SIXTH EDITION

Infrared and Raman
Spectra of Inorganic and

Coordination Compounds
Part B

APPLICATIONS IN COORDIATION
ORCANUOMETALLIMNM AND
BIOINORGANIC CHEMISTRY

7
O O
S — P | | ——
Nes=q=on=- r N Ne=~ff====<N
'4 \FU.’"’#. — K \.":_.--"" ’
b NI N
N. ' """ Sy =l BERSERS ~Anages = N

SWWILEY




Infrared and Raman
Spectra of Inorganic and
Coordination Compounds



Infrared and Raman
Spectra of Inorganic and
Coordination Compounds

Part B: Applications in
Coordination, Organometallic,
and Bioinorganic Chemistry

Sixth Edition

Kazuo Nakamoto

Wehr Professor Emeritus of Chemistry
Marquette University

FWILEY

A JOHN WILEY & SONS, INC., PUBLICATION



Copyright © 2009 by John Wiley & Sons, Inc. All rights reserved

Published by John Wiley & Sons, Inc., Hoboken, New Jersey
Published simultaneously in Canada

No part of this publication may be reproduced, stored in a retrieval system, or transmitted in any form or
by any means, electronic, mechanical, photocopying, recording, scanning, or otherwise, except as
permitted under Section 107 or 108 of the 1976 United States Copyright Act, without either the prior
written permission of the Publisher, or authorization through payment of the appropriate per-copy fee
to the Copyright Clearance Center, Inc., 222 Rosewood Drive, Danvers, MA 01923, (978) 750-8400,
fax (978) 750-4470, or on the web at www.copyright.com. Requests to the Publisher for permission
should be addressed to the Permissions Department, John Wiley & Sons, Inc., 111 River Street, Hoboken,
NJ 07030, (201) 748-6011, fax (201) 748-6008, or online at http://www.wiley.com/go/permission.

Limit of Liability/Disclaimer of Warranty: While the publisher and author have used their best efforts in
preparing this book, they make no representations or warranties with respect to the accuracy or
completeness of the contents of this book and specifically disclaim any implied warranties of
merchantability or fitness for a particular purpose. No warranty may be created or extended by sales
representatives or written sales materials. The advice and strategies contained herein may not be suitable
for your situation. You should consult with a professional where appropriate. Neither the publisher nor
author shall be liable for any loss of profit or any other commercial damages, including but not limited to
special, incidental, consequential, or other damages.

For general information on our other products and services or for technical support, please contact our
Customer Care Department within the United States at (800) 762-2974, outside the United States at
(317) 572-3993 or fax (317) 572-4002.

Wiley also publishes its books in a variety of electronic formats. Some content that appears in print may
not be available in electronic formats. For more information about Wiley products, visit our web site at
www.wiley.com.

Library of Congress Cataloging-in-Publication Data is available.

ISBN 978-0-471-74493-1

Printed in the United States of America

1009 8 7 6 5 4 3 21



Contents

PREFACE TO THE SIXTH EDITION iX
ABBREVIATIONS Xi
1. Applications in Coordination Chemistry 1

1.1. Ammine, Amido, and Related Complexes / 1

1.2. Complexes of Ethylenediamine and Related Ligands / 14

1.3. Complexes of Pyridine and Related Ligands / 23

1.4. Complexes of Bipyridine and Related Ligands / 29

1.5. Metalloporphyrins / 37

1.6. Metallochlorins, Chlorophylls, and Metallophthalocyanines / 45
1.7. Nitro and Nitrito Complexes / 52

1.8. Lattice Water and Aquo and Hydroxo Complexes / 57

1.9. Complexes of Alkoxides, Alcohols, Ethers, Ketones,
Aldehydes, Esters, and Carboxylic Acids / 62

1.10. Complexes of Amino Acids, EDTA, and Related Ligands / 67
1.11. Infrared Spectra of Aqueous Solutions / 74

1.12. Complexes of Oxalato and Related Ligands / 79

1.13. Complexes of Sulfate, Carbonate, and Related Ligands / 84
1.14. Complexes of B-Diketones / 96



vi

1.15.
1.16.
1.17.
1.18.
1.19.
1.20.
1.21.
1.22.
1.23.
1.24.
1.25.
1.26.
1.27.
1.28.

CONTENTS

Complexes of Urea, Sulfoxides, and Related Ligands / 105
Cyano and Nitrile Complexes / 110

Thiocyanato and Other Pseudohalogeno Complexes / 120
Complexes of Carbon Monoxide / 132

Complexes of Carbon Dioxide / 152

Nitrosyl Complexes / 155

Complexes of Dioxygen / 161

Metal Complexes Containing Oxo Groups / 175
Complexes of Dinitrogen and Related Ligands / 183
Complexes of Dihydrogen and Related Ligands / 189
Halogeno Complexes / 193

Complexes Containing Metal-Metal Bonds / 199
Complexes of Phosphorus and Arsenic Ligands / 206
Complexes of Sulfur and Selenium Ligands / 210
References / 222

2. Applications in Organometallic Chemistry 275

2.1.
2.2.
2.3.
24.
2.5.

2.6.
2.7.

2.8.
2.9.

Methylene, Methyl, and Ethyl Compounds / 275

Vinyl, Allyl, Acetylenic, and Phenyl Compounds / 281
Halogeno, Pseudohalogeno, and Acido Compounds / 283
Compounds Containing Other Functional Groups / 290

m-Bonded Complexes of Olefins, Acetylenes,
and Related Ligands / 294

Cyclopentadienyl Compounds / 302

Cyclopentadienyl Compounds Containing
Other Groups / 308

Complexes of Other Cyclic Unsaturated Ligands / 313
Miscellaneous Compounds / 318
References / 319

3. Applications in Bioinorganic Chemistry 333

3.1.
3.2.
3.3.
3.4.
3.5.
3.6.
3.7.

Myoglobin and Hemoglobin / 335

Ligand Binding to Myoglobin and Hemoglobin / 340
Cytochromes and Other Heme Proteins / 350
Bacteriochlorophylls / 359

Hemerythrins / 363

Hemocyanins / 368

Blue Copper Proteins / 373



CONTENTS vii

3.8. Iron-Sulfur Proteins / 378
3.9. Interactions of Metal Complexes with Nucleic Acids / 387
References / 393

Index 403



Preface to the Sixth Edition

Since the fifth edition was published in 1996, a number of new developments have
been made in the field of infrared and Raman spectra of inorganic and coordination
compounds. The sixth edition is intended to emphasize new important developments
as well as to catch up with the ever-increasing new literature. Major changes are
described below.

Part A. Chapter 1 (““Theory of Normal Vibrations”) includes two new sections.
Section 1.24 explains the procedure for calculating vibrational frequencies on the
basis of density functional theory (DFT). The DFT method is currently used almost
routinely to determine molecular structures and to calculate vibrational parameters.
Section 1.26 describes new developments in matrix cocondensation techniques. More
recently, a large number of novel inorganic and coordination compounds have been
prepared by using this technique, and their structures have been determined and
vibrational assignments have been made on the basis of results of DFT calculations.
Chapter 2 (“Applications in Inorganic Chemistry”) has been updated extensively,
resulting in a total number of references of over 1800. In particular, sections on
triangular X5- and tetrahedral X,-type molecules have been added as Secs. 2.2 and 2.5,
respectively. In Sec. 2.8, the rotational—vibrational spectrum of the octahedral UFg
molecule is shown to demonstrate how an extremely small metal isotope shift
by **U/?*U substitution (only 0.6040cm™') can be measured. Section 2.14
(““Compounds of Carbon”) has been expanded to show significant applications of
vibrational spectroscopy to the structural determination of fullerences, endohedral
fullerenes, and carbon nanotubes. Vibrational data on a number of novel inorganic
compounds prepared most recently have been added throughout Chapter 2.

Part B. Chapter 1 (“Applications in Coordination Chemistry”’) contains two new
Sections: Sec. 1.6 (“‘Metallochlorins, Chlorophylls, and Metallophthalocyanines™)

ix



X PREFACE TO THE SIXTH EDITION

and Sec. 1.19 (““Complexes of Carbon Dioxide”). The total number of references has
approached 1700 because of substantial expansion of other sections such as Secs. 1.5,
1.18, 1.20, 1.22, and 1.28. Chapter 2 (“‘Applications in Organometallic Chemistry”)
includes new types of organometallic compounds obtained by matrix cocondensation
techniques (Sec. 2.1). In Chapter 3 (“Applications in Bioinorganic Chemistry”), a
new section (Sec. 3.4) has been added, and several sections such as Secs. 3.3, 3.7, and
3.9 have been expanded to include many important new developments.

I would like to express my sincere thanks to all who helped me in preparing this
edition. Special thanks go to Prof. J. R. Kincaid (Marquette University), Prof. R. S.
Czernuszewicz (University of Houston), and Dr. T. Kitagawa (Institute for Molecular
Science, Okazaki, Japan) for their help in writing new sections of Chapter 3 of Part B.
My thanks also go to all the authors and publishers who gave me permission to
reproduce their figures in this and previous editions.

Finally, I would like to thank the staff of John Raynor Science Library of Marquette
University for their help in collecting new references.

Milwaukee, Wisconsin Kazuo NAKAMOTO
March 2008



Abbreviations

Several different groups of acronyms and other abbreviations are used:

1. IR, infrared; R, Raman; RR, resonance Raman; p, polarized; dp, depolarized;
ap, anomalous polarization; ia, inactive.

2. v, stretching; 9, in-plane bending or deformation; p,,, wagging; p,, rocking; p,,
twisting; m, out-of-plane bending. Subscripts, a, s, and d denote antisymmetric,
symmetric, and degenerate modes, respectively. Approximate normal modes of
vibration corresponding to these vibrations are given in Figs. 1.25 and 1.26.

3. DFT, density functional theory; NCA, normal coordinate analysis; GVF,
generalized valence force field; UBF, Urey—Bradley force field.

4. M, metal; L, ligand; X, halogen; R, alkyl group.

5. g, gas; 1, liquid; s, solid; m or mat, matrix; sol’n or sl, solution; (gr) or (ex),
ground or excited state.

6. Me, methyl; Et, ethyl; Pr, propyl; Bu, butyl; Ph, phenyl; Cp, cyclopentadieny];
OAc™, acetate ion; py, pyridine; pic, pycoline; en, ethylenediamine. Abbrevia-
tions of other ligands are given when they appear in the text.

In the tables of observed frequencies, values in parentheses are calculated or estimated
values unless otherwise stated.

Xi



Chapter

Applications in
Coordination Chemistry

1.1. AMMINE, AMIDO, AND RELATED COMPLEXES

1.1.1. Ammine (NH3) Complexes

Vibrational spectra of metal ammine complexes have been studied extensively, and
these are reviewed by Schmidt and Miiller [1]. Figure 1.1 shows the infrared spectra
of typical hexammine complexes in the high-frequency region. To assign these NH3
group vibrations, it is convenient to use the six normal modes of vibration of a
simple 1 : 1 (metal/ligand) complex model such as that shown in Fig. 1.2. Table 1.1
lists the infrared frequencies and band assignments of hexammine complexes. It is
seen that the antisymmetric and symmetric NH; stretching, NH; degenerate
deformation, NH3; symmetric deformation, and NHj rocking vibrations appear in
the regions of 3400-3000, 1650-1550, 1370-1000, and 950-590 cm !, respec-
tively. These assignments have been confirmed by NH3/ND; and NH;/'SNH,
isotope shifts.

The NHj stretching frequencies of the complexes are lower than those of the free
NH; molecule for two reasons. One is the effect of coordination. On coordination,
the N—H bond is weakened and the NHj stretching frequencies are lowered. The
stronger the M—N bond, the weaker is the N—H bond and the lower are the NH3
stretching frequencies if other conditions are equal. Thus the NH; stretching
frequencies may be used as a rough measure of the M—N bond strength. The other
reason is the effect of the counterion. The NHj stretching frequencies of the chloride

Infrared and Raman Spectra of Inorganic and Coordination Compounds, Part B: Applications in
Coordination, Organometallic, and Bioinorganic Chemistry, Sixth Edition, by Kazuo Nakamoto
Copyright © 2009 John Wiley & Sons, Inc.
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Fig. 1.1. Infrared spectra of hexammine complexes: [Co(NH3)s]Cls (solid line), [Cr(NH3)s]Cl3
(dotted—dashed line), and [Ni(NH3)s]Cl> (dotted line).

are much lower than those of the perchlorate, for example. This is attributed to the
weakening of the N—H bond, due to the formation of the N—H. - -Cl-type hydrogen
bond in the former.

The effects of coordination and hydrogen bonding mentioned above shift the NH;
deformation and rocking modes to higher frequencies. Among them, the NH; rocking
mode is most sensitive, and the degenerate deformation is least sensitive, to these
effects. Thus the NH; rocking frequency is often used to compare the strength of
the M—N bond in a series of complexes of the same type and anion. As will be shown in

vy(4y) v3(4;)
8,(NHg) v,(M-N)
vy(E) vs(E) Ve(E)
v,(NH3) 8(NHj) p,(NH3)

Fig. 1.2. Normal modes of vibration of tetrahedral ZX'Y s molecules. (The band assignment is given
for an M—NH3 group.)
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4 APPLICATIONS IN COORDINATION CHEMISTRY

the next subsection, a simple 1:1 complex such as that shown in Fig. 1.2 has been
prepared in inert gas matrices [30].

To assign the skeletal modes such as the MN stretching and NMN bending modes, it
is necessary to consider the normal modes of the octahedral MNg skeleton (O,
symmetry). The MN stretching mode in the low-frequency region is of particular
interest since it provides direct information about the structure of the MN skeleton and
the strength of the M—N bond. The octahedral MNj skeleton exhibits two v(M—N)
(A, and E,;) in Raman and one v(M—N) (F,) in infrared spectra (see Sec. 2.8 of
Part A). Most of these vibrations have been assigned on the basis of observed isotope
shifts (including metal isotopes, NH3/ND; and NH;/ 15 NH,;) and normal coordinate
calculations. Although the assignment of the v(Co—N) in the infrared spectrum of [Co
(NH3)6]Cl3 had been controversial, Schmidt and Miiller [4] confirmed the assignments
that the three weak bands at 498, 477, and 449 cm ! are the split components of the
triply degenerate F';,, mode (Fig. 1.4). The intensity of the MN stretching mode in the
infrared increases as the M—N bond becomes more ionic and as the MN stretching
frequency becomes lower. Relative to the Co(III)—N bond of the [Co(NH3)6]3+ ion,
the Co(II)—N bond of the [Co(NH;3)s]* " ion is more ionic, and its stretching frequency
is much lower (325 cm ™). This may be responsible for the strong appearance of the
Co(II)—N stretching band in the infrared. As listed in Table 1.1, two Raman-active
MN stretching modes (A, and E,) are observed for the octahedral hexammine salts. In
general, v(A,,) is higher than v(E,). However, the relative position of v(F,) with
respect to these two vibrations changes from one compound to another. Another
obvious trend in v(MN) is v(M*"—N) >v(M**—N) > v(M>*" —N). This holds for all
symmetry species. Table 1.1 shows that the NH; rocking frequency also follows the
same trend as above.

Normal coordinate analyses on metal ammine complexes have been carried out by
many investigators. Among them, Nakagawa, Shimanouchi, and coworkers [13] have
undertaken the most comprehensive study, using the UBF (Urey—Bradley Force) field.
The MN stretching force constants of the hexammine complexes follow this order:

Pt(IV) > Co(III) > Cr(Ill) > Ni(II) ~ Co(II) D
2.13 1.05 094 034 033 mdyn/A

Acevedo and coworkers carried out normal coordinate calculations on the [Cr
(NH;)6]>" and [Ni(NH;3)g]*>" ions [14,15]. On the other hand, Schmidt and Miiller
[4,5] and other workers [8] calculated the GVF (generalized valence Force) constants
of a number of ammine complexes by using the point mass model (where the NH;
ligand is regarded as a single atom having the mass of NHj3), and refined their values
with isotope shift data (H/D, 14N / 15N, and metal isotopes). For the hexammine series,
they obtained the following order:

Pt*t > It >08°t > Rh3T >RiPT > Co®t >
275 228 2.13 2.10 2.01 1.86

Cr3t > Ni?t >Co?t >Fe?t ~ Cd®>t >Zn?*t >Mn?t
1.66 0.85 0.80 0.73 0.69 0.67 mdyn/A
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TABLE 1.2. Infrared Frequencies of Other Ammine Complexes (cm™')

v(MN)
Complex va(NH3z)  vs(NH3) J,(HNH) J4HNH) p{NH3) IR Raman O(NMN) Ref.
Tetrahedral
[Co(NH3)4](ReO4)2 3340 3260 1610 1240 693 430 405 (A;) 195 16
[%4Zn(NHa)4]l» 3275 3150 1596 1253 685 —  432(A,) 156 17,18
3233 1239 412 (F,)
[Cd(NH3),4](ReOy)- 3354 3267 1617 1176 670 370 — 166 1,19
160
Square-planar
['®Pd(NH3)4]Clo'H,O 3270 3170 1630 1279 849 495 502 (A, 325 4,20,21
802 482 (Byy) 300
[Pt(NH3)4]Cl, 3236 3156 1563 1325 842 510 543 (A, 301 13,22,21
522 (Bj,)
[Cu(NH3)4]S04-H:0 3327 3169 1669 1300 735 426 420 (Ayg) 256 4,23
3253 1639 1283 375 (Biy) 227
[Au(NHg)4(NO3)s 3490 3105 1571 1331 936 555 566 327 24
3220 914 544 307
272
Linear
[Ag(NH3)-S0, 3320 3150 1642 1236 740 476 372(A) 221 25,26
3230 1626 1222 703 400 211 27
[Hg(NH3),Cl> 3265 3197 1605 1268 719 513 412 —

For a series of divalent metals, this order is parallel to the Irving—Williams series
(Mn*" < Fe*" < Co*" < Ni*" < Cu?" > Zn*"). Schmidt and Miiller [ 1] discussed the
relationship between the MN stretching force constant and the stability constant or the
bond energy.

Table 1.2 lists the observed infrared frequencies and band assignments of tetrahe-
dral, square—planar, and linear metal ammine complexes. The Raman-active MN
stretching frequencies are also included in Table 1.2. Normal coordinate analyses have
been made by Nakagawa et al. [13] by using the UBF field; the following values were
obtained for the MN stretching force constants:

Hg?™ > P2* > Pd®>* > Cu®*
2.05 1.92 1.71 0.84 mdyn/A

Normal coordinate calculations have also been made by Tellez [28] on the
tetrahedral [Zn(NH3),]*" and [Cd(NH;),]*" ions. Using the GVF field and the point
mass approximation, Schmidt and Miiller [5] obtained the following values:

P2t > P2T > Co*t ~ Zn?t ~ Cu?t > cd*t )
254 215 144 143 142 1.24 mdyn/A
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As stated above, NH; frequencies of ammine complexes are determined by the strength
of the M—N bond as well as the strength of the N—H- - - X hydrogen bond. The order of
this synergetic effect has been studied for [M(NH3)g]X5-type complexes [29].

1.1.2. Ammine Complexes in Inert Gas Matrices

Infrared spectra of cocondensation products of alkali halide (MX) vapors with NH3
diluted in argon were measured by Ault [34]. In the case of KCl, for example, the bands
at 3365,3177, and 1103 cm ™" have been assigned to the v,(NH3), vi(NH3), 6 ,(HNH),
respectively, of the 1: 1 ion pair of type I shown below:

X~ N -
~7 '\
Hy H
M ‘.‘:\ ,,,
IlI X
H/ / \
H H M+
O (I

The type II structure was ruled out because of the following reasons: (1), the 6 (HNH)
frequency should be sensitive to the metal ion in (I) and to the anion in (II) [the fact that
it shows relatively large shifts by changing the metal ion, but almost no shifts by
changing the anion, supports (I)]; and (2) the v,(NH3) and v((NH3) in (II) are expected
to be highly sensitive to the anion, owing to formation of the N—H- - -X hydrogen
bonds; this is not the case in (I). The fact that they show only small shifts in going from
CsCl to Csl supports (I). Further supports for structure (I) are given by the appearance
of the p,(NH;) and v(M—N) at 458 and 232cm™' (KCI), respectively. These
frequencies are much lower than those of transition metal complexes discussed
earlier, because their M—N bonds are much weaker (more ionic).

Stuizer and Andrews [31] studied the IR spectra of cocondensation products of alkali
metal (M) vapors with NH/Ar. They assigned the following bands:

] Li Na K Cs
vy(NH;) 3277 3294 3292 3287 (all in cm™")
54(NH3) 1133 1079 1064 1049

to the 1: 1 adduct of Cs, symmetry which is similar to that of the M(NH3) " cation
discussed earlier. The M—NH3 bonding has been attributed to a small charge transfer
from NHj; to M in the case of Li and Na, and to areverse charge transfer in the case of K
and Cs. At high concentrations of M and NHj;, large aggregates of undefined
stoichiometries were formed. Similar work including Fe and Cu was carried out by
Szczepanski et al. [32] Loutellier et al. [33] have made the most extensive IR study on
the Li(K)/NH3/Ar system. By varying the concentrations and relative ratios of M/NHj;
inawide range, they were able to observe bands characteristicofthe 1:1,1:2,...,1:n,



AMMINE, AMIDO, AND RELATED COMPLEXES 7

high [NH,]

low [NH;] 0.25 0.25

1200 ' 1100 " 1200 1100 cm-

Fig. 1.3. IR spectra (1200-1050cm™") of cocondensation products of Li atoms with NH5 mole-
cules in Armatrices. Left column: (a) Li/NHs/Ar= 0.1/0.4/1000, (b) 0.1/1.2/1000, (c) 3/10/1000, and
(d) 2.5/20/1000. Right column: (a) Li/NHs/Ar= 0.1/0.4/1000, (e) 2/0.6/1000, (f) 2/2.5/1000, and
(g) 8/2.5/1000 [33].

and2:1,3:1-.-m: 1 adducts. As an example, Fig. 1.3 shows the IR spectra of the Li/
NH;/Ar system in the d4NH3) region. The molar ratios (Li/NH3) and the peaks
characteristic of each species are indicated in the figure. In general, the 1:1 adduct
is formed when the concentrations of Li and NHj; are close. If the concentration of NH3
ishighrelative to Li, the 1 : n (n =2,3,4, . . .) adducts are formed. On the other hand, the
m: 1 (m=2,3,4...)adducts result when the concentration of Li is high relative to NHj3.
For the 1: 1 adduct of Li, the bands at 381 and 320cm ™' have been assigned to the
p(NH3) and \é(Li—N), respectively. The Li—N stretching force constant was found to
be 0.3 mdyn/A.

Photolysis of ammine complexes in inert gas matrices has been used to produce a
number of new species. For example, Ault [34] obtained Cl,V(O)NH, by the reaction

in Ar

OVCl; + NH; "2 OVCl; — NH; % C1,V(O)NH, + HCI

and its infrared spectrum was assigned by isotopic substitution (H/D and '*N />N and
DFT calculations. Similar reactions have been utilized to prepare HSiNH, [35] and
HMNH,(M = ALGa, In) [36].

1.1.3. Halogenoammine Complexes

If the NH; groups of a hexammine complex are partly replaced by other groups,
the degenerate vibrations are split because of lowering of symmetry, and new
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TABLE 1.3. Skeletal Vibrations of Pentammine and trans-Tetrammine Co
(ll) Complex (cm~") [37,38]

Complex v(CoN) v(CoX) Skeletal Bending
Pentammine (C4,)
[CO(’\"‘|3)5|:]2+
Ay 480, 438 343 308
E 498 — 345, 290, 219
[CO(’\"‘|3)5‘>C|]2+
Ay 476, 416 272 310
E 498 — 292, 287, 188
[CO(NHS)SBF]ZJr
Ay 475, 410 215 287
E 497 — 290, 263, 146
[Co(NHg)sl]**
Ay 473, 406 168 271
E 498 — 290, 259, 132
trans-Tetrammine (Dg4p,)
[Co(NH3)4Clo]™
Aoy — 353 186
E, 501 — 290, 167
[Co(NHg)4Bra] "
Aoy — 317 227
E, 497 — 280, 120

bands belonging to other groups appear. Here we discuss only halogenoammine
complexes. The infrared spectra of [Co(NH3)sX]* - and rrans-[Co(NH;3),X,] -
type complexes have been studied by Nakagawa and Shimanouchi [37,38].
Table 1.3 lists the observed frequencies and band assignments obtained by these
workers. The infrared spectra of some of these complexes in the CoN stretching
region are shown in Fig. 1.4. Normal coordinate analyses on these complexes
[37] have yielded the following UBF stretching force constants (mdyn//g): K
(Co—N), 1.05; K(Co—F), 0.99; K(Co—Cl),0.91; K(Co—Br), 1.03; and K(Co—1I),
0.62.

Using the GVF force field, Chen et al. [39,40] also carried out normal coordinate
analysis on [M(NH3)sX]-type complexes (M = Co, Cr; X = NH3, Cl,H,0, OH, etc.) to
obtain the v(M—N) and v(M—X) force constants.

Raman spectra of some chloroammine Co(III) complexes have been assigned [41].
In the series of the [Cr(NH3)sX]* " ions, the v(Cr—N) are in the 475-400 cm ™ region,
and the v(Cr—X) are at 540, 302, 264, and 184 cm ™!, respectively, for X =F, CI, Br,
and I [42]. For more information on halogenoammine complexes of Cr(III), see Ref.
[43]. Detailed vibrational assignments are available for halogenoammine complexes
of Os(IIT) [44] and of Ru(III), Rh(III), Os(III), and Ir(III) [45].

In regard to M(NH3)4X,- and M(NH3);X3-type complexes, the main interest has
been the distinction of stereoisomers by vibrational spectroscopy. As shown in
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Fig. 1.4. Infrared spectra (600-300cm™") of Co(lll) halogenoammine complexes.

Appendix V of Part A, trans-MNyX, (Dy,) exhibits one MN stretching (E,) and one
MX stretching (A,,,), while cis-MN4X, (C,,) shows four MN stretching (two Ay, By,
and B,) and two MX stretching (A and B)) vibrations in the infrared. For mer-MN;X3
(C,,), three MN stretching and three MX stretching vibrations are infrared-active,
whereas only two MN stretching and two MX stretching vibrations are infrared-active
for fac-MN;X; (C3,,). Nolan and James [12] have measured and assigned the Raman
spectra of a series of [Pt(NH3)nCl6,n](”_2)+—type complexes. Li et al. [46] carried out
normal coordinate analysis on cis-Pt(NH3),Cl,.

Vibrational spectra of the planar M(NHj3),X,-type complexes [M = Pt(Il), Pd(I)]
have been studied by many investigators. Table 1.4 summarizes the observed
frequencies and band assignments of their skeletal vibrations, including those of
“cis-platin”—the well-known anticancer drug. Figure 1.5 shows the infrared spectra
of cis- and trans-[Pd(NH3),Cl,] obtained by Layton et al. [51]. As expected, both the
PdN and PdCl stretching bands split into two in the cis-isomer. Durig et al. [52] found
that the PN stretching frequencies range from 528 to 436 cm™ ', depending on the
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TABLE 1.4. Skeletal Frequencies of Square—Planar M(NH;),X,-Type Complexes (cm~')?

Complex v(MN) v(MX) Bending Ref.
trans-[Pd(NH3),Cl5]
IR 496 333 245, 222, 162, 137 47,21
R 492 295 224
cis-[Pd(NH3)2Cly]
IR 495, 476 327, 306 245, 218, 160, 135 47

trans-[Pd(NH3)oBrs]
IR 490 — 220, 220, 122, 101 47
R 483 182 172 21

cis-[Pd(NHz)2Br2]
IR 480, 460 258 225, 225, 120, 100 47

trans-[Pd(NH3)2l2]
IR 480 191 263, 218, 109 47

trans-[Pt(NHg)Cly]
IR 572 365 220, 195 48,49
R 538 334 — 21,48

cis-[Pt(NHa)2Clo]?
IR 510 330, 323 250, 198, 155, 123 49
R 507 253 160 21

trans-[Pt(NHg),Br]
IR 504 260 230 48,49
R 535 206 — 48

trans-[Pt(NHaz)l5]
R 532 153 — 48

4For band assignments, see also Refs. 13 and 50.
See Sec. 3.9.1.

nature of other ligands in the complex. In general, the PtN stretching band shifts to a
lower frequency as a ligand of stronger trans influence is introduced in the position
trans to the Pt—N bond. Using infrared spectroscopy, Durig and Mitchell [53] studied
the isomerization of cis-[Pd(NH5),X5] to its trans-isomer.

Other studies on halogenoammine complexes include [Zn(NH3),X,] (X = CIL,Br, I)
[54] and [Ir(NH3)Cls]*~ [55].

1.1.4. Linear Chain Ammine Complexes

Mixed-valence compounds such as Pd''Pt"Y(NH3),Cl and Pd''Pd"Y (NH3),Cle take
the form of a chain structure as shown below:
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O=N
®=Cl

Both compounds exhibit an intense, extremely broad electronic absorption
band in the visible region. The IR spectra of these mixed-valence compounds are
approximately superpositions of those of each of the components. However, the
RR spectra (Secs. 1.22 and 1.23 of Part A) obtained by using exciting lines in this

v (Pd-N)

| v (Pd-Cll)
| | | | | | ]

<« Absorption

v (Pd-N)

cis v (Pd-Cl)

] I | ] ] | I
1800 1600 1400 1200 1000 800 600 400
Valem1)

Fig. 1.5. Infrared spectra of trans- and cis-[Pd(NH3)-Cl5] [51].
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region are markedly different from the IR spectra. In the case of the Pd—Pt
complex, RR spectra involving the progressions of three totally symmetric metal—
chlorine stretching vibrations were observed. Thus, the visible spectrum was
attributed to a metal-metal mixed-valence transition. On the other hand, the
Pd—Pd complex exhibits a RR spectrum involving several stretching and bending
fundamentals and their combinations and overtones that originate in the Pd
(NH3),Cl, component only. Thus, Clark and Trumble [56] attributed the visible
spectrum to the metal-ligand charge transfer transitions within this component.
Later, this work was extended to the Ni—Pt complex of ethylenediamine
(Sec. 1.2.3).

In the Magnus green salt, [Pt(NH3),] [PtCl,], the OPt(II) atoms form a linear chain
structure with relatively short Pt—Pt distances (~3.3 A). Originally, Hiraishi et al. [13]
assigned the infrared band at 200cm ™' to a lattice mode that corresponds to the
stretching mode of the Pt—Pt—Pt chain. This high frequency was justified on the basis
of the strong Pt—Pt interaction in this salt. Adams and Hall [57], on the other hand,
assigned this mode at 81 cmfl, and the 201 cm ™! band to a NHj; torsion. In fact, the
latter is shifted to 158 cm ™' by the deuteration of NH; ligands [58]. Different from the
mixed-valence complexes, the Raman spectrum of the Magnus green salt obtained by
excitation in the visible absorption band does not display long overtone series [58].
This is expected since it has no axial bonds that would change the bond lengths on
electronic excitation. Resonance Raman spectra of these and other linear chain
complexes are reviewed by Clark [59].

1.1.5. Lattice Vibrations of Ammine Complexes

Vibrational spectra of metal ammine complexes in the crystalline state exhibit lattice
vibrations below 200cm ', Assignments of lattice modes have been made for the
hexammine complexes of Mg(II),2 Co(II) [60], Ni(IT) [60,61], [Co(NH3)g]/[Co(CN)]
[62], and [Pt(NH3)4]Cl, [63]. Lattice modes and low-frequency internal modes of
hexammine complexes have also been studied by Janik et al. [64,65] using the inelastic
neutron-scattering technique.

1.1.6. Amido (NH,) Complexes

The vibrational spectra of amido complexes may be interpreted in terms of the
normal vibrations of a pyramidal ZXY,-type molecule. Niwa et al. [66] carried out
normal coordinate analysis on the [Hg(NH,),]. ion (infinite-chain polymer); the
results are given in Table 1.5. Brodersen and Becher [67] studied the infrared spectra
of a number of compounds containing Hg—N bonds and assigned the HgN
stretching bands at 700-400 cm ™', Alkylamido complexes of the type M(NR5)4 5
(M =Ti,Zr,Hf,V,Nb,Ta) exhibit their MN stretching bands in the 700-530 cm !

region [68].
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TABLE 1.5. Infrared Frequencies and Band Assignments of Amido Complexes (cm™")
[66]

Compound V(NHy) 5(NHs) pw(NHp) p(NHy) Y(HgN)
——
[Hg(NHz)l., (Cl) 3200 1540 1025 673 573
3175
[Hg(NHz)]E (Br) 2 gfgg } 1525 1008 652 560

1.1.7. Amine(RNH,) Complexes

Infrared spectra of methylamine complexes, [Pt(CH3NH,),X5] (X: a halogen), have
been studied by Watt et al. [69]. Far-infrared spectra of [M(R,NH),X,]—[M = Zn(II)
or Cd(II); R = ethyl or n-propyl; X = Cl or Br] type complexes have also been reported
[70]. The v(Pt—I) vibrations of Pt(RNH,),I,-type complexes are in the 200—150 cm !
region [71]. Infrared and Raman spectra of metal complexes of aniline have been
reviewed by Thornton [72].

1.1.8. Complexes of Hydrazine and Hydroxylamine

Hydrazine (H,N—NH,) coordinates to a metal as a unidentate or a bridging bidentate
ligand. No chelating (bidentate) hydrazines are known. For example, the hydrazine
ligands in [M(N,H,4),]Cl, [M{I) = Mn,Fe,Co,Ni,Cu,Zn,Cd] are bridging bidentate
(polymeric):

Cl Cl
N NHNH |

. M
7| “Nep—Nmg | N
Cl Cl

On the other hand, all hydrazine ligands in [Co(N,H4)¢]Cl, are coordinated to the Co
atom as a unidentate ligand. According to Nicholls and Swindells [73], the complexes
of the former type exhibit the v(N—N) near 970 cm ', whereas those of the latter type
show it near 930 cm™'. The IR spectra of hydrazine complexes of M(II)(M = Ni,Co,
Zn,Cd) [74], Os(II) [75], and Ln(III) (Ln =Pr,Nd,Sm) [76] have been reported. In
these compounds, hydrazine acts as a unidentate or bridging bidentate ligand.

The vibrational spectra of hydroxyalmine(NH,OH) have been reported by Khar-
itonov et al. [77]. Other related ligands include diazene (N,H,). Lehnert et al. [78]
prepared a diazene-bridged Fe(Il) dimer, [FeL(PPr3),],(1-N,H,), where L denotes
1,2-bis(2-mercaptophenylthio)ethane, and assigned the N,H, vibrations on the basis
of isotope shifths (H/D and '*N /!N) and normal coordinate analysis. Andersen and
Jensen [79] assigned the IR spectra of M(I),[M(IV)L,], where M() is an
alkali metal ion; M(IV) is Ni, Fe, Mn, and V; and L is the C3;HgN 3033 ~ ion
(hexahydro-1,3,5-triazine-1,3,5-triol). Assignments were based on isotope shift data
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(H/D, ("“N/BN,12C/1BC,%Ni/®Ni, and >*Fe />'Fe), and the IR spectrum of the
free ligand, C3H6N3(OH)3

1.2. COMPLEXES OF ETHYLENEDIAMINE AND RELATED LIGANDS

1.2.1. Chelating Ethylenediamine

When ethylenediamine(en) coordinates to a metal as a chelating ligand, it may take a
gauche (0 and A) or a cis conformation, as shown in Fig. 1.6. Then, eight different
conformations are probable for the [M(en);]"t ion if we consider all possible
combinations of conformations of the three chelate rings (6 or A) around the chiral
metal center. They are designated as A(090), A(004), A(OAA), A(AAL), A(AA), A(AAD),
A(%.60), and A(39). According to X-ray analysis, all the en ligands in the [Co(en)s]>™
ion take the gauche conformation (J), and the configuration of the whole ion is A(009)
[80,81]. Although it is rather difficult to obtain such information from vibrational
spectra, Cramer and Huneke [82] have shown that some of these conformers can be
distinguished by the number of IR-active C—C stretching vibrations. For example, [Cr
(en)3]Cl5 + 3.5H,0 [A(000), D3 symmetry] exhibits only one band at 1003 cm !,
whereas [Cr(en);][Ni(CN)s] + 1.5H,0 [A(6d4, dA4), C, symmetry] exhibits three
bands at 1008, 1002 (shoulder), and 995 cm ™', Gouteron has shown [83] that racemic
(dl) and optically active (d) forms of [Co(en);]Cl; can be distinguished in the

crystalline state by comparing vibrational spectra below 200cm ™'

P

XX
eis (Cay) trans (Cap)
| II
!
)
|
i
X l X
X ' X
gauche () gauche (3)
Cy

Fig. 1.6. Rotational isomers of 1,2-disubstituted ethane. X= NH, for en.
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Normal coordinate analyses on metal complexes of ethylenediamine have been
made by several groups of workers. Fleming and Shepherd [84] carried out normal
coordinate calculations on the 1:1(Cu/en) model of the [Cu(en)2]2+ ion. These workers
considered a 9-atom system of C,,, symmetry, assuming that the two hydrogen atoms
bonded to the C and N atoms are single atoms having the double mass of hydrogen. The
IR bands at410 and 360 cm ™" have been assigned to the v(Cu—N) that are coupled with
other skeletal modes. The corresponding Cu—N stretching force constant (GVF) was
1.25 mdyn/A. Borch and coworkers [85—87] have carried out more complete calcula-
tions by considering all the 37 atoms of the [Rh(en);]* " ion ([A(d89)] configuration of
D; symmetry), and the force constants (GVF) have been refined by using the
vibrational frequencies obtained for the N-d,, C—d 5, N,C—-d>,4, and their BN analogs.
In total, 38 force constants were employed, including the Rh—Nstretch of 1.607 mdyn/
A. Three v(Rh—N) vibrations are at 545 (A ), 445 (A,), and 506 (E), although they are
strongly coupled with other skeletal bending modes. Figure 1.7 shows the IR and
Raman spectra of (N-d;,) [Rh(en);]Cl;-D,0 obtained by Borch etal. [87]. Later, their
calculations (E modes) were improved by Williamson et al. [88], who assigned the
polarized Raman spectra of tris(ethylenediamine) complexes of Co(III) and Rh(IIT) on
the basis of similar calculations.

1 /ﬁ\/
Nd.;!Rh(en);lM
IR.KBr

oL 1 1 1 1 1 1 1 1 1 1
3000 cm’! 2000 1800 1600 1400 1200 1000 800 600 400 200

(a)

% TRANSMITTANCE
u
o
1

N -d,ﬂRh(en);)Cl,
Raman, solid

INTENSITY

¥

400 cm-t 0

I " i

i A n A I n n L L
2600 2400 2000 1600 1200 800
(b)

Fig. 1.7. Infrared (a) and Raman spectra (b) of N-deuterated (N-d,5) [Rh(en);]Cl3- D>O [87].
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Empirical assignments of v(M—N) have been reported for [M(en);]* " (M = Cr, Co)
[89] [M(en)s]>" (M =Zn, Cd, Fe, etc.) [90], and [M(en),]*" (M = Cu,Pd,Pt) [91].
Bennett et al. [92,93] found that, in a series of the M(en);SO,4 complexes, the v(M—N)
frequencies follow the order

M=Mn(ll) Fe(ll) Co(ll) Ni(ll) Cu(ll) Zn(Il)
va 391 < 397 < 402 < 410 < 485 > 405 (cm™!)
vs 303 < 321 ~ 319 < 334 < 404 > 291

As mentioned in Sec. 1.1.1, this is the order of stability constants known as the Irving—
Williams series. These assignments have been confirmed by extensive isotope
substitutions, including metal isotopes.

Stein et al. [94] observed that the Raman intensities of the totally symmetric
stretching and chelate deformation modes of the [CO(CH)3]3+ jonat’526and 280 cm ™,
respectively, display minima near 21.5kK,” where the d—d transition shows its
absorption maximum. Figure 1.8 shows the excitation profiles of these totally
symmetric vibrations, as well as that of non-totally symmetric v(Co—N) (E,) at
444 cm™'. Since this result is opposite to what one expects from resonance Raman
spectroscopy (Sec. 1.22 of Part A), it is called “antiresonance.” These workers

4.0 Absorption spectrum e
Predicted A term frequency
dependence for v = 47.4 kK
————— Excitation dota -
.21 8
3 o 526 cm™!
0 280 em™!
a 376 cm™!
v 444 cm™! o -

241 i 6
e — 0~ o %
o e—

2‘9 ‘g.oz-"/ /-/,/
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Fig. 1.8. Excitation profiles for the [Co(en)s]°>" ion. The left-hand scale pertains to the excitation
data and the right-hand scale, to the absorption spectrum. l"c”,o; is the molar intensity relative to
thatofthe v bandof ClO, " : (Ico/ Cco)(Ccio; /Icio; )- The theoretical curves (--— -) are calculated
with the A term frequency dependence given by A. C. Albrechtand M. C. Hutley [J. Chem. Phys. 55,
4438 (1971)].

* _ . 103 a1
1kK =1 kilokayser=10"cm™ .
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attributed its origin to “interference” between the weak scattering from the ligand-field
state and strong preresonance scattering from higher energy allowed electronic states.
For more theoretical study on this phenomenon, see Ref. 95.

Lever and Mantovani [96] assigned the MN stretching bands of M(N—N),X5-
[M = Cu(Il), Co(Il), Ni(Il); N—N =en, dimethyl-en, etc.; X=Cl, Br, etc.]-type
complexes by using the metal isotope technique. For these compounds, the CoN and
NiN stretching bands have been assigned to 400-230cm ™' [96], and the CuN
stretching vibrations have been located in the 420-360 cm ™! [97]. A strai ght-line
relationship between the square of the CuN stretching frequency and the energy of the
main electronic d—d band was found [98], with some exceptions [97].

The infrared spectra of cis- and trans-[M(en),X,]" [M = Co(I1I), Cr(III), Ir(III), Rh
(II); X = Cl, Br, etc.] have been studied extensively [99—102]. These isomers can be
distinguished by comparing the spectra in the regions of 1700—1500 (NH, bending),
950-850 (CH, rocking), and 610-500 cm ! (MN stretching).

1.2.2. Bridging Ethylenediamine

Ethylenediamine takes the trans form when it functions as a bridging group between
two metal atoms. Powell and Sheppard [103] were the first to suggest that ethyle-
nediamine in (C,H4)CL,Pt(en)PtCl,(C,Hy) is likely to be trans, since the infrared
spectrum of this compound is simpler than that of other complexes in which
ethylenediamine is gauche. However, an NMR study on this complex ruled out this
possibility [104]. The trans configuration of ethylenediamine was found in (AgCl),en
[105], (AgSCN),en [106], (AgCN),en[107], Hg(en)Cl, [108], and M(en)Cl, (M =Zn
or Cd) [105]. The structure of these complexes may be depicted as follows:

gz ﬁz
’ H
M e—ck MTN
N H, N
H, H,

A more complete study, including the infrared and Raman spectra, of M(en)X,-type
complexes [M = Zn(II),Cd(Il),Hg(Il); X = CI1,Br,SCN] has been done by Iwamoto
and Shriver [108]. Mutual exclusion of infrared and Raman spectra, along with other
evidence, supports the C,, bridging structure of the en ligand in the Cd and Hg
complexes (see Fig. 1.9).

1.2.3. Mixed-Valence Complexes

In Sec. 1.1.3 we discussed the RR spectra of mixed-valence complexes such as PdPt
(NH3)4Clg and Pd,(NHj3)4Clg. Analogous complexes can be prepared by changing the
metal and the N-donor ligand. For example, Clark and Croud [109] measured the RR
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Fig. 1.9. Infrared (top) and Raman (bottom) spectra of [Cd(en)Br,] .

spectra of single crystals of [Ni(en),] [Pt(en),X5] (ClOy4)4 (X =CI, Br, I) in which a
linear chain such as

is formed via halogen bridges. These complexes exhibit strong, broad bands due to the
Ni(IT)-Pt(IV) charge transfer transition in the visible region. Figure 1.10 shows the RR
spectra of the chloro complex obtained by 488 nm excitation at 20 K. It is seen that the
complex exhibits a series of overtones of the symmetric v{(Cl—Pt—Cl) vibration up to
6v, which split into three peaks, due to mixing of **CI /*’Cl isotopes. Similar overtone
series were observed for X = Br and I. Using these data, the frequencies corrected for
anharmonicity and anharmonicity constants have been calculated (Sec. 1.23 of
Part A). Polarized RR studies show that these vibrations are completely polarized
along the Ni- - -X—Pt—X- - -Ni axis. Similar work is reported for [Pt(en),][Pt(en),Cl,]
(C104)4[110]. In the [Pt(en),][Pt(en),X,](ClO,4), series, the IR-active chain phonon
frequencies (antisymmetric stretching) are 359.1, 238.7, and 184.2 cmfl, respective-
ly, for X=CIl, Br, and I [111].

The mixed-valence complex [Pt(en),I,][Pt(CN),] forms a quasi-one-dimensional
chain, { —Pt(II)—-I—Pt(IV)—I—},, in the axial direction. The RR spectrum of its single
crystal exhibits three totally symmetric vibrations at 138, 111, and 49cm ™" in the
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[Ni(en),][Pt(en),CL,][CIO,],
Ao = 488.0 nm T= 20K Single crystal
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Fig. 1.10. Isotopomer band intensities for v;— 6v; of a single crystal of [Ni(en),][Pt(en),Cl.]-

(ClO.)4. For ease of presentation, the * CIPt®® CI component (a) of each harmonic is lined up
with the same abscissa value; (b) and (c) refer to the *® CIPt*” CI and ¥ CIPt* CI components,

respectively [109].
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low-frequency region. The band at 138 cm ™' was assigned to the v,(I—Pt—I) since the
same mode was observed at 140 cm ™ for the [Pt(IV)(en)L,]** ion [112].

Omura et al. [113] reported the far-IR spectra of Magnus-type salts [M(en),]-
[M'Cl,] [M,M’ = Pt(IT) or PA(IT)]. Berg and Rasmussen [114] measured the IR and far-
IR spectra of the analogous complexes [M(en),][M'Br,] [M,M’ = Pt(II) or Pd(II)] and
[M(en),][Hgl,]. No bands assignable to the metal-metal stretching were observed in
these complexes.

1.2.4. Complexes of Polyamines

Polyamines such as these shown below coordinate to a metal as tridentate or
tetradentate ligands:

Diethylenetriamine(dien):
H
H,N— (CH2)2—111 —(CHz)2—NH,
Triaminotriethylamine(tren):

(CHy),—NH,
N— (CHz)z"‘NHg

(CHy),—NH,

Triethylenetetramine(trien):

HZN—(CH2)2—ITI—(CHZ)z—Il\I—(CHz)z—NHz
H H

The infrared spectra of diethylenetriamine (dien) complexes have been reported for
[Pd(dien)X]X (X =Cl1,Br,I) [115] and [Co(dien)(en)Cl]zJr [116]. The latter exists in
the four isomeric forms shown in Fig. 1.11. Their infrared spectra revealed that the -
and k-isomers contain dien in the mer configuration; the - and e-isomers contain dien
in the fac configuration. The mer- and fac-isomers of [M(dien)X5] [M = Cr(III), Co
(IIT), and Rh(III); X: a halogen] can also be distinguished by infrared spectra [117].

The infrared spectra of 5, ', f”-triaminotriethylamine(tren) complexes with Co(III)
[118] and lanthanides [119] have been reported. Buckingham and Jones [120] measured
the infrared spectra of [M(trien)X,]", where trien is triethylene-tetramine, M is Co(III),
Cr(1II), or Rh(III), and X is a halogen or an acido anion. These compounds give three
isomers (Fig. 1.12) that can be distinguished, for example, by the CH, rocking vibrations
in the 920-869 cm ™! region. For [Co(trien)Cl,]ClOy, cis-a-isomer exhibits two strong
bands at 905 and 871 cm ™' and cis-ff-isomer shows four bands at 918, 898, 868, and
862 cm™'; trans-isomer gives only one band at 874 cm ™' with a weak band at 912 cm ™',
Far-infrared spectra of some of these trien complexes have been reported [121].
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Fig. 1.11. Structures of the [Co(dien)(en)CI]?* ion.

1.2.5. Complexes of 1,2-Disubstituted Ethanes

Asis shown in Fig. 1.6, 1,2-disubstituted ethane may exist in the cis, trans, or gauche
form, depending on the angle of internal rotation. The cis form may not be stable in the
free ligand because of steric repulsion between two X groups. The trans form belongs
to point group C,,,, in which only the u vibrations (antisymmetric with respect to the
center of symmetry) are infrared-active. On the other hand, both gauche forms belong
to point group C,, in which all the vibrations are infrared-active. Thus the gauche form
exhibits more bands than the trans form. Mizushima and coworkers [122] have shown
that 1,2-dithiocyanatoethane (NCS—CH,—CH,—SCN) in the crystalline state

cis-a cis-f trans

Fig. 1.12. Structures of the [M(trien)Xz]* ions.
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definitely exists in the trans form, because no infrared frequencies coincide with
Raman frequencies (mutual exclusion rule). By comparing the spectrum of the crystal
with that of a CHC15 solution, they concluded that several extra bands observed in
solution can be attributed to the gauche form. Table 1.6 summarizes the infrared
frequencies and band assignments obtained by Mizushima et al. It is seen that the CH,
rocking vibration provides the most clear-cut diagnosis of conformation: one band
(A,) at 749 cm ™" for the frans form, and two bands (A and B) at 918 and 845 cm ™" for
the gauche form.

The compound 1,2-dithiocyanatoethane may take the cis or gauche form when it
coordinates to a metal through the S atoms. The chelate ring formed will be completely
planar in the cis, and puckered in the gauche, form. The cis and gauche forms can be
distinguished by comparing the spectrum of a metal chelate with that of the ligand in
CHCl; solution (gauche + trans). Table 1.6 compares the infrared spectrum of 1,2-
dithiocyanatoethanedichloroplatinum(Il) with that of the free ligand in a CHCl;
solution. Only the bands characteristic of the gauche form are observed in the Pt(II)
complex. This result definitely indicates that the chelate ring in the Pt(II) complex is
gauche. The method described above has also been applied to the metal complexes of
1,2-dimethylmercaptoethane (CH3S—CH,—CH,—SCHj3) [123]. In this case, the free
ligand exhibits one CH, rocking at 735 cm ™" in the crystalline state (rans), whereas
the metal complex always exhibits two CH, rockings at 920-890 and 855-825 cm ™!
(gauche).In the case of ethylenediamine complexes discussed earlier, the CH, rocking
mode does not provide a clear-cut diagnosis since it couples strongly with the NH,
rocking and C—N stretching modes.

TABLE 1.6. Infrared Spectra of 1,2-Dithiocyanatoethane and Its Pt(ll) Complex (cm™")
[122]

Ligand
Crystal trans CHCl; Solution (gauche+ trans) Pt Complex (gauche) Assignment
— 2170(g) 2165(g) v(C=N)
2155(1) 2170(h) }
1423(1) 1423(1) - o(CH
1423() 1419((;) 1410(g) } (Cra)
12914(1) — -
— 1285(g) 1280(9) P CHz)
1220(f) 1215(f) —
1145(1) 1140(%) — pdH2)
— 1100(g) 1110(g)}
— —(9)"° 1052(g) v(CC)
10377 — -
- 918(g) 929(g) pACHz)
— 845(g) 847(g)
749(1) —b —
680(1) 677(1) — v(CS)
660(f) 660(f) _

#Raman frequencies in the crystalline state.
PHidden by CHCI; absorption.
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1.3. COMPLEXES OF PYRIDINE AND RELATED LIGANDS

1.3.1. Complexes of Pyridine

On complex formation, the pyridine (py) vibrations in the high-frequency region are
not shifted appreciably, whereas those at 604 (in-plane ring deformation) and
405 cm ™" (out-of-plane ring deformation) are shifts to higher frequencies. Clark and
Williams [124] carried out an extensive far-infrared study on metal pyridine com-
plexes. Table 1.7 lists the observed frequencies of these metal-sensitive py vibrations
and metal—py stretching vibrations. Clark and Williams showed that v(M—py) and
v(MX) (X = a halogen) are very useful in elucidating the stereochemistry of these py
complexes. For example, fac-[Rh(py);Cls] exhibits two v(Rh—py) (C3, symmetry),
whereas mer-Rh(py);Cls shows three v(Rh—py) (C,,, symmetry) near 250 cm ™~ '. The
infrared spectra of these two compounds are shown in Fig. 1.13.

Vibrational spectra in the low-frequency region have been assigned for other
halogeno pyridine complexes, including trans-[Tc(py)>X4] [128], cis/trans-[Os
(Py)2 X4l [129], cis/trans-[Pt(py).Cly] [130], mer-[Os(py);Xs] [131], trans-[Os
(py)4X>] [132], and trans-[Pt(py),F,1*" [133].

The metal isotope technique has been used to assign the v(M—py) and v(MX)
vibrations of Zn(py), X, [134] and Ni(py)4X, [135]. The former vibrations have been
located in the 225-160 and 250-225 cm ™' regions, respectively, for the Zn(II) and Ni
(II) complexes. Figure 1.14 shows the infrared and Raman spectra of [64Zn(py)2C12]
and its ®Zn analog. As expected from its C,, symmetry, two v(Zn—py) and two
v(ZnCl) are metal-isotope-sensitive.

Thornton and coworkers [136,137] carried out an extensive study on a variety of
pyridine complexes with emphasis on band assignments based on isotope shift data
(py-ds, ""'N-py, and metal isotopes). As an example, Fig. 1.15 illustrates the IR spectra
and band assignments of a series of the M(py),Cl,-type complexes [137]. The shaded

TABLE 1.7. Vibrational Frequencies of Pyridine Complexes (cm™") 124
Complex Structure py? py? v(M—py)
Co(py)2Cl> Monomeric, tetrahedral 642 422 253
Ni(py)2l2 Monomeric, tetrahedral 643 428 240
Cr(py)2Cla Polymeric, octahedral 640 440 219
Cu(py)2Cl> Polymeric, octahedral 644 441 268
Co(py)2Cl> Polymeric, octahedral 631 429 243,235
mer-[Rh(py)sCls] Monomeric, octahedral 650 468 265,245,230
fac-[Rh(py)sCls] Monomeric, octahedral 643 464 266,245
trans{Ni(py)4Clz] Monomeric, octahedral 626 426 236
trans-Ir(py)4Clo]Cl Monomeric, octahedral 650 469 260,(255)
cis-[Ir(py)4Cl>]CI Monomeric, octahedral 656 468 287,273
trans-[Pt(py)2Bra] Monomeric, square—planar 656 476 297
cis-[Pt(py)2Br»] Monomeric, square—planar 659 448 260,234
644

4For band assignments of pyridine, see Refs. 125 and 126.
PAssignments made by Postmus et al. [127].
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Fig. 1.13. Far-IR spectra of (A) fac- and (B) mer-[Rh(py)sCl3] [124].
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Fig. 1.14. Infrared and Raman spectra of ®* Zn(py),Cl and its ®®Zn analog [134].
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Fig. 1.15. Infrared spectra (650-150cm™") of the M(py)-Cl complexes: solid bands, v(M—Cl) and
shaded bands, v(M—N) [139].

bands (v; and v,4) are assigned to the v(M—N), while the solid bands (v, and v,) are due
to the v(M—Cl). The vs is assigned to a bending mode. In a series of polymeric
octahedral complexes shown in Fig. 1.15, both v(M—N) and v(M—Cl) follow the
Irving—Williams order shown in Sec. 1.2.1.

py py DpYy
~JCl Cl -

Two v(M—Cl) and one v(M—N) are expected in IR spectra of polymeric octahe-
dral complexes (C; symmetry), whereas two v(M—Cl) and two v(M—N) are expected
in IR spectra of tetrahedral complexes (C,, symmetry). The latter also holds for
polymeric tetragonal Cu(IT) complex. It should be noted that the violet Co(IT) complex
is polymeric octahedral while the blue Co(II) complex is monomeric tetrahedral. An
Infrared and Raman spectra of metal pyridine complexes have been reviewed
extensively by Thornton [137]. Far-infrared spectra of metal pyridine nitrate com-
plexes, M(py).(NO3),, have been reported [138,139].
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1.3.2. Surface-Enhanced Raman Spectra of Pyridine

In 1974, Fleischmann et al. [140] made the first observation of surface-enhanced
Raman spectra (SERS) of pyridine adsorbed on a silver electrode. Figure 1.16 shows
the Raman that spectra of pyridine in solution [(a) and (b)] and SERS of pyridine on an
Ag electrode that has the potential 0 to —1.0 V [(c)—(h)] relative to the SCE. It is seen
that the intensities of the bands at 1037, 1025, and 1008 cm™! (ring stretch) are
changed markedly by changing the potential. The 1025 cm ™' band was assigned to the
uncharged species, that is, pyridine bonded directly on the electrode surface (Lewis
acid site) since its intensity is maximized near zero potential. The remaining two bands
were attributed to the pyridine that is hydrogen-bonded to water molecules on the
electrode surface. These two environments of pyridine are illustrated in Fig. 1.17. As
expected, the relative intensity of the 1025 cm ™' band decreases and those of the 1037
and 1008 cm ™! bands increase as the negative potential increases.

While verifying these results in 1977, Jeanmaire and Van Duyne [141,142] noted
that the Raman signals (3067, 1036, and 1008 cm ") from pyridine on Ag electrodes
are enhanced by a huge factor (10*-10°) relative to normal Raman spectra in solution.
In addition, they noted that the Raman intensity depends not only on the electrode
potential but also on several other factors such as electrode surface preparation,
concentration of pyridine in solution, and the nature and concentration of the
supporting electrolyte anion. Almost simultaneously, Albrecht and Creighton [143]
noted anomalous enhancements of Raman bands of pyridine adsorbed on a Ag
electrode. These bands include those at 3076 (CH stretch), 1600 and 1050-1000
(ring stretch), 669 (ring deformation), and 239 cm ! [Ag—N(py) stretch] [144].

991 1005 1026

1030

1037
1036

(a) (b) (c) (d)

1006

1035

(e) ® (@) (h)

Fig. 1.16. Raman spectra of pyridine in solution and at the silver electrode: (a) liquid pyridine;
(b) 0.05M aqueous pyridine; (c) silver electrode, 0V (SCE); (d) —0.2V; (e) —0.4V; (f) —0.6 V;
(9) —0.8V; (h) —1.0V (514.5nm excitation, 100 mW) [140].
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Fig. 1.17. A possible model of the structure of the double layer between silver and KCI solution
containing pyridine: (a) At positive potentials, showing pyridine adsorbed to silver via nitrogen and
in an “aqueous acidic environment”; (b) at negative potentials, showing adsorbed pyridine in
“aqueous environment” [140].

Yamada and Yamamoto [145,146] measured the SERS of pyridine adsorbed on
metal oxides with UV excitation (363.8 nm). These workers were able to distinguish
three types of adsorbed pyridine, as shown in Fig. 1.18:

Type H Pyridine hydrogen-bonded to the surface OH group (~3075 and 999 cm ™)
Type L Pyridine adsorbed on a Lewis acid site (~3075 and 1025cm ™)
Type B Pyridine adsorbed on a Bronsted acid site (3090 and 1005cm ")

= _ N /
N N/ /
H N H
\ / o
M M M
o N\, 7 o < o
H L B

Fig. 1.18. Three types of adsorbed pyridines on metal oxide surfaces [146].
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The frequencies in the brackets are those observed for y-alumina. SERS of pyridine
adsorbed on rhodium oxide have also been reported [147].

The SERS of the [Os(NH3)spy]"" (n = 2,3) and [Ru(NH5)spy]* " ions adsorbed at
the silver—aqueous interface exhibit internal modes of pyridine as well as metal-ligand
modes, although the lone-pair electrons of pyridine nitrogen atoms in these ions are not
available for bonding to the surface silver atoms. This result demonstrates the utility of
SERS in obtaining vibrational data of coordination compounds that are sometimes
difficult to obtain in bulk media [e.g., Os(II) complex] [148].

As stated in Sec. 1.21 of Part A, Raman intensity is proportional to P, where P
(induced dipole moment) is equal to oE (where a = polarizability; E = electric field
strength). Thus, surface enhancement must be caused by the enhancement of either E
or o or both. E increases significantly on the surface of fine metal particles or on rough
metal surfaces (electromagnetic enhancement). In this case, the incident beam excites
conduction electrons and generates “surface plasma resonance (plasmon resonance)”
o increases through charge transfer or bond formation between the adsorbate and the
metal surface (chemical enhancement).

1.3.3. Complexes of Pyridine Derivatives and Related Ligands

The infrared spectra of metal complexes with alkyl pyridines have been studied
extensively [149,150]. Using the metal isotope technique, Lever and Ramaswamy
[151] assigned the M—pic stretching bands of M(pic),X, M = Ni(Il), Cu(Il); pic =
picoline; X =Cl,Br,]] in the 300-230 cm ™! region. The infrared spectra of metal
complexes with halogenopyridines have been reported [152,153]. Infrared spectra
have been used to determine whether coordination occurs through the
nitrile or the pyridine nitrogen in cyanopyridine complexes. It was found that 3- and
4-cyanopyridines coordinate to the metal via the pyridine nitrogen [154], whereas 2-
cyanopyridine coordinates to the metal via the nitrile nitrogen [155].

Vibrational spectra of M(3,5-1utidine)4X, [156] (M = Mn or Cu; X = Cl or Br), and
Zn{Hpic)(pic)Cl [157] and [Mn(Hpic)(pic)Cl], [158], where Hpic is 2-picolic acid,
have been assigned.

Infrared spectra of aromatic amine N-oxides and their metal complexes have been
reviewed by Garvey et al. [159]. The N=O stretching band of pyridine N-oxide
(1265cm™") is shifted by 70-30cm ™" to a lower frequency on complexation. The
following references are given for three complexes: Fe(IT) [160], Hg(Il) [161], and Fe
1) [162].

Imidazole (Im) and its derivatives form complexes with a number of transition
metal ions. Infrared spectra are reported for metal complexes of
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imidazole [163-165], 2-methylimidozole [166,167] 1 (or N)-methylimidazole [168],
4- and 5-bromoimidazole [169], and benzimidazole [170,171]. Among them, imid-
azole is biologically most important since imidazole nitrogens of histidyl residues
coordinate to metal ions in many metalloproteins. Thus, the identification of M—N
(Im) vibrations in biological systems provides valuable information about the
structure of the active site of a metalloprotein (Sec. 3.1). Using metal isotope
techniques, Cornilsen and Nakamoto [165] assigned and M—N stretching vibrations
of 16 imidazole complexes of Ni(Il), Cu(Il), Zn(II), and Co(II) in the 325-210 cm ™!
region. Hodgson et al. [172] also assigned these vibrations in the same region. Salama
and spiro [173] were first to assign the Co—N stretching vibrations in resonance
Raman spectra of Co(ImH),Cl, (274 and 232 cm™"), [Co(ImH)4]*" (301 cm™"), and
[Co(Im ),)*~ (306cm™ ).

Caswell and Spiro [174] studied excitation profiles of imidazole, histidine, and
related ligands including the [Cu(ImH)4]*" ion in the UV region. These compounds
exhibit maxima near 218 and 204 nm, where the n—=* transitions of the heterocyclic
rings occur.

Drozdzewski and coworkers prepared the {M(IA),] [M = Cu(Il), Ni(II), Co(Il),
HIA = 4-imidazoleacetic acid] and their IR spectra on the basis of isotopic shift data
(H/D, %*Cu / 5Cu) and DFT calculations [175], The far-IR spectrua of polymeric Zn
(IT) complexes, [ZnCI(TIA)(HIA)] H,O (%*Zn /%Zn), were also assigned [176]. Their
work was extended to Pd(II) complexes of the type [Pd(hi)X,] [177] (X = Cl,Br) and
[Pd(hi),]Br, [178], where hi is 2-hydrazino-2-imidazoline.

1.4. COMPLEXES OF BIPYRIDINE AND RELATED LIGANDS

1.4.1. Complexes of 2,2’-Bipyridine

Infrared spectra of metal complexes of 2,2-bipyridine (bipy) have been studied
extensively. In general, the bands in the high-frequency region are not metal-sensitive
since they originate in the heterocyclic or aromatic ring of the ligand. Thus, the main
interest has been focused on the low-frequency region, where v(MN) and other metal-
sensitive vibrations appear. It has been difficult, however, to assign v(MN) empirically
since several ligand vibrations also appear in the same frequency region. This
difficulty was overcome by using the metal isotope technique. Hutchinson et al.
[179] first applied this method to the tris-bipy complexes of Fe(II), Ni(II), and Zn(II),
Later, this work was extended to other metals in various oxidation states [180].
Table 1.8 lists v(MN), magnetic moments, and the electronic configuration of these
tris-bipy complexes. The results revealed several interesting relationships between
v(MN) and the electronic structure:

(1) Interms of simple MO theory, Cr(IIl), Cr(Il), Cr(I), Cr(0), V(II), V(0), Ti(0), Ti
(-I), Fe(IlI), Fe(II), and Co(III) have filled or partly filled #,, (bonding) and
empty e, (antibonding) orbitals. The v(MN) of these metals (group A) are in
the 300-390 cm ™! region.
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(2) On the other hand, Co(II), Co(I), Co(0), Mn(I1), Mn(0), Mn(-I), Ni(II), Cu(Il),
and Zn(II) have filled or partly filled e, orbitals. The v(MN) of these metals
(group B) are in the 180-290 cm ™' region.

(3) Thus no marked changes in frequencies are seen in the Cr(III)-Cr(0) and Co
(ID)-Co(0) series, although a dramatic decrease in frequency is observed in
going from Co(II) to Co(ID).

(4) The fact that the v(MN) do not change appreciably in the former two series
indicates that the M—N bond strength remains approximately the same.

These results also suggest that, as the oxidation state is lowered, increasing numbers
of electrons of the metal reside in essentially ligand orbitals that do not affect the M—N
bond strength.

Other work on bipy complexes includes a far-infrared study of tris-bipy complexes
with low-oxidation-state metals [Cr(0), V(-I), Ti(0), etc.] [181], the assignments of
infrared spectra of M(bipy)Cl, (M = Cu, Ni, etc.) [ 182], normal coordinate analysis on
Pd(bipy)Cl, and its bipy-dg analog [183].

The [Fe(bipy)s]* " ion and its analogs exhibit strong absorption near 520 nm, which
is due to Fe(3d)-ligand(w) CT transition. When the laser wavelength is tuned in this
region, a number of bipy vibrations (all totally symmetric) are strongly resonance-
enhanced, as shown in Fig. 1.19 [184]. Excitation profile studies show that the
intensities of all these bands are maximized at the main absorption maximum at
19,100 cm ™" (524nm) and that no maxima are present at the sideband near
20,500 cm ™! (488 nm). Thus, Clark et al. [184] concluded that the latter band is due
to a vibronic transition. The resonance Raman spectrum of the [Fe(bipy)g]zJr ion was
also observed near the iron electrode surface in borate buffer solution containing bipy
[185]. The electronic spectrum of the singly reduced [Fe(bipy)s;]" ion has also been
assigned based on excitation profile studies [186].

1.4.2. Time-Resolved Resonance Raman (TR®) Spectra

The [Ru(bipy)3]2+ ion and related complexes have attracted much attention as
potential compounds of solar energy conversion devices because of their excited-
state redox properties. When solutions of this ion are irradiated with 7-ns, high-
intensity pulses from the third harmonic (354.5 nm) of a Nd—YAG laser, the irradiated
volume can be saturated with the longlived (~600 ns) triplet M—L CT state (A3) via
efficient (¢p = 1) and rapid (z < 10 ps) intersystem crossing (A, — A3) as shown in Fig.
1.20. Since the A3;-A4 (m—m*) transition is close to the 354.5-nm exciting line,
conditions are favorable for efficient resonance Raman scattering from the Aj state;
namely, it is possible to obtain the time-resolved resonance Raman (TR?) spectrum of
the ion in the electronic excited state. The first observation of such spectra was made by
Dallinger and Woodruff [187], who were followed by many investigators [188—191].
These workers found that the TR? spectrum consists of two series of bipy vibrations;
one series of bands are the same as those observed in the A; state and the other
correspond to those of Li " (bipy ™). Figure 1.21 shows the spectra obtained by Mallick
et al. [192]. It is seen that the TR? spectrum (middle trace) is the addition of the RR



32 APPLICATIONS IN COORDINATION CHEMISTRY

514.5 nm

Roman Intensity ——————3=

568.2 nm

=

1600 1400 1200 1000

PN

Fig. 1.19. The RR spectra of the [Fe(bipy)s]*" ion. The asterisk indicates the 981 cm™ band of the
SOZ~ ion (internal standard) [184].
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Fig. 1.20. Energy-level diagram for the [Ru(bipy)s]** ion.
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Fig. 1.21. The RR and TR® spectra of the [Ru(bipy)s]** ion. (A) RR spectrum with 350.7 nm
excitation. (B) TR® spectrum with 354.7 nm excitation. (C) RR spectrum of Li (bipy) with 350.7 nm
excitation [192].

spectra of the [Ru(bipy)3]2+ ion (top trace) and Li* (bipy ~) (bottom trace). Thus, the
triplet M—L CT state (A3) is formulated as [Ru(III)(bipy)z(bipy'7)]”, that is, the
electron is localized on one bipy rather than delocalized over all three ligands (at the
least vibrational time scale). The RR spectra of electron reduction products of several
[Ru(bipy)3]2+ derivatives show similar electron localization [193].

Kincaid and coworkers [194,195] carried out normal coordinate analyses on the 1: 1
(metal/ligand) model of the [Ru(bipy)3]2Jr ion in the ground and the M—L CT states. As
expected, extensive vibrational couplings exist among those represented by local internal
coordinates. The Ru—N stretching force constant was 2.192 mdyn/A in both states.

In heteroleptic complexes, selective population of individual ligand-localized
excited states is possible by using TR® spectroscopy. For example, Danzer and
Kincaid [196] have demonstrated that the triplet M—L CT state of the [Ru
(bipy)z(bpz)]2+ ion (bpz=bipyrazine) should be formulated as [Ru(IIl)
(bipy)z(bpz'f)]”, whereas that of the [Ru(bipy)(bpz)z]2+ ion should be formulated
as [Ru(IID)(bipy)(bpz)(bpz )I**.
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This work was extended to many other heteroleptic complexes such as [Ru
(bipy)>(bpm)]*" [197] and [Ru(bipy)»(dpp)]*" [198,199], where bpm and dpp denote
4.4 -bipyrimidine and 2,3-bis(2-pyridyl)pyrazine, respectively. TR® studies show
selective population of the bpm-localized excited state in the former, and polarization
of electron density toward the pyrazyl fragment in the latter. In the case of [Ru
(pypz);]*", where pypz is an inherently asymmetric ligand, 2-(2-pyridyl)pyrazine,
the electronic charge is polarized toward the pyrazine fragment [200]. Other
complexes studied include [Ru(bipy)z(bpdz)]2+(bpdz = 3,3'-bipyridazine) [201] and
[Ru(bipy)zL]2+ (L; alkylated 2,2’-bipyridine) [202].

1.4.3. Complexes of Phenanthroline and Related Ligands

The metal isotope technique has been used to study the effect of magnetic crossover on
the low-frequency spectrum of Fe(phen),(NCS), (phen = 1,10-phenanthroline). This
compound exists as a high-spin complex at 298 K and as a low-spin complex at 100 K.
Figure 1.22 shows the infrared spectra of 3Fe (phen), (NCS), obtained by Takemoto
and Hutchinson [203]. On the basis of observed isotopic shifts, along with other
evidence, they made the following assignments (cm ™ ):

v(Fe—NCS) v[Fe—N(phen)]
High spin 252(4.0) 222(4.5)
Low spin 532.6(1.6) 379(5.0)

528.5(1.7) 371(6.0)

The numbers in parentheses indicate the isotope shift, v(**Fe)—v(*’Fe).
Both vibrations show large shifts to higher frequencies in going from the high- to

298°K (high spin)

-—— Absorption

bR 100°K (low spin)

0

o

~ I | | I

350 300 250 200
¥ (cm~1)

Fig. 1.22. Infrared spectra of >*Fe(phen),(NCS),. Numbers in parentheses indicate isotope
shifts due to 5*Fe /% Fe substitution.

-
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the low-spin complexes. This result suggests the marked strengthening of these
coordinate bonds in goine from the high- to the low-spin complexes, as confirmed
by X-ray analysis [204]. The work of Takemoto and Hutchinson has been extended to
Fe(bipy),(NCS), and Fe(phen),(NCSe), [205].

Spin crossover by changing the temperature was also observed for [Fe(btr),(NCS),]
H,O (btr = 4,4'-bis-1,2,4-triazole). Thus, the v, (NCS) of the low-spin (~115K) and
high-spin (~141K) species were observed at 2099 and 2054 cm ™', respectively.
However, a large hysteresis effect was noted in this temperatural spin conversion
[206]. It has been shown by infrared spectroscopy that a partial high- — low-spin
conversion occurs under high pressure [207]. Barnard et al. [208] studied the
vibrational spectra of bis[tri-(2-pyridyl)amine]Co(II) perchlorate in the high-spin
(293 K) and low-spin (100 K) states. In the infrared, the CoN stretching band is at
263 cm™ ! for the high-spin complex, whereas it splits and shifts to 312 and 301 cm ™' in
the low-spin complex.

As stated above, Fe(phen),(NCS), exhibits the room-temperature high-spin state
(HS-1) and the low-temperature low-spin state (LS-1). Herber and Casson [209] found
that, when the latter is irradiated by white light below ~50 K, another high-spin state (HS-
2) is obtained (light-induced excited-state trapping), and annealing of this HS-2 state
above ~30 K produces another low-spin state (LS-2). These workers have shown that the
V(CN) of the NCS ligands near the 2100-cm ™' region are different among these four
states. This work has been extended to Fe(bt),(NCX), (bt = 2,2'-bi-2-thiazoline and
X =S or Se) [210], and to Fe(5,6-dmp),(NCS), (dmp = dimethylphenanthroline) [211].

The TR? spectrum of the [Cu(I)(DPP),]" ion (DPP = 2,9-diphenyl-phenanthro-
line) shows that its M—L CT state is formulated as [Cu(I[)(DPP)(DPP )] [212].

Similar to the case of the [Ru(bipy)3]2+ ion, the TR? spectrum of the [Ru(phen)g]2+
ion at the M—L CT state was expected to show the bands due to the phen ™~ fragment.
Since no such bands were observed, Turro et al. [213] concluded that charge
localization seen for the corresponding bipy complex does not occur in this case.

1.4.4. Complexes of Other Ligands

Simple a-diimines such as shown below form metal chelate compounds similar to bipy
and phen, discussed earlier:

R R’ R=CH;,R'=H
\C—C/ Glyoxal-bis-methylimine (GMI)
I\ R=R'=CH
— —_ =R'=LH;
R N\ - N—R Biacetyl-bis-methylimine (BMI)

M

Figure 1.23 shows the IR spectra of Fe(Il) and Ni(II) complexes of these ligands
[214]. Normal coordinate calculations indicate extensive vibrational couplings among
those represented by individual internal coordinates.

Depending on the nature of the alkyl group (R), an alkyl-substituted o-diimine
(R—N=CH—-CH=N-—R) coordinates to the metal [Pt(II) or Pd(II)] as a unidentate or
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[Fe(GMD)3]l,

[Fe(BMI);I,

INIGMD)3]i,

[NI(BMN3ll,
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Fig. 1.23. Infrared spectra of o-diimine complexes of Fe(ll) and Ni(ll) [214].

bidentate (chelating) ligand. Van der Poel et al. [215] observed the C=N stretching
bands at 1615-1624 and 1590-1604 cm ™" for the unidentate and bidentate coordina-
tions, respectively.

The metal isotope technique has been used to assign the MN vibrations of metal
complexes with many other ligands. For example, Takemoto [216] assigned the NiN, and
NiN; stretching vibrations of [Ni(DAPD)z]z_ at 416-341 and 276 cm ™', respectively:

/(\/l\ o H_:,C/Jj@@\czﬂ

Nz 2
DAPD =2,6-diacetylpyridine DMNAPY = 2,7-dimethyl-
dioxime 1,8-naphthyridine

In Ni(DAPD),, where the Ni atom is in the +IV state, the NiN, and NiN; stretching
bands are located at 509.8—472.0 and 394.8 cm ™', respectively. These high-frequency
shifts in going from Ni(II) (d®) to Ni(IV) (8, diamagnetic) have also been observed for
diarsine complexes (Sec. 1.25.2). Hutchinson and Sunderland [217] have noted that
the MN stretching frequencies of the Ni(II) and Zn(IT) complexes of 2,7-dimethyl-1,8-
naphthyridine (DMNAPY), shown above, are lower than those of the corresponding
tris-bipy complexes by 16-24%. This was attributed to weakening of the M—N bond
due to the strain in the four-membered chelate rings of the DMNAPY complexes.
Normal coordinate analysis has been carried out on the M(DMG), series (DMG =
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dimethylglyoximate ion) [218] and the MN stretching force constants (mdyn//g) have
been found to be as follows:

P(ID) PdII) Cu() Nidl)
3.77 >2.84> 192 > 1.88 (GVF)

This work was extended to bis(glyoximato) complexes of Pt(II), Pd(II), and Ni(II)
[219]. The Co—N(DMG) and Co—N(py) stretching bands of Co(DMG),(py)X (X =a
halogen) were assigned at 512 and 453 cm ™', respectively, based on >N and py-ds
isotope shifts [220]. The metal isotope technique has been used to assign the MN
stretching vibrations of metal complexes with 8-hydroxyquinoline [221] and 1,8-
naphthyridine [222].

Spectra—structure correlations [223] and detailed assignments [224] were made for
metal complexes of 8-hyroxyquinoline. Assignments of the IR/Raman spectra of the [Ru
(tpy),]*" ion (tpy = 2,2’ .6 ,2"-terpyridine) were based on normal coordinate analysis [225].

1.5. METALLOPORPHYRINS

Vibrational spectra of metalloporphyrins have been studied exhaustively because of their
biological importance as prosthetic groups of a variety of heme proteins (Chapter 3).
Thus, many review articles have been published on this subject, and most of them discuss
vibrational spectra of metalloporphyrins together with those of heme proteins. A review
by Kitagawa and Ozaki [226], however, is focused on metalloporphyrins.

1.5.1. Normal Coordinate Analysis

Because of relatively high symmetry and biological significance, normal coordinate
analyses on metalloporphyrins have been carried out by many investigators [227—
234]. Figure 1.24 shows the planar Dy, structure of a metalloporphyrin. The simplest

Fig. 1.24. Structures of metalloporphyrins. Porphin (Por), Ri~Rg=H and R’'= H. Octaethyl-
porphyrin (OEP), R;—Rg= ethyl and R’ = H. Tetraphenylporphyrin (TPP), R;~Rg=H and R’ =
phenyl. Tetramesitylporphyrin (TMP), R;—Rg= H and R' = mesityl. Protoporphyrin IX (PP), R;=
R3: R5: Rgz CH3, RQI R4: Vin_yl, R’'=Hand RSI R7: (CHz)QCOOH
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TABLE 1.9. Classification of Normal Vibrations of a Metal
Porphin Complex of D, Symmetry? [227].

In-Plane Vibrations Qut-of-Plane Vibrations
A1g (R) 9 A1 u 3
AxP 8 Aoy (IR) 6
B1g (R) 9 B1 u 5
Bog (R) 9 By, 4
E(IR) 18 E4(R)° 8

4R = Raman-active; IR = IR-active.

®The A, vibrations become Raman-active under resonance conditions
(see Sec. 1.23 of Part A).

°The E, vibrations are weak even under resonance condtions.

porphyrin, porphin (Por), has 105 (3 x 37—6) normal vibrations, which are classified
as shown in Table 1.9 [227]. As stated in Sec. 1.23 of Part A, metalloporphyrins are
ideal for resonance Raman (RR) studies because they exhibit strong absorption bands
in the visible and near-UV regions. It is well established that RR spectra obtained by
excitation near the Qo (or o) band are dominated by those of the B, and B,, species
(dp), while those obtained by excitation between the Qq and Q; (or f) band are
dominated by those of the A, species (ap). On the other hand, the RR spectra obtained
by excitation near the B (or Soret) band are dominated by those of the A, species (p).
This information, combined with isotope shift data (H/D, 14N / 5N, and metal
isotopes), has been used extensively to refine the results of normal coordinate
calculations.

Spiro and coworkers [232-234] carried out the most extensive normal coordinate
calculations on metalloporphyrins. As expected from their conjugated ring structures,
strong vibrational couplings occur among vibrational modes represented by local
internal coordinates. Thus, it is rather difficult to describe the normal modes by single
internal coordinates. Table 1.10 lists the observed frequencies and major local
coordinates responsible for the IR/Raman-active in-plane skeletal modes of Ni(Por),
Ni(OEP), and Ni(TPP) (the RR spectra of Ni(OEP) are shown in Fig. 1.35 of Part A).
Figure 1.25 shows the normal modes of the eight A, vibrations obtained for Ni(OEP)
and Ni(Por). Table 1.11 lists the normal modes to which the v(Ni—N) coordinates make
significant contributions. Previously, empirical assignments have been made for IR-
active M—N stretching vibrations of a series of M(II)(TPP) complexes using metal
isotopes such as **Ni /9?Ni, 3 Cu /% Cu, and Zn /%¥Zn [235]. For normal coordinate
analysis on the out-of-plane modes, see Ref. 234.

It should be noted that the internal vibrations of the peripheral substituents such as
the ethyl and phenyl groups also couple with the porphyrin core vibrations [232,233].
The vinyl group vibrations of Fe(PP) (PP = protoporphyrin IX; see Fig. 1.24), which
are commonly found in natural heme proteins, can be resonance-enhanced by
excitation near 200 nm (near the n—n* transition of the vinyl group) [236,237].

Density Functional Theory (DFT) calculations (Sec. 1.24 of Part A) were carried
out on large metalloporphyrin molecules to obtain structural information and to make
band assignments. Spiro and coworkers [238,239] calculated both in-plane and
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TABLE 1.10. In-Plane Skeletal-Mode Frequencies (cm~') and Local-Mode Assignments
for Ni(ll) Complexes of OEP, Porphin, and TPP [232,233]

Symmetry Vi Description? NiOEP NiPor NiTPP
Aig Ve v(CpirX) [3041]° [3042] 1235
Vo v(Cp-Cp) 1602 1579 1572
v v(C,-Crm)sym 1520 1463 1470
Vg v(Pyr. half-ring)sym 1383 1380 1374
Vs v(Cp-Y)sym 1138 [3097] [3097]
Ve v(Pyr. breathing) 804 999 1004
vy o(Pyr. def.)sym 674 735 889
Vg v(Ni-N) 360/343 372 402
Vg (Cp-Y)sym 263/274 1070 1078
By V1o V(Cy-Cr)asym 1655 1654 1594
V14 v(Cp-Cp) 1577 1509 1504
Vio v(Pyr. half-ring)sym 1331 1319 1302
Vi3 (CmX) 1220 1189 238
Vig V(CpY)sym 1131 [3097] [3097]
Vs v(Pyr. breathing) 751 1007 1004
V16 o(Pyr. def.)sym 746 734 [900]
V7 (CpY)sym 305 1064 1084
Vig v(Ni-N) 168 241 277
Azg V19 V(C.-Crm)asym 1603 1615 1550
Voo (Pyr quarter-ring) 1394 1358 1341
Vo1 3(CprX) 1307 1143 [257]
Voo v(Pyr half-ring)asym 1121 1009 1016
Va3 V(CsY)asym 1058 [3087] [3087]
Voq o(Pyr. def.)asym 597 810 828
Vos d(Pyr. rot.) 551 433 560
Vog (Cp-Y)asym [243] 1321 1230
Byg Vo7 v(Cpy ) [3040] [3041] 1269
Vog V(Co-Crm)asym 1483 [1492] [1481]
Vag v(Pyr quarter-ring) 1407 1372 1377
) v(Pyr. half-ring)asym 1160 1007 1004
V31 V(Cg-Y)asym 1015 [3088] [3087]
Va2 o(Pyr. def.)asym 938 823 869
Va3 J(Pyr. rot.) 493 439 450
Va4 V(Cg-Y)asym 197 1197 1191
Vas d(pyr. transl.) 144 201 109
E, Vae v(Cpy ) [3040] [3042]
Va7 V(Cy-Cr)asym [1637] 1624
V3s V(C/; C/g) 1604 1547
V39 v(C.-Crm)sym 1501 1462
Vao v(Pyr quarter-ring) 1396 1385
Va1 (Pyr half-ring)sym [1346] 1319
Va2 H(CprX) 1231 1150
V43 V(Cp-Y)sym 1153 [3097]
Vaa v(Pyr half-ring)asym 1133 1033
Va5 ‘(C/i )asym 996 [3087]

(continued)
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TABLE 1.10. (Continued)

Symmetry 7 Description? NiOEP NiPor NiTPP
Vag O(PYyr.)asym 927 806
Va7 v(Pyr. breathing) 766 995
Vag O(PYyr.)sym [615] 745
Vag o(Pyr. rot.) [5634] 366
V50 v(Ni-N) [358] 420
Vg1 0(CpY)asym 328 1064
Vs2 0(Cp-Y)sym 263 1250
Vs3 o(Pyr. transl.) [167] 282

4See Ref. 232 for definitions of local coordinates. X,Y = H,H for NiPor, H,C,Hs for NIOEP, and CgHs, H for NiTPP.
911, calculated values.

out- of-plane vibrations of Ni(Por), Fe(Por), and Fe(Por)CO, and found that DFT force
constants can reproduce the observed frequencies more accurately than NCA force
constants and can predict IR/Raman intensities that are in good agreement with
the observed spectra. The results of their calculations suggested slight ruffling
distortion of the Ni(Por) core. DFT calculations on Ni(TPP) [240] indicated that the
molecular symmetry is lowered to S, as a result of the porphyrin core ruffling and the
rotation of the phenyl groups. This distortion activates two out-of-plane vibrations,
v12(330 cmfl) and y,5(547 cmfl), of B, symmetry that are forbidden under Dy, or
D, symmetry in the Soret-excited RR spectrum. An X-ray diffraction study on Ni
(Por) by Jentzen et al. [241] showed that the porphin ring is planar with very small
ruffling, and noted that its RR spectrum in the solid state is almost identical to that in
solution. Thus, they concluded that any distortion of Dy, symmetry, if it exists in
solution, is rather small.

In contrast, substituent-induced distortions are noted in Ni(II) complexes of meso-
tert-butylporphyrins [242] and tetracyclopentenyl—tetraphenyl porphyrin and its
derivatives [243]. Since ethioporphyrins have one methyl and one ethyl substituent
on each pyrrole ring, there are four possible isomers that differ only in the relative
positions of the alkyl groups in the periphery. Etio I (R; =R3 =Rs=R;=CHj; and
R, =R4=Rg=Rg=C,;H;5 in Fig. 1.24) is the most symmetric, whereas Etio-III
(Ri=R3=R5=Rg=CHj; and R, =R4;=Rg=R;=C,H5) is the least symmetric.
Rankin and Czernuszewicz [244] have shown that the Ni(II) and VO(II) complexes of
ethioporphyrins I and III can be distinguished by RR spectra in the 1050-750 cm ™
region.

Li et al. [245] measured the surface-enhanced RR spectra (SERRS) of water-
insoluble Ni(Por) in aqueous silver sol (low concentration, ~1078 M), and
observed extra enhancement of the Ay,, B, and B,, modes but not of the A,
modes when the excitation was made at or near the Soret band. However, an
antiresonance effect was noted for the A;, mode at 995cm ™' when the excitation
wavelength was in the valley between the Soret and Q bands. Vibrational
frequencies in the SERR spectra were in good agreement with those in homoge-
neous solution. The effective symmetry of the adsorbed Ni(Por) must be lower than
D, since many out-of-plane modes and IR-active in-plane modes were observed
in the SERR spectra.
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NiOEP NIPor NiOEP NIPor
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Fig. 1.25. Atomic displacements and calculated skeletal frequencies (cm~') of A, g modes

compared for Ni(OEP) and Ni(Por) [233].

TABLE 1.11. Normal Modes Containing Ni—N Stretching Vibrations®?

Complex vg(Aig) v18(Big) vso(Ew) vs3(Ey)

Ni (Por) 369(27%) 237 (64%) 420 (50%) 282 (44%)
Ni (OEP) 360/343 (7%) 168 (37%) 358* (30%) 328 (28%)°
Ni (TPP) 402 (24%) 277 (53%) 436 (21%) 306 (32%)

4The Ni—N stretching force constant of 1.68 mdyn/,& was used for all three porphyrins.

PNumbers in front of brackets are observed frequencies (cm™") except for that with an asterisk, which is

calculated. Numbers in brackets indicate % PED.
C
V51.
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1.5.2. Structure-Sensitive Vibrations

Ozaki et al. [246] measured the resonance Raman spectra of a series of Fe(OEP)
complexes and found linear relationships between the frequencies of their skeletal
modes (v,, V3, V10, V11, V19) and the Ct—N distances (from the center of the porphyrin
ring to pyrrole N atom) shown in Fig. 1.26. Similar relationships were found in a
series of Fe(OEC) complexes (OEC = octaethylchlorin) discussed in Sec. 1.6. The
slope of each line increases in the order vi9 > v{o > v3 > v, > v, Which s parallel to
the percent contribution to the v(C,—C,,) coordinate in each normal mode. This
result indicates that when the core size increases, the C,—C,, bonds are weakened
and the corresponding frequencies are lowered. In going from low to high spin state,
the porphyrin core tends to expand or be domed, and this results in weakening of the
C,—C,, bond. Thus, these vibrations serve as the spin state marker bands [247].
They are also metal-sensitive because the core size varies with the nature of the
metal ion [248]. The v is sensitive to the number and the nature of axial ligands
[249]. The vy, is sensitive to the nature of the peripheral substituents since it is due
mainly to v(CgCp). Finally, v; is a 16-membered porphyrin ring breathing motion.
Thus, it is strong for planar complexes and weak for nonplanar (or domed)
complexes [250].

The totally symmetric breathing mode, vy, is known to be the best marker for the
oxidation state. It is near 1360 cm ™' for Fe(II) complexes, and near 1375 cm™ ! for Fe
(IIT) complexes with relatively small dependence on the spin state. The frequency
increase in going from Fe(II) to Fe(IIl) is attributed to the decrease of n-backbonding

] k¥ W Yo
2,05
2, [Fe(oEPYMe250)3)C104
2-813 Fe(OEP)X(2-Melm)
2019 . Fe (OEP)Br
o2 |
> 200f 2004 Fe (OEPXIm)y,
5  [1e8e ¢ [Fe(oEP)Im)JBr
—1.958 \ Ni(OEP)
1950
| | | |
1500 1550 1600 1650

RAMAN SHIFT (cm)

Fig. 1.2?. Correlations between the v, v2, v19, v 11, andv z frequencies and the porphyrin core size
(Ct—N, A) for the Fe(OEP) complexes [246].
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from the metal dr orbital to the porphyrin 7* orbital. In Fe(IV) and Fe(V) porphyrins,
the v, are at 1379 [251] and 1384 cm~ ! [252], respectively. Mylrajan et al. [253]
included v4 and v,g and the crystallographically defined complexes, Fe(OEP), Fe
(OEP)(NCS), [Fe(OEP)(N-Melm),] ", [Fe(OEP)(DMSO),] ", Fe(OEC), and three Ni
(OEP) complexes [triclinic (A and B) and tetragonal forms] in the correlations
presented above.

Structure-sensitive bands of other metalloporphyrins have also been studied; Fe
(OEC) [254] and water-soluble porphyrins such as Fe(TMpy-P2) [TMpy-P2: tetrakis
(2-N-methylpyridyl)porphyrin, R;—-Rg=H, R’=2-N-methylpyridyl cation in
Fig. 1.24] [255,256].

According to X-ray analysis, triclinic and tetragonal crystals of Ni(OEP) contain
“flat” and “ruffled” porphyrin rings, respectively. All the frequencies above
1400cm ™! (in-plane skeletal modes) are lower in the “ruffled” form than in the
“flat” form. The solution frequencies are intermediate between those of the triclinic
and tetragonal forms, indicating that Ni(OEP) is definitely “ruffled” in solution
[257,258].

In Ni(OETPP) (R;-Rg = C,H5 and R’ = C¢Hj in Fig. 1.24), “saddle” distortion of
the porphyrin ring occurs because of steric crowding of the peripheral substituents.
Shelnutt and coworkers carried out RR as well as X-ray diffraction studies on this and
related complexes [259-261]. Such distortion causes large-downshifts (~70 cm )
relative to the planar porphyrin in a number of porphyrin skeletal modes, and activates
three out-of-plane (y,s, Y16, and d4) vibrations. Among them, the y,¢ (tilting of the
pyrrole rings) becomes one of the strongest bands in the Soret-excited RR spectrum
[262].

1.5.3. Axial Ligand Vibrations

Table 1.12 lists the observed frequencies of Fe—L stretching vibrations of the iron
porphyrins where L is an axial ligand. Polyatomic ligands such as N3 and pyridine (py)
exhibit their own internal modes as well. These axial ligand vibrations can be assigned
by using isotopic ligands (H/D, “N/SN,32S/3%S, etc.) and metal isotopes
(**Fe /°Fe, etc.).

Kincaid and Nakamoto [270] observed the v(Fe—F) of **Fe(OEP)F at 595 cm ™!
with the 514.5 nm excitation. Kitagawa et al. [271] also observed the v(Fe—X) of Fe
(OEP)X at 364 and 279 cm ™' for X = Cl and Br, respectively, and the v((L—Fe—L) of
[Fe(OEP)L,]" (L =ImH)at290 cm ! using the 488 nm excitation. These results show
that the axial vibrations can be enhanced via resonance with in-plane n—n* transitions
(o and f bands). According to the latter workers, vibrational coupling between these
axial vibrations and totally symmetric in-plane porphyrin-core vibrations is respon-
sible for their resonance enhancement. On the other hand, Spiro [272] prefers
electronic coupling; namely, the 7—n* transition induces the changes in the Fe—X
(or L) distance, thus activating the axial vibration. Direct excitation is possible if
the metal—axial ligand CT transition is in the visible region. Thus, Asher and Sauer
[273] observed the v(Mn—X) of Mn(EP)X (X =FCl,Br,I) with exciting lines in the
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TABLE 1.12. Observed Frequencies of Iron-Axial Ligand Stretching Vibrations

Complex? Mode Obs. Freq. (cm™") Ref.
Fe(OEP) (ImH) va(L—Fe—L) 385,319° 263
Fe(PP) (ImH), vs(L—Fe—L) 200 263
Fe(OEP) (y-pic)y va(L—Fe—L) 373 264
Fe(PP) (ImH), vs(L—Fe—L) 200 263
Fe(MP) (py)2 vs(l-Fe—L) 179 265
Fe(OEP)F v(Fe—L) 605.5 264
Fe(OEP)CI v(Fe—L) 357 264
Fe(OEP)Br v(Fe—L) 270 264
Fe(OEP)I v(Fe—L) 246 264
Fe(OEP)NCS v(Fe—L) 315 264
Fe(OEP)N3 v(Fe—L) 420 266
Fe(OEP) (SCgHs) v(Fe—L) 341 267
Fe(TPP) (SCGH5) va(L—Fe—L) 345 267
(TPP)(THT) va(L—Fe-L) 328 267
Fe(TPP)F, vs(L—Fe—L) 453 268
(TPP)CCI2 v(Fe—L) 1274° 269
Fe(TPP)CBr, v(Fe—L) 1270° 269

#MP = mesoporphyrin IX dimethyl ester; THT = tetrahydrothiophene; pic = picoline.

®These two bands are due to ~50: 50 mixing of two modes (antisymmetric Fe—L stretching and pyrrole tilting)
[263].

°y(Fe=C).

460490 nm region where the Mn—X CT bands appear. Here EP denotes etiopor-
phyrin (R; =R3 =R5=R;=CH3, R, =Ry =Rg=Rg=C,H; in Fig. 1.24). Similar-
ly, Wright et al. [265] were able to observe totally symmetric pyridine (py) vibrations
as well as v[Fe—N(py)] of Fe(MP)(py), with exciting lines near 497 nm that are in
resonance with the Fe(dn)-py(n*) CT transition. Here, MP denotes mesoporphyrin
IX dimethylester (Rl = R3 = R5 = Rg = CH3, R2 = R4 = C2H5, and Rﬁ = R7 =
—CH,—CH,COOCH; in Fig. 1.24).

Ogoshi et al. [274] reported the IR spectra of M(OEC) (M = Zn,Cu,Ni), Mg(OEC)
(py)2, and Fe(OEC)X (X = F,C1,Br,I), and assigned v[M—N(OEC)] and v[Mg—N(py)]
using metal isotope techniques. Ozaki et al. [275] report RR spectra of these and other
OEC complexes.

Vibrations of axial ligands such as O,, NO, CO, and so on are discussed in later
sections. Axial ligand vibrations provide valuable information about the structure and
bonding of heme proteins containing these ligands.

1.5.4. Metal-Metal-Bonded Porphyrins

Asshownin Sec. 2.11.2 of Part A, RR spectra of metal-metal bonded complexes such
as RezFé ~ exhibit the strong v(Re—Re) at 320 cm ! and a series of its overtones and
combination bands. The metal-metal bonded porphyrin dimer, [Ru(OEP)]5", ex-
hibits the v(Ru—Ru) at 285, 301, and 310 cm ' forn=0,1,and 2, respectively [276].
The observed frequency increase indicates that the electron density of the Ru—Ru
bond is removed from its antibonding 7* orbital as the complex ion is oxidized.



METALLOCHLORINS, CHLOROPHYLLS, AND METALLOPHTHALOCYANINES 45

However, this removal has almost no effect on the porphyrin core vibrations since the
metal-metal bond is perpendicular to the porphyrin plane. Similar results are reported
for the [Os(OEP)[; * series (233, 254, and 266 cm ™' for n=0, 1, and 2, respetively)
[277]. The RR spectra of asymmetric sandwich compounds such as Ce(OEP)(TPP)
[278], triple-decker sandwich compounds such as Eu,(OEP);, and their singly
oxidized compounds are available [279].

1.5.5. n—n Complex Formation and Dimerization

The Cu(Il) uroporphyrin I (R;—Rg=—CH,COO™ in Fig. 1.24) forms molecular
adducts with a variety of aromatic heterocyclic compounds in aqueous alkaline
solution. Using Raman difference spectroscopy, Shelnutt [280] observed small shifts
(from +2.9 to —2.7 cm™ ") of the porphyrin skeletal vibrations resulting from the 7—7
charge-transfer (porphyrin to heterocycle), and showed that the planes of these two
components are parallel to each other. This work has been extended to the study of
dimerization of the Cu(Il) and Ni(II) complexes of uroporphyrin I. In this case, the
porphyrin skeletal modes were upshifted by 1-3 cm ™" as a result of dimerization [281].

1.5.6. Reduction of Metalloporphyrins

Reduction of a metalloporphyrin results in lowering of the oxidation state of the central
metal or the formation of a porphyrin anionic radical, depending on whether an electron
enters in a metal or porphyrin orbital. One-electron reduction of Zn(TPP) yields Zn
(TPP" ™) containing an anionic radical of TPP, as confirmed by the observed pattern of
isotopic shifts and polarizations [282]. In this case, an extra electron enters in the
porphyrin e,* orbital causing Jahn—Teller effect. One-electron reduction of VO(OEP)
also yields VO(OEP ™) [283]. Teraoka et al. [284] have shown by electronic absorption
and RR and ESR spectroscopy that two- and three-electron reduction of Fe(IIT)(OEP)
Cl in THF solution yield low-oxidation-state porphyrins that are formulated as [Fe(I)
(OEP)]*~ and [Fe(I)(OEP 7)]*~, respectively. Anxolabéhére et al. [285] carried out
UV-visible and RR spectroelectrochemical studies of Fe(TPP) and its pentafluoro-
phenyl derivative, and concluded that the two-electron reduced species should be
formulated as Fe(0) complexes because their RR spectra did not provide any evidence
for the formation of the porphyrin anion radical. On the other hand, De Silva et al. [286]
obtained [Fe(TPP)]zf by three-electron reduction of Fe(III)(TPP)CI, and observed the
RR spectrum which is qualitatively similar to that of the two-electron reduction
product, [Fe(I)(TPP)] . Thus, these workers formulated it as [Fe(I)(TPP )]*~.

1.6. METALLOCHLORINS, CHLOROPHYLLS,
AND METALLOPHTHALOCYANINES
1.6.1. Metallochlorins

Metallochlorins differ from metalloporphyrins in that one of the four pyrrole rings of
C4Cp bonds is saturated, and serve as model compounds of chlorophylls that are
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(a) (b)

H co.
CO,Phy CHs

M(OEC) Chlorophyll

Fig. 1.27. Structures of M(OEC) (a) and chlorophyll; in (b) R= CHjs for Chl a, and CHO for Chl b.
[Phy = phytyl= C2oHz9= — CHo— CH=C(CH3)—{(CHz)5— C(CH3)}5— CH].

involved in photosynthetic processes. Figure 1.27 shows the structures of metallooc-
taethylchlorin [M(OEC)] and chlorophyll a. The symmetry of a metallochlorin is
regarded as C,, because the substituents on the reduced pyrrole ring normally take a
trans conformation. Infrared and Raman selection rules of metallochlorins are
markedly different from those of metalloporphyrins as a result of symmetry lowering
from Dy, to C,,. According to the correlation table (Appendix IX of Part A), the
symmetry species of the in-plane skeletal modes of a metalloporphyrin listed in
Table 1.9 are changed as follows: A 4(A 1), A24(B1), Bi4(A1), B2o(B1), andE, (A; + By).
Here, the corresponding symmetry species under C,, symmetry are shown in
parentheses. Since A, By, and B, species are all IR-active, the IR spectrum of M
(OEC) is expected to show more bands than the corresponding M(OEP). This is clearly
demonstrated in Fig. 1.28 obtained by Ogoshi et al. [287]. These workers also located
the metal isotope-sensitive bands of Zn(OEC), Cu(OEC), and Mg(OEC)(py), at 212.0
(1.0), 233.0 (1.6), and 176.5 (4.0) cm ™!, respectively, by 64Zn/68Zn, 63Cu/
5Cu, and >*Mg /*®Mg substitutions. Here, the vibrational frequencies are listed for
the first isotopic species of each metal, and the numbers in parentheses indicate the
magnitudes of the isotope shifts. The corresponding mode of Ni(OEC) was assigned at
256 cm™'. The number of vibrations observed in RR spectra also increases as a result
of symmetry lowering. Normal coordinate analysis on M(OEC) was made by Bocian
and coworkers [288,289].

Boldt et al. [290] carried out vibrational analysis of in-plane vibrations of Ni(OEC)
and its derivatives using a semiempirical quantum mechanical force field (QCFF/PI)
method [291]. On the basis of their theoretical calculations, these workers assigned 45
bands of the RR spectrum of Ni(OEC) observed in the 1650-340 cm ! region. The
results show that few of the high-frequency modes of Ni(OEC) can be correlated with a
single Ni(OEP) mode but the vibrations below 950 cm™ ' can be correlated with it. Their
work was extended to Cu(OEC) and its isotopic species (H/D and N /*N) [292].
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Fig. 1.28. IR spectra of Zn(OEP), Zn(OEC), and Fe(OEC)CI [287].

Anderson et al. [293] compared the spectral properties of cis- and trans-isomers of
planar Cu(OEC) and S,-ruffled Ni(OEC), and found that conformational differences
of the peripheral substituents have marked effects on the spectral properties and that
such localized changes strongly perturb the overall properties of chlorins. Ozaki et al.
[294] measured the far-IR spectra (Fig. 1.29) of the Fe(OEC)X (X =F,CLBr,]I) and
assigned the v(Fe—X) bands at 589 (605.5), 352 (357), 270 (270), and 240.5 (246)
cm ! forX = F, Cl, Br, and I, respectively. Here, the numbers in parentheses indicate
the corresponding frequency of Fe(OEP)X. Ozaki et al. [295,296] also compared
the RR spectra of Fe(OEC)L- and Fe(OEC)L,-type compounds with those of the
corresponding Fe(OEP) complexes in the high- and low-frequency regions. RR
spectra of meso-substituted chlorin complexes of Ni(Il) and Cu(Il) [297], Cu(II)
[298], and Zn(Il) [299] were measured and assigned by comparing them with the
corresponding porphyrin complexes.

1.6.2. Chlorophylls

Chlorophylls (Chl) and bacteriochlorophylls (BChl) are another “reduced” pigments
that are involved in the process of photochemical energy transduction (Sec. 3.4). As
shown in Fig. 1.27b, Chl is a Mg(II) macrocycle in which one pyrrole ring (ring IV)
is reduced and ring V is fused to ring III. The peripheral R group on ring II is
CHj; for Chl a and CHO for Chl b. Assignments of the vibrational spectra of Chls in the
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Fig. 1.29. Far-IR spectra of Fe(OEP)F and Fe(OEC)X (X= F,Cl,Br,l) [294].

high-frequency region were based on the results of theoretical calculations obtained
for in-plane vibrations of Ni(OEC) [290]. A similar approach was taken to assign low-
frequency vibrations (below 1000 crn*l) of Mg(OEP), Mg(OEC), and Chl a [300].

Fujiwara and Tasumi [301,302] measured the Raman spectra (441.6 nm excitation)
of Chl a and b in various solvents. Figure 1.30 compares their spectra obtained in
diethylether and THF. The bands in the 1710-1690 cm ' region observed for both
compounds are assigned to the v(C=O0) of the free C-9 carbonyl group of ring V, while
those in the 1670-1669 cm ™' of Chl b are assigned to the free C-3 formyl carbonyl
group. The Raman spectrum of Chl a exhibits three bands at 1607 (weak), 1554
(strong), and 1529 (medium) cmin diethylether (group I solvent), and these bands
are shifted to 1596, 1545, and 1521 cm_l, respectively, in THF (group II solvent).
Similar solvent behaviors were observed in going other group I solvents (n-hexane.
CCly, CS,, etc.) to group Il solvents (dioxane, pyridine, and methanol). On the basis of
these results together with other information, these workers concluded that Chl a in
group I solvents is five-coordinate (with one axial ligand) whereas it becomes six-
coordinate (two axial ligands) in group II solvents. These two species coexist in I,II-
mixed solvents, although the six-coordinate species is dominant in pyridine solution.
Similar results were obtained for Chl b.

Heald and Cotton [303] observed that the RR spectrum (407.6 nm excitation) of the
electrochemically generated cation radical of Chl a in CH,Cl, exhibits the C-9
v(C=0) vibration at 1717cm™', which is 32cm ™' higher than that of Chl a
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Fig. 1.30. Raman spectra (1750-1450cm™") of chlorophylls a and b: (a) Chi a in diethylether; (b)
Chl a in THF; (c) Chl b in diethylether; (d) Chlb in THF [302].

(1685 cm™ ). This was attributed to a decrease in conjugation between the C-9 keto
group and the macrocyclic ring caused by one-electron oxidation. It was suggested that
the C-9 keto group plays a role in chlorophyll redox reaction in vivo.

Vibrational spectra of chlorophylls and related compounds have been reviewed by
several groups of investigators [302,304,305].

1.6.3. Metallophthalocyanines

Metallophthalocyanines [M(Pc)], shown in Fig. 1.31, are known for their exceptional
thermal stability and extremely low solubility in any solvents. Under D,4;, symmetry,
their 165 (3 x 57 — 6) normal vibrations are classified into 144, + 13A,, + 148,
14BZg + 13Eg + 6A1u + 8A2u + 7B]u + 7Bzu + 28Eu, of which the Alga A2g9 Blg’ Bng
and E,, vibrations are in-plane modes, and the A,,,, A»,, By, B2,, and E, vibrations are
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Fig. 1.31. Structure of metallophthalocyanine.

out-of-plane modes. Only the A,, and E,, vibrations are IR-active, whereasthe A 4, B,
Bs,, and E, vibrations are Raman-active. Similar to metalloporphyrins, the A,
vibrations become Raman-active under resonance conditions. Melendres and Maroni
[306] carried out normal coordinate analysis on Fe(Pc). As expected, extensive
vibrational couplings occur among the local coordinates so that simple descriptions
of normal modes by local coordinates cannot be justified. They estimated the Fe—N
stretching force constant to be 1.00 mdyn/A. Using metal isotope techniques,
Hutchinson et al. [307] assigned primary v(M—N) modes of M(Pc) at 240.7
(%*Zn), 284.0 (53Cu), 376.0 and 317.8 (°®Ni), and 308.4cm ™' (**Fe).

SERR and IR spectra of other M(Pcz) (M =Mg,Cu,Zn,Pt,Pb) are reported together
with band assignments (totally symmetric in-plane modes) obtained by normal
coordinate analysis [308].

Homborg and coworkers carried out extensive IR and Raman studies of a variety of
metallophthalocyanines. In a series of [Bi(IID(Pc*),]" (n=—1,0, + 1), the Bi(Ill)
atom is coordinated by eight N atoms of two slightly distorted Pc?~ ligands in a square—
antiprismatic conformation, and the v,(Bi—N) and v(Bi—N) were located at 116 (IR)
and 150 cmfl(RR), respectively [309]. The RR spectra (1064 nm excitation) of [M
(Pc),] [M = alanthanide(III) ion] obtained by anodic oxidation of [M(Pc®*7)]™ exhibit
the v(M—N) in the range of 141 (La) to 168 cm ™' (Lu), and show equal presence of the
Pc™ n-radical(Pc™)[310]. Thus, it may be formulated as [M(Pc*> )(Pc™")]. The IR
spectra of the [M(Pc®7),]~ ion (M = Y(III) or In(IIl)) show the v,(M—N) at 182 and
137cm™ !, for M=Y and In, respectively [311]. The v(Re—Re) and v, (Re—N)
vibrations of dimeric [Re(Pczf)z] are at 240 and 355 cmfl, respectively [312]. The
IR and Raman spectra of a monolayer film of Eu(Pc), were assigned by Berno et al.
[313] on the basis of Cy4, symmetry.
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Figure 1.32 shows the IR and Raman spectra of a series of [Cr(IID)(Pc*)X,] ™
(X =FCILBr,I) below 600 cm™! obtained by Sievertsen et al. [314]. The shaded bands
indicate the v,(CrX5)(IR) and v{(CrX,)(Raman) vibrations. Axial v(M—X) vibrations
of other [M(Pczf)Xz]—type complexes have been reported for M = Ir(IIT) [315], Os(II)
[316], Ru(IIT) [317], and TI(III) [318]. The v(M—X) vibrations of [Ru(HI)(Pczf)(py)
X] -type complexes are at 390, 360, 337, 260, and 204 cm~! for X=CN", N;,
NCO™, NCS™, and NO, respectively [319]. In the case of [M(O)(Pczf)Xz]-type
complexes [M=Nb(V) and Ta(V) and X=F ,CI ,NCS™ and Nj ], three axial
ligands (2X and O) are on one side of the P plane, and their v(M=0), v,(M—X)
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Fig. 1.32. Vibrational spectra of [" Bu,N]J[CrX. »2(Pc?”)]: (a) 476.5 nm excitation, X = F; (b) 496.5 nm
excitation, X= CI, Br, | (all 496.5nm excitation) (RRI= relative Raman intensity) [314].
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and v,(M—X) vibrations have been assigned [320]. In u-carbido diphthalocyanines of
[(MPC27)2(|.1-C)] (M =Fe,Ru), the M—C—M bond is linear, and the v,(MCM) and
vo(MCM) vibrations are at 997 and 477 cm™ !, respectively, for M = Fe [321]. The v,
and v vibrations of the Mn—N—Fe bridge in (TPP)Mn—N—Fe(Pc) are at 956/945 and
381 cm™ !, respectively [322]. Electronic and IR spectra of phthalocyanine molecular
assemblies are reviewed by Cook [323].

1.7. NITRO AND NITRITO COMPLEXES

The NO, ion coordinates to a metal in a variety of ways:

A M—0_ 0 M N
M_N\. N7 N 7
(0] N 8]
Nitro complex Nitrito complex Chelating nitrito
complex
1 I I
M—0, ,0—M
M\ /M M\ /M N
N—O )
4 |
O N VI
v \0
v
Bridging complexes

Vibrational spectroscopy is very useful in distinguishing these structures.

1.7.1. Nitro Complexes

The normal vibrations of the unidentate N-bonded nitro complex may be approxi-
mated by those of a planar ZXY, molecule, as shown in Fig. 1.33. In addition to these
modes, the NO, twisting and skeletal modes of the whole complex may appear in the
low-frequency region. Table 1.13 summarizes the observed frequencies and band
assignments for typical nitro complexes. It is seen that these complexes exhibit
v,(NO,) and v((NO,) in the 1470-1370 and 1340-1320 cm regions, respectively. On
the other hand, the free NO, ion exhibits these modes at 1250 and 1335 cm ™,
respectively. Thus v,(NO,) shifts markedly to a higher frequency, whereas v{(NO,)
changes very little on coordination.

Nakagawa and Shimanouchi [60] and Nakagawa et al. [324] carried out normal
coordinate analyses to assign the infrared spectra of crystalline hexanitro cobaltic
salts; both internal and lattice modes were assigned completely by factor group
analysis. The results indicate that the complex ion takes the T;,, symmetry in K, Rb, and
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Fig. 1.33. Normal modes of vibration of planar ZXY» molecules (the band assignment is given for
an M—NO: group).

TABLE 1.13. Observed Infrared Frequencies and Band Assignments of Nitro
Complexes (cm™")

Complex 1NOs) vfNOs) S(ONO) pulNO») wMN)  p(NO»*  Refs.
KICo(NO)s] 1386 1332 827 637 416 203 324
854 449 276
NagCo(NOy)s] 1425 1333 - } 623 P } ore } 324
K,Ba[Ni(NOo)s] 1343 1306 838 433 291 255 324
Ko[Ir(NO)e] s } 1330 830 657 390 300 325
KJRh(NOo)s] 1395 1340 833 627 386 283 325
Koll(NO)Cls] 1374 1315 835 644 325 288 326
[P{NOy)e]* 1322 } 1328 834 621 368 294 327
1466 847 640
KalPt("*NOp)a] 1343 839 421 328,329
1397 623
833
b 1364 834
[PA(NO,).] 1408 1o } o } 440 290 329
Ko[Pt(NO)Cl] 1401 1325 844 614 350 304 326

4This mode may couple with other low-frequency modes.
®Raman data in aqueous solution.
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Fig. 1.34. Infrared spectra of (a) Ks[Co(NO_)s] and (b) Nasz[Co(NO,)s] [330].

Cs salts but the Sg symmetry in the Na salt (see Fig. 1.10 of Part A). The IR spectra of K
and Na salts are compared in Fig. 1.34. Kanamori et al. [330] obtained the RR spectra
(632.8 nm excitation, ~80 K) of these complexes, and showed that resonance en-
hancement occurs via the B term since nontotally as well as totally symmetric
vibrations are observed.

There are many nitro complexes containing other ligands such as NH;3 and Cl. In
these cases, the main interest has been the distinction of stereoisomers by the
symmetry selection rules and the differences in frequency between isomers. It is
possible to distinguish cis- and trans-[Co(NH3)4(NO,),]" [331] by the rule that the
cis-isomer exhibits more bands than the frans-isomer, and to distinguish fac- and mer-
[Co(NH3)3(NO,)3] [332] by the observation that 5(NO,) and p,,(NO,) are higher for
the fac-isomer (Cs, 832 and 625 cm ™', respectively) than for the mer-isomer (C,,,, 825
and610 cm ™!, respectively). Nakagawa and Shimanouchi [333] measured the infrared
spectra of the [Co(NO,),(NH3)s_,]® " series and carried out normal coordinate
analysis on the mononitro and dinitro complexes. Nolan and James [334] studied the
infrared and Raman spectra of [Pt(NOz)nCls_n]zitype salts in the crystalline state.

1.7.2. Nitrito Complexes

If the NO, group is bonded to a metal through one of its O atoms, it is called a nitrito
complex. Table 1.14 lists the NO stretching frequencies of typical nitrito complexes.
The two v(NO,) of nitrito complexes are well separated, v(N=0) and v(NO) with at
1485-1400 and 1110-1050cm ™", respectively. Distinction between the nitro and
nitrito coordination can be made on this basis. It is to be noted that nitrito complexes
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TABLE 1.14. Vibrational Frequencies of Nitrito Complexes (cm™")

Complex v(N=0) v(NO) 6(ONO) Ref.
[Co(NH3)5(ONO)]Cl, 1468 1065 825 335
[Cr(NH3)5(ONO)]Cl, 1460 1048 839 335
1461
[Rh(NH3)s(ONO)]Cl. 1445 } 1063 830 326
[Ni(py)4(ONO),] 1393 1114 825 336
1485 835
trans-[Cr(en)>(ONO),]CIO, 1430 } — 805 } 337
[Co(py)4(ONO)](py)2 1405 1109 824 338

lack the wagging modes near 620 cm ' that appear in all nitro complexes. The v(MO)
of nitrito complexes were assigned in the 360-340 cm ™' region for metals such as Cr
(I1I), Rh(III), and Ir(IIT) [326].

Infrared spectra of nitro—nitrito isomeric pairs are reported for cis-[Ru(Il)(bipy),
(NO)X]**, where X is —NO, and —ONO [339].

In many nitro complexes several types of nitro coordination are mixed. Goodgame,
Hitchman, and their coworkers carried out an extensive study on vibrational spectra of
nitro complexes containing various types of coordination. For example, all six nitro
groups in K4[Ni(NO,)e]-H,O are coordinated through the N atom. However, its
anhydrous salt exhibits the bands characteristic of nitro as well as nitrito coordination.
From UV spectral evidence, Goodgame and Hitchman [340] suggested the structure
K4[Ni(NO,)4(ONO),] for the anhydrous salt. Table 1.15 lists the observed frequencies
of two Ni(II) complexes containing both nitro and nitrito groups.

The red nitritopentammine complex, [Co(NH3)s(ONO)]Cl,, is unstable and is
gradually converted to the stable yellow nitro complex. The kinetics of this conversion
can be studied by observing the disappearance of the nitrito bands [342,343], and the
rate of the photochemical isomerization in the solid state has been determined [344].
Burmeister [345] reviewed the vibrational spectra of these and other linkage isomers.

1.7.3. Chelating Nitrito Complexes
If the nitrito group is chelating, the v(N=0) and v(N—O) of the nitrito group will be
shifted to a lower and a higher frequency, respectively, relative to those of unidentate

TABLE 1.15. Vibrational Frequencies of Ni(ll) Complexes Containing Nitro and Nitrito
Groups (cm™")

Nitro Group Nitrito Group
Complex va(NO2) vs(NO) pw(ONO) (N=0) v(NO) Ref.
K4INi(NO,)6JH;0 1346 1319 427 — — 340
K4[NI(NO,)4(ONO),] 1347 1325 ifi } 1387 1206 340

Ni[2-(aminomethyl)-py]o-(NO,)(ONO) 1338 1318 — 1368 1251 341
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TABLE 1.16. Vibrational Frequencies of Chelating Nitrito Groups (cm™")

Complex va(NOy) vs(NOy) 5(ONO) A? Ref.
Co(Ph3P0),(NO,), 1266 1199 } 856 78 346
o 1176 866
Ni(2-pic)2(NOy), 1272 1199 862 } 73 346
Re(CO)2(PPhg), (NO,) 1241 1180 887 61 347
[Ni(N, N'-dimethyl-en)-(NO,)] CIO, 1300 1230 — 70 348
Cs2[Mn(NO,),] 1302 1225 841 77 349
Co(Mey-en)(NOy), 1290 1207 850 83 338
Zn(py)2(NO,), 1351 1171 850 180 350
Zn(isoquinoline)o(NO5), 1370 1160 — 210 350
(o-cat) [Co(NOy)4]° 1390 1191 — 199 349

N =v,—vs.
bo-cat = [o-xylylenebis(triphenylphosphonium)]?* ion.

nitrito complexes. As a result, the separation between these two modes (A) becomes
much smaller than those of unidentate complexes. Table 1.16 lists the vibrational
frequencies of chelating nitrito groups. It should be noted that the A value depends on
the degree of asymmetry of the coordinated nitrito group; it is expected that the A value
is the smallest when the two N—O bonds are equivalent and increases as the degree of
asymmetry increases. Relatively large A values observed for the last three compounds
in Table 1.16 may be accounted for on this basis.

According to X-ray analysis, the orange compound, K4[Ni(NO,)s]-H,0, is an
octahedral complex with six N-bonded nitro ligands and a water of crystallization. On
dehydration at 100°C, it forms a mixture of red K5[Ni(NO,)4(chelated O,N)] and
KNO,. The former exhibits the v, v, and 0 vibrations of the chelated nitrite group at
1385, 1225, and 866.cm™ ' in IR spectra [351]. The corresponding vibrations are
observed at 1293, 1223, and 826 cm ™! in the IR spectrum of NaNO, in Ar matrices,
indicating the formation of a chelate ring with Na atom (C,, symmetry). On
photoirradiation (248 nm), it is converted to the unidentate trans-Na—ONO complex
with the three bands at 1446, 1159, and 787 cm ™! [352].

1.7.4. Bridging Nitro Complexes

The nitro group is known to form a bridge between two metal atoms. Nakamoto et al.
[335] suggested that among the three possible structures, IV, V, and VI, shown earlier,
IV is most probable for

OH
{(quis)3(30<:f;)fi;:>(30(P41i3)3]3*

Yot

since its NO, stretching frequencies (1516 and 1200 cm ') are markedly different
from those of other types discussed thus far. Later, this structure was found by X-ray
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analysis of [353]

NH,

N
Co(NH3)4]C14.4H,0
% 0(NH3)4]Cl4.4H,

NO,

This compound exhibits the NO, stretching bands at 1492 and 1180cm™'. On
160—130 substitution of the bridging oxygen, the latter is shifted by —10 cm ™' while
the former is almost unchanged. Thus, these bands are assigned to the v(N=0) (outside
the bridge) and v(N—O) (bridge), respectively [354]. The [Co,{(NO,)(OH),}
(N02)6]37 ion exhibits the NO, bands at 1516, 1190, and 860 cm !, indicating the
presence of a bridging nitro group [355]:

[(NH3)4Co

— -3
0\ L
02N / \ NO,
O;N—Co—0—Co0—NO,
/ \H \
O,N o NO,
L H i
[Ni(f-pic)>(NO;),]3:CgHg exhibits a number of bands due to coordinated nitro
groups. Goodgame et al. [356] suggested the presence of two different types of
bridging nitro groups (IV, V) and III, on the basis of the crystal structure and infrared
data for this compound. Type IV absorbs at 1412 and 1236, type V at 1460 and 1019,
and type IIT at 1299 and 1236 cm™'. Goodgame et al. [357] also studied the infrared
spectra of other bridging nitro complexes of Ni(Il). For example, they found that
Ni(en)(NO,), contains a type IV bridge (1429 and 1241 cm '), while Ni
(py)z(NOz)z(%C6H6) is similar to that of the analogous f-picoline complex.

1.8. LATTICE WATER AND AQUO AND HYDROXO COMPLEXES

Water in inorganic salts may be classified as lattice or coordinated water. There is,
however, no definite borderline between the two. The former term denotes water
molecules trapped in the crystalline lattice, either by weak hydrogen bonds to the anion
or by weak ionic bonds to the metal, or by both:

The latter term denotes water molecules bonded to the metal through partially covalent
bonds. Although bond distances and angles obtained from X-ray and neutron
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Fig. 1.35. The three rotational modes of HoO in the solid state.

diffraction data provide direct information about the geometry of the water molecule in
the crystal lattice, studies of vibrational spectra are also useful for this purpose. It
should be noted, however, that the spectra of water molecules are highly sensitive to
their surroundings.

1.8.1. Lattice Water

In general, lattice water absorbs at 35503200 cm ™' (antisymmetric and symmetric OH
stretchings) and at 1630—1600 cm ™' (HOH bending). If the spectrum is examined under
high resolution, the fine structure of these bands is observed. For example, Ca-
SO,-2H,0 exhibits eight peaks in the 3500-3400 cm ' region [358], and its complete
vibrational analysis can be made by factor group analysis (Sec. 1.28 of Part A). In the
low-frequency region (600~200cm ') lattice water exhibits “librational modes™ that
are due to rotational oscillations of the water molecule, restricted by interactions with
neighboring atoms. As shown in Fig. 1.35, they are classified into three types depending
on the direction of the principal axis of rotation. It should be noted, however, that these
librational modes couple not only among themselves but also with internal modes of
water (HOH bending) and other ions (SOF7,NO7, etc.) in the crystal. Tayal et al. [359]
reviewed librational modes of water in hydrated solids.

The presence of the hydronium (H;0™) ion in crystalline acid hydrates is well
established, and their spectra were discussed in Sec. 2.3.1 of Part A. The existence of
the HsO," ion was first detected by X-ray analysis [360]. Pavia and Giguere [361]
further confirmed its presence in HC104:2H,0 (namely, [HsO,]C10,) by the absence
of some characteristic bands of the H;0 " and H,O species. Its structure is suggested to
be centrosymmetric H,O—H—OH, of approximately C,;, symmetry. Both X-ray [362]
and neutron diffraction [363] studies suggest the presence of the HsO,' ion in trans-
[Co(en),Cl,]C1-HCI1-:2H,0. Thus it should be formulated as trans-[Co(en),Cl,]CI*
[HsO,]Cl. The existence of the H7O3Jr ion in crystalline HNO;3-3H,O and
HCl0O,4:3H,0 was confirmed by infrared studies [364]. The spectra are consistent
with a structure in which two of the hydrogens of the H;0 ™" ion are bonded to two H,O
molecules through short, asymmetric hydrogen bonds.

1.8.2. Aquo (H,O) Complexes

In addition to the three fundamental modes of the free water molecule, coordinated
water exhibits other modes, such as those shown in Fig. 1.33. Nakagawa and
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TABLE 1.17. Observed Frequencies, Band Assignments, and MO Stretching Force
Constants of Aquo Complexes [365]

Compound p{H-0) pw(H20) v(MO) KM—0)?
[Cr(H20)6]Cl3 800 541 490 1.31
[Ni(H20)e]SiFg (755)b 645 405 0.84
[Ni(D20)6]SiFe — 450 389 0.84
[Mn(H20)6]SiFs (655)° 560 395 0.80
[Fe(H20)6]SiFe — 575 389 0.76
[Cu(H20)4]S0O4-H-O 887, 855 535 440 0.67
[Zn(H20)6]SO4-H20 — 541 364 0.64
[Zn(D20)6]S04-D0 467 392 358 0.64
[Mg(H20)6]S04-H,O — 460 310 0.32
2UBF field (mdyn/A).

PNi(H0)4Cls.

°Mn(H20)4Cls.

Shimanouchi [365] carried out normal coordinate analyses on [M(H,O)el- (T},
symmetry) and [M(H,O),]-type ions (with Dy, symmetry) to assign these low-
frequency modes. Table 1.17 lists the frequencies and band assignments, and Fig. 1.36
illustrates the far-infrared spectra of aquo complexes obtained by these authors.
According to Stefov et al. [366], [Cr(H,0)6]Cl5 exhibits the rocking (p,), twisting (p,),
and wagging (p,,) modes of the coordinate water molecule at 825 (629), 575 (420),

|Cr(H,0), | Cl,

[Ni(H,0), | SiF

<«— Absorption

[Ni(D,0)s| SiF

| | Pr
Ni(H,0),|Cl,
20,0 755
pW
p 640 1 | t
666.7 500 400 333
P(em™)

Fig. 1.36. Infrared spectra of aquo complexes in the low-frequency region [365].
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and 500 (390) cm ™', respectively, in IR spectrum (the number in the brackets indicates
the frequency of the D,O complex).

The MOy skeletal vibrations of the octahedral [M(H,O)q]"" ions have been
assigned for M =Mg(Il) [367], Cd(IT) [368], AI(III) [369], and Ga(Il) [370]. In
Cs,[InBrs(H,0)], the p,, p,,, and v(In—O) were assigned at 520, 380, and 260 cm !,
respectively [371]. In solid K,[FeCls(H,0)], however, the frequency order of these
bands is different; 600(p,,) > 460(p,) >390cm ™' [v(Fe—0)] [372]. The v(Co—O) of
[Co(NH3)5(H,0)]Cl5 and [Co(NH3)s(OH)]Cl, are assigned at 502 and 531 cm_l(
respectively [373]. Complete vibrational analysis has been made for single crystals of
Ni(H,0)4Cl,-2H,0 and related Co(II) complex [374]. a-Alums such as CsM
(804)>°12H,0 (M = Co or Ir) contain the [M(H20)6]3Jr ions, and their single-crystal
Raman spectra have been assigned by Best et al. [375]. An ab initio method has been
employed to calculate vibrational frequencies of the [Na(H,0),]" ion (n=1-4)
[376].

Raman spectra of aqueous solutions of inorganic salts have been studied exten-
sively. For example, Hester and Plane [377] observed polarized Raman bands in the
400-360 cm ™! region for the nitrates, sulfates, and perchlorates of Zn(IIl), Hg(II), and
Mg(Il), and assigned them to the MO stretching modes of the hexa-coordinated aquo
complex ions. Kameda et al. [378] measured the Raman spectra of NaX (X = Cl,Br.
Cl04,NO3) in concentrated (10 M%) aqueous solutions to determine the hydrated
structure of the Na™ ion. The polarized bands at 183—187 cm ™' were assigned to totally
symmetric vibrations of the Na®(H,0), ion because they are downshifted by
~10cm ™" in D,O solution. The value of n was close to 4. In the case of concentrated
LiBr solution, the totally symmetric vibration of the Li(H,0) 4+ ion and the ion-pair
[Li(H,0)," — Br~] vibration were assigned at 190 and 340 cm ™', respectively [379].

Vibrational spectroscopy is very useful in elucidating the structures of aquo
complexes. For example, TiCl;:6H,O should be formulated as trans-[Ti
(H,0),4C1,]C1-2H,0 since it exhibits one TiO stretching (500 cm ', E,) and one
TiCl stretching (336.cm ™', A,,) mode [380]. Chang and Irish [381] showed from
infrared and Raman studies that the structures of the tetrahydrates and dihydrates
resulting from the dehydration of Mg(NO3), 6H,0 are as follows:

ON02 0H2
HyOzommmmmme|mmmmmmneeez: OH. 1O N 0
/ \N[g/ 2 —N4' \NL/: \N—O
0N02 0H2

A number of hydrated inorganic salts have also been studied by the inelastic neutron
scattering (INS) technique [382,383]. Since the proton scattering cross section is quite
large, the INS spectrum reflects mainly the motion of the protons in the crystal.
Furthermore, INS spectroscopy has no selection rules involving dipole moments or
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polarizabilities. Thus, it serves as a complementary tool to vibrational spectroscopy in
studying the hydrogen vibrations of hydrated salts.

1.8.3. Aquo Complexes in Inert Gas Matrices

Cocondensation reactions of alkali halide vapors with H,O in Ar matrices (14 K)
produce 1: 1 adducts of a pyramidal structure (C; symmetry):

4
(¢)
<IN
H/—‘
HM
X_

These aquo complexes exhibit two v(OH) at 3300-3000 and two é(OH) at 700—
400 cm ™' in agreement with C, symmetry [384]. Cocondensation reaction of Li vapor
with H,O in Kr matrices yields the 1 : 1 complex, Li(H,O), which can be characterized
by three internal modes of water [385]. Similar studies with alkaline-earth metal
vapors show that the §(H,O) is downshifted by 15 cm ™ for Mg and 30 cm ™~ for Ca, Sr,
and Ba on complex formation [386].

As stated in Sec. 1.26.2 of Part A, the reaction of a laser-ablated metal atom with a
molecule such as CO in inert gas matrices produces a mixtures of a variety of novel
species. In the case of metal atom—H,O reactions, assignments of IR frequencies and
structures of reaction products were based on isotopic shifts (H/D and '°0/'80) and
DFT calculations. For example, the reaction of laser-ablated Th atom with H,O in
excess of Ar produced over 15 intriguing species [387]. Similar investigations were
carried out with laser-ablated metal atoms such as Mn [388], Sc [389], Ti [390], Zr
[390] and Hf [390].

1.8.4. Hydroxo (OH) Complexes

The spectra of hydroxo complexes are supposedly similar to those of the metal hydroxides
discussed in Sec. 2.1 of Part A. The hydroxo group can be distinguished from the aquo
group since the former lacks the HOH bending mode near 1600 cm ™. Furthermore, the
hydroxo complex exhibits the MOH bending mode below 1200 cm ™. For example, this
mode is at 1150cm ™! for the [Sn(OH)g]*~ ion [391] and at ~1065cm ™" for the [Pt
(OH)e]* ™ ion [392]. The [P(OH),] " ion exhibits v(OH), § ,(POH), and § (POH) vibrations
at 3379/3262, 1112, and 1017 cm ™}, respectively [393].
The OH group also forms a bridge between two metals. For example

H
v 0]

[(bipy)C
ipy u\o %
H

Cu(bipy)]SO,4.5H,0
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exhibits the bridging OH bending mode at 955 cm™'; this is shifted to 710cm ™' on

deuteration [394]. For bridging hydroxo complexes of Pt(Il), see Refs. [395] and [396].
The hydroperoxo ligand in the [Cu(IT)(bppa)(OOH )]" ion [bppa = bis(6-piva-

lamide-2-pyridylmethyl)(2-pyridylmethyl)amine] exhibits v(O—OH) vibration at

856cm !, which is shifted to 810cm ™' by 1°0/!#0 substitution [397].

1.9. COMPLEXES OF ALKOXIDES, ALCOHOLS, ETHERS, KETONES,
ALDEHYDES, ESTERS, AND CARBOXYLIC ACIDS

1.9.1. Complexes of Alkoxides and Alcohols

Metal alkoxides, M(OR),, (R: alkyl), exhibit v(CO) at ~1000 cm'and y(MO) at 600—
300 cm ™' [398]. Infrared spectra have been reported for various alkoxides of Er(III)
[399]. and isopropoxides of rare-earth metals [400]. Complete assignments of the IR
and Raman spectra of M(OCH3)¢ (M =Mo,W) and the Sb(OCH3), ion have been
based on normal coordinate analysis (Cs;, = S¢ symmetry). The v(MOg) and 6(MOg)
vibrations are at 600—450 and 400-200 cm ™', respectively [401]. The v(TiO) vibration
of TiCl3(OCH3) in Ar matrices was assigned at 636cm ™' [402], and the v(Fe—O)
frequencies of [Fe(III)(catecholato)]% were 583 and 283 cm ™! according to DFT
calculations [403].

The infrared spectra of alcohol complexes, [M(EtOH)¢]Y,, where M is a divalent
metal and Yis CIO, ,BF, ,and NOj; ™, have been measured by van Leeuwen [404]. As
expected, the anions have considerable influence on v(OH) and 6(MOH). In ethylene
glycol complexes with MX, (X = C1,Br,I), v(OH) are shifted to lower frequencies and
d(CCO) to higher frequencies relative to those of free ligand. It was shown that
ethylene glycol serves as a bidentate chelating as well as a unidentate ligand, and that
the gauche form prevails in the complexes [405]. Normal coordinate analyses have
been carried out to assign the IR spectra of [M(ROH)g]X, (M =Mg,Ca; R =CHs;,
C,Hs; and X = C1,Br). The bands at 305 and 275 cm ! of Mg(CH30H)¢Br; and its Ca
analog are primarily the v(M—0), and the corresponding force constants are 0.42 and
0.35 mdyn/& respectively [406].

1.9.2. Complexes of Ethers

The vibrational spectra of diethyl ether complexes with MgBr, and Mgl, have been
assigned completely [407]; v(MgO), at 390-300 cm ™~ '. The solid-state Raman spectra
of 1:1 and 1:2 adducts of 1,4-dioxane with metal halides show that the ligand is
bridging between metals in the chair conformation [408].

When the oxygen atoms of the crown ether (18-crown-6) coordinate to Ba(I) [409]
and Sb(III) [410], the v(COC) band near 1100 cm ™! is shifted by 14 and 30 cm !,
respectively, to a lower frequency.

The v(Ga—O) vibrations of the [Ga(II)I,(18-crown-6)] " ion are located at 396 and
352cm™! [411]. In the case of Ln(NCS); (13-crown-4)-2H,0 (Ln = La, Pr, etc.), the
redshift of the v(COC) band is in the range of 76-64 cm™ ', and the v(Ln—O) band
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D3q Ci

Fig. 1.37. Two conformers of the 18-crown-6 ring [437].

appears at 390-370cm ' [412]. According to X-ray analysis, the 18-crown-6 ring
takes the D5, structure in the K™ complex and the C; structure in the uncomplexed
state (Fig. 1.37). Takeuchi et al. [413] assigned the IR/Raman spectra of these two
compounds in the solid state via normal coordinate analysis, and elucidated the ring
conformations of other metal complexes in methanol solution by comparing their
Raman spectra with those of the known structures.

1.9.3. Complexes of Other Oxygen Donors

There are many coordination compounds with weakly coordinating ligands containing
oxygen donors. These include ketones, aldehydes, esters, and some nitro compounds.
Driessen and Groeneveld [414-416] and Driessen et al. [417] prepared metal com-
plexes of these ligands (L) through the reaction

MCl, + 6L + 2FeCl3 - [MLg](FeCly),

in a moisture-free atmosphere; CH3;NO, was chosen as the solvent because it is the
weakest ligand available. In acetone complexes, v(C=0) are lower, and 6(CO), ©(CO),
and 0(CCC) are higher than those of free ligand [414]. Similar results have been
obtained for complexes of acetophenone, chloracetone, and butanone [415]. In the [Li
(acetone),]" ion, however, the v(C=0), v,(CC), and v{(CC) all shift to higher
frequencies on coordination to the Li ion [418].

In metal complexes of acetaldehyde, v(C=0) are lower and §(CCO) are higher than
those of free ligand [416]. In ester complexes [417] v(C=O) shifts to lower and
v(C—O) to higher frequencies by complex formation. When these shifts are dependent
on the metal ions, the magnitudes of the shifts follow the well-known Irving—Williams
order: Mn(II) < Fe(IT) < Co(IT) < Ni(II) < Cu(II) > Zn(II).

Formamide(HCONH,) coordinates to metal ions via the O atom, and the v(M—QO)
vibrations appear in the 304-230 cm”! range. In NiCl,(NMF), and NiCl,(DMF),
(NMF = N-methylformamide; DMF = dimethylformamide), the Ni(Il) ion is coordi-
nated by the N as well as O atoms, and the v(Ni—N) and v(Ni—O) vibrations are
observed at 500-480 and 420-380cm ™', respectively [419].
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1.9.4. Complexes of Carboxylic Acids

Extensive infrared studies have been performed on metal complexes of carboxylic
acids. Table 1.18 gives the infrared frequencies and band assignments for the formate
and acetate ions obtained by Itoh and Bernstein [420]. The carboxylate ion may
coordinate to a metal in one of the following modes:

M—0O o) M—OQ
/N R
;C“R M >C—-R >C—R
(o) o M—O
1 II i1

Deacon and Phillips [421] made careful examinations of IR spectra of many
acetates and trifluoroacetates having known X-ray crystal structures, and arrived at the
following conclusions:

(1) Unidentate complexes (structure I) exhibit A values [v,(CO; )-v,(CO; )] that
are much greater than the ionic complexes.

(2) Chelating (bidentate) complexes (structure II) exhibit A values that are
significantly less than the ionic values.

(3) The A values for bridging complexes (structure III) are greater than those of
chelating (bidentate) complexes, and close to the ionic values.

TABLE 1.18. Infrared Frequencies and Band Assignments for Formate and Acetate lons
(cm~") [420]

[HCOO]~ [CH5COO]

Na Salt Aqueous Solution Na Salt Aqueous Solution C,, Band Assignment

2841 2803 2936 2935 A;  v(CH)
— — — 1344 5(CHa)
1366 1351 1414 1413 v§(COO)
— — 924 926 w(CC)
772 760 646 650 5(0CO)

— — — — Az pt(CHg)
— — 2989 3010 B,  v(CH)

or

2981
1567 1585 1578 1556 v4(COO)
— — 1430 1429 5(CHa)
— — 1009 1020 pACHa)
1377 1383 460 471 (CH) or p,(COO)
— — 2989 2981 B,  v(CH)

or

3010
— — 1443 1456 5(CHa)
— — 1042 1052 pACHa)

1073 1069 615 621 (CH) or 7(COO)
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The bridging 2-thiopheneacetate (taa) ligand in [Cu(taa),(DMF)], exhibits the
v,(CO0) and v,(COO) at 1620 and 1284 cm ™', respectively (A =336cm™") [422].
Assignments of IR and Raman spectra of dimeric [Cu(OAc™),(H,0)], were based on
BCu /65Cu isotopic shift data and DFT calculations. The v(Cu—Cu) vibration was
located at 178 cm ™! in Raman spectra [423]. In [Mn,(dmb)4(bipy),(H,0),](bipy),
where dmb is 2.6-dimethylbenzoate, terminal and bridging dmb ligands are mixed; the
terminal unidentate dmb exhibits the v,(COO) and v,(COO) at 1566 and 1404 cm ™',
respectively (A =162cm™ "), whereas the bridging, chelating dmb exhibits these
vibrations at 1604 and 1358 cm ™!, respectively (A =146 cm 1) [424].

As seen in Table 1.19, these criteria hold except for asymmetric bidentates such as
Ph,Sn(CH3COOQ), where the two Sn—O bond distances are markedly different:

2076 A 0y
N

Sn’ C’—CH3
2.53&3A\0;
In these cases, A values are comparable to those of unidentate complexes [427].
Table 1.19 also shows three carboxylate complexes in which two modes of coordina-
tion are mixed. Figure 1.38 shows the Raman spectra of Si(OAc), and Ge(OAc), that
contain only unidentate acetato ligands [426]. According to Stoilova et al., [435],

TABLE 1.19. Carboxyl Stretching Frequencies and Structures of Carboxylate
Complexes (cm™")

Compound v4(CO0)? v5(CO0)? A Structure Ref.
HCOO™ 1567 1366 201 lonic 420
CH3COO™ (OAc™) 1578 1414 164 lonic 420
Rh(OAc)(CO)(PPhg), 1604 1376 228 Unidentate 425
Ru(OAc)(CO),(PPhg) 1613 1315 298 Unidentate 425
Si(OAc), 1745° 1290° 455 Unidentate 426
Ge(OAc), 1710° 1280° 430 Unidentate 426
RUCI(OAC)(CO)(PPhs), 1507 1465 42 Bidentate 425
RuH(OACc)(PPhg)s 1526 1449 77 Bidentate 425
Ph>Sn(CH3;—COO), 1610 1335 265 Asym. bidentate 427
Ph,Sn(CH,CI-COO0), 1620 1240 380 Asym. bidentate 427
Ph,Te(CCl;—COO), 1705 1270 435 Asym. bidentate 427
Rhy(OACc)>(CO)s(PPhg) 1580 1440 140 Bridging 428
[Ru(C0),(C,H5C0O0)], 1548 1410 138 Bridging 429
[Cr30(0AC)s(H203)]+ 1621 1432 189 Bridging 430
[MnOo(OAC)P* 1548 1387 171 Bridging 431
[Pd(OAC)2(PPh3)]> 1629 1314 315 Unidentate 432
1580 1411 169 Bridging
CrO,(OAc), 1710 1240 470 Unidentate 433
1610 1420 190 Bidentate
Cp,Zr[Cr(CO)3(RCO0)1,° 1641 1329 312 Unidentate 434
1542 1377 165 Bidentate

?These correspond to the v(C=0) (free) and v(C—O) (coordinated) of the unidenlate carboxylates, respectively.
?|R frequency.
°R=CgHs.
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Fig. 1.38. Raman spectra of Si(OAc), and Ge(OAc), in the solid state (514.5 nm excitation) [426].

unidentate acetates exhibit three bands (COO deformation) at 920-720cm ™' and a
strong band [(CO,)] at 540 cm ' that are absent in bridging complexes and reduced in
number in bidentate complexes. Infrared spectra of formates have been reviewed by
Busca and Lorenzelli. [436].

The linkage isomerism involving the acetate group has been reported by Baba and
Kawaguchi [437]:

PPhs /PPh3
(acac)Pd\ (acac)Pd\
O\ /CH3 CH,COOH
i )
O acac = acetylacetonato anion

The O-isomer exhibits W(C=0) at 1640cm ', whereas the C-isomer shows
v(C=0) at 1670 and 1650 and v(OH) at 2700-2500cm . It is also possible to



COMPLEXES OF AMINO ACIDS, EDTA, AND RELATED LIGANDS 67

distinguish two acetato groups having different trans ligands by their frequencies:

‘\+
Py

/OOC_CH3 /
Au\ N /A“\
N\N/ Cl %lf 00OC—CHj;
|
CeHs CeHs
(A) ®)

Complex A exhibits the v,(COO) and v{(COO) at 1665 and 1360 cm respec-
tively, whereas complex B exhibits these vibrations at 1620 and 1300 cm ™", respec-
tively [438]. Assignments of the IR spectra of metal glycolato (CH,(OH)—COO™)
complexes have been based on normal coordinate calculations [439].

Citric acid [C(OH)(COOH)(CH,COOH),] contains one hydroxyl and three car-
oboxylate groups. X-Ray analysis by Matzapetakis et al. [440] shows that the Mn(II)
ion in [Mn(II)(C6H507)2]4_ ion is octahedrally coordinated by two citrate ligands in
which three carboxyl groups are deprotonated and the C—OH group is not ionized.
Although the structure of the [Mn(III)(C6H4O7)2]57 ion is similar, the C—OH group is
also deprotonated. The IR spectrum of the former complex exhibits the v,(COO) and
v(COO) at 1621-1588 and 1436-1386 cm_l, respectively, while these vibrations are
at 1636-1596 and 1441-1397 cm ™!, respectively, in the latter complex.

1.10. COMPLEXES OF AMINO ACIDS, EDTA, AND RELATED LIGANDS

1.10.1. Complexes of Amino Acids

Amino acids exist as zwitterions in the crystalline state. Table 1.20 lists band
assignments for the zwitterions of glycine [441] and «-alanine [442]. According to
X-ray analysis, two glycino anions (gly) in [Ni(gly),]-2H,0, [443], for example,
coordinate to the metal by forming a trans-planar structure, and the noncoordinating
C=0 groups are hydrogen-bonded to the neighboring

H,
I T 0
H/2C \M / \.~0
¢ ;
o” \O/\N/C{IZ
H;

molecule or water of crystallization, or weakly bonded to the metal of the neighboring
complex. Thus v(CO,) of amino acid complexes are affected by coordination as well as
by intermolecular interactions.
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TABLE 1.20. Infrared Frequencies and Band Assignments of
Glycine and «-Alanine in the Crystalline State (cm~') [441,442]

Glycine o-Alanine Band Assignment
1610 1597 va(COO™)
1585 1623 3a4(NH5)
1492 1534 3s(NHg )
— 1455 0q(CHg)
1445 — 0(CHp)
1413 1412 vs(COO™)
— 1355 0s(CH3)
1333 — puw(CHo)
— 1308 o(CH)
1240 (R) — p{CHy)
e 4
1003 1148 v4(CCN)?
- )
910 — pACHy)
893 g;g } vs(CCN)?
694 648 pw(COO")
607 771 d4(CO07)
516 492 pANH,")
504 540 pACO0O")

2 These bands are coupled with other modes in «-alanine.

To examine the effects of coordination and hydrogen bonding, Nakamoto et al.
[444] performed extensive IR measurements of the COO stretching frequencies of
various metal complexes of amino acids in D,0O solution, in the hydrated crystalline
state, and in the anhydrous crystalline state. The results showed that, in any one
physical state, the same frequency order is found for a series of metals, regardless of
the nature of the ligand. The antisymmetric frequencies increase, the symmetric
frequencies decrease, and the separation between the two frequencies increases in the
following order of metals:

Ni(Il) < Zn(Il) < Cu(Il) < Co(Il) < Pd(Il) ~ Pt(Il) < Cr(II)

Although there are several exceptions to this order, these results generally indicate
that the effect of coordination is still the major factor in determining the frequency
order in a given physical state. The frequency order shown above indicates the
increasing order of the metal-oxygen interaction since the COO group becomes more
asymmetrical as the metal-oxygen interaction becomes stronger.

To give theoretical band assignments on metal glycino complexes, Condrate
and Nakamoto [445] carried out a normal coordinate analysis on the metal-glycino
chelate ring. Figure 1.39 shows the infrared spectra of bis(glycino) complexes of
Pt(Il), Pd(I), Cu(II), and Ni(II). Table 1.21 lists the observed frequencies and
theoretical band assignments. The CH, group frequencies are not listed, since they
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Fig. 1.39. Infrared spectra of cis- or trans-bis(glycino) complexes of Pt(ll), Pd(ll), Cu(ll), and Ni(ll)

[445].

TABLE 1.21. Observed Frequencies and Band Assignments of Bis(glycino) Complexes
(cm™") [445]

trans-[Pt(gly),]  trans-[Pd(gly)®]  trans-[Cu(gly),] trans-[Ni(gly)] Band Assignment
3230 3230 3320 3340
3090 } 3120 } 3260 } 3280 } v(NH;)
1643 1642 1593 1589 v(C=0)
1610 1616 1608 1610 J(NHy)
1374 1374 1392 1411 v(C-0)
1245 1218 1151 1095 pdNHy)
1023 1025 1058 1038 2uw(NH,)
792 771 644 630 pANH)
745 727 736 737 8(C=0)
620 610 592 596 7(C=0)
549 550 481 439 »(MN)
415 420 333 290 »(MO)
2.10 2.00 0.90 0.70 K(M—N)(mdyn/A)2
2.10 2.00 0.90 0.70 K(M—O)(mdyn/A)?

2UBF.
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are not metal-sensitive. It is seen that the C=0 stretching, NH, rocking, and MN and
MO stretching bands are metal-sensitive and are shifted progressively to higher
frequencies as the metal is changed in the order Ni(Il) < Cu(Il) < Pd(Il) < Pt(II).
Table 1.21 shows that both the MN and MO stretching force constants also increase in
the same order of the metals. These results provide further support to the preceding
discussion of the M—O bonds of glycino complexes.

To give definitive band assignments in the low-frequency region of bis(glycino)
complexes of Ni(I), Cu(Il), and Co(II), Kincaid and Nakamoto [446] carried out
H-D, N — N, *®¥Ni — >Ni, and ®*Cu — ®Cu substitutions, and performed nor-
mal coordinate analyses on the skeletal modes of bis(glycino) complexes. Their results
show that, in trans-[M(gly),]-2H,0, the infrared-active v(MN) and v(MO) are at 483
and 337 cmfl, respectively, for the Cu(Il) complex, and at 442 and 289 Cmfl,
respectively, for the Ni(II) complex. Both modes are coupled strongly with other
skeletal modes, however. Use of multiple isotope labeling techniques in assigning
IR spectra of amino acid complexes has been extended to [Cd(gly),]-H,O [447],
cis-[Ni(gly)>(ImH),] [448], and [M(L-Ala),] [M = Ni(II),Cu(Il)] [449].

Square—planar bis(glycino) complexes can assume the cis or the trans configura-
tion. As expected from symmetry consideration, the cis-isomer exhibits more bands in
infrared spectra than does the trans-isomer (see Fig. 1.39). In the low-frequency
region, the cis-isomer exhibits two v(MN) and two v(MO), whereas the trans-isomer
exhibits only one for each of these modes [445]. This criterion has been used by
Herlinger et al. to assign the geometry of a series of bis(aminoacidato)Cu(Il)
complexes [450,451]. Octahedral tris(glycino) complexes may take the fac and mer
configurations shown in Fig. 1.40. For example, [Co(gly);] exists in two forms: purple
crystals (dihydrate, a-form) and red crystals (mono-hydrate, f-form). The o-form is
assigned to the mer configuration since it exhibits more infrared bands than does the
p-form (fac configuration) [452].

Glycine also coordinates to the Pt(Il) atom as a unidentate ligand:

0 o
/ | /
—Pt—NH,—CH,— C\ —Pt—NH;—CH;— C\

OH I o

The carboxyl group is not ionized in trans-[Pt(glyH),X,] (X = a halogen), whereas
it is ionized in trans-[Pt(gly),(NH;3),]. The former exhibits the un-ionized COO
stretching band near 1710 cmfl, while the latter shows the ionized COO stretching
band near 1610cm™" [453].

The distinction between unidentate and bidentate glycino complexes of Pt(II) can
be made readily from their infrared spectra. Figure 1.41 illustrates the infrared spectra
of trans-[Pt(glyH),Cl,] and K[Pt(gly)Cl,] in the COO stretching and PtO stretching
regions. The bidentate (chelated) glycino group absorbs at 1643 cm ™", unlike either
the ionized unidentate group (1610cm™") or the un-ionized unidentate group
(1708 cm™"). Furthermore, the bidentate glycino group exhibits the PtO stretching
band at 388 cm ™, whereas the unidentate glycino group has no absorption between
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fac(C,), B mer{(C,), a

Fig. 1.40. Structures of fac- and mer-tris(glycino) complexes.

470and 350 cm ™', Figure 1.41 also shows the spectrum of [Pt(gly)(glyH)CI], in which
both the unidentate and bidentate glycino groups are present. It is seen that the
spectrum of this compound can be interpreted as a superposition of the spectra of the
former two compounds [453].

0
Sc-o, L0
| Pt
n:c—,n\’ cl
HH
585
388

1643 1575 510

S¢c-o, ¢

SN
ZC—= N 'NH,CH,COOH
H H

1730 497
605 407

-«—— Absorption
é

1570
1600

HOOCCH, NH, CI
P
¢’ NH,CH,COOH

1576 589 486
| 17087 l | | I ]

1700 1500 600 400
V(em)™?

Fig. 1.41. IR spectra of K[Pt(gly)Cl2], [Pt(gly)(glyH)CI], and trans-[Pt(glyH)-Clo] [453].
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The Cu(Ill) complexes of tetraglycine and tetraglycineamide exhibit the
N(amide)—Cu(IIl) CT absorption at 365 nm. Using the 363.8 nm excitation, Kincaid
et al. [454] were able to resonance-enhance the v(Cu—N) vibrations at 420 and
417 cm ™', respectively.

Metal complexes with N-methylglycine (sarcosine) and N-phenylglycine, of the
ML,.nH,0 type, take the chelate ring structures similar to those of the glycine
complexes, and their IR spectra have been assigned by Inomata et al. [455] on the basis
of normal coordinate calculations. These ligands also form metal complexes of the
type CoCl,(HL) 2H,0 and MCl,(HL) (M = Zn, Cd) in which the zwitterion of the
amino acid is coordinated to the metal via the carboxyl oxygen atom [455].

Drozdzewski et al. [456-459] assigned the metal—nitrogen stretching vibrations of
histamine (hm) complexes on the basis of isotope shifts (H/D and metal isotopes) and
DFT calculations. Histamine forms a chelate ring viaits NH, group and imidazole (Im)
nitrogen:

Table 1.22 lists the v(M—NH,) and v[M—N(Im)] frequencies of the Ni(II), Cu(Il),
and Pd(IT) complexes in IR spectra.

1.10.2. Complexes of EDTA and Related Ligands

From the infrared spectra observed in the solid state, Busch and coworkers [460]
determined the coordination numbers of the metals in metal chelate compounds of
EDTA and its derivatives:

HOOCH,C,_ _CH,COOH
N—CH;—CH,—N
HOOCH,C CH,COOH

Ethylenediaminetetraacetic acid
(EDTA) or (H;Y)

This method is based on the simple rule that the un-ionized and uncoordinated
COO stretching band occurs at 1750-1700 cm ™ ! whereas the ionized and coordinated
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TABLE 1.22. Metal-Nitrogen Stretching Frequencies (cm~') of Histamine Complexes?

Compound Metal Isotopes v(M-NHy) v(M-N(Im)) Ref.

[Ni(hm)Cl,] 2H,0 8N; /52Ni 423(2.5) 266(3.5) 456
249(2.0)

[Cu(hm)Cly] %2cu/%cu 417(1.0) 285(1.5) 457
270(3.5)

[Pd(hm),]Cl, 104pg 110py 464(2.0) 311(4.5) 458,459

“Numbers in parentheses indicate the magnitude of metal isotope shift.

COO stretching band is at 1650-1590cm™". The latter frequency depends on the
nature of the metal: 1650-1620 cm ™! for metals such as Cr(III) and Co(I1I), and 1610—
1590cm™! for metals such as Cu(I) and Zn(II). Since the free ionized COO™
stretching band is at 1630—1575 cm ™, it is also possible to distinguish the coordinated
and free COO™ stretching bands if a metal such as Co(Ill) is chosen for complex

formation.

Table 1.23 summarizes the v,(COO) of the un-ionized COOH, coordinated COO ™,
and free COO™ groups of EDTA complexes. Faulques et al. [462] obtained the IR/
Raman spectra of [Co(H,0)(H,Y)]:2H,0 and [Co(H,0)¢][Co(H,O)(HY)],-2H,O by

microspectroscopy.

TABLE 1.23. Antisymmetric COO Stretching Frequencies and Number of Functional
Groups Used for Coordination in EDTA Complexes (cm~') [460,461]

Un-ionized Coordinated Free Number of
Compound? COOH COO™---M COO~ Coordinated Groups
Ha[Y] 1698° — —
Nas[H,Y] 1668° — 1637°
Nag[Y] — — 1597
Ba[Co(Y)]z-4H,0 — 1638 — 6
Nay[Co(Y)CI] — 1648 1600 5
Na,[Co(Y)NO,] — 1650 1604 5
Na[Co(HY)CI]-1H-0 1750 1650 — 5
Na[Co(HY)NO,]-H,0 1745 1650 — 5
Ba[Co(HY)Br]-9H,O 1723 1628 — 5
Na[Co(YOH)CI]-3H,0 — 1658 — 5
Na[Co(YOH)Br]-H.0O — 1654 — 5
Na[Co(YOH)NO;] — 1652 — 5
[Pd(H.Y)]-3H,0 1740 1625 — 4
[Pt(H2Y)]-3H,0 1730 1635 — 4
[Pd(H,Y)CI5]-5H,0 1707, 1730 — — 2
[Pt(H4Y)Cl,]-5H,0 1715, 1530 — — 2

2Y =tetranegative ion; HY =trinegative ion; H, Y =dinegative ion; H,Y = neutral species of EDTA; YOH =

trinegative ion of HEDTA (hydroxyethylenediaminetriacetic add).

bReference 461.
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Tomita and Ueno [463] studied the infrared spectra of metal complexes of NTA,
using the method described above. They concluded that NTA

/CHZCOOH
N—CH,COOH Nitrilotriacetic acid (NTA)
CH,COOH

acts as a quadridentate ligand in complexes of Cu(II), Ni(I), Co(II), Zn(II), Cd(II), and
Pb(II), and as a tridentate in complexes of Ca(Il), Mg(II), Sr(I), and Ba(Il).
Krishnan and Plane [464] studied the Raman spectra of EDTA and its metal
complexes in aqueous solution. They noted that v(MN) appears strongly in the 500—
400cm ™! region for Cu(Il), Zn(II), Cd(1I), Hg(II), and so on, and that its frequency
decreases with an increasing radius of the metal ion, independently of the stability of
the metal complex. McConnell and Nuttall [465] assigned the v(MN) and v(MO) of
Na,[M(EDTA)]2H,O (M = Sn, Pb) in their Raman and infrared spectra.

1.11. INFRARED SPECTRA OF AQUEOUS SOLUTIONS

Since water is a weak Raman scatterer, Raman spectra of samples in aqueous solution
can be measured without major interference from water vibrations. On the other hand,
infrared spectroscopy of aqueous solution suffers from strong absorption of bulk water
that interferes with IR absorption of the sample. Even so, it is sometimes necessary to
measure aqueous IR spectra because some vibrations are inherently weak in Raman
spectra.

To measure IR spectra of aqueous solution, it is common to use very thin layers
(0.01-0.05 mm thick) of solutions of relatively high concentrations (5-20%) which
are sandwiched between two plates of water-insoluble crystals such as CaF, and
KRS-5 (TIBt/TII). Figure 1.42 displays the IR spectra of HO and D,O obtained by
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Fig. 1.42. Infrared spectra of H-O versus air and D0 versus air [466].
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using a CaF, cell (4000-1000 cm ', 0.03mm thick) and a KRS-5 cell (1200-
250cm™!, 0.015mm thick), showing that at least two regions, 2800-1800 and
1500950 cm " are relatively free from H,O absorption. These spectral “window”
regions can be shifted to 2150-1250 and 1100-750 cm !, respectively, in D,O [466].
The combination of a more recently developed cylindrical internal reflection (CIR)
cell [467] with a FTIR spectrometer may be best suited to IR studies of aqueous
solution [468]. The following examples demonstrate the utility of aqueous IR
spectroscopy in elucidating the structures of complex ions in solution equilibria.

The C=N stretching band (2200-2000 cm ') can be measured in aqueous solution
since it is in the “window” region. Thus, the solution equilibria of cyano complexes
have been studied extensively by using aqueous infrared spectroscopy (Sec. 1.16).
Fronaeus and Larsson [469] extended similar studies to thiocyanato complexes that
exhibit the C=N stretching bands in the same region. They [470] also studied the
solution equilibria of oxalato complexes in the 1500-1200 cm ™' region, where the CO
stretching bands of the coordinated oxalato group appear. Larsson [471] studied the
infrared spectra of metal glycolato complexes in aqueous solution. In this case,
the C—OH stretching band near 1060 cm ™" was used to elucidate the structures of the
complex ions in equilibria.

The COO stretching bands of NTA, EDTA, and their metal complexes appear
between 1750 and 1550 cm ™! (Sec. 1.10). As stated above, this region is free from
D,O absorption. Nakamoto et al. [472], therefore, studied the solution (D,0O)
equilibria of NTA, EDTA, and related ligands in this frequency region. By
combining the results of potentiometric studies with the spectra obtained as a
function of the pH (pD) of the solution, it was possible to establish the following
COO stretching frequencies:

Type A Un-ionized carboxyl (R,N—CH,COOH), 1730-1700cm "
Type B o-Ammonium carboxylate (R,N"H—CH,COO"), 16301620 cm!
Type C  a-Aminocarboxylate (R,N—CH,COO™), 1585-1575 cm !

As stated in Sec. 1.10, the coordinated (ionized) COO group absorbs at 1650—
1620 cm ™" for Cr(III) and Co(III), and at 1610-1590 cm™ ! for Cu(II) and Zn(II). Thus
itis possible to distinguish the coordinated COO group from those of types B and Cifa
proper metal ion is selected.

Tomita et al. [473] studied the complex formation of NTA with Mg(II) by aqueous
infrared spectroscopy. Figure 1.43 shows the infrared spectra of equimolar mixtures of
NTA and MgCl, at concentrations of ~5-10% by weight. The spectra of the mixture
from pD 3.2 to 4.2 exhibit a single band at 1625 cm ™, which is identical to that of the
free HINTA)?™ ion in the same pD range [474]. This result indicates that no complex
formation occurs in this pD range, and that the 1625 cm ™' band is due to the H(NTA)*~
ion (type B). If the pD is raised to 4.2, a new band appears at 1610 cm ™', which is not
observed for the free NTA solution over the entire pD range investigated. Figure 1.43
shows that this 1610 cm ™' band becomes stronger, and the 1625 cm ™! band becomes
weaker, as the pD increases. It was concluded that this change is due mainly to a shift of
the following equilibrium in the direction of complex formation:
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~<—— Absorption

1700 1600
¥ (cm™Y
Fig. 1.43. Infrared spectra of Mg-NTA complex in D-O solutions: (eeee) pD 3.2, (————) pD 4.2;
(-—-) pD 5.5; (—) pD 6.8; (—=—+—, ), pD 10.0; (—es—»e —), pD 11.6 [473].
. CH,C00” i~ CHCOO._
HN_-CH,CO0™ + Mg?»* == |NT-CH,COO~Mg| + H*
CH,COO™ CH,COO
1625 cm™ 1610 cm!
(Type B)

By plotting the intensity of these two bands as a function of pD, the stability
constant of the complex ion was calculated to be 5.24. This value is in good agreement
with that obtained from potentiometric titration (5.41).

Martell and Kim [475-478] carried out an extensive study on solution equilibria
involving the formation of Cu(Il) complexes with various polypeptides. As an
example, the glycylglycino—Cu(Il) system is discussed below [476]. Figure 1.44
illustrates the infrared spectra of free glycylglycine in D,O solution as a function of
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Fig. 1.44. Infrared spectra of glycylglycine in D,O solutions: (————) pD 1.75; (—+—+—) pD 4.31;
(—)pD 8.77; (————-, ) pD 10.29 [476].

pD. The observed spectral changes were interpreted in terms of the solution equilibria
shown below:

0 1665 cm™ (type D)

I
H,N—CH,—C—N—CH,CO0"
H 1595 cm™! (type ©)
I

pK, =321 pk; = 8.12
(') 1675 cm™! (type D) ? 1630 cm™ (type D)
H,N—CH,—C—N—CH,COOH H,N—CH,—C—N—CH,C00"
1720 cm™ H 1595 cm™
(type A) (type C)
I i}

77



78 APPLICATIONS IN COORDINATION CHEMISTRY

60 |—
=4
o
S a8
% 40 [— 2
£ <
e
8
. |
o°
20 -
o I I
()} 1700 1600 1500

¥ (cm™Y)

Fig. 1.45. Infrared spectra of Cu(ll)-glycylglycino complexes in D,O solutions: (——) pD 3.58;
(————— ) pD 4.24; (—-—+—) pD 5.18; (—) pD 10.65 [477].

Band assignments have been made by using the criteria given previously. In
addition, Type D frequency (1680-1610 cm™") was introduced to denote the peptide
carbonyl group. The exact frequency of this group depends on the nature of the
neighboring groups.

Figure 1.45 shows the infrared spectra of glycylglycine mixed with copper chloride
atequimolar ratio in D,O solution [477]. At pD = 3.58, the ligand exhibits three bands
at 1720, 1675, and 1595cm ™! (Fig. 1.44). This result indicates that I and II are in
equilibrium. At the same pD value, however, the mixture exhibits one extra band at
1625 cm ™. This band was attributed to the metal complex (IV), which was formed by

the following reaction:

NH—CH,COO-|*
H,C—C 1598 cm-!
)

LI+ Cu?* — H,N_ _O1625cm + xH+

/Cu\
H,0 OH,

v

At pD =5.18, the solution exhibits one broad band at ~1610 cm ™. This result was
interpreted as an indication that the following equilibrium was shifted almost
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completely to the right side, and that the 1610-cm ™' band is an overlap of two bands at
1610 and 1598 cm™ '

0

Hzc—C/ 1610 cm-!

!

H)N

oI+ Cu— | 2 o \(1:112 + 2H*

/

H,O \O/C\

1598 cm"_

The shift of the peptide carbonyl stretching band from 1625 (IV) to 1610 (V) cm ™"
may indicate the ionization of the peptide NH hydrogen, since such an ionization
results in the resonance of the O—C—N system, as indicated by the dotted line in
structure V. Kim and Martell [478] also studied the triglycine and tetraglycine Cu(Il)
systems. Later, Tasumi et al. [479] carried out similar studies in a wider frequency
range (1800-1200 cm™ 1). Kruck and Sarker [480] studied the equilibria of the Cu(II)-
L-histidine system in D,O.

1.12. COMPLEXES OF OXALATO AND RELATED LIGANDS

1.12.1. Oxalato Complexes

The oxalato anion (0x>~) coordinates to a metal as a unidentate (I) or bidentate (II)
ligand:

2+ +
(NH3)SCO—0\C,0 o
| NHpCS ]
/C\ Y e
o) OH O 0
1 I

The bidentate chelate structure (II) is most common. Fujita et al. [481] carried out
normal coordinate analyses on the 1: 1 (metal-ligand) model of the [M(ox)z]% and
[M(0x);]°~ series, and obtained the band assignments listed in Table 1.24. In the
divalent metal series, v(C=0) (average of v, and v;) becomes higher, and v(C—O)
(vo and vg) becomes lower, as v4(MO) becomes higher in the order Zn(Il) <
Cu(I) < Pd(II) < Pt(Il) (see Fig. 1.46). This relation holds despite the fact that v,,
vy, and vg are all coupled with other vibrations.

In the trivalent metal series, Hancock and Thornton [482] found that v;; (MO
stretching) follows the same trend as the crystal field stabilization energies (CFSE) of
these metals, namely:



z 8ze — zee cle — — 82¢ 0se 66€ 162

Sa (00)4+ (0=0-0)¢ YA ¥9g ¥9¢ 8Ge 9ge ove 0.g 89¢ 0.€ ‘288 ¥9€ ‘218
Ha ‘jop Buu + (OW)4 99¢ feiei4 oy Sly 89¢ 99¢ Sov yAR ozy 61 ‘82y
Okt (0=0—-0)¢ +jep Buy  69¥'98Y 9ev ey asy 16V 86V 697 69% 18t 615
va (0D)a+ (o) SbS 185 G9S evs LES 82s 6GS ‘G/S 965 PG 615
ierem [eyshin — — — G6S 18 08S . 019 £65 229

84 (oW)a+ (0=0-0)¢ ¥08 €08 ‘028 €08 ‘228 86/ ‘018 /6L ‘.08 S8/ ‘161 Gz8 818 56/ S8/
€4 (0=0-0)¢ +(02)°+ 068 ‘vI6 06 006 €68 €68 688 006 £68 988 068
84 (0=0-0)¢ +(00)° 862l 692l ‘262 ¥Sel £gel 1921  SS2l ‘0L2L 9ezl (8eel) Gvel 1721 208t
e (00)t +(00)n €6€1 SOyl 86€| /8€1 06€L 06€1 88el v6EL Lyt cevl
i (0=0)%¢ 8991 €891 ‘00LL 0/91 099} ‘P89l 29l ‘GL9L 69l ‘L/91 vZ91 1S9l ‘G/91 Sl —
L (0=0)°4 0L cell L0L1 80.L1 80.L1 cLLL 60LL 8691 2.9l (02L1) ze9l
swubissy 10-[(x0) O°HE O°HE O°HE O°HE O°HE O°HE O°He O°He O°He

pueg PEHN)MOL  -[B(xO)IVIEM  -[E(x0)oDIEM  -[E(x0)DIEM  -[E(XO)AIEM  -[E(x0)odIEM  -[B(xoNdIeM  -[E(x0)pdIEM  -[B(x0)nDIexM  -[E(x0)uz]eH

[18¢] (,_wo) sexejdwo) olejexo Bunejey jo siuswubissy pueg pue salousnbaid vg'L 319V.L

80



COMPLEXES OF OXALATO AND RELATED LIGANDS 81

Sc \ Cr Mn Fe Co Ga
d() d2 d3 d4 d5 d6 d 10

v(MO) (cm) ! 340 < 367 < 416 > 372 > 354 < 446 > 368
CFSE (10°cm™ 1) 0 < 102 <212 > 102 >0 < 270 >0

Both quantities are maximized at the d° and d° configurations (d* and 4° ions are in
high-spin states). The IR spectra of [Ir(0x)Cly]> ™~ (Cap), [Ir(0x)>Clo 1>~ (trans, Day; cis,
C,), and [Ir(0x);]°~ (D) have been assigned by Gouteron [483]. The IR and Raman
spectra of the [Co(0x),]*~ (D»y,) [484] and [Os(0x)X4]*~ (X = C1,Br,I) (C,,) ions have
been assigned [485]. Vibrational spectra of bidentate chelating oxalato complexes
were also assigned for [Os(ox)C14]27 [486], [Pt(ox)X2]27 [487] and trans-{Pt
(0x),X,]* X =a halogen)) [488]. DFT calculations were made for [Fe(IID)(0x)3]>~
and [Fe(0)(0x)]*~ [489).

The oxalato anion may act as a bridging group between metal atoms. According to
Scott et al. [490], the oxalato anion can take the following four bridging structures:

- 13
/NHZ\ '
(NH3)4Col ~Co(NH3)4
4+ 0O 0
(NH3)4(H20)C0—O\C ~0 \(!3/
!
C
C AN
(NH3)sCo—0" O i o o |
I I\
~ ~ B PN )6+
P >+ (NH;);Co=—OH—Co(NHj)3
(NH3)3C0\—OH—/'C0(NH3)3 0\ /0
o_ 0 I
I /C\
/C\\ / 0 O\
0 o (NH;3)3Co<; OH—Co(NHs)3
(NH3)5Co ] B NH, i
B v 4

Table 1.25 lists the v(CO) of each type. The spectrum of the tetradentate complex
(VD) is the most simple. Because of its high symmetry [D,, (planar) or D,, (twisted)], it
exhibits only two v(CO). The spectra of bidentate complexes (III and IV) show four
v(CO), as expected from the C,, symmetry. The spectrum of the tridentate complex
(V) should show four v(CO), although only three are observed. The tetradentate
bridging structure (VI) is also found in [(MoFe3S,Cly),(0x)]*~, which exhibits the
v(CO) at 1630cm ™
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complexes of divalent metals [481].
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This frequency is much lower than that of the chelating oxalato group in
[MoFe;S4Cly(0x)]*~ (1670 cm ™) [491].

The [Cr»(0x)s]*™ ion contains four bidentate chelating ligands and one bridging
oxalato ligand. The former exhibits the v,(CO), v{(CO), and (OCO) at 1678,1384, and
884 cm™ !, respectively, whereas the latter exhibits these vibrations at 1655,1357, and
804 cm™ !, respectively [492]. The Raman spectra of metal oxalato complexes have
also been examined to investigate the solution equilibria and the nature of the M—O
bond [493].

TABLE 1.25. CO Stretching Vibrations of Co(lll) Oxalato Complexes (cm~')

Compound Symmetry v(CO)
| C,/C; 1761 1682 1400 1260
1665

Il Co, 1696 1667 1410 1268

" Cou/Co 1721 } 1629} 1439} 1276}
v 1701 1670 1430 1250

\Y C,,/Co 1755 1626 1318 1284

\Y C,/C, 1650 1610 1322 —

\ D.p/Doy — 1628 1345 —
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1.12.2. Complexes of Related Ligands

Vibrational assignments have been made on metal oxamido complexes of V),
symmetry [494].

H H -

0) (0]
\C/N\ /N\C/

| M |
H H
(M =Ni or Cu)

O 0]

and the cis- and frans-dimethyloxamido complexes of dimethylgallium [495]:

11\11 R
R, N=c=% r R, P~c~N
R/Ga\ (l: /Ga\ ,Ga{ ] Ga_
R R
cis(Cyy) trans(Cyy)

The IR and Raman spectra of the Ni(Il) and Cu(II) complexes of oxamic hydrazine
have been assigned using *®Ni and %*Ni isotopes [496]:

s

O N N 0O
\C/ \M/ \C/
C / '\ C

AN /TN
O/ N N \O

I |
H NH,

Dy

The v(Ni—NH) and v[Ni—N(NH,)] of the ®Ni complex are at 439 and 428 cm™ !,
respectively, in the IR spectrum.
Biuret (NH,CONHCONH,) is known to form the following two types of chelate rings:

f.* *.I
H)N N NH (8] N O
2 \(“:/ \ﬁ:/ 2 \?/ \?/
O\ /O /N\ /N\
/M\ H /M\, H
v VIII



84 APPLICATIONS IN COORDINATION CHEMISTRY

Violet crystals of composition K,[Cu(biureto),]-4H,0O are obtained when the
Cu(II) ion is added to an alkaline solution of biuret, whereas pale blue-green crystals
of composition [Cu(biuret),]Cl, result when the Cu(Il) ion is mixed with biuret in
neutral (alcoholic) solution. The former contains the N-bonded chelate ring structure
(VIII), while the latter consists of the O-bonded chelate rings (VII). Kedzia et al. [497]
carried out normal coordinate analyses of both compounds. The Co(II) complex forms
the N-bonded chelate ring, whereas the Zn complex forms the O-bonded ring structure
[497]. In [Cd(biuret),]Cl,, the biuret molecules are bonded to the metal as follows
[498]:

A4
HN Cd
C—NH a’ a HN—H
/ \ N/ / .
0] C=0 cd =C o]
/ 7N \ /
H—NH C{ M HN—C
/Cd NH,
X

Saito et al. [499] carried out normal coordinate analysis on the ligand portion of the
Cd complex. Thamann and Loehr [500] assigned the Raman spectra of N-bonded
Cu(I) and Cu(II) complexes of biuret and oxamide based on normal coordinate
calculations. The vibrations that are predominantly v(Cu—N) appear at 320-291 cm '
for the Cu(Il) and at 344-320cm ™! fog the Cu(IIl) complexes. The corresponoding
force constants were 1.04—0.96 mdyn/A for the former and 1.46—1.35 mdyn/A for
the latter.

1.13. COMPLEXES OF SULFATE, CARBONATE, AND RELATED
LIGANDS

When a ligand of relatively high symmetry coordinates to a metal, its symmetry is
lowered and marked changes in the spectrum are expected because of changes in the
selection rules. This principle has been used extensively to determine whether acido
anions such as SOZ ~ and CO% ~ coordinate to metals as unidentate, chelating
bidentate, or bridging bidentate ligands. Although symmetry lowering is also caused
by the crystalline environment, this effect is generally much smaller than the effect of
coordination.

1.13.1. Sulfato (SO,) Complexes

The free sulfate ion belongs to the high-symmetry point group T, Of the four
fundamentals, only v; and v, are infrared-active. If the symmetry of the ion is lowered
by complex formation, the degenerate vibrations split and Raman-active modes
appear in the infrared spectrum. The lowering of symmetry caused by coordination



COMPLEXES OF SULFATE, CARBONATE, AND RELATED LIGANDS 85

is different for the unidentate and bidentate complexes, as shown below:

M
/N
0\S /O M—O\S /O O\S /0 M O\S /O M
0/ ¢ O O o O o O
Free ion Unidentate complex Bidentate complex Bridged bidentate
(Ta) (Cs) (C20) complex (Cy,)

The change in the selection rules caused by the lowering of symmetry was shown in
Table 2.6F of Part A. Table 1.26 and Fig. 1.47 give the frequencies and the spectra of
typical Co(IIl) sulfato complexes obtained by Nakamoto et al. [501]. In [Co
(NH3)6]2(S04)3+5H,0, v3 and v4 do not split and v, does not appear, although v, is
observed, itis very weak. They concluded, therefore, that the symmetry of the SOZ ~ ion
isapproximately T ;. In[Co(NH3)sSO,4]Br, both v and v, appear with medium intensity;
moreover, vz and v, each splitsinto two bands. This resultcan be explained by assuming a
lowering of symmetry from T, to Cs, (unidentate coordination). In

o
(NH3),Co| Co(NH3)s | (NO3);
S04

both v, and v, appear with medium intensity, and v3 and v4 each splits into three bands.
These results suggest that the symmetry is further lowered and probably reduced to C,,,
as indicated in Table 1.26. Thus, the SOZ ~ group in this complex is concluded to be a
bridging bidentate as depicted in the preceding diagram.

The chelating bidentate SO%’ group was discovered by Barraclough and Tobe
[502], who observed three bands (1211, 1176, and 1075 cm*l) in the v3 region of
[Co(en),SO,4]Br. These frequencies are higher than those of the bridging bidentate
complex listed in Table 1.26. Eskenazi et al. [5S03] also found the same trend in Pd(II)
sulfato complexes. Thus the distinction between bridging and chelating sulfato
complexes can be made on this basis. Table 1.27 lists the observed frequencies of
the sulfato groups and the modes of coordination as determined from the spectra.

TABLE 1.26. Vibrational Frequencies of Co(lll) Sulfato Complexes (cm™') [501]

Compound Symmetry Vq Vo V3 Va
Free SO2~ ion T, — — 1104 (vs)? 613 (s)
[Co(NH3)glo (SO4)3+5H,0 Ty 973 (vww) — 1130-1140 (vs) 613 (s)
1032-1044 (s) [ 645 (s)
[Co(NH3)e]sSO4]Br Csy 970 (m) 438 (m) { 1117-1143 (s) {604 (s)

NH, 1050—1060 (s) (641 (
(NH3)4Co” \Co(NH3)4][N03]3 C,, 995 (m) 462 (m) 1170 (s)
5047 1105 (s)

s = very strong; s =strong; m = medium; vw = very weak.
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Au)
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1200 1100 1000 900
P(em~1)

Fig. 1.47. Infrared spectra of [Co(NH3)s]o(SO4)3: 5H20 (solid line); [Co(NH3)s]sSO4]Br (dot—dash

line); and

NH,
(NH3),Co?, _Co(NHy)s| (Nog)s (dotted line) [501].
SO;

Unidentate coordination of the sulfato group in trans-[Ru(SO4)(NH3)4(nitotinamide)]
Cl has also been confirmed [504].

The symmetries of the sulfate ions in metal sails at various stages of hydration have
been studied using IR spectra [505]. Normal coordinate analyses have been carried out
on Co(III) ammine complexes containing sulfato groups [506,507].

1.13.2. Perchlorato (ClO,;) Complexes

In general, the perchlorate (C10, ) ion coordinates to a metal when its complexes are
prepared in nonaqueous solvents. The structure and bonding of metal complexes
containing these weakly coordinating ligands have been reviewed briefly by Rosenthal
[517]. Infrared and Raman spectroscopy has been used extensively to determine the
mode of coordination of the C1O, ligand.
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TABLE 1.27. Vibrational Frequencies and Modes of Coordination of Various Sulfato
Complexes (cm™7)

Compound Mode of Coordination vy Vo v3 Va Ref.
[Cr(H20)5804]CI-;H20 Unidentate 1002 — 1118 — 508
1068
[VO(SO.,),(H20)s2~ Unidentate — 483 1140 640
1046 619 509
[Cu(bipy)S0O4]-2H,0 (polymeric)  Bridging 971 — 1163 — 510
bidentate 1096
1053-1035
Ni(morpholine),SO, (polymeric)  Bridging 973 493 1177 628 511
bidentate 1094 612
1042 593
[C02{(SO4)>OH}(NH3)6]CI Bridging 966 — 1180 645 512
bidentate 1101 598
1048
Pd(NH3).SO, Bridging 960 — 1195 — 503
bidentate 1110
1035
Pd(phen)SO, Chelating 955 — 1240 — 503
bidentate 1125
1040-1015
Pd(PPh3)>SO, Chelating 920 — 1265 — 513
bidentate 1155
1110
Ir(PPh3)>(CO)I(SO,4) Chelating 856 549 1296 662 514
bidentate 1172 610
880
Ka[Fe(SO4)F] Chelating — — 1225 — 515
bidentate 1130
1020
TIVO,S0,] Chelating 1000 455 1255 720 516
bidentate 400 1160
1125 570

The structures listed in Table 1.28 were determined on the basis of the same
symmetry selection rules as used for sulfato complexes. The v3 and v, frequencies
of unidentate perchlorato complexes are 1194 and 1008 cm ', respectively, for
[Au(ClO4)4](ClO,) [524], and 1204 and 1065 1 respectively, for [Pd(Cl10y)4]
(NO,), [525]. In Pd(C10y),, two ClO4 ligands form a square—planar complex around
the Pd atom, and Cunin et al. [525] made complete band assignments of its IR/Raman
spectra on the basis of DFT calculations. The terminal ClO, group exhibits the
v,(ClO,) at 1288 and 1272cm ™" and v,(ClO,) at 1152 and 1130 cm ™', whereas the
coordinating ClO, group exhibits these vibrations at 864 and 820 cm ™', respectively,
in IR spectra.

Causseetal. [526] concluded from their IR and Raman study that [A1(ClOy,),,] —(=3)
contain two unidentate and two bidentate for n =4, four unidentate ligands and one
bidentate for n =35, and six unidentate ligands for n =6. In polymeric M(ClOy4);3
(M =1In, T1), the CIO, ion acts as a bridging bidentate ligand [527].
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TABLE 1.28. CIO Stretching Frequencies of Perchlorato Complexes (cm™)

Complex Structure v3 V4 Ref.

K[CIO,] lonic 1170-1050 (935)2

Cu(ClO,), 6H0 lonic 1160-1085 (947)2 518

Cu(CIO,)2-2H;0 Unidentate 1158 920 518
1030
1270-1245

Cu(ClO,), Bidentate 1130 1030 518

948-920

1210

Mn(ClO4),-2H,0 Bidentate 1138 1030 519
945
1208

Co(ClO4),+2H.0 Bidentate 1125 1025 519
935
1130

[Ni(en)a(ClO4)]? Bidentate 1093 962 520
1058

. . 1135

Ni(CH3CN)4(ClO4)- Unidentate { 1012 912 521
1195

Ni(CH3CN),(ClO4)» Bidentate 1106 920 521
1000

[Ni(4-Me-py)](ClO.)2 lonic 1040-1130 (931)2 522

Ni(3-Br-py)4(ClOy). Unidentate { 11615 0_2151 40 920 522

GeCl; (ClOy,) Unidentate 1265, 1240 1030 523

“Weak.

“Blue form.

According to Pascal etal., the CIO, ligands inM(CIOy), (M = Ni, Co) are bridging

tridentate [528]:
?x
Cl
/
(ib | \?b
O
M/ b‘M

In Ni(ClO,4), (IR), the v(ClO,), v,(ClO,), and v{(CIO,) are at 1300, 1030, and
960 cm ', respectively. This type of coordination has also been proposed for M(C10,)3

(M=Y, La, Nd, Sm, etc.) [529] and for Ce(ClOy); [530] and Mn(ClO,), [531].

1.13.3. Complexes of Other Tetrahedral Ligands

Many tetrahedral anions coordinate to a metal as unidentate and bidentate ligands, and
their modes of coordination have been determined by the same method as is used for



COMPLEXES OF SULFATE, CARBONATE, AND RELATED LIGANDS 89

the SOi ~ and ClO, ions. Thus, the PO?1 ~ ionis aunidentate in [Co(NH3)sPO4] and a
bidentate in [Co(NH;3),PO,] [532]. Vibrational spectra have been reported for uni-
dentate and bidentate complexes of the ASOZ ~[533],CrO; ™, and MoOj ~ ions [534].
The SeO; ~ ion in [Co(NH3)sSeO4]Cl is a unidentate [535], whereas it is a bridging
bidentate ligand and in [Co,{SeO,4),OH }-(NH3)]CI1 [512]. The latter structure is also
reported for (NH4),UO,(SeQy),°4H,0 [536].

The Raman spectrum of solid Ni(H,PO,); is interpreted as that of the two ions,
[Ni(H,PO,)]t and H,PO; ; the hypophosphite ion in the former is a chelating
bidentate [537]. In polymeric UCI(H,PO,);:2H,0, however, the H,PO,™ ion serves
as a bridging bidentate with v,(PO,) and v{(PO,) at 1234 and 1058 cm ™!, respectively
[538]. Bridging bidentate phosphinates (R,PO, where R is a phenyl) of Ru(I) exhibit
the v,(PO,) and v{(PO,) at approximately 1145 and 1035 cm !, respectively [539].

The SQO§‘ ion can coordinate to a metal in a variety of ways. According to
Freedman and Straughan [540], v,(SO3) near 1130 cm ! is most useful as a structural
diagnosis: >1175 (S-bridging); 1175-1130 (S-coordination); ~1130 (ionic 5203* );
<1130 cm ™' (O-coordination). On the basis of this criterion, they proposed polymeric
structures linked by O-bridges for thiosulfates of UO3" and ZrO3". In the
[0sO5(S,03),]>~ ion, the thiosulfate ion is a S-bonded unidentate with the v(S—S)
at 409 cm ™!, which is much lower than that of the free ligand (434 cm_l) [541].

The fluorosulfate (SO3F7) ion is a unidentate in [Sn(SO3F)6]27 [542], but is a
unidentate as well as a bidentate in VO(SO3F); [543]. Similarly, only unidentate
coordination is seen in [Ru(SOsF)s]*~, whereas [Ru(SO;F)s]~ may contain both
unidentate and bidentate ligands [544]. The v,(SO,), v{(SO,), and v(S—O)/v(S—F)
vibrations of Cs[Sb(SO3F)s] were assigned at 1451(IR), 1256(R) and 958(IR)/903
R) cm respectiuvely. Band assignments are also reported for Cs,[M(SO3F)g]
(M = Sn, Pt) [545].

1.13.4. Carbonato(CO3;) Complexes

The unidentate and bidentate (chelating) coordinations shown below are found in the
majority of carbonato complexes:

M M
N\ / 0\
0O O O /01
: e ;
AN 2N I
o O On Om On
Free ion (Dsp) Unidentate (C;) Bidentate (Cy,)

The selection rule changes as shown in Table 1.18 of Part A. In C,,, and CS*, the v
vibration, which is forbidden in the free ion, becomes infrared-active and each of the
doubly degenerate vibrations, v3 and v, splits into two bands. Although the number of
infrared-active fundamentals is the same for C,,, and C;, the splitting of the degenerate

The symmetry of the unidentate carbonato group is C,, if the metal atom is ignored.
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vibrations is larger in the bidentate than in the unidentate complex [501]. For example,
[Co(NH;3)5CO3]Br exhibits two CO stretchings at 1453 and 1373 cm™~', whereas
[Co(NH3)4CO3]Cl shows them at 1593 and 1265 cm LIn organic carbonates such as
dimethyl carbonate, (CH50;),COyy, this effect is more striking because the CH;—Oy
bond is strongly covalent. Thus, the COy; stretching is observed at 1870 cm ™!, whereas
the COj stretching is at 1260 cm~!. Gatehouse and co-workers [546] showed that the
separation of the CO stretching bands increases along the following order:

Basic salt < carbonato complex < acid < organic carbonate

Fujita et al. [547] carried out normal coordinate analysis on unidentate and
bidentate carbonato complexes of Co(IIl). According to their results, the CO stretch-
ing force constant, which is 5.46 for the free ion, becomes 6.0 for the C—Oy; bonds and
5.0 for the C—Oy bond of the unidentate complex, whereas it becomes 8.5 for the
C—Oyp bond and 4.1 for the C—Oy bonds of the bidentate complex (all are UBF force
constants in units of mdyn//g). The observed and calculated frequencies and theoreti-
cal band assignments are shown in Table 1.29. Normal coordinate analyses on
carbonato complexes have also been carried out by other workers [548,549]. Vibra-
tional spectra of bidentate carbonato complexes are reported for Nas[Sc(COs3)4]-2H,O
[550] and for GaCOs radical formed in inert gas matrices [551].

As is shown in Table 1.29, normal coordinate analysis predicts that the highest-
frequency CO stretching band belongs to the B, species in the unidentate and the A
species in the bidentate complex. Elliott and Hathaway [552] studied the polarized
infrared spectra of single crystals of [Co(NH3),CO5]Br and confirmed these symmetry
properties. As will be shown later for nitrate complexes, Raman polarization studies
are also useful for this purpose.

According to X-ray analysis, the carbonate groups in [(NH3)3Co(u-OH),(u-CO3)
Co(NH3)3]1S04:5H,0 [553] and [(teed)CuCl(CO3)CuCl(teed)] (teed: N,N,N'.N'-
tetraethyl-ethylenediamine) [554] take the bridging bidentate and tridentate struc-
tures, respectively:

Vibrational spectra of bridging bidentate and tridentate complexes are also reported
for [Ru(Ill),(tacn),(u-OH),(1-CO3)]Br,*3.75H,0 (tacn=1.4.7-triazacyclononane)
[555] and (u-CO3)[Ni(Il);(Medpt);(NCS)4] [Medpt=Dbis(3-aminopropyl)methyl-
amine] [556].

No simple criteria have been established to distinguish these structures from
common unidentate and bidentate (chelating) coordination on the basis of vibrational
frequencies. However, Greenaway et al. [557] have demonstrated that the bridging and
bidentate carbonate ligands can be distingished if the angular distortion (Aw), the
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difference between the largest and smallest OCO angles, is known from X-ray
analysis. These workers found that the frequency separation (Av) between the two
highest v(CO) bands increases linearly with Aa. As an example, Na,[Cu(COs3),]
contains one bidentate ligand and one bridging carbonate ligand. Using their correla-
tion, they were able to assign the 1610 and 1328 cm™' bands to the bidentate
(Ae=11.2° and Av=282cm ') and the 1525 and 1380 cm ' bands to the bridging
carbonate ligands (Aoc=7.7° and Av=145cm™").

The IR spectrum of K,CO; ina N, matrix indicates that the CO5; group coordinates in
a bidentate fashion to one of the K atom and in a unidentate fashion to the other K atom
[558]. Buscaand Lorenzelli [559] reviewed the IR spectra and modes of coordination of
carbonate, bicarbonate, and formate ions, and of CO, in metal complexes.

1.13.5. Nitrato (NO3;) Complexes

The structures and vibrational spectra of a large number of nitrato complexes have
been reviewed by Addison et al. [S60] and Rosenthal [513]. X-Ray analyses show
that the NO;™ ion coordinates to a metal as a unidentate, symmetric, and asymmetric
chelating bidentate, and bridging bidentate ligand of various structures. It is rather
difficult to differentiate these structures by vibrational spectroscopy since the
symmetry of the nitrate ion differs very little among them (C,, or C;). Even so,
vibrational spectroscopy is still useful in distinguishing unidentate and bidentate
ligands.

Originally, Gatehouse et al. [5S61] noted that the unidentate NO5 group exhi-
bits three NO stretching bands, as expected for its C,, symmetry. For example,
[Ni(en),(NOs3),] (unidentate) exhibits three bands as follows:

vs (B,) 1420cm™! v.(NO,)
v (A)) 1305cm ™! v(NO,)
va(A)) (1008)cm ! v(NO)

whereas [Ni(en),NO5]ClO, (chelating bidentate) exhibits three bands at the following:

vi(A)) 1476 cm ™! v(N=0)
vs(Bs) 1290 cm ™! v,(NO»)
vo(A}) (1025)cm ™! v,(NO»)

The separation of the two highest-frequency bands is 115 cm ™" for the unidentate
complex, whereas it is 186cm ™' for the bidentate complex. Thus Curtis and Curtis
[562] concluded that [Ni(dien)(NOs3),] contains both types, since it exhibits bands due
to unidentate (1440 and 1315 cm_l) and bidentate (1480 and 1300 cm_l) groups.
Table 1.30 lists the three NO stretching frequencies mentioned above. The order of
these frequencies is vs > v; > v, for unidentate, and v, > vs > v, for chelating biden-
tate complexes. In general, the separation of the first two bands of the latter is larger
than that of the former if the complexes are similar. As seen in Table 1.30, however, this
rule does not hold if the complexes are markedly different. More examples are found
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TABLE 1.30. NO Stretching Frequencies of Unidentate and Bidentate Nitrato
Complexes (cm™")

Compound Mode of Coordination Vs V4 Vo V5—V4 Ref.

Re(CO)sNO3 Unidentate 1497 1271 992 226 563

cis-[Pt(NH3)2(NO3),] Unidentate 1510 1275 997 235 564

Sn(NO3)4 Chelating 1630 1255 983 375 565
bidentate

K[UO2(NO3)s] Chelating 1555 1271 1025 284 566
bidentate 1521 250

Co(NOg)s Chelating 1619 1162 963 457 567
bidentate

Nas[Mn(NO3)4] Chelating 1490 1280 1041 210 568
bidentate 1036

Cu(NO3)>,MeNO, Bridging 1519 1291 1008 228 569
bidentate

Zn(bt)o(NO3)? Chelating 1485 1300 — 185 570
bidentate

Ni(dmpy)o(NO3),? Chelating 1513 1270 1013 243 571
bidentate

Th(NO3), (tmu),° Chelating 1530 1278 1023 252 572
bidentate

Ln(NO3)s (DMSO), Chelating 1500 1295 1030 305 573

(Ln=La,Ce,.) bidentate

%t = benzothiazole.
bdmpy = 2,6-dimethyl-4-pyrone.
“%tmu = tetramethylurea.

for C{Hg(NOs)}4-H,O (unidentate, 223 em ™) [574], [V,05CL(NO3), >~ (chelatuig
bidentate, 232 cm_l) [575], and CrO,(NO3), (chelating bidentate. ~280 cm_l) [576].

Lever et al. [577] proposed the use of the combination band, v, 4- vy, of free NO;~
that appears in the 1800—1700 cm ™' region for structural diagnosis. On coordination,
v4 (E', in-plane bending) near 700 cm ' splits into two bands, and the magnitude of this
splitting is expected to be larger for bidentate than for unidentate ligands. This should
be reflected on the separation of two (v, + v4) bands in the 1800—1700 cm ™' region.
According to Lever et al. [577], the NO;™ ion is bidentate if the separation is ~66—
20cm ! and is unidentate if it is ~26-5cm .

As stated previously, the highest-frequency CO stretching band of the carbonato
complexes belongs to the A; species in the bidentate and to the B, species in the
unidentate complex. The same holds true for the nitrato complex. Ferraro et al. [578]
showed that all the nitrato groups in Th(NO3)4(TBP), coordinate to the metal as
bidentate ligands since the Raman band at 1550 cm ™' is polarized (TBP = tributylpho-
sphate). This rule holds very well for other compounds [579]. According to Addison et
al. [560], the intensity pattern of the three NO stretching bands in the Raman spectrum
can also be used to distinguish unidentate and symmetric bidentate NOj; ligands. The
middle band is very strong in the former, whereas it is rather weak in the latter.

The use of far-infared spectra to distinguish unidentate and bidentate nitrato coor-
dination has been controversial. Nuttall and Taylor [580] suggested that unidentate and
bidentate complexes exhibit one and two MO stretching bands, respectively, in the
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350-250cm ™! region. Bullock and Parrett [581] showed, however, that such a simple
rule is not applicable to many known nitrato complexes. Ferraro and Walker [582]
assigned the MO stretching bands of anhydrous metal nitrates such as Cu(NOs), and Pr
(NO3)s.

Several workers studied the Raman spectra of metal nitrates in aqueous solution and
molten states. For example, Irish and Walrafen [583] found that £'-mode degeneracy is
removed even in dilute solutions of Ca(NOs),. This, combined with the appearance of
the A} mode in the infrared, suggests Cs, symmetry of the NOj;  ion. Using FTIR and
Raman spectroscopy, Castro and Jagodzinski [584] have shown that the Cu(NO5) " ion
of C,, symmetry is formed when copper nitrate hydrate is dissolved in H>O and acetone
at a high solute concentration. The Raman band at 335cm ™' was assigned to the
v4(Cu—O0) of this chelating bidentate complex. Hester and Krishnan [585] studied the
Raman spectra of Ca(NO3), dissolved in molten KNO3; and NaNOs. Their results
suggest an asymmetric perturbation of the NO5™ ion by the Ca”" ion through ion-pair
formation.

Wick et al. [586] prepared the first peroxynitrite(OONO™) complex, Naz[Co
(CN)5(OONO)], which exhibits the v(N=0), v(N—0), and v(O—O) vibrations at
1621,1399, and 915 cm ™', respectively.

1.13.6. Sulfito (SO3), Selenito (SeOs), and Sulfinato (RSO,) Complexes

The pyramidal sulfite (SO% ~ ) ionmay coordinate to a metal as a unidentate, bidentate,
or bridging ligand. The following two structures are probable for unidentate
coordination:

(0] M\ 0]
M—ST0 0—S5
(8 6]
C3u ,Cs

If coordination occurs through sulfur, the C;, symmetry of the free ion will be
preserved. If coordination occurs through oxygen, the symmetry may be lowered to C,.
In this case, the doubly degenerate vibrations of the free ion will split into two bands. Itis
anticipated [587] that coordination through sulfur will shift the SO stretching bands to
higher frequencies, whereas coordination through oxygen will shift them to lower
frequencies, than those of the free ion. On the basis of these criteria, Newman and Powell
[588] showed that the sulfito groups in K¢[Pt(SO3),4]2H,0 and [Co(NH3)5(SO5)]Cl are
S-bonded and those in T1,[Cu(SOs3),] are O-bonded. Baldwin [589] suggested that the
sulfito groups in cis- and trans-Na[Co(en),(SO3),] and [Co(en),(SO5)X] (X=Cl or
OH) are S-bonded, since they show only two SO stretchings between 1120 and
930cm ™. According to Nyberg and Larsson [590], the appearance of a strong SO
stretching band above 975 and below 960 cm ™' is an indication of S- and O-coordina-
tion, respectively. Table 1.31 lists typical results obtained for unidentate complexes.

The IR spectrum of fac-[Rh(SO5);(NH3);] Naz*2H,O in the crystalline state [592]
shows that the symmetry of the S-bonded unidentate sulfite ligand is lowered from C;,,
to C,. Comparison of the Raman spectra of cis- and trans-[Rh(SO3),(NH3)4]" ions
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TABLE 1.31. Infrared Spectra of Unidentate Sulfito Complexes (cm™")

Compound Structure v3(E) v1(Aq)  va(Aq) v4(E) Ref.
Free SO2~ — 933 967 620 469
Ks[Pt(SO3)4]-2H,0 S-bonded 1082-1057 964 660 540 588
[Co(NH3)5(SO3)ICI S-bonded 1110 985 633 519 588
trans-Na[Co(en)»(SO3),] S-bonded 1068 939 630 — 589
[Co(en),(SO3)Cl] S-bonded 1117-1075 984 625 — 589
902 506
TIo[Cu(S03).] O-bonded 862 } 989 673 460 } 588
(NH,4)o[Fe(SO3)e] O-bonded 943 815 638 520 591

reflects the difference between these geometries on the numbers of the observed SO3
vibrations [593].

The structures of complexes containing bidentate sulfito groups are rather difficult
to deduce from their infrared spectra. Bidentate sulfito groups may be chelating or
bridging through either oxygen or sulfur or both, all resulting in C; symmetry. Baldwin
[589] prepared a series of complexes of the type [Co(en),(SO3)]X (X =Cl, I, or SCN),
which are monomeric in aqueous solution. They show four strong bands in the SO
stretching region (one of them may be an overtone or acombination band). A chelating
structure in which two oxygens of the sulfito group coordinate to the Co(III) atom was
suggested. Newman and Powell [588] obtained the infrared spectra of K,[Pt(SO3),]"
2H,0, K3[Rh(S03);]:2H,0, and other complexes for which bidentate coordination of
the sulfito group is expected. It was not possible, however, to determine their structures
frominfrared spectra alone. Krieglstein and Breitinger [594] prepared [(en)Pt(SO3),Pt
(en)]-3H,0 and its Pd analog. According to X-ray analysis, the former contains two
parallel u-S,0 bridges whereas the latter contains two antiparallel (p-S,0 bridges:

$0,-0 80,0
(en) Pt >Pt(cn) (em)Pd, > Pd(en)
S0,-0 0-0,8

The former exhibits the v,(SO,), v,(SO,), and v(SO) at 1116/1062, 1178/1153 and
923 cm ™', respectively, while the corresponding frequencies of the latter are 1108,
1188, and 927 cm™ !, respectively.

The mode of coordination of the selenite ion (SeO3 ) is similar to that of the sulfite
ion. Two types of unidentate complexes are expected. The O-coordinated complex
exhibits v3(E) and v;(A;) at 755 and 805 cm !, respectively, for [Co(NH3)5(SeO3)]
Br-H,O0, [595] whereas the Se-coordinated complex, [Co(NH3)5(SeO3)]ClO,4 [596],
shows them at 823 and 860 cm ™', respectively.

Four types of coordination are probable for sulfinato (RSO, , R = CHj3, CF3, Ph,
etc.) groups:

O 0] O 0

i 7/ N 4
M—$—R M—0—S M, SR M

1 R o /S\

o R O
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The SO stretching bands at 1200-850cm ™" are useful in distinguishing these
structures [597,598].

1.14. COMPLEXES OF p-DIKETONES

1.14.1. Complexes of Acetylacetonato lon

A number of f-diketones form metal chelate rings of type A:

1’111
RI\‘F {fc.\?/R,]ll
Ox, -0

Type A

Among them, acetylacetone (acacH) is most common (R;=Ry;=CHj and Ry =
H). Infrared spectra of M(acac),- and M(acac);-type complexes have been studied
extensively. Theoretical band assignments were first made by Nakamoto and Martell
[599], who carried out normal coordinate analysis on the 1: 1 model of Cu(acac),.
Mikami et al. [600] performed normal coordinate analyses on the 1 : 2 (square—planar)
and 1:3 (octahedral) models of various acac complexes. Figure 1.48 shows the
infrared spectra of six acac complexes, and Table 1.32 lists the observed frequencies
and band assignments for the Cu(Il), Pd(II), and Fe(IIl) complexes obtained by
Mikami et al. In this table, the 1577- and 1529-cm ' bands of Cu(acac), are assigned to
v(C=C) coupled with v(C=0) and v(C==O) coupled with v(C=C), respectively. Junge
and Musso [601] have measured the '*C and '30 isotope shifts of these bands and
concluded that the above assignments must be reversed.

The v(MO) of acac complexes are most interesting since they provide direct
information about the M—O bond strength. Using the metal isotope technique,
Nakamoto et al. [602] assigned the MO stretching bands of acetylacetonato complexes
at the following frequencies (cm™):

Cr(acac); Fe(acac); Pd(acac), Cu(acac), Ni(acac),(py)a

463.4 436.0 466.8 455.0 438.0

358.4 300.5 297.1 290.5 270.8
265.9

Both normal coordinate calculations and isotope shift studies show that the bands
near 450 cm ™' are coupled with the C—CH; bending mode, whereas those in the low-
frequency region are relatively pure MO stretching vibrations. Figure 1.49 shows the
actual tracings of the infrared spectra of 5()Cr(acac)3 and its >>Cr analog. It is seen that
two bands at 463.4 and 358.4cm ™' of the former give negative shifts of 3.0 and
3.9cm ™!, respectively, whereas other bands (ligand vibrations) produce negligible
shifts by the *°Cr — 33Cr substitution.
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Fig. 1.48. Infrared spectra of bis- and tris-(acetylacetonato) complexes [600].

Schonherr et al. [603] carried out normal coordinateoanalysis on Sn(acac)Cly. The
Sn—O stretching force constant (GVF) was 1.56 mdyn/A. Handa et al. [604] observed
the following trends (cm ') in the RR spectra of the Fe(Ill)-acac system in CH;CN

solution:
Fe(acac)>" Fe(acac);r Fe(acac)s
v(CC)+v(CO) 1554 < 1578 < 1603
451

v(Fe—0) 474 > 462 >
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TABLE 1.32. Observed Frequencies? and Band Assignments of Acetylacetonato
Complexes (cm~ ') [600]

Cu(acac), Pd(acac), Fe(acac)s Predominant Mode
3072 3070 3062 v(CH)
2987 2990 2895
2969 } 2965 } 2965} v(CHg)
2920 2920 2920
1577 1569 1570 v(C=C)+v(C=C)
1552 1549 — combination
1529 1524 1525 V(C=0)+v(C=C)
1461 (1425) 1445 0(CH) +v(C=C)
1413 1394 1425 0q(CH3)
1385
1353 1358 1360} 55(CH,)
1274 1272 1274 v(C-CH3) 4+ v(C = C)
1189 1199 1188 d(CH) + v(C-CHj3)
1019 1022 1022 pACHs)
936 937 930 v(C=C)+v(C=0)
801
786 780 n(CH)
780 779} 771 }
670 } . .
684 700 v(C—CHpg) + ring deformation
664
+v(MO)
C
653 678 656 r(CHg —c7 )
“o
559 . .
612 661 548} Ring deformation + v(MO)
451 463 433 v(MO) + v(C—CHg)
431 441 igg } Ring deformation
291 294 298 v(MO)
1.45 1.85 1.30 K(M—0) (mdyn/A) (UBF)

4R spectra in the solid state.

These orders suggest that the Fe—O bond becomes weaker as the number of the
coordinated acac ligand increases because the Lewis acidity of the metal ion decreases
in the same order.

Complexes of the M(acac), X, type may take the cis or trans structure. Although
steric and electrostatic considerations would favor the frans-isomer, the greater
stability of the cis-isomer is expected in terms of metal-ligand n-bonding. This is
the case for Ti(acac),F,, which is “cis” with two v(TiF) at 633 and 618 cm ! [605]. In
the case of Re(acac),Cl,, however, both forms can be isolated; the trans-isomer
exhibits v(ReO) and v(ReCl) at 464 and 309 cm ™, respectively, while each of these
bands splits into two in the cis-isomer [472 and 460 cm ™! for v(ReO) and 346 and
333 cm ™! for v(ReCl) in the infrared] [606]. For VO(acac),L, where L is a substituted
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Fig. 1.49. Infrared spectra of *° Cr(acac), and its 3Cr analog [625].

pyridine, cis- and trans-isomers are expected. According to Caira et al. [607], these
structures can be distinguished by their infrared spectra. The v(V=0) and v(V—O0) of
the cis-isomer are lower than those of the trans-isomer. For example, v(V=0) of VO
(acac), is 999 cm ', and this band shifts to 959 cm ™' for 4-Et-py (cis) and to 973 cm™!
for py (trans). Furthermore, the v(V—O) of the cis-isomer splits into two bands:

cis-isomer trans-isomer

Vibrational spectra of acac complexes have been studied by many other investigators.
References are cited only for the following: Cs[Os(acac)X,] (X = C1,Br,I) [608], [Os
(acac)s] [609], [M(acac);] (M =Ti,V,Cr,Mn,Fe,Co,Ni,Sc,Al) [610], [UO»(acac),]
[611], and [Ce(acac)3(H,O)]-H,O [612]. Infrared spectra of metal complexes of
f-diketones have been reviewed extensively by Thornton [613].

According to X-ray analysis [614], the hexafluoroacetylacetonato ion (hfa) in [Cu
(hfa),{Me,N—(CH,),—NH, },] coordinates to the metal as a unidentate via one of its O
atoms. This compound exhibits v(C=0) at 1675 and 1615 cm ™', values slightly higher
than those for Cu(hfa),, in which the hfa ion is chelated to the metal (1644 and
1614 cmfl). The v(C=O0) of a mixed-ligand complex, [Ru(Il)(hfa)(acac)], is assigned
at 1583 for the hfaring and 1579 cm ™' for the acac ring. These bands are shifted to 1550
and 1521 cm ™!, respectively, in the [Ru(I)(hfa)(acac)] ™ ion [615].
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The following dimeric bridging structure has been proposed for [CoBr
(acac)],:

Br. Or 0O

r

N\ b
Co Co\

SN S
Ol Ob Br
N

v(CoOy) and v(CoO,) were assigned at 435 and 260 cm !, respectively [616]. In
[Ni(acac),]; and [Co(acac)4]4, the O atoms of the acac ion serve as a bridge between
two metal atoms [617]. However, no band assignments on these polymeric species are
available.

1.14.2. Complexes of Neutral Acetylacetone

In some compounds, the keto form of acetylacetone forms a chelate ring of type B:

H;C
\

H C—=
\/ \
C M

H \C= /
/

H;C
Type B

This particular type of coordination was found by van Leeuwen [618] in [Ni(acacH);]
(Cl04); and its derivatives, and by Nakamura and Kawaguchi [619] in Co(acacH)Br,.
These compounds were prepared in acidic or neutral media, and exhibit strong
v(C=0) bands near 1700 cm ™. Similar ketonic coordination was proposed for Ni
(acacH),Br, [620] and M(acacH)Cl, (M = Co,Zn) [621].

According to X-ray analysis [622], the acetylacetone molecule in Mn
(acacH),Br, is in the enol form and is bonded to the metal as a unidentate via one
of its O atoms:

H3C\C—d4Mn
Y2
H~—C H
/
H;C
Type C

The C = O and C = C stretching bands of the enol ring were assigned at 1627 and
1564 cm ™", respectively.
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1.14.3. C-Bonded Acetylacetonato Complexes

Lewis and coworkers [623] reported the infrared and NMR spectra of a number of
Pt(IT) complexes in which the metal is bonded to the y-carbon atom of the acetyla-
cetonato ion:

HyC
H\ /C=='O
C
/N
M /C=O
H;C
Type D

Behnke and Nakamoto carried out normal coordinate analysis on the [Pt(acac)Cl,]
ion, in which the acac ion is chelated to the metal (type A) [624], and on the [Pt
(acac)ZClz]zf ion, in which the acac ion is C-bonded to the metal (type D) [625].
Table 1.33 lists the observed frequencies and band assignments for these two types,
and Fig. 1.50 shows the infrared spectra of these two compounds. The results indicate
that (1) two v(C=0) of type D are higher than those of type A, (2) two v(C—C) of type D
are lower than those of type A, and (3) v(PtC) of type D is at 567 cm ', while v(PtO) of

TABLE 1.33. Observed Frequencies, Band Assignments, and Force Constants
for K[Pt(acac)Cl,] and Na, [Pt(acac),C].]- 2H,0

K[Pt(acac)Cl,] Nay[Pt(acac),Cly]-2H,0 Band
(O-Bonded, Type A) (C-Bonded, Type D) Assignment
— 1652, 1626 v(C=0)
1563, 1380 — v(C=0)
1538, 1288 — v(C=C)

— 1350, 1193 v(C-C)
1212, 817 1193, 852 d(CH) or n(cH)
650, 478 — v(PtO)

— 567 v(PtC)
K(C=0) = 6.50 K(C=0)=8.84

K(C=C)=5.23 K(C-C)=2.52 UBF constant
K(C—CH3) =3.58 K(C—CH3)=3.85 (mdyn/A)
K(Pt—0)=2.46 K(Pt—C)=2.50

K(C—H)=4.68 K(C—H)=4.48

p=0.437

4The stretching—stretching interaction constant (p) was used for type A because of the presence of resonance in

the chelate ring.
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Fig. 1.50. Infrared spectra of Pt(ll) acetylacetonato complexes: (1) K[Pt(acac)Cl,]; (2) K[Pt
(acac).ClJ; (3) Nag[Pt(acac)-Cl-]H-O, where A and D denote the bands characteristic of types
A and D, respectively [624,625].

type A are at 650 and 478 cm . Figure 1.50 also shows that the structure of K[Pt
(acac),Cl] is as follows

B HAG - ]

e B

K Sed e 0
H;C £

H,C ©O ]
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since its spectrum is roughly a superposition of those types A and D. Similarly, the
infrared spectrum of K[Pt(acac);] [623] is interpreted as a superposition of spectra of
types A, D, and D/, in which two C—O bonds are transoid [626]:

H;C
H C—0
\/

M/ \C CH
/ 3
0

Type D'

The C-bonded acac ion was found in Hg,Cl,(acac) [627], Au(acac)(PPhs), [628], and
Pd(acac),(PPhs) [629]. In the last compound, one acac group is type A and the other,
type D. In all these cases, the v(C=0) of the type D acac groups are at 1700-
1630cm ™",

As discussed above, K[Pt(acac),Cl] contains one type A acac group and one type D
acac group. If a solution of K[Pt(acac),Cl] is acidified, its type D acac group is
converted into type E:

Type E

This structure was first suggested by Allen et al. [630], based on NMR evidence.
Behnke and Nakamoto [631] showed that the infrared spectrum of [Pt(acac)(acacH)
Cl] thus obtained can be interpreted as a superposition of spectra of types A and E.

That the two O atoms of the C-bonded acac group (type D) retain the ability to
coordinate to a metal was first demonstrated by Lewis and Oldham [632], who
prepared neutral complexes of the following type:

HyC
?1 C=0,
k
HC_ O—Pt—C M M = Co(ll), Ni(II), Fe(IIl),
\C/ | \C=" 0” etc.
R
/C-"“(Ij H3C
H
i CH; 1,

Using the metal isotope technique, Nakamura and Nakamoto [633] assigned the
v(NiO) of Ni[Pt(acac),Cl], at 279 and 266 cm . These values are relatively close to
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the v(NiO) of Ni(acacH),Br, (264 and 239 cm™ "), discussed previously. Thus, the
newly formed Ni-acac ring retains its keto character and is close to type B. Other types
prepared by Kawaguchi and coworkers include the following:

o)
\
/C—CHz /P(C6H5)3
HC P C,0-chelate[634]
\ 7\
/C—O P(CgHs)3
F;C
S o
/O—C\ ________ Pd\\
H CH p-allylic63s]
0=C
i CHs 1,

Kawaguchi [636] reviewed the modes of coordination of f-diketones in a variety of
metal complexes.

Gerisch et al. [637] determined the crystal structures of novel anionic tetra-
nuclear platina-B-diketonates of platina-B-diketones, %(BH)Z[Clth(,u-COMe)ZPt
(COMe),H)], (B =n-BuNH,, NEt;, etc.), shown below:

—

M\ \C':-—:c:O
/c \

H

/
cl \;c- / \ _0/
Me

Me

1(BH),

The IR spectra exhibit the v(CO) of the bridging p-acyl group in the platina-f3-
diketonato unit at 1524—1534 cm ™! and those of the platina-B-diketone unit, at 1552—
1556cm ™.

1.14.4. Complexes of Other p-Diketones

In a series of metal tropolonato complexes, Hulett and Thornton [638] noted a parallel
relationship between the v(MO) and the CFSE energy. These workers assigned the
v(MO) of trivalent metal tropolonates in the 660-580 cm ™! region, based on the
160 — 180 isotope shifts observed for the Cu(Il) complex [639]. Using the metal
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isotope technique, Hutchinson et al. [640] assigned the v(MO) at the following
frequencies (cm™"):

V(IIT) Cr(III) Mn(IIT) Fe(IID) Co(1II)
377 ~ 361 > 338 > 317 < 371
319 < 334 > 268 > 260 < 360

It was found that these frequencies still follow the order predicted by the CFSE.
2,4,6-Heptanetrione forms 1:1 and 1:2 (metal: ligand) complexes with Cu(I)
[641]:

H H H
R | H, |
\(];/C\?/C*\?/R R\C/C\C,/.—C-\C/R
: ] ] f [ 1
(0] 0] ¢ ’
~cul el e ®
0" 0”7 "o 0 0 o
(l% k | 3 1 |
R &"C';;C\R R/C\C"/'C\C/C\R
| | | H;
H H H
1:1 complex 1:2 complex

Both complexes exhibit multiple bands due to type A rings in the 1600-1500 cm ™

region. However, the 1 : 2 complex exhibits v(C=O0) of the uncoordinated C=0O groups
near 1720cm ™.

1.15. COMPLEXES OF UREA, SULFOXIDES, AND RELATED LIGANDS

1.15.1. Complexes of Urea and Related Ligands

Penland et al. [642] first studied the infrared spectra of urea complexes to determine
whether coordination occurs through nitrogen or oxygen. The electronic structure of
urea may be represented by a resonance hybrid of structures I, II, and III, with each
contributing roughly an equal amount:

NH, NH NH,
v _ rd .
o—c{ o—c{ 0—(:,:°
NH, NH, NH;
I i1 I

If coordination occurs through nitrogen, the contributions of structures II and III will
decrease. This results in an increase of the CO stretching frequency with a decrease in
the CN stretching frequency. The NH stretching frequency in this case may fall in the
same range as the value for the amido complexes (Sec. 1.1). If coordination occurs
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TABLE 1.34. Some Vibrational Frequencies of Ureaand Its Metal Complexes (cm~") [642]

[Pt(urea).Cly] Urea [Cr(urea)e]Cls Predominant Mode
3390 3500 3440

3290 } 3350 } 3330 } v(NHy), free
3130

3030 } 3190 v(NH,), bonded
1725 1683 1505° v(C=0)

1395 1471 15057 va(CN)

4y(C=0) and v(C—N) couple in the Cr complex.

through oxygen, the contribution of structure I will decrease. This may result in a
decrease of the CO stretching frequency but no appreciable change in the NH
stretching frequency. Since the spectrum of urea itself has been analyzed completely
[643], band shifts caused by coordination can be checked immediately. The results
shown in Table 1.34 indicate that coordination occurs through nitrogen in the Pt(II)
complex, and through oxygen in the Cr(IIl) complex. It was also found that Pd(II)
coordinates to the nitrogen, whereas Fe(Ill), Zn(Il), and Cu(Il) coordinate to the
oxygen of urea. The infrared spectra of tetramethylurea (tmu) complexes of lanthanide
elements, [Ln(tmu)g](Cl0y)3, indicate the presence of O-coordination [644]. Similar
conclusions have been obtained for ThL;Cl4 (L = N,N'-dialkylurea) inasmuch as the
v(CO) is downshifted by 110-60 cm ! on coordination [645].

The v(Sn—O0) vibrations of cis- and trans-[Sn(dmu),Br4] (dmu = 1,3-dimethylur-
ea) have been assigned in the 405-397 cm™! region [646].

From infrared studies on thiourea [(NH;),CS] complexes, Yamaguchi et al. [647]
found that all the metals studied (Pt, Pd, Zn, and Ni) form M—S bonds, since the CN
stretching frequency increases and the CS stretching frequency decreases on coordi-
nation, without an appreciable change in the NH stretching frequency. On the basis of
the same criterion, thiourea complexes of Fe(II) [648], Mn(II), Co(II), Cu(I), Hg(II),
Cd(I), and Pb(IT) were shown to be S-bonded [649]. Several investigators [650—652]
studied the far-infrared spectra of thiourea complexes and assigned the MS stretching
bands between 300 and 200 cm ™. For example, the v(Te—S) vibrations of cis-[Te
(thiourea),Cl,] are observed at 276 and 262 cm ! [653]. Thus far, the only metal
reported to be N-bonded is Ti(IV) [654].

Infrared spectra of alkylthiourea complexes have also been studied. Lane and
colleagues [655] studied the infrared spectra of methylthiourea complexes and
concluded that methylthiourea forms M—S bonds with Zn(Il) and Cd(II) and M—N
bonds with Pd(II), Pt(IT), and Cu(I). The v(C=S) of [ReO(Me4tu),](PF3); (Meytu =
tetramethylthiourea) at 458 cm 'is 30cm ! lower than that of the free ligand [656].
For other alkylthiourea complexes, see Refs. 657 and 658.

Infrared spectra of selenourea (su) complexes of Co(Il), Zn(II), Cd(II), and Hg(II)
exhibit v(MSe) in the 245-167 cm ™" region [659]. The Raman spectra of [Pd(su)4]*"
and [Pt(su)4]>" ions exhibit the Ay, v(MSe) at 178 and 191 cm !, respectively [660].
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Linkage isomerism was found for the formamidopentamminecobalt(III):
[(NH;3)sCo(—NH,CHO)]*" and [(NH3)sCo(—OCHNH,)]*". Although little differ-
ence was found in the v(C=0) region, the N-isomer showed the aldehyde v(CH) at
2700 cm ™!, whereas such a band was not obvious in the O-isomer [661].

1.15.2. Complexes of Sulfoxides and Related Compounds

Cotton et al. [662] studied the infrared spectra of sulfoxide complexes to see whether
coordination occurs through oxygen or sulfur. The electronic structure of sulfoxides
may be represented by a resonance hybrid of these structures:

* /R /R
:p _S:\ —> :_O=S:\ R= CH3 for
R R DMSO
v v

If coordination occurs through oxygen, the contribution of structure V will decrease
and result in a decrease in v(S=O0). If coordination occurs through sulfur, contribution
of structure IV will decrease and may result in an increase in v(S=O0). It has been
concluded that coordination occurs through oxygen in the Co(DMSO)é * jon, since the
v(S=O0) of this ion absorbs at 1100-1055 cm . On the other hand, coordination may
occur through sulfur in PdCl,(DMSO), and PtCl,(DMSQO),, since v(S=O0) of these
compounds (1157-1116 cm ™ ") are higher than the value for the free ligand. Other ions
such as Mn(II), Fe(ILIII), Ni(Il), Cu(Il), Zn(II), and Cd(II) are all coordinated through
oxygen, since the DMSO complexes of these metals exhibit v(S=0) between 960 and
910cm . Drago and Meek [663], however, assigned v(S=0) of O-bonded complexes
in the 1025-985 cm ™' region, since they are metal sensitive. The bands between 960
and 930 cm ™', which were previously assigned to v(S=0) are not metal-sensitive and
assigned to p,(CHj3). Even so, v(S=0) of O-bonded complexes are lower than the value
for free DMSO. To confirm v(S=0) assignments, it is desirable to compare the spectra
of the corresponding DMSO-dg complexes since p,(CD3) is outside the v(S=0) region.
Table 1.35 lists v(S=0) of typical compounds.

Wayland and Schramm [664] found the first example of mixed coordination of
DMSO in the [Pd(DMSO),]*" ion; it exhibits two S-bonded v(S=0) at 1150 and
1140cm ™!, and two O-bonded v(S=0) at 920 and 905 cm~'. Thus, the infrared
spectrum is most consistent with a configuration in which two S-bonded and two
O-bonded DMSO are in the cis position. The infrared and NMR spectra of Ru
(DMSO0)4Cl, suggested a mixing of O- and S-coordination; v(S=0) at 1120 and
1090 cm ™! for S-coordination and at 915cm ™" for O-coordination [674]. X-Ray
analysis [675] has since shown that two CI atoms are in the cis positions of an
octahedron and the remaining positions are occupied by one O-bonded and three
S-bonded DMSO ligands. Infrared spectra show that all DMSO ligands in Ru
(DMSO0);Cl; are O-bonded while O- and S-bonded DMSO ligands are mixed in M
(DMSO0);Cl3 (M = Os,Rh) [676]. In contrast, all the DMSO ligands are S-bonded in
the fac-isomer of RuCl3;(DMSO); but O- and S-bonded DMSO ligands are mixed in
the mer-isomer [677]. In mer,cis-RuCl3;(DMSO),(NH3), one DMSO that is trans to
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TABLE 1.35. SO Stretching Frequencies of DMSO Complexes (cm~)

Compound v(S=0) Bonding Ref.
Sn(DMSO),Cl, 915 (0] 664
[Cr(DMSO)6](ClO4)5 928 (0] 664
[Ni(DMSO0)6](ClO4)2 955 (6] 664
[Ln(DMSO)g](ClO4)3, (Ln=La, Ce, Pr, Nd) 998-992 (6] 665
[AI(DMSO)e]X3, (X=CI, Br, I) 1000-1008 (6] 666
CdAgsls(DMSO)g 1000 (0] 667
[Ru(NH3)5(DMSO)](PFs)2 1045 S 668
trans-[Pd(DMSO),Cl,] 1116 S 669
cis-[Pt(DMSO),Cly] 1135 S 670
1160
cis-[PtCly(quinoline) (DMSO)] 1120 S 671
[Pt(R2SO) (u-CI)Cl]? 1142 S 672
cis-RuCl, [CH3C(CH,S-Et)3] (DMSO) 1080 S 673
2R = C,Hs.

the NH; is S-bonded, and the other DMSO, which is trans to the Cl, is O-bonded.
These two DMSO ligands exhibit the v(S=0) at 1088 and 910 cm ', respectively
[678]:

=8 /
Cl—/Ru/—Cl
cl
NH;

In trans,cis, cis-[Ru(CO)(DMSO);Cl,], two DMSO ligands trans to Cl are S-bonded
while one DMSO ligand trans to CO is O-bonded. The former exhibits the v(S=0)
and v(Ru—S) at 1134 and 422 cm_l, respectively, whereas the latter exhibits the
v(S=0)and v(Ru—0)at924 and 472 cm !, respectively [679]. The firstexample of a
rare double-bridging Ru(Il) complex of DMSO, [Ru,(pn-Cl)(n-DMSO)
Cl3(DMSO0);3(CO),], contains three S-bonded and one bridging DMSO ligands.
The two Ru(Il) atoms are connected via a Cl bridge as well as viaa Ru—S—O—Ru
bridge by forming a five-membered ring. The v(S=O0) of the terminal S-bonded
DMSO are at 1141 and 1107 and that of the bridging DMSO is at 1010 cm ™" [680].

Interaction of DMSO with lanthanide perchlorates in anhydrous CH3CN has been
studied by FTIR and Raman spectroscopy [681]. The magnitude of downshifts of the
v(S=0) increases with the increasing atomic number of the Ln(III) ion from —49 to
—58cm . In free (CF3),SO, the v(S=O0) is at 1242cm ™. This band is shifted to
1130cm ™! (IR) in [{CF;),SO}XeF]SbF, indicating O-coordination of the sulfrane
ligand [682].

Complete assignments on infrared and Raman spectra of frans-Pd(DMSO),X,
(X =Cl1,Br) and their deuterated analogs have been made by Tranquille and Forel
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[683]. Berney and Weber [684] found the order of v(MO) in the [M(DMSO)c]" " ionto
be as follows:

M= Cr) Nidl) Co(l)  Zn(l)  Fedl)  Mn(l)

VMO) (em™') 529 > 444 > 436 > 431 > 438 > 418
415

Griffiths and Thornton [685] made band assignments of these DMSO complexes
based on d and '®O substitution of DMSO.

Ligands such as DPSO (diphenylsulfoxide) and TMSO (tetramethylenesulfoxide)
do not exhibit the CH; rocking bands near 950 cm™ ! Thus, the SO stretching bands of
metal complexes containing these ligands can be assigned without difficulty. In a
series of O-bonded DMSO and TMSO complexes, the S=O stretching force constant
decreases linearly as the M—O stretching force constant increases [686]. Table 1.36
lists the SO stretching frequencies and the magnitude of band shifts in DPSO
complexes [560]. Van Leeuwen and Groeneveld [687] noted that the shift becomes
larger as the electronegativity of the metal increases. In Table 1.36, the metals are listed
in the order of increasing electronegativity.

In [M(DTHO,);]*" [M = Co(II), Ni(I), Mn(Il), etc.], the metals are O-bonded
since the v(S=0) of free ligand (1055-1015 cm ™ ') are shifted to lower frequencies by
40-22cm™":

o} o}
1 i
/7N N
CH; (CH2)2/ CH,

2,5-Dithiahexane-2,5-dioxide (DTHO,)

On the other hand, the metals are S-bonded in M(DTHO,)Cl, [M = Pt(II), Pd(I)] since
v(S=0) are shifted to higher frequencies by 108—77 cm ™' [688]. Dimethylselenoxide,
(CHj3),Se=0, forms complexes of the MCl,,(DMSeO),, type, where M is Hg(Il), Cd

TABLE 1.36. Shifts of SO Stretching Bands in DPSO and DMSO
Complexes (cm™") [687]

DPSO Complex DMSO Complex
Metal v(SO) Shift Shift
Ca(ll) 1012-1035 0- (—23) —
Mg(ll) 1012 —23 —
Mn(ll) 983-991 -45 —41
Zn(Il) 987-988 —47 —
Fe(ll) 987 —48 —
Ni(Il) 979-982 —-55 —45
Co(ll) 978-980 —56 -51
Cu(ll) 1012, 948 —23, -87 -58
Al 942 -93 —

Fe(lll) 931 -104 —
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(ID), Cu(I), and soon, and nis 1, 1%, or 2. The v(Se=O0) of the free ligand (800 cm V)is
shifted to the 770-700 cm ™' region, indicating the O-bonding in these complexes
[689].

1.16. CYANO AND NITRILE COMPLEXES

1.16.1. Cyano Complexes

The vibrational spectra of cyano complexes have been studied extensively and these
investigations are reviewed by Sharp [690], Griffith [691], Rigo and Turco [692], and
Jones and Swanson [693].

1.16.1.1. CN Stretching Bands Cyano complexes canbe identified easily since
they exhibit sharp v(CN) at 22002000 cm~'. The v(CN) of free CN ™ is 2080 cm '
(aqueous solution). On coordination to a metal, the v(CN) shift to higher frequencies,
as shown in Table 1.37. The CN™ ion acts as a g-donor by donating electrons to the
metal and also as a T-acceptor by accepting electrons from the metal. g-Donation tends
to raise the v(CN) since electrons are removed from the 5¢ orbital, which is weakly
antibonding, while n-backbonding tends to decrease the v(CN) because the electrons
enter into the antibonding 2pn* orbital. In general, CN™ is a better ¢-donor and a
poorer m-acceptor than is CO. Thus, the v(CN) of the complexes are generally higher
than the value for free CN ™, whereas the opposite prevails for the CO complexes (Sec.
1.18).

According to El-Sayed and Sheline [702], the v(CN) of cyano complexes
are governed by (1) the electronegativity, (2) the oxidation state, and (3) the

TABLE 1.37. C=N Stretching Frequencies of Cyano Complexes (cm™')

Compound Symmetry v(CN) Ref.
TI[Au(CN),] D.., 2164 (3, ), 2141 (L)) 694,695
KIAg(CN),] D.., 2146 (3, ), 2140 (1)) 696
Ko[Ni("2C™N),4] D, 2143.5 (Ayg), 2134.5 (Byg), 2123.5 (E,) 697
Ko[Pd("2C™*N),] D.» 2160.5 (A1), 2146.4 (B, ), 2135.8 (E,) 697
Ko[Pt('2C"N),] D.n 2168.0 (Aqg), 2148.8 (By), 2133.4 (E,) 697
Nag[Ni(CN)s] Ca 2130(A,), 2117 (By), 2106 (E), 2090 (A,) 698
Naz[Co(CN)s] Ca 2115 (A,), 2110 (B;), 2096 (E), 2080 (A;) 698
Ks[Mn(CN)s] 0, 2129 (Ay), 2129 (E,), 2112 (Fy,) 699,700
K4Mn(CN)sg] (o}t 2082 (A+), 2066 (Eg), 2060 (Fy,) 699
Ks[Fe(CN)g] (o8 2135 (Aqg), 2130 (E,), 2118 (Fy,) 699
K4[Fe(CN)g]-3H,0 (o} 2098 (Ay,), 2062 (E,), 2044 (F4,) 699
K5[Co(CN)e] (o8 2150 (Aqg), 2137 (E,), 2129 (Fy,) 699
K4[Ru(CN)g]-3H,0 (o}t 2111 (Ayg), 2071 (E,), 2048 (Fy,) 699
K3[Rh(CN)g] 0, 2166 (A1), 2147 (Ey), 2133 (Fyy) 699
Ko[Pd(CN)g] o, 2185 (Fyy) 701
K4[Os(CN)g]-3H,0 (o8 2109 (Aqg), 2062 (E,), 2036 (F;,) 699
K[Ir(CN)g] (o} 2167 (Ayg), 2143 (Ey), 2130 (Fyy) 699
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coordination number of the metal. The effect of electronegativity is seen in the
following order:

[Ni(CN),]*~ [PA(CN),]*~ [Pt(CN), >~
2128 < 2143 < 2150 cm ™!

Since the electronegativity of Ni(Il) is smallest, the o-donation will be the least, and
the v(CN) is expected to be the lowest. The effect of oxidation state is seen in the
following frequency order [703]:

[V(CN)6>~ [V(CN)6]*~ [V(CN)6]*~
1910 < 2065 < 2077 cm ™!

The higher the oxidation state, the stronger the o-bonding, and the higher the v(CN).
The effect of coordination number [704] is evident in the frequency order:

[Ag(CN)4]*~ [Ag(CN);]*~ [Ag(CN),]~
2092 < 2105 < 2135 cm”!

Here an increase in the coordination number results in a decrease in the positive
charge on the metal, which, in turn, weakens the g-bonding, thus decreasing the v(CN).
The v(CN) of A3[M(CN)¢]-type salts (M = Fe,Co) are sensitive to the nature of the
counterion (A). Thus, Fernandez-Beltran et al. [705] used this fact to examine the CN
ligand—counterion interaction quantitatively.

Other cyano complexes that are not included in Table 1.37 are Na[Cu(CN),]2H,0
(polymeric chain) [706], Na,[Cu(CN)3]-3H,0 (D3,) [707], Cs[Hg(CN)s] (D3,) [708],
Ko[Zn(CN)4] (T [709], (BusN)[B(CN)4] (T,) [710] and [PPN]o[Mn(I)(CN),4]
(PPN: [PH,P=N=PPh,]")(T,) [711].

The symmetry of the [Mo(CN)7]4_ ion may be Ds; [712] or C,, [713]. The
pentagonal-bipyramidal structure (Ds;) has been proposed for [Re(CN))]*~ [714],
[Tc(CN )7]47 [715], and [W(CN )7]57 [716] on the basis of their IR and Raman spectra
in either the solid state, solution, or both. According to X-ray analysis [717], the [Mo
(CN)g]*™ ion in K4[Mo(CN)g]-2H,0 is definitely D5, (dodecahedron). On the other
hand, a Raman study [718] supported the D,, (archimedean—antiprism) structure of
the [Mo(CN)8]4_ ion in aqueous solution. The stereochemical conversion of the [Mo
(CN)8]47 ion from D, (solid) to D4, (solution) symmetry was confirmed by Hartman
and Miller [719] and Parish et al. [720]. Similar conversions were proposed for the [W
(CN)8]47 [719,720], and [Nb(CN)8]47 [721] ions. However, Long and Vernon [722]
claim that the D,, geometry is maintained even in aqueous solution. Both X-ray and
Raman studies confirm the D,, structure for Ks[Nb(CN)g] in the solid state, although
the D, structure prevails in solution [723].

According to the results of X-ray analysis [724], the unit cell of [Cr(en);]-[Ni
(CN)s]- I%HZO contains both square—pyramidal (Cy4,) and trigonal-bipyramidal
(D3,) structures of the [Ni(CN)s]’>~ ion. Terzis et al. [725] showed that the
complicated vibrational spectrum of this crystal in the v(CN) region is simplified
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dramatically when it is dehydrated. These spectral changes suggest that the Dy,
(somewhat distorted) units have been converted to C,,, geometry on dehydration.
Basile et al. [726] showed that such conversion from D5, to C,4,, also occurs when the
crystal is subjected to high pressure. Hellner et al. [727] observed the splitting of the
degenerate v(CN) of K,[Zn(CN),] and a partial reduction of the central metal in
K3[M(CN)g] [M = Fe(IIl), Mn(III)] when these crystals are under high external

pressure.

Penneman and Jones [704] made an extensive infrared study of the equilibria of
cyano complexes in aqueous solution. (For aqueous infrared spectroscopy, see
Sec. 1.11.) Figure 1.51 shows the infrared spectra of aqueous silver cyano complexes

APPLICATIONS IN COORDINATION CHEMISTRY

obtained by changing the ratio of Ag™ to CN™ ions.

<~— Absorption

J ) S

Fig. 1.51. Infrared spectra of silver cyano complexes in aqueous solutions.
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Fig. 1.52. Infrared spectra of K3[Co(CN)g] (solid line) and Ko[Pt(CN),J-3H-O (broken line).

1.16.1.2. Lower-Frequency Bands Inaddition to v(CN), the cyano complexes
exhibit v(MC), 5(MCN), and 6(CMC) bands in the low-frequency region Figure 1.52
shows the infrared spectra of K3[Co(CN)¢] and K,[Pt(CN)4]-3H,0. Normal coordi-
nate analyses have been carried out on various hexacyano complexes to assign these
low-frequency bands (Table 1.38). The results of these calculations indicate that the
v(MC), 6(MCN), and 6(CMC) vibrations appear in the regions 600-350, 500-350, and
130-60 cm ™, respectively. The MC and C=N stretching force constants obtained are
also given in Table 1.38.

Nakagawa and Shimanouchi [730] noted that the MC stretching force constant
increases in the order Fe(IIl) < Co(Ill) < Fe(Il) < Ru(Il) < Os(Il), and the C=N
stretching force constant decreases in the same order of metals. This result was
interpreted as indicating that the M—C n-bonding increases in the above-mentioned
order. The degree of M—C rn-bonding may be proportional to the number of
d-electrons in the 1,, electronic level. According to Jones [731], the integrated
absorption coefficient of the C=N stretching band (F',)) becomes larger as the number
of d-electrons in the 1,, level increases. Thus the results shown in Table 1.39 suggest
that the M—C n-bonding increases in the order Cr(IIT) < Mn(IIl) < Fe(IIT) < Co(III).
The order of v(MC) shown in the same table confirms this conclusion. Griffith and
Turner [699] found a similar trend in the Fe(II) < Ru(I) < Os(II) series. Nakagawa
and Shimanouchi [732] carried out complete normal coordinate analyses on K;[M
(CN)g] [M = Fe(II),Cr(III)] crystals, including all lattice modes. Jones et al. [733]
also performed complete normal coordinate analyses on crystalline Cs,Li[Fe(CN)g],
including its '*C, N, and °Li analogs.
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TABLE 1.39. Relation between Infrared Spectrum and Electronic Structure
in Hexacyano Complexes [731]

Number of Integrated Absorption

d-Electrons Coefficient
Compound in by Level v(CN) (cm™") v(MC) (cm™") (mol~"cm™3)
K3[Cr(CN)g] 3 2128 339 2,100
K3[Mn(CN)g] 4 2112 361 8,200
Ka[Fe(CN)g] 5 2118 389 12,300
K3[Co(CN)e] 6 2129 416 18,300

Normal coordinate analyses have been made on tetrahedral, square—planar, and
linear cyano complexes of various metals; Table 1.40 gives the results of these studies.
Far-infrared spectra of various cyano complexes have been measured [745]. An
ultraviolet—infrared study [746] showed that the [Ni(CN)4]2_ and [Ni(CN)5]3_ ions
are in equilibrium in a solution containing Na,[Ni(CN)4], KCN, and KF. The

TABLE 1.40. Frequencies and Band Assignments of the Lower-Frequency Bands of
Cyano Complexes (cm™")

Force Constant?

lon Symmetry v(MC) J(MCN)  6(CMC) KM-C) K(C=N) Ref.
3 364(IR 324(R 74 1.25— 16.10 — 734

[CU(CN)d] Ta 288((R)) } 306((I R)) Es:ai 1.30 } 16.31 } 735

[Zn(CN), >~ Ty 359(IR)’*  315(IR)®  71(R) 1.30 17.22 736
342(R) 230(R) 709

[CA(CN)4]?~ T4 316(IR)°  250(R)?  61(R) 1.28 17.13 736
324(R) 194(R)

[Hg(CN),J?~ T4 330(IR)°  235(R)? 54(R) 1.53 17.08 736
335(R) 180(R)

[PHCN), >~ D, 505(IR) 318(R)  95(R) 3.425 16.823 737
465(R) 300(IR) 738
455(R)

[Ni(CN), >~ D. 543(IR) 433(IR) 2.6 16.67 739
(419) 421(IR)  (54)
(405) 488(IR)

(325)

[AU(CN)4]~ Das ‘265%(('3)) as(R)  110R) 320 } o } 740
450(R)

[Hg(CN),] Door, 442(IR) 341(IR)  (100) 2.607 17.62 741
412(R) 275(R) 742

[Ag(CN),]~ Door, 390(IR) (310) (107) 1.826 17.04 743
(360) 250(R)

[AU(CN),]~ Door, 427(IR) (368) (100) 2.745 17.17 744

445(R) 305(R)

4Force constants (mdyn/f\) were obtained by using the GVF field for all ions except the [Pt(CN)4]>~ ion, for which
the UBF field was used.
bCoupled vibrations between v(MC) and 5(MCN).
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Fig. 1.53. IR and Raman spectra of mer- and fac-Co(aepn)('CN )z and their "*CN isotopomers
[753].

integrated absorption coefficient of the C=N stretching band increases in the order Hg
(II) < Ag(I) < Au(l) in linear dicyano complexes, indicating that the M—C n-bonding
increases in the same order [731]. From the measurements of infrared dichroism, Jones
determined the orientation of [Ag(CN),]™ and [Au(CN),]™ ions in their potassium
salts [743,744]. His results are in good agreement with those of X-ray analysis.
Vibrational spectra are reported for a number of cyano complexes of mixed ligands.
Some examples are [Au(CN),X,]™ [747], Ky[Pt(CN)4X5] [748], and K,[Pt(CN)5X]
X=Cl", Br, I") [749], and Na;[Fe(I)(CN)s5(CO)]-2H,0O [750]. Complete band
assignments including >*Fe /**Fe, 2C /3C, *N /SN isotope shift data coupled with
normal coordinate analysis [751] and DFT calculations [752] were made for Na,[Fe
(CN)5(NO)]-2H,0. Chun et al. [753] synthesized two stereoisomers, fac- and mer-{Co
(CN);(aepn)] [aepn = N-(2-aminoethyl)-1,3-propanediamine]. Figure 1.53 compares the
IR and Raman spectra of the two isomers and their '*C analogs in the high-frequency
region. Both complexes exhibit three v(CN) bands, indicating approximate C,; symmetry.

1.16.1.3. Bridged Cyano Complexes 1If the M—C=N group forms a
M—C=N-M'-type bridge, v(C=N) shifts to a higher, and v(MC) to a lower, frequency.
The higher-frequency shift of v(C=N) should be noted since the opposite trends are
observed for bridging carbonyl and halogeno complexes. Shriver [754] observed that
V(C=N) of K,[Ni(CN)4] at 2130cm ™" shifts to 2250cm ™" in K,[Ni(CN),]-4BF;
because of the formation of the Ni—C=N-BF;-type bridge. They [755] also
found that, for KFeCr(CN)g, the green isomer containing the Fe(II) -C=N—Cr(III)
bridges exhibits v(C=N) at 2092 cmfl, while the red isomer containing the
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Cr(IlT)-C=N-Fe(II) bridges shows v(C=N) at 2168 and 2114 cm~'. Brown et al.
[756] studied the mechanism of conversion from green to red isomer by combining
infrared and Mossbauer spectroscopy with other techniques. The v(C=N) and v(Fe—C)
of crystalline Cs,Mg[Fe(CN)¢] are higher by 40 cm™ ! than those of the [Fe(CN)(,]‘F ion
in aqueous solution [757]. The same trend is seen for crystalline Mn3[Co(CN)¢]-xH,O
and the [CO(CN)6]37 ion in aqueous solution [758]. These observations suggest the
presence of strong interaction of the Fe—C=N- - -Mg or Co—C=N- - -Mn type in the
solid state. The bridging v(C=N) of the [(NC)sFe"—CN—Co™(CN)5]°" and
[(NC)5FeHI—CN—CoIH(CN)s]5 ~ jons are at 2130 and 2185cm” !, respectively
[759]. The infrared and Mossbauer spectra of K4[Fe(CN—SbX3)s] (X=F,Cl) and
K4[Fe(CN—SbX3)4(CN),] (X=Cl,Br) have been studied [760]. As expected, the
infrared spectrum of Prussian blue is identical to that of Turnbull’s blue [761].

The Pt(IT) and Cu(Il) atoms in [(CN)3Pt(u-CN)Cu(NH3),] are linked by a bent CN
bridge (CN—Cu angle, ~ 120°), and the terminal v(CN) are at 2157-2121 while the
bridging v(CN) is at 2181 cm ™' [762]. The crystal structures of CN bridged polymers
of the compositions, (NBuy)[Cu(I)(CN)X] (X =Br,I) and (NBuy)[Cu(I);(CN)4]"
CH;CN have been determined; the former takes a one-dimensional polymeric chain
structure, whereas the latter forms two-dimensional polymer sheets. The low-fre-
quency skeletal vibrations such as v(Cu—X) and v(Cu—CN) of these polymers have
been assigned [763]. Vibrational spectra of CN bridging complexes containing mixed-
valence metal atoms are reported for Ks[(NC)sM(II) -CN—Ru(III)(EDTA)] (M =Fe,
Ru,0s) [764], [(H3N)sRu(III) -NC—OsII)(CN)s]~ [765], [(NC)sFe(IIT) —CN-Pt(II)
(NH;)s—NC—Fe(III)(CN)s]*~ [766], and [(H3N)sPt(IV)—CN—Fe(II)(CN)s] [767].
The v(CN) frequencies are reported for the former three complexes, and the low-
frequency modes were assigned for the last complex.

Partially oxidized tetracyanoplatinates such as K,[Pt(CN),]Brq 3:3H,0 are known
as one-dimensional (linear chain) conductors [768]. In these compounds, the Blanar
Pt(CN)?f ions are stacked in one direction, and the Pt- - -Pt distances (2.88 A) are
much shorter than that of the parent compound, K,[Pt(CN),]-3H,0O (3.478 A), The
oxidation state of the Pt atom in K,[Pt(CN),]Brg33:3H50 is +2.33. As a result, its
V(CN) [2182(A ), 2165(B;,) cm™ '] are between those of K,[Pt"(CN)4]-3H,0 (2168,
2149 cm™ ") and K,[Pt"Y (CN)4Cl,] (2196 and 2186 cm™ ') [769]. Vibrational spctra of
cyano complexes containing metal-metal bonds are reported For [(NC)sPt(III)—Pt
(IIN(CN)s]*~ [770] and [(NC)sPt(I)—TI(II)(CN),]"~ (n = 1,2,3) [771]. The Raman
spectrum of the former exhibits the v(Pt—Pt), v(Pt—C) (equatorial) and v(Pt—C)
(axial) at 145, 467, and 400 cm ', respectively. The Raman spectra of the latter series
in aqueous solution exhibit the v(Pt—T1) at 163.7, 162.6, and 159.1 cm forn= 1,2,
and 3, respectively.

1.16.2. Nitrile and Isonitrile Complexes

Nitriles (R—C=N, R =alkyl or phenyl) form a number of metal complexes by
coordination through their N atoms. Again, v(CN) becomes higher on complex
formation. For example, Walton [772] measured the infrared spectra of
MX,(RCN),-type compounds, where M is Pt(II) and Pd(IT) and X is CI™ and Br ™.



118 APPLICATIONS IN COORDINATION CHEMISTRY

When R is phenyl, the v(CN) are near 2285 cm ™', which is higher than the value for the
V(CN) of free benzonitrile (2231 cm ™). It was noted that the v(CN) of benzonitrile
(2231 cm™") shifts to a higher frequency (2267 cm™") when it coordinates to the
pentammine Ru(IIT) species but to a lower frequency (2188 cm ™) when coordinated
to the pentammine Ru(II) species. This result may indicate that the latter species has
unusually strong n-backbonding ability [773]. Similarly, the v(CN) of [(NH3)sOs(I1I)
(NC—CH3)]*" (2300cm™") is higher and that of [(NH3)sOs(II)(NC—CH3)]*"
(2200cm ') is lower than the v(CN) of free acetonitrile (2254 cm™ ') [774]. The
totally symmetric v(M—N) vibrations of [M(NC—CH3)4]2+ were assigned at 440 and
430cm™ ", respectively, for M = Pt(II) and Pd(IT) [775]. A strong band at 174 cm ! of
ZnCl,(CH;CN), was suggested to be v(ZnN) [776]. The v(MN) bands of other
acetonitrile complexes have been assigned in the 450-160 cm ™' region [777].

In solution, Fe(PEt;),(CO),(Et—C=N) exists as a mixture of the following
isomers:

PEt3 PEt3
oc. | oc | .~

“Fe—N=C—Bt == __Fe_ |
oC” | oc™ | "C

PEt; PEt; Dt

The end-on and side-on isomers exhibit the v(CN) at 2112 and 1625 cm ™!, respectively
[778]. The latter frequency is extremely low because of its 7>-bonding. This type of
bonding is also found in Mo(Cp),(CH3CN), which exhibits the v(CN) at 1725 cm™!
[779].

Farona and Kraus [780] observed v(CN) of Mn(CO);(NC—CH,—CH,—CN)CI at
2068 cm !, although v(CN) of free succinonitrile (sn) is at 2257 cm ', This large shift
to alower frequency was attributed to the chelating bidentate coordination through its
CN triple bonds:

Co
According to X-ray analysis [781], the complex ion in [Cu(sn),]NOj takes a polymeric
chain structure in which the ligand is in the gauche conformation:

\, NC—CHy~CH;~CN_ NC—CH,~CH,~CN_ ,
NC—CH,—CH,~CN NC—CH,—CH,—CN
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gg'(C), 24" +A”

Fig. 1.54. Rotational isomers of glutaronitrile.

In these dinitrile complexes, v(CN) are shifted to higher frequencies on coordination.
As in the case of ethylenediamine complexes (Sec. 1.2), infrared spectroscopy has
been used to determine the conformation of the ligand in metal complexes. The Cu(I)
complex, which is known to contain the gauche conformation, exhibits two CH,
rocking modes at 966 and 835 cm ™', whereas the Ag(I) complex, Ag(sn),BF,, shows a
single CH, rocking mode at 770 cm ™', which is characteristic of the rrans conforma-
tion [782].

There are four rotational isomers for glutaronitrile (gn), NC—CH,—CH,—CH,—CN,
which are spectroscopically distinguishable. Figure 1.54 shows the conformation, the
symmetry, and the number of infrared-active CH, rocking vibrations for each isomer.
According to X-ray analysis on Cu(gn),NOj; [783], the ligand in this complex is in the
gg conformation. The infrared spectrum of this complex is very similar to that of solid
glutaronitrile in the stable form. Matsubara [784] therefore concluded that the latter
also takes the gg conformation. However, the spectrum of solid glutaronitrile in the
metastable form (produced by rapid cooling) is different from that of the gg confor-
mation and it could have been fz, g, or gg’. The # conformation was excluded because
of the absence of the 730 cm ™' band characteristic of the trans-planar methylene chain
[785], and the gg' conformation was considered to be improbable because of steric
repulsion between two CN groups. This left only the #g conformation for the metastable
solid. The complicated spectrum of liquid glutaronitrile was accounted for by assuming
that it is a mixture of the 7g, gg, and #f conformations. Kubota and Johnston [786], using
these results, have been able to show that the glutaronitrile molecules in Ag(gn),CIO4
and Cu(gn),ClO, are in the gg conformation, while those in TiCl4gn and SnCl,gn have
the #t confonnation. Table 1.41 summarizes the CH, rocking frequencies of glutar-
onitrile and its metal complexes. An infrared study similar to the above has been
extended to adiponitrile [NC—(CH,)4—CN] and its Cu(I) complex [787].

Cotton and Zingales [788] studied the N=C stretching bands of isonitrile com-
plexes. When isonitriles are coordinated to zero-valence metals such as Cr(O),
backdonation of electrons from the metal to the ligand is extensive and the N=C
stretching band is shifted to a lower frequency. For monopositive and dipositive metal
ions, little or no backdonation occurs and the N=C stretching band is shifted to a higher
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TABLE 1.41. Infrared-Active CH, Rocking Frequencies of Glutaronitrile and Its Metal
Complexes (cm™")

Liquid® 945 (tg) 904 (g9) 835 (g, 99) 757 (tg, 99) 737 (t°
Solid (metastable) 943 (tg) — 839 (tg) 757 (tg) —
Solid? (stable) — 903 (gg) 837 (g9) 768 (99) —
Cu(gn)2NO3* — 913 (g9) 830 (g9)° 778 (g99) —
Cu(gn)zClO,“ — 908 (g9) 875 (99) 767 (99) —
Ag(gn)2ClO,7 — 904 (gg) 872 (gg) 772 (gg) —
SnCly(gn) — — — — 733 (tf)
TiCl(gn)? — — — — 730 (tt)

“Reference 784.

PThe tt form should exhibit two infrared-active CH, rocking vibrations. The other one is not known, however.
“Overlapped with a NO; absorption.

9Reference 786.

frequency as a result of the inductive effect of the metal ion. Sacco and Cotton [789]
obtained the infrared spectra of Co(CH3NC),X,- and [Co(CH;NC)4][CoX,]-type
compounds (X = Cl, Br, etc.). Dart et al. [790] report the v(NC) of bis(phosphine) tris
(isonitrile) complexes of Co(I). Boorman et al. [791] made rather complete assign-
ments of vibrational spectra of some isonitrile complexes of Co(I) and Co(Il) in the
4000-33 cm ™! region. Nitrile and isonitrile ligands are mixed in trans, trans, trans-
[Ru(IT)Cl,(—=NCR),(—CNR’),] (R = methyl/phenyl and R’ = t-buthyl, xylyl or cy-
clohexyl), and their v(—NC) and v(—CN) vibrations are observed at 2121-2150 and
2251-2291 cm ™!, respectively [792].

1.17. THIOCYANATO AND OTHER PSEUDOHALOGENO COMPLEXES

The CN~,OCN~,SCN ", SeCN ", CNO ", and N5 ions are called pseudohalide ions,
since they resemble halide ions in their chemical properties. These ions may coordi-
nate to a metal through either one of the end atoms. As a result, the following linkage
isomers are possible:

M—CN, cyano complex M—NC, isocyano complex
M—-OCN, cyanato complex M—-NCO, isocyanato complex
M—SCN, thiocyanato complex M—-NCS, isothiocyanato complex
M—SeCN, selenocyanato complex M—NCSe, isoselenocyanato complex
M—-CNO, fulminato complex M—ONC, isofulminato complex

Two compounds are called true linkage isomers if they have exactly the same
composition and two of the different linkages mentioned above. A well-known
example is nitro (and nitrito) pentammine Co(III) chloride, discussed in Sec. 1.6.
A pair of true linkage isomers is difficult to obtain since, in general, one form is
much more stable than the other. As will be shown later, a number of new linkage
isomers have been isolated, and infrared spectroscopy has proved to be very
useful in distinguishing them. Burmeister [793] reviewed linkage isomerism in
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metal complexes. Bailey et al. [794] and Norbury [795] reviewed the infrared
spectra of SCN, SeCN, NCO, and CNO complexes and their linkage isomers in
detail.

1.17.1. Thiocyanato (SCN) Complexes

The SCN group may coordinate to a metal through the nitrogen or the sulfur or both
(M—NCS—M/). In general, class A metals (first transition series, such as Cr, Mn, Fe,
Co, Ni, Cu, and Zn) form M—N bonds, whereas class B metals (second half of the
second and third transition series, such as Rh, Pd, Ag, Cd, Ir, Pt, Au, and Hg) form M—S
bonds [796]. However, other factors, such as the oxidation state of the metal, the nature
of other ligands in a complex, and steric consideration, also influence the mode of
coordination.

Several empirical criteria have been developed to determine the bonding type of the
NCS group in metal complexes.

(1) The CN stretching frequencies are generally lower in N-bonded complexes
(near and below 2050 cmfl) than in S-bonded complexes (near 2100 cmfl)
[797]. The bridging (M—NCS—M’) complexes exhibit v(CN) well above
2100cm ', However, this rule must be applied with caution since v(CN) are
affected by many other factors [794].

(2) Several workers [798,799] considered v(CS) as a structural diagnosis: 860—
780 cm ™! for N-bonded, and 720-690 cm ! for S-bonded, complexes. How-
ever, this band is rather weak and is often obscured by the presence of other
bands in the same region.

(3) It was suggested [798,799] that the N-bonded complex exhibits a single sharp
O(NCS) near 480 cm ™', whereas the S-bonded complex shows several bands
of low intensity near 420 cm™'. However, these bands are also weak and tend
to be obscured by other bands.

(4) Several workers [800-802] used the integrated intensity of v(CN) as a criterion;
it is larger than 9 x 10*M ' cm 2 per NCS™ for N-bonded complexes, and
close to or smaller than 2 x 10* M~ cm ™2 for S-bonded complexes. However,
this rule is also difficult to apply when the spectrum consists of multiple
components or when the dissociation occurs in solution.

(5) Some workers [803,804] proposed using v(MN) and v(MS) in the far-infrared
region as a criterion; in general, v(MN) is higher than v(MS). However, these
frequencies are very sensitive to the overall structure of the complex and the
nature of the central metal. Thus extreme caution must be taken in applying
this criterion.

It is clear that only a combination of these five criteria would provide reliable
structural diagnosis. Table 1.42 lists the vibrational frequencies of typical isothio-
cyanato and thiocyanato complexes. The v(MN) and v(MS) vibrations of some of these
and other complexes were assigned by using metal isotopes [808] and ' N-substituted
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TABLE 1.42. Vibrational Frequencies of Isothiocyanato and Thiocyanato Complexes
(cm)?

Compound v(CN) v(CS) J(NCS) Ref.
KINCS] 2053 748 486, 471 513 [Chapter 2
(Part A)]
(NEt,)o[Co(—=NCS),] 2062 (s) 837 (w) 481 (m) 794
K3[Cr(—NCS)g] 2098 (vs) 820 (vw) 474 (s) 805
2058 (vs)
(NEt4)2[Cu(—(NCS)4] 2074 (s) 835 (w) — 806
(NEt,)3[Fe(—NCS)g] 2098 (sh) 822 (w) 479 (m) 794
2052 (s)
(NEt4)4[Ni(—NCS)e¢] 2109 (sh) 818 (w) 469 (m) 794
2102 (s)
(NEt4)2[Zn(—NCS)4] 2074 (s) 832 (w) 480 (m) 794
(NH4)[Ag(—SCN),] 2101 (s) 718 (w) 453 (m) 794
2086 (s)
K[Au(—SCN),] 2130 (s) 700 (w) 458 (w) 794
413 (s)
Ko[Hg(—SCN)4] 2134 (m) 716 (m) 461 (m) 794
2122 (sh) 709 (sh) 448 (m)
2109 (s) 703 (sh) 432 (sh)
419 (m)
(NBuy)3[Ir(—SCN)g] 2127 (m) 822 (m) 430 (w) 807
2098 (s) 693 (w)
Ko[Pd(—SCN),] 2125 (s) 703 (w) 474 (w) 794
2095 (s) 697 (sh) 467 (w)
442 (m)
432 (m)
Ko[Pt(—SCN)4] 2128 (s) 696 (W) 477 (w) 794
2099 (s) 469 (w)
2077 (sh) 437 (m)
426 (m)

4vs = very strong; s = strong; m = medium; w = weak; sh = shoulder.

ligands [809]. Figure 1.55 shows the IR and Raman spectra of (TBA); [Ru(NCS)g]
(TBA = tetrabutylammonium ion) obtained by Fricke and Preetz [810]. Biitje and
Preetz [811] obtained the IR and Raman spectra of all 10 isomeric complexes of [Os
(N CS)n(SCN)6_n]3 2 (n =0-6). Preetz and coworkers also reported the vibrational
spectra of N-bonded NCS complexes of Re(IV) [812,813] and Os(IV) [814,815]
complexes, and S-bonded [Pt(—SCN)6]27 [816], [Ir(—SCN)6]37 [817], and [Os
(—SCN)6]3_ [818]. Karbowiak et al. [819] assigned the IR and Raman spectra of
(EtyN)4[M(=NCS);] M =U, Nd) In the [M(NCS),]*~ (M =Zn,Cd,Hg) series,
aqueous Raman studies by Yamaguchi et al. [820] show that all the ligands are
N-bonded in the Zn and S-bonded in the Hg complexes, but both types coexist in the Cd
complex. The Raman spectra of Cd(NCS), dissolved in DMSO suggests that the
Cd atom is S-bonded in this case [821].
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Fig. 1.55. Infrared and Raman spectra of (TBA)3;[Ru(NCS)s]; the symbol x indicates the TBA
(tetrabutylammonium ion) band [810].

Clark and Williams [803] measured the infrared spectra of tetrahedral M(NCS),L,,
monomeric octahedral M(NCS),L,, and polymeric octahedral M(NCS),L,-type
complexes (M =Fe, Co, Ni, etc.; L =py, a-pic, etc.), and studied the relationship
between the spectra and stereochemistry. They found that v(CS) are higher by
40-50cm ™" for tetrahedral than for octahedral complexes for the same metal,
although v(CN) are very similar for both.

The cis- and trans-isomers of [Co(en),(NCS),]C1-H,0, for example, can be
distinguished by infrared spectra in the v(CN) region: trans, 2136 cm™"; cis, 2122
and 2110cm ™' [822]. Lever et al. [823] have found, however, that no splittings of
v(CN) are observed at room temperature for cis-octahedral ML,(NCS),, where M is
Co(IT) and Ni(IT) and L is 1,2-bis-(2’-imidazolin-2’-yl)benzene. The splitting of v(CN)
of this complex was observed only at liquid-nitrogen temperature.

Turco and Pecile [824] noted that the presence of other ligands in a complex
influences the mode of the NCS bonding. For example, in Pt(NCS),L,, the NCS ligand
is N-bonded if L is a phosphine (r-acceptor), and is S-bonded if L is an amine. In the
solid state, Ni(NCS),(PMePh,), is N-bonded (zrans) but its Pd analog is S-bonded
(trans), and the Pt analog is N-bonded (cis) [825]. For [Cr(NCS)4L,]"" ions, Contreras
and Schmidt [826] proposed, on the basis of the v(CN) and v(CS) of these ions,
N-bonding for L =urea, glycinate ion, and so on, and S-bonding for L = thiourea,
acetamide, and so on. These results have been explained in terms of the steric and
electronic effects of L.
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TABLE 1.43. Vibrational Frequencies of True Linkage Isomers Involving the NCS Group
(cm™)

Compound Type v(CN) v(CS) Ref.
trans-[Pd(AsPhg)»(NCS).] { g:ggr’:ggg g??g 854 827-829
. N-bonded 2100 842
Pd(bipy)(NCS)2 { S-bonded 2117 700 830,828
2108
N-bonded 2099 -
(n-Cp)Mo(CO)3(NCS) { S-bonded 2114 699 831
N-bonded 2065 810
Ka[CO(CN)5(NCS)] { S-bonded 2110 718 832
N-bonded 2128 —
trans-{Co(DMG)2(py)(NCS)] { S bonded o118 ~ 833

A variety of true linkage isomers involving the NCS group have been prepared.
Table 1.43 lists the v(CN) and v(CS) of typical pairs of these linkage isomers. Epps and
Marzilli [834] isolated three linkage isomers of AsPhy[Co(DMG),(NCS),]:

Although all these isomers exhibit v(CN)at 2110 cm ™', they can be distinguished by the
differences in the intensity of the v(CN) band; the (NCS,NCS) isomer is the strongest,
the (SCN,SCN) isomer is the weakest, and the (NCS,SCN) isomer is in between. Preetz
and coworkers also reported the vibrational spectra of true linkage isomers for
[OsCls(—NCS)]*~ [835], OsBrs(—NCS)]*~ [836], and [ReCls(—NCS)]*~ [837].

Both N-bonded and S-bonded NCS ligands are mixed in cis- and trans-
[ReBrys(NCS)(SCN)]*~ [838], trans -[IrCl,(NCS)(SCN);]*>~ [839] [Pd(4,4'-dimethyl-
bipy)(NCS)(SCN)] [840], [Pd{Ph,P(CH,);NMe, }(NCS)(SCN)] [841], and other Pd
complexes [842,843]. Similar mixed NCS—SCN bonding was found for [PdL(NCS)
(SCN)], where L is Ph,P(0-CcH4)AsPh, and Ph,P(CH,),NMe, [844]. These bidentate
ligands contain two different donor atoms that give different electronic effects on the
NCS groups trans to them. Thus, the frans effect, together with the steric effect of these
ligands, may be responsible for the mixing of the N- and S-bonding. Using the v(CS) as
a marker, Coyer et al. [845] have shown that the yellow isomer of Pt(bipy)(SCN),
containing two cis, S-bonded ligands is converted into the red isomer with two cis,
N-bonded ligands. This “flip” can occur by heating in solution or in the solid state. In
the case of [Ni(DPEA)(NCS),],[DPEA = di(2-pyridyl-f-ethyl)amine], IR spectra
suggest that terminal N-bonded and bridging NCS groups are mixed [v(CN) =2094
and 2128 cm ™!, respectively] [846].
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Burmeister et al. [847] found that in the ML, X,-type complexes [M = Pd(II),Pt(Il);
L = aneutral ligand; X = SCN, SeCN, NCO, etc.], the mode of bonding of X to the metal
is determined by the nature of the solvent. For example, Pd(AsPh3),(NCS), is N-bonded
in pyridine and acetone solution, whereas it is S-bonded in DMF and DMSO solution.
However, the bonding of the NCO group is insensitive to the nature of the solvent.

The NCS group also forms a bridge between two metal atoms. The CN stretching
frequency of a bridging group is generally higher than that of a terminal group. For
example, HgCo(NCS)4(Co—NCS—Hg) absorbs at 2137 cm ™!, whereas (NEt,),[Co
(—NCS),] absorbs at 2065 cm ™. According to Chatt and Duncanson [848], the CN
stretching frequencies of Pt(IT) complexes are 2182-2150 cm ™' for the bridging and
2120-2100 cm ™" for the terminal NCS group. [(P(n-Pr)3),Pt,(SCN),Cl,] (compound
I) exhibits one bridging CN stretching, whereas [(P(n-Pr)3),Pt,(SCN)4] (compound IT)
exhibits both bridging and terminal CN stretching bands. Thus the IR spectra suggest
that the structure of each compound is as follows:

N
C C
(PR S Cl (PR S, SCN
P
AN
a’ s” “pm-Po; Nes” 87 P(n-Pr)s
C C
N N

(n-pr=n-propyl)
1 II

Compound I, however, exists as two isomers, o and f, which absorb at 2162 and
2169 cm ™', respectively. Chatt and Duncanson [848] originally suggested a geometric
isomerism in which two SCN groups were in a cis or trans position with respect to the
central ring. Later [849-851], “bridge isomerism” of end-to-end type such as the
following was found by X-ray analysis:

(nPsR_ SCN I (PR NCS 1
s N ~\
a1’ NCS P(n-Pr)s a1’ ScN P(m-Pr);
a B

The IR spectra of metal complexes containing bridging NCS groups have been reported
for Sn(NCS), [852], M(py)>(NCS),[M = Mn(1I),Co(II),Ni(II)] [853], [MesPt(NCS)]4
[854], and M[Pt(SCN)s] [M = Co(II), Ni(Il), Fe(II), etc.] [855].

According to X-ray analysis [856], the [Re»(NCS);0]>~ ion contains solely N-

bonded bridging thiocyanate groups that exhibit v(CN) near 1900 cm ™"

S
C
N |/ N‘ ‘/ (All terminal NCS groups
(+)
/

R N ,Re\ are also N-bonded.)
N |
C
S
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In polymeric bridging complex, [Cu(dach)(u-NCS)(NCS)],,, (dach = 1,4-diazacyclo-
heptane), the Cu(dach)(—NCS) units are connected via the novel single NCS bridge of
the end-to-end type, and exhibits the v(CN) at 2140 and 2088 cm ™! [857].

1.17.2. Selenocyanato (SeCN) Complexes

The SeCN group also coordinates to a metal through the nitrogen (M—NCSe) or the
selenium (M—SeCN) or both (M—NCSe—M’). Again, class A metals tend to form
M—N bonds, while class B metals prefer to form M—Se bonds. Although the number
of SeCN complexes studied is much smaller than that of SCN complexes, these studies
suggest the following trends:

(1) v(CN)isbelow 2080 cm ™! for N-bonded, but higher for Se-bonded complexes.
The v(CN) of a bridged complex [HgCo(NCSe),] is at 2146 cm ™' [858].

(2) The v(CSe) is at 700-620 cm~! for N-bonded and at 550-500cm™! for
Se-bonded complexes.

(3) The O(NCSe) of N-bonded complexes are above 400 cm ', whereas
Se-bonded complexes show at least one component of J(NCSe) below
400cm ™.

(4) The integrated intensity of v(CN) is larger for the N-bonded than for the
Se-bonded group [859].

Table 1.44 lists the observed frequencies of typical N-bonded and Se-bonded
complexes.

Burmeister and Gysling [864] observed thatin [PdL,(SeCN),]-type compounds the
effect of changing the n-bonding ability and basicity of L on the Pd—SeCN bonding is

TABLE 1.44. Vibrational Frequencies of Isoselenocyanato and Selenocyanato
Complexes (cm™")

Compound?® v(CN) v(CSe) J6(NCSe) Ref.
K[NCSe] 2070 558 424,416 514 [Chapter 2 (Part A)]
Ro[Mn(—NCSe)q] 2072%72(?82 } 21'(7) } 424 859
Ro[Fe(—NCSe),] 2067,2055 673,666 432 859
R4[Ni(—NCSe)g] 2118,2102 625 430 859
[Ni(pn)2(—NCSe),] 2096,2083 692 — 860
R/,[Co(—NCSe).] 2053 672 433,417 861
[Co(NH3)s(—NCSe)](NO3), 2116 624 — 862
RJ[Zn(—NCSe).] 2087 661 429 859
[Cu(pn)o(—SeCN),] 2053,2028 — — 860
Ra[Rh(—SeCN)g] 2104,2071 515 — 859
R”,[Pd(—SeCN),] 2114,2105 521 410,374 863
Ro[Pt(—SeCN),] 2105,2060 516 — 859
[Pt(bipy)(—SeCN),] 2135, 2125 532,527 — 862
Ko[Pt(—SeCN)g) 2130 519 39§£79 } 861

AR =[N(n-C4Hg)4]’; R’ =[N(C2Hs)4]’; R” =[N(CHa),]'; pn = propylenediamine; bipy = 2,2’-bipyridine.
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negligible in contrast to the analogous SCN complexes. A pair of true linkage isomers
has been isolated and characterized by infrared spectra for [(n-Cp)Fe(CO)(PPhj)
(SeCN) [865] and [Pd(Etsdien)(SeCN)]BPh, [866], where Etydien is 1,1,7,7-tetra-
ethyldiethylenetriamine. Vibrational spectra of osmium complexes containing
—NCSe and —SeCN ligands have been reported by Preetz and coworkers
[867,868]. Their work was extended to mer-[ReCl;(NCSe),(SeCN)]*~ [869],
[ReCL;(NCSe)(SeCN)]z* [870], and M(SeCN)4]2* (M =Pd,Pt) [871]. The IR spectra
of [Ru(NH3)s(NCSe)]l,*2H,0O and its true linkage isomer, [Ru(NH;3)5(SeCN)]
I,:2H,0, are reported [872].

1.17.3. Cyanato (OCN) Complexes

The OCN group may coordinate to a metal through the nitrogen (M—NCO) or the
oxygen (M—OCN) or both. Thus far, the majority of complexes are reported to be N-
bonded. Table 1.45 lists the observed frequencies of N-bonded NCO groups in typical
complexes; v,(NCO) and v{(NCO) denote vibrations consisting mainly of v(CN) and
v(CO), respectively.

Other N-bonded complexes include ML,(NCO), [M = Pd(II),Pt(Il); L = NHj, py,
etc.] [881], In(III)(NCO)s;L5 (L =py, DMSO, etc.) [882], and mer-[Re(II[)(NCO)3
(PMe,Ph);] [883]. Forster and Horrocks [874] carried out normal coordinate analyses

TABLE 1.45. Vibrational Frequencies of Isocyanato Complexes (cm~')

Compound va(NCO)? vs(NCO)? 5(NCO) Refs.
KINCO] 2155 1282,1202 630 512 [Chapter 2 (Part A)]
Si(NCO), 2084 1482 608, 546 873
Ge(NCO), 2247 1426 608, 528 873
[ZN(NCO). 2 2208 1326 624 874
[Mn(NCO). P~ 2222 1335 623 875,876
[Fe(NCO) P~ 2182 1337 619 875.876
[Co(NCO).J2~ gf;; } 1325 620, 617 875,876
[Ni(NCO).J2~ gfgé } 1330 619, 617 875
[Fe(NCO).]~ 2?‘7)? } 1370 626, 619 875

» 2200 — 613,604
[PA(NCO).] 2200 } 1319 3 } 877
[Sn(NCO)e2~ gf;g } 1307 667, 622 877
[Zr(NCO)2~ 2205 1340 628 878

. 1296
[Mo(OCN)e] 2205 12 } 595 879
Ln(NCO)g® 2190 1333 633 880
4Ln=Yb or Lu.

5The notations v, and v, are used because the separation of the v(NC) and v(CO) is not distinct.
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on Zn(NCX)i ~ (X=0,S,or Se). Complete vibrational assignments are available for
the IR spectra of Zn(NCO),L,, where L is NHj; or pyridine [884].

Thus far, O-bonded structures have been suggested for [M(OCN)g]"™ [M =Mo
(I10),Re(IV),Re(V)] [879]. Anderson and Norbury [885] prepared the first example
of linkage isomers: yellow Rh(PPH3)3(NCO) and orange Rh(PPh3);(OCN). The
integrated v(CN) intensity of the former is smaller than that of the free ion, whereas
the intensity of the latter is larger than that of the free ion. Also, the latter exhibits
two 8(OCN) at 607 and 590 cm ™!, whereas the former shows only one band at
592 cm ™. An electron diffraction study shows that the previously reported structure
of FsSe—NCO is not correct; it is FsSe—OCN, with the v,(NCO) and v{(INCO)
occurring at 2290 and 1104 cm ™", respectively [886].

Bridging NCO groups may take one of the following structures:

ﬁ 0 M---NCO---M
/ \ /\
M M M M
1 i 1

Structure I has been proposed for ML,(NCO), (M = Mn,Fe,Co,Ni; L = 3- or 4-CN-
py) [887] and Re,(CO)g(NCO), [888] Thus far, IT is not known. Structure III has been
proposed for [(NH3)sCr(NCO)Cr(NH;3)5]Cls. It exhibits the v,(NCO), v(NCO),
S(NCO), v(Cr—NCO), and v(Cr—OCN) at 2248, 1315, 605, 350, and 303 cm ',
respectively [889]. X-Ray analysis confinned the presence of such a bridge in
[{CuL(u-NCO)},.]"" (ClOy), (L =N,N,N,N"N'"-pentamethyl-3-azapentane-I,5-
diamine). It exhibits v,(NCO) at 2271 and 2204 and v((NCO) at 1323 cm™ ' [890].

1.17.4. Fulminato (CNO) Complexes

The fulminato (CNO™) ion may coordinate to a metal through the carbon (M—CNO),
the oxygen (M—ONC), or both as a bridging ligand. As stated in Sec. 2.5.2 of Part A,
fulminic acid (HCNO) is linear, whereas isofulminic acid (HONC) is bent. The same
trend may hold for their metal complexes. Thus far, all the complexes containing the
CNO group are presumed to be C-bonded. Beck and coworkers have carried out an
extensive vibrational study on metal fulminato complexes. Table 1.46 lists the vibra-
tional frequencies of typical complexes obtained by these workers. A more complete
listing is found in a review by Beck [897].
Beck and Fehlhammer observed rapid isomerization:

NEt4[W(CO)5(CNO)] - NEt[W(CO); (NCO)]

The fulminato complex shows the 2v(NO), v(CN), and v(NO) at 2190, 2110, and
1087 cm ™, respectively, while its isocyanato isomer exhibits the v, and v, at 2235 and
1318 cm ™", respectively [898].
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TABLE 1.46. Observed Frequencies of Typical Fulminate Complexes (cm~')

lon v(CN) v(NO) 5(CNO) Ref.
[CNOJ~ 2052 1057 471 891
[Ag(CNO),]~ 2119 1144 — 892
[Au(CNO),]~ 2173 1180 — 892
[Fe(CNO)g]*~ 2187 1040 514 892
466
[Hg(CNO),J?~ 2130 1143 — 893
[Ni(CNO),J*~ 2184 1122 479 894
470
[Zn(CNO), >4 2146 (Ay) 1177 (A1) 498 (E) 895
2130 (F) 1154 (F») 475 (Fy)
[Pt(CNO), >~ 2194 (Aqg) 1174 (A1) 476 (Bay) 895
2189 (By) 1140 (Byy) 453 (Ey)
Pt(PPhg), (CNO), 2183 1171 — 896
T, symmetry.

bp,,, symmetry.

1.17.5. Azido (N3) Complexes

Table 1.47 lists the observed frequencies of typical azido complexes. The two N3
groups around the Hg atom in Hg,(N3), are in the frans position (C,,), whereas they
are in a twisted configuration (C,) in Hg(N3),. The former exhibits one v,(N3) at
2080 cm ', whereas the latter shows two v,(N3) at 2090 and 2045 cm ™' [904]. For
Co(III) azido ammine complexes and [M(N3),(py),] (M = Cu,Zn,Cd), see Refs. 905
and 906, respectively. Forster and Horrocks [901] made complete assignments of
vibrational spectra of the [Co(N3)4]*~ and [Zn(N3)4]*~ (D) and [Sn(N3)¢]*~ (D3,)
ions. The spectra suggest that the M—NNN bonds in these anions are not linear.
Vibrational spectra are reported for many other azido complexes. These include
[Au(N3),]*" [907], [As(N3),l" [908], [Sb(N3)4]* [908], [Pt(N3)el>~ [909.910],
[Sb(N3),Cl] [911], trans-[PA(N3)>(2-Cl-py),] [912], trans-[Pt(N3).X>]*~ (X=a
halogen) [913], and [OsN(N3)s](PPhy), [914]. Figure 1.56 shows the RR spectra of
[Mn(N3)4(bipy)] and its 15NMN2 isotopomer. The 14N3 complex shows two
v(Mn—N3) bands at 373 and 362 cm ™! that exhibit identical isotope shifts (3 cm;l).
X-Ray studies show that the Mn—N distance of the N3 ligand frans to bipy(1.914A) is
shorter than that of cis to bipy(1.965A). Thus, these bands were assigned to the
v(Mn—N3) of the N; ligands that are trans and cis to the bipy ligand, respectively [915].
The bridging azido groups are found in

N;
[(®Phy) N3P PA(N3)(PPhy)] [916]
N3
and
s
[(acac)2C0\ /\Co(acac)z] [917]
N3
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TABLE 1.47. Vibrational Frequencies of Azido Complexes (cm™")?

Compound? VANNN)  v(NNN) S(NNN)  v(MN) Ref.
[Ns]- 2041 1343 638 48 459 [Chapter 2 (Part A)]
2075, 2060
R[Pt(Na)q] { S0z popy 1276 582 304 899,900
RIAU(Ns)] 2030, 2034 { ]gg] 578 432 899,900
R"5[Zn(Ng)a] 2097, 2058 { ]ggg — — 899,900
2088, 2051 o
Rs[VO(Ns).d] 20922060 1340 652 899,900
405
2005
20452056 (1262 (640 [ 327
Ro[Pd(Na)e] { 2037 { 1253 { 597 { 313 899,900
1275 402
Ro[Pt(Na)e] 2022, 2028 1262 578 397 899,900
1253 320
: 1338 (642
R',[Co(Na)a] 2089, 2050 { o { o2 38 01
, 1330 (650 [ 317
R,[Mn(Na)a] 2058 { 15 { o { Sl 902
: 659 [ 390
Ro[SN(Ns).] 2115,2080 1340 { oo { 50 901
trans-Ro[TICLI(N)s]  2072,2060 1344 610  — 903

“R=[As(Ph)4]"; R"=[N(CzHs)s]"; R" =[P(Ph)a]".

The azido bridge can be either the end-on or the end-to-end type shown below:

N
il
N
L\ N\ /L L\ /T‘IE = N /L
M\ /M\ /M\ /M\
L ll\ll L i N=N=N L
N
fi
N
End-on (u-1,1) End-to-end (p-1,3)

These two types may be distinguished by using an isotopically scrambled ligand
such as "N — YN — N since one expects three and two isotopomers for the end-on
and end-to-end complexes, respectively.

X-Ray analysis [918] shows that the azido bridges in (1-N3),NiL,(ClOy), take the
end-on structure with the v,(N3) at ~2050 cm ™. Here, L is 2,4,4-trimethyl-1,5,9-
triazacyclododeca-1-ene. Both terminal and bridging (end-on) azido groups are present
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Fig. 1.56. Room temperature RR spectra of [Mn(bpy)(Ns)4] and its '* N'* N, -labeled isotopomer in
CH,Cl, solution excited at 457.9 nm; 50-mW laser power, 6-cm™ ! slit widths; the bands marked by
asterisks are due to bpy vibrations (bpy = bipy) [916].

in [Rh3(u-dpmp),(CO)3(u-N3)N3] (BPhy). Here, dpmp is bis((diphenylphosphino)-
methyl)phenylphosphine. The v,(N5) of the former is at 2035 cm ', whereas that of the
latter is at 2085 cm™' [919].

Similar mixing of azido coordination is found in [Cp*TaCl(N3)(u-N3)],(1-O)
[920], and [Cp*V(N3),(1-N3)]» [921] (Cp* = pentamethyl Cp). End-on and end-to-
end bridgings are mixed in polymeric [Cu(N3)3](Me4N) [922]. The v(N3) frequencies
of these bridging azide groups are reported.

A novel azidoimido(-N,4) complex, mer-[Os(IV)(bipy)Cl3(N4)] (PPN) complex
{PPN = [(PPh3),N]" ion} was synthesized by the following reaction:

mer-{Os(VI)(bipy)Cls(N)] + Ng'ﬂ)mer-[(bipy)CIZOs(IVFl\k ]
N=N=N]

The IR spectrum (all 4N except for bipy) exhibits the v,(N; ) and v(Os—N) at 2058
and 1092 cm ™', respectively [923].
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1.18. COMPLEXES OF CARBON MONOXIDE

In the last few decades, a large number of carbonyl complexes have been synthesized,
and their spectra and structures have been studied exhaustively. This section describes
only typical results obtained from these investigations. For more comprehensive
information, several review articles [924-928] should be consulted.

Most carbonyl complexes exhibit strong and sharp v(CO) bands at ~2100-
1800cm ™. Since v(CO) is generally free from coupling with other modes and is
not obscured by the presence of other vibrations, studies of v(CO) alone often provide
valuable information about the structure and bonding of carbonyl complexes. In the
majority of compounds, v(CO) of free CO (2155 cm ™ ') is shifted to lower frequencies.
In terms of simple MO theory, this observation has been explained as follows: (1) the
g-bond is formed by donating 5¢ electrons of CO to the empty orbital of the metal (see
Fig. 1.57), which tends to raise v(CO), since the 5o orbital is slightly antibonding; and
(2) the n-bond is formed by backdonating the dr-electrons of the metal to an empty
antibonding orbital, the 2pn* orbital of CO. This tends to lower v(CO). Although these
two components of bonding are synergic, the net result is a drift of electrons from the
metal to CO when the metal is in a relatively low oxidation state. Thus the v(CO) of
metal carbonyl complexes are generally lower than the value for free CO. The opposite
trend is observed, however, when CO is complexed with metal halides in which the
metals are in a relatively higher oxidation state (see Sec. 1.18.6).

If CO forms a bridge between two metals, its v(CO) (1900-1800 cm™ ') is much
lower than that of the terminal CO group (2100-2000 cm™ ). An extremely low v(CO)
(~1300 cm ™) is observed when the bridging CO group forms an adduct via its O atom
(see Sec. 1.18.2) [929].

1.18.1. Mononuclear Carbonyls
Table 1.48 lists the observed frequencies and band assignments of mononuclear
carbonyls of tetrahedral (T,), trigonal-bipyramidal (D5,), and octahedral (O,)

structures. Complete normal coordinate analyses have been made on most of these
carbonyls. Jones and coworkers [935,936] carried out extensive vibrational studies on

o- bond @M@ @czo —  w Je=o
QAOQ_ O Qe M
GO IO T TS

Fig. 1.57. The ¢ and n bonding in metal carbonyls.

- bond
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TABLE 1.48. Vibrational Frequencies and Band Assignments of Mononuclear Metal
Carbonyls?

Compound Symmetry State v (CO) v (MC) J (MCO) 6 (MCC) Ref.

Ni(CO)4 Ty Gas 2131(A) 367.5(A;) 380(E) 64(E) 930
2057.6(F2) 421(F) 458.8(F2) 80(Fy)

300(F;)

[Co(CO)4]™ Ta Solution 2002(A;) 431(Aq) 523(F») 91(E) 931
1890(F2) 556(F>)

[Fe(CO)4 2~ Ty Solution 1788(A+) 464(A,) 550(Fy) 100-85 932
1788(F») 644(F») 785(E) (E,Fy)

[Rh(CO)4]" D.p Solid 2214(A1g)  406(A1g)  465(Az,) 933
2174(B;g)  406(Byg)  306(Ey)
2137(E,) 331(E,) 543(E,)

[PA(CO).]" D4n Solid 2278(A1g)  383(A1g)  427(Az.) 933
2263(Big)  363(Big) 95(Bx)

2249(E,)  336(E,)  484(E,)
[P{CO).]* D.,  Solid  2289(Aig)  436(Aiy)  473(Az) 933
2267(B;,) 408(Biy)  341(E,)  99(Bay)
2244(E,)  360(E,)  518(E,)
Fe(CO)s Dsn  Liquid  2116(4)  418(A)  278(A%)  107(E') 934
(
(
(
(

2030(A;)  381(A4) 653(E')  64(E') 935
1989(E')  482(E')  559(E’)
491(E")
448(E")
Cr(CO)s 0, Gas 2118.7(A1y) 379.2(A1y) 364.1(Fp) 97.2(F;,) 936

2026.7(E,) 390.6(E;) 668.1(F1,) 89.7(Fag)
2000.4(F;,) 440.5(Fy,) 532.1(Fa,) 67.9(Fa)

510.9(F2,)
Mo(CO)s 0, Gas 2120.7(Ai) 391.2(A1y) 341.6(F,) 81.6(F;,) 936
2024.8(E,) 381(E;)  595.6(F1,) 79.2(Fag)
2000.3(F;,) 367.2(F;) 477.4(Fag) 60(Fay,)
507.2(Fay)
W(CO)s 0, Gas 2126.2(A;,) 426(A;;)  361.6(F,) 82.0(F;,) 936
2021.1(E,) 410(E;)  586.6(F1,) 81.4(Faq)
1997.6(F;) 374.4(F:,) 482.0(Fo) 61.4(Fy)
521.3(Fay)
[Fe(CO)s2* O,  Solid  2241(Ai,) 347(A;)  (336)(Fiy) 170(Fy,) 937

2220(E,)  361(E;)  586(Fi,)  138(Fzg)
2204(Fy,)  380(Fy) 501(Fap)  114(Fuy)

)
[Os(CO)]?* O, Sold  2258(A;y) 429(A,)  345(F,) 145(F;,) 938

(
(
(
2214(Ey) 409(Ey) 560(F1.) 142(Fzg)
2189(F4.) 344(F4,) 509(Fo,)  96(Fo)
480(F2g)

[V(CO)e]™ O, Solution 2020(A:y)  374(A1g)  356(F1g)  92(Fy,) 939
1894(Ey) 393(Ey) 650(F1,)  84(Fyy)
1858(F1.) 460(F1,) 517(Fzg)

506(Fz.)

(continued)
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TABLE 1.48. (Continued)
Compound Symmetry State v(CO) v(MC) d(MCO) o(MCC)  Ref.

[Re(CO)q]" (o} Solution  2197(Ar))  441(Ayy)  354(Fig) 82(Fi,) 939
2122(E,)  426(E;)  584(F,) 82(Fag)
2085(Fy,) 356(F1,)  486(Fag)

522(Fay)

[Mn(CO)e]" (o8 Solution  2192(A;,)  384(A:,)  347(Fy,) 101(Fy,) 940
2125(E,)  390(E,)  636(Fi,) 101(Fzp)
2095(Fy) 412(F1,)  500(Fag)

500(Fa,)

4Vibrational coupling may occur among the three low-frequency modes.
®IR in solution, and Raman in solid.

Fe(CO)s and M(CO)s (M = Cr,Mo,W), including their 3C and 'O species. They
obtained the following F, force constants (mdyn/A) from gas-phase spectra:

Cr(CO)s  Mo(CO)s  W(CO)g

F(C=0) 17.22 17.39 17.21 (GVF)
F(M—C) 1.64 1.43 1.80

This result indicates that the M—C bond strength increases in the order Mo < Cr < W,
an order also supported by a Raman intensity study of these compounds [941]. On the
other hand, Hendra and Qurashi [942] related the Raman intensity ratio of two Ay,
modes, I(v{, CO stretching)/I(v,, MC stretching), to the n-character of the M—C bond,
and concluded that the M—C bond strength increases in the order Cr < W < Mo < Re(]).
Kettle et al. [943] noted that the relative intensities of Raman bands of these metal
carbonyls are anomalous. For example, the intensity ratios, (A, )/I(E,), are only about
0.15 for the M(CO)g series mentioned above. The origins of these anomalies have been
discussed by these workers [944,945]. Raman spectra of hexacarbonyls in the vapor
phase [946] and in Ar matrices [947] have been reported. Adelman and Gerrity [948]
measured the UVRR spectra of Cr(CO)g and W(CO)g (cyclohexane solution) in the
regions of the two lowest allowed (A, — F,,) CT transitions (excitation at 355-253
nm), and obtained evidence for Jahn—Teller distortion in their excited states.

In general, the v(CO) is lowered as the negative charge on the metal carbonyl
increases. For example, the v(CO) (average value; see Table 1.48) is in the following
order:

Ni(CO),  [Co(CO),]”  [Fe(CO),J*"
2094 > 1946 > 1788 (cm1)

In terms of the bonding scheme mentioned earlier, this result indicates that the metal-
CO n-backbonding increases as the negative charge increases. The v(CO) of the [Nb
(CO)s] ionareat2019 (A,,), 1878-1887 (E,), and 1860 cm™ ! (F1,) [949]. The v(CO)
of the [Ir*~ (CO)3]37 jon is at 1665cm ™' in hexamethylphosphoamide solution (IR)
[950], and that of the [Co(CO)s]~ ion is as low as ~1610cm™' (a shoulder at
1740cm ™) [951]. Highly reduced species such as Nay[M(CO)4] M = Cr,Mo,W of
formal oxidation state, —IV) exhibit very low v(CO) at 1530-1460 cm ! [952].
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S S S S S S S S
S Na* S A™ S S Nat* A~ S S A" Na* A~ S
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Solvent separated Contact ion Triple ion
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1887 cm™' (T,) 1899, 1856 cm™' (C,,) 1906, 1846 cm ' (C,,)

Fig. 1.58. Structures and v(CO) of Na[Co(CO),] at three ion sites in THF solution; A~ and S
indicate the anion and solvent, respectively [957].

Conversely, as the positive charge of the complex increases, the v(CO) is shifted to
higher frequency because the g-bonding becomes more predominant Thus, metal
carbonyl cations such as [Hg(CO)2]2+ (vs, 2281 and v, 2278 cm_l) [953] and
[Au(CO),]T (v, 2246.0 and v,, 2210.5cm™ 1) [954] show extremely high v(CO). The
[Pt(CO)4]2+ ion exhibits three v(CO) at 2281 (A ), 2257 (B,,), and 2235 cm ™! (E,),
which are much higher than those of neutral Pt(CO),4 (2067 cm ') [955].

Edgell and coworkers [956] attributed the band at 413 cm!of Li[Co(COy)] in a
THF solution to the vibrations of the alkali ions, which form ion pairs with [Co
(CO)4]™ . For sodium and potassium salts, the corresponding bands are observed at
192 and 142 cm ™' respectively. From computer-aided curve analysis of IR spectra of
Na[Co(CO),] in the v(CO) region, they [957] also demonstrated that there are three
kinds of ion sites in THF solution, each of which exhibits different spectra. Their
structures and v(CO) are shown in Fig. 1.58.

Infrared spectroscopy has been utilized to elucidate the modes of CO bonding on
the surfaces of metal single crystals [958,959] and metal oxide catalysts. In general, the
observed v(CO) frequencies were used to distinguish various modes of binding. The IR
spectra of CO adsorbed on the (111) surface of platinum metal at 85-300 K show the
terminal v(CO) at2110cm ™' and bridging v(CO) at 1842 (two-fold bridge) and 1822
(three-fold bridge) cm ! [960]. Ichikawa and Fukushima [961] studied the modes of
adsorption of CO on SiO, supported Rh—Mn catalyst. They observed that, by
increasing the percentage of Mn, the bridging v(CO) at 1880 cm ™" is progressively
shifted to 1700cm ™' and a new weak shoulder band appears near 1520 cm ™. To
account for these results, two types of bridging structures involving the Rh and Mn
atoms on the SiO, surfaces were proposed as shown:

o=g
M C

X
/ R \O

(6] h |
TITTHTTTEE T 77 77 77

M~Mn*, Ti® /Ti*,

1.18.2. Polynuclear Carbonyls

Since polynuclear carbonyls take a variety of structures, elucidation of their structures
by vibrational spectroscopy has been a subject of considerable interest. The principles
involved in these structure determinations were described in Sec. 1.11 of Part A.
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However, the structures of some polynuclear complexes are too complicated to allow
elucidation by simple application of selection rules based on symmetry. Thus the
results are often ambiguous. In these cases, one must resort to X-ray analysis to obtain
definitive and accurate structural information. However, vibrational spectroscopy is
still useful in elucidating the structures of metal carbonyls in solution.

In general, the terminal v(CO) is higher than the bridging v(CO). Thus, the [Pd,(p-
CO)2]2+ ion, which contains two bridging and no terminal CO ligands (D5, structure I
of Fig. 1.59), exhibits two bridging v(CO) at 2027(R) and 1977(IR) cm~ ! [962],
whereas the [Pt(I)z(CO)(g]2+ ion, which has no bridging CO ligands (D, structure II),
exhibits five terminal v(CO) between 2233 and 2173 cm™! (Raman spectrum in
concentrated H,SO, solution) [963]. According to X-ray analysis [964], Co,(CO)g
takes structure III. For this C,, structure, five terminal and two bridging v(CO) are
expected to be IR-active; the former were observed at 2075, 2064, 2047, 2035, and

A ek

I (Dgp) II(D3q) 11 (Cy,)
V(D3a) VI (Dan)
9
s
VII (Dygg) IX (Dai)
VIl (Czp)
X (Dg)
X1 (C30) Xt (Dsa

Fig. 1.59. Structures of polynuclear metal carbonyls.
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2028 cm ™', and the latter were located at 1867 and 1859 cm ™' [965]. When the
Co,(CO)g in various gas matrices are photolyzed, the IR spectra show the presence of
the third isomer (structure V) in addition to two isomers(IIl and IV) [966].

Sheline and Pitzer [967] first measured the IR spectrum of Fe,(CO)g and observed two
terminal (2080 and 2034 cm ™ l) and one bridging(1828 cm™ l) v(CO) bands. Their result
agrees with that expected from structure VI determined by X-ray analysis [968].
Figure 1.59 (VII) shows the structure of Mny(CO);, obtained by X-ray analysis
[969]. This Dy, structure predicts four Raman- and three IR-active v(CO) bands. Adams
etal. [970] observed the former at 2116 (A), 1997 (A;), 2024 (E»), and 1981 (E%) cm” !,
and Bor [971] bserved the latter at 2046 (B,), 1984 (B,), and 2015 (E;) cm™ ! in solution.
Levenson et al. [972] confirmed these infrared assignments by studying the polarization
properties of the three bands in a nematic liquid crystal. The structures of Re,(CO);( and
T»(CO)g are similar to that of Mn,(CO);o. The vibrational spectra of Re,(CO);q,
Tco(CO) g, MnTc(CO); g, and TcRe(CO), are reported [970,973-976]. High-pressure
IR and Raman studies show that the symmetries of Mn,(CO),, and Re,(CO);o change
from D, to Dy, at pressures of 8 and 5 kbar, respectively, owing to phase transitions [977].

Figure 1.59 (VIII) shows the structure of Fe;(CO);, determined by X-ray analysis
[978]. This structure can account for Mossbauer [979] and solid-state infrared spectra.
In solution, the infrared spectrum does not agree with that expected for structure VIII;
the bridging v(CO) is very weak and the terminal v(CO) region is broad without
resolution. Cotton and Hunter [980] suggest that a whole range of structures varying
from Dy, (structure IX) to C,, (structure VIII) are in equilibrium, with the majority
close to D3;,. Johnson suggests the presence of a new isomer of D3 symmetry, shown by
structure X [981]. DFT calculations on Fe,(CO)o(D3;,) and Fe3(CO);, (C,,) [982]
suggest reassignments of their vibrational spectra.

According to X-ray analysis [983], Os3(CO);, takes the D3y, structure (IX), for
which four terminal v(CO) should be infrared-active. Huggins et al. [984] assigned
them at 2068 (E'), 2035 (A",), 2014 (E'), and 2002 (E')cm ™ '. Quicksall and Spiro
[985] assigned the Raman spectra of Os3(CO);, and analogous Ruz(CO);,, for which
six v(CO) are expected in the Raman spectrum. For Os3(CO);,, they are observed at
2130 (A’y), 2028 (E"), 2019 (E"), 2006 (A’y), 2000 (E'), and 1989 (E') cem ™
Vibrational spectra of solid M3(CO);, (M =Ru,Os) in the v(CO) region have been
assigned on the basis of factor group analysis [986]. The v(CO) of Ru3(CO);, and
Os3(CO), (D3y,) were correlated with those of their mixed metal carbonyls, Ru,Os
(CO);, and RuOs,(CO);, (Cyyp) [987]. The IR spectrum of [CoRh(p-CO),(CO)s]
exhibits five terminal and two bridging v(CO) vibrations [988].

Accoiding to X-ray analysis [989], Co4(CO);, takes the Cj, structure (XI of
Fig. 1.59), for which six terminal and two bridging v(CO) are infrared-active.
Vibrational analyses have been made on Co4(CO);, and Rhy(CO);, [990]. The v(CO)
frequencies are reported for [CoRuz(CO);3] [991]. The v(M—M) of Ir4(CO);, (Ty)
are at 209 (A)) and 162 (F5,) cm !, and those of its derivatives such as Ir;Mo(CO)q;
(nS—C5H4Me) were assigned [992]. Stammreich et al. [993] proposed structure XII of
D3, symmetry from a Raman study of M[Co(CO)4], M =Cd or Hg). For this
structure, three v(CO) are Raman-active and the other three are infrared-active. The
former were observed at 2107 (A;,), 2030 (A,,), and 1990 (E,) cm ! [993], and the
latter were located at 2072 (A,,,), 2022 (A,,), and 2007 (E,) cm ! [994]. Ziegler et al.
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Fig. 1.60. Structures of unusual bridging carbonyls.

[995] made complete vibrational assignments of the M[Co(CO),], series, where M is
Zn, Cd, and Hg.

Figure 1.60 shows the structures of unusual bridging carbonyl compounds found by
X-ray analysis. “Semibridging” carbonyls (structure I) are present in (Cp),V,(CO)s,
and their v(CO) have been assigned to the bands at 1871 and 1832 cm ™! [996]. A
“semitriple bridging” carbonyl group (structure II) was found in [(Cp),Rh3(CO)4]™
[997], and the band at 1693 cm ™' is probably due to this carbonyl. The IR band at
1662 cm ™! of PtCo,(CO)s(u-dppm) (dppm = Ph,P—CH,—PPh,) has bee assigned to
a “semitriple bridging” carbonyl stretching vibration [998]. Another “semitriple
bridging” carbonyl group (structure III) in (Cp);Nb3(CO); exhibits an extremely low
v(CO) at 1330cm ™' [999].

The v(CO) frequencies of a series of trigonal bipyramidal [MRh4(CO), s> ions
(M =Fe,Ru,0s) show that the spectra in the bridging region are more structure-
sensitive than are those in the terminal region [1000]. Vibrationai spectra are reported
for polynuclear complexes of unusual structures such as [FegN(CO), 5]3 ~ (~0p)
[1001] and H;C—C—Co3(CO)o [1002].

The structures of large metal carbonyl clusters such as [Rh23N4(CO)3g]37
have been determined by X-ray analysis and characterized by IR spectroscopy
[1003]. These include [Pd;5N3(CO)34]*~ [1004], [Ag;Nisa(CO)ao]*~ [1005], and
[NizgPts(CO)4g]"™ (n=15-9) [1006].

According to Roth et al. [1007,1008], [Pt,4(CO)30]" exhibits six reversible one-
electron redox steps (n=0 to —6) in organic solvents, and each redox form gives
characteristic v(CO) (terminal and bridged) bands that are shifted to lower frequencies
in a near-linear fashion as n becomes more negative. Such IR spectroelectrochemistry
was found to be highly important in comparing the electronic and bonding properties
of large ionizable metal clusters with those of chargeable metal surfaces.

Shriveretal. [1009] found that the O atom of the bridging CO group can form abond
with a Lewis acid such as AlEts. Kristoff and Shriver [929] observed that Co,(CO)g
forms an adduct of the following type:

/Co—'C:: ~
C 0
il
(6
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As expected from this structure, the adduct exhibits two bridging v(CO) in the
infrared: one at 1867 cm ™!, which is 15cm™! higher, and the other at 1600 cm ™!,
which is 232cm™ ! lower, than that of the parent compound. In the case of
Fe,(CO)AlBrs, only one bridging v(CO) is observed at 1557 cm ™. This suggests
the following structure, which resulted from rearrangement of the CO groups of

the parent compound:

\:A].Brg

Metal—carbon vibrations in carbonyl carbide clusters have been assigned by several
investigators. The iron butterfly carbide in the [Fe4C(CO)12]2_ ion has an idealized
symmetry of C,, as shown in Fig. 1.61. Using '2C /13C isotope shift data, Stanghellini
et al. [1010] carried out normal coordinate calculations on this skeleton. Figure 1.61
illustrates the four normal modes together with their frequencies. It is seen that the first
three normal modes involve the motions of the carbide carbon atom and their
frequencies are between 930 and 600 cm™~'. The frequency of the last mode is low
because it involves the motions of the Fe atoms.

For other metal carbide clusters, the metal-carbide stretching vibrations have
been assigned empirically. In [MsC(CO);5] (M =Ru, Os), for example, these
vibrations are located in the 800~730cm ™! region [1011]. The C atom in CosC
(CO),S; is located at the center of the trigonal prism formed by six Co atoms, and
its Co—C (carbide) vibrations were assigned at 819 and 548 cm™ ! based on 12C/”C
isotope shift data [1012]. In the [Os;¢C(CO),4]" ion, the carbide C atom is at the
center of the Os;, skeleton [1013]. The '2C/!3C isotope experiments show the
presence of three Os—C (carbide) stretching vibrations at 772.8, 760.3, and
735.4cm”! [1014].

] ~
Fe ..._q-.Fe Fe....:q...-Fe Fec\’Fe waFe-r G o Fo me
y Fe\'ée Fe\l;e Fe\l:‘e Fe\l;e
X B: Aq(2) 8. A1)
929 666 608 272 (cm-)

Fig. 1.61. Normal modes, symmetries, and vibrational frequencies of the iron butterfly carbide in
the [Fe,C(CO):-FF~ ion [1010].
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A carbon atom capping a three-metal array may form a CCO ligand owing to its
strong affinity for CO. Sailor and Shriver [1015] have demonstrated the formation
of such a ligand in solid (PPN),[Ru3(CO)¢(u-CO)3(u3-CCO)] [PPN = (PPhs3),N"
ion).

0
|
% (CSv)
C.
AN
Ru/ I Ru
Ru

The Raman spectra exhibits four polarized bands (A;) that are sensitive to the
12C/13C substitution of the CCO moiety; the v(CRuz) (319cm™'), w(C=C)
(1309 cmfl), and v(C=0) (2024 and 1980 cmfl). The last two bands are presum-
ably due to vibrationally coupled modes between the v(CCO) and the v(CO) of
terminal CO groups directly bonded to the Ru atoms.

For metal-metal stretching vibrations of polynuclear carbonyls, see Sec. 1.26.

1.18.3. Metal Carbonyls Containing Other Ligands

There are many metal carbonyls in which some of the CO groups are replaced by other
ligands such as halogens, phosphorus derivatives, and cyclopentadienyl groups.
Vibrational spectroscopy has been utilized to study the effects of these substitutions
on the metal-CO bonding.

If one of the CO groups is substituted by a halogen (X), the v(CO) tends to shift to a
higher frequency since the metal-CO n-backbonding decreases as the metal becomes
more electropositive by forming a M—X bond. Thus, we obtain a series such as

Pt(CO)4 [Pt(CO)Cl5]™ cis-[Pt(CO),Cl,] [Pt(CO)Cl5]™
2067 (av) [1016] < 2097 [1017] < 2163 (av) [1018] < 2184 [1019] (cm™ ')

It should be noted that the oxidation state of the Pt atom has been changed from Pt
(0) to Pt(II) to Pt(IV) in the series shown above. As discussed earlier, the v(CO) is
lowered as the negative charge on the metal carbonyl increases. Thus, the v(CO) of [Os
(CO)Cls]™ (2121 em™ 1) is 170 cm ™! higher than that of [Os(CO)Cls]*~ [1020].

Table 1.49 lists the observed frequencies of typical compounds for which complete
band assignments have been made. Figure 1.62 shows the RR spectrum of solid (TBA)
[trans-OsBr4(CO),] (TBA = tetra-n-butylammonium ion) obtained by Johannsen and
Preetz [1025]. It shows a series of overtones of the totally symmetric v(Os—Br) (v,
209.3 cm™ ") up to 10 v5 together with many combination bands involving other totally
symmetric fundamentals [v;(CO), 2122.1 and v, (OsC), 460.4 cm_l].

Goggin and Mink [1026] prepared the planar bridging carbonyl halide complexes
of Pd(I), [sz(CO)2X4]27 (X=Cl or Br) (structure I in Fig. 1.63) and observed the
v4(CO) and v,(CO) of the bridging CO at 1969 and 1907 cm ', respectively, in IR
spectra.
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TABLE 1.49. Vibrational Frequencies of Metal Carbonyl Halides (cm™")

IR or Raman and

Compound Symmetry v(CO) v(MX) Ref.
Mn(CO)sCl IR (Cav) 2138 (A1) 291 (A1)
2056 (E) 1021
2000 (A1)
Mn(CO)sBr IR (Cs0) 2138 (A1) 222 (A¢)? 1022
2052 (E)
2007 (A1)
fac-[Os(CO)sCls] ™ Raman (Cay) 2125 (Ay) 321 (Aq) 1023
2022 (E) 287 (E)
2033 (E)
cis-[0s(CO),Cl >~ Raman (Cau) 2016 (A1) 316 (Aq) 1023
1910 (B,) 281 (Ay) 1024
308 (By)
[Os(CO)Cls]*~ IR (Cav) 1968 (A4) 332 (Aq)? 1023
316 (A1)?
306 (E)
[Pt(CO)Cls]~ IR (C2y) 2120 (A1) 331 (Ay) 1023
310 (A¢) 1017,1018

“Raman frequency.

El-Sayed and Kaesz [1027] studied the v(CO) of M,(CO)sX, (M =Mn,Tc,Re;
X =CLBr,I), and proposed the halogen-bridging structure II shown in Fig. 1.63. Four
infrared-active v(CO) have been observed in accordance with this structure. Garland
and Wilt [1028] interpreted the infrared spectrum of Rh,(CO)4X, (X = Cl1,Br) on the
basis of the C,, structure III (Fig. 1.63) found by X-ray analysis [1029]. As predicted,
three infrared-active v(CO) have been observed for this compound. Johnson et al.
[1030] studied the exchange of C'%0 with CO groups of Rh,(CO),X, (X=Cl, Br, I,
etc.) with time by following the variation of infrared spectra in the v(CO) region.

3vzevy  2vgeyy v3evy v 10v3 9vy 8v3 Supvy Tvg 4vgevpbvy 3vpvaSvy 2vgevpdvy  vaewpdvg vp.2v v3

Lo |

<~—fjom 7 2500 5000 7500 T000 500 0

Fig. 1.62. The RR spectrum of (TBA) [trans-OsBr,(CO),] in a KBr disk at 80K (496.5nm
excitation) [1025].
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Fig. 1.63. Structures of metal carbonyl halides.

Cotton and Johnson [1031] proposed the staggered structure IV for Fe,(CO)gl,, since
only two v(CO) were observed in the infrared.

If COisreplaced by a phosphine, v(CO) decreased since the latter is a strong g-donor
but a weak m-acceptor. In the [Nijs ,(PMe3),(CO)ay 3,]>~ series (n=2,3,4), both
terminal and bridging v(CO) are downshifted as n increases [1032]. Ligands such as
arsines, amines, and isonitriles give similar results. Table 1.50 lists the v(CO) of typical
compounds. Vibrational assignments have been reported for cis-[M(CO)4(L—L)]
[M=CrMo,W, and L-L is Ph,P—(CH,),—PPh,, n=1-3] [1038], [CpW
(CO),(PMes5)(SiH,Me)] [1039], and [M(CO)s(CS)] (M =Cr,W), and their CSe

TABLE 1.50. CO Stretching Frequencies of Metal Carbonyls Containing Other
Ligands (cm~7)

IR or Raman

Compound and Symmetry v(CO) Ref.

Ni(CO)s(PMes3) Raman (Cav) 2069 (A1), 1980 (E) 1033

Fe(CO)4(PMe3) Raman (Csy) 2051 (A1), 1967 (Aq) 1034
1911 (E)

Fe(CO)4(AsMe3) Raman (Cav) 2050 (Aq), 1964 (A;) 1034
1911 (E)

Co(CO)s(PEts) IR (C4v) 2060 (A1), 1973 (By) 1035
1943 (A,), 1935 (E)

W(CO)s(NMe3) IR (C4v) 2073 (Aq), 1932 (E) 1036
1920 (A;)

W(CO)4(bipy) IR (Csy) 2010 (A¢), 1900 (By) 1037

1874 (Aq), 1832 (By)
W(CO)a(bipy)s IR (C») 1778 (Ay), 1719 (By) 1037
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analogs [1040]. The IR spectra of M(CO)sL., where M is Mo or Wand L is Kr or Xe, have
been measured. The lifetime of the Kr complex is ~0.1 s in liquid Kr at 150 K [1041].

Low-frequency infrared species have been reported for M(CO)¢_,, (PR3)n (M =Cer,
Mo, W) [1042], M(CO)¢_, (CH3CN),, M =Cr, W; n=1,2) [1043], and Fe(CO)4L
(L =PPh;, AsPh;, and SbPh3) [1044]. References on vibrational spectra of metal
carbonyls containg other ligands include B(CO)(CF3); [1045] and mer-[Ir(CO)3
(SO5F)5] [1046].

1.18.4. CO Adducts of Metalloporphyrins

Vibrational spectra of CO adducts of metalloporphyrins have been reviewed by
Kitagawa and Ozaki [226] and Yu [1047]. In general, these compounds exhibit the
y(CO) in the 2100-1900 cm ! region. In the M(TPP)(CO), series, the v,(CO) follows
the order:

Co(TPP)(CO), [1048]  Fe(TPP)(CO), [1049]  Ru(TPP)(CO), [1050]
2078 > 2042 > 2005 (em™h

This result indicates that the degree of the M — CO m-backdonation increases in
going from Co(Il) to Fe(Il) to Ru(Il). The 1:1 adduct, Fe(TPP)(CO), exhibits the
v(CO) at 1973 cm ™', which is lower than that of Fe(TPP)(CO), because the net
M — CO n-backdonation decreases in the latter due to competition between the two
CO ligands [1049].

Yu and coworkers carried out an extensive RR study on CO adducts of metallo-
porphyrins by using isotopic ligands, *C'60, 12C'80, and *C!®0. In the 700-
100cm ™! region, Fe(T,;, PP)(CO)(1-Melm) (T, PP: “picket-fence” porphyrin shown
in Fig. 1.64a) shows only one isotope-sensitive band at 489 cm~'. This band has been
assigned to the v (Fe—C) because it shifts from 485 to 481 to 477 cm ™! in the order

FeT,iPP(NMelm): R, = H, R, = CHj FeSP-13  n=5
FeTpiyPP(2Meim): Ry = CH; R, =H FeSP-14  n=6
FeT,PP(Me,im): Ry = R, = CHy FeSP-15 n=7

Fig. 1.64. Structures of (a) “picket-fence” and (b) “strapped” porphyrins.
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shown above for the isotopic CO ligands. It is also sensitive to the nature of the trans-
ligand (L); the weaker the M—L bond is, the stronger the Fe—CO bond. However, no
bands assignable to the 6(FeCO) were resonance-enhanced [1051].

In CO adducts of simple metalloporphyrins such as Fe(TPP)(CO), the Fe—C—0O
bond is linear and normal to the porphyrin plane. In the “strapped” porphyrins
(Fig. 1.64b), the Fe—C—O (linear) bond is tilted because of steric hindrance of the
“strap.” According to Yu [1047], this tilting increases the electron donation from a
pyrrole ring (m) to the CO (n*) orbital because of a better overlap between these
orbitals. This would decrease the CO bond order and increase the Fe—C bond order.
Thus, the following trends are observed as the “strap” is shortened [1052]:

SP-15 SP-14 SP-13

V(CO)em ™) 1945 > 1939 > 1932

v(Fe—C)(cm™") 509 < 512 < 514
— 504 506

In the latter two complexes, the v(Fe—C) bands are split into two bands; the higher-
and lower-frequency components were attributed to the “tilted” and “upright”
conformers, respectively. Similar trends in frequency were observed for a hybrid of
the “picket-fence” and the “basket-handle” porphyrins [1053].

The RR spectra of these “strapped” porphyrins exhibit the 6(FeCO), which shows
the “zigzag” isotope shift pattern. For example, SP-14 exhibits this band at 578 cm ™",
which s shifted to 563 (13C'°0), 575 (12C'80),and 561 (:*C'30) cm ™! by the isotopic
substitutions indicated in the parentheses. In contrast, the v(Fe—C) vibration near
510cm ™! shows a normal (monotonous) isotopic shift pattern. This difference has
often been used to distinguish these two models. It should be noted, however, that the
observation of a “zigzag” isotope shift pattern does not necessarily indicate the
bending mode (Sec. 3.2.1). Yu et al. [1052] also observed that the degree of reso-
nance enhancement of the 6(FeCO) relative to the v(Fe—C) mode increases as the
distortion of the Fe—C=O0 linkage increases by shortening the “strap” length.

As described above, Yu and coworkers originally assigned the d(FeCO) near
560 cm ', which are higher than the v(Fe—C) near 510cm ™', and their assignments
have been followed by many other workers. However, an alternative assignment has
been proposed for the CO adducts of heme proteins (Sec. 3.2.1).

1.18.5. Hydrocarbonyls

Hydrocarbonyls exhibit bands characteristic of both M—H and M—CO groups. Kaesz
and Saillant [1054] reviewed the vibrational spectra of metal carbonyls containing the
hydrido group. Vibrational spectra of hydrido complexes containing other groups are
discussed in Sec. 1.24. In general, the terminal M—H group exhibits a relatively sharp-
and medium-intensity v(MH) band in the 2200-1800 cm ' region. The MH stretching
band can be distinguished easily from the CO stretching band by the deuteration
experiment.

Edgell and coworkers [1055] assigned the infrared bands at 1934 and 704 cm ™' of
HCo(CO), to v(CoH) and 6(CoH), respectively, and proposed structure I of Fig. 1.65,
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Fig. 1.65. Structures of hydrocarbonyls.

in which the H atom is on the C3 axis. Stammreich et al. [932] reported the Raman
spectrum of HFe(CO), , which is expected to have a structure similar to that of
HCo(CO),. According to X-ray analysis [1056], the Mn(CO)5 skeleton of HMn(CO)5
takes the Cy, structure shown in structure II. Kaesz and coworkers [1057,1058]
assigned the infrared spectrum of HMn(CO)s in the v(CO) region on the basis of this
structure. The Raman spectra of HMn(CO)s and HRe(CO)5 exhibit their v(MH) at
1780 and 1824 cm ™!, respectively [1059].

Edgell et al. [1061] have completed a complete vibrational assignment of gaseous
HMn(CO)s. The infrared spectrum of HFe(CO), in hexane at —78°C exhibits three or
more v(CO) above 2000 cm ™! and a weak, broad v(FeH) at 1887 cm™ ! Thus, Farmery
and Kilner [1061] suggested structure III. Table 1.51 lists the observed frequencies of
other hydrocarbonyl compounds.

It is rather difficult to locate the bridging v(MH) in polynuclear hydrocarbonyls.
These vibrations appear in the region from 1600 to 800 cm ™', and are rather broad at
room temperature although they are sharpened at low temperatures. Higgins et al.
[1066] were the first to suggest the presence of bridging hydrogens in Re;H3(CO);,
(structure 1V) since no terminal v(ReH) bands were observed. Smith et al. [1067]
observed a very weak and broad band at 1100cm ™' in the Raman spectrum of
Re;H3(CO), and assigned it to the bridging v(ReH) since it shifted to 787 cm™ ! on
deuteration.

Although structure V was proposed for [M,H(CO),¢]~ (M = Cr, Mo and W) [1068],
the W—H—W angle of the tungsten complex was found to be 137° [1069]. Shriver et al.
[1070] located the antisymmetric and symmetric stretching vibrations of the W—H—W
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TABLE 1.51. Vibrational Frequencies of Metal Hydrocarbonyl Compounds (cm~')?

Compound ¥(CO) v(MH) S(MH) Ref.
RhH(CO)(PPha)s 1926 2004 784 1062
IrH(CO)(PPha)s 1930 2068 822 1062
IrHCI»(CO)(PEt,Ph), 2101 2008 — 1063
IrHBro(CO)(PEt,Ph), 2035 2232 — 1063
ITHCI»(CO)(PPhs), 2027 2240 — 1064
OsHCI(CO)(PPhs). 1912 2097 — 1064
OsH,(CO)(PPhs), 2014 1928 — 1065
1990 1873

@For the configurations of these molecules, see the original references.

bridge at 1683 and ~900 cm ', respectively. At ~80 K, the latter splits into four bands
at 960, 869, 832, and 702 cm ™', Although the origin of this splitting is not clear, the
possibility of Fermi resonance with an overtone or a combination band involving the
V(WC) or (WCO) was ruled out on the basis of CO—C'®0 isotopic shifts [1070].

Ginsberg and Hawkes [1071] suggested structure VI for [Re;H3(CO)g] ~ since they
could not observe any terminal v(ReH) vibrationals. The bridging v(FeH) band of
FeHCo5(CO),, in the infrared was finally located at 1114 cm ! by Mays and Simpson
[1072], using a highly concentrated KBr pellet. This band shifts to 813cm™"' on
deuteration. On the basis of mass spectroscopic and infrared evidence, they proposed
structure VII, in which the H atom is located inside the metal atom cage. From the
spectrain the v(CO) region, together with X-ray evidence, Kaesz etal. [1073] proposed
the T, skeleton (structure VIII) for [Re4,He(CO);5]% . It showed no terminal v(ReH),
but a broad bridging v(ReH) centered at 1165cm™" was observed in its Raman
spectrum. This band shifts to 832 cm ™' with less broadening on deuteration. Bennett
et al. [1074] found no terminal v(ReH) in the infrared spectrum of Re,H,(CO)s.
However, its Raman spectrum exhibits bands at 1382 and 1272 cm ™!, which shift to
974 and 924 cm ™', respectively, on deuteration. The D, structure (IX) was proposed
for this compound.

Figure 1.66 shows the Raman spectra of RuyH4(CO);, and RuyD4(CO);,
obtained by Knox et al. [1075]. Two v(RuH) bands at 1585 and 1290 cm ™! of the
former compound are shifted to 1153 and 909 cm ™', respectively, on deuteration. Its
infrared spectrum exhibits five v(CO) instead of the two expected for T,; symmetry.
Thus a structure of D,, symmetry, which lacks two H atoms from structure VIII, was
proposed [1076]. The v(OsH) vibrations of the analogous Os complex have also
been assigned [1077]. In the [RugH(CO),g]  ion, the H atom is located at the center
of an octahedron consisting of six Ru atoms [1078]. Oxton et al. [1079] located its
v(R—H) at 845 and 806 cm ™' (95 K), which are probably split by Fermi resonance.

As stated in Sec. 1.8 (on aquo complexes), the inelastic neutron scattering
(INS) technique is very effective in locating hydrogen vibrations. White and
Wright [1080] found two hydrogen vibrations at 608 and 312cm™' in the
INS spectrum of Mn3H3(CO),,. However, the nature of these vibrations is not
clear.
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Fig. 1.66. Raman spectra of Ru,H4(CO);, and its deuterated analog [1075].

1.18.6. Metal Carbonyls in Inert Gas Matrices

General theory of matrix isolation spectroscopy and examples of matrix cocondensa-
tion reactions are given in Secs. 1.25 and 1.26 of Part A, respectively. Cocondensation
reaction of metal atom vapors with CO yields a mixture of different compositions

M+nCO—-M(CO), (n=1~6)

and photolysis of coordinatively saturated metal carbonyls yields metal carbonyls of
lower coordination numbers:

M(CO), 2% M(CO), | = M(CO), _,—

Andrews and co-workers [1081] prepared a variety of metal carbonyls and determined
their structures using the methods described in Sec. 1.26. In most cases, their structures
were elucidated on the basis of IR spectra in the high-frequency region, because
Raman spectra are technically difficult to measure in inert gas matrices and because
the spectra in the low-frequency region are difficult to measure even by IR spectro-
scopy. Table 1.52 lists the symmetry, structure, and the number of IR-active v(CO)
vibrations of M(CO),, (n = 1-6)-type molecules. As an example, Fig. 1.38 of Part A
shows the IR spectra of Sc(CO),, obtained by cocondensation reaction in Ar matrices.

Ni(CO), in Armatricesis bent (C,,)) and not linear as previously proposed. This was
confirmed by complete assignments of all the nine modes, including >*/°*Ni and '%/3C
isotopomers [1082]. The linear Pd(CO) molecule in Ar matrices (site I) exhibits five
palladium isotope peaks ('*Pd, 'Pd, '%Pd, '%pd, and '"°Pd) of the v(Pd—C)
vibrations at 472.97, 472.48, 472.06, 471.18, and 470.32 cmfl, respectively [1083].
As stated in Sec. 1.26, cationic M(CO)," species such as Fe(CO)* and Fe(CO)," are
produced by laser ablation techniques [1084], whereas anionic species such as
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TABLE 1.52. Number of Infrared-Active CO Stretching Vibrations for M(CO),

Molecule Symmetry and Structure IR-Active v(CO)
M(CO) C..o Linear F
M(CO), D..;, Linear g
M(CO). (% Bent Ai+B;
M(CO)3 Dsp Trigonal—-planar E’
M(CO)3 Cs, Trigonal-pyramidal A+ E
M(CO), Ty Tetrahedral Fs
M(CO), D4n Square—planar E,
M(CO)s C., Tetragonal-pyramidal 2A+E
M(CO)s Dap Trigonal-bipyramidal AL+ E'
M(CO)g O, Octahedral Fiy

Ni(CO), (n=1-3)are produced by UVirradiation and electron bombardment [ 1085].
For all metal carbonyls, v(CO) frequencies follow the order, cations > neutrals >
anions. For example, Ni(CO)" (2206.3) > Ni(CO)(2006.6) > Ni(CO) (1860.6) (all
inem™ ) [1081].

Ultraviolet photolysis of Ni(CO), in O,-doped Ar matrices produces mixed-ligand
species such as (172 —-0,)Ni(CO),, (172-02)Ni(CO)3, and O=Ni(CO),. The v(1602) of
the side-on O, of the first speciesis at 978 cm ™ '11086]. The v(CO) of linear M(CO)Cl-
type molecules are at 2218.7, 2156.8, and 2184.0 cm~! for M=Ni, Cu, and Ag,
respectively [1087].

Photon-induced isomerization reactions such as shown below are known to occur
for

M(CO) - C—M—0 (M = Nb,Th,U)

M(CO), - 0—M—C—C—0 (M = Ti,Zr,Hf,Nb,Ta,Th,U)

For example, C—Nb—O thus obtained exhibits two bands at 919.8 and 783.7 cm ™"
[1088]. The v(CO) of Li—CO and Li—OC were observed at 1806 and 1614 cm !,
respectively, in Kr matrices [1089]. Such an “isocarbonyl” structure, O=C—Au—0=C,
was also proposed for Au(CO), [1090]. The pair of OC—BeO and CO—BeO was
produced by the cocondensation reaction of pulsed-laser-evaporated Be atoms with
CO,/Ar. The former exhibits the v(CO) and v(Be—O) at 2139.4 and 1498.2 cm !,
respectively, whereas the latter exhibits these bands at 2056.5 and 1533.9 cm ! [1091].

Poliakoff and Turner [1092] carried out UV photolysis of *CO-enriched Fe(CO);
in SFs and Ar matrices [Fe(CO)s -2 Fe(CO), +CO], and concluded that the
structure of Fe(CO), is C,,, since it exhibits four v(CO) (24, + B, + B,) in the infrared
spectrum. Graham et al. [1093] proposed the Cy,, structure for Cr(CO)s produced by the
photolysis of Cr(CO)g in inert gas matrices. On the other hand, Kiindig and Ozin [1094]
proposed the D3, structure for Cr(CO); prepared by cocondensation of Cr atoms with
CO in inert gas matrices. They derived a general rule that M(CO)s species take the Dy,
structure when the number of valence-shell electrons is even [Cr (16), Fe (18)], and the
C,,, structure when itis odd [V (15), Mn (17)]. However, the D5y, structure of Cr(CO)s
has been questioned by Black and Braterman [1095] and Perutz and Turner [1096].
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The UV photolysis of Fe;(CO)q in Ar matrices produces Fe,(CO)g of C,, symmetry
having two bridging CO groups [1097]. Photolysis of Mn,(CO), by plane-polarized
light in Ar matrices produces Mn,(CO)o, which exhibits the v(CO) at 1764 cm ™'
[1098,1099]. Dunkin et al. [1098] proposed the semibridging structure on the basis of
its polarization properties:

A

(004)Mn/—‘*4—5°—\—Mn(co4)

Ultraviolet photolysis of MnRe(CO),o in Ar matrices yields MnRe(CO)o with the
v(CO)at 1759.8 cm ™' [1100]. A semibridging structure similar to that proposed above
may be expected.

Carbonyl complexes of the type MX,CO are formed by reacting metal halide vapor
directly with CO in inert gas matrices [1101,1102]. In this case, v(CO) shifts to higher
frequencies by complexation, since the bonding is dominated by the donation of o-
electrons to the metal. On the other hand, v(MX) shifts to lower frequencies because
the oxidation state of the metal is lowered by accepting o-electrons from CO.
Figure 1.67 shows infrared spectra of the PbF,—L system (L =CO,NO,N,) in Ar
matrices obtained by Tevault and Nakamoto [1102].

In this series, the magnitudes of the shifts of the PbF, and L stretching bands (cm_l)
relative to the free state are as follows:

\ PbF,CO PbF,NO PbFE,N,
v(PbF,) —10.8 -88 -5.8
v, (PbF,) —10.9 -85 -5.0
v(L) +38.4 +16.4 —

This result definitely indicates that CO is the best, NO is the next best, and N, is the
poorest g-donor.

Other work involves the direct deposition of stable carbonyls in inert gas matrices,
mainly to study the effect of matrix environments on the structure. Both Fe(CO)s
[1103] and M5(CO);» M =Ru,Os) [1104] were found to be distorted from D5,
symmetry in inert gas matrices. If a thick deposit is made on a cryogenic window while
maintaining a relatively high sample/inert gas dilution ratio, it is possible to observe
low-frequency modes such as v(MC) and 6(MCO). It was found that these bands show
splittings due to the mixing of metal isotopes. For example, the F';,, v(CrC) of Cr(CO)¢
in a N, matrix exhibits four bands due to *°Cr, >’Cr, >3Cr, and >*Cr (see Fig. 1.36 of
Part A). The magnitude of these isotope splittings may be used to estimate the degree of
the v(MC)—06(MCO) mixing in the low-frequency vibrations [1105].

1.18.7. Theoretical Calculations of Vibrational Frequencies

Normal coordinate analyses on metal carbonyl compounds have been carried out
by many investigators. Among them, Jones and coworkers have made the most
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Fig. 1.67. Infrared spectra of PbF,, PbF,CO, PbF.NO, and PbF.N,in Ar matrices: (m) monomeric
PbF,; (d) dimeric PbF,; (c) complex; (i) impurity (HF-CQO) [1101].

extensive study in this field. For example, they performed rigorous calculations
on the M(CO)g (M =Cr,Mo,W) series [936], Fe(CO)s [935], and Mn(CO);Br
[1022], including their '3C and 'O analogs. For the last compound, 5 stretching,
16 stretching—stretching interaction, and 33 bending—bending interaction constants
(GVF) were used to calculate its 30 normal vibrations.

On the other hand, Cotton and Kraihanzel (C-K) [1106] developed an approxi-
mation (C-K) method for calculating the CO stretching and CO—CO stretching
interaction constants, while neglecting all other low-frequency modes. For Mn
(CO)sBr, they used only the five force constants [1107] shown in Fig. 1.68. Since
only four CO stretching bands are observed for this type of compound, it was
assumed that %k, = k. = kg holds. This was justified on the basis of the symmetry
properties of the metal dn orbitals involved. This C—K method has since been
applied to many other carbonyls in making band assignments, in interpreting
intensity data, and in discussing the bonding schemes of metal carbonyls [924].
It is clear that the choice of a rigorous approach (Jones) or a simplified method
(C-K) depends on the availability of observed data and the purpose of the
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Fig. 1.68. Definition of force constants for M(CO)sX.

investigation. Jones [1108] and Cotton [1109] discuss the merits of their respective
approaches relative to the alternative.

As mentioned earlier, v(CO) of metal carbonyls are determined by two factors: (1)
donation of the 5g-electrons to the empty metal orbital tends to raise the v(CO) since
the So orbital is slightly antibonding; and (2) backdonation of metal dn-electrons to the
2pmn orbitals of CO tends to lower v(CO) since the 2pm orbitals are antibonding.
Vibrational spectroscopy does not allow observation of these two effects separately
since the observed v(CO) and the corresponding force constant reflect only the net
result of the two counteracting components. It is possible, however, to correlate the CO
stretching force constants (C—K) with the occupancies of the 5S¢ and 2pr orbitals as
calculated by MO theory. Table 1.53 lists the results obtained for d°® carbonyl halides
and dihalides by Hall and Fenske [1110]. It is interesting that the trans-CO in
Fe(CO)4l, and the cis-CO in Mn(CO)sCl have almost the same force constants since
the 5o occupancy of the former is smaller by 0.102 than that of the latter, while the 2pn
occupancy of the former is larger by 0.108 than that of the latter. It is also noteworthy
that the trans-CO in Fe(CO)4l, and the cis-CO in Cr(CO)sCI™ have identical 2pn
occupancies (0.537) but substantially different force constants (17.43 and 15.58 mdyn/
1&, respectively). In this case, the difference in force constants originates in the
difference in the 50 occupancies (1.293 vs. 1.457). Hall and Fenske [1110] found a
linear relationship between the C—K CO stretching force constants and the occupan-
cies of the 5¢ and 2pm levels:

k= —11.73]2m, + 2m, + (0.810)50] + 35.81
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TABLE 1.53. Carbonyl Orbital Occupancies? and Force Constants

Compound Structure 50 21y 2, k (mdyn/A)?
Cr(CO)sCI™ trans 1.407 0.355 0.355 14.07
Cr(CO)sBr~ trans 1.405 0.353 0.353 14.10
Mn(CO),l5 trans 1.354 0.302 0.330 15.48
Mn(CO)4IBr~ trans 1.355 0.302 0.327 15.48
Mn(CO),Br; trans 1.357 0.302 0.325 15.50
Cr(CO)sBr cis 1.456 0.261 0.282 15.56
Cr(CO)sCl™ cis 1.457 0.261 0.276 15.58
Mn(CO)sCl trans 1.352 0.286 0.286 16.28
Mn(CO)sBr trans 1.350 0.286 0.286 16.32
Mn(CO)sl trans 1.349 0.286 0.286 16.37
Mn(CO),l; cis 1.402 0.251 0.251 16.75
Mn(CO)4IBr~ cis 1.404 0.241 0.252 16.77
Mn(CO),Br; cis 1.406 0.242 0.242 16.91
Mn(CO)sl cis 1.394 0.213 0.240 17.29
Mn(CO)sBr cis 1.394 0.212 0.228 17.39
Fe(CO)4ls trans 1.293 0.252 0.285 17.43
Mn(CO)sClI cis 1.395 0.211 0.218 17.46
Fe(CO)4Br» trans 1.295 0.250 0.272 17.53
Fe(CO)sBr trans 1.287 0.233 0.233 17.93
Fe(CO)sCI™ trans 1.289 0.233 0.233 17.95
Fe(CO)al, cis 1.337 0.221 0.221 17.95
Fe(CO)4Br» cis 1.338 0.205 0.205 18.26
Fe(CO)sCI* cis 1.325 0.171 0.177 18.99
Fe(CO)sBr" cis 1.825 0.171 0.193 19.00

“The cisand trans designations of the CO groups are made with respect to the position of the halogen or halogens.
bCotton—Kraihanzel force constants (see Ref. 1110).

A similar attempt has been made for a series of Mn carbonyls containing isocyanide
groups [1111].

As described in Sec. 1.24 of Part A, density functional theory (DFT) has been used
to determine the structures of a variety of compou