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A. INTRODUCTION 

The determmation of conductance data for coordmatron compounds and the inter- 
pretatron of such data in terms of possrble structures dates back to the commencement of 
serrous studres m the field of coordination chemrstry. Thus Werner and Mrolati r were 
able to use conductance data in aqueous solution in some of their earhest work on am- 
mines. However, except for the simplest complexes of (usually) Inorganic hgands, the use 
of water as a solvent for conductance purposes is often undesirable because of problems 
of hydrolysrs, or is impracticable because of solubility drfficultres. Accordmgly the use of 
water for such stmhes has declined and the use of organic solvents has mcreased rapidly, 
partrcularly over the last twenty years. Unfortunately, the number of such solvents which 
have been used for studxes of coordination compounds, the wrde variation m the types of 
complexes studred, and the differences in experrmental conditions used, has led to the 
present situation in which there is much confusion in relatron to the conductance ranges 
to be expected for a particular electrolyte type. Even for the commonly used solvents 
such as acetone, a cursory exammation of the hterature reveals conflicting ranges of con- 
ductance data, the incorrect assignment of electrolyte type, and unjustified correlations 
with possible structures. 

The present review therefore aims 
(a) to attempt to ratronalise the available data and to provrde acceptable reference 

ranges for the most widely found electrolyte types in the common solvents, 
(b) to identify any special effects common to particular types of complexes, ligands, 

or balancing ions; 
(c) to emphasise the criteria for use of a particular solvent, 
(d) to pomt out the aspects of the theories of conductance whrch need to be parti- 

curlarly consrdered in the design of experiments to obtam valid data for coordinatron 
compounds. 

It is emphasised that the review is written for the purpose of providing basic data on 
coordination compounds, and not to develop or elaborate on conductance theory for 
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such compounds Indeed, the present state of knowledge in this area does not allow of 
such treatment, and a deWled, comprehensrve, and properly designed study of the con- 
ductance of coordination compounds m orgamc solvents should prove a profitable area 
of research_ 

in makg thrs comprlatron of data, any values which appeared suspect, whether for 
experimental (e.g. solvolytic) or mterpretational reasons, have been excluded. The rnter- 
pretation of the data in terms of possible structures was not considered to be one of the 
purposes of the review, although rt cannot be too strongly emphasised that conductance 
data in solution can only relate mdirectly to structural problems assocrated with the com- 
plexes in the solid state. 

B SOLVENT CONSIDERATIONS 

There are several standard texts avarlable (e g. refs. 2,3) which, m consrdering most 
aspects of the use of non-aqueous solvents, include, inter aha, conductivity data (though 
not specifically relating to coordmation compounds), and reference should be made to 
such texts for detarled information on solvent properties. A recent and valuable review of 
the conductivity of (mainly) the simpler electrolytes 111 non-aqueous solvents has been 
given by Barthel 4, and the development of a coordinatmg model for such solvents has _ 
been published ‘. 

For most purposes, the cnteria most relevant to the selection of a solvent for con- 
ductivity determinations on complexes are Its &elec+tic constant, viscosity, specific con- 
ductivity, ease of purification, and donor capacity towards metal ions Some gerkrally 
accepted values of the first three of these parameters for the commonly used organic sol- 
vents are in Table 1. , 

TABLE 1 

Some properties of non-aqueous solvents relevant to therr use for conductivity measurements= 

Solvent Dzelectric constant Viscos~ry (g-’ set-‘) Specific conductivuy 
(ohm-‘.cm-‘) 

Acetone 20.7b 
Nitromethane 35.9b 
Nitrobenzene 34 gb 
Methanol 32.6b 
Ethanol 24.3b 
Acetonitrile 36 2b 
Dhnethylformamided 36.7b 
Dunethylsulphoxide 46.6b 
Pyridme 12 3b 

0 295’ 
0.595C 
1.634c 
0 545b 
1 078b 
0 325’ 
0 796b 
l-96@ 
0.82+ 

58 x1O-s 
6.56 x lo-’ 
9.1 x lo-’ 
1.5 x 2o-g 
135 x 1o-g 
5.9 x LO-8 
0 6 - 2.0 x lo-’ 
3 0 x 1o-8 
4.0 x lo-* 

a Abstracted from ref. 2. b 25% c 30°C. d Abstracted from ref. 325. 

In qualitative terms, a solvent with a high dielectric constant and low viscosity WIU 

be preferred for conductivrty purposes, and on this basrs acetonitrile, nibomethane, and 
methanol may be selected as particularly useful. The use of both nitrobenzene and dime- 

Coord Chem. Rev, 7 (1971) 81-122 
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thylsulphozride suffers from their hrgh vrscosity; there are, of course, other disadvantages, 
most notably the odour of nitrobenzene and the strong donor capacrty of DMSO. Pyrrdine 
suffers from a low dielectric constant, unpleasant working effects, and strong donor pro- 
perties; as a solvent for conductrvrty work on complexes rt is effectively valueless, and will 
not be consrdered further. 

The donor capacity of organic solvents towards metal Ions and complexes has been 
studied by several methods, and has been reviewed recently ‘-‘. In many cases solid ad- 
ducts contaming coordmated solvent have been rsolated and studied, and details are &en 
in the compilatrons for individual solvents. The coordination of solvent, whether or not it 
mvolves displacement of other ligands, need not prejudrce the interpreration of the origmal 
complex provided it is recogmsed that such coordmatron has occurred, and that no change 
in electrolyte type has been caused. The latter condrtron will be satrsfied in the replacement 
of a neutral hgand by a neutral solvent molecule, but it wrll break down in other cases such 
as drsplacement of (usually) an anionic l&and by d neutral solvent molecule, and solvolytrc 
reactions mvolvmg displacement of a proton from the solvent. If a reaction mvolving a 
change of electrolyte type has occured, the extent of the reaction necessarily affects the 
calculated I\ha value, and normally renders Its use impossrble. A rough order (derrved from 
heats of reaction) of the donor capacity of the common organic solvents for metal ions is 
drmethylsulphoxide > drmethylformam ide > acetonitrrle > mtromethane ’ . It should be 
emphasised that the latter two solvents are weaker donors than 1s water. 

All the solvents considered m this review are avarlable m a farrly high state of purity 
e 99%), and acetone, ethanol, methanol, and nltrobenzene to better than this level. De- 
ta& of subsequent purlfication procedures are in the standard texts, and are not repeated 
here. The main criteria for conductivrty purposes are absence of water and dissolved gases, 
partrcularly oxygen (see, for example, ref. S), and that the conductrvity of the solvent 
should be reduced to the mimmum practrcable. References to useful variatrons of the 
standard methods of purrtication are grven in the vanous parts of sections D - J of tlus 
review. 

For acetomtrrle, drmethylformamrde, and drmethylsulphoxrde, difficultres of purifi- 
cation relative to the other solvents rmght be consrdered to prejudrce then use m conduc- 
tivity work, but this could only be considered as a marginal matter 

As an overall, though rather subjective, assessment rt seems clear that mtromethane 
should be the preferred solvent for conductrvity studres of coordination compounds. The 
subsequent order of preference rs drfficult to assess, nitrobenzene suffers from the rather 
low A, values, and its odour and high vrscoslty. Acetonitrrle suffers mainly from the hrgh 
donor capacity but in most other respects is satrsfactory, whilst acetone, although appar- 
ently satrsfactory in prmciple, has proved rather unreliable in practice (vide infra). Provided 
that care is taken to assess hyclrolytrc effects for methanol, and donor effects for dimethyl- 
formamide, both may contmue to find some uses, but the remaming solvents would appear 
to be of httle value. 

C EXPERIMENTAL CONSIDERATIONS 

The commonly adopted procedure IS to determine the specific conduct&y, K, of a 
solution by measuring the resistance, R, in an experunental cell of known cell constant, the 
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cell forming one arm of a Wheatstone bridge circuit. Then K is calculated for the expres- 
sLon 

K = cell constant/R 

The most widely used expresstons for comparrson of electrolytes are either the eqm- 
valent conductivity, he, or the molar conductivrty, AM, which are related to K by the ex- 
pressions 

where Ve and V, are the volumes (in cm3) contaming one equtvaient or mole of solute 
respectrvely, and ce and tiM are the concentratrons of solute expressed m equiv cm-’ or 
mole.cm-3 respectrvely 

In practice, the majority of workers have calculated A, values at a single concentra- 
tion from an assumed molecular we&t, and related the values to partrcular ranges sup- 
posed from prevrous work to represent a grven electrolyte type. Thrs method is open to 
several crrtrcisms, notably 

(I) that the single concentratron 1s frequently chosen arbitrardy, and m many cases 
even for a series of related compounds 1s chosen drfferently, thus making direct comparr- 
son drfficult; 

(n) that, as was pomted out by Hayter et al ‘JO and frequently emphasised sub- 
sequently (see, for example, ref. 1 l), the method requnes the assumptron of a molecular 
weight which may well be erroneous 

-The first pomt can be recttfied, at least m prmcrple, by the measurements always 
being made at the same concentratron, but the second pomt can lead at worst to defmte 
errors m mterpretation and at best to confusron. This may be simply rlhrstrated by consi- 
dermg a brvalent metal ran known to form octahedral complexes under normal conditions, 
which was found to grve a complex of empirical formula MLs X2, where L is a ligand 
wmch 1s normally urudentate and X 1s a halide. Assummg that the spectral and magnetrc 
properties supported the expected octahedral envrronment for Mu, rt would be tempting 
to formulate the complex as the monomer [ML5 X] X, and to use a molecular we&t cal- 
culated accordmgly. If, however, the correct structure was the hgand-bridged duner 

then the molarity calculated on the basis of the monomer would be too high by a factor 
of 2, and the calculated AM would correspond to the range expected for a 2 1 electrolyte 
rather than either the correct 4-l electrolyte or the incorrectly assumed 1.1 electrolyte 
Thrs could well lead to the incorrect speculatron that solvent mteraction wrth the assumed 
1: 1 electrolyte had occurred 

[ML5 X] X + S --f [ML5 S] X, 

Chord C/tern Rev, 7 (1971) 81-122 
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It 1s probably true to say that this kind of speculatrve treatment of single-concentratron 
conductrvrty data has been one of the mam reasons for the drstrust wrth whrch even care- 
fully measured values have sometunes been received 

By far the best method IS to measure the conductrvrty over a concentration range 
governed by the solubrhty hmrt at one extreme and approach of the experimental values 

, to that of pure solvent at the other This method not only allows more posrtrve identrfica- 
tron of drssociatrve effects and differences in electrolyte strength, but should allow appli- 
cation of the Onsager law. 

A,, - he = (A + oBA,) cs 

The equivalent conductance A, 1s initially plotted agamst c% and the lmear portron 
extrapolated to zero concentration to obtain ho as Intercept. The factor (A0 - he) is 
then plotted agdmst C~ to obtain a straight hne of slope (A + oBAo)_ Since the term 
(A + oBAo) depends, amongst other factors, on the charges of the ions concerned, rt 
wrll necessarily reflect directly the electrolyte type for the complex concerned The value 
of the method 1s well explamed by Feltham and Hayter ’ who pomt out that smce for 
complexes [ML,] Xa and [Ma La ] X, the equivalent weight 1s m both cases half the 
ntonorner werght, a single Ae determination cannot unambrguously determme erther the 
molecular complexity z m complexes [ML, ] r X,,r , or the charge type However, the drf- 
ference between the 2: 1 and 4 1 electrolytes wrll be immediately obvrous from the plots 
derived from the Onsager law. This derivation assumes that the anions X do not enter 
the coordmatxon sphere. However, suppose the true complex m this case was [MLX] X 
instead of an assumed [ML41 X2 Then the calculated equivalent concentratron would be 
twice the true equrvalent concentratron, and the calculated A, values half the true values 
Hence, the calculated values of the ordmates (A0 - Ae) in the Onsager plot would be 
half the correct values and the calculated values of the abscrssae clh would be 2* too 
large. The calculated slope of the Onsager plot would hence be l/2(2%) less than the val- 
ue for a 1 I electrolyte, and it would be hard to escape the eonclusron that the mitral pos- 
tulate of a 2: 1 electrolyte was wrong 

Since the term w involves, mter aha, ionic mobrhtres, which necessarrly doffer for 
the various complex Ions, and since reliable he - I? plots are stall uncommon for com- 
plexes, no attempt has been made to compile values for (A + oBAo) for varrous solvents 
and complexes, although in later sectrons reference 1s normally made to such A, - cn 
studres. 

It follows that for all conductivrty measurements, whether over a concentration 
range or not, comparrsons of the data are most valid for systems m whrch a serves of com- 
plex catrons are balanced by the same (non-complex) anions, or fcr the same cation ba- 
lancing a series of complex amons. In particular, systems 111 which a complex cation 1s 
balanced by tetraphenylborate wrlI have much lower AM values than for the analogous 
hahdes, since the ionic mob&ties of the latter are so much greater than for tetraphenyl- 
borate. Thrs can reach the pomt where a complex [ML,] {(C6Hs)4B}Z has A, reduced 
to the range typical of 1: 1 electrolytes This point IS fully rllustrated in the followmg 
sections 
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D NITROMETHANE 

(i) General considerations 

Nitromethane has become the most wrdely used solvent for the determmatron of 
the molar conductivrty of coordinatron compounds, and data are available for over 1,200 
compounds Satisfactory reference values may be calculated from these data for all com- 
mon electrolyte types, and smce mtromethane possesses a number of advantages over 
other solvents, particularly nitrobenzene, Its use may be expected to increase These ad- 
vantagesmclude the relatrvely high conductivity values obtained for a given electrolyte 
type (ca three trmes those for nitrobenzene), easrer purification, absence of unpleasant 
workmg effects (e.g. odour, compare mtrobenzene), and the relatively low donor capacity 
Thus, although there has been a report r* of the isolatron of a solid adduct of mtrome- 
thane. formulated as non-conducting Tick CHsNOz , mterpretational problems ansmg 
through dissociation caused by coordmation of mtromethane seem to have been less than 
w&r, for example, acetomtrrle. A recent example of drssociation rn this solvent, but with- 
out coordmatron of the solvent, i; the reactron 

[Co(pyridme)4 Cl*] (octahedral) f: [Co(pyndme), Cl2 ] + 2 pyridme 

which was shown kinetically to be very rapid 13. 
Detaded methods for the punficatron of mtromethane are m the standard texts, 

methods employed for solvent intended specifically for conductrvity work are given by 
Coetzee and Cunnmgham 14, Buffagm and DUM ’ 5, and Urmi et al l6 A convenient 
method for obtaining pure mtromethane for general electrochemical work is described by 
Headridge 7 A frequently adopted method (see, for example, ref 17) is to dry “Specpure” 
mtromethane over molecular sreves or calcmm sulphate, followed by careful fractionation 
For most purposes a conductivrty of - 2 X lob6 ohm-‘. cm-’ 1s adequate, though for 
the more excicting reference work r4*16 values as low as lo-* - 10V9 ohm-’ cm-’ are 
claimed. 

Reference values for non-complex electrolytes are in Table 2, and lead to an ave- 
rage AM value for 1: 1 electrolytes of - 91.5 ohm-’ _ cm2 mole-’ _ However, the values 
for the tetraphenylborate and tetrarsoamyl borate salts are very low because of the low 
aniomc mobilities noted earlier, and tf these values are excluded from the overall average 
a value of - 96 ohm-‘. cm2 mole-’ is obtamed Average values for complexes of uni- 
dentate hgands (Table 3) are, for 1 _ 1 electrolytes 88 5 ohm-’ cm2. mole-’ , and for 2: 1 
electrolytes 167 ohm-’ _ cm2 mole- ‘. For the whole rarge of complexes which has been 
studied, values claimed for 1 1 electrolytes range from 6 1 to 115 ohm-’ . cm2 _ mole-’ , 
with an average value of - 83 ohm-’ _ cm2 _ mole- ‘. For 2: 1 electrolytes, values clauned 
cover the range 11 S-250 ohm-‘. cm2. mole-‘, an average value bemg 168 ohm-’ cm2 _ 
mole-‘. Values as low as 180 and as high as 300 ohm-’ _ cm2 _ mole-’ have been given for 
3 1 electrolytes, a reasonable average value 1s 242 ohm-’ cm’. mole-’ Contrary to a 
recent chum 47 of no precedent for measurements on 4- i’ electrolytes, data hdve been 
given for at least ten such compounds covering a range 244 - 341 ohm-’ _ cm* mole-‘, 

with an average value Of 307 ohm-’ _ cm2. mole-’ A very good example for thus electro- 

Coord Gem. Rev., 7 (1971) 81-122 
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TABLE 2 

Molar conducanty m mtromethane of selected non-complex compounds. Concentration lo- 3 M 

except where otheruw spetied. 

Compound AM 
(ohm-’ cm2 mole-‘) 

Ref 

[KHddl Cl 106 8 16 

[cCH~~NI Br 107 5 16 

IWW4NlI 118.0 18 

W.3-k)4Nl Cl 103 2 16 

IGHdd Br 127 0” 19 

[(c2%)4Nl Br 103 0 20 

lK2HsI4Nl Br 103 5 16 

I(GHs)4NlI 970b 21 

[GW4Nl a04 104 0 22 

KnCdQhNl Cl 95 2 16 

[(nGH7)4Nl Br 95 7 16 

~W2b~4Nl Cl 904 16 

[(nC&gWl Br 90 8 16 

INV-b)4Nl Br 904 14 

ICnGH&Nl Br 79 0 23 

[(n~4W4NI GW4B 619 14 

ECnGH9)4Nl NO3 82 0 23 

i(lCsH11)4Nl (%Hs)4B 594 14 

[W~HII)~NI (GHtl)qB 59 3 14 

[K6&)4Pl NO3 804’ 24 

[K&skiCH&I I 850b 21 

[(CC6&)4Pl W(NW21 748d 24 

[(Cdb)4Ad [ H(N03)2 1 86 8 24 

[TDPS CH3] I e 94 5 25 

[(CgHd)4As] zG2C2N2) 202 0 26 

a 0.05 X 10e3 M b 0 5 X 10m3 M c 152 x 10d3 M d 2 5 X 10s3 M. e TDPS = tns(dimethylammo) 

phosphine sulplude, ((CH&N] 3PS. 

lyte type, and for the careful use of conductlvlty measurements generally, 1s the paper of 

Bagnall and co-workers 48 data for the other 4.1 electrolytes are in refs 49 - 53. An 
unusual electrolyte type ls’the compound [C&l 2 (%&)3, where L = 2-ammomethyl- 
pyndme, for wluch a value of AM = 419 ohm-’ cm* _ mole-’ 1s quoted 54 
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TABLE 3 

i 

? 
Molar conductWy m mtromethane of selected compounds contammg a complex anion and a non-complex ahon Concenkatton W3hfexcept $ 
where otherwJse spcclfied. 

B 
System 

0 . 
4 - 

Range l,M No of Average Comments 
v&es AM 

Ref 
i 

t; 

Ei 
c 
s 

A+[ReO&j 

,’ A+[ Moo&] 

E 
I 

A+[SIFS J 
c 
N” 

A+[BFdj 

A’IAuX41 

MW4WNNW41 

A’I WW, I 

IA+1 2 [Co&l 

[(C6&)4Ad 2DWNWd 

[A+1 2 [WI 

[(C6Hd3(n~4HdPl2[ux61 115 -127 3 

[(C6hi)4ASl2[R~~r61 146 1 

IA+1 2 VW1 158,168 2 

i(C6&)4PlZ [u&i] 163 -165 3 

IA’+1 N-4 160 1 

[A+! 2 P&l 180,200 2 

)&+I WX31 78 -114 16 

I(CH3)4Nl2 [s@61 149 1 

[A+1 ; IWNCO), 1 214,251 2 

83 5-114 3 

65 -69 3 3 

87 -108 6 

87 5 -96 3 

60.5-125 1 

76 -82 4 

153 -183 c 4 

215 1 

151-200 15 

96 8 A=(C6H&AS, (n-C&)qN, X=CI, Br 27 G 

67.8 A = (C6Hs)4A~, qumolmmm, X = Cl. Br 28 z 

: 

97 3 A = (CzHshN, (n-C$W& (C6&)4As 29 8 

91 1 A = (CzII5)4N, blpyH, X = Cl, Br 30 8 

98 2 Over cone average at 10M3 M 
range, 

31 2 
80 0 A = (C&)& (CzHS)3NH, (GJls)2NHz, (C2Hs)NJJ 32,33 g 

l/l oc A = (C6&)4h, (C2i15)4N, x = NCS, NC.% 34 
8 

215 0” 35 

173.3 b A = (C2HS)4N, (C6fJ&CH3As, M = NI, Co, Mn, Zn,Cu, 21 
X=CI,Br,I 

2 
iz 

121 3 X = Cl, Br 

146 0 

163 0 A j (C&&CH3P, n-(C,&)4N, X = CJ, f 

164 3 X=Cl,Br 

160 0 A = complex phoSphetnruum catlon 

190 0 A = (CZH~)~N, pyndmmm, picolmmm, 
L = pyndme, a-plcolme, X = Cl, Br, 1, 

94 0 M = Co, NI, Zn I 

149 0 

232 5 A = (C&)4N, (C6115)4As 

374 

36 

375 

37 

38 

39 

29 

40 
-- 

3 
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In summary, acceptable ranges for complexes of the various electrolyte types at con- 
centrationsca. 10m3 Maresuggestedas- 1:1,75 -95;2:1, 150- 180,3-1,220- 260; 
4: 1,290 - 330 ohm-’ _ cm2. mole- r . Values sigruficantly outsrde these ranges should be 
mterpreted with cautron 

(ii) Nitrogen donors 

There have been approxtmately 100 papers containing conductrvrty measurements 
on complexes of nitrogen donors m mtromethane The data are not easy to correlate, 
mamly because the wide variety of &and systems mvestigated leads to complexes whrch, 
although in many cases of comparable stereochemrstry, are quite different m therr stabr- 
lity and behaviour m solvents 

For sunple complexes R2 [K] (R = (C2H5).+N, (CgH5)3A~, M = Co, Nr, Pt, 
X = NCS, NCSe, NCO) the most comprehensive set of data 34 agrees well wrth the sugges- 
ted ranges for 2 1 electrolytes It IS difficult to ratronalrse the other data 35*40 since the 
values given (214,215,25 1 ohm-’ cm*. mole-‘) lie in the range for 3 1 electrolytes 
Most of the other umdentate hgands studred concern pyridine and rts dsrrvatmes, 
Rosenthal and Drago ” have studred some mckel(II) pyrrdine complexes, mcluding the 
effects of added bgand, and Greenwood et al 8 have made a careful study of, for example, 
WCls (pyndine)s , which is formulated as [WC&(pyrrdme)a] Cl on the basis of Ahl = 
85 ohm-’ _ cm*. mole- ’ A rather unusual example concerns the Con, Nr”, and Cu” 
complexes of 2cyanopyrrdine, for which reaction with the alcohol used in the preparatron 
leads to complexes of different hgands s6 _ Tetramethylgu amdme appears to function as a 
unidentate hgand through one N only, grvmg ” complexc; wL4] (C104), _ 

Brdentate nitrogen donors cover a range of famrhar ligands, notab!y the hetero- 
cychc systems such as brpyridyl and o-phenanthrolme, and the ahphatic ammes based on, 
for example, ethyleneduunme. Some of the most mteresting results for the first type of 
ligand are found for Gas8 and In”, and for transition elements m therr lower valence 
states 6oa61. Thus, complexes InCl 3 L i5, whrch do not obey the Onsager law, are formu- 
lated ” as ionic dimers [InCl,Lz] [InC4L], wrth subsequent drssocratron accordmg to 

[InCla La] + + CHJN02 * [InCILa .CHsNOa] *+ + Cl- 

Even so, A 
“L 

is only - 2/3 of the expected value for a 1 1 electrolyte; simrlar problems 
arise for MO , Mom, and Vm. Harris and Mackenzie 62*63 have published data for Nr” 
complexes of bipyridyl and o-phenanthroline, and used A, values of 34 and 36 ohm-’ _ 
cm2. mole- * m nitrobenzene, and 173 and 170 ohm-’ _ cm* _ mole-’ in nitromethane 

for N& (Clod), nH2 0 (n = 2,3) to support, rather opmistically , C104 - coordmatron 
in the former solvent but not the latter. For further conductivity data on complexes of 
these ligands see, for example, refs. 64-67 and 30. The conductivity of Lomplexes of 
2,9dimethyl-o-phenanthroline 68, 4,6,4’,6’-tetramethyl-2,2’-bipyridy122~6g, and terpy- 
ridyl ‘o-72 follow established patterns. Sutton and his co-workers have published a con- 
siderable amount of conductivrty data for complexes of bidentate heterocychc donors, 
and refs. 17,73-76 and 345 are only a representative sample of this valuable work. The 
most typical data for complexes of ethylenediamine are provided by the work of Meek 77s78. 

&ord Chem. Rev, 7 (1971) M-122 
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For polydentate N donors the most rmportant conductivrty data are found for sys- 
tems m which a hgand with an mvar1ant number of donor sites reacts with a series of me- 
tal salts to give complexes of comparable geometry and electrolyte type. Good examples 
are the tive-coordmate complexes [MLX] X where M = Mn, Fe, Zn, X = Br, I, L = tr&2- 
drmethyl-aminoethyl)amme “, and the seven coordmate complexes [FeI_.& ] X’ where 
X = X’ = two fro-m Cl, Br, I, NCS, C104, BF4, and L 1s a polydentate hgand. More com- 
monly, however, the complexes formed by such ligands vary in therr stereochemistry and 
electrolyte type, and the problems of usmg conductrvity data to assist in structural deter- 
minations are consrderable. The problems encountered by McWhmrue et al. 8o--82 wit.ll 
complexes of trr-(Zpyridylamme) are typical, and a partmularly good example of the m- 
terpretatlonal problems where AM is sign&ant but not fully charactenstlc of a 1 - 1 elec- 
trolyte IS the work of Nelson et al 83v84 . This work also provrdes a good example of the 
dtiferences in amon coordmatlon 1n solution, thus [N14Cl04)[C104 and [N1L(NO3)] Cl04 
have AM = 160 and 93 ohm-‘. cm’ mole-‘, the coordinated Cl04 - presumably bemg 
dlssoclated 111 solution m the fast case Complexes of heterocycl1c substituted ethylene- 
d1anunes ‘%a5 pyrazmes and trlazmes 86 provide other useful sources of AbI data 

(id) Oxygen donors 

Conductlvlty data for complexes of oxygen donors are extensive, and arise largely 
through studle: of lactams, phosphoramrdes, and tertiary N- and P-oxides. 

Complexes of a variety of lactams have been particularly studied by Madan et al 
8’--8g, and m general provrde a valuable source of At, data However. there are several 
rather worrymg anomahes, thus, complexes of the formula [MLe ] (C104)3, where L = y- 
butyrolactam, are found ” to have A, = 215 and 222 ohm-’ cm*. mole-‘, whereas 
[CoL4] (C104)a (L =Nfid lmethylthroacetamlde) 1s reported by the same author go as 
having AM = 220 ohm-’ cm2 mole-’ _ Even w1thm the same paper a*, on ccaprolactam 
complexes, [CrL,] (C104)3 1s reported as Abf = 212 8 and [FeL,](ClO,), as 193 5 
ohm-‘. cm’ mole-’ , respectively For further papers on lactam complexes see refs 91 
and 92 

Complexes of octamethylpyrophosphoramlde(1) have been studied m detail by 
Joesten et al. 51yg3-g5, and of hexamethylphosphorarn1de by Donoghue et al g6-g8 

(CH3 )2 (CH3 )2 

These papers contam data for some 60 complexes, mcludmg 4 1 electrolytes 51a53. 
Complexes of a similar type are those of the substituted phosphonates gg*loo. Substituted 
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amide hgands in which coordmatron is through erther one lo1 or two 102*103 carbonyl 
groups have been studred, as have the closely related complexes of 1,3-dunethylurea ro4, 
and substituted acetanihdes lo5 

The heterocyclic N-oxrdes have proved fruitful hgand systems, and some typical 
conductivity data for complexes of this type of hgand are in refs. 106-108. A good ex- 
ample of the careful use of A, data, including a study of concentration and added hgand 
effects, is in ref 109. The abnormally hrgh values for the lanthamde 2,2-brpyndyl-IV- 
oxrde complexes [LnL,] (ClO,), should also be noted ‘lo 

Of the sunpler O-donors, the P_drketones are perhaps best known, and A, data for 
complexes of thrs class of hgand have been reported 111*112 However, the most rmpor- 
tant examples for sunple O-donors concern the use of conductrvrty measurements to 
support the existence of complexes contammg the [Fe(N03)4] - and [AI(N03)4] - Ions 
31-33 _ For both systems, concentratron-conductrvrty data are grven and mterprcted, the 
behaviour for the iron system in particular bemg far from ideal 

(iv) Phosphorus donors 

The investrgatlon of complexes of simple phosphorus donor molecules, whether 
um- or polydentate, have not produced any hrghly unusual conductwrty results, typrcal 
examples being refs. 8,43, and 113 A rather mterestmg complex IS [RuCl(CSa)- 
p(C, H5)3 33 ] Cl, mvestigated by Wrlkmson et al. ’ 14, the mvestrgatron by Carty I’5 of 
complexes of the type GaX3 L, formulated as [Gab Xz ] [G- ] , also provides some 
mterestmg results. An unusual hgand system IS the cychc catroruc system 3-[(drphenyl- 
phosphino)methyl] -3-methyl-l ,l-drphenylphosphetamum chlonde mvestrgated by 
Berglund urd Meek 38 . Complexes of mrxed P-S, P-As, and P-Se donors have been 
investigated, partrcularly by Meek et al 116-17-1 , and these systems, chrefly [MLX] X’ 
where L IS a quadrrdentate donor, X = halide, pseudohalide, and X’ = C104 -, B(Ce H5)4 - 
etc , provide valuable data for l-l electrolytes However, the most detaded and unportant 
paper 1s that by Westland and PluHEec 12*, who descrrbe a careful concentratron-conduc- 
twrty study for a series of Pt” and Pdn complexes [ML,] X2, where L = 1,3-dr(phenylthro) 
propane, I ,2-brsdiphenylphosphmoethane, and 1,2-di(phenylthro)ethane, and X = C104 -, 
BF4-, and PFe-. Anionic effects, the effects of added hgand, and the vanous possrble 
equrhbrra are considered, and rt IS noted that m thus case the Pt complexes are weaker 
electrolytes than the Pd complexes 

(v) Arsenic donors 

Most of the data under thus heading denve from the drarsme type of hgand, typical 
of the earlier papers are those of Nyholm and co-workers ’ 23V124, and more recently 
there has been a report lz5 of data for complexes formulated as [Fe(diars)2 X2 J (X’), , 
apparently containmg Fe IV The current drscussrons of the electromc structure of such 
systems IS unlikely to require remterpretatron of the conductrvrty data. For other arsme 
type hgands see ref 126, and the section on carbonyl and mtrosyl complexes (refs 127, 
128). Complexes of mrxed As-P and As-N donors also provide useful data, chiefly for 
1 1 electrolytes 116,117*129*130_ 

Coord chenz Rev., 7 (1971) 81-122 
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(vi) Clzrbonyls, nitrosyis, and cyclopentadienyls 

There have been several mvestrgatrons of complexes wrth CO as hgand, usually m 
conJunction wrth other (umdentate) hgands. Good examples are the mvestrgatrons of 
Ruff r3r*r3* on halogen-bridged and simple bmuclear carbonyl amon systems, of Nyholm 
and co-workers 133, and of Kingston and Scollary 45 Perhaps the most interestmg systems 
examined ‘*’ are those containing the p-(dimethylarsemdo)- and dimethylphosphido-dr- 
n-cyclopentadrenyltetracarbonyldiiron catrons, wrth C104 - and (C, Hs )4 B- amons The 
value for the perchlorate 1s a little hrgh, perhaps indicatmg some dissociation of the catron, 
but the data for the tetraphenylborates are typrcal of systems wrth thrs anion 

The solitary mvestrgation r*’ of nitrosyl complexes 1s nevertheless of considerable 
mterest smce it contams detailed Ahl -concentration plots and a careful interpretation of 
the data. 

The most consrstent conductrvrty data for n-cyclopentadtenyl complexes are given 
by Green and co-workers 134-136 and by Locke and NicCleverty 13’ 

(vii) Sulphur donors 

Studres of unidentate sulphur donors have been limited to derivatives of throurea 
138p13g, 1,4-throxane 14’, and 2-thrazohdenethrone 14’ For brdentate sulphur donors 
there 1s now avarlable a considerable body of conductivrty informatron, largely resultmg 
from the current mterest in drthiolate complexes The great value of these complexes from 
a conductnnty point of vrew is that they yield many systems of the same electrolyte type 
in which the amomc complex 1s balanced by a senes of non-complex (often quaternary 
ammoruum, phosphomum, or arsomum) cations Thus data are avarlable for some 80 com- 
plexes of comparable electrolyte type_ Typical data are m refs 142-146. 

Data for compiexes of some _macrocyclic sulphur donors are given by Rosen and 
Busch 47, and inciude values for 4: 1 electrolytes_ Data are also avarIable for the rather 
unusual complexes of some mercaptoboranes 14’ 

Complexes of mrxed S-N hgands have been partrcularly wrdely investigated by 
Livingstone and co-workers (see, for example, refs 148, 149), and by Sutton (see, for 
example, refs. 150, 151). Complexes of di(Zpyndyl)sulphrde and of qumoxalme-2,3- 
dithiol have been the subiect of recent studres 152,153, and complexes of mixed S-P and 
Se-P hgands have also been mvestrgated 1 la-l* 1 p1 54 _ In all cases the conductivity data 
are in satisfactory agreement with the suggested ranges. 

(viii) Lanthanide complexes 

Data for complexes of the lanthanides are normally most valuable as a source of 
informatron for 3.1 electrolytes However, the information available for complexes in 
nitromethane is confusing; one set of data 91 for some 13 complexes of N-methyly- 
butyrolactanr yields an average A, of - 222 ohm-’ cm*. mole-’ at c = 2 X 10e3 M, 
whilst for other butyrolactam complexes an average value at c = 1 OS3 M is - 290 ohm- ‘. 
cm*. mole-’ , and at 3 X 10m3 M is - 232 and 286 ohm-’ cm*. mole-’ respectively, 
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depending on the ligand ” _ Even more surprisingly, at c = 10-j M a series of complexes 
rr” of 2,2-bipyridyl-iVJV-dioxide have A, (average) - 394 ohm-‘. cm* _ mole-‘, and at 
5 X 10d3 M, - 282 ohm-‘. cm’. mole- ‘. These vahres are approachmg the range inde- 
pendently measured by several sets of workers (section D (i)) for 4: 1 electrolytes and may 
perhaps be due to impure solvent. 

(ix) Miscellaneous complexes 

An mteresting series of complexes of 2: 1,3-l, and 4 1 electrolyte types containing 
the Nb6 Cl12 cluster has been investigated ” , the A,, data fit very satrsfactorrly with values 
for other simpler systems. Recently, Greenwood and Sharrocks is5 have prepared com- 
plexes of the general formula R[C~X~(pyrrdme),(decaborane)] , where R = tetraalkyl- 
ammonium, X = Cl, Br, other unusual complexes are those of p-methoxyphenyhso- 
cyanide Is6 

E NITROBENZENE 

(i) General considerations 

There have been some 150 papers pubhshed whrch contam srgnificant conductrvrty 
data for complexes m mtrobenzene, with a total of conducting compounds studred ap- 
proachirg 900. In many other cases the absence of sigmficant conductrvrty has also been 
used diaypostically In order to ratronahse these data, and to avoid the drfficultres of 
comparmg values for systems of widely differmg structures, the mam tabulatron is for 
systems containmg non-complex catrons and complex anions of unidentate hgands. Smce, 
for most of the systems, the ligand IS a halide or a pseudohalide, these are tabulated sepa- 
rately by electrolyte type (Tables 4-6) Values for other complexes of unidentate hgands 
are m Table 7, and some reference values are m Table 8 The data m the latter table are 
not intended to supersede the comprlations already avarlable m the standard texts, but 
rather to indicate values whtch have been obtatned under identical conditions to those 
used for complexes. For 1 1 electrolytes an average value of AM = 27 ohm-’ cm* 
mole- ’ 1s obtamed, though the Figure IS rather lugher (ca. 30 ohm-’ _ cm* mole-‘) for 
the non-complex compounds If an average value 1s taken for all uniumvalent complex 
compounds which have been measured, ignoring concentration effects, and omittmg only 
those values whrch seem irreconcilable with the majority of values, a value of ca. 25 ohm-’ _ 
cm*. mole-’ 1s obtained The main reasons for this lower value would seem to be solvent 
interactrons and the low romc mobrhtres of some of the ions mvolved. For 2 1 electrolytes, 
average values are 55 ohm-’ _ cm* _ mole-’ (tabulated data), and 52 5 ohm-’ _ cm* _ 
mole -t (all complexes). The corresponding values for 3: 1 electrolytes are 73 and 78 

-‘. cm* mole-’ respectively, and for 4- 1 electrolytes 95 ohm-’ cm* mole-’ 
Tt%ulatad v&es onl;). As workmg ranges for complex compounds at ca. lib3 M the 
followmg therefore seem reasonable 1: 1,20-30; 2: l, SO-60; 3: 1,70-82,4. I, 90-100 
ohm-’ _ cm* _ mole- r _ In special cases, particularly those complexes containmg the tetra- 
phenylborate anion, values below these limits may be accepted. 

Coo& Chem Rev, 7 (1971) 81-122 
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TABLE 4 

Molar conductwity m nitrobenzene of 1 1 electrolytes containmg an uncomplexed cation and a com- 
piex anion of hahde or pseudohahde hgands 

Complex AM cx lo3 Ref 

[Al ‘W&l 
IAl +WW 
[Al +WQsl 
[A] ‘[SbCZ,] 

[U%H&$H3As] +[n%] 

[(C6H&CH3As] +lTmral 

I<Ce%)sCHsAsl +I=-&1 

KnC4HM’Jl lBF41 

NH4 [T1(SC’O4 I 

l(CZ!I5)2Nl lAuBr41 
[Blpyndyi H] [AuC14] 

[Bqyridyl H] [AuBra] 

260” 10 157 

240= 1.0 157 

27 OQ IO 157 

22.0 b 1.0 157 

25 1 74 158 

26.4 60 158 

24.8 51 I58 

31 oc 10 159 

18 9 30 160 

32.8 1.0 30 

31 1 10 30 

30 8 10 30 

Q Cation is {(c6H512 c = N = c(c6H5)2)+- b Catlon IS {(p-tolyl)& = N = C(&H&+ ’ Value 
calculated from A, c data gwen 

The value of conducttvrty-concentration plots has been emphasrsed m the general 
mtroduction to the review, and there have been several Important examples of this ap- 
proach for mtrobenzene. Thus, Beurskens and co-workers r” grve data and a careful 
interpretatron for the compound bis(Nfidi-n-butyldrthiocarbamato)gold(III) drbromo- 
aurate(1). Hawkes and Gmsberg “’ have mterpreted data for compounds of the general 

formula [(Ca I% Ml] 2 {Re(CO)3 X3 1, a valuable early paper covermg all electrolyte types 
except 4. I is that of Martm and Wamd Iso on some complexes of brpyrrdyl Other ex- 
amples of AM -c’~ data for complexes are in refs 111 and 181, and a recent and Important 
paper on non-complex compounds is that of Barreira and Hrlls r 82. The earhest srgmfi- 
cant paper for complexes, by Foss and Grbson rs3, contams data at several concentrations, 
and tt 1s regrettable that thrs example has only rarely been followed. A good revrew of 
the precautions necessary for conductivrty determmations m nitrobenzene 1s given by 
Greenwood and co-workers ’ _ 

Finally, it may be noted that useful examples of methods of punficatron of nitro- 
benzene for conductance work are in refs 17, 175, and 182, although many authors 
have suggested variatrons on these and other standard methods 

(ii) Oxygen donors 

Complexes of oxygen donors may conveniently be surveyed under the headings of 
umdentate donors, the hgands being nitrogen, arsemc, and sulphur oxrdes, and of chelat- 
ing ligands such as @hketones 
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TABLE 5 

Molar conducbnty m mtrobenzene of 2 1 electrolytes contammg an uncompleted catzon and a com- 

plex amon of hahde and pseudohalrde hgands 

Complex CXL03 Ref 

[(CW4Nl z [CoWCS)4 I 62 6 10 161 

Kz ICN’JCf34 1 63 0 10 161 

I(CHd4Nl2 tCo(NCW41 61 0 10 162 

[(%Hd4Asl ~PJ(NCS~~I 43 0 1.0 162 

[(C&j)&1 2[Co(NCSe)41 54 0 0 21 34 

[GJ-W4ASl2W(NCSeM 50 0 054 34 

t(Ctj&h&l2[Co(NCSe)41 47.0 (46 7) = 096 34 

W2HddJl2 KoW2W4 1 64 0 0 26 34 

[(C2&)4Nl2[Co(NCSe)41 58 0 0 54 34 

[GW4Nl2 [CdNCSeh I 570(568)= 094 34 

[(CcjHs)4ASl2 [CdNW41 53 0 0 25 34 

[(C,H~~AS~~[CO@~CS)~I 500 0 55 34 

CGHS~AS! a [CdNCS)41 480(477)” 096 34 

[(C~HS)~NI~[C~(NCS)~~ 65 0 0 26 34 

[(WW4NI 2 ICo(NCS)41 56 0 0.55 34 

[(C2W4W 2 PWNW41 540(534)= 0 88 34 

[G&)4Nl2[CoWCS)41 55 4 10 163 

[(C2W4Nl zICoBr43 48 7 10 163 

IGH&W 2ICoI41 54.2 10 163 

IK2W4Nl2[~~(~~~)41 59 0 1.0 164 

~K2W4Nl2[MnWC0)41 59 1 10 165 

[(C2W4Nl2KoWC0)41 55 0 10 165 

[(C2Hd4Nl2 PMNC0)41 55.8 1.0 165 

t(C2&)4Nl2 [WNC0)41 53 1 10 165 

[(C2%>4Nl z Pn(NC0)41 54 0 10 165 

[(CtjHd4ASl2 [WN’=)41 83 O? 0 884 35 

[(nC4%)4Nl2 [Zn(NCSd41 58 2 1.0 166 

[(n~4W4Nl2WO@KW41 47 0 10 167 

[(nC4Hd4NI 2V’d(NCSe)41 52 0 10 168 

WC4Hd4Nl2[Pt(NCW41 52 0 10 168 

t(nC4W4Nl2[Cd2WCSehj I 42 0 10 168 

[(C2H5)4~12[FeC141 47 0 10 169 

[(CC~%)~CH~ASI 2WCbl 56 0 OS 21 

Gorat c;hem RIX. 7 (1971) 81-122 
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TABLE 5 (contmued) 

ChlpleX c x 103 Ret: 

W.J. GEARY 

[(C~JW~CH~ASI z Wd41 53 0 

[(C6H&CH3Asl z [CO&I 55 0 

[(C~HS)~CH~ASI 2 JCOBr41 54 0 

[GHs)3CH3Asl2[CO~41 53 0 

[(W%)3CH3ASI 2 WnC141 57 0 

fGjWsCHs~sl2 [ZnCbl 53.0 

t(C&s)sC&Aslz[Cu~41 60 0 

[(C6H5)4PI #IQ1 61 7 

05 

05 

05 

05 

05 

05 

0.5 

1.0 

21 

21 

21 

21 

21 

21 

21 

43 

a Values eXtrdpOl3ted at 10e3 fix 

Complexes of the first type are notable smce they include one of the earliest deter- 
minations of AM m mtrobenzene; this IS the investi@aon by Nyhohn Is4 of the dlphenyl- 
methylarsme oxide complexes of copper@) Other important papers 185*186 are con- 
cerned wth Ianthamde complexes [LnL,] (C1O4)3, and [LnLs] (CI04)3, (L = dlmethyl 
sulphoxlde, pyridme-N-oxide), and these are considered m more detad m the sectlon on 

TABLE 6 

Molar conductwty m mtrobenze.?e of 3 1 and 4 1 electrolytes containmg an uncompleted cation 
and a complex amon of pseudohalide hgands =. Concentration- low3 JL 

cO??lph?X AM Ref 

[(nGW4Nl3 iv(Ncse)61 66 0 167 

I(nC4H9)4Nl3 Ipr(NCS)61 824 166 

[WXW&l~WWCS)~l 77.8 166 

~WXiddJl3 [S~(NC%l 76.6 166 

I(~-C&I~&I~[DY(NC%~ 72 7 166 

[(nCJ% kNI 3 fHo(NCSk1 66 7 166 

lInQH914Nl3 [Er(NC% 1 72 1 166 

[WZ&MJI s[Fe(NCS)61 83 7 166 

[(n-C&&N 3[Fc(NCse)61 66 0 168 

E(n+Hg)4Nl3 iY(NCSe)61 68.0 168 

[NX-&d~Nl sfRhWZk961 70.0 168 

WW-W4Nl4 PWNC!+%I 90.0 168 

[(nC&&N14 FWWW61 98 0 168 

Q None of the correspondmg halo-complexes appears to have been studled. 
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Molar conductivity iri nitrobenzene of electroIytes havmg an uncomplexed cation and a complex 

anion contammg unidentate hgands only. Concentration: 100~ M. 

- cbmpkx AM Ref. 

23 3 43 

24 0 170 

26.0 170 

25.0 170 

25.0 170 

27 0 170 

24.0 170 

24 0 170 

24 0 170 

27.0 170 

25.0 170 

24 0 170 

24.0 170 

26.0 169 

27 0 169 

28 5 169 

28 0 169 

29 5 171 

29.1 171 

29.2 171 

28 3 171 

25 5 171 

20.0 42 

33.8 42 

36 5 42 

55 0 172 

56.0 172 

lanthanide complexes. An mterestmg example Is7 concerns the M06 Cls cluster compounds 
v&h tnphenylphosphine oxide and tnphenylarsine oxide. On the basis of the AM values 

(and other data) these are formulated with the oxide m the cation; thus the compound 

H2[(Mo6Ck)C~61 .~~6H5)3POiSProposeda3 [{&6H5)3PO12H12 [(M06&)cl6]. For 

other papers on oxide donors see refs. 188-190. 

Cmrd them Rev, 7 (1971) 81-122 
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TABLE 8 

Molar conductivity m nitrobenzene of selected non-complex compounds used for reference purposes 
Concentration 10m3 M except where otherwise specrfied 

Compound AM Qf 

188= 173 

20.1 b 173 

24 8 166 

38.8 166 

27 0 164,114 

30 0 164,174 

314c 159 

3ooc 159 

31.0 c 159 

34.0 c 159 

214c 17.5 

310 176 

30 5 176 

33 0 22 

35 0 177 

“104M b 4 X lo-’ M c Values mterpolated at 10e3 M. 

Because of the tendency of palketones to give neutral complexes, there have been 
few examples of useful AM measurements, although one mterestmg example “I is the 
series [(~T-C~)~TIL] C104 for which the values are slightly hqh for 1 1 electrolytes_ A 
typical example of the problems inherent m the use of conductrvlty data IS the lack of 
agreement m pubhshed values for [Tl(acac),] [FeC14] In the course of an mvestlgatlon 
of Pdtietone complexes of the general formula [ML31 [M’C14] and [ML,] [M”C16] 
(M’ = Fe, Au, M” = Sb) values of AM = 24 8 and 27 0 ohm-’ cm’ _ mole-’ were found 
’ l2 for [Tl(acac)), ] [ FeC14] at 10m3 M Almost concurrently a report of AM - cz data for 
the same complex 111 various solvents was pubhshed 1 ’ ’ ; this shows values ranging from 
AM = 37 5 o&n-‘. cm*. mole-’ at 0.54 X 10m3 M to 30.8 ohm-’ _ cm2 _ mole-’ at 
8 65 X 10e3 M. The report suggests that the values are lowered by small amounts of 
water. Differences in the order of 50% for systems of this type are dlsturbmg 

Complexes of the bgands containing both oxygen and other donor atoms have 
been studied 1 g2~1 g3. 

(iii) Nitrogen donors 

Complexes of nitrogen donors for which AM data are available comprise the largest 
smgle group of compounds in this review. The data for sunple urudentate donors such as 
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the pseudohahde ions, ammes, and heterocychc compounds are m Tables 5-7 as refer- 
ence values and have been discussed as such in section E(i) 

Most of the data for bldentate ligands are concerred wrth complexes of bipyridyl 
and o-phenanthroline and related ligands. It is partrcula-ly noteworthy that the earliest 
srgmficant paper Is3 for a complex in mtrobenzene wz on the system 
[Au(bipy)(CsHs)s] [(C2Hs)2AuBr,]. Other early AM values used for reference purposes 
are given by Harms rg4 and by Martm and Wamd la0 . Tne latter paper has been discussed 
in the introduction. Typical examples of the use of conductrvrty measurements for com- 
plexes of bipyrrdyl and o-phenanthrolme wtth both transrtton and non-transrtron elements, 
covering all charge types, are in refs. 30,62,63,65,66,158,195, and 196. A more recent 
example of mterest is the investigation ‘76 of complexes of E , As, and Sb, thus PCls phen, 
and As& .SbCls phen are formulated as fPCi,(phen)] Cl and [AsC14(phen)] [SbC16], 
respectively Geometrical isomers of the type cis- and trans-[Ir@hen)zX1] X have been 
studied 64 the cis roomer bemg a 1 1 electrolyte and the trans isomer bemg insoluble. 

For iubstrtuted brpyrrdyl and phenanthrohne systems the most valuable source of _ 
mformation is the serves of papers by Hall and co-workers 22~68~6g*177~1g7 which are 
concerned wrth complexes of 2,9-dlmethyl-1 ,l O-phenanthrolme, and 4,6,4’,6’-tetramethyl- 
2,2’-brpyridyl. 

The other source of detailed A, data for bidentate nitrogen donors IS the work of 
Sutton on complexes of 2-aminomethylpyrrdme and the B-methyl derrvatwe (see, for ex- 
ample, ref. 150 and references therem). 

For tndentate systems the most commonly mvestrgated ligand has been terpyrldyl 
‘17rg8 For more complex systems the papers of most mterest in the light of current de- 
velopments are those of Ciampolim et al. 174, Geldard and Lrons rgg , and C&well and 
Lions 2oo. The fust IS concerned with complexes [Co(trenMe)X] X (trenMe = tns-(2- 
drmethylaminoethyl)amme, X = hahde, NOs-, C104-) for whrch the Akl data are used 
to support a five-coordmate structure. The latter two papers describe measurements for 
complexes of the ligands PAPHY (pyridme-2-aldehyde-2’-pyndylhydrazone) and butane- 
2,3dronebrs (2’-pyrrdylhydrazone) respectrvely, now recognised as so-called “suspect” 
ligands A further paper in the same series 2o1 describes the cobalt complexes of hgands 
related to PAPHY, and a more recent paper ‘02 on complexes of PAPI-IY drscusses some 
anomalously low 12, values. For other complexes of heterocychc hgands see refs 203- 
207 

(iv) Phosphors donors 

Despite the intense interest III the complexes of phosphorus donor hgands, there are 
surprismgly few conductrvrty data for complexes containmg only unidentate phosphorus 
hgands Trrphenylphosphme as a hgand in some gold complexes 2o8 and some mckel com- 
plexes 43 have been studied, as have some chloro-bndged ruthenium complexes contammg 
substituted phosphines 2og Mann and co-workers 210 have recorded A, values for some 
twenty complexes of the general formula [MLJX] X’, where M = Pt, Pd; X = Cl; Br; I; 
SCN-, C104 -; X’ = X, prcrate, and L = diethylphenylphosphme, 2-phenyhsophosphmdole. 
Tertiary phosphines have been wrdely used m substrtuted carbonyl, nitrosyl, and hydride 

chord Chem Rev., 7 (1971) 81-122 
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complexes. The other unidentate phosphorus donor whrch has been studied IS the cyclic 
phosphrte ester P(CCHa)a CCHa , AM values for the copper(I) and srlver(I) complexes ‘I1 
and for the ccbalt(I) complexes ’ 76 having been reported 

Far more data are avallable for complexes of polydentate phosphorus donors, the 
most valuable series of measurements IS for the complexes [MLX] X’, where M = Pt, Pd, 
Nr, Fe, X = X’ = Cl-, Br-, I-, C104 -, SCN-, CN-, (C6 Hs)+ B-, L = tris(o-drphenylphos- 
phmophenyl)phosphme 212-215. As u the case of the correspondmg arsenic donors, 
these complexes show clearly the varrous aruon effects Some values for other polydentate 
hgands are m refs 94, and 216-218, and for the widely mvestrgated hgand 1,2-budr- 
phenylphosphmoethane (drphos) m refs 115,217, and 219. Thus, Carty rr5 has drscussed 
the complexes GaXa . ‘35 drphos, and has used conductrvrty data to support the dunerrc 
formula [Ga(diphos)2 Xa ] [GaXa] 

Complexes in whrch phosphorus acts as a donor atom m conJunction wrth other 
donors such as nitrogen 220, sulphur 221, and arsenic 222 have been studred 

(v) Arsenic donors 

As would be expected from the great interest m the structures of complexes formed 
by hgands having arsenic donor atoms, much informatron on the conductivrty of such 
complexes has been accumulated Much of the earher work was carned out by Nyholm 
and co-workers on drarsme complexes e g see refs 2 1,223-226), and the data obtamed 
have frequently been quoted as typical of given electrolyte types. Particularly widely 
used ur this respect have been the values grven by Gill and Nyholm 21, and Harris and 

224 Nyholm . Except where there are uncertaintres mtroduced by both cation and amon 
bemg complex 225 the values of AM are withm the ranges suggested m this revrew Car- 
bony1 complexes p&traliy substrtuted by drarsme are consrdered separately. 

More recently, there has been consrderable interest 111 complexes contaming tri- and 
tetradentate arsemc hgands, partrcularly because the sterrc requirements of the hgands 
impose restrrctrons on the structure of the complexes, and thus 111 some cases on the elec- 
trolyte type. Partrcularly noteworthy are the complexes [MLX] X’, where M = Pt, Pd, Nr, 
X = X’ = Cl-, Br-, I-, SCN-, CN-, C104-, (C6H5)4B-, L = tris(o-drphenylarsmophenyl) 
wsme. The data grven 2131227*228 for complexes of this type form the basis for the typical 
values for 1 _ 1 electrolytes, and also for the observatron of anionic c ffects Thus, 
[PtLCl] ClO, and [PtLCl] {(C,HS)4B} have AM = 27-O and 17 4 ohm-‘. cm’. mole-’ 
respectively at c = 10c3 M 227_ Complexes of thrs type have also been mvestrgated by 
Nyholm lZn _ 

There IS much mformarron avallable for complexes contammg arsemc donor atom(s) 
together wr!h other donors such as rutrogen , rulphur, and phosphorus Typical examples 
are m refs 129, 163, 193,222,229, and 230 An mterestmg example is the recent paper 
of Ctiswcll and Lee lg3 who use AM data for complexes Co3 L4X4(HzO)a (L = A%-dr- 

methylarsmophenylsahcylaldrmine, X = Cl-, Br-, SCN-) to support a formulation 
[CoL,] 2 [Co&] 2H20 containmg both CoU and Co”. 
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should be made to the excellent mvestrgatron “* of brs(iV,,N-di-n-butyldithiocarbamato) 
gold(iI1) drbromoaurate(I), for whrch detarled AM- c% data ;~re given and carefully mter- 
preted. 

(viii) Lanrhanide complexes 

As rn sectron D(vur), these complexes provrde a useful source of data for 3- 1 elec- 
trolytes. There have been at least three recent investigations of the conductrvrty of such 
complexes 185~186~1g2; the complexes [LnL] (ClO,), (L = pyridme-Noxlde) rs6 have 
& values m the range 79 2-83.6 ohm-‘. cm’ mole-‘, with an average value of 81 3 
ohm-‘. cm*. mole- ’ The drmethylsulphoxide complexes [LnLa] (C104)a and 
[LnL7] (ClO4), have very srmrlar A, values, and although the authors Is5 use molecular 
we&t data to support their suggestion that the DMSO is unhkely to be coordmated in 
mtrobenzene this does not appear to invahdate the AM data. A rather more complex 
serves of compounds of the hgand ethylenedramme-brs-acetylacetone, e g. [LnL, ] X3, 
have values lg2 in the range 72-8 1 ohm-’ _ cm’. mole-‘, wrth an average of 80 ohm-’ 
cm2 . mole-’ at 10m3 M See also the values m ref. 166 of Table 6. 

(ix) Misce~Zaneous compkxes 

There have been several mvestrgatrons of cluster compounds, thus, complexes con- 
tauung the Mo6C18 unit have been mvestrgated by Sheldon 187*252 and by Fergusson et al. 
377. The values obtained (average AM _ 51 ohm-’ cm2. mole-’ at low3 M) are only 
slightly lees than expected for 2 1 electrolytes. Bridged complexes have also been investr- 
gated, and a notable example IS the senes of complexes contarmng the [Ls RuCI, RuLs ] + 
cation studred by Chatt and Hayter 2og. In thrs case the value of Anz is agam shghtly low, 
however, the values for another bridged catron, [L4 Cuz BH4] +, are correspondrngly 
higher 253 Values for other non-bridging hydride complexes have been reported 21g,254. 
Complexes containing metal cyclopentadrenyl systems have been rnvestrgated, notably by 
Doyle and Tobras 1g1*255 *256, the values of AM being well m line wrth the ranges suggested 
in this revrew. Mixed metal complexes of the general type [MJ(M”L)2] (ClO4)2 were 
shown *” to have AM values lower than for 2 1 electrolytes A very unusual compound 
whrch was the subject of a recent investrgation is Trm(CH3)2}4 2BroHt4, tins ha 

AM - 10 ohm-‘. cm2 mole-’ u-r drlute solutron, whrch 1s clarmed to be “suggestwe of 
an Ionic structure” 25*. Possrble structures suggested were [Tr{N(CH3)2}2] - 
[BroHra (CH3)zNHl 2 and [TrCN(CH3)232 CWb)2NW21 P10H1312 However, these 
are both 2 1 electrolytes, and the low value of AM mdrcates that they could only be 
present to a small extent. 

F. ACETONE 

(i) Genera2 considerations and non-complex electrolytes 

The posrtion in relation to the conductrvity of complexes in thrs solvent 1s perhaps 
more confusing than for any other organic solvent. Published data vary wrdely, even over 
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comparable concentratron ranges As an example, for the apparently slmpie electrolyte 
(CgHs)4As.NC0, 2H,O, a value of AM = 229 ohm-‘. cm2_ mole-’ 1s quoted 4o which 
is far higher than the v&es quoted 25g (AM = 146-167 ohm-‘. cm2. mole-‘) for a 
series of complexes WLa ] (ClO,), (M = Mn-Zn, L = dracetamide) at comparable co+ 
centrations, although the latter are 2.1 electrolytes 

The most widely used reference values are those of Reynolds and Kraus 260 who 
give detailed data for a senes of 1 - 1 electrolytes over wide concentration ranges The 
compounds studied were alkylammonium and alkali metal salts, values interpolated from 
the data grven for 10-j A4 range from ca. 100-160 ohm-’ cm2. mole-’ , with an average 
value (13 compounds) of 137 ohm-’ _ cm’. mole-’ A value of 1% ohm-‘. cm’. mole-’ 
(10m3 M) is quoted 261 for (n-C4H,)4NBr, and 154 ohm-’ cm* mole-’ for 
(Ce H&r A&l at 0.5 x 1 0e3 M 262. No sattsfactory reference values for 2: 1 or 3.1 elec- 
trolytes are avarlable. 

(zi) Uniunivalent electrolytes 

Reference to Table 9 shows the wade range of values obtamed. It is most convenient 
to consider the varrous concentratron ranges separately At 10m3 M, an average value for 
the data is 120 ohm-‘. cm2 mole-‘, though attention rs agam drawn to the lower values 
ansmg 264 for compounds containmg the tetraphenylborate anion_ It 1s mterestmg that 
thts average value ts exactly that quoted earlier 283 for complexes which are 1 1 electro- 
lytes m this solvent. At lower concentrations (- 1 0e4 M) an average value of 135 ohm-’ 
cm2. mole-’ appears reasonable The most detailed investtgatron over a concentration 
range 1s that of Deacon and West *‘O. 

(ui) Bisunivalent electroIytes 

The position for these electrolytes 1s less clear than for 1 1 electrolytes (Table 10) 
For 10e3 M solutrons the most rehable data are probably those in refs 92 and 280, and 
hence an average AM value of - 180 ohm-’ _ cm* _ mole-’ results The low values for the 
acetamide complexes mentioned m section F(i) 25g are probably due to ton assoctatton 
At 10m4 M the values given m the most comprehenswe investrgatron 276 (average A,, = 
242 ohm-’ cm2. mole-‘) do not agree well with the remainmg values 277 (average Anr = 
320 ohm-‘. cm2 _ mole-‘), and because of this, an average value at thts concentratton of 
272 ohm-’ cm2. mole-’ may not be well-founded However, very recently a further 
series of drthiolene complexes (6 values, average A,, = 266 ohm-’ _ cm* _ mole- ’ ) does 
support this average value 284 

(iv) Tnw nivalen t electrolytes 

The only compound for which a value of conductrvtty IS gtven 13’ 1s [(CeHs)4P] 3 
[Co(maleon~trdedtthtolate)3] for which A, = 446 ohm-’ . cm* mole-’ at 10e4 IM 
Comparisons with data for other electrolyte types at this concentratton suggest that this 
1s a reasonable value 

Chord Chem. Rev, 7 (1971) 81-122 



TABLE 9 

Molnr conductwty m acetone of selected 1.1 electloly tes (complex compounds) 
-- 

iSystem Range hM No Of cx103 
values Comments ‘Ref 

[M(CO)2(dlphos)21] I 

UWO)3W (C6$&$ 

[M(W2L2CU (C6Hs)lrB 

[CsH5CoLL’]X 

144,156 

89 I-107 2 

118 -136 

109 -193 

[Ru2%L61 NC13L61 108 

Na[M(CO)&@&HS)] 80,95 

[CoL5C104] 118 

(C$-Is)4N[Mo(C0)3 {R(CbH&}X3] 107 -185 

(CH3)4RlH&l 165,166 

(CZHS)~N[M(CQ~XJ] 110-157 

GVWWLBr31 125 

R4M(CdC13L] 101-12s 

WH&]X 
[ReHdLL 2] X 

93 -129 

ICsHsMoV32Ld PXIshW0)31 
PWdWOhL’l MWfdCO)sl 

85 -iOB 

IMdC0)2Wl X 154 -115 

WhYI 103 -168 

R[C!sHsMn(NO)L] 123 -112 

((C6H5)4P] [CSHSM~L~I 126 

[Ir(CO)(CS2)L31 (C&)ajB 200 

2 

9a 

Bb 

4 

1 

2 

1 

6 

2 

4 

1 

3 

8 

05 

10 

10 

07-l 8 

064 

10 

10 

0 88 -118 

09 

094 -118 

10 

? 

? 

4c 10 

3 OS-08 

3ld 01 

6’ 01 

1 01 

1 001 

M=Mo,W 

M = MO, W; L = bl- or trIdentate As, N hgands 

L = bldentate P hgand, L’ = fluoroalkyl, X = I, PF6 

L = phosphmc, L’ = bldtntate P, As hgand 

L = dlethylphenylphosplillie 

M=Cr,W 

L = complex phosphate ester 

R = P, As, Sb; X = Cl, Br 

R=P,N 

M=Mo,W,X=Cl,Br 

L = benznnidaole 

R = C2H5, C6115, M = N, As, P, L = tluourea 

L = dlphos, L’ = (C6H5)3P 

L q tert -phosphmes, L’ = dlphos 

L = o-phen , b~py, X = I, I3 

R = (CijHS)4P, (CzI~&N, (C41~1))4N, M = Fe, Co, 
Y = nwellaneous hgands, L = dlthlolenes 

R = (CgkI5)4P, (C21~5)4N,L = dttluolenes 

L = maleomtrlledlthlolene 

L = (C6H5)3P 

263 

?64 

265 

266 

261 

268 

261 

269 

270 

271 

41 

212 

213 

214 

215 

217 

278 

137 

219 

Average values ’ 95.4, b 127 0, c 92 5; d 133 I, e 145 8 ohm-’ cm2 mole-’ 
I 4 

_ - - ._ _.. -. -_ . - - - - 
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TABLE 10 

Molar conductwihes 111 acetone of 2 1 electrolytes (complex compounds). Concentration 10-3~K 

System Runge No of Comments Ref 

4 values 

[N&l (C104)2 238-298 3 

IMLsl WO4)2 183,201 2 

Rz [ML2 I 157 -188 3 

W-31 (c104)2 

R2 [ML31 

146- 167 6a 

206-288 g b, c 

287-344 3= 

323 ic 

309 ld 

L = complex phosptite esters 

L = lactam, M = Co, NI 

R = (CzHs)& (C4Hg)4N, L = 
&thlolene 

M = Mn-Zn, L = dlacetamlde 

M = TI, V, Cr, W, Mn, Re, Fe, L = 
dlthlolene, R = (C6H5)4A~, 
(CzHskN, (C4H&N 

L = dlthlolene, X = NCO, N3, CN 

L = quadrldentate N &and 

L = dlthlolene 

261 

92 

280 

259 

276 

277 

281 

282 

a Average value 15.5 0 ohm-’ cm2 mole -1 b Average value 242 0 ohm-’ cm2 mole-’ 
c 104M. dO22X 10-3M 

(v) Other data 

An tnteresting investigation IS that of Cousins and Hart 28s, who plot equivalent 
conductwlty agamst lomc radius for the lantharude ions m the complexes ML4(NO,), , 
where L IS trlphenylarsme oxide. The values Increase steadily from 45 ohm-’ cm2 _ 
mole-’ for La to 130 ohm-’ cm2 mole- ’ for Yb This 1s considered to be due to sterlc 
effects on the equlllbrlum 

[ML,W03)31 * b&(NO3)21+ + NO; 

There are several other sets of data which have not been consldered m arrlvmg at 
average values, these have normally been excluded when the data are so far outnde the 
common ranges as to mdlcate some unusual effect. Examples are the AM w&es given for 
[CsHsCrC,H,] PF, (256 ohm”. cm2 _ mole-’ at 1 13 X 10s4 il4) as6, and for 
[C5HSRe(CO)3C1] [SbC16] (242 + 5 ohm-’ cm’. mole-’ at 1.4 - 3 0 X low4 M) 287. 
Behrens and Rosenfelder 275 consider the high values for compounds [MOM b I] I 
to be due to dissoclatlon of the type 

For further data m acetone see refs. 288-291_ 

G ACETONITRILE 

Gwrd. them. Rev., 7 (1971) 81-122 
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(i) General considerations 

This solvent has been extensively used in conductivity studies, notably because of 
rts low viscosity and lugh dlelectnc constant relative to other solvents 2g2. However, the 
coordmating power of CH3 CN, and the d1ssoclative and solvolytic effects with frequently 
occur, are major disadvantages and have recently led many workers to prefer nitrome- 

thane. 
The coordinating properties of acetonitrile have been reviewed 2g3, and there is 

ample evidence for the formatIon both of solid complexes and of complexes in solution. 
A representatwe example 2g4 smce Walton’s review 1s the isolation of T1C12 (CH, CN), 
and T1Br2(CH3 CN), , these complexes are nonconducting in CHa CN. 

Recognition of the difficulties of usmg acetonrtrde has led to a proportionately 
greater number of definitive and detaded studies, particularly of concentration effects, 
than for other solvents One of the earliest 2g5 concerned some CUE salts and complexes 
with CH3 CN itself. More recent examples mclude some dltmolene complexes 2g6, hetero- 
cyclic N-oxide complexes [ML,] (ClO4)2 log, and zinc tns(2-ammoethyl)are halides ” _ 
Cotton and co-workers *‘* have mvestlgated a number of amon1c rheruum complexes, as 
have Hawkes and Ginsberg 1”) and Walton *” has Ieported a praticularly detailed study 
of some tetrahalo- and neutral Tl” complexes_ However, the best discussion is probably 
that of Beattie et al. *” who point out lfferences m results and errors in interpretation 
due to both solvent and solute problems, and review the expenmental procedure which 
may be necessary for some systems. Thns paper also describes a rigorous method of puri- 
fication for acetonitnle 

(ii) Acceptable Ahf ranges for various electrolyte types 

For non-complex compounds of the I : 1 electrolyte type, mainly tetraallcylammo- 
mu1n salts, the most widely used data are those of Harkness and Daggett *” and of 
Coetzee and Cunningham l4 Comblnatlon of these data urlth those of other workers 
261*300-303 leads to an average AhI value of - 159 ohm-’ cm’. mole-’ at - 10m3 ikf, 
though, as usual, values for tetraphenylborate salts are significantly lower 14. When the 
cornpllatlon is extended to complexes the problem 1s mediately apparent, values as 
low as 92 and as high as 199 ohm-‘. cm*. mole- 1 having been used to charactense 1 1 
electrolytes. A form of successive approximation procedure leads to an average value of 
-lltOohm-‘.cm*.mole-‘at- 10m3 ilf, and for complexes the range suggested by 
Walton *” (120-160 ohm-‘. cm*. mole-‘) 1s acceptable 

The situation for 2: 1 electrolytes 1s even more difficult, values as low as 145 and 
as Iugh as 336 ohm-‘. cm* mole- 1 having been used. Successive approximation leads to 
an average value of - 263 ohm-‘. cm* mole-‘, but the vanatlons are so wxde that a 
reahstic range is probably 220-300 ohm-’ cm*. mole-’ _ 

Very few data are available for 3 1 electrolytes If a pair of very low values 67 and 
some exceedmgly lugh ones 166 (430-472 ohm-’ _ cm*. mole-’ ) are excluded, an average 
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L~I(DMSO)~(NO~)~ ionise 323 111 DMF as 2- 1 electrolytes, presumably [LJ@MSO)~ 

@MF), NOB I cNW2, as do some ‘y-butyrolactam complexes 324. 

(iiJ Acceptable AM ranges for vanbus electrolyte types 

In most previous work, the reference values for 1: 1 electrolytes have been taken 
from the data of Sears and co-workers 325*326 for a series of tetraalkylammonmm halIdes 
and sunple salts. At 10s3 M the AM values range from 72 to 90 ohm-‘. cm2. mole-’ 
Hrlth im average AM of 83 ohm-’ cm* mole-‘. Other more recent values for non-com- 
plex salts include 88 ohm r cm* _ mole-’ for (CH3kNI at 10d3 M “, 76 ohm-‘. cm2. 

mole-’ for K[C(CN),] at lo-’ M 327, and 61 ohm-’ cm*. mole-’ for (C2HS)4NCI at 
lo-* M 57_ The range for I 1 ebctrolytes has been variously quoted (ohm-’ cm2 mole-‘> 
as 70-90 328, 60-90 32g, 70-80188, 55-75330, 55-80 46, and 85 downwards 331. An 
average value for all complexes at 10V3 M is - 78 ohm-’ cm*. moIe_’ , and on the basis 
of this complation a reasonable range is probably 65-90 ohm-‘. cm* _ mole-’ - 

TABLE 11 

Summary of the expected AM ranges for complexes of drfferent electrolyte types at 10e3 Mm the 
common orgamcsolvent.s(ohm~' cm* mole-') 

EIectroly te type 

Solvent 11 21 31 4I 

Nhomethane 75- 95 150-180 220-260 290-330 

Nrtrobenzene 20- 30 SO- 60 70- 82 go- 100 

Acetone 100-140 160-200 270? 360" 

Acetroiutrdr 120-160 220-300 340-420 500? 

Diiathylformamide 65- 90 130-170 200-240 300? 

Methanol 80-115 160-220 290-350? 4509 

Ethanol 35- 45 70- 90 120? 160? 

For 2: 1 electrolytes the following ranges (ohm-’ _ cm’. mole-’ ) have been suggested. 
110-150 46, 135-175 188,328, and 140-170 33 * _ When values less than 120 and greater 
than 180 ohm-‘. cm2. mole-’ are ignored, the present data yield an average AM at lO’3 
M of w 150 ohm-‘. cm2. mole-’ , in excellent agreement with the reference value obtained 
by Farago et al. 332, and the fmt suggested range above is undoubtedly too low. For most 
purposes, a range of 130-170 ohm-’ _ cm2 _ mole-’ is realistic, though for complexes con- 
taining the tetraphenylborate anion values of - 1 I5 ohm-‘. cm* _ mole-’ are frequently 
obtained 332. 

Rather extended ranges have been suggested for 3: 1 electrolyte& 200-260 331, 
180-240 33d, ZXL-260 lg6, 200-250 18s, and 175-220 46 ohm-‘. cm*. mole-‘, res- 
pectively. However, the data considered in this review indicate that at 10m3 M 200-240 
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ohm-‘. cm2 . mole-’ rs satisfactory, with an average value of - 222 ohm-’ _ cm*. mole-’ _ 
NevertheIess, attentton 1s drawn to the data of Burmeister et al L66 who measured I& at 
10m3 M for a range of lanthamde complexes [(n-C,Hg)4N] s [M(NCS), ] ; they report 10 
values in the range 841-440 (average 397 ohm-‘. cm2, mole-‘), but these values are so 
far from other published data that they have not been included m the overall compdation. 

There appear to be no unambiguous values for 4 1 electrolytes 46, though extrapo- 
lation suggests a value approachmg 300 ohm-’ cm2 mole-’ at 10e3 M. 

Apart from the standard texts, particularly useful methods for the punficatron of 
DMF have been grven by Sears et al. 325 and Headndge ‘. 

(iii) Complexes of selected systems 

Attention is drawn m this sectron chiefly to systems for whrch solvent interactions 
appear to be at a minimum, many such systems are complexes of mtrogeil donors For 
non-heterocyclic donors, some typrcal data are contamed m the work of Duff 334p335 on 
2-methoxyamline and benzene-l ,4-dramine, whrlst an example of simple heterocychc 
donors is the A--c’~ study of some pyrrdme complexes 32* Sutton has measured Abr val- 
ues for a wide range of (usually) bidentate heterocychc donors in DMF; typical examples 
are complexes of substituted phenanthrohnes 333, 2-throamrdopyndine 32g, and aaceta- 
nudopyndine 75 A good example of a mrxed N-O donor IS provided by the quadnden- 
tate ethylenedtamine-ba-acetylacetone. Thus hgand gives lanthamde complexes 
[LnLs]X3 (X=ClI-, N03-, SCN-) which are a valuable source of data for 3.1 electro 
lytes lg2 _ 

The other maJor source of AM data m DMF concerns oxygen donors, and particu- 
larly N-oxrdes An early and much-quoted example, whrch nevertheless contams several 
uncertamtres arising through solvent interactions, concerns complexes of pyndme-N- 
oxide 331 ; the most valuable data are for the perchlorato- and mtrato-complexes, typrcahy 
[CoL6 1 X2 _ More recent examples include the complexes of 2,2’-brpyridyl-N,N’-dioxide 
336s337, and N~drmethylethylenedramme-N-oxide 338 

FmaJJy, attention should be drawn to the careful AM-c% study of Westland and 
Pluscec 122 already mentioned for mtromethane, and to the compounds of the tricyano- 
methanrde ion [C(CN), 3 - whrch although not complexes are very relevant to this tabula- 
tion 327 

I METHANOL AND ET’biNOL 

[i) Methanol 

There have been relatively few examples of the use of methanol as a solvent for AM 
studies of complexes, data for less than 100 compounds of this type bemg avarlable. Al- 
though the conductrvrty values are comparable wrth those for nitromethane rt IS only 
rarely that soivolytrc and drssocratrve problems can be discounted 

Reference values are available for several tetraalkylammomum an8 arsomum salts 

Coord C&em Rev, 7 (1971) 81-122 
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177*262~33g-34r, and for certain prcrates 342, at 10s3 M concentratrons, an average AM 
excluding the tetraphenylborates and picrates IS 93 ohm-’ _ cm* mole-‘. For those com- 
plexes measured, successive approximatron leads to a value of 97 ohm-‘. cm*. mole-‘, 
though roughly 1 rn 3 values exceed this average by t 20%, clearly sho”wing the unreliabr- 
hty of thrs solvent for tlus purpose. A reasonable range is probably 80-l 15 ohm-‘. cm*. 
mole-’ for 1 1 electrolytes. 

A comparable procedure for 2 1 electrolytes leads to a value of - 191 ohm-’ cm* 
mole-’ , urith a rather smaller number of high devratrons than for 1 1 electrolytes, and a 
range of 160-220 ohm-’ . cm* _ mole-’ 1s suggested. 

Data for 3 1 electrolytes are scanty and rather confhcting The vaiues measured by 
Sutton 54*343 grve AM - 330 ohm-’ cm* mole-’ at 10s3 M, m reasonable agreement 
with other electrolyte types, whereas a value of 199 ohm-’ cm* _ mole-’ for [Fe(en)3] Cl? 
has been quoted 344. 

Other electrolyte types are represented by a value of 278 ohm-’ . cm2 _ mole-’ for 
a 4 1 system 344 (almost certrinly anomalously low), and of 625 ohm-’ _ cm2 mole-’ 
for [CrLa] 2(So4)3 in the latter case the hgand is 2-ammomethylpyrmine 54_ 

In view of the relative unimportance of methanol as a solvent for conductrvrty 
purposes, a detailed discussron of Ah, values is not Justified_ For nitrogen donors, atten- 
tion is drawn to the work of Sutton 54T343y346*34g, and to the data of Robinson and 
Busch 347 , these authors mclude a discussion of solvolysrs problems A recent paper is 
that by Barbucci et al 341* 

Typical papers on arsenic donors include those on complexes of drarsme 348y351, 
whrlst for sulphur donors a valuable source of conductivrty data IS the study 262 of some 
substrtuted throurea hgands. - 

(ii) Ethanol 

Conductrvrty data for complexe , m thrs solvent are even more sparse than for metha- 
nol, since, in addrtron to the solvolysrs problems noted for methanol, the AM values are 
roughly half those in methanol 

For non-complex electrolytes of the 1.1 type, the definitive paper 1s that of Evans 
and Gardam 350 _ At c = 10-j Man average AM of - 40 5 ohm-’ _ cm* mole-’ was ob- 
tamed, compared wrth - 41.5 ohm-’ _ cm*. mole ml for the (thrrteen) complexes on 
which an average was calculated A previously suggested 351 range oc 3545 ohm-r cm* 
mole-’ 1s thus reasonable. 

For 2.1 electrolytes an average value of - 77 5 ohm-’ _ cm*. mole-’ IS obtained, 
and a suggested range IS 70-90 ohm-’ cm* mole-‘. 

The three values lso for 3 1 electrolytes grve AM - 121 ohm-’ _ cm* mole-‘, 
though a value of 380 ohm-r cm* _ mole-’ has been quoted 352 - 

The bulk of the conductivity data for complexes m ethanol denve from the work 
of Sutton rseJ‘=,ass 
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J MISCELLANEOUS SOLVENTS 

(i) DirnethyZsuZp!zoxide 

The standard paper on the conductrvity of non-complex 1 _ 1 electrolytes m tins sol- 
vent is that of Sears et al 354 _ h approximate AM at 10m3 M for the solutes given is 
35 ohm-‘. cm*. mole-‘, with indrvrdual values rangmg from - 23 (potassmm octadecyl- 
sulphate) to 42 ohm-’ _ cm*. mole-’ (potassium thiocyanate) Values pubhshed 355 for 
complexes [MC12(en),fCl (M = Ru, Co) also fall into thrs range. A value of 37 8 ohm-’ 
cm*. mole-’ pubhshed 24 for E(ceH5 )4 1 P NO3 also supports thrs range, and IS 111 contrast 
to the value of 73 2 ohm-’ cm* mole- r for the correspondmg hydrogen dmrtrate salt 
[N020HON02] -. It may also be noted that Greenwood et al. have suggested SO-70 
ohm-‘. cm*. mole-’ as the range for 1.1 electrolytes m DMSO 356 _ 

Dara over a concentratron range have been published by Allen et al 3s7, including 
the mtrogen complex [ Ru(NH3),N2] I*, but the concentratron range used (1 0m4 -1 O-’ 
M) makes drrect comparison with the values at 10m3 M drfficult 

It should also be noted that another complex formulated as contaming molecular 
nitrogen, [Ru(en),(H20)N2] [B(CeHs )~]a, has been lnvestlgated In DMSO 358 The &f 
value of 35 ohm-’ cm* _ mole-r is exactly the value for standard 1 _ 1 electrolytes, but 
could be explained by the low ionic mob&y of tetraphenylborate noted earher 

The only data for complexes of the 3-l electrolyte type m DMSO concern the com- 
plexes of DMSO Itself, [Ln@MSO),JN03)3], (n = 3,4; Ln = La, Ce, Pr, Nd, Sm, Gd, Y, 

Ho, Yb) 323. The average Ahr of 109 ohm-’ cm* mole-’ seems reasonable m relatron 
to the 1 1 complex electrolytes, and the authors quote previous work 35g m support of 
this value. 

(ii) Nitroethane 

Data for thrs solvent have been pubhshed almost exclusrvely by various groups of 
Itahan workers (see, for example, refs 164, 174,360-362) Data for non-complex 1 1 
reference electrolytes 174J361~363~364 suggest a value of 70 ohm-’ cm*. mole-‘, though 
the average value for those complexes which have been measured (e-g refs 164,361) 
suggest a value of 80 ohm-‘. cm*. mole-’ , a range of 65-95 ohm-‘. cm*. mole-’ 
seems reasonable. There IS a partrcularly valuable example 360 of the reductron m AM 
values wrth the tetraphenylborate anion, m tlus case to - 50 ohm-’ _ cm*. mole-’ _ 

Complexes of the 2-l electrolyte type have not been wrdely studred, but the most 
reliable values appear to be 147 ohm-’ _ cm* _ mole-’ for [(C, H5)4N] z [Co(CNS), ] 164, 
and 125 ohm-’ . cm* _ mole- r for [(n-C4Hg)4N] 2 [NrBr4] 362 The dncussron of the use . 
of the Van’t Hoff coefficient for drstingulshmg electrolyte types is also of importance Is4 
For other data m mtroethane see ref. 365. 

(iii) 1,24ichZoroethane 

Thrs solvent has been used occasronally for hk determinations on complexes, but 
the low values obtained relative to other solvents do not commend its use. The most re- 
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liable reference value 363*366, for [(n-C,Hs)aN] Br, is 19.0 ohm-’ . cm’. mole-‘, and is 
supported by the values obtamed 360Y363 for 41 complexes in the range lo-24 ohm-‘. 

cm*. mole-’ (average 18.2 ohm-’ cm* mole-’ ). SuniIar vaiues have been published 
more recently 83 for some complexes of multrdentate N donors, but higher values were 
obtained for some acetylacetonates 367 and some Ptn-phosphine complexes 368_ 

The use of the related solvent drchloromethane has been criticrsed by Rosenthal 
and Drago 5s, though there 1s at least one example 36g of an apparently successful use in 
thrs solvent. 

(13) Dimethylacetamide 

This solvent has been used by Madan and co-workers 3701371 for investigatron of 
complexes of the solvent rtsel f; they suggest the followmg ranges for the various electro- 
lyte types (ohm-’ cm* _ mole-’ ),1.1,85downwards,2.1, 130-180;3-1,200-250. 
The value for 2 1 electrolytes is supported 372 by nine values for complexes also of DMA 
itself, [In(DMA)4(Re04)3], rormulated as [I_n(DMA)4(Re04)] (Re04)* 111 solution. 

(v) N-methylpymolidone 

The use of this solvent has been suggested recently, and some conductrvrty data 
presented by Nyholm and co-workers 373 

K TOXICITY OF SOLVENTS 

Attentron should be drawn to possrble harmful effects of the solvents considered 
in this Review, partrcularly thrcugh respiratory or skin absorption. Although this need 
not be an over-riding consideration rt may nevertheless affect the convemence of expe- 
rimental determinations, particularly for the more toxic reagents. A widely used source 
of mformation 1s the Laboratory Handbook of TOXIC Reagents (The Royal Institute of 
Chemistry, C.H. Gray (Ed.)), whrch hsts the followmg threshold limrt values (p.p.m.): 
rutrobenzene, 1; dimethylformamrde, 20; acetonotrde, 40, drchloroethane, 50, nitro- 
ethane, 100; dichloromethane, 500. A srmilar compilation published in chart form by 
B.D.H. Ltd, hsts a value of 1000 p.p m. for acetone. Values do not appear to be readrly 
avarlable for mtromethane or drmethylsulphoxrde; it 1s hkeIy that the value for the former 
would be at least as great as for nitroethane (i e. 2 100 p p m ), but for drmethylsulpho- 
xrde it could well be !ess than this value. 

it is clear from these toxicity values that usage of nitrobenzene should be strictly 
hrmted, and they may also be consrdered to oppose the use of dimethylformamrde and 
acetomtrrle. 
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