TRIMETHYLPLATINUM HYDROXIDE, CHLORIDE, AND IODIDE

the Ni(II)-Ni(II) distance of 3.245 A in bis(dimethyl-
glyoximato)nickel(I1I)*® supports the premise that if a
weak positive kind of metal-metal interaction is oper-
ative in bis(dimethylglyoximato)nickel(II), then it is
probably operative in the trinuclear nickel(II) cation
and dinuclear nickel(II) molecule as well, especially
if low-lying excited electronic states are assumed to
mix with the ground state.

To the extent that these nickel(II)-nickel(II) inter-
actions have any important influence on the chemistry
of the trinuclear nickel(IT) cation, it may be expected
that the electron density of the terminal Ni(II) atoms
along the z direction approximately normal to the
four-coordinated NiS;N, plane would be localized on
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the exterior side opposite from the center Ni(1) atom.
Any significant localization of negative charge in the
external z direction should make this complex more
susceptible to coordination with a Lewis acid.
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Raman and infrared spectra have been obtained for the tetrameric molecules [(CH;);PtX], where X = OH, Cl, and I. For
the hydroxide and chloride, single-crystal Raman polarizations provide unambiguous determination of the symmetry species

of the observed frequencies.
parisons with related molecules.

Assignments to internal coordinates were made by intercomparisons of the spectra and com-
Of particular interest is the observation in each case of a set of three strong low-frequency

bands in the Raman spectrum, with frequency ratios close to those predicted for a tetrahedron of like atoms bound to one

another in the “‘simple cluster’”’ approximation.
force constant for metal-metal interaction.

Normal-coordinate analyses were carried out using force fields containing a
Absolute Raman intensities were measured for the totally symmetric modes
and used to calculate bond polarizability derivatives and estimate bond orders.
the platinum atoms and the bridging X atoms are weak and highly ionic.

The results indicate that bonds between
The Raman intensities provide evidence for weak

interaction between platinum atoms, which decreases with increasing internuclear distance along the series X = OH, CI,

and 1.
to the weakness of the Pt-Pt interaction.
complexes Bls(OH )126 +, Pb4(OH )44 +, and T14(OC2H5)¢.

Introduction

As part of a continuing study?®® of the vibrational
spectra of bridged polynuclear metal complexes we have
investigated the Raman and infrared spectra of the com-
pounds [(CH;);PtX ]y, where X = OH, Cl,I. Of partic-
ular interest was the possibility of observing and more
completely characterizing the type of strong low-fre-
quency lines found in the Raman spectra of Big
(OH)125+,2 Phy(OH) 44,2 and TL(OR),.*
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The force constants for Pt—Pt stretching decrease in the same order but are much larger than expected in relation
The bonding pattern is similar to that found previously for the oxygen-bridged

The crystal structure of trimethylplatinum hydrox-
ide, (CH;);PtOH, has recently been completely deter-
mined?® ¥ and shows the presence of discrete tetrameric
units, with the platinum atoms and hydroxyl oxygens
arranged in interpenetrating tetrahedra. Three methyl
groups are attached to each Pt atom in such a way as to
preserve the Ty symmetry of the molecule. This struc-
ture is shown in Figure 1. An analogous structure had
been found previously for trimethylplatinum chloride,*!
although the carbon atoms were not located. A partial
structure determination for the iodide!? also shows the
presence of this type of tetrameric unit, but indicates a
slight reduction of the Ty symmetry and a different
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Figure 1.—"I'he tetrameric structure of [(CH;)PtX]s (X = OI,
Cl, 1) and suitable internal coordinates.

packing of the tetramers from that found for the
hydroxide and chloride.

Several other workers!®=!> have reported on the vibra-
tional spectra of these compounds, and some discrepan-
cies in the earlier work have recently been corrected.” 15
We now report more complete vibrational data for the
skeletal modes of all three compounds, based primarily
on Raman spectra of single crystals. These vibrational
data are used as the basis for normal-coordinate anal-
yses and interpretation of the absolute Raman inten-
sities, for comparison with previous results on the bis-
muth, lead, and thallium complexes mentioned.

Spectra

Previous workers'®'%5 have noted that the infrared
spectra of (CHj;);PtOH, (CHj;);PtCl, and (CHj)sPtl
contain a large number of bands characteristic of the
methyl group between 800 and 3000 cm—t. Our Raman
spectra show much the same pattern of frequencies, al-
though only for the hydroxide has this region been in-
vestigated carefully. These vibrations, involving pre-
dominantly hydrogen motions, have very little effect
on the vibrations of the [C;PtX]; skeleton, which are
expected to occur below 800 cm™!. Since our interest
is in these skeletal vibrations, the C~H vibrations are
not discussed further.

For a molecule of T4 symmetry, the active vibrations
are of symmetry species A;, E, and T,;. (Although
trimethylplatinum iodide does not have strict T4 sym-
metry in the crystal,!? the Raman spectrum reveals no
additional features or splittings attributable to the
small distortions.) While all three species are Raman
active, only A; vibrations give rise to polarized Raman
lines in solution spectra, and only T, vibrations give
rise to infrared bands. In principle then, it is possible
to assign symmetry species to all observed frequencies
from infrared and solution Raman spectra. This was
not possible in the present case, however, since the num-
ber of infrared bands observed is less than required and
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since the limited solubility of the compounds reduces
the number of distinct Raman lines which can be re-
solved in solution spectra.

Table I contains infrared frequencies between 200

TABLE I
INFRARED FrREQUENCIES OBSERVED FOR [(CH;);PtX]4

X = 0H X = Cl X =1
(200-800 cm 1) (200-800 cm ~1) (60-800 cm 1)
724 vs
5902 w 580 w 5620 w
570° vw, sh 572 w
396 sh 223 s 125 s
369 vs 96 m

¢ Fromref 15a. ¥ From ref 14.

and 800 em™! for trimethylplatinum hydroxide and
chloride and infrared frequencies between 60 and S00
cin~! for trimethylplatinum iodide. Table II contains

TaABLE 11

Raman FREQUENCIES OBSERVED FOR
[{CH;)sPtX]4 1N SoLuTION (80-700 cM~1)

X = OH X =1
599 vs, p? 587 vs, p
592 vs, dp 561 vs, dp
433 w, p 160 w, dp
396 mw, dp 125 w, dp
353« mw, dp 121ms, p
252¢ m, dp 105 mw, dp
137 ms, p 87 m, p
92 vs, dp 63 vs, dp

¢ In benzene; all others in carbon tetrachloride. *p = polar-

ized, dp = depolarized.

solution Raman data for the hydroxide and iodide be-
tween 60 and 700 ecm L

Fortunately, another source of information is readily
available for trimethylplatinum hydroxide and chloride
because of their extremely simple crystal structures.
The structure of each consists of one tetrameric mole-
cule per primitive unit cell, and the point group, site
group, and unit cell group are all Tq. Consequently no
lattice vibrations are allowed in either the infrared or
Raman spectra, and the internal vibrations retain the
same symmetry properties in the crystal as in an iso-
lated molecule,

The Raman tensors for the vibrations of a cubic
crystal'®are

A E
—/3b
Ve

« —2b B

T

d d 7

d 1 d
4 ) 4

These tensors can be used to find orientations of the £
vectors of the incident and collected radiation for
which vibrations of one or more of the symmetry species

(18) R. Loudon, Advan. Phys., 18, 423 (1964).
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Figure 2.—Raman spectra of an oriented single crystal of [{CH;):PtOH]..

will give rise to zero intensity. A series of experiments
using oriented single crystals can then be designed to
permit the unambiguous assignment of a symmetry
species to any observed Raman line on the basis of such
absences.

The following set of experiments was found to be
convenient to our Raman instrument (90° scattering)
and the morphology of the crystals used (well-developed
101 faces). The crystal was aligned with its 101 (x
+ 2) axis along the direction of the incident beam and
its 101 (x — 2) axis along the collection direction. Four
scans were then made as follows. (i) Incident radia-
tion was polarized along v and no analyzer was used;
the tensor components involved were yy and xy + yz.
A, 4+ E 4 T, vibrations were allowed to have nonzero
intensity. (ii) Incident radiation was polarized along
x — 2z and no analyzer was used; the tensor components
involved were xy — yzand xx — zz. E 4 T, vibrations
were allowed. (iii) Incident radiation was polarized
along x — z, and scattered light was analyzed along vy,
the tensor components involved were xy — yz. T,
vibrations are allowed. (iv) Incident radiation was
polarized along x — z, and scattered light was analyzed
along ¥ -+ z; the tensor components involved were
xx — zg. E vibrations were allowed.

The results for trimethylplatinum hydroxide (20—
800 and 3550-3650 cm™1) and trimethylplatinum chlo-
ride (20-650 cm~!) are shown in Figures 2 and 3, re-
spectively, each scan being labeled with the symmetry
species of vibrations expected to be present. The

See text for details,

changes in relative intensities between scans are easily
sufficient to allow assignment of symmetry species to
all observed lines. In every case where an independent
check of the symmetry species is available from infrared
or solution Raman data, the single-crystal determina-
tion is in accord. Table III contains the Raman fre-

TaBLE II1

RaMaN FREQUENCIES AND SYMMETRY SPECIES OBSERVED FOR
[(CH;);PtOH]s BETWEEN 800 AND 3000 CMm !

2969 (T.) 1284 (A;)
2000 (A,) 1247 (E)
2899 (A; + Te?) 1174 (E)
1431 (Ty) 879 (A;)
1410 (Ty) 857 (Ta)

quencies and symmetry species observed for trimethyl-
platinum hydroxide between 800 and 3000 cm—! (not
shown in Figure 2).

Figure 4 shows the single-crystal Raman spectrum of
(CH,);PtI. Attempts to observe polarization effects
failed, although the crystal appeared to be of good qual-
ity. In view of the more complicated crystal structure
of this compound, this experiment was not pursued
further.

Table IV lists the observed frequencies between 20
and 800 cm™! for trimethylplatinum hydroxide, chlo-
ride, and iodide, with symmetry species in parentheses.
For the hydroxide, the vibrations at 704 and 724 c¢m—!
have been shown to involve primarily OH wagging’-15
and are of species E and T, respectively, as required.
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Figure 3.—Raman spectra of an oriented single crystal of [(CH;)»PtCl]..
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Figure 4.—Raman spectrum of a single crystal of [(CH;);Ptl]s (arbitrary orientation).

Neglecting both methyl and hydroxyl protons, the
representation of the 17 active vibrations for these com-
pounds is 4 A; 4+ 5 E 4+ 8 T,. The unobserved fre-
quencies for the hydroxide and chloride are then of
species E 4+ Ty and A; + E + T, respectively. For
the iodide, only 12 frequencies are observed, and the
symmetry species of six of these is not directly deter-
mined.

Assignments
The vibrational representations spanned by perti-
nent sets of internal coordinates are given in Table V.
Qualitative assignments of the observed frequencies to

the various types of internal coordinates are best made
by comparing the spectra of the three compounds.

Pt-C Stretching.—The strong Raman lines and weak
infrared bands found between 550 and 600 cm™! in
all three compounds are readily assigned to Pt-C
stretching vibrations by comparison with a large num-
ber of metal-methyl systems.?” For the hydroxide and
chloride, the four observed frequencies are in accord
with the expected vibrational representation: A; +
E + 2 T,. The iodide spectra are very similar, but

(17) (a) D. M. Adams, ‘“Metal-Ligand and Related Vibrations,” St.

Martin’s Press, New York, N. Y., 1068, Chapter 4, and references therein;
(b) D. E. Clegg and J. R. Hall, Spectrochim. Acta, Part A, 28, 263 (1967).
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TaBLE IV

OBSERVED SKELETAL FREQUENCIES® FOR
[(CHa)ath]4 (em™1)

X =Cl X =14
s 724 (TQ)
oH 704 (E)
J 595 (Al 583 (Ay) 568 (A1)
592 ( 580 (T:) 562 (Ty)
VRO \589 (E 578 (E) 560
5700 (Ty) 572 (Ty) ¢
427 (A))
394 (Ty)
369 (T)
349 (E)
274 (Ty)
303 (A1) 246 (T:)
284 (Th) 236 (A) 260
- 248 (Ta) 227 (Ty)
Spca 200 (E) 218 (E)
160 (E)
141 (Ty) 163
125 (Ty)
122 (A4)
105
96 (Ty)
J 137 (A1) 99 (A;) 88 (A1)
YPi— Dt 97 (T,) 79 (Ty) 65
‘ | 75 (B) 57 (E) 48

e Frequencies taken from solid-state Raman (Figures 2—4) and
infrared (Table I) spectra. For those T, vibrations observed
in both infrared and Raman, the frequencies given here are from
the spectrum where the line is better resolved (and thus more
accurately measured) or, if resolution is similar in both cases,
averages of the two values. ? There is some question as to
whether this is a fundamental.®¥= ¢ Uncertain shoulder (~550
cm™!) in Raman spectrum not tabulated. ¢ Symmetry species
for X = I given only where these are unambiguously determined
from ir or solution Raman work. Assignments for tlie other
lines are discussed in text.

TABLE V
CONTRIBUTIONS OF INTERNAL-COORDINATE TYPES TO THE RAMAN
AND INFRARED-ACTIVE NORMAL Mobes oF [C;PtX],

No. of contributions to each
symmetry class
Internal coordinate Ay E Ts

x, Pt~C bond str 1 1 2
~, C~Pt-C angle bend 1 1 2
7, Pt—X bond str 1 1 2
D, Pt—-Pt bond str 1 1 1
9, C-Pt—X angle bend 1 2 3
Total 5 6 10
Redundancies 1 1 2

only one frequency is resolved in the infrared spectra.
The line at 560 cm~! can be assigned E symmetry by
analogy with the Raman spectra of the hydroxide and
chloride.

C-Pt-C Bending.—Clegg and Hall's have assigned a
medium-strength line at 259 cm™! in the Raman spec-
trum of (CH;);Pt(OH,):* to PtC; deformation modes.
All three compounds under study here show medium-
strength Raman lines in the range 200-310 cm™.
For the hydroxide, the four Raman lines in this region
are of the correct symmetry to be the expected PtCs
deformation frequencies and are so assigned. For the

(18) D. E. Clegg and J. R. Hall, Specirochim, Acla, Part 4, 21, 357 (1965),

Inorganic Chemistry, Vol. 9, No. 8, 1970 1891
chloride, the situation is more complicated, with the
region between 140 and 280 cm™! containing a total of
seven observed frequencies, which must include Pt-
Cl stretching motions as well as PtC; deformation
modes. The Raman spectrum of the iodide shows a
very broad feature peaked at 260 em™! with a weaker
line at 163 em™!, and, as in the case of the hydroxide,
the infrared spectrum shows no absorption in this re-
gion. Comparison of frequencies and intensities with
those of the hydroxide suggest that the 260-cm~! line
is of T, symmetry and the 163-cm~! line is of E sym-
metry. The second T, and the A, PtC; deformations
are presumably covered by the stronger 260-cm—!
line.

Pt-X Stretching.—Unlike the Pt-Cj; stretching and
bending frequencies, the Pt-X stretching frequencies
are expected to vary markedly among the three mem-
bers of the series. For the hydroxide, the four frequen-
cies between 340 and 430 ecm™! are assigned to Pt-O
stretching vibrations as discussed previously.” Neither
the chloride nor the iodide shows vibrations in this
region, which does however contain the frequency
(357 em™!) assigned to Pt-O stretching in (CHsj);Pt-
(OH,);*.** The four vibrations assigned to Pt-O
stretching are of the required symmetry species. In
trimethylplatinum chloride, the Pt-Cl stretching vibra-
tions are assigned in the region 140-300 cm™!, along
with the PtC; deformation modes. The seven fre-
quercies observed for (CHj)yPtCl in this region account
for all but one of the modes expected for these two types
of internal coordinates, the missing frequency corre-
sponding to an A; vibration. For the iodide, the Pt-I
stretching vibrations are assigned in the range 90-
130 em~!. The frequencies at 125, 122, 105, and 96
cm™~! can be assigned to symmetry species T, A;, E,
and T, respectively, on the basis of the infrared and
solution Raman data.

Cluster Modes.—The remaining vibrational frequen-
cies observed are in each case the three sharp lowest
frequency Raman lines. These features are similar in
appearance for the three compounds, although the
frequencies decrease regularly from the hydroxide
to the chloride to the iodide and the relative in-
tensities differ somewhat. Similar features have
previously been observed for Bis(OH)®t,? in which an
octahedral array of bismuth atoms is bridged by hy-
droxyl groups at the octahedron edges, and for Pb,-
(OH),4* 3 and T, (OC.Hs),4 which have the same ar-
rangement of metal atoms and bridging ligands as in
[(CH;);PtX ], The three Raman lines for the Bi, Pb,
and Tl complexes were assigned*® to stretching vibra-
tions arising from metal-metal interactions. A simple
model, neglecting both mixing of these modes with
other vibrations of the molecule and interaction force
constants involving the metal-metal coordinate, pre-
dicts three Raman frequencies in the ratio 2:4/2:1
for tetrahedral (va,:vr,:ve) or octahedral (va,:vr,:
vgg) arrangements of metal atoms. For the Bi, Pb,
and Tl species, the observed frequency ratios are in
good agreement with this prediction, and in each case
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the highest frequency mode was confirmed to be totally
symmetric from solution Raman spectra. For the
trimethylplatinum series, the frequency ratios observed
are 2:1.41:1.09, 2:1.60:1.15, and 2:1.48:1.09 for the
hydroxide, chloride, and iodide, respectively, and in the
first two cases the single-crystal polarizations confirm
the order wa, > »1, > vr. By analogy, the two lowest
cluster frequencies of trimethylplatinum iodide can be
assigned, Ty (65cm™!) > E (48 cm ™).

C-Pt-X Bending.—This type of internal-coordinate
spans the active vibrational representation A; + 2 E +
3 T,. However, there are one Aj, one E, and two T,
redundancy conditions through which changes in these
angles can be expressed in terms of changes in C-Pt-C
angles, Pt—-X distances, and Pt-Pt distances, which
have already been discussed. The remaining repre-
sentation, E + T, describes changes in the orienta-
tion of rigid PtC; groups with respect to the rigid cage.
It seems reasonable that such motions could have both
low frequencies and low intensities, and it is assumed
that the unobserved vibrations of species E and T, for
both the hydroxide and the chloride are of this type.

Normal-Coordinate Analyses

Normal-coordinate analyses were carried out on these
molecules in order to obtain force constants for com-
parisonn with related complexes and in order to obtain
eigenvectors for the calculation of bond polarizability
derivatives from the Raman intensities. While nor-
mal-coordinate analyses on complicated molecules are
necessarily approximate, the problem is less uncertain
here than usual, in that for [(CH,);PtOH ], all but two
and for [(CH;);PtCl]: all but three of the expected
normal mode frequencies have been identified and as-
signed unambiguously to symmetry species, on the
basis of their Raman polarizations.

For cyclic molecules, an inescapable ambiguity
arises from redundancies of bond-stretching and angle-
bending internal displacement coordinates. For the
platinum tetramers a choice must be made between
using Pt-Pt stretching coordinates or interior cage
angle deformation coordinates, since either set is suf-
ficient to describe the cluster vibrations. Since the
lowest frequency Raman bands have frequency ratios
close to those predicted by the simple cluster model,
vavrive = 2:4/2:1, it is expected that a force field
with Pt—Pt stretching will give a simpler fit to the spec-
tra than a force field involving only interior angle bend-
ing, as was found*® for Big(OH)1.?*+, Pby(OH),4t, and
T1,(OCsHs)s. Part of the object was in any case to
compare force flelds among these complexes, and we
have therefore chosen to use a Pt-Pt force constant in
the calculations.

The G matrices were calculated by the method of
Wilson, ef al.,'® employing Schachtschneider’s pro-
gram GMAT.® The molecular parameters, listed in
Table VI, were taken from the crystal structure deter-

(19) E. B. Wilson, J. C. Decius, and P. C. Cross, ““Molecular Vibrations,"’
McGraw-Hill, New York, N. Y., 1955,

(20) J. H. Schachtschneider, Technical Reports No. 231-64 and 57-65,
Stell Development Co., Emeryville, Calif.

P. A. BULLINER, V. A. MARrONT, AND T. G. SPIRO

TanrLe VI

GEOMETRIC PARAMETERS USED IN THE CONSTRUCTION
oF G MATRICES FOR [(CH;);PtX],

X = OH: Pt-O = 221 A+ Pt-Pt = 342 A2 Pt-C = 2.03 A=
C-Pt-C = 87.5%

X = Cl: Pt-Cl = 248 AP Pt-Pt = 3.73 AP Pt-C = 203 A°
C-Pt-C = 87.5°

X = Pt-1 = 2.83 A¢ Pt-Pt = 4.00 4,4 Pt-C = 2.03 A

C-Pt-C = 87.5°¢

¢ Average of values from re 9 and 10. ? Reference 11. ¢ Not
determined in X-ray work; assumed to be the same as for X =
OH. 4 Reference 12, ignoring apparent distortions from Ty
point symumetry.

minations. The methyl groups and the hydroxyl
groups were treated as point masses of mass 15 and 17,
respectively. A general valence force field was used to
construct the F matrices. Both G and F matrices were
factored using symmetry coordinates generated from
the internal coordinates by standard group theoretical
methods.!® Solution of the secular equation, with
least-squares adjustment of the force constants, was
accomplished with Schachtschneider’s program FPERT.2
The calculations proceeded in stages. Initial values
of the diagonal valence force constants were chosen to
calculate frequencies associated with the various inter-
nal coordinates in the spectral regions assigned in the
preceding section., A minimum number of interaction
furce constants between internal coordinates of the
same type was then introduced and the values were
adjusted. This procedure yielded an acceptable, sta-
ble fit of the observed frequencies for the hydroxide.
For the chloride, where the Pt-Cl stretching and C-
Pt-C deformation modes occur in the same frequency
region, the C-Pt-C bending force constants were trans-
ferred from the hydroxide calculation and the cal-
culated frequencies were matched with the closest ob-
served frequencies. Pt—Cl stretching force constants
were then introduced and adjusted to fit the remaining
frequencies. Final refinement of both the Pt—Cl and
C-Pt~C force constants led to only small changes. For
trimethylplatinum iodide, an interaction constant be-
tween Pt-I and Pt-Pt stretching coordinates was re-
quired to account for the two lowest A, frequencies.
(For the heavy iodide bridging atoms, Pt-I and Pt-Pt
modes are substantially mixed, and the simple cluster
model breaks down.)

Since no frequencies assigned to predominantly
C-Pt-X bending modes have been observed and no
independent estimate of the associated force constant is
available, this force constant was constrained to zero
in the calculations described above. The effect of
neglecting this force constant was subsequently exam-
ined for [(CH,);PtOH], by incrementally increasing
its value from zero and readjusting the other nonzero
force constants. There were perceptible effects on the
Pt-0, Pt-Pt, and C-Pt-C force constants, and it be-
came clear that inclusion of a significant value for the
C-Pt-O bending force constant would require the in-
troduction of additional interaction force constants to
produce agreement with the observed cluster frequen-
cies. Since there is no way to gauge the magnitude of
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the C-Pt-O force constant, we chose to ignore it, recog-
nizing that this uncertainty does limnit somewhat the
confidence to be placed in the calculated force constants.

Discussion of Force Constants

The results of the normal-coordinate analyses are
shown in Table VII, which gives the observed and cal-

TABLE VII
RESULTS OF NORMAL-COORDINATE ANALYSES FOR [(CH;)sPtX|y

Vobsd, ¥euled,

cm Tt cm ™! Vas® Ver Vv Vop VD
X = OH
595 (Ap) 598 95 3 1 1
590 (Tq) 590 99 1 0 0
589 (E) 588 99 0 0 0
570 (T.) 570 97 2 0 0
427 (Ay) 423 4 88 5 3
394 (T,) 398 2 96 1 1
369 (Ts) 370 1 97 2 0
349 (E) 347 0 99 0 0
303 (Ay) 308 0 7 91 2
284 (T,) 279 0 3 96 1
248 (Ts) 242 0 1 99 1
200 (E) 208 0 0 99 1
137 (Ay) 135 0 2 3 94
97 (T,) 100 0 1 2 97
75 (E) 76 0 0 1 99
. (B) 0
... (Ty) 0
X =Cl
583 (A1) 581 99 1 0 1
580 (Ty) 580 99 1 0 0
578 (E) 576 100 0 0 0
572 (Ty) 576 100 0 0 0
.. (A 285 1 24 69 6
274 (Ty) 277 1 75 22 2
246 (Ty) 247 4] 9 91 0
236 (A;) 229 0 69 29 2
225 (Ty) 226 0 14 85 0
218 (E) 217 0 1 99 0
160 (E) 155 0 97 1 2
141 (Ty) 149 0 95 1 4
99 (Ay) 102 0 7 2 91
79 (Ty) 76 0 5 1 93
57 (E) 58 0 2 4] 97
... (E) 0
e (T 0
X =1
568 (A)) 565 99 0 0 1 0
562 (Ty) 564 99 0 0 0 0
560 (E) 561 100 0 0 0 0
Lo (Ty) 561 100 0 0 0 4]
(AL 292 1 1 96 3 —1
260 (T,) 260 0 1 98 1 0
. (Ty) 202 0 1 98 1 0
163 (E) 163 0 1 98 1 0
125 (Ty) 124 0 97 2 14 —13
122 (Ay) 124 0 81 3 62 —46
105 (E) 101 0 98 2 17 —16
96 (Ty) 100 0 97 1 14 —12
88 (Ay) 89 0 29 0 47 24
65 (Ts) 66 0 9 0 77 13
48 (E) 48 0 5 0 86 8
(B 0
Lo (Ty) 0

@ V,; is the normalized contribution to the potential energy
from F-matrix elements of the type F;;. The internal coordi-
nates«, 7, v, and D are defined in Figure 1.
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culated frequencies and the potential energy distri-

bution. The final force constants are listed in Table
VIII.
TABLE VIII
FivaL ForceE ConsTANTS FOR [(CH;)sPtX].
X = OH X =Ct X =1
£ 1.44 0.68 0.57
fo 0.79 0.50 0.49
Sz 2.73 2.73 2.59
Iy 0.25 0.23 0.18
fo ob o o®
[ (15, 2-5)¢ 0.45 0.04 0.08
F(1-5, 1-6) 0.04 0.25 0
Floy(9-1-10, 9-1-11) 0.03 0.00 0.04
!4 (9-1-10, 12-2-13) 0.03 0.02 0.03?
frez(1-9, 2-12) 0.11 0% 0°
fep(1-5, 1-2) o o —0.07

2 All force constants in millidynes per angstrém. For f,,
values were scaled to millidynes per angstrom using Pt-C =
2.03 A (see Table VI). ? Constrained. ¢ Numbers in paren-
theses indicate atoms defining the internal coordinates to which
the interaction constants refer.

The Pt-C stretching force constants are well-de-
fined, since the Pt-C vibrations are nearly pure, and
their values, valid within the approximation of point-
mass methyl groups,® are unremarkable, except that
the slight decrease from the chloride to the iodide is
apparently real. (For (CHj);PtBr, preliminary in-
frared and Raman spectra show Pt-C stretching bands
between 550 and 560 cm ™!, lower than either the chlo-
ride or the iodide.??) The C-Pt-C bending force con-
stant is well determined for the hydroxide and the
values for the chloride and iodide are reasonably con-
sistent. The magnitude of this force constant is much
larger for these molecules than for tetrahedral
M(CHs), species,?! consistent with the smaller angles in
the present case.

The Pt-X stretching modes are quite pure for the
hydroxide, but are appreciably mixed with C~Pt-C
bending for the chloride, and with Pt-Pt stretching
for the iodide. Consequently the associated force con-
stants are less certain for the latter two molecules.
The Pt-O primary stretching force constant has essen-
tially the same value as the T1-O constant* in the struc-
turally analogous T1(OC;Hs), (1.44 and 1.43 mdyn/A,
respectively). Evidently the Pt-O bonding is much
more characteristic of a monovalent than of a tetra-
valent cation. The force constants are not strictly
comparable, however, since no interaction constants
were used in the TI1,(OC;H;), calculation, whereas the
[(CH,);PtOH 4 calculation requires a substantial Pt—O
stretch-stretch interaction constant at the oxygen
atoms. While the magnitude of this interaction con-
stant seems unusually large (309, of the primary Pt-O
stretching force constant), no other reasonable set of
force constants was found which could account for the
unambiguously ordered set of four normal modes found
in the Pt-O stretching region. Trimethylplatinum
chloride also required a large Pt-Cl stretch-stretch

(21) R. K. Sheline, J. Chem. Phys,, 18, 595, 602 (1950).
(22) V. A. Maroni and P. A. Bulliner, unpublished results,
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interaction constant, and similar situations arose pre-
viously in normal-coordinate analyses of Big(OH)pbt,°
Pby(OH)4**,5 NbO19*—,® and TagOs®~.% Large inter-
action constants apparently express the complexity
of the force fields in these highly condensed complexes.

The Pt-X primary stretching force constants in
[(CH;)sPtCl]; and [(CHj)3PtI)s are smaller by a factor
of about 3 than the force constants customarily asso-
ciated with terminal metal-halogen bonds.'”™ The
force constants suggest that each Pt-X linkage is
worth on the order of one-third of a normal M-X bond,
consistent with the halogen atoms bridging three plati-
num atoms each, although the work of Clegg and
Hall'?® indicates that part of the force constant lowering
is due to the trans effect of the methyl groups. Hart-
ley and Ware?® determined an approximate stretching
force constant of 1.1 mdyn/A for the triply bridging
chloride in the Mo(II} cluster complexes (MosCls)-
X2~ (X = CI, Br, I). The lower value of the Pt-Cl
constant found here may again reflect a low effective Pt
nuclear charge experienced by the bridging ligands, and
the trans effect of the methyl groups.®

Pt-Pt force constants are discussed in the following
section in connection with the bond polarizability
derivatives.

Raman Intensities and
Bond Polarizability Derivatives

Absolute Raman intensities were determined for
the observed A, modes of the three [C;PtX ], molecules,
and these were converted to mean molecular polariza-
bility derivatives, &', = 0&/0q;, with the usual polat-
izability equation for freely rotating molecules?*

KM(v — Av)* 6 N\,
1= e ) @)
1)

Here K is an instrumental constant, M is the molar
concentration, v is the exciting frequency, Av is the
Raman shift, and p is the depolarization ratio. This
equation is applicable when no analyzer is used and de-
polarization ratios are determined by changing the
direction of polarization of the incident laser beam.
For totally symmetric vibrations of isotropic molecules
in solution, p = 0.

Intensity measurements were made both in solution
(CCly and CHCI;) and from the crystal spectra. For
the cubic hydroxide and chloride crystals, the A, scat-
tering tensor is isotropic {¢.e.,, p = 0). Since there is
no evidence in the crystal structures for significant
intermolecular effects (e.g., hydrogen bonding), the
molecular environments in the crystal and in an inert
solvent should not be appreciably different. Conse-
quently, for either molecule the intensities of the A;
normal modes relative to one another should be quite
similar in solution and crystal spectra. The data given
for the hydroxide in Table IX support this assumption.
While the crystal environment may have a small ef-

Ig: =

(23) D. Hartley and M. J. Ware, Chem. Commun., 912 (1987).
(24) R. E. Hester in “Raman Spectroscopy,”” H. A. Szymanski, Ed.,
Plenum Press, New York, N. Y., 1867, Chapter 4.

P. A. BULLINER, V. A, Marox1, aAxND T. (5. SpIrO

TasLE IX

A; INTENSITIES AND POLARIZABILITY
DERIVATIVES FOR [(CHj;):PtX]s

X v, cm Tl R¢ a&’y, A (amu)"l/2
(595 4.820 &= 0.80¢ 1.80 = 0. 15¢
|497 0.13 £ 0.05 0.23 + 0.04
| (0.16)4
O {303 0.18 = 0.04 0.18 = 0.03
137 1.07 = 0.40 0.27 + 0.05
{ (1.19)4
j583 4.21> £ 0.70 1.62 = 0.14
Cl 236 0.22 £ 0.10 0.20 = 0.05
L 99 0.61 + 0.15 0.16 = 0.02
(568 5.21b &= 1.61 1.71 = 0.26
I 1122 0.59 = 0.28 0.17 = 0.04
. 88 0.57 = 0.27 0.13 &+ 0.03
* R is molar intensity, relative to R[»(CCly)] = 1.00, Z.e.
R = [1 AMCCJA
;=

M I (CCL)]

where the I's have been corrected for instrument sensitivity.
» Intensities of the hydroxide lines, relative to each other, and
of the chloride lines, relative to each other, were obtained from
crystal spectra, while analogous intensities for the iodide lines
were obtained in CCly solutions. For X = OI, intensities were
placed on an absolute scale by measurcment of 7(595)/1{»1(CCly)].
For X = Cl, I{583)/I{v:(CHCI;)] and I[»(CHCL)]/I[1m(CClL)]
were measured. ¢ Estimated combined uncertainty in solute
concentrations and intensity measurements, ¢ Rough estimates
from solution spectra. ¢ Per cent errors in &'g were taken to be
half the per cent errorsin R (@'g « ['/%), as uncertainties in other
terms in eq 1 are small. Observed depolarization ratios were in-
distinguishable from the expected value of zero,

fect on the intensities, it is felt that the errors involved
are less than errors arising from measurement of inten-
sities from solution spectra, where resolution and sig-
nal-to-background ratios are much less favorable
than in the crystal spectra. At least one intensity must
however be measured in solution to provide an internal
standard. For the hydroxide, the absolute value of
@'y (395 cm~!) was determined by comparing the in-
tensity of this line with that of »(CCl) in a solution
of known concentration. The value of &’ (CCly)
was taken as 0.686 A? (amu) ", derived from the re-
ported value of @’c_c1.% @’ values for the other three
A, lines of the hydroxide were then calculated from
their intensities, relative to the 595-cm ! line, in crys-
tal spectra. The same procedure was used to deter-
mine absolute &', values for the three A; lines of the
chloride, except that the intensity of the 583-cm~! line
was compared with » of the solvent chloroform. &'q,
(CHCl3) was determined by measuring intensities for a
mixture of CHCl; and CCli. For [(CHi);Ptl]y the
solid and solution A; intensities were clearly incompati-
ble. Since the crystals are monoclinic, the A; scatter-
ing tensor is not isotropic, so that it is impossible to
relate the crystal intensities to &'g’s on the basis of the
available data. Consequently, the solution intensities
must be used for caleulation of @’q even though they
are less accurately determined. The results of the
intensity measurements are given in Table IX.

Normal mode mean polarizability derivatives can
be transformed to mean polarizability derivatives

{25) T. V. Long, 1T, and R. A, Plane, J. Chem. Phys., 48, 457 (1965).
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assignable to the internal coordinates, &'y, by solving
the set of simultaneous equations?

EZ,QL. = E ’\/Nj a'u,.lﬁ (2)
J

Here N, is the number of internal coordinates in the
symmetry coordinate .S, and I, is the eigenvector
element describing the displacement of .S; in the nor-
mal mode ;. In the present case four A; normal modes
are under consideration, corresponding to Pt-C, Pt-X,
and Pt-Pt stretching and C-Pt-C bending. The
eigenvectors, taken from the normal-coordinate anal-
yses, are listed in Table X. Calculated values of

TABLE X

1IGENVECTORS FOR THE TOTALLY SYMMETRIC
VIBRATIONS OF [(CH;3)sPtX]s (La, MATRICES®)

sz Qr Qp Qv
X = OH
Sa0 0.2653 0.0403 0.0035 0.0077
SpAp —0.0527 0.1963 —0.0096 —0.0393
Splap —0.0521 0.0612 0.1132 0.0351
Sy (A —0.0337 0.05679 —0.0148 0.1841
X =0
SL(A0 0.2681 0.0040 0.0019 0.0144
AN —0.0293 0.1307 —0.0184 0.0954
Spav —0.0453 0.0372 0.1056 0.0770
Sya0 —0.0274 —0.0897 —0.0102 0.1723
X =1
S A 0.2682 0.0030 —0.0009 0.0117
Spa0 —0.0222 0.0993 0.0427 0.0289
Sp&v —0.0437 0.1061 —0.0661 0.0545
Sy ta —0.0279 —0.0136 0.0039 0.1939

e L is defined as the matrix relating the column vector of sym-
metry coordinates S and the column vector of normal coordi-
nates Q: S = LQ. ?Subscripts to the normal modes desig-
nate the internal coordinates (see Figure 1) associated with the
largest potential energy contribution.

@'u; are given in Table XI. The Wolkenstein bond
polarizability theory?® assumes that molecular polari-
zability derivatives do not depend on changes in bond
orientation, 7.e., that a’, = 0 for bending coordinates.
This assumption has been found to hold quite well for
a variety of molecules. For trimethylplatinum hydrox-
ide, where &’¢ values have been obtained for all four
A; vibrations, it is possible to check this assumption
by calculating &'c_ps—c. The resulting value is indeed
very close to zero. For the chloride and iodide
a’c—pi—c was assumed to be zero for the calculation of
the remaining three &’,’s from the measurable A,
modes.

For trimethylplatinum hydroxide the calculated
value of &'p;—0 is negative. There is an inherent am-
biguity in the sign of all normal mode polarizability
derivatives, since they depend on the square roots of
the Raman intensities. For the present set of mole-
cules the signs of the roots were chosen to be positive;
the signs of the associated eigenvectors are given in
Table X. If the alternate root is taken for any of the
[(CH;);PtOH ], modes, the result is a larger negative

(26) (a) M. Wolkenstein, Dokl. Akad. Nauk SSSR, 80, 791 (1941); (b)
D. A. Long, Proc. Roy. Soc., Ser. A, 217, 203 (1953).
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TaBLE X1
BOND POLARIZABILITY DERIVATIVES AND
Bonp OrRDERS FOR [(CH;)sPtX],
OH Cl I

&' g, A2 2.03 = 0.39¢ 1.85=0.30 1.86 =% 0.37
a'pi-x, A2 (—0.27p (0.25) (0.63)
a'pipy, A2 0.87 % 0.25 0.6140.16 (—=0.24)
& pi_c, A2 (0.01) (=0) (=0)
n/2° (Pt-C)  0.81 = 0.164 0.74+0.12  0.74=+0.15
n/2 (Pt-X) (~0) (0.08) (0.12)
n/2 (Pt-Pt)  0.12 % 0.03 0.06 == 0.02 (~0)

@ In cases where a single term N;&'4;/;: in eq 2 clearly dominates
the determination of a given &’g,, the per cent error in &’.; was
taken to be the sum of the per cent error in &’g; and the total
per cent contribution from the remaining Nx&'uili; terms.  This
procedure is based on our experience that in such cases the large
1;: is well determined (insensitive to minor changes in the force
field) while the smaller /x; are less certain (see text). The listed

uncertainties are no doubt overly pessimistic. ° For &’,’s which

could not be successfully approximated from a single nearly pure
normal mode, the values are likely to be more sensitive to subtle
features of the force field, and the estimation of uncertainties is
not feasible. Such values are shown in parentheses (see text for
further discussion). ¢ Bond orders were calculated from eq 3,
using the parameters: Xpy = 2.2, X¢ = 2.5, Xo = 3.5, Xa1 =
3.0, X1 = 2.5, ZPg = 10, Zg = 4, Zo = 6, Zcx = Zt = 7.
In view of the approximate nature of the theoretical model and
the complexity of the problem, it seemed pointless to attempt to
convert the Pauling electronegativities to valence-state electro-
negativities. ¢ The errors here are the same per cent errors as
in the &', values; no uncertainties arising from the theoretical
model or the choice of parameters are included.

value for @’'pi—o or negative values for one or more of
the other &’,’s. In a study of the thiocyanate ion,?’
Taylor, et al., adopted a mnegative value for a’c_s
in order to obtain a chemically reasonable value for
a'c—n. Ordinarily bond polarizability derivatives are
assumed to be positive (the polarizability increasing as
the bond is stretched).

The negative value obtained here for &'ps_.o arises
from the fact that the calculated intensity contribu-
tions to the Pt-O stretching mode from the other in-
ternal coordinates, particularly Pt-C stretching with its
large a’pi_c, exceed the observed intensity. While the
intensity deficit is outside of experimental error, it is
not clear what error limits to assign to the calculation.
The force field used in the determination of the eigen-
vectors is not unique. Because the frequencies are
already well calculated, modifications in the force
field consistent with the observed frequencies are un-
likely to produce major changes in the eigenvectors.
However even small changes, while hardly affecting the
major eigenvector elements, might produce an appre-
ciable percentage change in the minor elements,?®
the kind which are responsible for the apparent inten-
sity anomaly for the Pt-O mode. For example, if
the eigenvector element for the Pt-C coordinate
in the Pt-O mode were lowered from 0.0403 to
0.0111, a minor change in the overall eigenvector, the
intensity anomaly would disappear and the calculated
value of @’pi_o would be zero. We conclude, therefore,

(27) K. A. Taylor, T. V. Long, IT, and R. A, Plane, J. Chem, Phys., 47, 138
(1967).

(28) D. A. Long, D. C. Milner, and A. G. Thomas, Proc. Roy. Soc., Ser. A,
287, 197 (19586).



18906 Inorganic Chemistry, Vol. 9, No. 8, 1870

that the negative value of &’py_o may be an artifact
and that the most that can be said about the Pt-0 bond
polarizability derivative is that it is not very different
from zero. For the Pt-C and Pt-Pt modes in tri-
methylplatinum hydroxide, mixing issubstantially lower,
and the associated &’,’s are well determined. The
situation for the chloride is similar in that the Pt-C
and Pt-Pt bond polarizabilities are much better de-
fined than &'p¢—c1. For the iodide there is substantial
mixing between the Pt-I and Pt-Pt modes, and the
negative value of @’py—ps can be ascribed to uncertainty
from this source.

From bond polarizability derivatives one can esti-
mate bond orders using the equation proposed by Long

and Plane?
2gafny
../u i -l A 3
« 3 Z(Io( 2 ) 4 ( )

where # is the number of electrons in the bond, # is the
bond length, ay is the Bohr radius, Z is the effective
nuclear charge, ¢ is the Pauling covalent bond char-
acter,?? and g is the strength of the § function defining
the interatomic potential. Z is taken as the atomic
number minus the number of inner-shell electrons, and
g is equated with the square root of the valence-state
electronegativity on the Pauling scale, X .?* For hetero-
nuclear bonds the geometric average of the two g/Z
values is taken. While the theoretical basis for this
equation is very approximate, it is nevertheless quite
successful in predicting @’,’s to within about 209% for
a wide range of well-characterized molecules.?

Bond orders (n/2) calculated from eq 3 are listed
in Table XI. The values for the Pt-C bonds are seen
to be satisfactory, within 25%, of the expected value of
unity. For the Pt-X bonds the values are very much
lower. This may be taken as an indication that these
bonds are highly ionic. On this basis there seems to be a
slight increase in covalency from X = OH to Cl to I.
The #/2 values are even lower than those reported by
Long and Plane,® for appreciably ionic MX "~ species
(M = Zn, Cd, Hg; X = Cl, Br), consistent with the
expected weaker interaction with a triply bridging
ligand.

The 7n/2 values for the Pt-Pt “bonds” are also quite
low, implying that the metal-metal interaction is quite
weak. This result is gratifying since sirong metal-
metal bonding is not expected in view of the relatively
large Pt-Pt separations (see Table VI) and the stability
of the Pt(IV) valence state (d®). It is precisely the
long internuclear distances which make Raman spec-
troscopy a sensitive probe for weak metal-metal inter-
actions, because of the 7® dependence of &', (see eq 3).
The n/2 values are seen to decrease smoothly from
X = OH to Cl to I, the order of increasing Pt-Pt sep-
aration. For X = I, #/2 is indistinguishable from
zero since all of the intensity of the Pt—Pt A; mode can
be accounted for on the basis of mixing in of Pt-I
stretching. The values for the hydroxide and chloride

(29) L. Pauling, “The Nature of the Chemical Bond,”” Cornell University
Press, Ithaca, N. V., 1960, Chapter 3.

P. A, BurLLiNer, V. A. Maront, anp T. G, SpIro

are similar in magnitude to corresponding values re-
cently determined for Bi{OH)S+, Pbiy(OH),*+, and
T14(OC2H5)4.30

It may be objected that evaluation of metal-metal
interaction on the basis of the &@'p;_py values is imper-
missible because the latter depend on eigenvectors
obtained from a force field in which metal-metal inter-
action is assumed, thereby making the argument cir-
cular. In fact the argument is not circular because the
eigenvectors are not very sensitive to the choice of force
field, as long as the alternative force fields attain a high
level of accuracy in predicting the vibrational frequen-
cies. In a test of this point, the spectra of Pby(OH):**
and T1,(OC,H;), were recently analyzed?! using on the
one hand a force field with an M~M stretching force
constant and on the other hand a force field with an
M-O-M bending force constant. In each case the
force constants were allowed to vary to obtain a least-
squares fit to the frequencies. The resulting differ-
ences in the major eigenvector elements for the two
different force fields amounted to less than 49, of their
values. (The relative differences in the minor elements
were substantially larger; see also the discussion above
on the negative value for &@'ps_0.) It seems very likely
that similar results would be obtained for the [(CHj);-
PtX]: species. Consequently, even if angle bending
forces are used to account for the cluster freguencies,
metal-metal interaction is necessary to account for the
intensities of the A; cluster modes of the hydroxide and
chloride in the Wolkenstein approximation, since this
theory assumes that bending coordinates make no con-
tribution, Alternatively, if the Wolkenstein theory is
abandoned and it is assumed, for example, that for
[(CH,)sPtOH], Pt-O-Pt bending accounts for the
cluster frequencies and the A; intensity, then a value for
&'pe_o—py =~ 0.3-0.5 A? is necessary. We know of no
precedent for such a large derivative with respect to
angle bending (compare the value of 0.01 A? found for
&’c_ps—c), and consider it particularly unlikely in view of
the ionicity of the bonds forming the angle.

Returning to the question of the force constants for
Pt-Pt stretching we note that the values are substan-
tially higher than expected for the weak metal-metal
interactions suggested by the Raman intensity data.
For [(CH;);PtOH],, fei-ps is as large as fremo (0.82
mdyn/A)?2 in Re,(CO)y, a nonbridged complex with
a genuine metal-metal bond. A similar situation was
encountered for Big(OH)pSt, Pby(OH)A*, and Tl-
(OC:H;).. A possible explanation is that the metal-
metal force constants are quite small and the restoring
forces responsible for the cluster, or cage deformation,
frequencies are primarily associated with M-O-M
angle bending, despite the success of a metal-metal
force constant in accounting efficiently for the recurrent
simple cluster frequency ratios. However recent cal-
culations have shown?!' that, for Biz(OH)i%+, Phy(O-
H)4+, and T1(OC;Hs),, the requisite force field with

(30) C.O. Quicksalland T, G. Spiro, Tnorg. Chem., 9, 1045 (1970).
(81) P. A. Bullner and T. G. Spiro, Spectrochim. Acta, in press.
(32) C. O. Quicksall and T. G. Spiro, Inorg. Chem., 8, 2363 (1969).
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M-O-M bending is no more satisfactory, from a chem-
ical point of view, than the one with M-M stretching.
Instead of unaccountably large M-M stretching force
constants, one is left with large and unaccountably
variable M-O-M bending constants, as well as large
.and variable stretch-bend interaction constants.

Although the magnitude of the metal-metal force
constants appears to be inconsistent with the observed
intensities, the variations in the force constants are
quite consistent with the bond order variations, for the
[(CH;);PtX ]s molecules as well as for Big(OH)y®,
Pb,(OH)+, and TL(OC:H;)s.® In calculating #/2
for bonds between heavy-metal atoms, there is a con-
siderable arbitrariness in allotting d electrons, as dis-
cussed previously.® Also, valence-state electronega-
tivities are not known for these ions. With these quali-
fications, there appears to be a strong correlation be-
tween metal-metal force constant and bond order for
all the bridged complexes except trimethylplatinum
iodide, where the “‘simple cluster’” model fails and con-
sequently fu_m is not strictly comparable. The rele-
vant data are summarized in Table XII. This be-
havior suggests that the intensity of the A; cluster
mode and the restoring force for this vibration have a
common origin, although the relationship between the
two quantities is clearly different from the correspond-
ing relationship for unbridged metal-metal systems
(e.g., Mnz(CO)yp and Rex(CO)y), in which similar force
constants are associated with much larger bond or-
ders.®:32  We are unable at present to offer a plausible
explanation of this phenomenon.

TABLE X1

A; CLUSTER FREQUENCIES, METAL-METAL FORCE CONSTANTS,
AND BOND ORDERS FOR BRIDGED POLYNUCLEAR COMPLEXES

va (M~M),  fu-n,

Species cm ™1 mdyn/4& n/2 -, A
[(CH;):PtOH], 137 0.79 0.118 3.42
[(CH;):PtCl]y 99 0.50 0.064 3.73
[(CH:)sPtIls 88 0.49 ~0 4.0
Bis(OH )b 2 177 0.97 0.061 3.71
Pby(OH )4t te 130 0.54 0.023 3.85
T1s(OC.H;)® 102 0.27 0.016 3.83

e Intensity analysis from ref 30.

Conclusions

The [(CH;);PtX], molecules extend the series of
bridged polynuclear complexes for which there is evi-
dence from Raman intensities for weak metal-metal
interaction. The vibrational data for the hydroxide
and the chloride are of unusually high quality, and the
assignments are particularly clear-cut, because of the
availability of single-crystal Raman spectra and because
of the high symmetry of the crystals. Comnsequently,
normal-coordinate analyses on these molecules are as
free of ambiguity as can be expected for such complex
structures.

The pattern that emerges from these measurements
is very similar to that found previously for the oxygen-
bridged complexes Big(OH);2®+, Pb,(OH),*t, and TL-
(OC;H;)s. In every case there is a set of three low-
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frequency Raman bands whose frequency ratios corre-
spond fairly closely to those expected in the simple
cluster approximation for a tetrahedron, or octahedron,
of like atoms. For this reason a force field involving a
metal-metal stretching force constant provides an
efficient fit to the spectra, whereas a force field involv-
ing instead an M-X-M bending force constant also
requires a large stretch-bend interaction constant.
While the efficiency of the fit does not prove the valid-
ity of a particular force field, strong evidence for metal—
metal interaction is provided by the observation that in
every case except [(CHj);Ptl]s the A; “metal-metal”
Raman band is much stronger than the A; metal-
bridging ligand mode. Therefore the metal-metal
intensity cannot be explained by mixing in of the M-X
mode. Since angle bending is not expected to contrib-
ute to the A; intensity, the only plausible mechanism to
explain the intensity is metal-metal stretching.

Quantitative evaluation of the metal-metal bond
polarizability derivatives and their transformation to
bond orders via the Long and Plane equation show that
the strength of the metal-metal interaction required to
account for the Raman intensities is quite low. There
are systematic trends in the calculated metal-metal
bond ordets. For the [(CHj;);PtX]:s molecules they
decrease with increasing Pt-Pt separation. For Bie-
(OH)w.**, Phy(OH),**, and TL(CC,H;), they decrease
with decreasing nuclear charge on the metal ions.
These trends are also reflected in the metal-metal
force constants. On the other hand the force con-
stants all seem to be about an order of magnitude higher
than expected considering the weakness of the metal-
metal interactions,

For the [(CH;);PtX ] molecules the Pt~X force con-
stants suggest that the bridging ligands experience a
low effective nuclear charge on the platinum atoms,
much closer to +1 than to +4. The polarizability
derivatives indicate that the Pt-X bonds are highly
1onic.

Experimental Section

Trimethylplatinum hydroxide, chloride, and iodide were pre-
pared by methods given in the literature’? and purified by re-
crystallization from chloroform.

The large transparent single crystals needed for the Raman
polarization measurements were obtained by slow evaporation of
solvent from toluene or chloroform solutions at room tempera-
ture. A selected crystal of trimethylplatinum hydroxide was
mounted on a goniometer head, and oscillation and Weissenberg
X-ray photographs were used to determine the orientation of the
crystal axes. The chloride crystal, which had the same mor-
phology as the hydroxide crystal, was then oriented visually.

The Raman instrument used to record the spectra is described
in detail elsewhere.® The 6328-A line from a He-Ne laser and
the 6471-A line from an Ar-Kr laser (Coherent Radiation,
Model 52) were used for excitation. The single-crystal spectra
were obtained (6328-A excitation) by attaching the goniometer
head holding the crystal to a stand allowing rotation about the
mounting axis. A polarization rotator provided control over the

(33) W.J. Pope and S. S. Peachey, J. Chem. Soc., 956, 571 (1809).

(34) R. E. Miller, D. L. Rousseau, and G. E. Leroi, Technical Report No.
22, ONR Contract 1858 (27), NRO14-203, May 1967 (available from De-
fense Documentation Center, Cameron Station, Alexandria, Va. 22314).
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direction of polarization of the incident beam, and a polaroid
disk was used to analyze the scattered beam. In addition, a
polarization ‘‘scrambler’’ was positioned at the monochromator
entrance slit to eliminate anomalous intensity effects arising
from dependence of instrument sensitivity on the polarization of
light reaching the gratings. Solution spectra were obtained
from saturated solutions of trimethylplatinum hydroxide and
iodide in carbon tetrachloride and trimethylplatinum chloride
in chloroform. Part of the Raman spectrum of the hydroxide
was also investigated in benzene solution. Solutions were con-
tained in a small multipass cell.

Relative intensities were obtained by mieasuring the areas of
Raman lines and correcting the results for instrument sensitivity.
For trimethylplatinum chloride, a Du Pont Model 310 curve

G. MatTNEY COLE, JR., AND BARRY B. GARRETT

resolver was used to analyze the complex 200-300-cm ™! region.

Infrared spectra of the hydroxide and chloride were recorded
on a Beckman IR-12 over the region 200-4000 cm ™~ ., Samples
were examined as both KBr pellets and Nujol mulls held between
polyethylene windows. For the iodide, the infrared spectrum of
a Nujol mull was recorded on a Beckman IR-11 between 60 and
300 cm 1.
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Linear equations have been obtained relating the interelectronic repulsion parameters F; and B and the spin-orhit coupling

constant.

The equations are obtained empirically from a least-squares fit of free-ion spectral data.

Since reduction

of the interelectronic repulsion parameters and the spin—-orbit coupling constant for complexes relative to free-ion values
may be treated as due to expansion of 3d radial wave functions, the equations may also be used to estimate effective spin—

orbit coupling constants for complexes.

Effective coupling constants, which compare favorably with those obtained from

analyses of absorption spectra, are calculated for complexes of several metal ions.

Introduction

The spin—orbit (SO) interaction in tranmsition metal
complexes makes important contributions to the split-
tings and intensities of electronic spectra,? zero-field
splitting,® g factors,* and line shapes® of electron reso-
nance spectra and is related to the chemical shifts® and
quadrupole splittings” observed in nuclear resonances
for these systems. Unfortunately, the spin—orbit
coupling constant is only rarely available as an experi-
mental observable in a molecular environment. It is
well known, however, that this constant is reduced
from the free-ion value in complexes? in similar fashion
to the reduction of interelectron repulsion parameters
(IRP).5 These reductions may be explained by assum-
ing that they result from radial expansion of the metal
3d atomic orbitals. Essentially the same results obtain
by assuming that the charge on the metal in a complex

(1) Presented in part at the 1968 Fall meeting of the American Physical
Society, Miami Beach, Fla., Nov 25, 1968; G. M. Cole, Jr., and B. B.
Garrett, Bull. Amer. Phys. Soc., 18, 1396 (1968).

(2) C. J. Ballhausen, ‘“Introduction to Ligand Field Theory,” McGraw-
Hill, New York, N. Y., 1962, Chapter 6.

{3) A. Abragram aud H. M. L. Pryce, Proc. Roy. Soc., Ser. A, 208, 185
(1951); 206, 164 (1951).

(4) (@) A. A. Misetich and R. E. Watson, Phys. Rev., 148, 335 (1966);
(b) B, B. Garrett, K, DeArmond, and H. S. Gutowsky, J. Chem. Phys., 44,
3393 (1966); (c) R. Lacroix and G. Emch, Helv. Phys. Acie, 38, 592 (1962).

(5) N. Bloembergenand L. Q. Morgan, J. Chem. Phys., 34, 842 (1961).

(6) J. 8. Griffithand L. E, Orgel, Trans. Faraday Soc., 83, 601 (1457).

(7) W. S, Childsand L. 8. Goodtan, Phys. Rev., 170, 50 (1968).

(8) C. K. Jorgensen, Advan, Chem. Phys., §, 33 (1963).

is reduced relative to the free ion. Radial expansion
of the metal ion 3d atomic orbitals thus provides an
appropriate basis for correlation between the effective
SO coupling constant and the interelectron repulsion
parameters in both free atoms and complexes. This
treatment should not be interpreted as a theoretical
model. Rather it is an empiricism in which free-ion
data for IRP’s and SO coupling constants have been
used with radial expectation values from self-consistent
field wave functions to establish linear correlations for
isoelectronic sequences and sequences of ions of a given
nucleus. The empiricism is shown to be of predictive
value for free ions and yields quite reasonable values
for molecular SO coupling constants. We also note
an interesting correlation between (»~!) and the effec-
tive charge of the central metal ion in complexes which
may be of value for comparison with the results of
molecular orbital calculations.

Procedure
Assuming a spherical Coulomb potential the spin—
orbit interaction may be written®

Vso = 1/2a222§'¢(nl)1i'51 e8]

i=1

(9) M. Blume and R. E, Watson, Proc. Phys. Soc., London, Secl. A, 3710,
127 (1963).

(10) E. U. Coundon and G. . Shortley, “The Theory of Atomic Spectra,’
2ud ed, Cambridge University Press, Cambridge, England, 1963,



