). Magnetic and structural data have demonstrated the



existence of a direct metal-metal interaction in such cations as

M06C182+ and Ta6C1]22+. Although it is sometimes convenient to depict

the bonding between metal atoms by a simple 2 centre-2 electron model, Mole-

cular Orbital Theory is generally favourad. Transition metal clusters are

invariably heteropolyatomic; the stability of a cation such as M66C182+

is due in no small part to the presence of thé external ligands. As

this thesis is concerned with homopolyatomic cations of metals, it is
perhaps worthwhile to brie%]y diécuss the cationic clusters of bismuth,
which are the’only other examples of metallic homopblyatomic cations.

Bismuth metal i; appreciably soluble in molten bismuth'érichloride,

and it was thought for a long ﬁimg that this was due to the formation

of a suphalide of bismuth, formulated as "BiC1". An x-ray structural
analysis by Corbett-and co-workers (9) established the correct.
stoichiometry as 8112C114, and showed, in addition to the BiC]sz' and

BiZCISZ_ anions, the presence of the 8195+

cation. The geometry of

the cation is that of a trigonal prism with a bismuth atom capping each
of the rectangular faces. Other polycatibns mey be formed in the melt
system as well. Spectroscopic measurements have shown (10,11) that

a solution of bismuth and BiC13 in molten A1C13-Nac1 contains 8}53+

and Bi82+ ions. These cations can also be isolated as the compounds
Bis(ATC14)3 and Bis(A1C14)2 {12). Clearly, the bonding in fhe bismuth
polycations is of considerable interest. Although the structures are
not known, models have been proposed using Molecular Orbital Theory (13)
and VSEPR Theory (14), and are amenable to simple interpretation by

both methods.
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Mercury (1), which has been known to exist as the dimer
, _

_ng * “for over fifty years, provided the first example of a metal-metal

bond.” It remains today as the only homonuclear ﬁetal]ic cation stable k
in aqueous media. ‘Although chemical evidence had suggested the dimeric',
nature of Hgq(I} for some time, it was not until 1934 that Woodward (15)
confirmed this spectroscopically by means of the solution Raman spectrum
of Hg,(NO3),.2H,0, which showed a stron§ line at 169 em'. This could
only be assigned as vy arising from the mercury-mercury stretph.
Woodward's observation was one of the first applications ¢f Raman
spectroscopy, which was to become in later years such an impqrtant tool
for the study of metal-metal bonds. Krishnamurty had noticed the same
;trong low frequency peak several years earlier in the Raman spectrum

of solid HgZ(N03)2.2H20 (16) and calomel (17), which he had mistakenly
assigned to lattice modes. The initial observation (18) of the similarity
of the Cd/CdC'I2 melt with that of Hg/HgC12 suggested the possible for-
mation of Cd2C12. Many explanations were proposed to explain the
solubility of metals such as zinc, cadmium, gallium, and bismuth in
their respective halide melts, but the most convincing was the formation
of the relatively unstable subhalides (19). Corbett stabilized the
cadmium subhalide by the addition of the strong chloride acceptor

{Lewis acid) A]Cl3 to the Cd/CdC12 melt (20) and succeeded in isolating
CdZ(AIC14)2. The dimeric nature of the Cd(I) species was again con-
firmed by the Raman spectrum {21). Although zinc is only sparingly
soluble in molten ZnClz, rapid freezing of the saturated melt resulted

in the isolation of a yellow glass which was shown (22} by a combination
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. of chemical and spectroscopic means to contain Zn2C12. Thus all cations

‘““6¥%the‘type‘ngi“gfkGroup IIB exist; however, H922+ s unique in that

it has by far the strongest bond and is—the_on

one stable in aqueous
media. ' i

1.3 PURPOSE QF THIS RESEARCH

An initial observation by Dr. P. Ummat of this laboratory

i
E that arsenic”pentafluoride reacted with merqury to yield highly coloured
|

w1 solutions in 1iquid sulphur dioxide, led to the preparation and

. . 4
preliminary structural elucidation of the Hg32723)cation1he purpose of

- ' - . \ B 1
- the present research was twofold: firstly, to prepare and identify poly=

atomic cations of mercury in formally low oxidation states employing

suitable oxidizing agents such as arsenic pentafiuoride, antimony penta-
: ) fluoride, peroxydisulphuryldiflouride and others; and secondly_to E
determine the structures of the polycations by x-ray crystallography.
) During the course of the research a most interesting compound
was prepared which had a distinct metallic lustre. Crystallography }

revealed that the compound contained infinite chains of mercury atoms

A e AT AT A

in two of three dimensions, and it seemed desirable, therefore, to

o determine the electrical conductivity along these chains and to measure

3 the anisotropy suggested by the structure. The preparation of other

compounds with the same structural characteristics, i.e. infinite -

chains of metal atoms, was also of immediate concerm.




CHAPTER 11
] | | EXPERIMENTAL
“55hhﬁ_ﬁq%ﬁihﬁq?fT“PREPARATION AND PURIFICATION OF MATERIALS

Mercury

Triply distilled mercury (Shawingigan) was used directly.

Sulphur dioxide

* Sulphur dioxide (Matheson) was stored as a 1iquid over

P205 prior to use.

’

Fluorosulphuric acid

Fluorosulphuric acid (Allied) was doubly distilled in moisture-

.free'g]ass apparatus.

Arsenic pentafluoride
Arsenic pentafluoride (Ozark Mahoning) was used directly.

Antimony pentafluoride

Antimony pentafluoride (Ozark Mahoning) was distilled at least
twice in moisture-free glass apparatus.

Tantalum pentafiuoride

Tantalum pentafluoride (Alpha} was purified by sublimation onto
a water-cooled cold finger in glass apparatus.

Antimony pentachloride

Antimony pentachloride (BDH) was vacuum distilled prior to use.

-6-
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Mercurous fluoride

Mercurous fluoride (Alpha) was used directly. Because of its
phbtosensitivify it was handled with the room lights out and the reaction
vessel was wrapped with black tape.

Peroxydisuiphuryl difluoride

SZOGFZ was kindly supplied by Dr. G.J. Schrobilgen, formerly

F)

of this laboratory, who ‘prepared it by the decomposition of Xe(OSO2 2-

Mercurous chloride

Mercurous chloride (Alpha) was used directly.

2.2 MANIPULATION OF MATERIALS T

2.2.1 DRY BOX

Because of the extremely hygroscopic nature of all of the
compounds studied, manual 0peration§ were carried out in a-.very goog
dry box (S. Blickman) equipped with an external circulating system and

an evacuable ante-chamber. The dry box was equipped with a quantitative

balance.

2.2.2 HANDLING OF CHEMICALS

Antimony pentafluoride was handled in the dry box using an all-
glass syringe. |

Gases were handled on a calibrated Pyrex vacuum line fitted with
high vacuum stopcocks lubricated with Fluorolube grease (Hooker'
Chemical Co.) and a mercury manometer. Gas cylinders were connected to
the line via a Swagelok Teflon union. SZOGFZ and other Tiquids with a
reasonable vapour pressure were tranferred on the vacuum line.




!

A1l other chemicals were transferred @H the dry -box.

2.2.3 CRYSTAL MOUNTING

3

Crystals for x-ray cryifaf1ography were handled in a dry’box
equipped with a microscope. The crystals were Qiewed through the
microscope and cut to a suitable shape and size with a razor blade. The
optimum siie was generally about 0.1 mm. Each crystal was transferred. to
a thin—wa1]gd quartz capillary tube which was sealed with Halocarbon
grease an& Teflon tape. The capillary was flame scaled with a micro-

burner outSide the dry box.

2.3 EXPERIMENTAL TECHNIQUES-

~

2.3.1 LASER RAMAN SPECTROSCOPY _
- The ﬁaman instrument (Spex-Industriés Model 1400) has been
described in detail elsewhere (24). Excitation was achieved with
either a Spectra-Physics Model IZS\EE:EE‘ﬁQQFF, operating at 63283, or
a Spectra-Physics Model 265 Ar ion laser, ;;;}ating at 51453. Sampies
were sealed in 2 mm o.d. glass capilliary tubes and mounted h@rizonta]ly
with;the scattered light collected at right angles to the incident beam.
Low’temperature spectra were recorded by mounting'the capi]]afy tube in
an evacuated Dewar, silvered except for a one centimetre band around

the centre. Liquid nitrogen was boiled off through the Dewar at a
variable rate. The temperature was monitored with a thermocqyple-
Toward the end of this research the sample position was modified so the

sample was mounted vertically and the scattered light was collected at

45° to the incident beam.



A rotating-Raman cell was developed based on thét used by
Bernstein (25, The cell was bonstructéd from a Vycor UV cell-that
was capable of holding SOé,pressures, and was rotated with an electric
motor at approximately 1000 rpm. This virtually eliminated local
heating of the sample, which is a common problem whén studying deepTy
coloured solutions. The scattered 1ight was collected at 90° to the
incident beam. |

The vertical sample position that was adopted in the latter part
of the research enabled fotating Raman spectra to be run in virtually any
size tubing. Because the scattered 1ight was éollgcted at 45° to the
incident beam, the scattering was primarily from the surface of the

solution and absorption of the beam was minimal.

2.3.2 X-RAY CRYSTALLOGRAPHY

The theory.of x-ray crystallography is covered in many standard
reference books {26 ) and will not be:discussed here. The crystal was
wedged in a sealed quartz capillary, and mounted on a standard goniometer
head. Preliminary crystal alignment was achieved with a Beurger precession
camera using .a low precession angle (u= 10°) and unfiltered Mo radiation.
The space group was determined frdn the systematic absences characteristic
of the space group by examination of the zero, first and second layer
precession photographs cbtained using Mo K (A=0.710693) radiation and
the appropriate screen. In no case was the experimental density measured
as no satisfactory procedure was found for these very hygroscopic materials.
Intensity data were collected on a Syntex P] four-circle auto-diffractometer.

Unit cell parameters were found by least squares refinement of the Bragg
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angle and crystal orientation for 15 reflections in ﬁhe region
5° . 28 <25°. The 8-28 scan technique was used with scan rates varying
from 2 to 24°/min (in 28)so that the weaker reflections were counted

most slowly to minimize counting errors. .Stationary background counts
with a time equal to half the scan time for each reflection were made

at the end of the scan range. Two standard reflections were recorded
every 100 measurements to monitor the stability of the crystal and its
alignﬁent and in no case was any time dependent trend observed with

the maximum intensity variation being of the order of 3%. The recorded
intensities were corrected for background, Lorentz and polarization
factors. Absorption corrections were made assuming spherical geometry.
Although a more accurate absorption correction would have been desirable,
it was not possible because of the generally poor ;rysta]‘shapes and lack
of suitable programs. The atomic scattering factors were taken from
reference (27). All calculations were performed on a CDC 6400 computer
using the'x-FéS}?T'systénrfzsiwand~4oca}mprograms. o

\

2.3.3 UV-VISIBLE SPECTROSCOPY

—

Absorption spectra were recorded from 220 to 700 nm on a
Cary 14 spectrophotometer. One centimetre path Tength quartz cells
(Hellma Ltd.) with Teflon covers were used for spectra with fluoro-
sulphuric acid as a solvent. The cells were filled in a dry box using
a syringe equipped with a platinum needie and the cover was bound
tightly with Teflon tape. Absorption spectra with 502 as solvent were
run in one centimetre path length quartz cells with a graded seal to

1/4” o.d. Pyrex tubing. e solid was transferred in the dry box




11
and the 502 was transferred on the vacuum Tine. Low temperature_g
spectra were recorded by mounting the cell in an evacuated Dewar )
with optical flats and cooling by cold nitrogen gas. The nitrogen

was obtained by boiling Tiquid N2 with an electric heater controlled by

a Variac to give the required flow rate.

2.3.4 NMR SPECTROSCOPY
19F

nmr‘spectra were recorded on a Varian DP-60 spectrometer
operating. at 58.3 MHz. Low temperature spectra were obtained using a

Varian V-4540 temperature controller with a variable temperature probe.

2.4 CONDUCTIVITY STUDIES

2.4.1 ELECTRONICS

R block diagram of the experimental set-up is shown in Figure
2.1. The e]e;troﬁics were designed by Mr. A. van Schyndel. An
alternating current method was used to eliminate thermocouple voltages
because of the small size of thé érysta]s studied. AC current, which
was typically 3 maé was supplied by the output of a phase sensitive
detector (P.S.D.) which was isolated electrically from the sample by
a transformer. The frequency was 9.8 Hz, low enough to minimize
inductive and capacitive coupling and sufficiently far removed from
sub-harmonics of the line frequency (60 Hz). The voltage drop across
the potential probes on the sample was amplified by the P.S.D. and the
phase of the reference signal in the P.S.D. was set to measure the
resistive component of the ac signal. This component was changed to

~ a dc signal which was recorded on a strip charge recorder. Any
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1hduqti¢e or sapacitive coupling which had a phase difference of 90°—from
the resisfive componenf was‘eiiminated by proper adjustment of the
reference phase.

The résistivitieé of anisotropic materials were measured by
means of the ﬁontgomety techniaue(zg). Fdr a tetragoﬁal system, there
are two components of resistivity: pq and oo (= 93). These can be
calculated by meaSuri;g the voltages obtained when leads are placed on
an anisofropig crystal face in a square or rectangular configurat{on.
(The optimum cbnta;t position depends on the electrical anisotropy of

the crystal). This is shown schematically in the following diagram:

I's

k—"2—
T?C) ¢ 0 O N o]
; 1 1
E
i ARY
F [ i
k—vz—i

By means of a simple switching device, V2 and \-f.I were measured on the

same sample face without altering the contact configuration.

B

reduce inductive and capacitive coupling, twisted lead pairs were used

to and from the sample.

Four twisted pairs were used so a voltage and

current lead would not be paired at any one time,- which would lead to

a2 very high background signal.
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2.4.2 SAMPLE HOLDER AND HANDLING

The sample holder is shown in Figure 2.2. Because of the
extremely hygroscopic nature of the compounds studied, all manipulations
with the sample had to be carried out in a very good dry box. The
sampie holder consisted of ‘a Cajon vacuum connector with a 7-pin ‘

_ feedthrough soldered to one end. Contact was made by four .008 inch
.platinum wires, bent 8Q° ét the ends to inghre good boint contact, in a
square‘configurétion. The wires were melted into two Nylon nuts, and
the sample was" held in place with a flat Teflon plug which was pressed

_ggainst the sample by a Teflon screw. The pressure of the screw was
adjusted until good point contact was made. The contacts were checked
with an ohmmeter, and contact resistances of less than 1 Q were con-
sidered satisfactory. The contact separations were measured using a

p .
microscope.

The sample holder was evacuated at 10°° torr for several days
before using to ensure complete dryness. Room temperature measurements
were carried out directly in the dry box using an electrical feedthrough
into the box. For {ow temperature measurements the sample holder was
sealed with a Pyrex tube and removed from the dry box. It was put
n a stainless steel Dewar where temperatures ranging from ~ 296° K
to 4.2 K were possible. Thé temperature was monitored with a copper -

" constantan }%ﬁ?mocouple'placed next to the crystal.
Vi .

2.5 PREPARATIVE REACTIONS

The reaction vessels that were generally used have been described

in detail previously (30). A diagram is shown on the following page.
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@ef Stirring Bar u

A

The reaction vessel was flame-sealed after addition of the sulphur
&ioxide- If there was an insoluble product after the reaction had taken
place instde (A), the solution could be filtered through the glass sinter
(C)-Ihé 502 was conveniently transferred from one side to the other by

cooling the appropriate side-arm, and the desired product was isolated

by fiame-sealing at (D)-I

2.5.1 THE REACTION OF Hg WITH ASFS

The reaction of mercury with Ast in the mole ratio 2:3 will be
described. The preparation of the individual polyatomic cations will

then be described separately.

In a typical experiment arsenic pentafluoride (3.429, 20.1 mmole)
was condensed onto elemental mercury (2.6%g, 13.4 mmole) in 502 at -196°C

»

and then allowed to warm to room temperature. The mixture was stirred

\
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and the reaction proceeded quickly to give initially a yellow solution.
The remaining e]gmental mercury solidified suddenly to give a golden
Crystalline mass. The solution gradually became deep red. After
approximately one-half hour the golden crystals and red solution reacted

further to yield a yellow solution which, became colourless after an

add1t10na] fifteen minutes.

2.5.2 HgZ{Ast)E.SO2

Arsenic pentafiuoride (3.429, 20.1 mnole) was condensed onto
elemental mercury (2.69g, 13.4 mmole) in sulphur dioxide at -196°C and the
mixture was allowed to warm to room temperature. After the reaction was
complete the clear squt1on yielded a white §ompound on removal of

volatiles, Hh]Ch was identified by the Raman spectrum.

2.5.3 Hg,(AsF),

HgZ(Ast)Z.SO WS pumped at 50°C under dynamic vacuum for one
hour. The resulting white solid showed the absence of 502 in the Raman

spectrum.

2.5.4 Hgy(AsF,),

In a2 typical experiment arsenic pentafluoride (2. 78g, 16. 4 mmole)
was condensed onto elementa] mercury (3.29g, 16.4 mmole) in sulphur
dioxide at -196°C and the mixture was allowed to warm to room temperature
and then stirred for a few hours. All the mercury reacted to give

2 Tight yellow solution, which yielded a light yellow crystalline solid
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upon removal of volatiles

Analysis: Calculated for Hg3(AsF6)2: Hg, 61.43; As, 15.30;
. "F, 23.27
found : Hg, 61.39; As, 15.28;

F, 22.92

2.5.5 Hg,(AsFy),

When elemental mercury (2.47g, 12.3 mmole) Haﬁ reacted with
arsenic pentafluoride (1.56g, 9.2 mmole) fn liquid sulphur dioxide, a
deep red solution was obtained in addition to insocluble golden crystals.
The red solution was filtered and the solvent was slowly removed over a
period of a.few days. Two distinct types of crystals were fbrmed: yellow
crystals which were identified as Hg3(AsF6)2 by the Raman spectra; and
red-black néedle shaped crystals. The latter were hand—ﬁicked under
a microscope in a dry box. .

lAna1ysis: Ca1culatéd for Hg4(AsF6)2: Hg, 67.9; As, 12.7; F, 19.3

found : Hg, 67.77;As, 12.65;F, 19.47

2.5.6 Hg, ggAsFe
In a typical experiment, arsenic pentafluoride was condensed
onto elemental mercury in liquid SOZ at -196°C and the mixture was
allowed to warm to room temperature and slowly stirred. A slight excess
of AsFS than that required by the stoichiometry was used to ensure that

no unreacted mercury contaminated the surface of the crystals. After

the reaction was complete goiden metailic crystals were present with a

L
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slightly yellow soiution. The crystals were filtered, washed with SO2
and pumped dry. Care was taken not to cool the brystals in 502 when
washing because of the disproportionation discussed in Section 7.3.1.
Analysis: Calculated for Hg, gcAsFe: Hg, 75.23; As, 9.82; F, 14.95
found: Hg, 75.83; As, 9.52; F, 14.61°
Although the analysis is c}oser to Hg3AsF6, cryﬁta1lographic arguments

(Chapter VI) show that the empirical formula must be Hg, gcAsFc.

2.5.7 Mg WITH Sbf

Antimony pentafluoride {0.96g, 4.4 mmole) was added to one side

of a reaction vessel while elemental mercury, (0.36g, 1.8 mmole) was added

to the other. Sulphur dioxide was condensed onto the SbF5 at -196°C and

the mixture was warmed to room temperature. When the SbF5 had dissolved
in the 502, the solution was transferred onto the Hg and allowed to react.
The mercury reacted within 10 min. to yield a Tight yellow solution in
equilibrium with unreacted mercury. The colour of ﬁhe sglution became
orange within one-half hour with very little solid left. Very suddenly
an orange solid precipitated which gradually became yeilow with a light
yellow solution. After one week the solution was colourless with a
slightly yellow solid. The solution yielded an off-white solid when the
volatiles were removed which was tentatively identified by the Raman

spectrum as ng(Sb2F1])2-SOZ.

2.5.8 ng(SbFs).SOZ

Sulphur dioxide was condensed onto antimony pentafluoride
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y
(WL 35g, oo amole) at -1967°C and allowed to warm to room temperature.
After di<solution it was transterred onto mercurous flouride (0.34g.

0.8 naoie) and stirred. After one-half hour a clear solution was obtained
in addition to 2 small amount of insoluble white solid. The volatiles
were removed from the solution yielding a white solid, which was

identified as ng(SbFG)Z.SO2 by the Raman spectrum.

2.5.9 Hg,(SbFc),

HgZ(SbFS)Z‘SOZ was pumped at 50°C under dynamic vacuum for one
hour to remove the SOZ' Alternatively,the 502 soluble product from 2.5.6
could be pumped at 50°C for one hour. The Raman spectra of the two

compounds were identical.

2.5.10 Hg4(SbyFqy), v

Elemental mercury (2.74g, 13.7 mmole} was stirred at room
temperature with antimony pentafluoride (4.94g, 22.8 mmole) in liquid
502. After 48 hours a very light yellow solution containing a yeilow
solid was obtained. The ye]]oy solid was extracted with 502 until the
remaining solid was white. The white solid was idegtified as SbF3.
The sulphur dioxide was removed from the yellow solution yielding 2
1ight yellow crystalline solid. 1’

Analysis: Calculated for Hg3(Sb2FT])2g\Hg, 39.94; Sb, 32.32;

F, 27.74
found : Hg, 39.80; Sb, 32.23;

F, 27.92



2.5.11 Hg, g¢5bFs

In a typical experimental a large excess of Hg3(Sb2Fu)2 was
dissolved in SO2 and stirred with e]emeﬁtal mercury at, -10°C. The
mercury reacted dhickly'to give finely divided insoluble golden
crystals. When all the mercury had reacted the crystals were quickly
filtered and washed several times with 502._ A method was developed
for growing large crystals (2-3 mm) of ng_QISbFS which {s described

in Section 7.4.1.

In a typical experi;ent.peroxydisu1phuryl difluoride (0.60g,
3.0 mmole) was condensed onto elemental mercury (}.209, 6.0 mmoles) in
Tiquid SO2 at -196°C. The reaction mixture was allowed to warm to room
temperature and stirred. After one week all the mercury had reacted to
yield a white, insoTuble.soIid- The solid was filtered and pumped to

constant weight. The compound was identified by the Raman spectrum.

2.5.13 ELEMENTAL ANALYSES

A1l analyses were performed by Alfred Bernhardt Microanalytical
Laboratories, 5251 Elbach uber Engelskirchen, Fritz-Pregl-Strasse 14-16,

West Germany.



CHAPTER III

THE MERCURQUS CATION

3.7 INTRODUCTION
Mercury (1) has been known to exist for many years as the
dimercury dication, H§22+. This was demonstrated as early as 1898 by
0gg (31) who studied the reaction between Ag+ and elemental mercury
and concluded that the equilibrium constant could only be expressed in
Aterms of [H922+]. Abel {32} reached the same conclﬁsion by studying
the reduction of mercuric nitrate with e]eueﬁta] mercury. Although

2t has been known for a long time, the ion is much less stable than

ng
is generally assumed, its stability being confined to relatively few
anions and solvents. The stability of the mercurous ion will be
discussed.

This chapter reports the preparation of several new mercurous
compounds with very weakly basic anions in non-zqueous media. The Raman
spectra of the compounds are presented and discussed.

2

3.2 COMPOUNDS OF THE Hg, * CATION

3.2.1 PREPARATION AND IDENTIFICATION

Khen mercury was treated with a2 solution of AsFS‘in liquid SO2

in the mole ratio 2:3 the reaction proceeded according to the equation:

-22-



g - Ho,{AsF ), + 55F3

¢ ZHg + 3AsF

The product is exceedingly soluble in Tiquid 502 and exists as the
sulpiur dioxide adduct,ng(Ast)z.SOZ, when the volatiles are removed

under vacuum. The solution Raman spectrum in SO2 shows, in addition

to the anion frequencies, a single strong polarized band at 160 cm:i

which may be assigned to v;, the Hg-Hg stretch, of the Hg,’* fon. This
value is considerably lower than those found for the aqueous solutions
of mercuroﬁs nitrate and mercurous perchlorate (33). The possible
reasons for this will be discussed in Section 3.2.2. The UV-visible
spectrum of ng(Ast)2 exhibits a single absorption at 248‘dn in HSO5F
with an approximate extinction coefficient of ]04. This may be compared
with the peak at 237 nm obtained for aqueous solutions of mercurous
compounds (34). The anion was identified by the characteristic v svy
and vz modes of Ast' in the solution Raman spectrum and by the

19

characteristic 1:1:1:1 quartet in the °F nmr when the compound was

dissolved in acetone, with which some réaction occurred. When the compound
15 added to water, an exothermic disproportionation takes place with the
deposition of finely divided elemental mercury.

Sulphur dioxide is a much stronger donor towards the H922+ ion
than has previously been realized. The Raman spectrum of the white
powder obtainedwhen the volatiles were removed under vacuum showed ‘peaks

at 1108 cm” !

and 1305 cm-l, which can be assigned to the vi and vy modes
of SO2 respectively. It is noteworthy that these modes,which occur at
1147 cn™' and 1362 en”' in free SO, (35), have been lowered considerably

in the compound ng(Ast)z.Soz. Yery slow removal of the solvent from a
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sulphur dioxide solution o{_ngLAsEE}z—yﬁe+dea_trystals which exhibited

@ Raman spectrum which was identical with that of the powder. Prelimina
crystallographic information on ng(Ast)z.SO2 is presented in Section 3
together with a discussion on adducts of the mercurous ion.

The sulphur dioxide could be removed from HgZ(AsFG)Z.SO2 by
heat1ng the compo;nd to 50°C under ga dynamlc vacuum for 1 hr. The
resu1t1ng white powder showed a single strong peak at 188 cm'] with a
shoulder at 197 cm'],.which can be assigned to vy (Hg-Hg), along with
an absence of bands due to 502. The Raman spectra of both HgZ(AsFG)2

and HgZ(AsF 2 4re reported in Section 3.2. 2, as well as the resuits of

5)
a Ramen spectral study of the thermal decomposition of HgZ(AsFG)2
Oxidation of mercury with peroxydisulphuryldifluoride, (SZO 2),
in the mole ratio 2:1 proceeded rapidly to give a white 502 1nso1%b1e
compound which had the characteristic 248 nm peak in the UV-visible

spectrum with HSO3F as a solvent and a Raman spectrum, reported in

Section 3.2.2, cons1stent with the composition ng(SO F)Z' The reaction

mdy be descr1bed by the equation:

502

2Hg + SZOGFZ - HQZ(SO3F)2

SZOGFZ 1s a particularly convenient oxidizing agent because the only

reaction product is mercurous fluorosulphate. In contrast with the
coloured solutions that were initially observed when Hg was oxidized by
AsFs, no intermediate colours were observed. In addition, it was

impossible to reduce the product by the addition of excess mercury. This
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is in marked contrast with ng(AsFG)é, which is readily reduééa by
mercury in sulphur dioxide to yier'Hg3(AsF6)2. The inability to
reduce HgZ(SO3F)2 is due to its insoJubility in SO,, which shifts the

equilibrium in favour of H922+.

2+ 2+
Hg3 -~ Hg + ng

However, the Hg32+ ion is formed when mercury is dissolved in fluoro-

sulphuric acid (Section 4.2.7}.

lWhen mercury was treated with antimony pentafluoride in the

mole ratio 2:5 the reaction proceeded very slowly over a period of a few

~weeks to give a clear solution which yielded a creamy}ﬁhite solid when

the volatiles were removed. The white solid was identified as Hg, (SbyFqq)
xSO2 by the Raman spectrum, which is discussed in Section 3.2.2. The

reaction proceeds according to the equation:

2Hg + SSbFg ~ Hg,(SbFyy), + SHFy

The addition of excess SbF5 to a solution of the solid in SO2 resulted in

the formationtrFSbFs.SOZ, which indicates that the mercurous ion is only

slowly oxidized to Hg'2
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in this system. The SbF5.502 was identified by
the °F nmr spectrum of a solution of the white solid with excess SbF ¢

in SOZ‘ The spectrum showed, in addition to the characteri§§ic spectrum
of Sb2F1{ (36), a doublet at 103 ppm upfield from CFCi,. Tﬁis may be
assigned to the equatorial fluorines in the Sbf:.50, adduct (1)}, previousl

reported at 102 ppm (37).



L (1)

The expected weak quintet due to the axial fluoriﬁe reported at 137 ppm
wouid be obscured by the quintet of the szF]{ ion which occurs at 134
ppm. | |

If ng(Sb‘.:,Fn)_,.SO2 was pumped for 24 hours at 70°C the compound
was converted to HgZ(SbFG)Z, which had an identical Raman spectrum to
that of another sample of ng(SbFs)z prepared by a different method which ~
is described below. ' '

The reaction of H92F2 with SbF5 in the mole ratio 1:2 prpceeded
within minutes to give a white, 802 soluble product whose Raman spectrum
was consistent with the composition HgE(SbFB)Z‘SOZ‘ When the compound
was pumped 2t 70°C for 24 hours the SO, was removed to yield Hg,(SbFg),.
The equation for the reaction can be written as follows:

- N 502 '
H92F2 + 2SbF. = HgZ(SbF

5 61250,

.y A

When Hg was oxidized by SbF5 there was a small amount of .insoluble

white solid which was identified by the Rémanfﬁpectrum as an SbF3.SbF5

-
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adduct. In the reaction of H92F2 with SbF5 there was also a small %

- amount of insoluble material which was not identified.

Attempts to prepare HgZ(SbC16)2 by the reaction of H92C12

with SbC1; according to the equation :

were un5uccessfu1. The reaction was carried-out in sulphur dioxide and
in neat SbCl;, both at’ room tempefature and at 80°C in a sealed tube.
The products‘were inéériably HgC]zrand SbC13, which were identified by
their characteristic Raman speﬁtra. The reaction.ma} be described by

the equation:

H92C12 + SbCI5 . ZHQCI2 + SbCl3

It appea}s that SbCI5 1s a comparitively good oxidizing agent but a
relatively poor Lewis acid. When using Lewis acids such as ASFS, the
oxidation of mercury proceeds quantitatively to ngzf because of the
facile formationtrFAst'. It is interesting to note that AsClg is un- .
known, and although AsCl,” has been identified (38), the stable chloride
s AsCl;. Although the instability of the pentachloride is not as
Efonounced with antimony, the moﬁt stable chloride appears to be SbCl3.
The reaction between H92F2 and TaF5 proceeds according to_the

equation:

H92F2 + 2TaF5 - ng(TaFG)2

1\:



The product is a wﬁite, SO2 insoluble solid. The compound was identified

by the Raman spectrum.

3.2.2 RAMAN SPECTRA

The Raman spectra of ng(Ast)2 in solution in liquid sulphur
dioxide, solid HgZ(Ast)Z.SO2 and solid ng(Ast)2 are shown in Figure
3.1. The mefcury-mercury stretching vibration, vys has a frequency

1

of 160 em ' in 30,, a value considerably lower than those found for

aqueous solutions of mercurous nitrate (172 cm—]) and mercurous
perchlorate (173 cm']).(33). The spectrum of solid ng(Ast)z.SOZ shows

that the Hg-Hg stretching frequency shifts to 180 cm"] from the value of

160 cm™!

in SO2 solution. 1In addition, a broad weak bénd appears at

105 cm™! in the spectrum of HgZ(ASF6)2°SOZ‘ The large frequency shift

in the Hg-Hg stretch is attributed to so]vatfon of the H922+ ion by

502’ probably by donation through the lone pairs on oxygen. A reduction

of the positive charge on the mercury atoms would tend to expand the.

outer filled d-electron clouds, causing greater eleﬁtronic repulsions and

thus weakening the metal-metal boid. The Hg-Hg stretching frequency

in solid ng(Ast)2 is ce;tered at 192 em™!. This is one-of the highest

that has been observed for mercurous compounds, and is consistent with

the very low basicity of AsFG'.
The bands due to the S0, molecule in ng(AsFe)z.SO2 can be-

assigned by comparing the spectra of HgZ(Ast)z.SO2 and ng(AsFG)Z, which

is prepared by simply heating the former to 50°C under vacuum. Those

bands which disappear upon heating and pumping HgZ(Ast)Z.SO2 include,
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HgZ(AsFS)Z.SO2

109 (14)
180 (100)

266 (1)

376 (8)
396 (1)
213 (1)
533 (6)
549 (4)
576 (4)

367 (S)I

TABLE 3.1 2
Raman Frequencies and Assignments for ng(Ast)z.SO2
and HgZ(AsFG)2 ‘
ng(AsFG)2 Assignment
Solution " Solid
§(Hg-0-S)
160(plvs 188 (100)1 (o}) Hg,2*
197 (sh) [ 19 72
Hg-0 stretch?
369 m
371(8) “S(tZg)ASFS
‘Hg~0 stretch?
\.‘2 502
26 574(3) br. vp(eg)AsF”

— s

595 (1)
670 (7)
690 (28)
1118
1305

—_———

677 s v 679(sh) Ul(alg)ASFs
687(28)
v 502
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1 1

and 1305 an

SO, respectively, bands at 533 cm‘], 413 !

in addition to those a+ 1118 cm due to vy and vs of

1 1

, 266 cm  and 109 cm .
The band at 533 em is probably due to v, of the SOé molecule. The
decrease in the vq and vy modes of SO2 is consistent with coordination
of S0,. The -frequency shift of 12 em ! iﬁ the Hg-Hg stretching
frequency between ng(Ast)2 and ng(Ast)z.SO2 is also consistent with

coordination of the mercurous ion with the 802 molecule, although admittedly

the frequency shift is smaii. Therefore, it seems reasonable to assign
“either the band at 413 an”! or the band at 266 cm”! to the Raman active
1

Hg-Q stretching frequency. The bagd at 109 cm” may then he due to
${Hg-0-S). although this peak s;gdz somewhat intense for a bending mode.
The tentative assignments are given in Table 3.1.

In addition to the bands due to the SO, molecule and its
interaction with the mercurous ion, the Ast' region contains considerably
more bands than would be expected for 0h symmetry. Gillespie and
Schrobilgen (39):have‘suggested that @ highly polarizing cation can perfurb
the 0h symmetry of MFS' anions to pseudo C4v symmetry. They haJe
interpreted the anion spectra of such specieis as NgF+MF6' (Ng = Xe,Kr;

M = As,Sb) in terms of pseudo C4v symmetry. The three Raman active

modes (alg‘ e, tZQ) of an octahedral anion observed in the Raman

g
spectrum of a wholly ionic hexafluoroarsenate such as K+ASF6— (40)

are replaced by 11 Raman active bands under C4V symnetry, excluding those
associated with the cation. This explanation seems unlikely for ng(AsFS)z_SO2
because the relatively intense vg mode in the C4v approximation,

which invariably occurs at 710-730 cm“?. is not observed. Also,

the H922+ cation would not be expected to be as polarizing as a ncble
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gas fluoro-cation and henée the observation of additional bands arising
from an anion of pseudo Cav symmetry céused by fluorine bridging would
seem improbable. Therefore the spectrum of ng(Ast)z.SO2 is assigned
{Table 3.1) on the basis of an octahedral anion. The observation of
additional bands ﬁay well be caused by site symmetry or factor group’
splitting. In p%incip]e, all 15 modes of the Ast‘ ion would be Raman
activé‘under the site symmetry C]. (The space group of ng(Ast)z.SO2
1s P2y/cand Z=4). ‘The 15 modes would be further split to give 30
bands unﬁer the chtor.group symmetry of CZh.\hAIthough {t is unltikely -
that all bands would be resolved, it may be seen that a complicated
spectrum is expected for AﬁFG' in ng(Ast)z.SOZ.

Raman spectral assignments for ng(Ast)2 are given in Table 3.1.
The peak due to v](Hg—Hg) centered at 192 cm'] is actually composed of
two peaks, one at 188 ! and the other at 197 em”!. The appearance of
a doublet may well be due to factor group splitting, although in the
absence @f structural information this must remain speculative. Although
the specfrum is not particularly well resolved, the bands due to AsFG’ are
broad and may well be split. Again, it seems unlikely that this is due
to an interaction between the Ast' anion and the H922+ cation. The
occurrence of split bands arising from the v](a]g), uz(eg) and “5(t29)
modes of Ast' does not necessarily mean that the symmetry of the anion
has been lowered.by fluorine bridging; lowering of the site symmetry or
factor group splitting might also account for this. . ,

It is interesting to examine the spectra following the decomposition

of ng(AsFG)2 as 1t is heated under vacuum. The compound, initially
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prepared by heating HgZ(AsFG)Z.SO2 to 50°C while pumping-to drive of the
sulphur dioxide, apparently loses AsFS to yield HgZF2 as it is heated
further.~ The stepwise decomposition, which can be represented by the

equations

HgZ(Ast)é.SOZ 2 Hg, (AsF), + SO,

Hg, (AsFg), s H92F2'¥2A5F5

s shown by the Raman spectra in Figure 3.2. The peaks at 188 c:m'I
and 197 cm'], due to uI(Hg—Hg) in ng(Ast)z, as well as those due to
the Ast' ion, diminish in intensity. Concurrently, a new peak appears

at 180 cm™!

which is presumably due to u](Hg—Hg) in Hg,F,. This has
been previously reported at 182 cm'] (33). After leaving the compound
for 24 hours at 80°C the spectrum shows little evidence for HgZ(ASFG)Z‘
and the disappearance of the peak at 180 cm'] suggests that H92F2
has decomposed as well.

A reasonable assignment for the spectrum of ng(SO3F)25 shown in
Figure 3.3 and Table 3.2, can be made by analogy with the spectra of
C]OSOZF (41) and Xe(OSOZF)2 (42). Although the symmetry of the molecule
is not known, an approximate assignment can be made in terms of the
modes of a single fluorosulphate group. Llanda (24) has observea that
the Raman active symmetric and asymmetric modes that would be expected
for a bis-fluorosulphate of C] symmetry are generally not resolved. The
modes assigned to the 502 and S-F stretching frequencies in HgZ(OSOZF)2

are intermediate between those arising from a covalent fluorosulphate,

such as C10S0,F (41}, and the ionic fluorosulphate anion in KSO3F (43).
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TABLE 3.2 -

Raman Frequencies for I-{gZ(OSOZF)2 and Related Molecules

b _c d - |
C10S0,F SO,F Xe(OSOzF)z ng(osozf)2 Assignment
' ' 1420 (1) :
1478 (1) ; 1285 1416 (1) 1310 (4) S0, asym.stretch (2"
1388 (1)
1225 (5) 1084 vs 1238 (1) 1184 (5) SO, sym. stretch(a’
1214 (2) 2
856 (1.5) ‘ 954 (4) 1056 (17)] SOX stretch (a*)
' 940 : 1072 (7)
830 (1.5) 741 m 818 (1) 791 (5) " S-F stretch (a')
706 (10) 436 (5) s Egg) © 0-X stretch (a')
573 (< 1) 586 m 610 (7) . 613 (8) S0, bend (a')
599 (< 1) 2
534 (1) 570 m 570-584 (< 1) 579 (&) S0, rock (a")
486 (4.5) 405 s 539.{ < 1) 555 (2) SF wag (a')
389 (< 1) 385 (1). 404 (5) S0, twist (a")
353 (8) ' 256 (9) | 252 (3) S- 0X bend
253 (10)!

162(100) Hg-Hg stretch
100 (3) Hg-Hg-0 bend ?

assigned on basis of CS symmetry
. ref. (41)
c. ref. (43)
d. ref. (42)
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Therefore it seems reasonable to suppose that the Hg-0 band has a

considerable covalent character resulting from resonance form (b).

+ = -
(a) (b)
This is in accord with the observation that v] (Hg-Hg) occurs at 162 cm -1

>

a value considerably lower than that ar151ng from i (Hg-Hg) in ng(Ast)2 502
or Hg,{AsFg),. 7 It is concluded that Hg, (0S0,F), is more covalent than
eifher of the mercurous hexafluoroarsenates. The very weak, broad band,
observed at 252 cm'l can reasonably be assigned to the mercury-oxygen
interaction. It is probable thét this is the bending mode G(Hg-O—SLand

if so the Raman active stretching fregyency may be at 420 cm™ or 413 em 1.
These values may be compared with § (Hg-0-S) observed at 108 cm'] and

v(Hg-0) observed at 266 en”! or 413 e’ !

in ng(Ast)Z-Soz. The band
at 100 cm™! in Hg,(0S0,F), may be due to §(Hg-Hg-0).

The Raman spectrum of the su]phur.dioxide solﬁble product obtained
from the oxidation of ‘Hg by SbF5 in the mole ratic 2:5 is shown in Figure
3.4. The presence of 502 is indicated by bands at 1323 cm'] and 1140 cm”].
The Hg-Hg stretching frequency at 160 cm_] seems unusually low, particularly
in view of the fact that the modes due to vy and vy of SO2 are much c¢loser
to their values in free SO0, than is the case in HgZ(ASFS)Z‘SOZ‘ which
would seem to indicate that the mercurous cation is less strongly
assocated. with S0, in “92(3b2F11)2-5°2 than in HgZ(AsFG)Z.SOZ. The peak

ol

at 107 am * is probably a lattice mode, while the shoulder at 193 cm'] is

not assigned. When “92(5b2F11)2-3°z is pumped at 70°C for 24 hours the
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Figure 3.4 Raman Spectra of (A) 2(Sb F 1)2 E .
(B) Hgo{SbFg)2 obta1ned by ea£1ng to 70°C and pumping

(C) ng(Sbcs)z SO0z from reaction Hg + 2SbF
(D) ng(SbFs,g obta1ned by heat1ng %C§ to 70°E and
pumping
N asterisk denotes glass
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~ TABLE 3.3

Raman Frequencieé and Assignments for HgZ(SbF6)2.502
and HgZ(SbFG)2

a

ng(sst)z.SOZ HgZ(SbFG)Zb 'ng(SbFG)ZC Assignment
125 (9) .

172 (100) 194 (78) 195 (66) vy (og) Hg-Hg
280 (10) 286 (16) 286 (20) vefbpghSbFT
288 - > <8
529 (9) vy 'Soz
554 (2) 531 (3) 533 (3) )
565 (2) 566 (3) 570 (3) v, (&) SbFg
584 (2) | g i
645 (36) 657 (100) 661 (100) v (a)4) SbFg
654 (54) g
M2 (27) vy SO,
1312 (13) vy SO,

a. from the 502 soluble product from H92F2 + ZSbFS
b. Above pumped at 70°C for 24 hours

c. reaction product from 2Hg + SSbFs pumped at 70°C for 24 hours

AT
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Raman spectrum of the product is consistent with the composition Hg.\(SbFs)2

(Figure 3.3). The decomposition can be wriften as:

_. . ‘\ '
Hga(SboFy)2.50,  ~ Hgy(SbFg), + 2SbFy + SO,

when ngFZ 1s reacted with SbF5 in the mole ratio 1:2 the white,
SO2 iﬁso1ub1e compound obtained upon the removal of vola;iles exhibits
' a‘géman spectrum consistent with the composition ng(SbFs)Z‘Soz’ shown
iﬁ'Figure 3.4, Spectral frequencies and assighments areiliﬁted in
Table 3.3, When the adduct is pumped and heated at 70°C for 24 hours,
the Raman spectrum of the product can be assigned . to ng(SbFs)Z‘ There is
a considerable frequency shift in §](H9-Hg)upon goinafrom ng(Sb?6]2=SOZ
to Hgé(SbFs). This indicates that the sulphqr dioxide molecule 1is
associatéd rather strongly with the mercurous cation. The Hg-Hg stretching
frequency in H92(SbF6)2 is the highest that has been observed for a mercurows
salt; this is reasonab1e‘because SbFg™ is less basic than AsFe™, SO5F etc.

3.3 MERCURY (1) COMPLEXES

3.3.1 DISCUSSION

The complex chemistry of Hg(I) is restricted to those ligands

2

which are not strongly bound to the Hg+ ion, and which cause the dis-

proportionation of Hg(l) to H9+2

and elemental mercury. Until very
recently, mercury (I} complexes were known only with oxygen and
nitrogen donor ligands. Mercurous nitrate dihydrate, Héz(N03)2.2H20,.
has a linear coordination.of two water molecules around the mercurous

ion (44,45) with a mercury-oxygen distance of 2.15A. It has been
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suggested that the mercurous ions in other soluble Hg (I) compounds are

present in aqueous solution as the .1inear aquo complex [H20 Hg~-Hg-0H ]2+

-

2

. Evidence has also been presented (46,47) for weak mercurous complexes

with the nwtrate,rsulphate and perchlorate anions. Hg(1) complexes have
been reported for phenanthroline (48) and aniline (43).

Potts and Allred (50) have prepared and characterized a large
series of mercurous complexes_with oxygen donor atoms. These include
the complexes ng[(C%H5)3P0]4(C10 )2, ng(C5H5N0)4(CTO4)2, Hg,SiFg.5
(C HSNO) and others. These complexes are interesting because there
appears to be four-coord1nat10n around the mercurous ion. TFhis is in
marked contrast with the normal linear two coordination around Hg{I) found
in mercurous compounds. The authors suggest that four is the common
coordination number for the H922+ ion. An attempt to prepare mercurous
complexes with ligands hav1ng donor atoms other than oxygen such as
triphenylphosphine, triphenylstibine and triphenylphosphine sulphide
resulted in the disproportionation of Hg(I). It seems that polarizable
liéands with phosphorous or su1phur‘donor atoms preferentially complex
Hg+2 and cause disproportionation.

Recently Dean and Ibott (51,52) have prepared a number of
complexes of the mercurous ion in sulphur dioxide with the heavier
@V and @VI elements as donor atoms. They have shown bylgF nar, ]3C 'l
and Raman spectroscopy that the mercurous ion is complexed by CF3PPh2 and
PF3, while PPh3 causes disproportionation of the H922 cation to Hg+2 and
Hg{0}. No complex is formed with~P(PF3)3, which is presumably too weak .

A base. Adducts of Ph3PS, (p-FC5H4)3PS, Ph3PSe, Ph3AS, ard Ph3Sb with
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ng(Ast)2 were Tormed when the ratio L: Hga(Ast)2 was <1. The
composition of all adducts was ng(Ast)z.L and they were insoluble in -
sulphur dioxide. It is not clear whether the complexes-are stable
simply because of their insolubility in SOZ‘ A marked decrease of
v](Hg-Hg) in thé Raman spectrumof the complexes indicated that the
mercurous ;on is directly coordinated. |

During the course of the present work it has béen shown that
sulphur dioxide is'a much stronger base towards the H922+ ion than i
had previouély been suppo;ed. ng(AsFG)z, H92(5b2F11)2 and ng(SbFs)2
are extremely soluble in S0,. Removal of the solvent under vacuum
resulted in the isolation of the complexes Hg, (ASFg)5.S0y, Hgo(SbyFyy) .50,
and ng(SbFs)z.SOZ. In order to remove the 502 molecule it was necessary
to heat the complexes to “50°C under dynamic vacuum. The Raman stretching

frequency of the Hg-Hg bond in a sulphur dioxide solution df HgZ(AsFG)
1

2
was found to be 160 cm ', which is considerably lower than aqueous solutions
of other soluble mercurous salts. This indicgtes that theﬁngz+ ion is
strongly solvated in S0,. Both solid ng(Ast)z.SO2 and ng(SbFs)z.SO2

exhibit Hg-Hg stretching frequencies lower than the uncoordinated

compound.
Compound \a,l(Hg-Hg).C:m'I Av],cm'1
HgZ(ASFS)Z'SOZ 180
Ha, (AsFe), 1oy b
Hga(SbFe)z.Soz 172 -\\\\ 22
Hg, (SBFg), 194 ‘
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3.3.2 PRELIMINARY CRYSTAL STRUCTURE OF h‘gz(Ast)z.SO2

[t was of interest to determine the crystal structure of the
compound ng(Ast)z.SO2 for two reasons:. firstly, to determine the
length of the Hg-Hg bond for comparison with the bond lengths in other
mercurous compounds; and secondly,to determine the position of the 802
mo1e§u1e and thus ascertain whether it is simply present as a molecule
of solvation or whether it is actually coordinated to the mercurous ion,
either via the oxygen atom or the sulphur atom.

Intensity data were collected in the usual manner after initially
examining the crystal on a precession camera. The crystal data are
given in Table 3.4. The mercury and arsenic atoms were located by
inspection of the three-dimensional Patterson. A subsequent three-
dimensional Fourier map revealed the positions of the fluorine and
sulphur atoms. Unfortunately, the structure is poorly refined (R1 = 0:20)
due to an inadequai§ &bSOrption correction, and it was not possible to
refine the positionélof the oxygen atoms. However, it is clear that the
SOérmolecu]e is not coordinated to the mercurous ion through a sulphur
atom. Although the position of the oxygen was not properly refined, the
preliminary structure indicates a nearly linear Hg-Hg-0 bond angle, which
would be expected if the ﬁercurous'ion is coordinated by oxygen. The
‘zdduct appears to be similar to the 1:1 adducts discussed in the previous
section. The Hg-Hg bond length in Hga(Ast)z.SO2 is 2.45(1).3, which is

equal to the Hg-Hg bond lengths in other mercurous compounds.



TABLE 3.4

Crystal Data For ng(AsFS)Z.SO

Formula weight
System

Conditions limiting possible
reflections

Space Group

Cell Constants

o o |
Y

I

number of formula units/unit cell

"Cell Yolume

Linear absorption coefficient

2

843.1

monoclinic

hot: &=2n
oko: k=2n

PZ]/C (nO. ]4) c2§)

12.347 (9) A
10.615 (12) A
9.985 (6) A

112.82- (5)°

&
1206.3 AS
322.2 em”

1
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3.4 THE STABILITY OF THE MERCUROUS ION

One of the reasons for the existence of the rather unigue H922+

ien, and to alesser extent its GpIIB counterparts Zn22+ and Cdzzf, can

be seen by examination of the electronic configurations, shown in

Table 3.5. The ionization potentialsof all three elements, and mercury
in particular, are very Righ. In fact the ist 1.P. of mercury is
slightly greater than the 2nd I.P. of barium. The high ionization
potentials are due to the poor screening of the valence electrons by

the inner electrons, particularly the weakly penetrating 4f electrons of
mercury. The effect manifests itself in tighter binding of the outer
electrons and smaller atomic and ionic radii for the B group metals than
for the A group metals, commonly referred to as the "Lanthanide con-
traction". The high ionization potentials make mercury one of the

Teﬁst electropositive of all_meta1s. The particularly high electron

1

affinity of the hypothetical Hg+ jon leads to dimerization and for-

mation of the ngz+

ion. These ideas are discussed in more detail in
reference books (53.54,55).

It is instructive to examine the stability of the H922+ ion with
respect to disproportionation to elemental mercury and the Hg+2‘ibn. The
standard potentials are listed in Table 3.5 along with the equilibrium
constant for the disproportionation. The potentials for ngz+_and Hg+2
are very similar, and common oxidants will oxidize Hg to Hg+2. However,
the equilibrium constant shows that in the presence of excess Hg metal

Hg+2 will be readily reduced. Therefore, nga+ will be formed providing



TABLE 3.5

Electronic Configurations and Ionization Potentials

for GpIIB Metals

Zn Cd Hg
electronic .configuration [Ar]3d]0452 [Krj4d10552 [Xe]4f145d]0532

Ist I.P.,M ~ N* (eV) 9.4 9.0 10.4

2nd 1.P. M- M (ev) 18.0 16.9 18.7

Electrode Potentials for Mercury (Aqueous)

Hg,“" + 2e 7= 2Hg(g) 2 = 0.789 ¥
2Hg% + 2e = Hg,S = 0.920 V
Hg'C + 2e = Hg(y) 2 = 0.854 Y
and _ Hg,%* = Hg(g + Hg®" E® = -0.131V
K = [HQZ*] = 6.0 x 1073
Hg

2

46
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there is an excess of elemental mercury. It should be noted that these

data are for aqueocus solution. The Hg+2

2

is a highly polarizing cation;
indeed, all Hg+ compounds, except perhaps the fluoride, are molecular,

covalent compounds. Any ligand that strﬁng]y complexes theng+2 ion will
lead to the disprop&rtionation of the H922+ cation according to the

equation:
He,®' (2q) - Hg (2) + Hg'Z (aq)

Except for the very insoluble halides, only oxygen and fluorine ligands

o+

stabilize the ng cation.

The stabilization of low oxidation states by large weakly basic
anions has been discussed in detail by Corbett (20) for the Cd22+ system
and may be applied equally well to the mercury system. The reduction of

Cd+2 by Cd metal in the CdCl2 melt was increased four-fold by the addition
of sufficient A1C13 to quantitatively convert all €1~ to A]Cl4'. Because
the highly polarizing Cd+2 ion is less strongly complexed to the weakly
basic A1C1,” ion thar to the C1” ion, the addition of A1Cl3 to the melt
greatly reduces the disproportionation of Cd22+. In the solid state
the stability of Cdz(AlCIQ)a, although moisture senSitive, is due to the
lowering of the lattice energies between the two oxidation states by sub-
stitution of a large,‘weakly basic anion in place of C1”. This has been
discussed by Van Arkel (56).

This chapter has shown that mercuroﬁs‘salts can be readily
prepared in solution and the solid state by using large, weakly basic

anions such as AsFS‘, SbFs' and SO3F'. They are stable in a weakly basic
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solvent such-as 502 because the Hg+2 ion is not strongly complexed. It

is interesting to note here that although the same anions that stabilize
the mercurous ion also stabilize the polyatomic cations of the non-metals,
they do so for a different reason. Whereas the latter are highly |
electrophilic and extremely unstable in the presence of any base, the
,exisﬁence‘g% formally low positive oxidation states of metals is
inherent1§_reasonable. Therefore, disproportionation is due not to the
instability of thé Tow oxidation state of the metal, but rather to’
complexafion of ‘the higher oxidation state, thereby shifting the
equilibrium in its favour.

Many workers have speculated on the effect of ligand
electronegativity on the mercury-mercury bond length in mercurous compounds.
Early structural studies (57,45) were from powder data and quite un-
reliable. Table 3.6 shows that the bond lengths séemed to show a marked
increase with decreasing electronegativity of the anion. Various reasons
were proposed for this supposed tngnd (58,59,33). A recent structural
study (60) has shown that the Hg-Hg distances are independent of ligand
. electronegativity {Table 3.6). Even though there is little difference in
bond length, there is a wide variation in i (Hg-Hg); particularly among
the halides (Tane 3.6). The vibrational frequency is not indicative of the
bond strength,‘as the frequency would not be expected to be a "pure" Hg-Hg
stretching frequency, but rather would manifest the mass effect. Durig
et al (61), in a study of the vibrational Spectra and molecular potential
force fields of the mercurous halides, conciuded thﬁt theref{s considerable

coupling befween the Hg-Hg and Hg-X stretching modes.




TABLE 3.6

Structural and Vibrational Data for Mercurous Compounds

Compound
H92F2
H92C12
HgZBr2

Hgols

ng(n%)z.zazoa

Hg-Hg(old), A

2.43

2.53

2.58

2.69

2.54

Hg-Hg(new)s A v (Hg-Hg),om™

2.507 (1)

2.526 (6)
[

2.49 (1)°

a. the structural unit is [Hzo—Hg-Hg-OHZ]2~+

b. from photographic data

c. reference (33}

d. reference (61 )'

186

169

136

113

c

d

d

d

1
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CHAPTER IV

2

THE Hg,"" CATION

4.1 INTRODUCTION

Meyer and Schram reported in 1932 (62) that mercury reacts with
f1u0r05u1p@uric acid to give a yelfow solution.  They appear to have
assumed that the colour was due to the mercurous ion even though it
normally'give; colourless compounds and solutions. Thus it was not until
1960 that Gﬁt's bolarographic measurements on mercury (63} in the ternary
eutectic AIC13-NaC1-KCf (6:20:14 moles %) suggested the possible existence
of an‘;xidation state of merdury lower than +1. In the 1966 edition of
a popular Inorganic Chemistry textbook, the authors view H922+ as a com-

2 with a mercury atom. In this context they state that

plex of Hg'
"there would seem to be no good theoretical reason why a second Hg atom
should not be bound to give.[Hg3]2+“ (68). This species has been pre-

pared in the present stud} and it has been found that the only limitation

to its stability is the basicity of the solvent and counterion. If the
solvent or counterion are too basic, solvation of the highly polarizing Hg+2

2+

cation causes the disproportionation of the H93 cation.

Hg32+ - ng+ (solvated) + 2Hg

The existence of the Hg32+ cation was first claimed in two
preliminary communications. Torsi and Mamintov (65) reported the pre-

paration of the compound Hg3(A1Cla), from the reaction of mercury with

-50~-
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a molten mixture of HgC12~and A1C13. and this was followed by a
report from this laboratory (23)of the preparation of Hg3(AsF6)2 by
the oxidation of mercury with arsenic pentafluoride in liquid
sulphur dioxide.

This chapter reports the preparation of the compounds
Hg3(AsF6)2 and Hg3(Sb2F]])2. The Raman spectra of both compounds will
be discussed. The crystal structure of Hg3(AsF6)2, which shows the
H932+ ion to be linear and centrosymmetric, is presented and compared
with the structure of Hg3(A1C14)2, determined by Ellison g;_gl_(ss)- It

is also shown that the Hg32+ ion is formed when mercury is dissolved in

HSO3F.

4.2 COMPOUNDS OF THE Hg32+ CATION

4.2.1 PREPARATION AND IDENTIFICATION-

When mercury is treated with AsFS in the mole ratio 1:1 the

reaction proceeds according to the equation:

3Hg + 3AsF5 - Hg3(AsF6)2 + AsF3 -
The compound is light yellow and exceedingly soluble in sulphur dioxide.
Hg3(AsF8)2 is diamagnetic. The analysis was consistent with the com-
position Hgs(Ast)z. The solution Raman spectrum shows a single
polarized peak (113 cm'1) in the mercury-mercury regidn. as

éxpected for a linear centrosymmetric ion of Dsh symmetry. The Ast'.
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ion in Hg3(AsF6.)2 was characterized by the 1:1:1:1 quartet of the
Ast; ion in the 19F nmr spectrum of a solution of the salt in acetone,
with which some react1on occurs, and by the observation of its character-
istic bands in the Raman spectrum of the solid and the solution in
sulphur dioxide. The compound can also be prepared by adding an equimolar
amount of mercury to a solution of ng(Ast)2 in 502.
802
Hg + ng(Ast)2 - Hg3(AsF6)2

This demonstrates the reversibility of the oxidation of mercury to
mercury polyatomic cations which will be discussed in -more detail later.
The reaction of‘mercury with antimony pentafluoride in the

mole ration 3:5 proceeds atcording to the equétion: .
3Hg + SSbF5 - Hg3(Sb2 n)2 + SbF3

The compound is light yellow and considerably less soluble then the
hexafluoroarsenate analogue. It can be separated from the insoluble
antimony triflouride by repeated extraction with sulphur dioxide. The
elemental analysis of the pale yellow crystalline solid was in excellent
agreement with the comp031t10an3(Sb2 ]])2. The solution Rmﬁﬁ?iﬁectrum
exhibited the single polarized band at 113 cm'1 in addition to the
characteristic frequencies for SbaF]]".

The use of SbF5 as an oxidizing agent in the mercury system

poses several problems, the most important of which is the possibility
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" of obtaining e1ther SbF6 » Or the complex anion Sb.F ] » Or both.

21
(There are still higher complex anions such as Sb3F16 but these ara

present only in very low concentrations in the 302 solvent system). This-
is well 111ustrated by the behaviour of Hgs(Sb2 ]1)2 Hhen the sol1d is
redissolved in sulphur d1ox1de there is always a small amount of white
material which remains updissolved. This may be explained by proposing

an equilibrium such as:
- H3(SbEE 1), = Hgz(SbFy), + 2SbF,

The equilibrium lies well to .the left byt the liberated SbF5 would immediately
oxidize the Hg3(SbF6)2 according to the equation:

2Hg3(SbF6)2 + 3SbF5 - 3H92(Sbfs)2 + SbF3

The cloudiness observed when Hg3(Sb2FI])2 1s redissolved in S0, is
presumably due to SbF3:‘ Spectral evidence for the proposed equilibrium
has been obtained. The 19F nmr'spectrum of Hg3(Sb F]]) in SU shows,
in addition to the characteristic spectrum of Sb2F11 » previously
reported by Gillespie and Moss (36), a smaTl peak at 56.3 ppm upfield
from CFC13 which méy be assigned to SbFG'. When the same solution

is crystallized very 51ow1y a small amdunt of white solid is obtained
which is considerably more soluble in SO2 than is Hg—s(Sb2 ]1)2 The
Raman spectrum of the white solid ‘Is identical with that of ng(SbF )2.

discussed in Chapter III. It 1s somewhat surprising that Hg3(Sb2 ]])2
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is formed at all; in solution it would be expected that the Hg32+ cation
!Ould be oxidized much more readily than it actually is by the SbF5
present in the‘Sb2F11" anion. Ano£;er problem associated with the -
use of SbF5 is the insolubility of the reduced product, SbFa. in sulphur
dioxide. This presents no problem if the reaction product is itself .
soluble, but if it is insoluble separation from SbF is impracticable.

. The yellow colour. reported by Meyer and Schram 62) when Hg is'
2

dissolved in HSO5F is due to the Hg, * fon. The Raman spectrum of the

solution shows the characteristic polarized peak at N3 em™!

.

4.2.2 UV-VISIBLE SPECTRA

The U¥-visible spectrum of a solution of Hg in HSOSF shows a
peak at 325 nm with an approximate extinction coefficient of }04, con-
sistent with the absorptionfﬁt 325 nm ascribed to Hg32¥ in Hga(A1C14)é
~(67). The 325 nm peak in HSO4F, however, disappggrs fairly quickly to be
replaced by two peaks at 248 nm and 280 nm. The peak at 248 nm is due

to the Hg,*'

cation, while the peak at 280 nm is due to the reduction
product of HS04F, sulphur dioxide. Clearly, the oxidation of Hg in

HSO4F proceeds according to the equations :

3Kg + 4KSOHF H932+ + 50, + HF + n3o+¢ 3504F”

-

2HG." + QHSOLF - 3Hg,St + SO, + K0T ¢ 3SOFT + RF © °
3 3 2 2 * Hy 3
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» (b) 18 hr. .
(a) 10 I';ﬂn.
| | |
250 300 350
A, (nm)

Figure 4.1 Time Dependent UV-Visible Spectrum of
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The absorption spectra of Hg3(AsF6)2 and Hg3(Sb2Fn)2 iniﬂsoéF show
an initial peak at 325 nm which quickly diminishes as the cations are

2 ,to yield peaks at 248 nm and 280 nm, shown in.

oxidized to Hg,
Figu}e 4.1 for Hg3(Sb2Fn)2 in HS04F. The absorption spectra of the
compounds in'SO2 is complicated by the fact that the very strong ab-
sorption of 502 at 280 nm tails into the visible and tends to obscure
the peak at 325 nm. It is possible, however, to detect the peak before

the sulphur dioxide absorption dominates the spectrum,

4.2.3 RAMAN SPECTRA

The Raman frequencies, with assignments,- are listed in Table
4.1. In soluti&ﬁ in liquid S0, or HS04F all the compounds gave, in
addition to the solvent lines and expected anion frequencies.\gﬁsingle
strong polarized band at 113 cm']. This is.in accord with _the single
peak (v](o;)) that would be expected for a linear centrosymetric ion
of Dwh symmetry. This band is at a much lower frequency than that
observed for mercurous hexafluorparsenate..but this is not surprising
as the bond is expected to be weaker since each mercury atom in the
Hg32+ fon has a lower formal positve charge (+2/3). In th;'limiting
case of elemental mercury (zero charge) the bond length is 3.0053 (68).

" The Raman spectra of the solid compounds are surpris1ng]y

different from the spectra of their solutions. Rather than the single
line attributed to the Hg32+ symmetrical stretching mode, they show
bands at 79 em™! and 140 em”! for Hga(AsFe)zg'and at 83 em™! and 133 em™}
for Hga(SbaF]])a. These spectra are reproduced in Figure 4.2, The
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Figure 4.2 Raman Spectra of (A) Hg3(AsF6)2 and -
’ (B) Hg3(SbyFyq),

57



Hg3(Ast,l2

Solid iy}

Solution

113 vs(p)

3w
675s

Hg4(SbyFy ),

Solutionb

)

113(p)

TABLE 4.1 .

RAMAN SPECTRA OF Hg32* COMPOUNDS

76 (37)
140(100)

179 (2)
241 (4) -
3?2{7)
390(2)
554(1)
2;7 1)
2(15
sgair) ]

Hg3(so3F)2°

Solid

53(8)
83(40)
133(100)

171(1)

183( <
263( <
275(3
279(3
286(3
301(2)
538(1 '
622(4
637(24 )
647(5)
683 QM .

113(p)

< Assignment

Hg. -As
1(02) Hg
(Hg, * impurity?)

Vs (tZg)
Vo (eg) ASFS

Assignment
F=Sb

v1(c ) Hgy®"
(Hgag*‘ impurity?)

SbaFyy

Ea) a_concentrated sclution of Hg in HSO3F
b} plus bands due to SbaFyy~.
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spectrum of Hga(szF11)2 shows in addition 5 small peak at 53 cm']
which must be assigned to a lattice mode. The bands at 140 em™! and
133 c:m"I in HgB(AsFS)2 and Hg3(3b2F11)2Lrespectively are assigned to

¥ the symmetric Hg-Hg stretching mode. The spectra of both compounds

may be compared with those of the mercurous amlogues, in which the symmetric
vibration for the ng groups is also shifted considerably upon going from

"a sulphur dioxide solution to the solid compound. Again it seems

reasonable to suppose that the Hg32

* jon is solvated by the 502 molecule,
probably by donatipn through oxygen. The fact that the solid compounds
do not contain an S0, adduct molecule when the volatiles are removed
under vacuum is understandable in view of the fact that H.g32+ would be
expected to be less‘polarizing than Hgaa*.

Although the crystal structure of HgétAst)z shows some evidence
for weak fluorine bbidging.(Section 4.3.2), it seems uﬁiikely that the
symmetry has been lowered sufficiently to allow interpretation of the
Ast' spectrum on the basis of pseudo-cqv symmetry. The characteristic
vg vibration arising from an Ast' anion of pseudo C, symmetry is absent
in the Raman spectrum. This frequency is also absent in the spectrum of
Hg(AsFg), .80, (Section 3.2.2). A more reasonable explanation for
the observation of six bands in the Ast'.region. rather than the three
(°1g,°g'tag) that would be expected for an fonic hexafluorcarsenate, is
factor group splitting. Each Raman active band of an octahedral anion
in a site of symmetry C, would be split into two bands, one Ag and one
Bg» in the space group lezc(czﬁ). This treatment is in accord with the
observed spectrum of Hga(Ast)a. in which three pairs of bands are observed.

The most intense band of each pair can be assigned to the symmetric Ag mde.
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while the weaker can be assigned to the antisymmetric 84 mode. The

1

band at 79 cm = in the spectrum of Hg3(AsF6)2 might in principle arise

from factor group splitting. Because thgre are two formula‘units per
unit cell (Za22) }n Hg3(AsF6)2. a fag&or group splitting of the Hg32+
symnetrica} stretch is expected. The correlation diagram is shown in
Table 4.2, and shows that splitting of the syunmt;ical Raman frequency
into two bands is expected. However, the splitting of 61 cm'1 seems very
large and, if correct, imp]iesran unexpectedly strong coub]ing between

the Hg32+

jons. Since the space group of Hg3(Sb2F1])2 is ndt kndin. no
prediction can be made about factor group splitting of the Hg-Hg stretching
frequency. Aﬂternatively. the low frequency band in botF Hg3(AsF6)2 and
Hg3(Sb2F1])2 might be due to a weak Hg...F interaction.

The crystal structure of Hga(mmq)2 shows 2 relatively short Hg-Cl
distance of 2.543. The Raman spectrum of crystalline Hg3(A1C14)2 {s very
similar to that of Hg3(AsF5)2. with two strong low frequency lines at
93 cm™! and 123 em~l. These were assigned by the authors to the symmetric

and antisymmetric vibrations of the Hg3 group on the basis that the Hg3

group is not linear but has a Hg-Hg-Hg bond angle of 174°. The authors note,

however, that the antisymmetric vibration appears té be much more intense
than uogld be expected for the slight deviation from linearity. It seems
unlikely that their assignment is correct, particularly in view of the
fact that the Hgy group in Hg3(AsF6)2 is constrained by symmetry to be
linear and centrosymmetric, and yet the Raman spectrum still shows the two
bands in the low frequency regfon. An alternative assignment would be
that the band at 93 cm™} is due toigthe Hg-Cl-Al bending mode and the

band at 123 <:m‘1 is due to the awnﬂetric Hg-Hg stretching mode. Because
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4
) - TABLE 4.2
CORRELATION DIAGRAMS FOR THE Hg32“ 10§ IN
H93(AsF6)2 AND Hg3(A1C14)2
Hg3(13«si=6)2
Isolated Hg,2* o Site " Unit cell P2yc (222)
: 5
Y ¢ C2n
+ . R
MOE S AQ(R)\AQ(R)
| ' - 89/( f)ﬁ~
o (1) —- 2R (1)
u =2 A ()" A
I — E/ .
nu(I) - '__,/-’// 2BU(I)
7
- Kg~(A1C1,)
7 9 a
- 3 2
Isolated Hg,%* fon Site Unit cell P2yc (2a4)
/

/}///f///i O _ G Cag
. |
og(R)\ /MQ(R)
o (1) AR

— 384 (R)
nu(I)-*"""" - ’ 3a,(1)

#,(1)

(R) = Raman active
(1) = Infrared active

A~y wty wmps v ey meme— o
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-1 to the Hg-Cl

and 242 cm”!

the authors have assigned bands at 225 cm
stretching freqﬁencies. the band at 93 cm'I would therefore be due to
the bending-mode, although thms band is much more intense than would be
expected. One would expect factor group splitting for the Hg3 group in
Hg3(A1CT4),. Table 4.2 shows that the site symmetry of the Hgy2" ion in
Hg3(A1CY,), is Cy and 3 Raman active frequencies are predicted, which would
be split into 6 Raman active bands under the factorgroup symmetry C2h‘ Only
two bands are observed and again the stifting seems rather large. A
more reasonable explanation for the observation of the.two bands in Hg3(A1C14)2
is that under site symmetry (Cl) for the Hg3? cation the asymmetric stretch
becomes Raman'active. It should be note@,&hat although the actual symmetry
of the H§32+ fon in Hg3(A1Cl,), is C,y» the bond lengths are equal and
the angle (17§°) is sufficiently close to 189° to assume D;‘hsymmetry.
4.3 THE STRUCTURE QF Hg3(AsF6)2
4.3.1 SOLUTIdN AND REFINEMENT :

Precession photographs showed the characteristic absences of the

space group P2]/c(no. 14, Czhs)‘ The crystal data are given in Table 4.3.
The procedure;used for data collection is given in Section 2.3.2. The
crystal had v?ry poorly defined faces and an irregular block (side =

. 0.12 mm) was ?sed for the collection of & unique quadrant of 636 reflections
(29 < 50°) wi%h intensities greater than 3 times the standard deviation

based on counting statistics.
One of}the mercury atoms of the Hg4 unit was found to lie at

the origin (010.0)‘ The positions of the other four mercury atoms in
the unit ce]ﬁ were found by inspecting the three-dimensional Patterson
function. Tub cycles of full matrix least-squares refinement with isotropic

temperature f#ctors gave a conventional agfeement index Ry = (zalleol
|
|

i
1



~ TABLE 4.3

CRYSTAL DATA FOR Hg,(AsFy),

Formula Weight
System

Conditions limiting
possible reflections

-Space Group
Calculated Density

Cell Constants

7 |0 jlo (o

Number of formula units/
unit cell

Cell Volume
Linear absorption
coefficient

uR

97%.7
monoclinic -

hog: ¢ = 2p
oko: k = 2n

' 5
lefc (no. 14, Cah)
5.67 g/cm3

5.981 (5)A
8.551 (s)§
11.282(10)A
91.16 (7)°

2

577.1 A3
497 cm™l

3.5

63
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where 1\ = IIFOI‘ |Fc||) of 0.32. The 636 reflections were used to-
gether with the phases detefmined from the mercury atoms to calculate

3 three-dimensicnal Fourier ‘map which revealed the positions of the
arsenic and fluorine atoms. These, when included in another four -
cycles of least-squares ref1nemént. varying positional and anisotropic
temperature factors for mercury and arsenic reduced.RT to 0.111 while
the weighted agreement factor R2 (= :wazfszoa)E) wa§ 0.148 with unit’
weights. An empirical weightiné scheme of the form /w = (A+BFo + CFOZ)']
was calculated subject to the condition that xwaz be approximately in-
dependent of IFOI and sino/A. Least squares refinement cénverged at

Ry = 0.106 and Ry, = 0.145. The values of the constant A, 8 and C in the
weighting expression were 21.11;_- 0.3043 Snd 0.0160 respectively. A
final difference Fourier showed no significant features with the largest
peak height being 1.?&/33. . The majority of the highest peaks were

[~
concentrated within 2A of the mercury atoms.

© 4.3.2 DESCRIPTION OF THE STRUCTURE

The structural parameters for Hgg(Ast)2 are listed in Table
4.4. The configuration of the Hg3(AsF6)2 molecule is shown in Figure -
4.3, while Table 4.5 lists the bond lengths and bond angles. The
packing of the ions in the unit.ceII 1s shown in Figure 4.4, The
observed and calculated structure factors are listed in Table 4.6.

To a first approximation the structure may be described as’

consisting of discrete linear symmetrical_Hg:‘,'2

* ions and octahedral
As?s' anions. The Hg-Hg bond length is 2.552(5)3. which agrees well

with the value of 2.563 reported for H93(A1c14)2 €6). The central

—



TABLE 4.4

STRUCTURAL PARAMETERS®FOR Hgy(AsF(),

Parameter x 104 Hg (1) Hg(2) As(1) .
X 0 2395(5) 2997(10)
y 0. 2302(3) 6431(6)

2 0 705(3) 1722(5)
Upy 441017) 567(16) 492(29)'
Uy 514(18) 621{17) "497(31)
Ugs 588(19) 791(18) 513(29)
Uyp © -30(T3) -110(12) - 3(23)
U3 62(13) 15(12) Nn2(22)
Ups ~24(13) - 93(13) 48(22)

. x(xlos) y(x103) z(x103) B(x103)
F(1)  169(8) ~ 806(6) 216(4) 98(13)
F(2) 316(7) 722(5) 34(3) 78(10)
F(3)  55(15) 551(10)  146(7) 171(28)
F(4) 306(10) §75(7) 311(4) N5(16)
F(5) 556{(9) 696(6) = 203(4) 98{13)
F(6) 4a12(9) - &74(6) 14(4) 102(14)

x.y. and z are fractional atomic coordinates. The 1sotrop1c
temperature factor B is’ from the expression exp[- B(sin e)/A ] nd
the form of the anisotropic thermal ellipsoid is exp[-2n (h atlyy ¢
.+ 2hkatd*ly, + ... .J]. Least-squares-estimated standard errors
* in the least significant digits are given in parentheses.
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TABLE 4.5 ;

BOND DISTANCES AND BOND ANGLES IN

Atoms

Hg(1) = Hg{2)

Hg{2) - F(6)
Hgfl) - F(4)
Hg(2) = F(2)

Ha(2) - F(S)

AsQ1) = F(1)
As(1) = F(2)

As(1) « F(3)

As{1) - F(4)
As(1) - F(5)
As(1) - F(6)

ad

_Di#tance (R)

z.ssa(sf ;;J)

2.38 (5)
2.91(9)
- 2.96(7)
2.83(8)

1.68(5)
1.70(4)
1.68(8)
1.67(5)
1.63(6)
1.73(5)

ANGLES SUBTENDED AT Kg(2) - (DEG.)"

Hg{1} « F(6)

168.9(1.2)

ANGLES SUBTENDED AT ARSENIC (DEG.)

6) - E(
6) = F(4
6) = F(2

« F{3
6} - F(S
1) = F(4
1} = F(2
1) « F(3
1) - F(S
4) - F(2
4) - F(3
4) - F(S
) H

e

lll
4 .

173.7(2.3
©93.6(2.6)
87,
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me}cury of the Hga groups 1105 on a two-fold axis and the cation must
therefore be linear and symmetrical. In Hga(Alc14)2 the Hg, group
deviates s119ht1y from linearity with a Sond angle of 174°, and the

two Hg-Hg bond lengths are equal, although they are not required by
symmetry to be so. The terminal mercury-f]uorine distance is 2. 38(5)A.
which is 1ntermed1ate between the approximate values of 2.10A and

2.46A which may be estimated for covalent-and ionic bonds respectively.

" This indicates that the mercury-fluoﬁinq interaction has some covalent
character. Figure 4.5 shows a projection of the asymmetric unit of
Hg3(A;F6)2 wh1ch 11lustrates the Hg-F interaction. The Hg-Hg...F bond
angle of 170° 1§\also consistent with the idea that the terminal mercury
atoms are forming two bonds with more or less covalentcharacter; one

to the other mercury atom and one to the fluorine atem. Such covalent
bonds with mercury are expected to have an ideal bond angle of 180°.

The Hg...F bridge appears to slightly distort the AsFg. The As-F(6) distance
s 1734 whereas the average of the remaining distances is 1,673. the
same as the mean As-F distances reported previously (69) for AsFg. 1t

is noteworthy that the average bond angle between F(ﬁ) and {ts neighbours
is 87.8" whereas the average bond angle betwaen.F(1) and its neighbburs"
13 92.5% 1t {s reasonable to suppose that because a lone pair on F(6)
“ts used to form a bond with the mozzunxxifgftuthe As<F(6) bond becomes
more polar, i{.e., the bonding electron pair moves fuptherigwqy from the

~arsenic and ‘the bond angles aroynd arsenic adjust themselves $o as to

minimize bond<bond repulsions IThis argument must be used with caution
because the bond lengths and angles, when the error 11m1:s are taken

into consideration, are not significantly different.

~
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One point worthy of note is that although Hg3(A1C14)2 is
clearly more covalent than H3(AsFg)o(AsFs™ 1s a weaker base than
A1C1,7) the bond lengths of the Hgy group in the two compounds are
virtually the same. The same has been noted for the mercurous

halides: the bond lengths are the same within experimental error, even

though‘ngF2 is much more ionic than H92C12.Hgaar2 and nglz. The .

Raman frequencies vary over a wide range, however, depending on the
identity of the anton.



Table 4.6

Observed and Calculated Structure Factors for ‘ 72
Hg3(AsFglp -
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CHAPTER V

THE Hg, 2" CATION

5.1 INTRODUCTION
The previous chapter reported the preparation of the H932+ cation

in the arsenic pentafiuoridelsoa system. It is possiblé t0 prepare
polycations of mercury in still lower formal positive oxidatien states
and this chabter reporys the preparation of the nge* cation. The
cation, isolated as the solid Hg,(AsFg),. was identified by amalytical
and Spectrgl methods. An X-ray crystallographicstudy of HgQ(hst)a
showed that the cation is very nearly ljnear. The equilibria in the

sglphur dioxide soclvent system are discussed.

5.2 THE Hg,2" CATION

<X
5.2.1 PREPARATION AND CHARAUTERIZATION OF Hg,(AsFg),

As dascribéd in Chapter Il. oxidation of mercury by arsenic
pentafiuoride in the mole ratio 4:3 in 1iquid sulphur dioxide results
in a deep red solution in equilibrium with an insoluble golden compound.
Filtration.followed by rapid removal of volatiles,yielded a grey black
solid, the analysis of which was consistent with a mixture of the
pfevious\y identified H93(A§F5)z. and a compound containing mercury

in a lower formal positive oxidation state. presumably Hg,(AsFg)s. .
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Very slow removal of SO,, however, yielded two distinct types of crystals:
1arge yellow crystals which were {solated and 1den£1f1ed/ns Hg3(AsF6)2 by
Raman‘and‘UV-Vis1b1e spectra; and dark, red-black needle shaped crystals;
the -analysis of which was in excellent agreement with the composition
Hgq(AsFg),.  Crystals of the latter type were hand-picked from the mixture
in a dry box equipped with a microscope. Contrary to the behaviour of )
the other mercury poiycations. the ngz* cation cannot be prepared in
the absence of the gold comgound and Hg3(AsF6)2. Upon further oxidation
with AsFS‘ the red colour and insoluble gold coloured crystals persist until
the mole ratio Hg:Ast of 1:1 is reached, at which point a 1ight yellow
ko1ut30n s obtained. After removal of volatiles a Raman spectral
analysis demonstrated that this compound wWas Hga(AsFe)z. with no de-
tectadle impurities. The reaction of mercury with AsF5 to give ng(Ast)
can be summarized as follows

A~

ng + JAsFg . ng(AsF‘s)2 + AsF3

Il

- ' H93(AsFgl, + Hgy geAsFg

‘The red solution may be filtered until it {s free fran the in-
soluble gold compound. The resultant mixture in SOa then showod two peaks
in the Uv-visible spectrum: one at 326 nm which may be assigned
to Hg32*; and the other at 380 mm, which may be assigned to the Hgaz* cation.
Unfortunately the peak due to the Hgaa* cation is partially obscured by
the very strong absﬁrption of 302. Any attempt to use HSOsF.as 2

[
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solvent resulted in the very rapid oxidation of Hg42+ 13 Hga2+ and

nga*, as discussed in Section 4.2.1.

Although it was not possible to obtain Raman data on solid
H94(A5F6)2‘ because of:the dark colour, a Raman spectrum of the réd
§01ution was obtained ﬁsing the Rotating Raman cell technique described
1p Chapter II. 1t was observed that the red cdlour disappeared upon
cooling the solution, and concurrent with the disappearance of the red

2+

colour due to the H94 cation golden crystals were deposited from the.

solut{on. Clearly, the‘ng2+ cation disproportionates as the tgpberature'
{s Towered. The temperature dependent Raman spectrum of a solution of
Hg32+/H942; s shown in Figure 5.1.

Unfortunately, the spectrum ts of poor quality due to the
deep red colour of the solution and the fact that the peaks fall close
to the exciting frequency. At foom temperature two distinct peﬁks are
observed. The peak at 113 cm™', which appears as a weak shoulder, can

'y

be assigned to v](o;) of the H93 cation. The droad peak apparently

centered at 85 cm“ is shown at lower temperatures. where better

1 1

resclution 1s possidble, to consist of two ﬁeaks at 79 ¢m ' and 95 cm”
For a linear centrosymmetric molecule of DQh symmetry, five modes are -
expected: 20;(R) + p:(l} + ng(R) + nu(l) with the three symmetric modes
Raman active and the two Asymmetric modes infrared active. The bands

at 79 cm”! and 95 cm”! are assigned to v](c;) dnd“va(o;) respectively,
the two Raman active symmetrical Mg=Hg stretching vibraticns that would
be expected for a linear centrosymmeiric Hgaa* faon. Thq bending mode,

vﬁ(ﬂg). presumably occurs at a much lower freqiincy and s obscured by

- e g e P Ny Ty = == Ppre TR ~
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the exciting .line. As the temperature of the solution is 1owéfed._the
disabpearance of the red coIPur is concomitant with a decrease in
tntensity of the bands at 79 Cm" and 95 cm'l, and an increase in
tntensity of the band at 113 cm‘] due t¢ the H§32+ cation. As iha
temparature reaches -409C.'prec1p1tntion of the tnsoluble golden com= -

2

pound can be seen. Clearly. the Hg4 * cation disproportionates at low

2

temperatures to Hg3 * and the gold compound. whiéh has been identified

as HgZ.SSASFS‘ and is discussed in the folT%ﬁing Chpter. The dis-

proporticnation can be written in a simplified form as :

T2+ 2+

Hg, <"+ Mgy *

* M6
This equatiop has been left unbalanced. The disproportionation of
ng(Ast)é is completely reversible, the charaéteristic red solution
in equilibrium with HQZ.SGASFS being forméd as the temperature is ra1§ed.
The ng.SGASFS completely disappears over the period of an hour to .
yield only the red solution in the absence of any insoluble materials.
Thé‘réasons for the most interesting reversible disproportiomation of
HQQ(ASFS)Z can only be speculated upon. Ther;‘is ne doubt that the
subtle differences in solvation energies of the various species in
soz plays an important role.

ff the soluttion is kept at ~=72°C for 15 min. a new peak
at 63 cmfl appears and the solution becomes a brilliant deep blue colour
as the sulphur dioxide begins to freeze. (f.p. 505‘13 72%). The
peak, whose intensity increases with time, canqot be assigned uith\any

1

- l
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certainty but it is clear that it is due to neither H932+ nor H942+

The blue colour cannot be due %o a raeicel species as no esr signal was de-
tected fromthe frozen solution, or indeed over the entire temperature
range. The blue colour disappears very rapidly as the solution is warmed,
persisting only until ~<70°C, just above the freezing point of 802.

Therefore, it appears reasonable to consider the possibility that the

peak at 63 cm =1

may be due to the same species that gives rise to the
fintense blue colour at low temperatures.-+t is possible, although in 7
the absence of additional information 1t must be regarded as specu]ative,

that this species is the H95%+

cation. -Clearly. the species causing the
blue colour {s dependent upon the presence of the H942+ cation; no

colour change is observed when one freezes a solution of Hg3(AsF6)2.

5.2.2 ATTEMPTED PREPARATION OF Hgy(SboFyq), -

Evidence for the ngz* ton has not been obtained in systems
other than AsFSISOZ. Torsi and Mamantov's £7) study of the electroé
chemical reduction of H9C12 tn Al1C14 suggested that no spectes in an

oxidation state lower than H932

was present in this system. The
preparation of H94(8b2F11)2 by reduction of H93(3b2F11)2 with elemental
mercury ‘was attempted. and although the mercury was oxidized and 3 very
s\tghtly soluble 1ight yellow product precipitated fromthe solutien. the
Ramen spectrum of this solid wag identical with that of the starting
materia\. Hg3(5b2Fn)2 (Figure 4.2). The apparent failure to fsolate
any product other thun.Hg3(SbaF11)2 s puzzling: presumably de- -

composition could be taking place in the Raman beam although the



spectra were run at liquid nitrogen tempeﬁatures'and no decomposition
was apparent. Clearly, the system requires further study.

The presence of Hg42+

v Or indeed of any species in oxidation
states lower than_H932+. was not detected in any of the other systems

studied.

5.3 THE CRYSTAL STRUCTURE OF Hg,(AsF),

An x-ray crystallographic study of the compound Hg4(AsF5)2 ¢on=
firmed that the H942 cation is near]y 1inear and centrosywnmtric The
crystal used for the analysis was selected from a mixture cf Hga(Ast)2

.and Hg4(AsF5)2 grown by the slow crysta]lization of the rﬂd solution when
HQ 1s oxidized by AsFg in the mole ratio 4: 3. Although visually the
crystals appeared to be well formed needles. precessicn photographs
indicated that the great hajority'uerenot single. The crystal used for
data collection was cut in a dry box. The crystal was an jrragu1ar:
cube (edge = 0.1 mm), and a1though'not éf good quality, was adequate to
enable data to be collected. . ‘ )

S5.3.1 SOLUTION AND REFINEMENT

The crystal was examined by the Precession method which showedj
absences characteristic. to the spacé group PZ /c (no. 14, cgh). The
crystal data arelisted in Table 5.1. Intansity data collected using A
Syntex four-circla auto-diffractometer with MoKy radiation (0 71069A)
| quecorfected for absorption assuming spherical geometry and used to

calculate a three-dimensicnal Patterson function from which the coordinates
e * '
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TABLE 5.1

Crystal Data for Hg(AsFg),

Formula Weight
-~ System

Conditions 1imiting
possible reflections

Space Group

Calculated Density

Cell constants

o joo

B . L“

(o

Numbe; of formula units/
unit cel

el VYolume

Linear absorption
coefficient

uR

1180.2
Monoctinic

hOk:g»2n
Oko: hw2n

P2y/c (no. 14, C3p)
6.26 g/em’
5.435(3i§
11.623(8)A

9.835(5)A
92.11 (5)°

2

626.58A°

555.4 e

2.8

.80
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_shoqs the configuration of the Hay

X

for the two dbrcury atoms in the asymmetFic unit were found. Two
cyclea;gj_1east-squares refinement gave a_éonvéntional hgreoment index

of Ry = 0.28. A subsequent three-dimensional Fourier map royealad the
arsenic atom. The 1 rine atoms were 1oca1ad'on1y after an ad¢1t16nn1
two cycles of loaSt-szzgpﬁrﬁpéﬁinement with 1sotrop1c'témperatura factors
for all heavy atoms. A further three cycles with anisotropic temperature
factors for morcury and isotropic temperatdre factors for arsenicqand
fluorine converged atﬁRl » 0.138 with-a weighted agreement factor R, =

e was approximatoly independent of

0.159. Unit weights were used as NwA
|F 1 and” sine/v. The f]uorine atoms. are very poorly def1ned with large
errors on bond lengths and anqles. This {s due, no doubt, to the fact
that only 213 unique reflections with Is3o wére-used to refine 47
variables. ‘Bocaﬁsa of the poor crystal quality it is doﬁbtfui that even

A more accurate absorption corrgction would zignificantly improve the

' definftion of ‘the AsFG octahedron.

5.3.2 " DESCRIPTION_OF THE_ STRUCTURE

The structural parameters for ng(AsFG)z are li{sted in Table
5.2. Table 5.3 11sts the bond lengths and angles while Figure 5.2
O ton. Figure 5.3 shows a projection ~
of the molecules 1ﬁ’the untt cell. Although not :onatrained by -
symmetry to be 10, the H942+ fon {g very nearly linear, with a =
Kg=Hg=Hg bond an§1e of 176° and a'trans.configuration. Thus the
expecteq tinear cbnfiguration‘around mercury is maintained. The ¢

”

Y



TABLE-5.2

‘2

Strdctura]JPargmeters for Hg,(AsF),.
| )
Parameter x 10% Hg(j)' Ha(2)

X ~31 (26) A -107 (30)

y . 822 (9) 254.(10)

y 3868 (11) 1337 (12)

U1] . 810(112) ‘ 687(101) .
U22 ' 259 (79) : 421 (86)

U33 ' 335 (73) 208 (65)

Up, -20 (84) -41 (73) .

U]3 5 (63) -89 (57)

Ups ’ -142 (63). ; -79 (55)

103 1% 0%z 10%8(R%)

A

5(1) 500 (5) 1289 (3) 174 (3) 22 (7)
F(1) 766(15) 311 (8) 283 (8) 1

F(2) 275(19) 277 (9) 57 (9) 16
F(3) 672(64) - 286(30) 83(29) 180
F(4) 365(54) . 249(20) 279(27) 141
F(5) 579(20) - 134(10) 237(10) 30
F(6) 516(42) ! 448(16) 147(18) 103

LY

x,y and z are fractional atomic coordinates. The isotropic temperature
factor B is from the expression exp[-B(sinZO/AZ) and the form of the

anisotropic thermal ellipsoid is exp[-znz(hza*2u11 ol
+ 2hka*b*U]2+ .. Least-squares estimated standard errors in fhe .

-

"least significant figures are given in parentheses.
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"TABLE 5.3

Bond Distances and Angles in Hg4(AsF6)2
Distances, A
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Figure 5.3 A View of the Unit Cell Contents of Hga(Ast)2

(viewed down the a axis).
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terminal Hg-Hg distance is 2.57(1)3 while the central Hg-Hg distance
15°2.70(1)A. The significant difference in bond 1en§ths indicates that
.thé posﬁt1ve charges reside on- the terminal mercﬁry atoms. In simple
valence bond terms the dfbifals forming the bonds between mercury atoms
are then Sp hybridized. The average bond length of 2.61£ shows that

as the formal positive charge on mercury is decreased in fhe order

Hg22+ " Hga2+ . H942+
because of the poor refinement of the Ast' octahedron, 1t 1s difficult

» the bond Tength increases. Unfortunately,

to say whether f1uor1ne bridging to the terminal mercury atoms is
significant. The long contact distances between Hg(1) and F(5) and -F(2)
of 2. 74(10)A and 2. 76(10)A respectively, indicate that fluorine br1dging
is not present to the extent that 1s 1n Hgs(Ast)z. This gou]d be ex-
pected tn view of the fact that the formal charge on each mercurj atom

in Hg42+

is less than that in Hg32+. Although 1n'qhe simple vaIenqe
bond structure the positive charge re§1des exc]us1§e1y oh the terminal
mercury atoms,there woqu be some delocatization of charge and Hg42 wou]d
be less polarizing then Hg3 . The angles subtended by the two mercury
atoms and F(5) and F{2) are also far from linear. However, when the large
errbrs in the pos1tioh§.of.the fluorines are taken into account, it 1s
difficult to rg]e out any fonrjne-mercupy interaction with any certainty.
The molecules 1n the unit cell are fairly close packed. The
Structure may be described as nearly linear Hg42*'cat1ons lying in f
planes perpendicular to the 3 axis with the Ast octahedra lying in

alternating planes ha]f the un1t cell edge above. It 1s interesting



to note that even though they are so peorly defined, the average

. i ,
As-F distance s 1.66A, in good agreement with previous determinations.

. The observed and calculated structure factors are 1fsted;1n Table 5.4,

e dm A et g ——— -
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CHAPTER VI

INFINITE CHAIN POLYMERCURY CATIONS . , N

6.1 INTRODUCTION

As mentioned in previous chapters, mercurj'reacts with Ast
to initially y19]d & golden crystailine mass. If sufficient Ast {s
added, the mixtdré then further reacts to give the prev1ou§1y 1dent1f1ed'

2*, Hg,2* &,

polymercury cations, Hg, 9;°" and Hg,

The golden compound can,
however, be prepared in the absence of 5ther polycations by reacting
Hg with Ast in the approximate molar ration of 2:1. A‘pre11m1nary

communication from this laboratory (70) identified the substance as

'“H962+(A5F6)2. This was based on analytical results and the compound's

diamagnetism. An x-ray crystallographic study (71) revealed, however,
that the true composition is H92.86A5F6‘ The compound is unigque in that
it contains infiniteﬁnet{111ca11y bonded polymercdry cations which form
part of an {onic crystal Iattice. The structural resq]ts are presented
and dﬁscussed {n this chapter: An analogous compound has been prepared

with SbFG' formed by the reduc¢tion of Hga(szFn with-elemental

%
mercury. A preliminary x-ray crystallographic study of HgZ.QISbFG

shows that the compound is isostructural with Hg, gghsF.
T

-89~
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6.2 THE STRUCTURE OF HQZ'BBASFG

6.2.1 SOLUTION_AND REFINEMENT |

" The compoﬁnd was ;;epared as described 1n Chapter II. The
crystals were washed several times in SO2 to remove any soluble
mercury impurities contaminating the surface of ;he crystals. A
"~ suitable crystal of-approx1mate spherical geometry (radfus = 0.08 mn)
was cut with a razor blade in a dry box with ths aid of a microscope.
The crystal was then sealed in a th1n-wa11ed_qugr£: caﬁ1J1ary tube -
and examined by standard X-ray methods.

Precession photographs'showed the absences of the space group

‘ 14 /amd (no. 141, Dlg) " The crysta] data arelisted in Table 6.1. In
addi tion to the hk1 ref1ect1ons character1st1c to the space group,
prominent sheets of diffuse intensity were observed perpendicular to
{100) and (010}). Two orders of these sheets were visible in each
d1rect1on which are shown d1agramat1ca11y in Figure €.1 for the hko and
okl project1ons obtained from precession photographs The sheets cor-
.responded to a spac1ng of 2.64(1)A and 1t was assumed that this distance
~ corresponded to a Hg-Hg interaction and the mercury atoms were in some
measure disordered. This was confirmed by fnspection of the three-
dimensional Patterson function which showed planes of h1gh density at
W= 1/4 and w = 3/4. A satisfactory solution to both the Patterson
function and the diffuse sheets of 1ntgns1ty could be found by placing
atoms 1in the positions given in Table 6.2. This model, refined with
isotropic temperature factors and unit we1ghts} converged at

R1 = 0.073. 109 symmetry independent reflections with intensities

f e i



TABLE 6.1

CRYSTAL DATA FOR Hg, 86ASF6 .

s

Formula Weight o 573.7

System o tetragonal
Conditions 1imiting ‘ hke: h+k+i=2n
possibie refiections hko: h,{k)=2n

oke: (k+2=2n)
hhi: (2=2n}; 2h+1=4n

Space Group o 141/amd(no. 141, Plﬁ)

Cell Constants

o

a 7.538(4)A
C 12.339(5)A
Number of formula units/ 4
unit qel1
Cell Volume 701.1A°3
Linear absorption =1
coefficient 685. 5cm

uR 5.5




Hg

TABLE 6.2 -

- Structural Parametersa

f°r_ﬂ22‘555§%6 .

2 Rf
10%x 10% 103 1%, R?°

0 31 0 70(4)

0 94 0 75(6)
0 156 0 63(5)

0 219 - 0 70(4)

0 174 3/8 39(3)

0 1/4 245(5) 96(19)

659(7)  x+1/4 7/8 74(10)

92

X,y and z are fractional atomic coordinates. The isotropic temperature

factor B is from the expression exp[—B(sinZO/AZ)]. .Least-squares

- estimated standard errors in the least significant digits are given

in parentheses.

For the purposes of calculation, 0.7] Hg atoms were placed at each of
X = 0.03125, 0.09375, 0.15625 and 0.21875. The temp. factors of the

pértiai weight Hg atoms used to simulate the disordered Hg chain were

refined separately.



(a)

(b)

Figure 6.1 (a) hko and (b} okz Precession Photographs

of ng.BGASFs

N .
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g}eater than three t1mes'the'est1hated-standard deviation were used
»

A e '
for the refinement after 696 reflections wera corrected for absorption

A

a55umiﬁg spherical geometry and averaged to conform to the space group

symmetry.

6.2.2 DESCRIPTION-OF THE STRUCTURE & , .
The structure consists of an array of octahedra1 hexafTuoroarsenate

anions conforming to the crysta] symmetry, with the fluorine atoms
occupying three-quarters of the points of a cubic close-packed Iattice
The structure 1s shown in Figure 6.2. Within this lattice there is an
array of non-intersecting channels running'aTOng the g-and b d1kect10ns.
Infinfte chains of mercury atoms (Hg-Hg = 2.64(1)A) 1fe within these
channels but the mercury-mercury distance {s not commensurate with the
Iattice dimensions. Thus whereas as=s7, 54A "three Hg-Hg distances equal
7. 92A and therefore the empirical formula must be written as ng 86AsF

(7.54/2.64 = 2 86). Comes et- al., (72) discussing KoLPt(CN) ]Br'0 303H,0
in their excellent paper on diffuse x- ray scattering experiments, point out .
that diffuse sheets of intensity perpendicular to crystaillographic
axes must correspondtoaone -dimensional periodic structure parailei

to that axis The sheets of diffuse intensity perpendicular to the a
and b axes in the present study must be due, therefore, to chains

of mercury atoms parallel to the a and b axes. The mercury atoms are
in different positions ifadjacent ué1t cells and each mercury atom *
therefore has a different chemical environhent. The positions of the
mercury atoms within a gjven éhain are also disordered with respect

to the positions of the mercury atoms in adjacent chains. Because

of the sharpnéss of the diffyse sheets of intensity, the ind{ividual

Y
i
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Figure 6.2 A Perscective I1lustration of H92.86ASF6

(where octahedra are AsF6 anions and circles

are mercury atoms).
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mercury-mercury spac1ng cannot deviate s1gn1f1cant1y from the average
of 2 64A as any d1stort1on of the intrachain metal-metal spacing,
[ per1od1;_or_otherw1se, ?ould berexpected to broaden the sheets. In
the convehtional crysta1lographic analysis, the average unit cell can
be viewed as containing continuous chains of etectron density within
the channels in the lattice. In order to simulate the d1sorder of the
mercury atoms, O 179 mercury atoms were placed at each of x(Hg) = 0.03125,
'Q;0%§71, 0.15621 and" 0.21875, thus giving 16 partial atoms along each |
\yé;3$;.in the unit cell, i.e., an approximately continuous chain of
‘\‘mércury electron density. A; only isotropic temperature factorson
Q?Echy wérg refined, and as the arsenic and fluorine atoms lie on
;pécia] positiéﬁs within tﬁe unit cell, there were only 11 variables for
refinement purposes. Se1ected bond distances and angles are g%ven in
Table 6. 3. The observed and calculated structure factors are éiven
in Tab]e 6.4. . . _ ' _ - -
The As-F distances are within the raﬁge,fbhnd previously for
the Ast' anion, with an” average As-F distance of 1.683. The closest
contact between mercury atoms'and fluorine is 2.99(4)3, which is
slightly greater than the sum of the Van der Waal’s radii (2.853).
Thus it seems reasonable to conclude that the crystal contains Ast-
anions and mercury chains in which the average charge per mercury atom
.is +#0.35 (1/2.86), and that there is essentially ionic bonding between
the positively charged mercury chains and the negatively charged hexa-

fluoroarsenate anions. The Hg-Hg distance of 2.64A is appreciably longer

than those found for the mercurous halides (50) (2.49-2.54A) or



a

b

87

TABLE 6.3

AY

SELECTED BOND DISTANCES (;.) AND ANGLES (DEG)?

f

© FOR Ho, gchSFs /
As(1) - F(1) . 1.61(7) -
- F(2) ' 1.71(4)
Hg(2) - F(2° 2.99(4)
Hg-Hg .- 2.64(1)

symmetry restricts the angles subtended by F(1)-As(1)-F(2) to

90° and angles subtended by Hg-Hg-Hg to 180°

shortest distance.
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Observed and Calculated Structure Factors for ngl%ﬂsrﬁ
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_ Hg3(A'sF6)2 (2.553). This, coupled with the fact that the chains are
electron deficient, means that the chains can be regarded as metallic.

The chains of mercury atoms are best described as having the charge
delocalized over the chain, resulting from partial oxidation of a filled
conduction band arising from the overlap of mercury orbitals. This

is qualitatively similar to the partially oxidized band model proposed

for the anisotropic tetracyanoplatinate complexes, which are discussed

in some detail in Chapter VII. The Hg-ﬁg distance is considerably shorter
than that iﬁ metallic mercury (3.0053), but it must be remembered that

the coordination number in the metal is 12 whereas in HgZ.SBAsFG it is’
only 2. The compound is unique in thai it displays all typgs of chemiEa]
bonding: ionic, covalent, and metailic. The modeT-proposed suggests

_that the compound should di;piay‘anisotropic conductivity, i.e., it should
Qe highly conducting along the a and b axes, and less so along the c

axis. This has been confirmed by single crystal opficaT_and conductivity

studies, the results of which are presented in Chapter VII.

6.3 PREPARATION AND STRUCTURE OF Hg, 9]SbFs

A golden compound identical in appearance with ng 86AsF can

6
be prepared by the reaction of mercury with a solution of Hgs(Sb

2F11)2

jn 502. When mercury was reacted directly with SbF5 at room temperature,
the initial product was a grey-green sdlid,-presumab]y the golden com-
pound in finely divided form. Formatio# of the compound by reduction

of another polycation eliminated the problem of separating the

insoluble product from SbF3. Crystals suitable for x-ray analysis were

AW
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grown by reducing Hg3(5b2F]1)2 with mercury in 1iqujd 502 at. -10°C
with no stirriﬁg. The reaction can also be used to grow very large
single crystals by slightly modifying the conditions. This is
discgssed in more detail in Chapter VII. Examination of a suitable
brysta1 by the precession method showed that the space group was
identical with that-of.HgZ_BsAsFe. The EFys}a] parameters were obtained
from a full data set collected on a four-circ]e auto-diffractometer and
are listed in Table 6.5. It may be seen that the unit cell parameters
are soméwhat Jarger than those of H92.86A5F6' as would be expected
because of the 1argér size. of the SbFG' anion (As-F= 1.67i in AsFS’;
Sb-F = 1.873 in XeF+§bF6:) (73). The sheets of diffuse intensity per-
pendicular to the a and b axes were identical in appearance with those
of the analogous hexafluoroarsenate compound, and the separation between
the sheets corresponded to a Hg-Hg spacing of 2.643. The intensity
distribution was very similar and hence it may be concluded that the
compound is isostructural with H92.86ASF6' In accord with the observed
increase in Hg-Hg bond length with decreasing bositive charge on the
mercury Qtoms, H92.91SbF6 would be exbected to have 2 siight]y longer
Hg-Hg bond than HgZ.BGASFG’ because of the lower formal pbsitive
charge on ng'g.[SbF6 (+0.344 vs +0.35). However, the difference is
. ¢0 smail that the failure to observe a s1ightly longer Hg-Hg bond
in ng.QISbFs is not surprising.

The ability to grow large single crystals with well-defined,
identifiable crystal faces enabled thé anisotropy of the compound

"to be established. This is discussed in Chapter VII.
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TABLE 6.5

CRYSTAL DATA FOR Hg, 91SbF6

Formula Weight ' 819.47
System _ tetragonal
Conditions limiting possible hke: h+k+2=2n

reflections . hko: h,(k)=2n
- okz: (k+z2=2n)
hhe: (2=2n);2h+1=4n

Space Group 18yand.(no. 141, Dk

Cell constants

a 7.699(3)A Y
—_ o K
c 12.610(4)A

Number of formula units/ 4 '

unit cell

Cell Volume 747 .4A3

Linear absorption -1

coefficient 645 cm

Calculated density 7.29 gc:m'3

. .




CHAPTER VII°

CONDUCTIVITY AND OPTICAL STUDIES ON INFINITE CHAIN

e
- .. POLYMERCURY CATIONS

7.1 INTRODUCTION

In recent years the study of potential, “one-dimensional”
me§a111c systems has attracted a great deal of 1nterestfrh;§;y are

interesting from both a chemical and physfc§1 v+eWp9int and include
~.both organ1; and fnorganic exampleé. This chapter will briefly review

the f1e1d_w1th emphasis ;n the inorganic complexes.

This chaptef will report the results of single crystal

conductivity studies which have shown that both ng.ssAstand H92.915bF6

are metallic conductors. In addition, ng.g]SbF6 is anisotropic. It

has not yet been possible to measure the an1sotrop1c.rqt1o of H92.86A5€ﬁ>’“‘\\

but preliminary optical measurements indicate that it is anisotropiq:

<

7.2 REVIEW OF ANISOTROPIC MATERIALS

Thé study of one-dimensional compounds has been concentrated on
three main classes of compbunds: the organic charge transfer complexes
involving tetracyanoquinodimethane (TCNQ), of which the best example
to date is tetrathiofulvalinium tetracyanoquinodimethane (TTF)(TCNQ);
the partially oxidized square-planar tetracyanoplatinate complexes

such as Kz[Pt(CN)4]8r0_30.3H20; and the remarkable polythiazyl,

-102-
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(SN)X. the first example of a polymer composed of non-metals-that
disp1ays'meta111c properties.. The c]ass1f1cat16nfof a compound as

"one-dimensional” is someyhat arbitrary, so it is perhéps more correct

to refer'go them as anisotropic mate?ials. They are anisotropic by
virtue of their,e1ect;gcal. magnetic and optical properties; Several
of_the compounds, most notably (SN)x and the infinite cﬁq1n mercury _
cations, display some three-dimensionail behaviour because of caniderab]e
interchain coupiing.

The organic charge transfer compTexes have been the subject of

several review articles (74,75.The (TCNQ) molecule is planar (1)
and, due to its strong acceptor properties, 1is capable of forming ‘
an anfon radical by cLemica],reaction with a-suitable donor molecule. The
anion radical (II) is ﬁaramagnetic and, in the high conductivity (TCNQ)
complexes, is stackéh in chains with the planes of the molecules parallel

to each other. .

NC CN N CN
e ol Lo e
(1) . - o |

AN

In the salt (TTF)(TCNQ), the overlap of (TCNQ) orbitals gives rise to a
half-filled conduction Eand and one would expect the salt to exhibit
metallic conduction parallel™to the b axis, along which thé (TCNQ) radical
anions are stacked (76). Conductivity studies by Garito, Heeger et al (77)

indicated that the room temperature conductivity parallel to the b axis
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(ul|b) was typically a few hundred (a.zcrn)'1 with an.anisotropy ratio
(a = ]| /nlf) of +500 at room temperature and up to ]0 at 58°K
Schafer et al ( 78 claimed a room temperature conductivity,cll of 350
(aem)™ with @ 3900, = 70 and @ 7gog = 600. 1t {5 clear that (TTF)(TCNQ)
is a highly anfsotropic metal above 70°K, below which it undergoes a -
transition to a less conducting state.

'The partially oxidized tetracyanoplatinate complexes have been
known for many years, but only in the last ten years have.they.been

studied from a physica? viewpoint. They have been well reviewed (79,80,81).

v

The complexes have been referred to as Mixed Valency Planar (HVP)

transition metal comp]exes. This is somewhat misleading because it is
‘1mpossib1e to d15t1ngu1sh between the metal atoms on the basis of oxidation
state, and therefore thefwill be ca11ed "part1a11y oxidized" in this
thesis. Kz[Pt(CN)é].3H20 crygta]iizes with the p]atiﬁum atoms stacked

to form-colinear meéaT atom chains. It is possible to partially oxidize
this compound with br9$1ne or chlorine to obtain compounds of the
composition KZ[Pt(CN)4]B¥0_30.3H20. Krogmann (82 ) showed that the
bromine atom is not incorporated in the metal atom chains, as might

have been expected (bfom{ﬁe occupies axfal positions in the complex
Kz[Pt(CN)qBrz]).but rather partial oxidation reduces the Pt-Pt distance
to a remarkably short 2.883 {vs 2.7Z§ for Pt metai). The structure of
K2[Pt(CN)4]Br0.30.3H20, with a diagrammatic representation of the overlap
" of the platinum d&Z’orbitals, is shown in Figure 7.1. Fifty percent of
the available K sites and 60% of the available Br sites are randomly

occupfed. The bromine content 1s invariant whereas the compiex loses
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Figure 7.1 (a) The Crystal Struct.r. of Kz[Pt(CN)4]BrO 30.3H20
(after Krogmann and Hausen (82))
(b} Overlap of the dZZ Orbitals in the Platinum Chains
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water easily, undefgoing several phase transitions as it does. The
bonding 1n the partially oxidized comp]éxes can best be described by
molecular orbital and band theory. In Kz[Pt(CN)4].3H20. the overlap
of the d,2 orbitals on Pt Teads to formation gf a fully occupied con-
duction band; when partially oxidized, electrons are removed from the
upper orbitals of the band, which have an antibonding effect on the
Pt-Pt bond. The bond {s therefore strengthened and shortened in the
partiai]y oxidized complexes, and the compounds.fulfil the requirements
of an anisotropic metal. These can be summariZed briefly as follows: .
the structure must contain linear parallel rows of atams; the interaction
between the atoms must be sufficiently.strong to'make band formation
possible; the atoms'composing the chain must have an odd or fractional
formal valency, leading to a partially filled conduction baﬁd; and the
conducting chains must be separated from other chains to eliminate
possible interchain conduction. A large number of partially oxidized
tetracyanoplatinate complexes have been prepared. Electrical neutrality
can be maintained by either addition of anions, or removal of cations, as
in K1.74[Pt(CN)4].1.8 H20 (83).

Conductivity studies (84) on Kz[Pt(CN)4]BrO.30.3H20 have
shown that the room temperature canductivity is 300 (ncm)_], with an
anisotropy ratio {(c = f1|/cl) of 105. The coﬁductivity reaches a
maximum at 25°C and then decreases, with the compound becoming an
insulator at low temperatures. The observed metal-insulator transiton
has been predicted by Peierls (85} for one-dimensional metals. It

should be ngted here that conductivity in one-dimensional systems is
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]

‘ 5 .
extremely dependent on impurities, which can interrupt the conducting

- “

strands. Many workers have reported vastly different results. For 3

example, the dc conductivity of K2[Pt(CN)4]Br0 30-3H,0 has been
4

reported ranging from 107 (ohm cm)'] 86 ) to 830 (ohm cm)'] é?). —This
shows that conductivity measurements on one-dimensional systems should
be interpreted with caution. _ )
Polythiazyl, (SN)X, was first prepared in 1910 (88). Early
measurements (89) indicated that the compound was metallic, with a dc
conductivity of 102-103 (ohm cm)'1. Analytically pure single crystals
were first prepared by MacDiarmid and co-workers (80 ) by the solid state
polymerization of SZNZ‘ The Tustrous, bronzé-goloured polythiazyl
crystals are composed of bundies of (SN)x figﬁés. An ear1y‘é1ectron
diffraction study (81 ) showed alternating 1039 and short $5-N bond lengths.
However, the structure was very poorly refined (R = 0.35) and there is
no indication that the vapour is (SN)X. It may be 52N2 or a mixture
(ﬁf both compounds: ‘A single crystal x-ray diffraction study 02 ) showed
that the bond lengths are virtually equal with an S-N-S bond angle of
119.9° and a N-S-N bond angle of 106.2°. The structdre is shown in

the following diagram.
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The relatively c]ose'approach of formally non-bonded atoms suggesis
sccondary bonding interactions -819ﬁ9 the (?N)x chains. OpticaT_h
studigs on polycrystalline films (93) and 51ng1g'crystals.(94) show
that (SN)x is highly f8flective to Tight po1ar1¥ed paraliel to thé
fibre direction and much less so'perpendigulér to it. The condﬁctivity
- parallel to the fibre axis was calculated as 3x10% (93) or 3.4x]0é (94) (acm)”!
from the reflectivity data. Both studies clearly show that (SN)x is a
metallic Eﬁnductor_para]]e] to the polymeric chains, a1though there

exists a discrepancy between the two values. It has aaso been possibie

to grow fully oriented epitaxial crystalline fi1m§ of (SN)x on substrates
such as Mylar, Teflon and polyethylene (95). Single crystal dc con

ductivity studies currently in progress by MacDiarmid and co-workers (96)
indicate that there is substantial interchain coupling and, although
anisotropic, (SN)x cannot be vieked as one-dimensional. The compound

has been shown (97) to undergo a superconducting transition at 0.26°K.

7.3 CONDUCTIVITY STUDIES ON ng 86ASF6

7.391 CRYSTAL GROWTH

Single crystals of H92.86ASF6 were grown by the low temperature
disproportionation of a solution of Hg4(AsF6)2 in 502.‘ As described
in Section 4.2.1, Hg4(AsF6)2 disproportionates at Tow temperatures to
give Hg3(AsF6)2, which is very soluble in sulphur dioxide, and H92.86
Ast, which is insoluble and precipitates from solution upon formation.
A very concentrated solution of Hg4(AsF6)2 and Hg3(AsF6)2 was prepared

directly from elemental-mercury by oxidation by AsF (Chapter II). The
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red solution was filtered to separate the insolub]e‘ng_SGAst and
the solution was then cooled from room temperéture to -30°C over a
period of several days. Single crystals of H92.86ASF6 over two mm in
size grew on the side of the Py;ex tube. If the solution was too
concentrated, crystals of ng(AsFG)2 and H-g4(AsF6)2 precipitated from

solution as well. When this occurredseparation of the‘ng 86ASF and

6
the contaminants was 5mpracticab1e because the crystals of ng 86“5F6
reacted with the other polycations upon washing the crystals with
sulphur dioxide, thereby eroding the crystal faces. When the crystals
of ng 86A5F6 grew without co-precipitation of the other polycations,
they were carefully washed with SO2 to remove traces of soluble con-
taminants and pumped dry-_ Care was taken when the crystals were washed
with 502. _H92.86ASF6 undergoes a disproportionation in 502 at Tow
temperatures according to the-following equation:

cool ing

2H92.86ASF6 in*SOZ.YZHg(l) + HgB(Ast)
2

2

‘The sulphur dioxide was condensed onto the Pyrex tube away from
the crystals by cooling the tube with a cotton swab scaked in liquid
nitrogen. whé; the 502 reached the c¢rystals it was approximately at
room temperature, and the disproportionation deséribed above was avoided.
The sample handling and techniques for measuring the resistivity have

been described in Chapter II.
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7.3.2 RESULTS AND DISCUSSION

The structure of HgZ.SSASFG has been dgscribed in Chapter VII
(Figure 6.2). The array of non-intérsecting channels running along the
2 and b directions which contain infinite chains of mercury atoms
suggests that the compound should display metallic conductiyity. fhe
mercury-mercury distance of 2.643 1s considerably shorter than that in
metallic mercury (3.0053). The interchain separatﬁon of 3.0853, while

appreciably longer than the inteachain separation, is less than the sum

of metallic radii for two mercury atoms (3.14A) (98). This suggests that

atthough the conductivity may be anisofropic, there will be considerable
interchain coupling.

Resistivity measurements were carried out without regard for
crystal orientation because it was not ppssible to obtain crystals with
sufficiently well-defined morphology to allow alignment of the contacts
along the principal axes. Bismuth and antimony samples’ were measured to
determine the absolute value of the resistivity for the contact con-
figuration. The e}perimenta] details are given in Chapter II.

The resistivity as a function of temperature is shown in Figure
7.2. It can be seen that the compound is highly conducting, the
resistivity at room temperature being of the order of 130 pacm. This
corresponds to a conductivity of 8x'103 (ncm)'l, a value considerably larger
than that found for the partially oxidized KZ[Pt(CN)4]BrO.30-3H20 and

roughly equal to that for (SN)X. It must be emphasized here that the
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calculations were based on an'isotropic material. If the compound is
anisotropic, as indicated by qualitaﬁive optical measurements discussed
below, the use of unoriented crystals did not reveal the anisotropy
because the probes were not aligned along the .low and high conductivity.
directions. The resistivity appears to decrease dramatically with
decreasing température. The resistivf;y at 4.2°K was found to be ~.1un cm,
‘which was at the lower limit of detecfion. de temperature results
(Q 77°K) were obtained by averaging the experimental results for several
different samples. .The results- are shown in Figure 7.3 along with the
measured temperature dependent resistivity of a bismuth sample used for
caTibration. The apparent decrease in resistivity by a factor of almost
103 over the temperature range studied is considerably larger than that
observed in metals that are not highly purified, and is consistent with |
a2 metallic state arising from the infEra;tion of mercury atoms in a chain
forming a partially filled band. The increase in conductivity with de-
creasing temperature norma]ized to the room temperatufe conductivity
is shown in Figure 7.4. The apparent large temperature dependence must
be interpreted with caution. Because the contacts were not aligned a
different temperature dependent resistivity in the high and low conductivity
directions would lead to a spurious result.

The reflectqnce of H92-86A5F6 under polarized light was found
to be highly anisotropic. Although it was not possible to identify the
crystal axes, the results confinu‘the prediction that the compound is
anisotropic, with two highly conducting directions (a and b) and‘a third
(c) Tess so. A bright golden metallic Justre was observed with polarization

parallel to, presumably, the a or b axis. Under transverse polarized

light the crystals appeared blue. The crystals generally grew as
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! . .
truncated oct#hedra, and the reflectance of two faces on each crystal were in-
dependent of the angle of polarization,a bright golden metallic lustre being
" observed for all polarizing angles. Presumably these were the ab faces.

A1l other faces showed a dramatic extinction with every S0° of rotation.

7.4 CONDUCTIVITY AND OPTICAL STUDIES ON Hg, QTSbFG

7.4.1 CRYSTAL GROWTH

_ Very large (3 mm) single crystals of H92.9]SbF6 with well
defined crystal faces were grown by the techn{que described in Section 6.3
with some modifications. Elemental mercury reacts with a sulphur
dioxide solution of H93(5b2F11)2 to form crystals of.ng_g]SbFs. The
reaction {s very fast and to obtain large crysta}s it 1is necessary to
carry dut the reagtion at- Tow temperatures. A solution of Hgs(szFu)2
was first cooled to -35°C in an ethylene dichloride slush bath. The
solution was then transferred onto the elemental mercury contained in the
other side 6f a reactioﬁ vessel. The solution was not stirred or agitated,
but simply held at -35°C. The reaction was remarkable. Large crystais
of HgZ.QISbFé grew on the surface of the drop of Tiquid mercury
(f.p. of mercury is -37.5°C). Over a period of several days to a week
the mercury appeared to diffuse into the crystals, which were 2-3 mm Jong.
Upon isolation there was a clump of large crystals with a spherical hole
where the mercury had been. This most interesting reaction is being
studied at the present time. The crystals were washed with 802 to remove
any insoluble impurities and pump;d dF}. The crystals in the clump could
be conveniently separated from'each other by simply tapping the container

on the bench top. When prepared in this manner there were usually three



- . ' ' 116
- or four large crystals (2 mm) with lustrous, smooth faces suitable for
conductivity experiments.

The major crystal faces were identified by x-ray photographs of
a smaller crystal Qith the “same crysﬁal morphology. It was found that
the ac (010} face, which sould show the largest anisotropy, was pof
formed. -Rather, a face rotated about a approximately 25° diagonal to
¢ was formed. This face showed considerable anisotropy. The major
isotropic face was identified from photographs as the ab (OO]) face. The
fact that the majér anisotropic face on which conductivity experiments

were conducted was not (010} has important consequences, which will be

discussed later.

7.4.2 CONDUCTIVITY EXPERIMENTS

Cond&étivity experiments were carrieﬁ out on the anisotrﬁpic
and isotropic crystal faces. The Montgomery method (29) for anisotropic
materials was used. This has been discussed in Chapter II. The voltages
on the anisotropic face were vastly different. The voltage corresponding
to the highly conducting direction (a axis) was typically of the order
of 1077V, which was at the lower limit of detection, while that for the
poorly conducting direction (diagonal to ¢ axis) was of the order of
1074

¥. Calculations using the Mongomery method (29) gave o, = 9::'103(ﬂc:m)'T

L
and oy = 6.2.‘(102(9::111)-1 (cL = longitudinalconductivity, or = transverse
conductivity); Rotation of the crysfal in the sample holder by 90°
reversed the value of the voltage readings, as would be expected for an
anisotropic saﬁp1e. Further rotation By 90° restored the voltage readings

to the original values, as expected by the Reciprocity Theorem.
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Conductivity measurements on the ab (001) face confirmed that this face
was isotropic. Voltageswere approximately equal for both longitudinal and

transverse directions, and were of the order of 3.7;(10'6

V. ( The voltages
were obtained for-a particular contact separation which wa§ used in the
ca};u]ations'by the Montgomery method ) The contact separation was
typically 0.5 mm. The conductivity of the isotropic face was calculated
£0 be 3.}x103 (QCM)-]. Thiﬁ is~in reasonably good agreement with the
value of oL = 9x103 Gzcm)"l obtained fuﬁfthe anisotrop%c face. No
change fn voltage was observed as the crystals was ro;ated in the sampie
holder. H92.91SbF6 is a good metallic conductor with a conductivity
comp;rable to elemental mercury (10.4x103(ncm)'1) (99). The anisotropy
ratioqs (&= cL/bT)«,TG. It must be kept in mind that the actual anisotropy -
of ng.meF6 is bound to be considerably higher. The anisotropic face

measured was not (010) and fhé measured conductivity of the poorly con-
ducting direction contained a considerable component of fhe highly con-
ducting b axis. Experiments are in progress which will hopefully
establish the true anisotropié ratio. Thz interchain sepaqation of
3.153 in Hgé_g]SbF6 obviously gives the material-some three-dimensional
character. This is confirmed by the temperature dependent resistivity
of the'poor1y conducting direction shown in Figure 7.5. Caution should
be exercized when interpreting sdch a result. The apparent decrease in
resistivity by a factor of 2.5x{?2 could be caused by a slightiy misaligned
contact configuration, discussed by Schafer et a] (78)for (TTF)(TCNQ)
measurements. Even if the contacts are aligngd correctly a different
temperaturé dependence for the highly conducting direction would tend

. to give a spurious temperature dependence for the poorly conducting direction.
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Unfortunately, it-was not possible to obtain meaningful temperature

dependent data for Ehe highly conducting direction because the voltage

(InV) .was at the lower limit of detection at room temperature. The

conductivity of the ab face was con%irmed by measurements using four in-

line contacts. A large number of different crystals were examined and the

conductivity results were in reasonable agreement. Several voltage readings

for the same contact configuratibn are shown below.

Typical Voltages Obtained for High and Low Conductivity Directions

Crystal V1(V)
1 1072
2 1079
3 1072

7.4.3 OPTICAL STUDIES

V (V)

1.08 x 1072

1.54 x 1072

.73 x 1078

=
Qualitative optical studies were similar to those carried out

on H92.86A5F6‘ Under 1ight polarized parallel to the a axis on the

anisotropic face the crystals were highly reflective, with a golden

metallic Tustre. Under transverse polarization, the crystals appeared

greenish-yellow. On the isotropic face, which was identified by x-ray

experiments as the ab (001) face, the crystals were reflective and

metaliic at all polarizing angles. This is in complete agreement

with the structural model and the conductivity experimentﬁ.

Quantitative experiments were kindly done by Dr. Emil Koteles

of the Department of Physics. The sample was mounted in a quartz tube,

with the highly reflecting faces approximately parallel to the side of
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glass. The crystal was held in place with glass woo1.f£fhe relative
reflectivy as a function of polaroid angle is shown 1n Figure’?.s.
It can be seen that the reflectivity is drastically reduced every g0°,
the curve being a function of'cosze. The absolute reflectivity has not
yet been aEtermined, but thecurve confirms theQQnisotropy. The maximum
reflectivity corresponds to light polarized paré1le1 to the a axis. The
curve is displaced 20° because the crystal was only approximately aligned
in the guartz tube.

The reflectivity as a functipn of wavelength is shown in Fig. 7.7.
Again the reflectivity is relative'wjth the highest readiﬁb being assigned
a value of 1.0 and it has been corrected for reflection caused by the
quartz tube. It may be seen that the ref]ecti#fﬁy is much greater for
light polarized parallel to the a axis. The characteristic plasma edge
associated with a metal has not been observed. Experiments are being con-
ducted with wavelengthSlonger than 80003 and it is hoped that the plasma

frequency will be observed in the infrared.



CHAPTER VIII
CONCLUSIONS

8.1 INTRODUCTION

This thesis has reported the preparétioh of mercury polyatomic
cations in formal oxidation states of (+1) and lower. H922+ haé been
known for many years and, before the intensive study of metal-metal bonds
in Transition Metal chemistry that has occurred in the last decade, provided
the only example of a direct metal-metal bond. Other workers have prepa?ed
Cd22+ (20) and ZnZ2+ {22), both of which are much less stable than the

'ana1ogous mercury dication. The Hg32+

cation has been reported in two
preliminary commurications{23,65).
In addition to several new compounds containing the mercurous

cation, compounds containing the Hg32+

and Hg42+ cations have been
prepared and characterized by Raman spectroscopy and x-ray crystallography.
These cations are stable only with relatively non-polarizable anions
(AsFG‘, SbFG' and SO3F')“in weakly basic media (502,H503F).

Two compounds containing infinite, linear, non-intersecting
chains of mercury atoms in two mutually perpenﬁicu]ar directions have
been prepared and characterized by x-ray crystaliography. A re]igble
experimental techﬁique was developed to measure the electrical con-
ductivity of these extremely hygroscopic compounds, and both have been
shown to be highly metallic, anisotropic conductors. As such, they con-
stitute a completely new class of anisotropic materiais, a field of

considerable interest at the present time.
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8.2 STRUCTURES OF MERCURY POLYCATIONS
% ,
The polymercury cations that have been prepared to date are

listed in Table 8.1.. The mercury-mercury bond length in Hg3(AsF6)2 is
2.552 (5) R (100) and the cation is linear and centrosymmetric. The
bond 1gngth is in good agreement with the value of 2.56 A in Hg3(A1C14)2
(66). The Hg, group in the tetrachloroaluminate salt is nearly linear
( ~ Hg-Hg-Hg 174°). ‘The compound Hg4 (Ast)2 contains nearly linear Hg42+
ions {~ Hg-Hg-Hg 176°) with terminal Hg-Hg bond lengths of 2.57 (1) A
and a central Hg-Hg bond length-of 2.70 (1) R (101). All structures show
the expected linear two-coordination about mercury. In simpie valence
bond terms the bonding between mercury atoms can be described as'arising
from the 6verTap of sp hybridized orbitals on each atom. The short terminal
dond lengths in the Hg42+ cation indiﬁate that the positive charges are.
lTocalized on the terminal Hg atoms. In Hg3(AsF6)2, there are relatively
short terminal Hg-F bond lengths of 2.38 E, although there are no fluorine
atoms within bonding distance of the central Hg atom. This indicates again
that the positive charges are primarily located on the terminal Hg atoms.
There is a correlation between formal oxidation state and bond

length in the mercury polycations, shown in Table 8.2. The H922+

ion,
which has a formal positive charge on each Hg atom of (+1), has the shortest
bond. ng_BEAst and ng.glstS’ which have formal positive charges on eatq‘
Hg atom of + 0.35 and + (.34 respectively have the longest Hg-Hg bond ‘
(2.64 R). The bond lengths of thé éther mercury polycations in the
+ 2/3 (Hg32+) and + 1/2 (Hg42+) formal oxidation states have intermediate
bond lengths.

The Raman stretching frequencies of mercury polycations vary over

a wide range (Table §.2}. Even though the bond lengths in mercurous

halides do not vary significantly with the electronegativity of the



TABLE 8.1
Polyatomic'Cations of Mercury

2+ ' L2+ +
Hg, Hg ot Hg,°

Hg,(AsFg),.50,  Hga(A1CH,),°

Hg, (ASF), Hoy(AsFg),  Ha,(AsFg),
ng(SbFS)Z.SO2

ng(SbFs)2

H9p(SDaFy1 )50 Ha(SbyFyy),

a
Hg,(S04F),, . Hg3(S05F),

ng(TaFﬁ)2 ..

4

2. 1in solution in HSO3F

b. reference (67)

(o

Hg

+
n

Hg, gghsFg

Hg, g13bFg
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TABLE 8.2

Bond Lengths and Hg-Hg Stretc\hing Fréquencies

For Mercury Polycations Van

.

Compound ) Fonha1 Oxidation Bond Length A v(Hg-Hg)cm—]
State
' : 2 b
Hg.,,F +] - 2.507 (1) 186
22 a c
Hg,C1, - S 2.526 (6) 169
o a c
ngBr'2 +1 2.49 (1) 136c
nglz -] . ) '”3-
ng(.ﬂLst)z.SO2 +1 2.45 (1) 180
Hg., (AsF_ ) +1 188
Sp\Askels . 197
Hg,(SbFg),.S0, +1 172
ng(SbFs)2 +] 194
Hg, (SO,4F), +1 | 162
-d e
Hg3(RICT,), +2/3 2.56 123
Hos (AsF ) +2/3 2.552 (5) 140
Hg3(Sb,F 1), +2/3 | 133
Hg, (AsF.) ‘ +1/2 2.57(1)(terminal) 95
47602 2.70(1) (central) 79
Hg F +0.35 2.64
Hgg'g?ggFg +0.34 2.64
L2
2. reference (60) d. reference (66)
b. reference (33) e. reference (67)

c. reference (61)
A1l other values are from this work
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anion (60}, the Raman active stretching frequency is strongly dependent

on the nature of the anion. Many previous workers have mistakenly used

' the Raman active Hg-Hg stretching frequency as an indication of the -
strength of the metal-metal bong.l In the mercurous halides considerable
coup]ing/would be expected between the Hg-Hg s%retching frequency and the

Hg-X stretching frequené}. As the mass of the 1igand.is varied from fluoride to
jodide, the mercurous halides become more covalent and coupling becomes
increasingly important. C(Clearly, the'Hg—Hg stretch is no longer a “pure®

Hg-Hg mode. In the homologous series Hgn2+ (Ast)z,

the Hg-Hg frequency does giye &n indicatfon of the meta]éneta1 bon&

strength.

T

8.3 INFINITE CHAIN CATIONS

Experiments have shown that Hg, o,SbF. is an anisotropic con-
ductor. While the aniﬁotropy of H92-86A5F6 has not yet been measured,
it is a good conductor and optiéal measurenehts indicate that it is
anisotropic as well. The bonding between the mercury atoms fn the
infinite chains is best described by band theory. Over]ap.of atamic
orbitals on the mercury atoms leads to a filled conduction band, which
is then partially oxidized by the removal of 0.35 electrons per mercury
atom (for ngJSGASFG)‘ This model suggests complete delocalization of
charge along the mercury atom chains. This is similar to the model
proposed for the partially oxidized Kz[Pt(CH)4]Br0_3O.3H20. A partially
filled conduction band leads to high conductivity along the mercury

atoms chains. The interchain conductivity of ng QTSbFG is still
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metallic, because of the relatively short interchain spacing (3.15 R).
These compounds can best be described as anisétropic materials with
considerable three-dimensional properties. . In this respect they

are similar +o (SN)X-

8.4 SUGGESTIONS FOR FUTURE WORK -

The reaction of mercury with other Lewis acids such as
NbFS and Tan is currently being studied in this laboratory. There is
2 possibility that Fhe H952+ cation, which has not yet been prepared, can
be isolated as a éolid compound in these or other systems. There would
seem to be no reasbn why this species shou]d.not be stable.

It.is clearly of interest té investigate further the electrical
and optical properties of the infinite cha{n mercury cations. It is
hoﬁed that optical measurements will allow the anisotropic ;zzgo of H92.86
Ast to be detgrmined, which so far has been impossibie psing the con-
ductivity methods dgscribed in this thesis because of the crystal
morphology. A theoretical treatment of these canpounds would be
desirable. It might be poséib]e to incorporate heteroapoms, such as
zinc and cadmium,into the mercury atom chains. The effect of this on
the solid state properties would be of interest.

Preliminary experiments in these laboratories indicate that it
‘may be possible to prepare polyatomic cations with Zn and Cd, such as
Cd32+ and Fd42+- Polyatomic cations of the GpIIB elements are interesting

because they provide simple examples of meétal-metal bonds in the absencé

of other ligands.
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