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Reésumeé

Les spectres Raman de résonance de mono-
cristaua de rouge de Wolffram, de vert de Reihlen
et d’armtres compleres mixtes a chaines linéaires
de platine ont été enregistrés dans la région de
4000 a 100 ¢m 1. Les spectres Raman de résonance
montrent une progression vy, 0it v, est la fréequence
de vibration symeétrique ... Pt", . . X — Pt" — X
des complexes mixtes [Pt" (etn),] [PtY (eln) X, ]
X;4H.,Oet [Pt" (tn).] [Pt (tn).X.] (ClO,), (ou
etn = éthylamine, tn = triméthylamine et X = Cl,
Br, et I). Les spectres des monocristaux pour les-
quels E || Z (E, le vecteur champ électrique du
laser est parallele a Uaxe 7Z passant le long de la
chaine ... Pt"... X — Pt" — X) présentent une
exaltation de la fréquence vy, alors que les
spectres pour lesquels E | Z sont caractéristiques
de Ueffet Raman classique et montrent les
vibraticns des groupes latéraur dans le plan des
complexes de platine. Les ntensités des vibra-
tions sont dépendantes de Uorientation des divers
groupes par rapport ar vecteur champ électrique E.

Abstract

Resonance Raman spectra of single crystals of
Wolffram’s red, Rethlen’s green and similar
mixed-valence linear-chain complexes of platinum
with nitrogen and halogen ligands around the
platinum atom have been recorded in the region
4000-100 em~1, The resonance Raman spectra
show a characteristic intense progression v,
where v, ts the symmetric, ... Pt" ... X — Pt"
— X stretching frequency of the mixed-valence
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complexes [Pt" (etn),;] [Pt" (etn),X.] X,*4H.O
and [Pt" (tn).] [Pt (tn).X.] ClO,); (where etn
= ethylamine tn = trimethylenediamine and X =
Cl, Bror1). The spectra of the single crystals with
E| |Z (electric wave-sector, E of the laser light
parallel to the Z-axis along the ... Pt" ... X —
Pt — X chain) show resonance enhancement of
the v, frequency, whereas the spectra with E 17
are characteristic of the classical Raman effect
showing the vibrations of the lateral groups in
the plane of the platinum complexes. The inten-
sities of the vibrations are dependent on the orien-
tation of the various groups with respect to the
electric wave-vector, E.

Introduction

Recently, several papers have been published
on resonance Raman spectra of mixed-valence
linear-chain compounds as powders (1-5) and
single crystals (6-8). These compounds are semi-
conductors in which the platinum exists in two
different valences in the chemical formula form-
ing linear-chains in the crystal with alternate
valences, Pt" and Pt", where there is a charge
transfer between orbitals on adjacent metal atoms
through the orbitals of the bridging halogen atom.
This transfer of electron charge along the linear-
chain is responsible for the intense broad absorp-
tion (or reflectance) band and the observation of
the characteristic resonance Raman spectra of the
symmetric ... Pt" ... X — PtV — X stretching
frequency. The length of these chains in the
crystal is not known and it depends on the condi-
tions of crystallization, solvent and nature of
compound. The crystal structure data on similar
systems (9) show chains of halide-platinum atoms
of different length in the crystal. The compounds



152

are colored, lustrous, metallic, usually fine needle
shaped crystals giving intense resonance Raman
spectra, due to the halide-platinum bond along the
chain axis. The polarized reflectance and re-
sonance Raman spectra of these mixed-valence
crystals are particularly interesting. These optical
properties, however, are lost when the crystals are
put into solution, where the components of the
mixed valence compounds are liberated. The
colour of a concentrated solution of a mxed
valence compound is deeper than the colour of its
components.

It seems that the different valences are trapped
in sites in the crystal in such a way as to be able
to comimunicate through an overlap of orbitals of
the adjacent metal atoms via the halogen bridging
atoms. This may be accomplished by an electron
charge transfer between the two metals. This
electron delocalization is responsible for the re-
sonance Raman spectra. Detailed information can
be obtained about the charge transfer in these
complexes from studies on single crystals. In the
case of single crystals, one can study the optical
properties (6) in the direction of the one dimen-
sional chain (E'Z) and perpendicular to this
direction (E 1 Z) and the resonance Raman spec-
tra when the exciting frequency of the source is
inside the absorption band. The off-resonance
Raman spectra or the normal Raman spectra are
observed when E | Z or when the exciting fre-
quency 18 far removed from the intense electronic
absorntion band in the visible or near-infrared
region which is characteristic of these compounds.
The resonance and off-resonance Raman spectra

provide information both on the electronic excita-
tions and the vibrational transitions in these sys-

tems.

Experimental

The spectra were recorded as in our previous
papers (7); for details, see the Figure captions.
The compounds were prepared following pub-
lished methods (7, 10). All measurements were
performed at room temperature with the 514.5 nm
excitation line.

Results and Discussion

The polarized resonance Raman spectra of
single crystals of halogen-bridged chain com-
pounds of platinum, such as Wolffram’s red and
Reihlen’s green (10a) and the derivatives
[Pt(tn).] [Pt(tn).X.] (ClO,), (where tn = tri-
methylenediamine and X = C(Cl, Br, or I) have
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I'igure 1. Raman spectra of a) {Pt" (C;H.NH.),] Cl, and
b) (Pt"Y (C,H;NH,),] Cl..

been recorded and are given in Figures 1-3. The
Raman spectra of the powders have been pub-
lished (11). It is shown here that the spectra with
E: 'Z exhibit intensity enhancement through re-
sonance of the v, symmetric stretching funda-
mental of ... Pt" ... X — Pt"Y — X which is
accompanied by an overtone progression. In the
case of Wolffram’s red, single crystals (Figure 2,
(X1) ) the Pt — (] stretching frequency i1s ob-
served at 315 cm ™! and its overtones at 625, 932,
1240, 1550 cm™ 1, etec. The spectrum with E | Z
(X15, vertical scale expansion) exhibits the
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Figure 2. Polarized Raman spectra of a single crystal
of Wolffram’s red with the electric vector (E)
parallel and perpendicular to the chain axis
(Z). LB = Laser beam, RB = Reflectance
beam, EI. = Entrance Lens of monochromator;
slits 2 em™.
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Figure 3. Same as Figure 2 but tor Reihlen's green.
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normal Raman spectrum. The bands 1n this spec-
trum are due to the vibrations of C.H-NH. coor-
dinated to the metal through the nitrogen. In the
3300 - 2850 cm~1 region there are the N-H and
C-H stretching frequencies and in the 1400 - 1250
¢cm” ! region the bending N-H and C-H deforma-
tions of -NH. and CH,-CH.- groups (11). The
band at 1020 cm ™! is attributed to the C-N vibra-
tion and that at 626 cm™1 with the shoulder at
600 cm~?! to a rocking —NH.. The bands at 275
and 235 cm™ ! are assigned to the N-Pt-N in-plane

bending deformations (5a).
The resonance spectrum of Reihlen’s green salt

single crystals 1s shown i1n Figure 3. The E' Z
(X1) spectrum exhibits a progression which
originates with the Pt'"Y — Br stretching funda-
mental at 179 em~1 with its overtones at 357, 534,
720 ¢cm™1, etc. (5-7). The spectrum with E | Z
(X20), exhibits the normal Raman effect with the
bands of the N-H and C-H stretchings in the 3300
- 2850 em ™! region, just as in the case of Wolf-
fram’s red salt, and the deformations of these
groups in the 1400 - 1200 cm™! region. The spec-
trum is similar te that obtained for the Wolf-
fram's red with E 1 Z, which 18 expected, and the
assignments are given in Table 1. It 18 clear from
these spectra that the bands at 215, 235, 275 and
625 ecm™! with the shoulder at 600 cm™! of
Wolffram’s red are due to vibrations of the lateral
groups and not to the vibrations in the chain
(combination tones) as has been previously sug-
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Table I. Raman Bands (in cm~') of Platinum-Ethylamine and
Platinum-Trimethylenediamine Complexes

_ Agsigneents
Complex Reflected Single Crysta)l
Color "z img Lt
of Crystals of Reflectance Wt - 1 VLN EN-PL-H
L |

Spectra
{re}

i py! {c MWK, ) 1 1, white —_ 600 285

[EZHEHH ) “2]“ yellowish — AR 560 270

11 .
{ Pt HZHEHH?]*‘” Ft [cZHE;HHZJl“Z]EII leU red-greenish 410 35 800 275

(Wolffram's redj

|p1; {t: N nuz}‘u Ft {E?H HHz}‘l 2‘1 Br‘ mzn green 565 179 600 27%

{Reihlen's green)
[ Pt”{tnlzl lFt“{tn]zcl;l (Co, 1, greenish-redish 465 308 £15,875% 228
1Pt (en) 10 pet Y ien) Broi(c10,), green 573 171 520,475 240

1pt”un;z“pt”{u}?rzl{cm.} golden ~1000 127 515,478 225

gested (11b). The Raman spectra of the poly-
crystalline powders of (a) [Pt" (C.H;NH.),]
Cl. and (b) [Pt"Y C.H;NH.), Cl.] Cl, are shown
In Figure 1 and the classical Raman bands in the
regions previously discussed are observed. The
assignments are given in the Table I. It is inter-
esting to notice in these normal Raman spectra
that the bands of the lateral groups (CH.,CH.
NH.-) of the tetravalent metal compound are
more Intense than those of the divalent one (see
Figure 1). This may be due to crientational ef-
fects (12) of the groups in the crystal or to polar-
1zability changes due to charge differences be-
tween the divalent metal (Pt2*, d* configuration)
and the tetravalent metal (Ptt', d® configura-
tion).

Polarizability («) changes may also explain the
intensity enhancement of the bands of the lateral
groups, etn = NH.CH.CH., of the Ptt" com-
pound as follows

CH3CHZH2N NHZCHZCH

3

CH.CH,H,N

1CHH, NH.,CH.,CH

27273

These groups may be partially oriented in the
oxidation state Pt4* but not in that of Pt2".
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The charge distribution may be responsible for
the intensity enhancement of the Raman bands 1n
the case of the tetravalent platinum compound.
The total polarizability tensor («a) 1s related
to the induced moment u by

u = ak
and HPtII _ (uxx‘ uxy)Pt”
' uPtﬂ (a. , o ]th
XX YY

The induced dipole moment u of the Pt" — N
bond is different from that of the Pt" N bond
and the polarizabilities (a) differ 1in the two
cases. This difference could explain the higher
Raman intensities in the Pt'' complexes.

The polarized resonance Raman spectra of
single crystals of the derivatives [Pt(tn).] [Pt
(tn).X.] (Cl0,), (X = Cl, Br) are shown in
Figures 4a, 4b and 5 in both orientations (E Z
and E | Z). The spectra again exhibit the strong
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Figure 4. Polarized Raman spectra of a single crystal of
[Pt (tn),] [Pt(tn).,Cl,] (ClO,), with E:Z (a)
and E {Z (b). Shts 2 cm™.
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v, fundamental of Pt — X frequency and its
progression when taken with the E vector parallel
to the Z-axis, 1l.e., along the linear-chain of
.o Pt X — Pt — Pt ... The Pt-Cl
progression IS shown in Figure 4a (X1) with the
fundamental frequency at 308 cm~?! and the over-
tones at 620, 930, 1235, 1540, etc. The scale ex-
panded spectrum shows weak bands at 1100, 1310,
1400 and 1705 cm ™! which may be combinations
and are not shown in the spectrum with E | Z.
The E | Z excitation gives rise to the classical off-
resonance Raman spectrum due to the vibrations
of the lateral tn groups. However, the strong fun-
damental at 308 em™! with its overtone at 620
cm” 1 is still visible in the spectrum here due to
the fact that the crystals were not well aligned
with the E vector. It 1s also interesting that the
strong 925 em~ ' band in the spectrum of E | Z
due to the anion Cl0, is not observed at all in
the spectra of E Z; the lateral group platinum-
nitrogen vibrations give rise to the bands at 225,
475 and 515 cm™?! and the C-H vibrations appear
around 2900 cm™ 1.

The spectra of the bromo and i1odo derivatives
shown in Figures 5 and 6 with the Pt — Br and
Pt — ] fundamentals at 171 em ! and 127 em™!
together with their overtones show the same
trend. It was observed that the partial orientation
effects were more evident if excitation was far
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Figure 5. Same as Figure 2 but for [Pt" (tn),] {Pt"
(tn), Br,] (C10,)..
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Figure 7. High frequency polarized Raman spectra of

[Pd''(en,] [Pt (en),Cl,](ClO,),. Slits 2 cm™
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away from the resonance region. For example,
[Pd"(en).] [PtV(en).C(Cl.] (Cl0,)}, (en = ethy-
lenediamine), gives yellow crystals (7) and the
absorption maximum occurs in the uv region. The
high frequency polarized Raman spectra shown
in Figure 7 were obtained with the 514.5 nm ex-
citation line. One can see that there is an alterna-
tion in the iIntensity of the bands due to partial
orientation of the ethylenediamine-groups.

The polarized resonance Raman spectra of
these platinum (II) — platinum (IV) mixed
complexes display interesting intensity enhance-
ments due to coupling phenomena between the
two platinum atoms in the two and four valences.
These are due to a charge transfer Pt2
Pt4, via the halide bridge and to the orientation
phenomena of the various groups in the single
crystals aligned with the electric wave-vector of
the laser light.
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