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A. INTRODUCTION

While it is hardly possible to find a chemistry research laboratory today
which is not equipped with sophisticated equipment for the determination of infra-
red absorption spectra, it still is true that only a small minority 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 slow 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 instrument 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. -

In passing through a clear transparent liquid, a beam of wsxble light is
scattered by the molecules of the liquid to an extent of about 10™3 per cent. If
monochromatic incident light is used, it is found that the bulk of the light scattered
is of the same frequency, and ihat 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 liites 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 liguids, and is not dependent on a particular incident light 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’’?, 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 ™!, the line polarisa-
tion characteristics, and the near-ideality 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 solvent 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 Kkinetics 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 He-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 coloured
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 developed more versatile sources, producing a selection of mono-
chromatic exciting radiations covering most of the visible and near ultra-violet
regions of the spectrum?. Some of these developments in technique will 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 scveral books* and general review articles 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

All 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;, PCl;, H,0, POX,, etc., witk: typical acceptors such as the
hydrides, halides, and alkyls of the elements B, Al, and Sn. Complexes involving
groups of ligand atoms or molecules all 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 complexes, but most of it has been involved with UV, visible, and
infrared absorption®. Compared with infrared spectra, the Raman spectra of the
usual solvents commonly present more “window” regions for the study of dis-
solved complex frequencies. Kinell and co-workers’ have made use of this fact in
determining the relative donor strengths of the POCl; and (CH;);PO molecules.
Addition of SbClis to a mixture of these two phosphine-oxides, dissolved in 1,2-
dichloroethane, resulted in preferential formation of the complex (CH;);PO - SbCls,
as shown by drastic changes in the (CHj3);PO spectrum, while the POCI; spectrum
remained unperturbed. Similar work by Dembitskii and co-workers® has produced
evidence for complexes between stannic chloride, SnCl,, and a large number of
carbonyl donors: the methyl and ethyl esters of formic, acetic, and benzoic acids;
methyl propionate, ethyl propionate, CH,CICOOCH,, CH,CICOOC,H;,
CCl,COOC,Hs, and methyl butanoate. With this latter donor, complex formation
caused the 1735cm™! Raman band to broaden and shift to lower frequency,
while the intensity of the 1630 cm™' >C = 0 band was seen to increase with
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addition of SnCl4 up to 33-49; by volume. The band intensities have been used
to determine complex formation equilibrium constants in this case.

This use of Raman intensities for the determination of complex formation
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®. Michel 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,H; + SbClj; the K value for the 1:1 complex is 1.26 4 0.18 mole 171,
CcHsCOCH; +SbCl; gave the K values (4.1 + 0.8) x 1072 mole? 172 for the
system in CCl, solution, and 0.3, + 0.06 mole 17! in diethyl 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:
AsCl; - CH;COOC,H;, 3AsCl; - CH;COOC,H;, and SbCl; - CH;COOC, Hs.
Also, judging the Raman intensity of a _>C = O group to be enhanced by co-
ordination to an acceptor molecule, they found the following relative acceptor
strengths: PCl; < AsCly < SbCl;—the reverse of the order expected from electro-
negativity considerations alone. The C,H;COOC,H+SnCl, system has further
been studied by Leclere and Duyckaerts'2. Here they found a 2: 1 (donor-acceptor)
stoichiometry for the Lewis acid-base complex, from using Job’s continuous
variation method with the > C= O Raman band intensities. The dissociation con-
stant of this complex was found to be 0.12 + 0.02 mole? 172, though the authors
recognised some difficulty in its determination due to the influence 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 SnCl, with a large variety

Fig. 1. Possible structures for (SnCl, * 1 Donor molecule) complexes's,
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TABLE 1

RAMAN FREQUENCIES OF Sn-DONOR VIBRATIONS IN cmy—*
Donor SnCl, - I Donor  SnCl, - 2 Donors
H,O — i56
DO — 156
(C.H)0 168 168
n-C.H,).0 168 —
CH,OH — 168
C.H,OH 165 167
n-C;H,OH 161 —
CsH, 0H 154 —_—
CH,CN 174 172
C,H,CN 168 158
CH,.CN 168 155
POCI, 145 —_

of donor molecules has been the subject of several thorough Raman spectroscopic
investigations. Brune and Zeil'? have reported the solution Raman spectra of
SnCl, adducts with water, a number of alcohols, ethers, nitriles, and with POCl,,
which they were able to analyse in terms of complex molecules containing 5- and
6-coordinate tin atoms. Of the four possible structures for 1:1 adducts shown in
Fig. 1, only the one having C,y symmetry fits the vibrational analysis made by
Brune and Zeil. Similarly, they have interpreted the Raman spectra of the (SnCl,.
2 Donor molecules) complexes on the basis of a trans-Dgy-model. The highly
polarised Raman lines assigned to fundamental modes involving primarily the
Sn-donor bonds are summarised in Table 1 for both types of adduct. These may
be taken as a measure of the relative strengths of the coordinate bonds in these
complexes, though this procedure is a dubious one, due to the unknown extent to
which other vibrational modes of the molecules may be coupled in with the
fundamental Sn-donor vibrations. The trans-D 4,-assignment has been disputed by
Beattie and co-workers# in the case of the SnCl, - 2CH,CN and SnCl, - 2C,H,CN
adducts. They have taken the combined evidence of Raman and infrared spectra
as indicating cis-C,y-structures for these adducts, and for the SnCl, - 2(CH;),CO
adduct. Beattie and Rule!® aiso have used Raman spectra to characterise as frans-
adducts the compounds of SnCl, with two molecules of (CH,),0, (CH,),4S,
(C,H;),S, and N(CHj);.

The donor properties of POCI; have been shown in the earlier work quoted
to be unexceptional. However, a considerable amount of spectroscopic work has
been done with this donor. Wartenberg and Goubeau'® have prepared a variety
of POCl; and POBr; adducts of group II acceptor molecules: CI;B - OPCl,,
Cl;B - OPBr;, Br;B-OPCl;, BryB-:OPBr;, Cl;Al-20PCl;, ClL;Al - OPCl;,
Br;Al - OPCl;, Cl3Al- OPBrs, Br;Al- OPBry, Cl;Ga - OPCl;, CliIn - OPCl,,
C1;T1- 20PCl,. Raman and infrared spectra of these complexes have been as-
signed, and strong negative P-O frequency shifts interpreted as showing that in
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all cases the addition occurs through the oxygen atom of the phosphorus-oxy-
halides. Greatly simplified calculations on a P-O-B model gave force constants for
the Cl3B - OPCl; molecule of the order of fzo = 2.0 and fpo = 8.0 mdyn/A, cor-
responding to bond orders of 0.4 for BO and 1.7 for PO. These are evidently only
very approximate values.

The results obtained with POCI; as a donor may interestingly be compared
with those of SOCI,, which similarly could function as an oxygen-donor or as a
sulfur-donor, and is also a useful non-aqueous inorganic solvent. Long and Bailey*”
have studied the Raman specira of solutions of AlCl; in 5OCl,, in the concentra~
tionrange0.11 to 0.73 mole AICl; per mole of SOCl,. The 1:1 complex SOCL, - AICl,
was isolated and characterised as structure I below, by analogy with structure II,

(=3
o AICl e BF,
CLS=0-" Me,S=0—
I i

which was earlier established by Lappert and Smith*®. In SOCI, - AICI; the only
Raman line observed in the S-O stretching region was at 1108 cm™!, which is
121 cm™! lower than in pure SOCI,, while in Me,SO - BF; the S-O stretching
frequency was lowered by 129 cm ™! from the Me,SO value. Surprisingly, a second
1:2 complex of formula SOCI, - 2AlICI; was also identified through the Raman
spectra of the solutions. In this, this SOCI, frequency was lowered only 101 cm™!
from the SOCI, value, excluding the possibility of two Al atoms being attached
to the one O atom in SOCI,. The second AlCl; molecule is evidently only loosely
attached to the stable SOCI,; + AICl; adduct.

The best-known and perhaps the most thoroughly investigated donor-ac-
ceptor complexes are those involving the coordinate link =B « N<Z. A wide
range of such complexes have been investigated by Raman and infrared spectro-
scopic methods by Sawodny and Goubeau'®. Normal coordinate analyses were
made, and force constants determined, using the Wilson FG Matrix Method?°,
for the molecules X3Z « NR;, withZ = B, Al; X = H,CH,, F,CL, Br; R = H,
CH,. The polarised Raman lines which have been assigned as fundamental Z-N

TABLE 2

VIBRATIONAL FUNDAMENTALS AND DERIVED FORCE CONSTANTS FOR THE Z-N BONDS IN XZ —» NRy
ADDUCTS'®

BH;"’NHg BH:“"ND: BHQ“'N Mﬁa BDg"‘N Hs BD;‘N Dg BD;-—N Mes

HZ-N), cm™* 776 754 668 737 708 651
fono mdyn/A 295 2.29
BMe,-NH; BMe,-ND; BMe,-NMe; BF;-NH,  BF,-ND, BF,-NMe,
¥(Z-N), cm™ 683 687 681 738 710 695
fyn, mdyn/A  2.54 3.16 3.11 3.35
BCI;-NMé; BBry-NMey AIH;"NMe; AICI,-NMé; AICI-NH,
#(Z-N), cm=t 745 727 525 565 579

T mdyn/A 3.07 3.08 2.32 225 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 Al-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 AI-N bond. Sawodny and Goubeau estimate that these
values correspond tc bond orders in the region 0.59 to 0.86 in both cases. This
work evidently supercedes the earlier analysis of the BF; - NH; spectrum by Gou-
beau and Mitschelen®!, wherein the 738 cm ™! line, given as 735 cm ! in this earlier
work, was assigned to the symmetric BF; 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 BF; molecule, since it
is fairly well established that the B-F bonds in this latter molecule have a significant
degree of n-character. Goubeau and Bues?? have determined the B-F bond fcrce
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
BF; - NH; and BF; - ND; molecules has been made by Babushkin and co-
workers?2, 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 Goubeau?* from the Raman spectra of the borazines Me,BNH,, Me,BNHMe,
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 Taylor?® 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
NBF; stretchings. Amster and Taylor?® have reported infrared and Raman spectra
of the 1:1 complexes of N(CH,); with BF;, BCl;, 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 closely resembling B—N vibrations gave lines at 692 and 689 cm™*
in the BF; and BBr; complexes, respectively, (¢f. 695 and 727 cm™! from Table 2)
but the corresponding frequency from the BCl; complex occurs at 746 cm ™. This
is very close to the uncoupled B—N frequency obtained by Taylor and Cluff27?
from a study of several isotopic varieties of BH; - NH,.

Related Raman spectral studies by Taylor?® of the simple BH;CO and
BD;CO compounds have been accompanied by normal coordinate calculations,
allowing complete assignments of all the fundamental modes and calculation of
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some molecular force constants. These compounds were studied as liquds at
—80°, and yiclded bond force constants of 17.99 mdyn/A. for the C—© bond
(¢f. free CO, 18.53 mdyn/A), and 2.775 mdyn/A for the B—C bond.

C. AMMINE COMPLEXES

Compared with infrared studies, relatively few complex ammines 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
illustrated by the work of Mathieu, ef al.2®. The hexammines of Rh**, Co**,
Cr3*, Zn?*, Cd®** and Ni** were studied by these authors, who used a modified
Urey-Bradley force field to calculate the frequencies of the vibrational fundamen-
tals as an aid to making their normal mode assignments. Their spectra and assign-
ments for the rhodium complex [Rh(NH;)¢ICl; are given in Table 3, where they

TABLE 3
VIBRATIONAL SPECTRA OF [RI(INH4)4ICls

Frequency {cm™)

Ref. 29 Ref. 30 Activity  Type Approx. description®
3230 3200 IR T #(N-H)
3140 —_ R, IR Ty v(N-H)}
1550 1618 IR T, S(NH,), asym.
1330 1352 R Eg O(NHj,), sym.
1318 1318 IR Tig S(NH,), sym.
830 845 IR T p(NHy)
515 514 R Ay y(RhINg), sym.
480 483 R E, »(RhN,), asym.
470 472 IR Ty »(RhN ), asym.
310 302, 287 IR Ty S(RhNg)
240 240 R T S(RhNg)

* p == stretch, ¢ = deformation, p = rock.

are compared with results of a similar study by Griffith3®. The infrared frequencies
were obtained from mulled solids, while the Raman spectra were obtained from
aguaeous solutions. The assignments are made on the basis of regular octahedral
geometry, and follow the conventional O, point group pattern. Griffith’s assign-
ments were made with the aid of deuterium isotope shifts obtained from the
[Rh(ND;)4]Cl; molecule. Corresponding values for the frequencies of the skeletal
totally symmetric MN stretching modes are given as 370 cm ™! for [Ni(NH;)¢1*™,
and 418 crn~* and 340 cm ™! for the Zn" and Cd" complexes, respectively. How-
ever, there is some doubt whether these latter values are meaningful, since hexam-
mines of Zn and Cd probably dissociate in aqueous solution. A marked influence
on the spectra was observed by changing the nature of the anion in the series of
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hexammine complexes studied by Mathieu, ez al.?>°. In particular, the N—H
stretching frequencies were lowered by the following anions in the order PF4™,
BF,, SiF¢%~, Cl0,~, F~, CI~, Br™, I". The magnitude of the effect appears to
parallel the order of anion polarisabilities.

In addition to the ruthenium hexammine, Griffith®° obtained Raman spectra
of the normal and fully deuterated hexammines of iridium and ruthenium. In all
cases his intensity ratios for the three Raman active MNg skeletal fundamentals
were vy:v,:vs ~ 10:4:2, and his observed isotope shifts were all very close to the
value vy/vp = 0.922. The intensity pattern is normal for XY, molecules of Oy
symmetry, and the normal/isotopic frequency ratios approximate closely the value
(17/20)* predicted from a treatment based on NH; and ND; point masses. These
facts support the assignments made, which further include the bands listed in
Table 4.

TABLE 4
SKELETAL FREQUENCIES* oF M(INH) et AND M(NDy)+* caTions, M = Ry, Ir, Rh
3’;(1413) v(E.) v(Ty,) vy(Ty,) *’s\T }
R, pol. R, depol. IR IR R, depol
Ru{NHy** 500 475 463 283, 263 248
Ru(ND,), 466 430 417 — 228
Ir(NHy)g™ 527 500 475 279, 264 262
Ir(NDy) 498 471 440 255, 235 245
RE(NH,) 3+ 514 483 472 302, 287 240
RE(ND,)** 489 455 433 278, 256 220

* frequencies in cm™}, pol. = potlarised, depol. = depolarised.

The availability of red He— Ne laser excitation has recently enabled Haas
and Hall*! to determine the most intense bond-stretching fundamental frequencies
in the Raman spectrum of the coloured hexammine Co(NH;)s**. An aqueous
solution of [Co(NH;)¢]Cl; shows broad absorption bands at 4750 and 3390 A.
The 6328 A line of the laser is thus well-removed from these absorption bands.
Lines at 495 cm™" (pol.) and 440 cm™* (depol.) were assigned as the A4,, and E,
fundamentals. Comparing these frequencies with those of the rhodium hexam-
mine, and with the corresponding frequencies of 569 and 545 cm™! reported by
Clegg and Hall*? for Pt(NH;)¢**, it is seen that there is an upward trend in both
frequencies from Co to Rh to Pt. Haas and Hall very qualitatively correlate this
trend with a corresponding increase in pK, values for these complex ions.

A Raman study®? of the mixed complexes [Pt(CH;)3;(NH,);]Cl and
[Pt{CH3)3(ND;),]Cl1 has yielded Pt—N stretching vibrations at 390 cm™! and
364 cm ™1, respectively. The authors conclude that the Pt— N bonds evidently are
significantly weakened by the three methyl groups, though they make no calcula-
tions of the extent of Pt—C and Pt—N vibrational coupling. The Pt—C stretch
is assigned as 584 cm ™. Mixed ammine-chloride complexes have been studied by

Coordin. Chem. Rev., 2 (1867) 319-347
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Mathieu and co-workers>. They have assigned a line at 528 cm™¥ to the Pt— N4,
mode in [Pt(NH,),Cl,}1**, and compare this with the value of 524 cm™" found
for the simple tetramine [Pt(NH;),}J**. A full normal coordinate analysis of the
mixed compiex was performed to assist the assignment of modes.

Ethylenediamine complexes of a large number of metal ions have been sub-
jected to infrared vibrational analyses, but very few analogous investigations of
Raman spectra have been made. Krishnan and Plane®* have found that the spectra
of tris-complexes of ethylenediamine (en) with Zn' and Cd", can be analysed
satisfactorily in terms of the expected hexacoordinate metal, bidentate chelating
ligand, D; symmetry model. Their results with Hg'" are less certain, the tris-
complex readily dissociating in aqueous solution to the bis-complex in this case.
For the bis-complexes [Zn(en).]**, [Cd(en),]**, [Hg(en),}]**, metal-nitrogen
stretching frequencies were determined as 450, 435 and 450 cm ™! respectively.
These may be compared with the corresponding values for the metal-nitrogen
frequencies of the tetrammine complexes of Zn?*, Cd2?*, and Hg?*: 427, 350,
and 410 cm ™, respectively®®. The increased chelate frequencies in each case are
attributed to stronger metal-nitrogen binding with H,NCH,CH,NH, than with
simple NH; ligands. A much earlier Raman study of en complexes with the metals,
Zn, Pt, Rh, Ir, and Ni, was made by Mathieu®®, but there evidently is some dis-
agreement between this and the later work??,

D. AQUO- AND HYDROXO-COMPLEXES

Agqueous solutions are notoriously difficult to study by infrared absorption
spectroscopy. The extremely strong absorption by the solvent water leaves only
very few “window” regions for the study of solute vibrational modes. However,
liquid water is 2 weak Raman scatterer. Only the broad band in the 3500 cm™!
O-—H stretching region is sufficiently strong to seriously obscure solute bands.
Since most molecules have most of their molecular vibrations at lower frequencies
than this, water is an extremely good solvent for Raman spectroscopy.

Complexes of water itself 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 electrolytes®’—*%, These will not be dis-
cussed here. .

As early as 1950, Mathieu*® was able to characterize zinc-water vibrational
modes through the appearance of a Raman band in the 370-390 cm™* region of
the spectra both from crystals containing the [Zn(H,0)¢]** cation, and from
aqueous solutions of zinc salts. A similar Cu—OH, band was found in the region
390-435 cm ™ 1. Lafont*®, and da Silveira and co-workers*’, further characterised
Mg—OH, and Al—OH, vibrational modes in Mg?* and A1** ion hydrates.
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From both H,0 and D,0 solution spectra, the latter authors were able to assign
Raman bands at 350 cm™! and 525cm™! to the totally symmetric vibrational
modes of the hexaquo Mg?* and AI®™ ions, respectively. Other bands at 315 and
240 cm™! for Mg(H,0)¢2*, and at 450 and 340 cm™! for A(H,0)s**, “were
assigned to doubly and triply degenerate vibrations. Lafont and Vinh*® have
given the Mg(H,0)s symmetric stretch as 380 cm™*. The ca. 390 cm™! Zn-OH,
band was also recognised by Irish, ezal.*°. One of the more extensive investigations
of totally symmetric vibrational modes of cation hydration spheres was made by
Hester and Plane’°. Some of their results are summarized in Table 5. All lines

TABLE 5

RAMAN LINES CHARACTERIZING METAL-WATER VIBRATIONAL MODES IN HYDRATED CATIONS®
Salt Raman line, cm™1

Cu(NOy). 440

Zn(NOy), 350

Hg(NO,): 380

Hg(NOg): 370

In(NOy), 410 and 460 overlapping bands
CuSQ, 4490

MgSO, 360

ZnSO, 400

Gas(S0y), 475, shoulder on SO *- line
Iny (SO, 350-550

TSSO, 470

Cu(ClOy). 440

Hg(ClOy). 380

In(CIO,), ca. 420, shoulder on CIO,~ line
Mg(ClO,). 360

listed were found to be highly polarized, and were obtained from aqueous solutions
of the salts listed. Spiro>! has found an aquo-TI** band at around 445-455 cm ™7,
which is eliminated by addition of two chloride ions to TI** in aqueous solution.
The Be(H,0),2* vibrations have been studied by Grigor’ev and co-workers®>?
who have gone as far as determining the Be~O 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 aquo-complex CH;Hg~OH, *. This species has been studied
by Goggin and Woodward®3, who found the Hg-O 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 Woodward?*. The frequencies
of these lines may be used as an indication of the Hg-O bond strengths, but their
intensities are also significant. A similar study of the aqueous solutions of dimethyl
thallic hydroxide has failed to detect any TI-O Raman line**, though the perturba-
tion of the (CH;),T1* ion spectrum shows evidence of at least intimate ion-pair
formation with OH~. Woodward and co-workers>® established much earlier that
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very low or zero intensity is associated with ion-pair bonds, as found in the
TI*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 Hall%% have shown that the aquated (CH;);Pt* cation in aqueous
solution does give a new polarized Raman line, at about 357 cm™?, assignable to
the Pt—OH, stretching vibration. Evidently this hydration, like that discussed
previously for CH;Hg* and simple metal ions, involves more than mere elecirc-
static 1on-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-workers>?, These authors have studied the stoichiometry, geometry, bond
strengths, and acid dissociation constants of the (CH;3),M?*(aq) ions, with M =
Ge'Y, Sn'Y, and Pb"Y. They have shown the (CH,),Sn(aq) ion to possess a linear
C-M-C 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-
droxy-anion was formed and found to have a tin—oxygen stretching frequency at
555 cm ™. This is virtually identical with the Sn(OH)4?~ totally symmetric stretch-
ing mode, which occurs at 556 cm~?! in aqueous solutions.

Simpler hydroxo-complexes which have been characterised by Raman meas-
urements are the aluminate, A{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™', v,(T,) at 420 cm™%,
and v,(E) coincident with v4(T,) at 300 cm ™!, for a tetrahedral (7; symmetry)
Zn(OH),2~ ion. They performed a normal coordinate analysis, using a simple
valence force field, with these frequencies. They determined f,_¢ as 2.21 mdyn/A.
The AI(OH),~ ion was similarly assigned to the T, point group, with frequencies
v, = 615cm™!, v; = 720cm™%, and v, and v, = 310 cm™ . 3.79 mdyn/A was
the corresponding f,, _o determined. Fordyce and Baum??, whilst pointing out
that Lippincott’s spectra were also consistent with D, symmetry, square planar
structures, confirmed the tetrahedral nature of Zn(OH),?>~ and redetermined its
frequencies as v;(4,) = 484 cm™1, v,(E) = 285cm™!, v5(T;) = 430cm™!, and
v4(T;) = 322 cm ™. These authors also claimed to show that the Zn(OH),>~ ion
was the predominant species in their solutions, which covered OH/ZnO mcle
ratios from 8 to 16. However, further work on the related aluminate ion by Car-
reira and co-workers®® has produced results which the authors interpret as favour-
ing the existence of a linear AlO,™ ion in solutions above pH 12.5. They observed
only a single, highly polarized, line at 628 cm~! from these solutions. The derived
Al-O stretching force constant is 3.95 mdyn/A. 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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indicating either a square planar (Dg,) ion, or a polymenc structure in whxch the
Al is octahedrally coordinated.

Aqueous solutions of the OH~/GeO, system have been investigated by
Walrafen®!. From a study of the changing intensities of just three Ramas lines,
at 529, 667, and 765 cm™?, as the solution composition was changed, Walrafen
proposed the existence in aqueous KOH solutions of GeO, of the species H,GeO 2™
and Ge,05%”. More complicated systems still have been studied by Aveston%?
who used a comparison of crystal and solution spectra to establish the presence
of the dodecatungstate ion, W;,0,,*%~, in aqueous solutions of sodium para-
tungstate, Na, W;,0,, - 28H,0. Similar studies of K, ,Nb,,03 - 27H,0 and
KgTasO;s - 16H,0%3, and of the octahedral cage complex ion%?*, Big(OH),,%*,
have been made.

E. HALOGENO-COMPLEXES

Raman spectroscopy has been used to study a large number of halogeno-
complexes of metal ions, many of them in aqueous solution. Some of the results
which have been obtained are summarized in Table 6. A similar, though briefer,
listing has been given by Irish®5. Spectra reported in the Table have mostly been
obtained from aqueous solutions of the complexes, though nop-aqueous solu-
tion, solid state and molten salt spectra also are included.

Most of the tetrahalogeno-complexes have been found to have 7, symmetry,
though a few are recorded in the Table with D,, symmetry. This latter square
planar configuration has been found for the interhalogen anion IClL,™, with
Raman-active frequencies vy(d4,,) = 288, v3(B;,) = 128, v5(B;,) = 261 cm™* as
well as for the PtCl,2~, AuCl,%~, and AuBr %>~ complexes’?. Controversy over
the geometry of the ZnX,*~ complexes appears to have been resolved in favour of
the tetrahedral configuration®3, Determination of the stoichiometries of the several
zinc halide complexes has usually been by the Job method®®.

Probably the most extensively studied halogeno-complex system has been
the chloro-zinc one. In addition to the aqueous solution and solid state work,
several publications bave appeared dealing with the spectra and structure of molten
ZnCl, and ZaCl,/MCl (M = alkali metal) mixtures. An interesting 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
point®3#4, In the related aqueous bromo —zin¢ system, Yellin and Plane®® have
been able to determine stepwise association constants from their Raman data as
follows:

(ZnBe) oo (ZnBrd) - (ZnBr,>")
@a®YBr) 7 (@aBr*)(Br™)  (ZnBr,) (Bro)?

Coordin. Chem. Rev., 2 (1967) 319-347
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TABLE 6

RAMAN SPECTRA OF HALOGENO-COMPLEXES

Complex Symmetry  Fundamental frequencies, cm™ References
Lo Va V3 Yy Vs

Group HIA

AlCL™ Ty 349 146 575 180 66, 67

GaCl;~ Ty 346 114 386 149 68

GaBrg~ Ty 210 71 278 102 68

Gal— Ty 145 52 222 73 69

InBry~ Ty 197 55 239 79 71

Inl,~ Ty 139 42 185 58 69

TICH~ Ty 312 60 296 78 72

TiBr,~ T3 182 58 196 58 72

TH Ty 133 156 72

TICH™~ Oy 280 262 155 72

TiBre™™ Oy, 161 153 95 72

Group IVA

GeFg*~ Oy 627 454 3i8 73

Snllg*- Oy 311 229 158 74, 75

PbCl = O, 28S 218 137 76

SnBrg*- Oy 185 138 95 74

Group IB

AuClg*~ Dy 347 17 324 71, 97

AuBr 3~ Dy, 212 102 196 77

Group IIRB

ZaCl* Cov >305 78, 79

ZnCl, Dy 305 7883

ZnCly~ Cs, 250 82, 83

ZnClL > Ty 288 116 298 130 80-85

ZnBr+ Cov 205 86

ZnBr, Cg‘, 18€ 80, 82, 86

ZnBr*- Ty 178 80 212 89 78, 80, 82, 85, 86

Zplt Cow 163 80

Zal, 140 80

Znl, > Ty 130 60 172 70 78, 80, 85

CdBr - Ty 166 53 183 62 86, 87

CdlI 2 Ty 117 36 145 44 80

Hg,Cly Dy 270 167 260 42 110 88, 89

HgCl. D s 320 80, 90-92

HgCly~ Cyy 276 261 103 87, 90, 92-94

HgCls3~ Ty 264 255 111 87, 90, 92-94

HgBr 2~ Ty 170 87, 90

Hgl Ty 117 87, 90

Groups IVR and VB

TiF¢*- Oy 619 277 95

ZrF 2 Oy 588 . 95

HI{F, 2 Oy 593 234 95

ZrClg®~ Oy 325 237 293 95

TaF* Oy 691 219 95

TaCl* O, 312 330 95

Group VIII

PtCl 2 Dy, 335 164 304 77,97

PtCl > o, 344 320 162 .. 96,98

PdClg* Oy 317 292 164 96, 98

PtBr*- On 207 190 97 96,98
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For the formation of the CdBr, 2~ complex, they found
2-

),

(Ca*7)(B,)
from a study of the concentration dependence of the 166 cm™* polarised Raman
line,

Among the spectra of octahedral halogeno-complexes, those of the PdClg2™,
PtClg®~ and PtBrg®~ complexes are remarkable for their abnormal line intensity
patterns?%:98. Most commonly, MX 2~ complexes show a relative intensity pat-
tern 1,; » I,,, I,5. The three complexes mentioned above show large deviations
from this normal pattern, which have been ascribed to effects arising from some
(d-d)rn-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 MgClg*~ and MgCl;~ spectra®?;
Hg" monohalide (Cl, Br, I) complexes, showing (Hg-I-Hg)** and (H,0-Hg-X)*
species'®®; the square pyramidal (C4v) TeFs~ ion'®'; SbFCl'%%; IOFs'3;
ReF,'%*; VFs'°*; CH3;Hg-X, with X = ClI, Br, I'°%; (CH,),GeCli4-,)'%6;
CH,;SnX;, X = Cl, Br'?7; C,H,Ge,Cl,'°%; CqH;MX,; with X = Cl, Br and
M = Sn, Ge'°?; Hg(CN),X ™, X = Br, I'!°,

F. OXYANION COMPLEXES

Complexes of simple and well-defined oxyanions such as MNO;~, SO,
PO,*” and ClO,~ 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 NO3~ > SO,*” > ClO,~. 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 procedure!!2:*13,
With the free nitrate Dy, symmetry lowered to C,y by association with metal ion
through an oxygen atom, the frequency difference v,(B;)— v;(4,) was used for
complexed nitrateions as a measure of the nitrate perturbation; the following order
of complex strengths was observed: Th** > In3* > Cu?* > Hg?* > Ce3* >
Ca?* > Zn?**, AIPT, Ag* > Na*, K*, NH,"*. Fig. 2 summarises the basis for
this experimental criterion of binding strength in metal-nitrate complexes.

Detailed studies of specific 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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o 1420 cm™ 1050 cm™ 830cm™ 720 gm"
{ 0y, free 2ED a4yl 27 043) #E7
N nitrate 4
o/ \o
Oy c
complexed  24(8) #i4Y play) %18y a8y 54

N,
PN nitrate
2 Oy

Fig. 2. Perturbation of NOy,~ vibrational modes by complex formation, MONOQ,.

formation. An example is the Ca?>*~NO;~ system, for which a 1:1 complex has
been identified in agueous solutiont**** 5, The formation constant for this CaNO, *
complex was found'!* to range from 0.12 to 0.17 in solutions covering the range
of ionic strengths 10 to 40. The formation constant is temperature independant
over the range 26° to 94°, indicating a zero enthalpy of association for Ca?* and
NO;~ ions in water, or approximately equal tendencies for NO;™~ and H,0 to
complex with Ca®* ions. Other metal-nitrate systems which have been studied in
detail by Raman spectroscopic methods are In>**-NO;~ in water, for which a
metal-nitrate vibrational mode has been characterized*®-''7at 270 cm™!; Zn?*—-
NO;~ in water, showing the presence of contact ion pairs'!®; Ce**-NO;™ in
water, showing evidence for bidentate nitrate ion complexation*!®; CH ;Hg" -
NO;"~ in water and in benzene solution®*:*2°, showing an Hg-ONO, vibration at
292 cm™!; Hg?*-NO;~ in water/acetone mixtures!?!; Th**-NO;~ and rare
earth metal nitrates as tri-n-butyl phosphate complexes???'123; Ag*-NO,;~ in
acetonitrile solution24,

In addition to the aqueous solution work, a number of studies have been
made of nitrate ion complexation in molten anhydrous salts. Much of this is
reported in a review by Wait and Janz'?5. Later work has shown a contact jion
pair model to be satisfactory for explaining the observed Raman spectra from melts
containing alkali and alkaline earth metal nitrates, AgNOj;, and TINO;126-128
Metal-pitrate complexes in molten alkali metal nitrate solvents appear to resemble
very closely those formed in aqueous solutions!??,

As mentioned earlier, sulfate complexes with metal ions have been shown
to be much less common than nitrate complexes!!!. The metal-sulfate association,
which is well-known from conductimetric studies of aqueous solutions, is evidently
of the solvent-separated type in most cases, e.g. Mg?*(H,0),S0,%~. An exception
is the aqueous In®*-S0,?~ system, wherein direct complexation has beenfound* !¢,
and an In-OSO; vibrational mode identified at 255 cm™ 1. A 1:2 complex appears
most likely here, viz. In(SO,),”. Even in molten anhydrous sulfates of Li* and
Na*, the SO,2" ion retains its 7y symmetry*3°,

Raman evidence for complex formation with other oxyanions is scarce.
Steger and Simon'?! have reported spectra of a series of crystalline tetrameta-
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phosphates, including Al,(P,0,,);, Cu,P,0,,, and Mg,P,0,,. Brintzinger and
Plane'®? have characterised Zn" and Be" bisdiphosphate complexes in aqueous
solution through their Raman spectra. The nitrite complexes Rh(NO,)s>",
Ir(NO,)63~, and Pt(NO,),2~ have been studied by Mathieu and co-workers!33.
The MNg structures appear to be regular octahedral, and the PtN, has square
planar, D, geometry.

G. CYANO-COMPLEXES

C-N stretching modes in both simple and complex cyanides give strong
sharp bands in both Raman and infrared spectra in the 2040-2210 cm ™! region.
At much lower frequencies, usually around 280-500 cm ™!, metal-carbon stretch-
ing bands can be observed. Raman spectra are particularly useful for assigning
these metal-carbon bands, since symmetrical stretching of M—C bonds in complex
cyanides gives rise to highly polarised bands. A knowledge of the totally symme-
trical C~N and M~C stretching vibrations also enables simple calculations of the
C-N and M-C bond force constants to be made. These in turn provide informa-
tion on the changing character of the bonds as the nature of the central metal
atom is changed in a series of metal-cyanide complexes.

Table 7 contains Raman frequencies for these totally symmetric vibrations,
together with the force constants derived from them, for a wide selection of cyano-
complexes. It is immediately obvious from inspection of this table that the C-N
vibrational frequency is invariably increased by complex formation. It is tempting
to take this as implying an increase in the C-N bond strength in all cases. How-
ever, this would be an oversimplification, neglecting the fact that other modes of
vibration within the complex molecules can couple with the symmetrical C-N
stretching, and affect the frequency the normal mode which we have called the
C-N vibration. Indeed, at least for the case of Cu(CN),>", a force constant cal-
culation has been made'3® which shows the C-N bond to be weaker in the com-
plexed than in the free ion form. This has been interpreted as evidence for a
strong contribution from ionic structure III of Fig. 3 in the bonding of the
Cu(CN) >~ complex**8.

All available evidence from vibrational spectra of cyano-metal complexes
suggests that the metal-carbon bonds are weak, in keeping with the requirement

M—C=N: I
:E=N: M:8=N: I
free ion o,
M:C=N_ I
complex ~

Fig. 3. Bonding in cyano-complexes.

Coordin. Chem. Rev., 2 (1967) 319-347
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TABLE 7
C-N AND M~C TOTALLY SYMMETRIC STRETCHING VIBRATIONS IN METAL CYANIDE COMPLEXES
Species Symmetry Frequencies in cm™t Force consts.  References
in mdynfA

‘Ifs( N, ) ‘5“8 (M- —C} FCN F MC
Free CN— 2079 16.5 134, 135
Group IB
Co(CN):~ Dy 2106 136-138
Cu(CN),*~ (2 2004 136, 137
Cu(CN) 3~ Ty 2094 288 16.3 1.3 134, 136, 137, 139-142
Ag(CN)Y;~ Dy, 2141 360 136, 143
AR(CN)*~ Gy, ? 2108 136
Ag(CN)3= Ty 2097 134, 136
Au(CN).~ Dy 2164 448 2.7 143-145
Au(CN);~ Dy, 2209 461 174 3.0 144
Group IIB
In(CN)* Ty 2157 347 17.2 1.3 134, 136
Cd(CN),~ Cs, 2140 339 146
CA(CN) >~ Ty 2145 327 17.1 1.3 134, 136
Hg(CN). Doy 2190 412 17.3 2.7 135, 136, 147
Hg(CN)y~ Gy, 2160 358 136, 146
Hg(CN)* Ty 2148 335 17.1 1.5 134-136, 147, 148
CHHgCN G, 2180 386 17.5 2.1 149
Other transition elements
Mo(CN)*~ Dy, 2135 394 150
Os(CN)e*~ Oy 2109 465 151
Rh(CN)¢*~ Oy 2166 445 16.8 24 152
I(CN)g~ Oy 2167 463 16.7 2.7 152
Cr{iCN)> Oy 2137 153
Fe(CN)*~ O, 2136 153, 154
Fe(CN)¢*~ Oy 2090 505 134, 153, 155157
Co(CN)s>~ Oy 2150 408 16.7 2.1 134, 152, 153, 155, 157, 158
Ni( 33 Dy ? 2159 294 153
PUCN) ™™ Dy, 2168 320 155
Pd(CN)gg" D‘h 2159 294 155

of essential electrical neutrality for the central metal atom*®°, Fig. 3 suggests how
accumulation of negative charge on a central metal atom in a cyano-complex can
be avoided by polarisation of the M—C g-bonding electrons toward the C atom.
The low values of the M-C force constants, and low intensities of M—-C Raman
bands, may be taken as evidence for the absence of appreciable n-electron par-
ticipation in the M-C bonds??*#148 This may be contrasted with the situation in
the isoelectronic CO complexes discussed in the following section.

The C-N bonds in most of the complexes listed in Table 7 clearly are stronger
than in the free cyanide jon, however. This testifies to the importance of structure I
of Fig. 3, since donation of electrons, NC - M, reduces the screening of the
carbon nucleus, thus increasing its effective positive charge, and tightening the
C-N bond!33. Any contribution to the bonding from back-donation of metal



RAMAN SPECTROSCOPIC STUDIES IN COORDINATION CHEMISTRY 337

d-electrons would result in M= C = Ie\'I: types of structure, with weakening of the
C-N bonds. The predominance of high Fey values may thercfore be taken as
further evidence for “s-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 gold com-
plexes'43), it seems probable that some M-C n-bonding is involved, though this
is not even here a very significant factor in the bonding***. Within each of the series
[Cu(CN)*~, Cu(CN);*~, Cu(CN),"], [Ag(CN),>~, Ag(CN);*", Ag(CN),"],
[Hg(CN),2~, Hg(CN);~, Hg(CN),], and [Cd(CN),>~, Cd(CN);~] there is seen
to be a decrease in the M—C bond strength, judged as above, as the pumbe, of CN
ligands per metal atom increases. This also may be rationalised in terms of weaken-
ing of M-C o-bonds in order to retain essential electrical neutrality of the metal.

Chantry and Plane!3* have shown that additional information bearing on
the problem of the nature of metal-ligand bonding can be obtained from a careful
study of Raman band intensities. Raman intensities are determined by the deriv-
atives of molecular polarisability with respect to elongations of the various bond
lengths, and in Table 8 are listed a number of cyano-complexes for which these

TABLE 8
BOND POLARISABILITY DERIVATIVES FOR SOME CYANG-COMPLEXES!?S
Species A, freq. (cm*)  Rel. Intensity|CN—  Derived bond polarisability,
&cn(d?)

CN- 2079 1.00 1.71
Za(CN) > 2143 1.55 2.12
CAd{CN) 2~ 2145 1.60 2.16
Hg(CN)*~ 2148 1.60 2.16

340 0.013
Co(CN)* 2152 1.68 2.21

404 0.015
CHLCN 2248 1.85 2.61
Cu(CN) 2~ 2094 2.78 2.84
Ag(CN)3~ 2097 3.15 3.03
Fe(CN)4*~ 2094 3.48 3.18

quantities have been determined. The complexes listed are seen to fall into two
sets: one for which the derived C-N bond polarisabilities & o, lie between the free
CN~ and the CH;CN values; another for which the CN-band intensities, and
hence the & oy values, are abnormally large. The first set of values is consistent
with partial o-bonding in the M—C skeletons, and the extremely low intensities of
the v,(4,) M-C stretching bands has been attributed to the large amount of
s-character in the carbon ¢-orbital used for M-C bonding!3*. However, the ab-
normally high values for the Cu'l, Agl, and Fe'! complexes evidently represent a
breakdown of the theory of localised bond polarisabilities, and have not been
satisfactorily explained.

In addition to the pure cyano-complexes discussed so far, a number of
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mixed cyano-halogeno-complexes bave been investigated by the Raman method.
The Au(CN),Cl,” complex has been shown to exist in the trans-planar, D,
structure! ®%-16% with Foy = 17.3 and F,c = 3.0 mdyn/A. The Pt(CN),Cl, com-
plex has very similar bonding, with Fey = 17.3 and Fp,c = 2.8 mdyn/A'%%, and
evidently resembles Au(CN)4>*~ rather closely in having metal-carbon bonds with
strong g-character, but little z-character'#*. Cooney and Hall'®3 have found both
the C-N and the Hg-C frequencies are lowered by addition of halogen to Hg(CN),
in aqueous solution, intheorder F < Cl < Br < L

Summarising the extensive infrared and Raman evidence, Jones!%4 has for-
mulated a set of general rules to describe the nature of the chemical bonding in
cyano-complexes. These are as follows:
1. M-C n-bonding increases with the number of d, electrons on the metal.
2. M-C =-bonding decreases with increase in effective nuclear charge of the metal.
3. M-C o-bonding increases with increase in effective charge of the metal.
4. The C-N force constant decreases as M—C n-bonding increases.
5. The C-N force constant increases as M—C o-bonding increases.
The reader should investigate these rules with the aid of the data given in Table 7.

H. CARBONYL COMPLEXES

The CO molecule is isoelectronic with the CN™ ion, and much of the interest
in its complexes arises from the possibility of multiple bonding in the M-C skzle-
tons of its complexes with transition metals. Table 9 contains the frequencies of
totally symmetrical C-0O and M-C stretching modes which have been observed
in the Raman spectra of a number of metal-carbonyl complexes, together with the
bond force constants which have been derived from these frequencies by normal
coordinate analyses. In direct contrast with the behaviour shown by the cyano-~
complexes listed in Table 7, complexing of CO with metals is seen to result in
lowering of the C-O stretching frequency, and weakening of the C-O bond.

The arguments presented in the previous section lead to the conclusion that
metal-carbon m-bonding, arising from back-donation of metal d-electrons, is much
more important in the transition metal carbonyl complexes than in the cyano-
complexes. The contribution to bonding from structures of the form M<=>C=0
resulting in lowering of the C-O bond order from the triply bonded free CO, is
apparently very significant. In the H;B « CO molecule, included in Table 9 for
comparison purposes, there is no possibility of B~-C n-bonding. The C-O force
constant is seen to increase slightly from the free CO, in keeping with the predic-
tions and observations made for the analogous g-bonded cyano-complexes in the
previous section.

At first sight, the M—C force constants given in Table 9 appear to be remark-
ably small for multiple bonds. Indeed, many of the M-C bonds seem weaker even
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TABLE 9
C-0 AND M-C TOTALLY SYMMETRIC STRETCHING VIBRATIONS IN METAL CARBONYL COMPLEXES
Species Symmetry Freguencies in cm™t Force consts. in mdynfAd  References
3’8 ( -0 ) Vs( M-C ) FCO F; MC
Free CO 2143 18.5 165
H,BCO Cay 2166 707 18.9 2.6 165167, 28
Cr{(CO), Oy 2118 390 17.9 2.0 168-170
Mo(CQO)s Oy 2124 392 18.1 1.8 168-170
W(CO), Oy, 2124 420 17.7 2.1 168-170
Fe(CO)* Dy, axial 1984 492 16.1 3.0 171177
eq. 2114 414 17.1 1.9 171-177
Fe(CO) 32~ Ty 1788 464 i1.4 4.1 178
HFe(CO)~ Cay 1895 451 178
Co(CO),— Ty 1918 439 13.2 3.5 178, 179
Ni(CO), Ty 2128 380 16.3 2.5 180184
Hg[Co(CO)]s Dyy 2030 416 185
Cd[Co(CO) ]y Dyy 1984 429 185

* T'.¢ trigonal bipyramidal structure contains distinct axial and equatorial CO groups.

than the “c-only” B-C bond in H3B « CO. However, this is an unfair comparison,
for there is no reason why an Ni—C single bond, say, should have a force constant
equal to a B-C single bond. In the absence of “standard” M-C single bond force
constant values, the absolute magnitude of the Fy values of Table 9, as also for
Table 7, must be interpreted with great care. Nevertheless, the relative C-O and
M-C frequencies and force constants do indicate some inteissting trends. For
example, it may be seen quite unambiguously that the metal-carvon bond strengths
for the hexacarbonyls of Cr, Mo, and W increase in the order Mo-C < Cr-C <«
W-C. This unpredictable order is also judged to be the order of importance of
M-C zn-bonding®®. For these octahedral molecules, only four of the vibrational
fundamentals are infrared active, while six more are observable in the Raman
effect, thus underlining the importance of the Raman data in obtaining structural
analyses of these complexes.

Raman spectra similarly have been essential in establishing the trigonal
bipyramidal geometry of the Fe(CO)s complex, and eliminating the C,y, square
pyramidal, possibility? 73. The data reported for this complex show that the axial
CO groups are bonded more strongly to the Fe atom than are the equatorial
groups. The Fe-C bonds are unusually strong, and apparently have more n-char-
acter than the M—C bonds in any other neutral complex investigated. The related
Fe(CO),~ anionic complex has a still more strongly n-bonded Fe-C skeleton.
Even in the Co(CO),~ complex, a metal-carbon bond order of 1.87 has been
determined from the spectroscopic data'”®, The Ni-C bond order has similarly
been calculated as 1.67 in the Ni(CO)4 complex.

Polynuclear metal carbonyls have not been extensively investigated by Ra-
man spectroscopy, though this provides the best means for detecting and char-
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acterising the metal—metal bonds which often are present in such species. The
Re-Re stretching frequency of 120 cm ™! has been measured, and used to calculate
a bond force constant F(Re-Re) = 0.8 mdyn/A!86. The highly symmetrical
MICo(CO),]1, complexes, with M =Cd and Hg, have been shown to possess 3-fold
principal molecular symmetry axes containing all the atoms O-C-Co-M-Co-C-0O,
wherein symmetrical Co-M-Co stretching modes give rise to the Raman fre-
quencies 152 cm™! (Cd) and 161 cm™! (Hg). Metal-metal bond force constants
have been determined as 2.33 (Cd) and 2.61 (Hg) mdyn/A.

The spectral effects of partial substitution of CO groups on Ni(CO)4 by a
wide range of other ligands have been studied by Bigorgne and Zelwer'®”. Fig. 4

NI{COIL
HCoMs o “\\ s
Ni{COkls p3}3\\\\\
Ni{CO}L

NI(CO), S v :
1900 1950 2000 2050 2100 2180

2 lem™

Fig. 4. Variation of C-O frequency with ligand substitution in Ni{CO),L, .. , complexes (Adapted
from ref. 187).

shows how the polarised Raman line characterising the symmetric C-O stretching
varies with degree of substitution and with the nature of the ligand. The lowering
of the CO frequency, which is observed in every case, implies increased Ni-C
n-bonding. This, in turn, implies a competition between the ligands for the nickel
d-electrons, with CO easily the winner in each of the molecules studied. These
ligands may therefore be ordered on the basis of their w-acceptor strengths as
follows: CO > PF,; > PCl; > P(OPh); > P(OMe); > PPh, > PMe;. Substitu-
tion of all four CO groups by PF; ligands has been achieved by Woodward and
Hall'®3, who report the totally symmetric Ni-P stretching frequency as 195 cm™,
corresponding to a force constant of 2.71 mdyn/A. This is a little higher than the
corresponding value for Ni-C in Ni(CQ),, but, in the light of the evidence of
Fig. 4, probably should not be interpreted as implying greater n-character in
Ni-PF; than in Ni-CO bonds. Further Raman work with partially substituted
metal carbonyls has been done by Pailblanc and Bigorgne!®®, and Cotton and
Kraihanzel!®? have presented approximate methods for analysis of mixed ligand
complex spectra.
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Hester and Nixon'®® have recently shown that substitution of PF(CF;),
ligands for CO’s in Mo(CO), results in an increase of the bond strength in the
remaining CO’s, which implies that this perfluoromethyl substituted phosphine is
an even better m-acceptor than CO.

I. MISCELLANEOUS LIGANDS
(i) Cyclopentadienyl and benzene n-complexes

Although this review journal does not normalily deal with organo-metallic
compounds, it is worth devoting a little space here to the metal-ligand bonds in
this interesting class of coordination complexes. 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
sources®. Argon ion and He/Ne c.w. gas lasers also can be used with some coloured
compounds.

Ferrocene was the first r-cyclopentadienyl compound to be studied in detail
by Raman spectroscopy. Lippincott and Nelson'®! used Hg 5461 A, Hg 5770-
5790 A doublet, and Na 5890-5895 A doublet excitation in obtaining the spectra
of ferrocene, ferrocene-d-10, and ruthenocene. Symmetrical Cp-M-Cp stretching
frequencies were assigned at 303 cm ™! and 330cm ™ for Fe(C;H,), and Ru(CsHy),,
respectively. Subsequent determination of the Mg(CsHs), Raman spectrum show-
ed this to be similar to the ferrocene and ruthenocene spectra, but the coordinate
bond symmetric stretching frequency was identified at 191 cm™!, showing 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!%2, Analogous
metal-ring vibrational frequencies have been assigned at 350 cm™! for the
(CsH3)Mn(CO); complex'?3; at 270 cm™* for the dibenzene chromium sandwich,
(CHg),Cr; and at 279 cm ™! for the (CgHg),Cr™* cation'®*. Fritz'®* has reported
normal coordinate analyses of a few of these complexes, which indicate the follow-
ing order of metal-ring bond strengths: Cp,Ru > Cp,Fe > Cp,Mg > Cp,Ni,
and (CgHg),Cr > (CgHg),Cr*. The force constants are Cp,Ru, 3.20; Cp,Fe,
3.11; Cp,Mg, 1.83; Cp,Ni, 1.68; (C¢Hyg),Cr, 2.89; (CgHg),Cr*, 2.78 mdyn/A.

(ii) Others

No very extensive set of Raman data has been compiled for any other
single class of coordination complex. A few representative examples only of the
many and varied remaining types of complex will be presented here.
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Form a study of thiocyanate ion complexes with a range of metal ions in
aqueous solution, including Zn", CdY, Hg", Ag!, Pt'Y, Cr'™™, Ni'", and Mg",
Tramer!9% 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 C-S 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 Horrocks'®?
on the tetrahedral pseudohalogeno-complexes of zinc, Zn(NCO),* ", Zn(NCS),2-,
and Zn(NCSe),2 ", has confirmed 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 4, 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 difficult to interpret sufficiently 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''l,
and In'", Hester and Plane'?® 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

Y=o Ne—o

< M —— =D
N Ne—o”
/ /

Fig. 5. Electron delocalisation in Al, Ga, and In trisacetylacetonates.

type of metal-oxygen zn-bonding in analogous compounds is provided by n.m.r.
results!??. Characterisation of the simpler trisoxolato complexes has been assisted
by Gaufres and Mathieu’s?°® work on the K;3[Al(Ox)313H,O complex.

Krishnan and Plane®* 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 tris-complexes at 423 (Zn), 400 (Cd), and
422 (Hg) cm ™. Much earlier, Mathieu3® reported spcctra of Zn, Pt, Rh, Ir, and
Ni complexes of H,N(CH,),NH,. Another potertial chelating ligand is the gly-
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cinate jon. Complexes of this ligand with Zn", Cd", and Be' have been studied
by Krishnan and Plane?°%, who have found that although H,N - CH, - CO,™ does
behave as a bidentate ligand with Zn™ and Cd" in aqueous solutions at around’
pH 7, at lower pH values the nitrogen end of the ligand becomes protonated and
breaks away from the metal centre, leaving only the carbonyl oxygen binding

the metal.
Metal-metal bonding has been mentioned earlier, in section H, for the
binuclear carbonyl'®’ Re,(CO);q, and the Cd[Co(CO),], and Hg[Co(CO),l:

complexes. The Re, compound also has been studied by Lewis and co-workers®®%,

who report a Re-Re bond stretching frequency of 128 cm™!. The Raman spectra
of a number of other compounds containing Mn-Mn, Mn~Re, Mn-Sn, Sn-Sn,
Hg-Hg, and Cd-Cd bonds have been summarised by Gager, Lewis, and Ware®°>.
They point out that these symmetrical vibrations, all of which occur in the range
120-210 cm ™1, typically give rise to strong sharp polarised Raman lines, but are

either absent of very weak and difficult to detect in far infrared absorption

spectra®%%,
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