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SUMMARY

A survey of the published data on M-X
bond vibrations (M = Pt, Pd; X = Cl, Br, I) high-
lighted several gaps in the information.

A full assignment of the infrared spectra
of anionic bridged complexes of platinum and
palladium identified stretching modes in terminal
and bridged positions and bending modes. These
assignments provide the basis for an extended
examination of substituted halogen-bridged complexes
of Pt(II), PA(II) and Rh(I). The terminal and
higher bridge V(MX) have relatively constant
frequencies, whilst the lower bridge mode varies
with the nature of the ligand, L. In the first
systematic study of Pt(IV) complexes, the infrared
spectra of cis- and trans- [PtX4L21 are assigned.
The number of V(PtX) and V(PtL) modes observed
relate to the gtereochemistry of the complexes and
distinguish between cis-~ and trans- isomers. In
trans- [PthLg] , V(PtX) is ligand insensitive
whereas for the cis- complexes, vibrations of the

Pt-X bonds trans to L show a marked ligand

dependence.



From an extensive review of M-L bond
vibrations (L = S, Se, Te, As, P, py, olefin) and
the corresponding low-frequency ligand spectra,
assignments of V(ML) and dJd(ILML) are made for the
platinum, palladium and rhodium complexes.

Finally the first assignments of infrared-
active metal-metal bond vibrations are recorded for

transition metal-tin complexes.



INTRODUCTION




1. General

Platinum and to a lesser extent palladium
and rhodium form a wide wvariety of halide and
substituted halide complexes and thus are ideal metals
for an extensive study of metal-halogen and metal-
ligand modes. The general approach has been to
record the far-infrared spectra of related series
of complexes and to make empirical assignments based
upon group theoretical predictions. Metal-ligand
vibrations are the subject of an extensive review
in Chapter V, where the evidence for their assignment
is collated, and are not discussed here. Chapters I,
IT and IV are concerned with platinum- and palladium-
halogen vibrations and many new assignments are made.
Therefore it is pertinent here to review the state of
knowledge of these modes upto and during the course
of this work. ©Subsequently vibrational interactions
are discussed as the assumption has been made that in
general it is realistic to talk in terms of M-L and
M~X modes rather than of complex vibrations of the

whole molecule.

2. Platinum— and palladium-halogen vibrations.

In 1957, Brame 1° assigned V(PtCl) for



Pt012 and PtCl4 at 320 and 343 cm._/I respectively

and found V(PtCl) bands at corresponding frequencies
in several ammine and ethylenediamine complexes.
Curiously, these results have only appeared in a
thesis and have not been published generally.
Subsequent work did not appear until 1961-2 but since
then the volume of results has increased yearly. For
the purposes of this discussion only the most
important work is quoted in the text and full

references are given in the tables.

2.1. [, ]2

The distribution and activity of the

fundamentals for square-planar [MX4] 2- is as follows.
D4h 1. 2. 5. 4, 5. . 7.
Aﬂg A2u Bﬁg Bﬂu B2g Eu Eu
R IR R Inact R IR IR

2_, both Raman57 and infrared

For [Pt014]
data5’5 have been recorded and the assignments are
well established, (Table 1). For K2PtCl4 the infrared-
actiye fundamentals lie near 325, 190 and 175 cm! for

Vv(PtCl), Jd(PtCl) and n(PtCl) respectively. As the



cation is increased in size, V(PtCl) drops to a

/|

lower frequency, viz. 316 cm. = for CsePtCI45.

Limited infrared data exist for ‘[PtBr4] 2=, The
assignment of V(PtBr) at 233 by Adams and Gebbie6
has been confirmed55 but those of the bending modes
at 135 and 80 c:m.—/I are more doubtful. No Raman
data is available for [PdX4] 2= put infrared-
active modes have been assigned at %32, 191, 168 and

1

254, 126, 106 cm. = for K PACl, and K, PdBr,

2
respectivelya. Durig = et. al. have shown that as the
cation is changed from K' to [Pd(NH5)4] 2+, v(Pdcl)

drops from 335 to 324 cm._q, (Table 2).

oo
2.2. MY :

The distribution and activity of the

fundamentals for octahedral [MX6] 2- is as follows.

Oh 1. 2. 3. 4. 5. 6.
Aﬂg Eg Fﬂu Fﬂu F2g F2u
R R IR IR R Inact.

The anions [PtXg ] 2= (X = C1, Br) and [Fac1y ] 2=

have been fully assigned from Raman42 and infrared

work41, (Table %). The stretching frequencies are



10-20 cm.”] higher than in corresponding M(II)
anions, the effect on frequency of increase in
oxidation state outweighing that of increase in

coordination number.

2.3, Substituted M(II) complexes.

There is no Raman data on platinum or
palladium substituted complexes. The infrared data
on cis- and trans- [MX2L2] is considerable though
confined to X = Cl, Br, (Tables 4 to 7). For cis-
complexes two V(MX) have generally been observed
and one is found for trans- complexes in accord with
theory. A systematic study of cis- and trans-

[PtX2L2] by Adams et. al. soundly established a
relation between the stretching frequency of the
platinum-chlorine bond and the nature of the trans-
ligand®?. They found that, in cis- [PtClng]
complexes, the average of the Vv(PtCl) frequencies
varies from 336 (L = pyridine) to 292 cm.” | (L = PEty).
LT the series trans- [PtCIR(PEt,), ] 5%, 2 (Table 7),
is included then the lower limit of V(PtCl) is
extended to 269 cm._q, (R = H). This wide range of

V(PtCl) frequencies (for bromides ¥V (PtBr) is in

the range 251-184 cm.-q) indicates a marked dependence



of platinum-chlorine bond strength on L when L is
trans to chloride. In contrast, for trans- complexes
[PtClng] , V(PtCl) is insensitive to L occurring
at 3329 + 4 cm.—q. The most important factor determin-
ing the platinum-halogen bond strength is the
electronegativity of L but there are anomalies which
might be attributed to T-bonding in the Pt-L bond.
There is a rough inverse correlation between the trans-
directing influence of L and ¥V (PtX), with the
notable exception of [PtXE.COD] in which V(PtX) is
relatively high although the olefin has a high trans-
effect. This accords with the view that there are
inductive and mesomeric mechanisms whereby a ligand
can exert its trans- effect. trans- Bond weakening
is to be associated only with the inductive mechanism,
whereas olefins exert their trans- effect mainly
by the mesomeric mechanism. This area is further
pursued in the discussion in Chapter II. TFurther work
on these complexes has extended the frequency range
of V(PtX) and provided confirmation of the ligand
correlation. (Table 4 and 5). A similar but less
marked dependence of V(MCl) on a trans- ligand is
seen in the published data for PA(II) complexes,

(Table 6). The range of ligand is narrower and no



bromo-complexes have been studied apart from
trans- [dez(NHB)e] , (X = C1, Br, I) for which
Hendra and Sadasivan  found Y (PdBr) and vV (P4I)
at 228 and 195 cm.” respectively55.

Data on complexes of the type [MXaL] -
is confined to K [PtClBLJ , (Table 8). The trans-
PtCl2 grouping absorbs consistently at a higher
frequency than that of the single Pt-Cl bond trans
to L. This is in accord with theories of the
trans- effect. Smart59 found a weaker absorption
on the low-frequency side of the V(PtCl) bands in
Zeises' salt, ( A = 10 cm.” ), which he attributed
to V(L1 ).

In a study of the diethylenetriamine

21

complex, [Pd(dien)X] X, Watt and Klett assigned

/I

V(PdX) at 3%% and 241 cm. ' for X = Cl, Br;

J(PAI) lying below 200 em.” T,

A square-planar MXEM halogen-bridged system
should exhibit two infrared-active frequencies mainly
associated with M-X stretching, B2u and BBu' There
are a few isolated assignments of these bridge
frequencies in platinum and palladium complexes of
the type MX,L,, (Table I-1, Chapter 1)19’ 26, 27,

For PtCl2 which has a structure identical with that



2+

of the ['Ta60112] ion, the highest absorption

at %18 cm.'q was assigned to V(PtCl)b26. (PdClg)n

which has a chain structure absorbs at 340 cm._/| 26.

2.4 Substituted complexes of platinum and

palladium (IV).

Pa(IV) complexes have not been studied and
the small amount of data on Pt(IV) complexes is
presented in Table 9. For cis- [PtX4L2] , theory
allows four V(PtCl) vibrations whilst for the trans-
complex one is allowed. Two brief studiesqq’ 45 of
cis- [PtCl4L2] were in accord with theory but incomplete
in that only three V(PtCl) bands were observed,

(see Chapter IV). In the only other study of Pt(IV)
complexes, Jones/|8 assigned V(PtX) at 349, 247 and

199 cm.”" for trans- K, [PtX,(CN),] , X = C1, Br and I
respectively. Generally Pt(IV)-halogen bond stretching
vibrations lie at frequencies similar to those found
for Pt(II) complexes, although further work is

required to elucidate their behaviour with variation

of ligand.

2.5 Summary .

Table 10 represents the infrared data

discussed in this review expressed in frequency ranges



Table 1.

Frequencies and assignments for [PtXM] 2= ¥
Raman Infrared Reference
V4 V5 V3 06 07 Vo

[pe,] & 335 304 164 57
R, PtCl, 5 R =K 325 192 175 5
K 326 194 175 3
Rb 320 190 167 5
Cs 316 185 160 5
Pt(NH5)4 310 198 175 3
Pd(NH5)4 321 188 174 3
pyH. 515 28
R, PtBr, ; R = K 233 135 80 6
K 254 55
pyH. ' 230 28

Further work in references 16, 25, 34.



-10-

Table 2.

- X
Frequencies and assignments for deX“] 2

T

| Vg 07 V, | Reference
R, PdACl, ; R -K 332 191 168 3
K 3355 15
Cs 327 14
NH4 329 15
MeNH5 330 15
EtNH3 329 15
P (NH,), 321 15
Pt(NH5)4 3%3% 224 164 5
K2PdBr4 _ 254 136 106 3
264 35

Further work in reference 3%8.



-11-

Table 3.

S 12

*

Frequencies and Assignments for [MX
|

©=3

*

Raman Infrared
Cation Reference
Vi VY Vs V3 v,
[ Pto1, ] 2= 344 320 162 4o
K 343 182 4
K 344 186 6
NEt,, 330 4
[ PtBr6] 2= 207 190 97 42
K 210 78 6
K 244 90 41
[Ptl6] 2= K 186 46 6
[ paci] 2= 317 292 16k 4o
K 340 175 41
K 356 6
NEt, 337 4

Further work in references 11 and A4,
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Table 4.

V(PtX) frequencies for frans- [PXL, | (b)),
L. V(PtC1l) V(PtBr) Reference
SEt, 342 254 33
SeEt, 557 241 5%
N 332 227 33
PhNH, 331 44
py 343 251 33
PMe 326 14
PEty 340 254 33
PPrgn 339 259 33
PPhy 345 23

(@) qpp B4l 253 9
AsMes 337 14
AsEt, 339 251 33
AsPry" 337 245 33

(b) Further work in references 2,7,11,16,22,27,28,35

(a) T PP - triphenylphosphole.
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Table D.
N(PtX) frequencies for cig- [Pthgg} (b)

L. N (PtC1) v (PtBr) Reference
SEt2 550 518 254 226 oY)
(PhSCH2—) 317 %1% 13
SeEt, 333 317 33
(PhSeCHg—) 520 514 1%
TeEt2 302 282 217 208 )
PePr’, 306 291 33
NH5 %26 224 221 %5
Py 543 328 219 211 55
bipy 551 358 36
MeCN 560 345 %6
PhCN 556 346 56
PM€3 302 288 277 14
PEL 5035 281 212 194 55
PPréa 307 277 35
ASM65 515 293 14
AsEt 514 288 55
AsPr 3 310 286 220 55
SbPr 511 281 217 55
cop( 338 316 230 215 33

(a) COD - 1, 5 cyclooctadiene
(b)

Further work in references 7,10,11,16,20,27,28.
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Table 7.
Vv (PtX) frequencies for trans- [PtXR(PEtBQE} 53

V(PtC1) v (PtBr)
R = H 269 184
Ph 270 184
Me 274
C6F5(a) 310

(a)

Reference 2.

Table 8. V(PtCl) frequencies for K fPtClZL] .

t ]
trans Cl1-Pt-Cl | trans Cl-Pt-L | Reference
L = CpHy| 343 335 308 298 39
CsDy 545 508 39
C2H4 340 551 506 27
05H6 550 506 32
CBD6 550 506 32
ol 335 (sh) 330 505 27
ac, | 326 312 27
ac, 335 (sh) 325 514 27
ol. = allyl alcohol; ac, = (Me5C(OH)C= );
ac, = (Me,C(OMe)C= ).
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Table 9.

N (PtX) frequencies for some substituted Pt(IV) complexes

cis trans | Reference

PtCl,Ly; L = NH; 350 3%7 330 344 11

Py 552 34% %29 43

bipy 361 348 %30 290 | 43

phen 361 348 324 43

diph 345 289 272 ) 4%

diars a04 289 2770 43

PtC1,(NHz),(N0,),| 330 305 35% 11

K, [PtClg(N02)4} 333 11
K, [Pth(CN)4] :

X = Cl1 349 18

Br ou” 18.

I 199 18

PtC1,(NH), 348 11

PtC15(NHz),(NO,) | 349 320 1
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for the M-X vibrations.

Table 10. Freguency ranges for M-X vibrations.
Stretching Bending
M = Pt X =Cl 360-270 200-160
Br 260-180 155-80
I - -
M = P4 X =Cl 365-270 225-165
Br - -
I - -

Only for V(PtX), X = Cl, Br and V(P4dCl) can the
data be considered adequate. Frequencies of bending
modes are confined to simple complex halides and
M-I bond vibrations are almost unknown, so that a
frequency range cannot be given for these modes.

In addition there are large gaps in the knowledge
of M-X vibrations for some structural types. In
particular, halogen-bridged complexes of Pt(II) and
PA(II) and substituted Pt(IV) complexes. A major
aim of this thesis has been to provide this further
information. Thus in Chapter I [M2X6] 2_,

(M = Pt, Pd; X = C1, Br, I), systems act as proto-

types for terminal and bridged-stretching frequencies
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and provide more data on bending modes. In Chapter II
this information is used to assign corresponding
modes in a range of substituted halogen-bridged
M2X4L2 complexes and the effect of varying L on these
modes is discussed. Finally in Chapter IV, cis-and
trans- [PtX4L2] complexes are examined in the

first systematic study of Pt(IV) complexes. Stretch-
ing and bending modes are assigned for X = Cl, Br

and I and their sensitivity to L is examined. ZFinally
the number of V(PtX) modes observed is shown to be

a useful guide to the stereochemistry of these

complexes.

3. Vibrational interactions.

As a prologue to the work in this thesis
it is relevant at this point to discuss the evidence
for applying the concept of group (or localised)
vibrationsto the skeletal vibrations of complex
inorganic systems, e.g. VY(MX) and V(ML) frequencies.
A basis for this discussion is the classic work on
this subject by Herzberg98, In the interpretation
of the vibrational spectra of organic molecules the

concept of group frequencies is valuable. For example,

all molecules containing the =CH bond have normal
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frequencies of about 3300 and 700 cm.—q corresponding
to the C-H bond-stretching and bond-bending
vibrations. This is possible because such
vibrations are highly localised and involve few
molecular coordinates. In contrast, there are no
generally useful correlations for V(C-C) because
these are skeletal vibrations. TFor example in a
molecule containing -}C-é—N(a complex vibration
is expected rather than one characteristic of each
bond, since the masses as well as the force constants
are of about the same magnitude; whereas in a molecule
containing ‘>C-CEEN, there would be a characteristic
group frequency for C-C and C=N.

The metal-ligand vibrations studied in
this work are skeletal vibrations and are therefore
likely to be sensitive to changes in the complex as
a whole. Vibrational interactions are considered
so that the problems of interpretation and assignment
may be appreciated. A further principle to be
considered is that modes of the same symmetry species
will interact and perturb one another, the extent of
the interaction depending on how close the unperturbed

frequencies lie. Thus for linear X-M-X, the two
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stretching modes are of different symmetry and
will not interact with one another. For X-IM-Y
such interaction is allowed and will result in
'mixing' of V(M-X) and V (M-Y), so that in some
cases it may not be possible to talk about NV (M-X)
and vV (M-Y) but rather only about two normal modes
involving both types of stretching. In complexes
where the force constants of the M-X and M-Y bonds
markedly differ, the two modes will correspond
closely to V(M-X) and V(M-Y). TFor example in

/I

trans- [PtHCl(PEtB)e] , WPtH) = 2230 cm.” ' and

v (PtCl) = 269 cm.” . However in a system such as
cis- [PtClg(SMe2)2] , there must be considerable
'mixing' and it may be meaningless to describe
observed bands as V(PtCl) or V(PtS). The just-
ification for doing so rests upon the fact that
these vibrational interactions will be damped out
by the large mass of the central metal atomn.

Comparison of the SnMe4_nCl (n = 0 to 3), series

n’
with the Ge, Si and C analogues shows that the
vibrational fundamentals of the R group become
'purer' and less coupled as the mass of the central

metal atom is increased. This is because the metal
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atom moves less and less during the vibration and
the vibration is increasingly the oscillation of

187. Thus for platinum descriptions

the Me group
such as, V(PtX) and ¥V (PtL) should be good
approximations but for palladium and rhodium they

will be less accurate. In particular there may be
substantial mixing in the iodo and to a lesser extent
the bromo- complexes where the mass of the halogen
becomes similar to that of the metal atom. To

further investigate these systems full Raman data

are required. Along with the infrared results, this
data will provide the information for a normal
coordinate analysis and a calculation of the potential
energy distribution amongst the internal coordinates.

The latter being a direct measure of the extent of

vibrational interaction.



CHAPTER T

Halogen-bridged anionic complexes of

Pt(IT) and PA(II).
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-1, Introduction

A square-planar bridged system M,X,,
(Figure I—l), should exhibit two infrared-active
frequencies mainly associated with M-X bond stretching,
B,y and Bsy in D,y and 2By in Cpp symmetry. No

systematic infrared spectral study has been made of

N AN S

FPigure I-1,

19 26 27
these systems. A few isolated assignments ’ ’

of bridge stretching vibrations do exist for

platinum and palladium complexes of the M,X,L, type,

(X = Cl, Br; L = Ligand). However in no case were

both bridge frequencies assigned, although for

Pd,C1l, (C,H, ), and the deuterated analogue, Fritz
observed them but wrongly assigned the higher one,

at 304 cm.“, to a vibration of the terminal palladium-
chlorine bonds. This data is listed in Table I-1;
platinous chloride is included as 1t has a polymeric
structure with platinum atoms linked by bridging chlorine

L6 -
atoms, and the band observed at 318 cm. "in its

26
spectrum was assigned to a bridge stretching mode.



oY

Assignment of palladium—-chlorine bridge stretching

Vibrations,\y(PdCl)b, at 360-340 cm.”' for dimeric

L7
W —allylic complexes,

mesityl oxide complex

and at 354 cm. = for the

48
are considered to be in

error, These values are much higher than those

Compound Q(MX)t V(MX)b Reference
Pd,CLl CoH, ), 352,347 304 272, 267 19
Pd,C1l,(C.D, ). 3L3 306 270 19
Pt,01, (PEts), 352 - 265 26
Pt,Br, (PEts), 248 209 - 26
Pt,C1, (Py). 349 308 - 27
PtC1, - 318 - 26

Table I-1 Data from previous

studies of bridged-halogen

systems.

found in this study and in neither case was the

spectral region studied extended below 300 om.-1

or the halogen sensitivity of the bands confirmed by

comparison with the spectra of analogous bromo-

complexes.

In this work, the bridged systems were

studied in three parts.

In this Chapter, the infrared
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spectra and vibrational assignments for a series of
anions [MZXS]Z—, (M = Pt, P& ; X = C1, Br, I.), are
discussed. The results obtained for these anions
then serve as models for the discussion of
substituted halogen—-bridged platinum and palladium
complexes in Chapter II and rhodium complexes in
Chapter III.

I-2, Infrared spectra and vibrational assignment

of halogen-bridged anionic complexes of

bivalent palladium and platinum.

The complex anions [MzXé]z—, (M = Pt, Pd;
X = Br, I.), were prepared as tetraethylammonium
salts, as described previously.l'9 The chloro-
palladium complex was prepared in a similar manner
with tetraphenylarsonium, tetra-n-butylammonium, and
n-cetyltrimethylammonium cations.  The [Pthle]z—
anion, first isolated by Chatt,so was prepared as
the new compound [AsPh, ],[Pt,C1.].

An X~ray structural determination carried
out on [NEtL]sztzBrs]Lg confirmed that it has a
planar binuclear halogen-bridged structure. Within
experimental error the bridge was symmetrical and
the terminal and bridge bonds were of the same
length. A powder photograph of the analogous

49 :
palladium compound indicated the same structure.



P66~

Thus the reasonable assumption was made that all the
compounds examined in this study contained the

2—
[M,X,] anion.

The planar bridged dimeric M,X,, PFigure I-2,

NN
,/'\\X(/‘\\

Figure I-2

of point group D,y has 18 fundamental modes of
vibration. The system is centrosymmetric and
according to selection rules, 9 of the fundamentals
are Raman-active (LLAg + 3Byg + Bag + B3g)’ 8 are
infrared-active (2B4y + 3By + 3Bsy), and one is
inactive in both spectra (Au). However in the solid

- 9
state [NEt, ],[Pt,Br.] belongs to the P 1 space group[r

and the [Pt,Br,]  anion has site symmetry C,.

Thus the inactive Au mode, V,Q, becomes infrared-—
active only, Table I-2, In practice it may appear
as a weak band or be totally absent from the spectrum,
Schematic representations of these modes are given in
Figure 1-3. For the platinum compounds these

representations are good approximations, as

vibrational coupling is not expected to be important



e Ly

Activity Don C. Activity

Raman B1g A Raman

Inactive A

Byu Infrared

Infrared By A

2 =
Table 1-2, Effect of site-symmetry on [Pt,Br.] |,

53
Dop Ci‘
when the masses of M and X differ considerably. In
contrast the bromo- and iodo-palladium compounds
may exhibit coupling of vibrations as the masses of
M and X are comparable.
The infrared results are given in Table I-3,
and the spectra are shown in Figures I-4. to 5.
Absorption due to the cations was identified by

recording their spectra separately, (FPigure I-L).









































































































































































































































































































































































































































































































