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IONS IN SOLUTION
M
JOHN BURGESS

John Burgess read Natural Sciences at the University of Cambridge, and went
on to obtain his PhD degree there in inorganic reaction kinetics with Dr RH
Prince. After two years with Fisons Fertilizers he became an ICl Research
Fellow at the University of Leicester, working with Professor M C R Symons.
He was then appointed to a Lecturershnp in Inorganic Chemlstry at Leicester,
subsequently becommg Senior Lecturer.

His interests remain centred on inorganic kinetics and mechanisms butinclude
related areas of thermo-chemistry and charge-transfer spectroscopy. His
current research is mainly concerned with elucidating the effects of solvent and
of pressure, and rationalising these in terms of solvation changes - both between
various media and between initial (ground) and transition (excited) states.

Dr Burgess has been chronicling the progress of inorganic chemistry for many
years, starting with contributions to Annual Reports for 1966. He started the
Chemical Society’s Specialist Periodical Report on this area in 1970 and
continued to contribute until its demise. Since then he has been involved in the
establishment of its successor under the aegis of Plenum Press. He has written
numerous articles and reviews on his areas of research interest; the book ‘Metal
lons in Solution’ from which this Chemistry Cassette derives; and has recently
contributed to Gmelin’s two volume coverage of the chemistry of technetium.
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USING THIS CHEMISTRY CASSETTE

Please read this before you use the cassette.

This Chemistry Cassette learmning programme consists of an audio-cassette and
this workbook. The two are designed to be used together so always have the
workbook with you as you work through the cassette.

You will see that material in the workbook has been divided into numbered
‘frames’, each of which contains diagrams, tables, equations, etc. Whenever Dr
Burgess wants to refer you to any of this material he will give you the
appropriate frame number.

The programme has been carefully designed for individual, self-paced learning,
and you can work through it at a rate related to your own needs and
understanding. Switch off the tape player whenever you want to think, to write
some notes, or to answer a question. Use the rewind control to revise or repeat
material that you may not fully understand on a first hearing. Always have pen
and paper with you so that you can make notes to supplement or amplify the
material contained in this workbook - this will enable you to build up a detailed
set of personal notes which will serve as your own authoritative guide to the
subject.

A glossary of some of the scientific and technical terms used in this programme
will be found on page 37.



INTERRELATION OF SOLUTION, SOLVATION AND
LATTICE ENERGIES
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e TOPICS TO BE COVERED

Introduction
Dissolution of salts
Metal jons around the Periodic Table
New aguo-metal ions
Model for ions 1in solution

Solvation numbers
N.m.r spectroscopy
Ion-movement methods
Review of solvation numbers

Ion-solvent distances
X-ray diffraction
Results

Ion-solvent interactions
Ultraviolet-visible spectroscopy
Infra red-Raman spectroscopy

Hydrolysis and polymerization
pK values for aguo-cations
Hydroxo-bridged polynuclear species

DISTRIBUTION OF THE ELEMENTS WHICH GIVE ONE OR
MORE WELL-ESTABLISHED SOLVATED CATION SPECIES
(Such elements are indicated by a grey background)

He
Ne
Ar
Kr
Xe
Rn

t+ Lanthanide cations
t+ Actinide cations

A. ILL-CHARACTERIZED AQUO-CATIONS

Hypothet1cal redox species: Au’ aq, Aud? aq sn**aq, Pb** aq
Hypothetical thermochemical species: Ga? *aq, Bi®*aq, Zr*taq

DIFFICULTIES IN CONNECTION WITH THESE
Hydrolysis and polymer1zat1on Sn“ ag, Bi? *aq, Zr“+aq

Disproportionation: Ga2*aq, cut ,ad
Redox reaction with water: Au®*ag, Pb**ag, Lanth2*aq

B. POSSIBLE FUTURE AQUO-CATIONS

w3+iq, Tctaq, Tc“naq, Re**aq
0s2%aq, 0s®*aq, Os, aq




RECENT AQUO-METAL IONS

MOLYBDENUM(III) (1975)

MoCL2™

0,-free > M03+aq

HPTS or HBF,

IRIDIUM(III) (1976)

IrcLz™

0.1M NaOH > hydroxo-iridium(lll)

1 ascorbic
2 pH 8 (HC
v
Ir(OH) ;aq

0.1Mm HClLO,
v +
Ird aq

+ 0,

acid

Ccontrast RhCLE™ ——Eiﬂ££93—> Rh**aq]

boil

PLATINUM(II) (1976)

PtCL2™

pt2*
AgClO, or Hg(CL0,), a9

6 days. 70°C

[contrast Pd2*aql

Pt2*aq

——=2__> Pt(OH,) CL®"

RHENIUM(IV) AND PLATINUM(IV)

- Hg(CLO ) y+
ReCl2 422 > Re"*Taqg
eLle HCLO,
(no air)
cL Ag* or Hg?*

> Pt**aq

8

e "~ EPHEMERAL AQUO-CATIONS

Chemical generation: Co®*ag, Cu*aq

From pulse radiolysis: Zn*ag, Cd*ag, Ni*aq

0 THE ENVIRONMENT OF AN ION IN AQUEOUS SOLUTION

oW

primary solvation shell
secondary solvation shell
disordered region

bulk solvent

o METHODS FOR ESTIMATING SOLVATION NUMBERS FOR IONS

Spectroscopic
N.m.r.
ultraviolet-visible
infra red-Raman

Transport properties
transference numbers
ionic conductances
mobilities
viscosities

Thermochemical
entropies
volumes
compressibilities

Other methods
isotopic ditution
dielectric constants
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@ : PROTON N.M.R. SPECTRA

a)

b)

MHz

d)

| |

Proton n.m.r. spectra of aqueous solutions of

(a) gallium(III) perchlorate (1.29mM; 211K),

(b) cobalt(II) perchlorate (3.2M; 213K),

(¢) indium(III) chloride (3.81M; 213K).

Proton n.m.r spectrum of 1:5 aqueous acetone solution of
(d) indium(III) perchlorate (0.11M; 173K).

The signats marked C arise from cation primary hydration;
those marked B from the remaining water molecules in the

system.
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VARIATION OF ‘H N:M:R: SPECTRA WITH TEMPERATURE FOR

A o e e e ST UTION
THE Mg2™ CATION IN MAGNESIUM PERCHLORATE SOLUTION

IN AQUEOUS ACETONE




N.M.R. PEAK AREA TECHNIQUES

@ CATION SOLVATION NUMBERS DETERMINED BY

Water Ammonia Methanol Ethm“ﬁAcetonitriLe

—

DMF DMSO

sp-elements
Be2+
Mgz+
n?*
AL9+
Ga®®
In**

transition elements

Fe2+

actinides
Thet

0 LK e e ) o Mo e e N« N o

(o N0 No N e

(5)

sp-elements
4 Be2*
Mg2*
n?*
6 6 ALST
6 Ga®®
Inst
transition elements
Fezt
6 6 c02+
6 Niz?
pt2*
actinides
Thet

@ IONIC MOBILITIES FOR METAL IONS AND FOR

HALIDES IN AQUEOUS SOLUTION AT 298.2K

Lit 4.01
Na* 5.19
Kt 7.61
Rb* 7.92
Ag* 6.42

cazt
Baz*

Cu2+

La$+

6.17
6.60

5.60

7.21

-
cL-
Br~
-

s02~

Valueg have been multiplied by 10* and are

in cm?2 s7! V71,

5.70
7.9
8.13
7.95

8.27
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0 CATION HYDRATION NUMBERS
it Nat Kt cst Mgt Ca’t  Batt  In?t Fert ALY cret

transference numbers 13-22 7-13 4-6 4 12-11:8'12 3-5 10-13 transference numbers
mobilities 3-21  2-10 5-7 10-13 7-11 59 10-13 10-13 mobilities
conductivities 2-3 2-4 6 g 38 8 conductivities
diffusion 5 3 1 1 9 4.2 g M 12 13 17 diffusion
entropies 5 4 3 3 13 10 8 12 12 21 entropies
compressibilities 3 4 3 31 compressibilities
activity coefficients 5 4_ 3 12 12 activity coefficients
cf. n.m.r. peak areas 6 6 6 6 cf. n.m.r. peak areas
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@WO‘DI”ENSI"NA'— RADIAL DISTRIBUTION FUNCTIONS ‘ @THREE-DIMENSIONAL RADIAL DISTRIBUTION FUNCTIONS

a) 1 3
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Q METAL ION TO OXYGEN DISTANCES IN AQUO-CATIONS

ALL distances are in pm. Distances from X-ray diffraction
and neutron diffraction studies on aquo-cations in

solution are compared with those in crystal hydrates and
with ionic radii (for six coordination).

Aqueous solution Crystal Ionic

X=-ray Neutron hydrates radii

diffrn. diffrn.
Na*t 2407 250 235-252 116
Ag*t 243t 129
Mg2? 210 201-214 86
Ca? 240 240 230~249 114
Mn2* 220 200 96
Fe2”t 212 208 91
Co2™ 208 193-212 88
Nj2+ 204 207 202-211 84
cu?t 1949 193-200 87

2437 o

In?* 208 208-214 89
cdz* 231 224-231 109
ALY 190 187 67
In®* 215 223 93
crst 194 202 76

+ Na* environment tetrahedral, Ag' linear, rest oecta=-

hedral.

T cu?t has a tetragonal environment (see frame 19).

It is difficult to find the solid state equivalent:

Cu(clo,),.6H,0 has two waters at 209pm, two at 216pm,

two at 228pm.

m PRIMARY SOLVATION SHELL GEOMETRIES

0\ ’ a
0 =——/—F—200—0
\o/'// Fe
~
\ a o2\ >
a
0
@ TETRAGONAL DISTORTION IN Cu(OH2)§+
240 pm
S
194 pm
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PRIMARY AND SECONDARY CATION HYDRATION FROM EFFECT OF LIGAND (SOLVENT) COORDINATION ON THE
X=RAY DIFFRACTION . d LEVELS AND 2D TERM OF A TRANSITION METAL CATION

e L
S S

Free 1ion Ion in symmetrical
octahedral field

. Eg
Mn+=0H, M n+=QH ,
(primary) (secondary)
Mgt 210 420
2
.
ALY 190 410-415 5p [— *
cr? 198  420-425
Fe’t 204  410-415 : Free jon Complex

Metal-oxygen distances in pm.

@ ULTRAVIOLET=-VISIBLE SPECTRUM OF Ti3*taq IN
AQUEOUS SOLUTION

[l
10000 20000 30000
v/ (-
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WAVENUMBERS OF MAXIMUM ABSORPTION FOR Ti®® IN
WATER AND ALCOHOLS

_ a) ABSORPTION SPECTRUM OF NiZ*ag
-1
m
solvent Vea/CM b) THE THREE TRANSITIONS INVOLVED IN THE ABSORPTION OF
ter 50080 A A d° CATION, e.g. Ni?¥ag IN AN OCTAHEDRAL LIGAND FIELD
methanol 16850 . '
ethanol 16750 ‘

i —

V/;m" —_

3
_— T", P)

T,y IF)

3
Ty

Field Strength —
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VALUES OF THE CRYSTAL FIELD SPLITTING PARAMETER, CORRELATION OF SOLVENT AND LIGAND SPECTROCHEMI(
@ Da/cm=T, FOR TRANSITION METAL CATIONS IN AQUEOUS @ SERTES FOR CHROMIUMCITD CTROCHEMICAL

SOLUTION

d! ~Tidt 2030 BT F H0 NCS™ NH o
d2 vst 1860 2
GE vz+ 1230 crit 1700 Mo3t 2630 1
d* cr2t 1410 Mndt 2000 | l I l
ds Mnzt 850 Fe3t ~1400 J D9 1500 2000 2500
de Fezt 1000 co®*t 1820 Rh3t 2700 cm? | | | |
47 Co?* 930 ——
ds N‘l 2t 890 ¢ solvents
+ .
d®*  cu?t 1200 MA R0 —

@ DEPENDENCE OF CRYSTAL FIELD SPLITTING PARAMETER,
Dq /cm ', ON NATURE OF SOLVENT

ot miit et @ EXERCISE

NN-dimethylacetamide 805 796 1538 Study frames 25, 26 and 27. What trends can you discern
dimethyl sulphoxide 840 777 1587 in the data?

trimethyl phosphate 975 796 1628

ethanol 1668 Try to relate these trends to (i) size, charge and
methanol 350 1695 d electron configuration of the cations, and (i) basicity
NN-dimethylformamide 850 - 1710 and o-donor ability of the solvents.

water ] 1000 875 1720

acetonitrile 1022 1026

Liquid ammonia 1010 1080 2155
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