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A. INTRODUCTION 

While it is hardly possible to find a chemistry research Iaboratory today 
which is not equipped with sophisticated equipment for the determination of infra- 
red absorption spectra, it still is true that only a small miuority of laboratories 
have Raman spectrometers. The importance of a vibrational spectrum to the co- 
ordination chemist interested in structural work need not be stressed, but it remains 
a fact that most chemists have to content themselves with only a partial picture of 
the vibrational characteristics of the complexes in which they are interested. The 
reasons for the relatively siow development of commercially viable Raman spectro- 
meters have principally been involved with the development of special light sources, 
and only very recently has a commercial iustrument comparable in price with 
medium quality infrared spectrometers become available. However, interest in 
Raman spectra appears to be growing rapidly at the present time, and this seems 
an appropriate point at which to survey the work already in the literature of 
coordination chemistry_ In view of the relative unfamiliarity of the Raman effect 
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and the means for its exploitation, it will be profitable to outline these briefly 
here, before discussing specific chemical systems. i- <r 

In passing through a clear transparent liquid, a beam of visible light is 
scattered by the molecules of the liquid to an extent of about low3 per cent. If 
monochromatic incident light is used, it is found that the bulk of the light scattered 
is of the same frequency, and that its intensity is proportional to the fourth power 
of its frequency. This is Rayleigh scattering_ However, about a thousand times 
weaker than the Rayleigh scattered line, additional lines occur with changed fre- 
quencies, characteristic of the scattering molecules. This extremely weak light 
scattering with frequency change, which can be observed with solids and gases as 
well as with liquids, and is not dependent on a particular incident right frequency, 
is known as Raman’ scattering. The frequency shifts observed in Raman spectra 
are due to rotational and vibrational transitions occurring in the scattering mole- 
cules. 

As early as 1939, sufficient data had accumulated to justify the writing of a 
large book on “The Raman Effect and its Chemical Applications”2, by Hibben. 
However, the technical difficulties associated with Raman spectroscopy, coupled 
with its demand for a large sample size (several cc. of liquid have usually been 
required), have retarded its extensive exploitation until recent years. With modern 
laser sources of excitation, it is now possible to deal with liquid samples in the 
microlitre range, and this, together with the availability of several commercial 
Raman spectrometers*, has caused a surge of interest in the technique. The prin- 
cipal advantages of this method over conventional infrared absorption spectro- 
scopy as a means of studying molecular vibrations in coordination complexes are 
found in the ready accessibility of frequencies as low as 50 cm-l, the line polarisa- 
tion characteristics, and the near-ideal&y of water as a solvent. Availability of low 
frequencies allows the study of skeletal modes of vibration. Raman line polarisa- 
tion data enable assignments to particular normal modes of vibration to be made 
with much greater certainty than is possible for infrared absorptions. Water is 
certainly the most common soIvent for coordination compounds. 

It is the principal aim of this review to discuss applications of Raman 
Spectroscopy in the general area of coordination chemistry during the past few 
years. The bulk of this work has been concerned with molecular structure deter- 
minations, but many studies of complex solution equilibria, involving determina- 
tion of association constants and other thermodynamic parameters, also have been 
made. Basic information on the nature of chemical bonding has been derived from 
both Raman frequency and intensity data, and some results are available on solvent 
effects and kinetics of very fast reactions. Probably the main restriction to the 

* Available in Europe and the Americas are the Cary Model 81, with Hg arc or He-Ne laser 
sources; the Hilger and Watts E612, with Hg arc source; and most recently the Perkin-Elmer 
LR-1 with HB-Ne laser source. 
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widespread use of Raman spectra in studies of coordination complexes has been 
the unsuitability of conventional mercury arc excitation sources for coioured 
compounds. It is essential that the exciting frequency is well-removed from any 
absorption band of the molecule under investigation. However, the introduction 
of the red He/Ne laser source has relieved some of these problems, and several 
workers have devefoped more versatile sources, producing a selection of mono- 
chromatic exciting radiations covering most of the visible and near ultra-violet 
regions of the spectrum3. Some of these developments in technique wilI be discussed 
further, particularly where they are important to applications involving coordina- 
tion complexes. 

For detailed treatments of the theory and practice of Raman spectroscopy, 
and for a more widely based survey of chemical systems studied by the method, 
the reader is referred to the st;-era1 books4 and general review articIes already in 
the literature’. In order to avoid substantial repetition of information already 
contained in these published surveys, this review is concentrated on those papers 
dealing with coordination chemistry which have been published in the 1960s. 

B. DONOR-ACCEPTOR COMPLEXES 

AI1 coordination compounds may be classified as donor-acceptor complexes. 
However attention is concentrated in this first section upon combinations of typical 
donors such as NH,, PCI,, H,O, POX3, etc., with typical acceptors such as the 
hydrides, halides, and alkyls of the elements B, Al, and Sn. Complexes invoIving 
groups of Iigand atoms or mofecules al1 coordinating into a common metal atom 
centre will be dealt with in the subsequent sections. 

There has been a considerable volume of spectroscopic work published on 
donor-acceptor compIexes, but most of it has been involved with UV, visible, and 
infrared absorption6. Compared with infrared spectra, the Raman spectra of the 
usual solvents commonly present more “window” regions for the study of dis- 
solved complex frequencies. RineII and co-workers’ have made use of this fact in 
determining the relative donor strengths of the POCI, and (CH&PO molecules. 
Addition of SbC15 to a mixture of these two phosp~ne~~d~, dissolved in 1,2- 
dictitoroethane, resulted in preferential formation of the complex (CH&PO - SbCls, 
as shown by drastic changes in the (CH&PO spectrum, while the POCI, spectrum 
remained unperturbed. SimiIar work by Dembitskii and co-workers* has produced 
evidence for complexes between stannic chloride, SnC14, and a large number of 
carbonyl donors: the methyl and ethy1 esters of formic, acetic, and benzoic acids; 
methyl propionate, ethyt propionate, CHJJICOOCH,, CHZClCOOC2H,, 
CClsCOOCzHs, and methyl butanoate. With thisclatter donor, comptex formation 
caused the 1735 cm.-’ Raman band to broaden and shift to lower frequency, 
while the intensity of the lG30 cm-l >C = 0 band was seen to increase with 
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addition of SnCI, up to 334% by volume. The band intensities have been us&i 
to determine complex formation eq~b~um constants in this case. 

T&is use of Raman intensities for the dete~a~on of complex- fixation 
constants depends upon the intensity of a Raman line being directly proportional 
to the molar concentration of the molecular species responsible for the Raman 
scattering’. hlichel and Duyckaerts ‘* have used this in determining dissociation 
constants from the carbonyl bond stretching band intensities of ethyl benzoate 
and acetophenone complexed with antimony trichloride. For the system 
C~HsCOOC,Hs +SbCla the Kvalue for the 1: 1 complex is 1.26 4: 0.18 mole 1-l. 
CBHSCOCH, +SbC13 gave the K values (4.1 + 0.8) x 10B2 mole’ lT2 for the 
system in Ccl, solution, and 0.3, f 0.06 mole 1-l in &ethyl ether. These authors 
established, through Job” plots of their carbonyl band intensities, the following 
stoichiometries of complexes between ethyl acetate and As and Sb trichlorides: 
AsCI, - CH,COOC,H,, 3AsCI, - CH3COOC2H5, and SbC& * CH,COOC,Hs. 
Also, judging the Raman intensity of a ,\c = 0 group to be enhanced by co- 
ordination to an acceptor molecule, they found the following relative acceptor 
strengths: PC& c AsCI, < SbCl, -the reverse of the order expected from electro- 
negativity considerations alone. The C,HSCOOCPH5 + SnCl, system has further 
been studied by Leclere and Duyckaerts’2. Here they found a 2: 1 (donor-acceptor) 
stoi~~omet~ for the Lewis acid-base complex, from using Job’s con~nuous 
variation method with the > C = 0 Raman band intensities. The dissociation con- 
stant of this complex was found to be 0.12 &- 0.02 mole” l-‘, though the authors 

recognised some diiculty in its determination due to the infiuence of internal 
field effects on the Raman intensities, and made some refractive index corrections 
for this. 

The stereochemistry of 1: 1 and 1: 2 adducts of SnCI, with a large variety 
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of donor moIecules has been the subject of several thorough Raman spectroscopic 
i~ves~gat~o~. Brune and ZeilX3 have reported the solution Raman spectra of 
SnC& adducts with water, a number of alcohols, ethers, nitriles, and with POCI,, 
which they were able to analyse in terms of complex molecuks containing 5- and 
~aor~~ate tin atoms. Of the four possible st~ctur~ for 1: 1 adducts shown in 
Fig. 1, only the one having C 2v Sykes fits the vibrational anafysis made by 
Brune and Zeil. Si~~arIy, they have i~te~ret~ the Raman spectra of the (EM&. 
2 Donor molecules) complexes on the basis of a trnzs-I?,,-model. The kigldy 

polarised Raman lines assigned to fundamental modes iuvolving primarily the 
%-donor bonds are summarised in Table 1 for both types of adduct. These may 
be taken as a measure of the relative stren s of the coordinate bonds in these 
complexes, though this procedure is a dubious one, due to the unknown extent to 
which other ~bration~ modes of the ~0~~~~ may be coupled in with the 
f~d~mental Sn-douor vibrations. The r~~~~-R~~-~si~rn~nt has been disputed by 
Beattie and co-workers’4 in the case of the SnCi, l ZCH,CNand SnCI, * IZC!,H,CN 
adducts. They have taken the combined evidence of Raman and infrared spectra 
as indicating cis-C,+tructures for these adducts, and for the SnCI, - 2(CH,),CO 
adduct. Beattie and Rule’ ’ also have used Raman spectra to characterise as irons- 
adducts the compounds of SnCI, with two moIecules of (CE&),@, (CH&S, 

KL&M, and NC&L 
The donor properties of POCIJ have been shown in the earlier work quoted 

to be unexceptional. However, a ~nsiderab~e amount of spectroscopic work has 
been done with this donor. Wartenberg and Goubeau16 have prepared a variety 
of POC& and POBr, adducts of group ITI acceptor molecules: Cl,B - OK&, 
CI,B l OPBr,, Br3B * OPCl,, Br,B * 0FBr3, Cl& l 2OPC13, Cl& * OPCl,, 
Br,Al 0 OPCi,, C&U * OPBr,, Br,Al l OPBr,, Cl&a l OPC&, Cl,In - OPCI,, 
Cl,Tl - 20PC13. Raman and i&ared spectra of f&se complex~ have been as- 

signed, and strong negative P-O frequency shifts interpreted as showing that in 
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ail cases the addition occurs through the oxygen atom of the phosphors-oxy- 
halides. Greatly simplified calculations on a P-O-B model gave force constaz$s for 
the C&B - OPC& molecule of the order of fBo = 2.0 and fpo = 8.0 mdyn 
~spon~~g to bond orders of 0.4 for BO and 1.7 for PO. These are evide 
very npprox~mate vaiues, 

The results obtained with POCI, as a donor may i~teres~ngly be compared 
with those of SOC&, which similarly could fu as an oxygen-donor ar as a 
sulfur-donor, and is also a useful non-aqueo~ in ie so lveot. Long and Bailey” ’ 
have studied the Raman spectra of solutions of in SOCl,, in the bonanza- 
tioa rang&. X X to 0.73 rno~e~C~~ per mole of SOCf,. The 1.: 1 complex SOC& * AICI, 
was isoIated and characterised as structure I below, by analogy with structure II, 

0 WlCl, 
CI,S ==o/ Me+: 

F; 

I Xi 
which was ewiier ~tab~~h~d by upped and S~~~~s. In SOClz * AICI, the rtniy 
Raman line observed in the S-O stretching region was at 1108 cm-l, which is 
121 cm- ’ Iower tbaa in pure SOC&, whiie in MezSO * BFJ the S-O s 
fr~uen~ was cowers by 129 cm - 1 from the Me2S0 value. Surp~siogly, a second 
19 complex of formula SGCl, - 2AlCis was aIso ident~~ through the Raman 
spectra of the solutions. In this, this SOCip frequency was lowered only 101 cm-l 
from the SOCX, value, excluding the possibility of two AI atoms being attached 
to the one 0 atom in SOC&. The second AK& molecule is evidently only loosely 
attached to the stabie SOCl, l AK& adduct. 

The baa-known and perhaps the most ~orough~y investigated donor-ac- 
ceptor complexes are those involving the coordinate link >B t NC. A wide 
range of such complexes have been inv~tigat~ by Raman and infrared spectro- 
scopic methods by Sawodny and Goubeau ” Xormal coordinate analyses were . 
made, and force constant dete~ned, using the W&on Fsi Matrix methods’, 
for the molecules X,Z f- NR3, with Z = B, AI; X = H, CHs, F, CI, Br: R = H, 
CH,, The polarised Raman lines which have been assigned as fn~damen~l Z-N 

BHa-NHS BHs-ND, BHrNMea BDrNHs BIT&-ND, BDpN M% 

l$-&-N), cm-1 776 7.54 668 737 708 651 
fzN. ~d~~~ 2.95 2.29 

BM+NrrJ BMq+Ds BM+-NMe, BFrNH, SF%-ND, BFrNM% 
v(z-N), cffl’ Tzi- 687 681 738 710 6995 
firJI tndm@ 254 3.16 3.11 3.35 

B~~-N~~ ~B~~NM~ ~H~~N~~ AK&-NM& ~~l~-NH~ 

P[z-N), cm-z 745 727 525 565 579 
%pqt mdyn/~ 3.a7 3.08 232 2.25 1.91 
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stretching modes are summarised in Table 2, together with the derived Z-N bond 
force constants. It is seen that the frequency which mainly represents the B-N 
vibration occurs in the region 650 to 780 cm-‘, and ‘the corresponding AI-N 
frequency is about 550 cm- ‘. Force constants determined from the frequencies 
reported are in the range 2.3 to 3.4 mdyn/A for the B-N bonds, and between 1.9 
and 2.3 mdyn/A for the Al-N bond. Sawodny and Goubeau estimate that these 
values correspond to bond orders in the region 0.59 to 0.86 in both cases. This 
work evidently supercedes the earlier analysis of the BF, - NH3 spectrum by Gou- 
beau and Mitschelen”‘, wherein the 738 cm-’ line, given as 735 cm-’ in this earlier 
work, was assigned to the symmetric BF3 stretching mode. The later analysis gives 
this mode a frequency of 982 cm-‘. It is of interest that this is almost 100 cm-’ 
higher than the corresponding mode in the non-complexed BF3 molecule, since it 
is fairly well established that the B-F bonds in this latter molecule have a significant 
degree of z-character. Goubeau and Bues 22 have determined the B-F bond force 
constant in BF, as 6.86 mdyn/A, compared with the value of 5.28 mdyn/A for the 
simple o-bonds in the BF,- ion. A similar Raman and infrared study of the 
BFJ - NH3 and BF3 - ND3 molecules has been made by Babushkin and co- 
workers23, from which they conclude that the B-N bond is strong and predomin- 
ately covalent in nature. The magnitudes of the B-N bond force constants listed in 
Table 2 are usefully compared with the value of 7.50 mdyn/A determined by Becher 
and Goubeau24 from the Raman spectra of the borazines Me,BNH,, Me,RNHMe, 
and Me,BNMe,, all of which evidently contain a B =N double bond. The B-N 
mode in these molecules occurs in the 1447 to 1530 cm-’ region. 

The normal coordinate calculations made on BF, - NH, by Taylor2’ have 
shown very clearly the dangers inherent in making deductions about bond strengths 
from the frequencies of vibrational lines assigned rather arbitrarily to particular 
bonds in this type of molecule. The B - F and B -N stretching motions are strongly 
mixed here, giving two modes better described as in- and out-of-phase symmetric 
NBFs stretchings. Amster and Taylor26 have reported infrared and Raman spectra 
of the 1: I complexes of N(CH,), with BF,, BCI,, and BBr,, including some* ‘B 
isotopically enriched samples, and made full vibrational assignments of their ob- 
served frequencies on the basis of isotopic shifts and frequency trends within the 
series. However, in the absence of normal coordinate analyses they made no con- 
clusions about the nature of the B-N ,dative bonds in these complexes. The 
modes most closeIy resembling B-N vibrations gave lines at 692 and 689 cm-’ 
in the BF3 and BBr, complexes, respectively, (~$695 and 727 cm-’ from Table 2) 
but the corresponding frequency from the BC13 coinpIex occurs at 746 cm-‘. This 
is very close to the uncoupled B-N frequency obtained by Taylor and C~.IE~~ 
from a study of several isotopic varieties of BHs - NH3. 

Related Raman spectral studies by Taylor2* of the simple BH,CO and 
BD3C0 compounds have been accompanied by normal coordinate calculations, 
allowing complete assignments of all the fundamental modes and calculation of 
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some molecuhsr force constents. These compounds were stud@ as liqmQs at 
-SO”, and yielded bond force constants of 17.99 md~n/~.~for the C-42 bond 
(c$ free CO, 18.53 mdyn/A), and 2.775 mdyn/A for the B-C bond. 

Compared with infrared studies, ~ela~vel~ few corn~~~x arn~~ have been 
investigated by Raman spectroscopy. However, Raman spectra have proved par- 
ticularly valuable in making band assignments in the low frequency region, as is 
iilustrated by the work of Mathieu, et aZ.2g, The h~arn~n~ of Rh3+, Co3+; 
Cr3 * Zn2 +, Cd2 f and Ni2 + were studied by these authors, who used a modified 
Ure&-BradIey force field to calculate the frequencies of the vibrational f~ndame~- 
tats as an aid to rn~g their normal mode assignments. Their spectra and assign- 
ments for the rhodi~ compla fIU@&),]CI, are given in Table 3, where they 

TABLE 3 

VIBRATIONAL SpECraA OF [Rh(N&)&l, 

are compared with rest&s of a sitniIar study by CS5th30_ The infrared frequencies 
were obtained from mulled solids, wbiIe the IRaman spectra were obtained from 
aqiJeous soh&ions. The assignments are made on the basis of regular d edraf. 
g~omet~, and follow the ~nven~ona1 0, point group pattern. Griffith’s assigu- 
ments were made with the aid of deuterium isotope shifts obtained from the 
[~~~~)~]~i~ moIecuIe. Co~~~on~g vahres for the f~quenci~ of the skeletal 
totahy symmetric MN6 stretching modes are given as 370 cm-” for ~i~3)~]~~~ 
and 418 cm” and 340 cm- 1 for the 2%” and Cd” complexes, respectively. How- 
ever, there is some doubt whether these latter values are meaningful, since hexam- 
mines of 2% and Cd probably dissociate in aqueous solution. A,marked influenc@ 
on the ‘spectra was observed by changing lbe nature of the ation in the series of 



bexa ‘ne complexes studied by ~at~e~~ et ~2.~~. In particular, the N-E-I 
s~etc~~g frequencies were lowered by the following anions in de order PFs’, 
BFg”, SiFe”-, CIOa-, F-, Cl-, Br”, I-. The ma~tude of the &act 
parallel the order of anion poi~ab~~ti~. 

In addition to the ruthenium bexammine, GrifEth3* obtained Raman spectra 
of the normal and fully deuterated hexammines of iridium and ruthenium. In ati 
cases his intensity ratios for the three Raman active MN6 skeletal fundamentals 
were vi : v2: vs N l&4: 2, and Iris observed isotope shifts were all very close to the 
value v&n = 0.922. The intensity paces is normal for XY, molecules of 0, 
s~rne~, and the no~/~otop~c frequency ratios appro~ma~e closely the value 
(17/~~)~ pr~cted from a treatment based on NH3 and ND3 point masses. These 
facts ~~~~0~ the assignments made, which er include the bands listed ia 
Table 4. 

-iYULE 4 

SKELETAX ~~Q~~~* OF M~H~~*~ AND ~~~~~** CATIONS, M = Ru, Ir, Rii 

GQ %( a&“~ %Sl,) e&J 
R, pof. R, of. IR IR R, de@. 

KU~~~~a+ so0 475 463 283,263 248 
RU@lD),“* 466 430 417 - 228 
~~~~8a+ 527 500 47s 279, 264 262 
i~D~*¶* 498 471 440 255,235 245 
~~~~~~~ 514 483 472 302,287 240 
~~~a)8 ac 489 455 433 278,256 220 

* fr~quenci~ in cm-l, pol. = pohr&ed, depal. = depolariwd. 

The av~ab~~ of red He-Ne laser ~cj~~on has recently enabled Haas 
1 to determine the most intense bo~d~st~t~~n~ fundamental frequencies 

e coloured ~exa~ne ~~~~)~~~. An aqueous 
n bands at 4750 and 3390 A, 
from these abso~tion bands. 

assigned as the Ar, and Es 
those of the rho hexam- 

569 and 545 cm- ried by 
is an upward trend in both 
qualitatively correlate this 

trend with a corresponding incr e in plij, values for these complex ions. 
A Raman study32 of the mixed complexes [Pt(CH3)3(NH3)3]C1 and 

Pt-N stretching ~b~tions at 390 cm-’ and 
rs conclude that the Pt - N bonds eviden~y are 

ethyl groups, though they make no calcula- 
- N v~bra~o~al coupling_ The Pt - C stretch 

Isolde ~rnpi~x~ have n sagged by 

~~~~~~. C%T~S. Rev., 2 (1967) 31!&-347 
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Mathieu and co-workers33. They have assi ed a line at 528 cm-e to the Pt - NJ& 
mode in @‘t(NZI,),Ci,] ‘+, and comp~e this with the value of 524cm-” found 
for the simple tetramine ~t~H~)~~ 2c. A fuII normaf doorplate analysis of the 
mixed complex was ~rfo~ed to assist tbe ~ssi~ment of modes. 

EthyIenediamine complexes of a large number of metal ions have been sub- 
jected to infrared vibrational analyses, but very few analogous investigations of 
F&man spectra have been made. Krishnan and Piane34 have found that the spectra 
of t&complexes of ethyIenedia~ne (k) with Zn” and Cd”, can be analysed 
sa~fa~o~ly in terms of the exp~t~ he~coordinate metal, bidentate cheIa~ng 

d, & symmetry model. Their results with Hg” are less certain, the @is- 
complex readily dissociating in aqueous solution to the his-complex in this case. 
E?or the b&-complexes ~Zn(e~)~12~= [Cd(e&]* +, [Hg(en),]‘*, me~I-~itro~en 
s~et~~n~ frequencies were deter~n~ as 450, 435 and 450 cm-’ res~~~vely. 
These may be compared with the co~~ponding vatues for the rn~ta~-~i~oge~ 
frequencies of the tetr~mmine ~rnp~ex~ of Zn*+, Cd2*, and Hgzt : 427, 350, 
and 410 cm-‘, respectiveIy3’. The i~~re~ed chelate frequencies in each case are 
att~b~ted to stronger metaI-nitrogen birding with H~NC~~CH~N~~ than with 
simpIe NH3 hgands. A much earlier Raman study of en complexes with the metals, 
Zn, Pt, Rh, Ir, and Ni, was made by Mathieu 36, but there evidentIy is some dis- 
agreement between this and the later workj5. 

D. AQUO- AND HYDROXO-CO 

Aqueous solutions are not~~o~Iy tuft to study by infrared abso~~ou 
spec~~scopy_ The extremely stroke abso~tio~ by the soIvent water leaves only 
very few ‘“window” regions for the study of solute vibratio~a1 modes. However, 
Iiquid water is a weak Raman scatterer. Only the broad band in the 3500 cm”” 
O-H stretching region is s~~cie~t~y strong to seriously obscure solute bands. 
Since: most molecules have most of their moI~cuIar vibrations at lower frequencies 
than this, water is an ex~~me?y good solvent for Raman s~troscopy. 

Complexes of water itseif with simple solute ions have been subjected to 
study by several workers. Several of these investigations have been concerned 
primarily with the structure of liquid water itself, and with the modifications 
resulting from the presence of dissolved electrotytes3744. These wiIf not be dis- 
cussed here. 

As early as 1950, Mat~eu45 was abfe to characterize zinc-water vibra~ona~ 
modes through the appearance of a man band in the 370-390 cm-l 
the specie both from crystals ~ont~~~~ the [zn(H,o),]‘+ cation, 
aqueo~ soIutions of zinc salts. A simifar Oz-OH, band was found in the region 

5 cm-l. Lafont4”, and da Silveira and co-workers47, r ~h~a~te~sed 
Mg-OHa and Al- OHz ~b~~ou~ modes in Mg2* and A13+ ion hydrates. 
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From both I&O and D,O solution spectra, the latter authors were able to assign 
Raman bands at 350 cm-’ and 525 cm”” to the totally symmetric ~b~~onal 
modes of the hexaquo M$ + and Al” f ions, respectiveIy. Other bands at 3Qand 
240 cm-” for Mg@120)62f, and at 450 and 340 cm” for AI(H20)63+, .were 
assigned to doubly and triply degenerate vibrations. Lafont and Vinh4’ have 
given the Mg(H,O), symmetric stretch as 380 cm-‘. The ea. 390 cm-’ Zn-OH, 
band was also recognised by Irish, ef OZ. 4g One of the more extensive investigations . 
of totally symmetric vibrational modes of cation hydration spheres was made by 
Hester and Planeso. Some of their results are summarized in Table 5. All lines 

TABLE 5 

RAUAN L.INW CHARACTERIZKNG METAL-XVATER VIBRATXONAL MODES IN HYDRAlED CATIONSSO 

.Sdt Ramm line. cm-’ 

~~WW, 440 
zn(Nw* 390 
H&NO& 380 
H&‘Q)s 370 

InWcMa 410 and 4fTO overlapping bands 
CUSO 440 
MkW% 360 
ZnSO, 400 

Ga~(SO& 475, shoulder on SO,*- line 
MSWs 350-550 
TI$O, 470 
Cu(C1O&)p 440 
HS(C103, 380 
In(CIOJ, m. 420, shoulder on ClO.- line 
MS(C103s 360 

listed were found to be highly pofarized, and were obtained from aqueous solutions 
of the salts listed. Spiro 51 has found an aqua-T13 i band at around 445-455 cm- ‘, 
which is eliminated by addition of two chIoride ions to T13+ in aqueous solution. 
The 13e@I,0),2 f vibrations have been studied by Grigor’ev and co-workerss2, 
who have gone as far as determining the Bu-0 bond force constant to be 3.04 
mdyn/A in this complex. 

The Raman spectra of methyl mercuric salts in aqueous solution commonly 
show lines due to the aqua-complex CHsHg--OH2’. This species has been studied 
by Goggin and Woodwards3, who found the Hg-0 stretching frequency to be 
463 cm-‘. This is 48 cm” lower than the corresponding mode in the hydroxo- 
complex CH,Hg-OH, also studied by Goggin and Woodwards4_ The frequencies 
of these lines may be used as an indication of the Hg-0 bond strengths, but their 
intensities are also significant. A similar study of the aqueous solutions of dimethyl 
thallic hydroxide has failed to detect any TLO Raman lines4, though the perturba- 
tion of the (CH3)2TI+ ion spectrum shows evidence of at least intimate ion-pair 
formation with OH’. Woodward and co-workerss5 estabhshed much earher that 
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very low or zero intensity is associated with ion-pair bonds, as found in the 
Tl+OH- species, so that it can be assumed that all complexes discussed here as 
having been characterised by their Raman spectra are essentially covalent in nature. 

Clegg and Halls6 have shown that the aquated (CH3)$tf cation in aqueous 
solution does give a new polarized Raman line, at about 357 cm-‘, assignable to 
the P&OH, stretching vibration. Evidently this hydration, like that discussed 
previously for CH3Hgf and simple metal ions, involves more than mere eleciro- 
static ion-dipole forces. 

Organo-metallic hydroxo-complexes similar to those discussed above have 
been investigated by Raman spectroscopic and e.m.f. methods by Tobias and 
co-workers5’. These authors have studied the stoichiometry, geometry, bond 
strengths, and acid dissociation constants of the (CH,),M’+(aq) ions, with M = 
Ge’” Sn’“, and Pb Iv They have shown the (CH,),Sn(aq) ion to possess a linear . 
C-MLC skeleton when fully hydrated in aqueous solution, and assume four water 
molecules to be coordinated in the inner spheres of each of these ions. By way of 
contrast, the (CH,),Ge(OH), molecule has been shown to be tetrahedral in 
aqueous solution. In strongly alkaline solutions, the (CH,),Sn(OH),2- tetrahy- 
droxyianion was formed and found to have a tin-oxygen stretching frequency at 
555 cm-‘. This is virtually identical with the Sn(OI&2- totally symmetric stretch- 
ing mode, which occurs at 556 cm-l in aqueous solutions. 

Simpler hydroxo-complexes which have been characterised by Raman meas- 
urements are the aluminate, AI(OH and zincate, Zn(OH),‘-, ions. Lippincott 
and co-workers” found Raman lines from strongly alkaline zinc-containing 
solutions which they assigned as v,(A,) at 470 cm-‘, vj(T2) at 420 cm-‘, 
and v2(E) coincident with v&T2) at 300 cm-r, for a tetrahedral (T’ symmetry) 

Zn(OH),“- ion. They performed a normal coordinate analysis, using a simple 
valence force field, with these frequencies. They determined fin-o as 2.21 mdyn/A. 
The Al(OH),- ion was similarly assigned to the 7” point group, with frequencies 

v1 = 615 cm-‘, V~ = 720 cm-l, and v2 and vq = 310 cm-‘. 3.79 mdyn/A was 
the corresponding f,,r -o determined. Fordyce and Baum5g, whilst pointing out 
that Lippincott’s spectra were also consistent with Ddh symmetry, square planar 
structures, confirmed the tetrahedral nature of Zn(OH)42- and redetermined its 
frequencies as vi@,) = 484 cm-l, v,(E) = 285 cm-‘, v1(T2) = 430 cm-‘, and 
vq(T2) = 322 cm-‘. These authors also claimed to show that the Zn(OH),2- ion 
was the predominant species in their solutions, which covered OH/ZnO mcile 
ratios from 8 to 16. However, further work on the related aluminate ion by Car- 
reira and co-workers6’ has produced res’ttlts which the authors interpret as favour- 
ing the existence of a linear AIO, - ion in solutions above pH 12.5. They observed 
only a single, highly polarized, line at 628 cm-’ from these solutions. The derived 
Al-0 stretching force constant is 3.95 mdyn/& At lower pH their spectra became 
more complicated, showing lines at 830 cm-‘, 625 cm-‘, and 540 cm-‘. These 

were interpreted as eliminating the possibility of a tetrahedral AI(OH)4- ion, and 
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indi~at~g either a square planar (B,J ion, or a polymers s~ct~e in waft the 
Al is octahe y c~or~t~. 

Aqueous s~i~tions of the OH-/GeO, system have been ~~v~s~~a~~d by 
Wa~afe~61. From a study of the changing iuteusities of just three 
at 529,667, aud 765 cm-“, as the solution ~ornposi~o~ was 
proposed t~ee~ste~c~ in aqueous KOH solutions of GeOz of the 
and Ce,O,* -. More complicated sy$ems s have n stu&ed by Av~~o~~~, 
who used a ~ornpa~so~ of crystal and sol&ion spectra to ~tab~h the pledge 
of the d~de~at~ngstate ion, Wx,04, ’ *-, in aqueous solutions of sodium para- 
cu Late, ~a~*W~~O~~ - 28H,O. Similar studies of K~~~b~~~~~ * Z7H20 and 
K8TaBOlIP - 16Hz063, and of the octahedral cage complex ionti4, ~i~(~~~~6~, 
have been made. 

man spectroscopy has been used to study a large number of halogeno- 
complexes of metal ions, many of them in aqueous soiutio 
w~ch have been obtained are summed ia Table 6. A si 
listing has bee Iri~h~~. Spectra reported in the Table have mostly been 
ubt~u~d from olutions of the ~omplex~, though non-aqueous so&z- 
tion, solid state and molten salt spectra also are i~~l~d~. 

Most of the t~trahaioge~o~ompIexes have been have !& symmet~, 
though a few are recorded in the Table with B4, s This latter square 

n has been found for the ir&e nioa rc&-, with 
encies v&&J = 288, Y~(~~~~ = = 261 cm-& as 

well as for the PEC~,~“, AuCI,~-, and A&3r4*- complies”. Co~~~~e~y over 
the ge~rn~try of the ZnXq2- complexes appears to h olved in favour of 
the tetrahedral ~n~g~~tion*s. Determi~a~o~ of the tries of the several 
zinc halide complex~ has usually been by the Job 

robab~y the most extensively studied halo 
rfie c ro-zinc one. In addition to the aqu~#~ 
several pub~~tio~s have appeared dealing with the spectra and s~c~e ~fmolt~n 
ZnC& and ZnCl~/~Cl (M = alkali metal) mixtures. An i~teres~~g factor here is 
the evident retention of highly polymeric (ZnCl,),, species in the melt, which 
appear to have a chain-like form and persist in the liquid, well beyond the melting 
points3*84. In the related aqueous bromo-zinc system, Yellin and PIanes6 have 
been able to deter~ne stepwise association #nst~~ from their Raman data as 
borrows : 

= *3 fzn%d -= f (znBr,*-) 
*)@I-‘-) * * @%Br+) (Br-) ’ (Zn~r2)~r-)2 s **‘* 
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For the formation of the CdBrb2- complex, they found 

(CdBr4’ -) 

(cd2+) (B,-)4 ’ 1’ 

from a study of the concentration dependence of the 166 cm”” polarised Raman 
line. 

Among the spectra of octahedral halogeno-complexes, those of the PdC162-, 
PtC16’- and Pt13rs2- complexes are remarkable for their abnormal line intensity 
patternsQ6*g8. Most commonly, MX6 . * - complexes show a relative intensity pat- 
tern I,i * Iv2, Ivj. The three complexes mentioned above show large deviations 
from this normal pattern, which have been ascribed to effects arising from some 
@4)x-bonding in these ions. 

The listing of Raman spectra of halogeno-complexes given in Table 6 is by 
no means exhaustive. Some other systems for which Raman results are available 
are as follows: molten MgCl,-KCl, showing MgC164- and MgCl,” spectra”; 
Hg” monohalide (Cl, Br, I) complexes, showing (Hg-I-Hg)3+ and (H20-Hg-X)+ 
species’**; the square pyramidal (C,v) TeFs- ion’*l; SbFC14102; XOFs’03; 
ReF,ro4; VF5104; CH,Hg-X, with X = Cl, Br, I’*‘; (CH3),GeCl~4_,,“06; 
CH3SnX3, X = Cl, Brio7; C,H,Ge2Cl,‘08; C,H,MX, with X = Cl, Br and 
M = Sn, Gel*‘; Hg(CN),X-, X = Br, I”*. 

F. OXYANION COMPLfXES 

Complexes of simple and well-defined oxyanions such as NOB-, SOh2-, 
PO,+ and C104- are dealt with in this section. More Raman work has been 
done with nitrate complexes of metal ions than with any of the other simple 
oxyanions, and much of this work has been concerned with complex formation in 
aqueous solutions. A comparative study of interionic association in aqueous solu- 
tions of metal nitrates, sulfates, and perchlorates, by Hester and Plane”‘, revealed 
quite clearly that the tendency toward metal complexation decreases rapidly in the 
order N03- > S042- zz- C104”. The magnitude of the perturbation of the oxy- 
anion spectra was used as an indication of the strength of complex formation. 
Later theoretical work has fully confirmed the validity of this procedure112*“3. 
With the free nitrate DJh symmetry lowered to C 2v by asdociatioa with metal ion 
through an oxygen atom, the frequency difference v4(Bz)- v&f,) was used for 
complexed nitrate ions as a measure of the nitrate perturbation; the following order 
of complex strengths was observed: Th4+ > In3+ > Cu’* > Hg2 f r Ce3” > 
Ca’+ > Zn2+ , A13+, Ag* > Na+, K+, NH,+. Fig. 2 summa&es the basis for 
this experimental criterion of binding strength in metal-nitrate complexes. 

Detailed studies of speciiic metal-nitrate systems in aqueous solution have 
established complex stoichiometries, and thermodynamic constants for complex 

Coordin. Chem. Rev.. 2 (1967) 319-347 
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~or~~ti~n. AIS example is the Ca2+-NOj- system, for which a I : 1 complex has 
been id~n~~ in aqueous solution 214*1 f s, The f~r~~~~~ constant for this chNOJ -I- 

complex was foundf14 to ran from 0,12 to 0.17 in solutions cove 
of ionic strengths 10 to 40. The forma~o~ constant is tern~m~r~ i~d~~~~dan~ 
over the range 26” to 94”, i~~cating a zero enthalpy of association for Ca” and 
NOj- ions in water, or appro~~ateIy equal tendencies for NO,‘ and HZ0 to 
complex with ea”+ ions. Other ~eta~-~~t~~t~ systems which have been studied ia 
detail by Ramaa s~roscopic rn~tho~ are In3”-NO,- in water, for which a 
metal-nitrate vibrational mode has been characterized” 6*11 7at 270 em”” ; Zn2*- 

NC13- in water, showing the presence of contact ion pairs1’8; Ce4+-NOs- in 
water, sho~ng evidence for b~de~tate ~trate ion com~lexat~o~llp; CHsHg~- 
NO,’ in water and in benzene so~utio~5s#~zo, h s owing an Hg-ONO, vibration at 
292 cm- %; Hg=-NO,- in water/a~to~~ m~t~r~~2~; Th4+-NOs- and rare 
earth metal nitrates as tri-n-butyl phosphate compIexes”22**23; Ag’-NU,- in 
acetonitrile soX~tiori”~~_ 

In addition to the aqueous so~utjon work, a number of studies have been 
made of strati ion cornp~exa~o~ in molten anhydrous salts. Much of this is 
reported in a review by W&t and Janz l’s* Later work has shown a contact ion 
pair model to be sa~sfacto~ for exp~~~ag the observed Raman spectra from me&s 
honing alar and alkaline earth metal stratus, AgNC&, and ~NO~126-1~s. 
Metal-nitrate complexes in molten aikali metal nitrate solvents appear to resemble 
very closely those formed ia aqueous solu~~n~~~~. 

As mentioned earlier, sulfate ~ornp~~x~ with metal ions have n Shop 
xl than nitrate COrnP~~~ lX1. The m&at-sulfate association, 

om ~ndu~t~metric Sadie of aqueous solutions, is e~dent~y 
of the solvent-sepa~ted type in most cases, e-g. Mg2”(H,0),S0,2-. An exception 
is the aqueous In3 ‘=--Sob2 - system, wherein direct complexation has been faundl 1 6, 
and an In-OSO, vibrational mode identified at 255 cm- ‘. A 1: 2 complex appears 
most likely here, Z&F. I~(SO~)~-. Even in moIte~ anhydrous sulfates of LiLi” and 
Na+, the SO,‘- ioa retains its Td s~me~13*~ 

Raman evidence for complex forma~on with other oxyan~o~s is 
Steger and Simon ‘sl have reported spectra of a series of crystalline te 



RAMAN SPECTROSCOPIC STUDIE!S IN COMBINATION CHfZvfIS’rRY 335 

in~Iu~n~ Af4(P4012)s, Cu2P401,, and &4g2P,0X2, B~n~nger and 
hive characterised Zn” and Be’” bisd hate cumplex~ in aqueous 

so~u~on trough their Raman complexes Rh~O~)~~ - , 
HYWB3-, aad J?tcNo,),2 - have atbieu and co-workers”33- 
The MN6 structure appear to be regular octahedral, and the PtN4 has square’ 
planar, XI,, geometry. 

modes in both simple and complex cyanides 
sharp bands in both Raman and infrared spectra in the 2O40-2210 orn-l .region. 
At much Iower quencies, usually around 280-500 cm-‘, metal-carbon stretch- 
ing bands can observed. Raman spectra are pa~c~arly useful for ass 
these met~~~rboa bands, since symm~tri~l stretching of M-C bonds in compI~x 
cyanide gives rise to highly polarised bands. A ~ow~edge of the totally symme- 
trical C-N and M-C stre~~~n~ vibrations also enable simpie c~~ula~o~s of the 
C-N and M-C bond force constants to be made, These in turn provide informa- 
tion on the cha g character of the bonds as the nature of the central metal 
atom is changed a series of metakyanide compiex~. 

Table 7 ~oa~ai~s Raman frequenci~ for these totally symmetric vibrations, 
together with the force constants derived from r a wide selection of cyano- 
complexes, It is immediateIy obvious from in of this table that the C-N 
~br~~o~a~ fluency is invariably incr~ed by complex formation. It is temp~ng 
to take this as implying an increase in the C-N bond strength in all cases. Mow- 
ever, this would be an oversimplification, neglecting the fact that other modes of 
~b~~o~ wizen complex mo~ec~~ can couple with the sy~et~~ C-&l 
s~t~~n~, and a the frequency the normal mode which we have called the 
C-N vibration. Indeed, at least for the e of CU(CN&~-, a force co~tant cal- 
c~ation has been madeX3’ which shows tbe bond to be weaker in the com- 
plexed than in the free ion form. ‘Ibis has interpreted as evidence &r a 
strong ~nt~bution from ionic stru~~r~ III of Fig 3 in the bonding of the 
Cu(CN)4+” ~mp~ex14s. 

AU av~~ab~e evidence from vibrational spectra of cyano-metal complexes 
gests that tbe metal-carbon bonds are weak, in keeping with the req~eme~t 

&-CZEN: I 

:&zN: M :&N: IX 

free ion 
&f : c=:* III 

a- 
conlpkx 

Cow&r. C&m Rev., 2 (1967l319-347 
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of essetitial electrical ~eut~~~ for the central metal atom” “. Fig. 3 suggests how 
a~~~la~~n of negative charge on a central metal atom in a ~ano~~rnp~ex can 
be avoided by ~ol~~a~o~ of the h&C o-bonding electrons toward the C atom. 
The low values of the M-C force: constant, and low interior of M-C Raman 
bands, may be taken as evidence for the absence of appr~iable ~~l~tro~ par- 
~cipatio~ in the M-C bonds”34aX48. This may be Go~tr~t~ with. the situation in 
the isoelectronic CO complexes discussed in the following section. 

The C-N bonds in most of the cornp~~~ listed in Table 7 cl y are stonier 
than in tl~e f= cyanide ion, however. This testifies to the spoil of structure L 
of Fig. 3, since donation of electrons, NC *‘PA, reduces the screening of the 
carbon nucleus, thus aeon its evolve positive charge, and ~~te~g the 
C-N boud135. Any ~n~bu~o~ to the bonding from back~o~~~n of metal. 
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~~l~tro~ wouid result in M A _ C = 8-: types of s~cture, with we~e~ng of the 
C-N bonds. The predominance of high F ,-N values may therefore be taken as 
further evidence for %-only” bonding in most of the cyano-metal complexes. 
Where the M-C bonding is seen to be stronger than usual (e.g. in the,goJd corn- 
plexes=s)* it seems probable that some M-C n-bonding is involved, &&b this 
is not even here a very sign&ant factor in the boadingrqq. Within each of the series 

[C~(CN)=S~-, CX.cN)a2-, WW,-I, f&O43-, &@W,2-, &@N),- 1, 

[Hg(CN)42--, Hg(CN)3-, Hg(CN),], and [Cd(CN)42’, Cd(CN),-] there is seen 
to be a d~rease in the M-C bond strength, judged as above, as the numbe; of CN 
ligands per metal atom increases. This also may be rationale in terms of weaken- 
ing of M-C #-hobo in order to retain ~se~t~~ eI~t~~~ neu~~ty of the rne~~~ 

Cha and Pktne’34 have shown itional information bearing on 
the proble the nature of metal-band can be obtained from a careful 
study of Raman band intensities. Ramao ~~te~s~ti~s are determined by the deriv- 
atives of rnol~~ar pol~sa~~~ with respect to elongations ofthe vial bond 
lengths, and iu Table 8 are listed a number of cyan+complexes for which these 

2079 fAnI 
2343 1.55 
2145 1.60 
2148 1.60 
340 0.013 

2152 1.68 
404 O-015 

2248 1.85 
2094 2.78 
2097 3.15 
2094 3.48 

1.7i 
2.12 
216 
2.16 

2.21 

2.61 
2.84 
3.03 
3.18 

quantities have been determined. The complexes listed are seen to fall into two 
sets: one for which the derived C-N bond poIa~s~b~~es I?~, lie between the free 
CN” and the CHJCN vahres; another for which the CN-band i~tensiti~, and 
hence the ScN vahres, are abnormally farge. The first set of values is insistent 
with partiai a-bonding in the M-C skeletons, and the extremely low intensities of 
the v&4,) M-C stretching bands has been at~b~ted to the large amount of 
s-oha~~er ia the carbon cr-orbitai used for M-C bond~ng~34_ However* the ab- 
normally high values for the CunS Agr, and Fen complexes evidently represent a 
bre~dow~ of the theory of locahsed bond ~o~a~abili~~~ and have not been 
sat~fa~to~iy expla~ed. 

fn addition. to the pure ~~o~rnpiex~ discussed so far, a number of 

Cootdin. C-hem. Rev., 2 (1967) 319-347 
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mixed Guano-balogeno~omplex~ bave beea investi 
The Au(~~~CI~- cumplex has been shown to exist in the ~rans-plea, .D2, 
stru~tur~16’~~~‘, with FcN = 17.3 and FAuc = 3.0 rnd~/~. The Pt(C~~Cl~ com- 
plex has very si~lar booing, with _FCN = 17.3 and Fplc = 2.8 rnd~/~~~‘, and 
evidentiy resembles &I(CN),~- rather closely in having metal-carbon bonds with 
strong a-character, but little z-character144. Cooney and Hall163 have found both 
the C-N aad the Ng-C frequencies are lowered by addition of halogen to Hg(CN)2 
irr aqueous solution, in the order F cz CI c Br a I. 

the extensive infrared and carnal evidence, Joa~~64 has for- 
neral rules to describe the cairn of the che~~al bond~g in 

~ya~o~~orn~l~x~. These are as follows: 
1. M-C ~-bo~~n increases with the darner of aS electrons on the metal. 
2. M-C ~-bonding decreases with i~~ease in elective nuclear charge of the metal, 
3. M-C ~-boning increases with inGrease io e~ec~ve charge of the metal. 
4. The C-N force consort decreases as M-C ~-bonding increases, 
5. The C-PT force instant increases as M-C ~-bon~ng increases, 
The reader should investigate these rules with the aid of the data given in TabIe 7, 

The CO rnolec~l~ is isoe~e~tro~~ with the CN- ion, and much of the interest 
in its ~rnp~ex~ arises from the possibi~ty of rn~~ple bonding in the M-C skele- 
tons of its ~~rnpl~x~s with transition metals, Table 9 contains the ~~~quen~i~ of 

s which have been obs~~ed 
in the Raman spectra of a number of rn~tal~ar~~yl complexes, to~~~~r with the 
bond force ~o~s~~ts which have been derived from these frequencies by normal 
coordinate analyses. In direct contrast with the behaviow shown by the Gyano- 
cumpl s listed in Table 7, ~ornple~~~ of CO with metals is seea to result in 
toweri of the C-U ~t~~~ng frequency, and we~e~~g of the C-O bond. 

ented in the ~re~~~s section lead to the cunclusio 
sing from bank-do~a~on of metal &electrons* is 

more ~rnpo~~t ition metal ~r~o~~l compiexes than in the c~ou 
to bonding from s~~~~ of the form, Mz+C = 0 
C-O bond order from the trip& bonded free CO, is 

apparently very sig cant. In the J&B t- CO molecule, included in Table 9 for 
comparison ~~~os~s~ there is no ~ssib~~ of B-C n-bonding. The C-0 furce 
constaut is seen to increase slightly from the free CO, in. keeping with the predici 
tions and obs~~a~o~ made for the a~alogo~ ~-bonded ~y~no~orn~lex~ in the 
previous section. 

the h&-C force ~u~~n~ given in. Table 9 appear to be r~rn~k~ 
ably small for mul~ple bends. Indeed, many of the M-C bonds seem weaker Eden 
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TABLE 9 

c-0 AND M-c ToTmY 

Species Sy~~err~ Fmpencies in cm+ Force comts. in ~~~~J~ references 
v*tC-ol q-M-Cl F-0 FMC 

2143 18.5 16.5 
C w 2166 707 18.9 2.6 165-167,28 
Qh 2128 390 17.9 2.0 f68-170 
0, 2124 392 18.1 1.8 168-170 
% 2124 420 17.7 2.1 168-170 
.DSh axial 1984 492 16.1 3.0 m-177 

eq. 2114 414 17.1 1.9 171-177 
Td 1788 464 11.4 4.1 178 
ch‘ 1895 451 178 
% 1918 439 13.2 3.5 178,179 
% 2128 380 16.3 2.5 180-184 
Jh 2030 416 18.5 
r>, 1984 429 185 

+ T’$e trigonal bipy~~d~ structure contains distinct axial and equatorial CO groups. 

than the “~-only” R-C! bond in H,B + CO. However, this is an unfair comparison, 

for there is no reason why an N-C single bond, say, should have a force constant 
equal to a B-C singIe bond. In the absence of “standard” M-C single bond force 
constant w&es, the absolute magnitude of the FMc values of Table 9#as also for 
Table 7, must be i~te~ret~d with great care. ~everthel~s, the reIative C-O and 
M-C frequencies and force constants do indicate some inter zsting trends. .For 
example, it may be seen quite unambiguously that the metal-carbon bond strengths 
for the hexacarbonyls of Cr, MO, and W increase in the order Mo-C < Cr-C < 
W-C, This unpr~i~tab~e order is also judged to be the order of importance of 
M-C 7r-bonding ‘aa For these octahedral molecules, onIy four of the ~brational . 

fundamentals are infrared active, while six more are observable in the Raglan 
effect, thus underling the importance of the Raman data in obtaining s~~~~ 
analyses of these complexes. 

Raman spectra si~Iarly have been ~se~tiai in establishing the t~~ona~ 
bipyramidal ge~met~ of the Fe(CO), complex, and eliminating the C4v, square 
pyramidal, possibly z73_ The data reported for complex show that the axial 

CO groups are bonded more strongly to the Fe atom than are the ~quato~a1 
groups. The Fe-C bonds are unusually strong, and apparently have more n-char- 
acter than the M-C bonds in any other neutral compfex investigated. The related 
Fe&O),- anionic complex has a still more strongly z-bonded Fe--C skeleton. 
Even in the Co(CO),- complex, a metal~bou bond order of 1.87 has been 
determined from the sp~troscopic data”“. The Ni-C bond order has similarly 
been CalcuIated as 1.67 in the Ni(CO), complex. 

PoIynucIear meta1 carbonyis have not been exte~ively investigated by Ra- 
man spectroscopy, dour this provides the best means for detecting and char- 



340 R, E. 

thy metal-men bunds which often are present in such es. The 
Re-Re stretching frequency af 120 cm -’ has been measured, an@ used to cakulate 
a bond force constant ~~~~e) = 0.8 mdy~/~~86. The hi 
M[Co(CO)& complexes, with M = Cd and Hg, have been show 
principal molecular sym~e~ axes ~~t~~~g alI the 
wherein symmetrical Co-M-Co stretchmg modes 
~u~~~i~ 152 cm-” (Cd) and 161 cm” (Hg). Me 1 bond force cons 
have been determined as 2.33 (Cd) and 2.61 (Hg) 

of ~~a~ substitution of CO groups on N@COj.+ by a 
wide range of other li~nds have been studied by Bigorgne and ZeI~et”~‘. Fig. 4 

Fig. 4. Va~~~ti~n ofC-63 
from ref. 187). 

~~~w~ how the hocused Ream line c~a~a~~e~~i~~ the symmetric C-O stretc~n~ 
degree of subs~tu~uu and with the Caere of the @and. The lower~g 

of the CO frequency, with is obse~ed in every case, implies in~~ased N&C 
. This, in turn, implies a compe~tion between the ligands for the nickel 
, with CO easily the winner in each of the molecules studied. These 

~~a~~ may therefore be ordered on the basis of their z-a 
foUows: CO > PF?, B- PC& > P(OPh), > P(OMe), > PPh3 
tion of al1 four CO groups by PFS beans has been ac~eved 
Hall’ y S, who report the totally s~~~~G NEP stre g frequency as 195 cm”“, 
~o~~pon~ng to a force co~t~t of 2.71 ~dyu/A. is a little ~~e~ than the 
co~es~u~~~g value for Ni-C in Ni(CO),, but, in the light of the evidence of 
Fig. 4, probably should not be inte~reted as ~~1~~ greater ~~h~acter ia 
Ni-PFa than in N&-CO bonds. Further Raman work with partially s~bsti~ted 

oyls has been done by P~b~a~c and Bi 88 d 
8g have presented ~ppro~~ate methods ysitS d 

complex spectra. 
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Hester and Nix~n’~* have recentiy shown that substitution of PF(CF& 
Egands for Co’s in Mo(CO), results in an increase of the bond strength in the 
rerna~~n~ CDs, which implies that this ~r~uoromethy~ su~~tut~ phosphi~e is 
an even better x-acceptor than CO. 

I. MISC=LAmOUS LIGANDS 

~t~ough this review journal does not normaby rjeal with or~n~rne~I1~~ 
compounds, it is worth devoting a IittIe space here to the metal-ligand bonds in 
this interesting class of coordination compiexes. Very little Raman work has been 
published in this area, mainly because of the unsuitability of conventional radiation 
sources for use with coloured compounds. However, where the 4358 A line of the 
mercury arc has proved unsuitable, good spectra have been obtained using the 
green line at 5461 A, the 5876 A and 6678 A helium lines, or lines from other 
sources4. Argon ion and He/Ne c-w. gas lasers also can be used with some coloured 
compouuds, 

Ferrocene was the first x-cyclopentadieny1 compound to be studied in detail 
by Raman spectroscopy. Lippincott and NelsonXgl used Hg 5461 A, Hg 5770- 
5790 A doublet, and Na 5890-5895 A doublet excitation in obtaining the spectra 
of ferrocene, ferrocene-&lO, and ruthenocene. Symmetrical Cp-M-Cp stretching 
frequencies were assigned at 303 cm- 1 and330cm” for Fe(C5H9)2 and Ru(QH& 
respectively. Subsequent determination of the Mg@Z5H& Raman spectrum show- 
ed this to be similar to the ferrocene and ~then~ne spectra, but the coordinate 
bond symmetric stretching frequency was identified at 191 cm-‘, sfiowing much 
weaker metal-ring bonding in this complex. However, the Raman results show 
that the Mg-Cp bonds clearly are still essentially covalent in nature”‘. Analogous 
metal-ring vibrational frequencies have been assigned at 350 cm-l for the 
(CSH,)Mn(CO), compIex”g3; at 270 cm -’ for the dibenzene chromium sandwich, 
(CsH&Cr; and at 279 cm -’ for the (C,H,),Cr* cationiq4. Frit~“~~ has reported 
normal coordinate analyses of a few of these complexes, which indicate the follow- 
ing order of metal-ring bond strengths: Cp,Ru =L Cp,Fe > Cp,Mg > Cp,Ni, 
and (C,H,),Cr > (C,H,),Cr +. The force constants are Cp,Ru, 3.20; Cp,Fe, 
3.11; Cp2Mg, 1.83; CpzNi, 1.68; (C6H&Cr, 2.89; (C6H&Cr+, 2.78 mdyn/A. 

(ii) Others 

No very extensive set of Kaman data has heen compiled for any other 
singIe class of coordination complex. A few representative examples only of the 
many and varied remaining types of complex will be presented here, 

Cow&n. Chem. Rev., 2 (1967) 319-347 
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Form a study of thiocyanate ion complexes with a range of metal ions in 
aqueous solution, including Zn”, Cd”, Hg”, Ag’, PtIv, Cr”‘, Ni”, and Mg”, 
Tramerlg6 has shown that a clear distinction can be made between X-NCS, 
Y-SCN, and X-NCS-Y types of complex formation. The vibrational spectra 
show that Y-SCN complex formation results in an increase in the C-N bond 
strength, and a decrease in the C-S bond strength, while X-NCS attachment 
produces little change in the C-N bond, but increases the CS bond strength. 
Bridging thiocyanates, such as in the mixed complex ZnHg(NCS),, with Zn-NCS- 
Hg links, show intermediate behaviour. Related work by Forster and H~rrocks’~~ 
on the tetrahedral pseudohalogeno-complexes of zinc, Zn(NC0)42-, Zn(NCS)42-, 
and Zn(NCSe),2-, has con6rmed Tramer’s conclusions, showing that Zn-N-C-X 
binding results in a big increase in the C-X bond strength, though the C-N bond 
is little affected. The A, Raman lines arising from Zn-N symmetric stretching 
occur at 330 cm-’ and 255 cm-’ for Zn(NCO),2- and Zn(NCS),2-, respectively, 
giving force constants of 1.8 and 1.7 mdyn/A. These are significantly higher than 
the corresponding M-C bond force constant in the Zn(CN),‘- complex, given as 
1.3 mdyn/A in Table 7. 

Complexes of metal ions with chelating ligands usually give extremely com- 
plicated vibrational spectra which are difEcult to interpret sutl’iciently well to 
provide meaningful metal-ligand bond strengths. However, making use of the 
Raman line polarisation characteristics, and by intercomparison of spectra of the 
closely related tris-cheiate oxalate and acetylacetonate complexes of Al”‘, Ga”‘, 
and In”‘, Hester and Plane ’ g8 have been able to assign lines to totally symmetrical 
metal-oxygen stretching modes in these complexes. Their results, particularly the 
unusually high intensities associated with metal-oxygen modes in the tris-acetyl- 
acetonates, indicate appreciable electron delocalisation and pseudo-aromatic char- 
acter in the metal-chelate rings, as indicated in Fig. 5. Additional evidence for this 

\ 
c=o \ 

’ ‘M--+ 
-=\.J 

=-ON -cc=,r / / 
Fig. 5. Electron delocalisation in Al, Ga, and In trisacetylacetonates. 

type of metal-oxygen n-bonding in analogous compounds is provided by n.m.r. 
results’ gg_ Characterisation of the simpler trisoxolato complexes has been assisted 
by Gaufres and Mathieu’s2” work on the K&U(Ox),]3H,O complex. 

Krishnan and Plane34 similarly have measured the Raman spectra of com- 
plexes of ethylenediamine with Zn”, Cd**, and Hg”, and have assigned M-N 
symmetric stretching modes in the t&complexes at 423 (Zn), 400 (Cd), and 
422 (Hg) cm -l. Much earlier, Mathieu36 reported ssz9-a of Zn, Pt, Rh, Ir, and 
Ni complexes of H2N(CH2)2NH2. Another poter.tial chel&ing ligand is the gly- 
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&ate ion. ~rn~~ex~ of this Iigand ~~ Xnn, Cd”, and Be”’ have been studied 
by ishnan and Pianezo”, who have found that althou I&N l CH, - CO,- does 
behave as a bid~n~te &and with Znn and Cd’” in aquems solu~o~s at around' 
pH[ 7, at lower pH values the ni~o~ea end of the ligand scorns protonated and 

away from the metal centre, learnt only the carbonyl oxygea binding 
tal. 

deli-rne~ bonding has been mentioned earlier, in. section H, for the 
bi~u~lear carbonyl ’ 87 Re2(CC&, and the Gd[Co(~~)~~~ and Hg~Co(C~)~J~ 
~mplex~. The Rez impound also has been studio by Lewis a& c~warke~‘02, 
who report a Re-Re bond stretching fre~~eucy of 128 cm-‘. The Raman spectra 
of a Turner of other compounds containing Mn-Mn, Mn-Re, Mn-Sn, Sn-Sn, 
Eig-Wg, and Cd-Cd bonds have been summarised by eager, Lewis, and Ware’*‘. 
They point out that these symmetrical vibrations, all of which occur in the range 
120-210 crnmr, rise to s~o~g sharp polarised Raman hues, but are 
either absent of very weak and d~cult to detect in far infrared abso~t~on 
spectra2 04. 
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