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experimentation; nevertheless, two of the more straightforward 
mechanistic possibilities can be briefly considered The first 
involves covalent solvation25 of the coordinated dmp ligands. 
Such solvation has, for example, been proposed to rationalize 
the solution photophysics of bipyridine.26 (But see also ref 
27.) If covalent solvation has any significance for the ligands 
of * [C~(drnp)~]+,  however, it probably cannot explain the 
results for all quenchers, since the interaction seems improbable 
for acetonitrile. 

A second phenomenon-coordination at the metal center-is 
an intriguing alternative. One obvious property that the al- 
cohols and acetonitrile have in common is their Lewis basicity. 
Since the metal center is formally Cu(I1) in the d-?r* excited 
state, the addition of a fifth donor group about the metal is 
possible. In fact it has been proposed2s that solvent and/or 
counterions do associate with the (ground state) Cu(I1) ana- 
logue [Cu(dmp)J2+. Moreover, coordination numbers of 5 
and 6 are well established for related phenanthr~l ine~~ and 
bipyridine complexes30 of Cu(I1). That an excited state may 
be capable of exhibiting an expanded coordination number has 
previously been suggested in the case of certain Cr(II1) sys- 
t e m ~ . ~ ~  In addition, in a recent structural report it was noted 
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that the Cr(II1) center in the bis(terpyridy1) complex is rather 
exposed, and it was suggested that solvent interactions with 
the metal center may be responsible for the short excited-state 
lifetime of the complex.32 
Conclusions 

Strong evidence for a reactive charge-transfer excited state 
of [Cu(dmp),]+ has been obtained from emission quenching 
studies in CH2C12. The excited state is strongly reducing, and 
most of the excited state energy seems to be available as 
electrochemical potential. Donor solvents appear to quench 
the emission, possibly by interaction at the metal center. 
CH2C12 may be a good solvent for use in photostudies of 
complexes exhibiting relatively “exposed” metal centers; 
however, it should be emphasized that CH2C12 can undergo 
reaction with excited molecules33 and can influence the re- 
activity of excited molecules.34 
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The resonance Raman spectra of mixed-valence complexes [Pt(tn)2] [Pt(tn)2X2]Y4 (tn = 1,3-diaminopropane, X = C1, Br, 
or I for Y = C104, and X = Br for Y = BF4) have been recorded at ca. 80 K by use of excitation lines whose wavenumbers 
fall within the contours of the intense, axially polarized intervalence bands of each complex. The resonance Raman and 
specular reflectance spectra of a single crystal of [Pt(tn)2] [Pt(tn)2Br2](C104)4 have also been recorded, at  room temperature. 
The resonance Raman spectra are characterized by the appearance of an intense progression u l u l ,  where v 1  is the symmetric 
(X-PtIV-X) stretching mode. The maximum value of v 1  ranges from 4 to 18. Other short progressions, v, + u I v I ,  based 
on other Raman-active modes, have also been observed. From the observed progressions the spectroscopic constants w1 
and xll  have been calculated. The specular reflectance and polarized Raman spectra from single crystals show semiconductor 
behavior in one direction. The excitation profiles of u l  (both Stokes and anti-Stokes bands), 2 v l  (Stokes bands), and (in 
some cases) 3vl (Stokes bands) all maximize within 500 cm-’ of each other, and all on the low wavenumber side of the 
resonant mixed-valence band in each case. 

Introduction 
Previous studies in this series on mixed-valence complexes 

of platinum and palladium, belonging to Class I1 in the Robin 
and Day’ scheme, have been focused on complexes containing 
e t h ~ l a m i n e , ~ - ~  a m r n ~ n i a , ~  1,2-diamin0propane,~ and 1,2-di- 
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amin~ethane.~ The present paper develops this subject further 
and is concerned with platinum complexes with 1,3-diamino- 
propane (tn), [Pt( t r~)~]  [Pt(tn),X2]Y4 (X = C1, Br, or I for Y 
= C104 and X = Br for Y = BF4). This ligand, which forms 
a six-membered aliphatic ring with the metal atom, appears 
to form linear-chain complexes with as much facility as is 
found for monodentate amines and for other bidentate amines 
capable of forming five-membered aliphatic rings with the 
metal atom. The results obtained add substantially to the body 
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3623. 
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Figure 1. Single-crystal reflectance spectra of [Pt(tn)2] [Pt- 
(tn)2Br2](C104)4 with EllZ and E I Z .  

of information on this class of complex, which occupy a 
position as intrinsic semiconductors intermediate between in- 
sulators such as K2PtC14 and one-dimensional metals such as 
KCP,K2Pt (CN)4.Bro.30.3H20. 

The structures of these complexes consist of infinite chains* 
of X-PtW-X---Pt" units parallel to each other with [Pt(tn)2]2+ 
in square-planar coordination and [Pt(tn)zX2] 2+ in tetrago- 
nal-bipyramidal coordination. The PtrV-X/Pt1'-X bond length 
ratio increases in the order C1< Br < I, indicating a tendency 
in this order to a Pt(II1)-type complex. This is consistent with 
the X-ray photoelectrong experiments on the [Pt(en)n] [Pt- 
(en)2X2](C104)4 complexes (where X = C1, Br, or I). 

Some room-temperature resonance Raman (RR) spectra 
of the bromo complexes1° consist of a progression in ul ,  the 
v(X-PtIV-X) breathing mode, reaching as far as 5 members 
in each case. The present results, obtained at ca. 80 K, are 
far more detailed than these, ulvl progressions being shown 
to reach a maximum of u1 = 18, and they allow various 
spectroscopic constants to be calculated with considerable 
accuracy. 
Experimental Section 

[Pt(tn)z] [Pt(tn),X2]Y4 (X = C1 or Br) were obtained by the method 
of Kida," using H2PtC16 for the chloride and K2PtBr6 for the bromide. 
The iodo complex was obtained by the method of Bekaroglu et a].'* 
Recrystallizations were carried out from dilute perchloric or fluoroboric 
acids. Single crystals were grown by slow w l i n g  of saturated aqueous 
solutions. 

Electronic spectra were obtained from pressed disks of the complexes 
dispersed in KC104 or alkali halide by using a Cary 14 spectrometer. 
Specular reflectance spectra of single crystals were recorded on a Spex 
1000 monochromator. 

Infrared spectra were obtained from Nujol mulls of the complexes 
by using a Perkin-Elmer 225 spectrometer. 

Raman spectra were recorded by using Spex 1401 or 14018 (R6) 
double/triple monochromators equipped with standard photon-counting 
detection systems. Exciting radiation was provided by Coherent 
Radiation Models 52 and 12 Ar+ and 52 Kr+ lasers. Raman spectra 
at  room temperature were obtained by using the rotating-sample 
method13 and at  ca. 80 K by the flicking-laser-beam method: The 
spectra were calibrated by using neon emission lines. Excitation profile 
measurements were made at  room temperature with respect to the 
a, band of S042- or ClOc as standards and corrected for the spectral 
response of the instrument. All complexes were found to analyze 
satisfactorily for C, H, N, and halogen. 
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Figure 2. Resonance Raman spectrum of [Pt(tn)2] [Pt(tn)2C12](C104)4 
in a KC104 disk a t  ca. 80 K (A, = 482.5 nm, slit width = 1.5 cm-I). 

Wovenumber 1 c i '  

Figure 3. Resonance Raman spectrum of [Pt(tn),] [Pt(tn)2Clz](C104)4 
in a CsCl disk at  ca. 80 K, after exposure to moist air (A, = 457.9 
nm, slit width = 2.0 cm-'). 
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Figure 4. Resonance Raman spectrum of [Pt(tn)J [Pt(tn),Br,](C10d)4 
in a KC104 disk at  ca. 80 K (A, = 568.2 nm, slit width = 2.0 cm-'). 

Electronic Spectra 
The crystals of these complexes show remarkable dichroism. 

The chlorides are dark red for radiation polarized along the 
needle axis and colorless for that polarized perpendicular to 
this axis. The bromides are dark green for radiation parallel 
to and light yellow for that perpendicular to this axis, and the 
iodide is dark blue and yellow, respectively. Specular re- 
flectance spectra of [Pt(tn)*] [Pt(tn)2X2](C104)4 (X = Br or 
I) show14 a broad band in the visible-near IR region, with the 
electric vector of the incident light beam parallel to the con- 
ductingdaxis (EllZ) and no absorption when the electric vector 
is perpendicular to the axis (EIZ) .  Figure 1 shows the re- 
flectance spectra of the bromide for the two polarizations. 

Since these complexes change color when ground with alkali 
halide and exposed to the atmosphere, the electronic spectra 
were recorded in two matrices, namely, KC104 and the ap- 
propriate alkali halide. Table I lists the electronic band 
maxima and the matrices. These broad bands are assigned 
to the intervalence bands of the type Pt'" (dZz) - Pt" (dtz). 

(14) Bloor, D.; Clark, R. J. H.; Kurmoo, M.; Kennedy, R., unpublished work. 
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Figure 5. Resonance Raman spectrum of [Pt(tn)zl [Pt(tn)2Br21(C104)4 
in a KBr disk at  ca. 80 K, after exposure to moist air (A, = 488.0 
nm, slit width - 1.5 cm-)). 
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Figure 6. Resonance Raman spectrum of [Pt(tn)z] [Pt(tn)212](C104)4 
in a KC104 disk at  ca. 80 K (A, = 676.4 nm, slit width = 3.0 cm-I). 
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Figure 7. Resonance Raman spectrum of [Pt(tn)*] [Pt(tn)zIz](C104)4 
in a CsI disk at ca. 80 K, after exposure to moist air (& = 488.0 nm, 
slit width = 5.0 cm-I). 

Since the wavenumbers of the band maxima decrease in the 
order C1 > Br > I, it is assumed that the charge-transfer 
involves the s and p orbitals of the halides in the chains. 
Resonance Raman Spectra 

The RR spectra of the complexes at ca. 80 K are shown in 
Figures 2-7, and the wavenumbers and assignments qf the 
bands observed are listed in Tables 11-IV. RR spectra ob- 
tained with excitation whose wavenumber falls within the 
contours of the intervalence bands show long progressions in 
vl ,  the symmetric (X-PtIV-X) stretching mode. The band 
maxima associated with the progressions in u1 are listed in 
Table I for each complex in the two matrices at  ca. 80 K. 

Single-crystal polarized RR spectra of the complex [Pt- 
(tn)*] [Pt(tn)2Br2](C104)4 show a progression to 5ul  (at ca. 298 
K) for the electric vector of the incident light parallel to the 
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Table 11. Wavenumbers (an-') of Bands Observed in the 
Resonance Raman Spectrum o f .  
[ P t W , ]  [Pt(tn),Cl,](ClO,), at Ca. 80 K 

KCIO,a 
153.1 1414 
184.2 1467 
202.7 1554 
216.7 v 2 ,  S(N-Pt-N) 1643 
255.1 1733 
285.8 1778 
31  2.9 v ,  , u(CI-PtIV-Cl) 1862 
351.9 1953 
432.6 
485.0 
530.3 
548.0 
599.6 
6 26 -6 
663.0 
749.0 
841.9 
936.9 

1108.3 
1153.4 
1244.4 
1327.7 

172.6 
214.0 
284.0 
315.2 
348.8 
456.4 
486.0 
532.4 
6 04.4 
632.8 
665.6 
766.4 

2046 
2087 

"2 + V I  2170 
v(Pt-N) 2351 
v ,  + 285.8 2473 
2% 2654 
v ,  + 351.9 2767 

,2997 
v2 + 2v, 3068 
3v1 3367 
~3 9 u(C-N) 3642 
v2 + 3v, 3922 
4v1 
vq, (H4-H) 

CsClb 
vq 801.2 
v ; ,  S (N-Pt-N) 947.8 

1105 
ut, v(Cl-PtIV-Cl) 1257.5 

1362 
1425 

v3 + VI 1565 
V l  + v2 1725 
vl + 284.0 1875 
2% 2045 
v,  + 348.8 2185 

2475 

a Obtained at ca. 80 K as a KClO, disk with 482.5-nm excita- 
tion. 
tion, after exposure to moist air. 

Obtained at  ca. 80 K as a CsCl disk with 457.9-nm excita- 

4 3 2 

Wavenuinber I c l i '  

Figure 8. Resonance Raman spectra of a single crystal of [Pt- 
(tn)*] [Pt(tn),Br,](ClO,), at ca. 298 K with EllZ and the analyzer 
perpendicular to Z and parallel to Z (A,, = 568.2 nm, slit width = 
4 cm-I). 

conducting axis (EIIZ) and no bands for the electric vector 
perpendicular to this axis (EIZ) .  The RR spectra for the 
two polarizations are shown in Figure 8. This shows the 
one-dimensional properties typical of this type of the complex 
and that the progression-forming mode is totally symmetric. 

The RR spectra of these complexes also display weak sub- 
sidiary progressions v, + ulvl in which v l  is the progression- 
forming mode and v, is another Raman-active mode. The 
wavenumbers and assignments of these bands are listed in 
Tables 11-IV, and the great length of the RR progressions is 
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Table 111. Wavenumbers (cm-') of Bands Observed in the 
Resonance Raman Spectrum of 
[Pt(tn),I[Pt(tn),Br,] (ClO,), at Ca. 80 K 

KCl0. a 
153.8 
178.8 
200.4 
214.2 
236.7 
285.4 
330.0 
356.8 
379.8 
394.7 
466.2 
481.2 
509.6 
531.5 

153.7 
183.1 
220.7 
337.5 
366.8 
404.3 
521.9 
549.9 
586.3 
705.3 
732.8 
771.9 
887.5 
914.9 

v2 

v ,  , v(Br-PtIV-Br) 

v2 V I  

v ,  t 200.4 
v1 + 214.2 
v1 t 285.4 

V I  + 2v, 
3 4  

2VI 

D r b  
v2 
v1 , vQr-PtIV-Br) 

v2 f Vl 

2 4  
Vl + 220.1 
v 2  t 2v, 

v 2  + 3v, 
4 4  
3v, + 220.7 
v2 t 4v1 
5 v ,  

3vi 
2v, + 220.7 

686.2 
706.2 
87 1 

1039 
1105 
1215 
1235 
1285 
1327 
1416 
1508 
1593 
1688 
1754 

1341 
1459 
1522 
1640 
1703 
1821 
1884 
2002 
2183 
2364 
2545 
2726 
2907 
3088 

1096.8 6v, 3270 
1277.8 7v, 

Obtained at ca. 80 K as a KCIO, disk with 568.2-nm excita- 
tion. 
tion, after exposure to moist air. 

Table IV. Wavenumbers (cm-' ) of Bands Observed in the 
Resonance Raman Spectrum of 
[Pt(tn)2][~(tn)l12](C104)4 at Ca. 80 K 

Obtained a t  ca. 80 K as a KBr disk with 488.0-nm excita- 

KCl0," 
131.0 v , ,  ~@-Pt '~ -1 )  396.1 3v, 
167.3 v2 430.6 v 2  + 2v, 
264.9 2v, 526.0 4v, 
297.3 v 2  + v ,  

CsIb 
126.1 v , ,  vO-PP-I)  505.5 4 ~ ,  
254.5 2v, 528.7 v3, v(Pt-N) 
346.3 v2 628.7 5v ,  
381.6 3v, 656.1 v3 + v1 
472.7 v2 + v ,  785.0 v3 + 2v, 

a Obtained at ca. 80 K as a KCIO, disk with 676.4-nm excita- 
tion. 
tion, after exposure to moist air. 

illustrated in Figures 2-8. In most cases bands attributable 
to the v(Pt-N) stretching mode and some ligand modes have 
also been observed. The appearance of these subsidiary pro- 
gressions is probably due to slight geometric rearrangements 
of the ligands associated with the transfer of electrons along 
the chain.4 

The spectroscopic constants o1 and xI1 have been calculated 
from the wavenumbers of the bands in the observed pro- 
gressions. The results from the present data are listed in Table 
I. The progression-forming mode behaves nearly as a simple 
harmonic oscillator in most cases with an average anhar- 
monicity constant, xll ,  of -0.48 f 0.14 cm-'. 
Infrared Spectra 

The IR spectra of the complexes in the region 200-450 cm-' 
show some absorption bands at 273 m, 283 m, 351 s, and 391 
s cm-' for the chloride, 233 m, 272 m, and 388 s cm-' for the 

Obtained at ca. 80 K as a CsI disk with 488.0-nm excita- 



3526 Inorganic Chemistry, Vol. 19, No. 11, 1980 

I 

3 -  

2 -  

Clark and Kurmoo 

i 
\ 
t 
:,, 

, 
3 0  25 2 0  15 

Wavenumber I IO3 cm-' 

Figure 9. Electronic spectrum and excitation profiles of the Stokes 
v l  (O) ,  Stokes 2vl (A), and anti-Stokes v1 (0) bands of [Pt(tn)2]- 
[Pt(tn)2Clz](C104)4 in KC104. 
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Figure 10. Electronic spectrum and excitation profiles of the Stokes 
v1 (a), Stokes 2v1 (A), and anti-Stokes v1 (0) bands of [Pt(tn)2]- 
[Pt(tn)2C12](C104)4 in CsC1, after exposure to moist air. 

bromide, and 285 s, 226 m, and 187 w cm-' for the iodide. 
The bands at  351, 232, and 187 cm-' are assigned to the 
vas(&-Cl), v,,(Pt-Br), and v,(Pt-I) mode, respectively. These 
bands are also observed in the Raman spectra but are weak. 
Excitation Profiles 

Excitation profiles (EP) have been recorded at  room tem- 
perature for all the perchlorate salts, in two matrices, either 
KC104 or K2S04 and the appropriate alkali halide. In the case 
of the alkali halide matrices, the complexes were ground with 
the alkali halide until no further color changes were observed 
and then mixed with the standard, KC104 or K2S04. In the 
other case the complexes were mixed with the standard only. 
The excitation profiles are shown in Figures 9-14 together with 
the electronic transmission spectra at room temperature in the 
appropriate disk. The maxima of the EP's for the Stokes v1 
band are listed in Table I for each complex. The excitation 
profiles for both the Stokes and anti-Stokes v, bands maximize 
on the low-energy side of the electronic band maxima, except 

w 8 1  Ilsldl 

I I V ,  antiSlokrs1 
Ilrldl 

0 

i 
r' 

I 
3 0  25 2 0  15 

Wavenumber I 103crn-l 

Figure 11. Electronic spectrum and excitation profiles of the Stokes 
v l  (O) ,  Stokes 2vl (A), Stokes 3vl (A), and anti-Stokes v1 (0) bands 
of [Pt(t11)~1 [Pt(tn),Brz](C104)4 in KC104. 

I I V ,  anli-Stoker1 
I(rld1 
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Figure 12. Electronic spectrum and excitation profiles of the Stokes 
v1 (O) ,  Stokes 2vl (A), Stokes 3v l  (A), and anti-Stokes vI  (0) bands 
of [Pt(tn)2] [Pt(tn)zBr2] (C104)4 in KBr, after exposure to moist air. 

25 2 0  15 IO 

Wavenumber I IO3 cm-l 

Figure 13. Electronic spectrum and excitation profiles of the Stokes 
v 1  (0) and anti-Stokes v1 (0) bands of [Pt(tn)J [Pt(tn)2121(C104)4 
in KC104. 
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Ptll.-X-Ptlv-X-.Ptll chains remain as the key structural 
feature of all forms of the complexes. 

It seems probable that the effect of water vapor on alkali 
halide disks of the complexes is to alter substantially the nature 
of the hydrogen bonding present and, in consequence, the 
Ptll...Ptlv chain distances and intervalence transition energies. 
It is, for instance, already known that BF4- and (to a lesser 
extent) C104- assist in linking the Pt" and PtIV atoms by 
hydrogen bonding to the NH2 groups on the different platinum 
atoms.16J7 Thus for the complex [Pt(tn),] [Pt(tn)2BrzlY4 
replacement of BF4- by C104- as counterion leads to an in- 
crease of 0.04 A in the Ptll-.Ptlv distance and to an increase 
in the wavenumber of the intervalence band of -4000 cm-' 
(Table I); this suggests that the platinum atoms are more 
nearly equivalent with BF4- than with ClO,- as counterions 
and that hydrogen bonding affects significantly both the 
PtI1.-PtIv distances as well as the intervalence transition en- 
ergies. Water molecules on diffusing into alkali halide disks 
may destroy the very specific hydrogen bonding between amine 
and C104- or BF4-16+17 and thus lead (presumably) to a 
lengthening o,f the Ptll-.Ptlv distances and (as observed, Table 
I) to an increase in the intervalence transition energy. 

Large and surprising as these effects of water on the 
spectroscopic properties of the complexes are, similar differ- 
ences have been observed previously between hydrated and 
anhydrous forms of Reihlen's green [Pt"etn4] [PtIVetn4Br2]- 
Br,-xH,O, where etn = ethylamine and x = 4 or 0.3 The 
hydrated form (green crystals, electronic maximum (powdered 
sample), 18 250 cm-') differs strikingly from the anhydrous 
form (orange crystals, electronic maximum (powdered sample), 
23 600 cm-1),3*6 and the Pt".-PtIv chain distance is smaller in 
the former (5.586 A)l* than in the latter (6.095 A).'9 
Moreover, in the former, the Pt-Br distances are at least 0.07 
8, more nearly equivalent than in the latter. It is also relevant 
that for the 1,2-diaminopropane (pn) com lexes [Pt"- 
( ~ n ) ~ ]  [Pt1V(pn)z12]Y4 (Y = c104- or I-) the Pt8.-PtIv chain 
distance for the perchlorate salt (5.726 A)16 is 0.044 A shorter 
than for the iodo salt (5.770 A),'' consistent with the strong 
hydrogen bonding between the C104- ion and the coordinated 
amines on each platinum atom. Thus the effects of hydrogen 
bonding by water molecules to the coordinated amines, on 
chain properties of these complexes, are substantial. 

The specular reflectance and RR spectra of single crystals 
show the one-dimensionality of the complexes. The excitation 
profiles of the u1 bands invariably reach a maximum several 
thousand wavenumbers to the low-energy side of the inter- 
valence band, but the reason for this has yet to be established. 
The great intensity of the progression in v l  observed under 
resonance conditions provides a sensitive and rapid method 
of detecting new mixed-valence linear-chain complexes of this 
sort. 
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