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Abstract 

Yellow crystals of K4 [Pt2(pop)4] *2Hz0 (pop’- = 
pyrophosphite(2-)) change their color to orange 
upon dehydration in vacua or at elevated tempera- 
tures with concomitant change in the emission color 
from green (emission peak at 5 15 nm) to orange 
(emission peaks at 520, 570, 670 mn). Thermo- 
gravimetric, 31P CP-MAS NMR, electronic and infra- 
red absorption spectral studies indicate that the 
dehydration is not a simple loss of crystalline waters 
but involves dehydration condensation between the 
neighboring complex anions. The original green 
emission is recovered on dissolving the orange solid 
in water. Emissions from the dehydrated orange solid 
are of phosphorescence type (7, 5 6 ps). Relative 
intensity of the three emission peaks depends signifi- 
cantly on dehydration conditions, exciting wave- 
length and temperature. The orange solid seems to 
contain various species with different extent and 
type of condensation. Red shift of the emission peak 
on dehydration was discussed on the basis of the 
ligand field theory. 

yellow solid despite the apparent color difference. 
Gray and coworkers indicated that the greenish salt 
is contaminated with a small amount of oxidized 
species, and described a standard method for the 
preparation of the pure yellow salt [9]. 

During the course of the study on the photo- 
quenching reactions of the dimeric ion, [Ptz- 
(po~)~]~- [lo], we observed that yellow crystals of 
the potassium salt turned orange with concomitant 
change in emission color to orange. The color changes 
were observed when the crystals were kept in vacua 
for several days or dried at elevated temperatures. 
When the orange solid was dissolved in water, the 
original green emission was recovered. Such changes 
were not observed for the contaminated dark green 
crystals. Since the observed phenomena in the solid 
state have not been described previously as far as we 
know, we decided to study further these interesting 
phenomena. A preliminary account of this work has 
already been published [ 111. 

Experimental 

Preparation of the Complex 
Introduction 

Since the discovery of its strong green emission 
both in the solid state and in aqueous solution [l-3], 
tetrakis@-pyrophosphito-P,P’)diplatinate(II) ion, 
[Ptz(pop)4]4-, has been extensively studied [4]. The 
potassium salt is the one that has been most fre- 
quently used. The pure potassium salt appears to be 
yellow [5], but greenish [2,6,7], brown [8] and 
purple [6,8] salts have also been reported. The latter 
ones were claimed to show similar luminescence 
behavior in aqueous solution and considered to be 
composed of essentially the same compounds as the 

Potassium tetrakis(p-pyrophosphito-P,P’)- 
diplatinate(II) dihydrate, K4/Ptz(pop),]*2Hz0 
This salt was prepared by a method essentially the 
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same as that of Sadler et al. [6]. Subtle difference in 
reaction conditions and recrystallization procedures 
gave variously colored crystals from yellow to dark 
green. Kz [PtCL] (2 g; 0.0048 mol) and H3P03 (7 g; 
0.085 mol) in 10 cm3 of water was boiled until the 
solution became pale yellow (7-8 h). The resulting 
solution was evaporated at 120-130 “C. The yellow 
residue was washed with methanol and acetone, and 
recrystallized by either evaporating the aqueous 
solution at room temperature or keeping the aqueous 
solution in a refrigerator. According to Gray and 
coworkers [9], the pure yellow salt is prepared under 
oxygen free atmosphere. Absence of Cl- ions is also 
reported to be preferable for obtaining the pure salt. 
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In this study, we did not try to follow their method, 
since the yellow crystals were fortunately obtained 
by the preparation under less strict conditions. 

Ammonium salt, (NH4)4/Ptz(pop)4J 
The ammonium salt was prepared by the use of 

(NH,),[Pt&] as a starting material instead of 
K2 [PtC14] and by following the method described 
above. The product was recrystallized from water. 

Tetraethylammonium salt, [(CZH5)4NJ4- 
[Pt,(pop)dJ and lithium salt, Li4[Pt2(popJ41 
These salts were prepared by the cation exchange 

method. An aqueous solution of the potassium salt 
was passed twice through a cation exchange column 
of Dowex 5OW-X8 in either the (CzH5)4N+ or the Li’ 
form. The solution was evaporated to obtain the 
corresponding salt. 

Measurements 
Ultraviolet and visible absorption spectra were 

measured by using a Hitachi 330 spectrophotometer. 
An integrating sphere attachment was used for the 
measurement of the reflectance spectra in MgO. 
Infrared absorption spectra were recorded on a 
JASCO IR-810 spectrophotometer as KBr pellets at 
room temperature. X-ray photoelectron spectra 
were obtained by a VG-ESCA LAB Mark II using 
Mg Ko: excitation radiation at ambient temperature 
at pressure less than lop9 Torr. Samples were 
prepared as BN pellets. The energy scale was cali- 

. . 
brated by emrsston from the K 2p,/, line at 292.9 eV 
or the C 1s (methyl carbon) line at 284.6 eV as inter- 
nal standard. The 31P and 19’Pt CP-MAS NMR spectra 
were measured at JEOL by using a JNM-GSX-270 
NMR spectrometer with an attachment for multi- 
nuclear solid state high-resolution measurement. The 
thermogravimetric analyses were carried out by using 
a Rigaku differential thermogravimetric analyser 
TG-DSC-8085E 1, Emission spectra were obtained 
with a SPEX Fluorolog 2 emission spectrophotom- 
eter, and also with a SPEX 1702 spectrophotometer 
and a photomultiplier R-928 of Hamamatsu 
Photo&s on irradiation with a nitrogen laser 
Molectron UV-400. Emission lifetimes were measured 
by irradiating at 337 nm with an Nz laser JLlOOOL 
of NDC. The emission decay was followed by a Jovin- 
Yvon H20V spectrophotometer and a photo- 
multiplier R-955 of Hamamatsu Photonics. The 
signals were analyzed by using a TS-8 12 1 stragescope 
of Iwasaki Electric Co. and a microcomputer HP-86 
of Hewlett Packard. 

Results 

We obtained variously colored crystals of K4 [Ptz- 
(pop)41 -2H20 from yellow to dark green. Only 

yellow crystals showed the change in color to orange. 
The color change occurred either by keeping the 
crystals in vacua at room temperature or by evacuat- 
ing the crystals at c. 120 “C, and was accompanied by 
many cracks on the surface of the crystals. With 
respect to the greenish crystals, one lot of green 
crystals was chosen for detailed studies which showed 
‘typical’ thermogravimetric behavior of the green 
solid (vide infia). Some other greenish crystals 
showed intermediate thermogravimetric behavior 
between the yellow and the chosen green crystals. 
The following experiments were carried out in order 
to find (i) the cause of the different behaviors of the 
yellow and the green crystals, and more importantly 
(ii) the structure and the electronic state of the 
orange species. 

Thermogravimetrical Analysis 
Figure 1 shows TG curves for the two kinds of 

crystals. The yellow crystals started to lose their 
lattice waters at c. 50 “C, the mass loss being c. 4.3% 
at 100 “C. Since the two lattice water molecules 
correspond to 3.1% of the total mass, it is concluded 
that dehydration condensation between two coordi- 
nated pyrophosphite ligands takes place either within 
a complex ion or between neighboring ions. The mass 
loss of c. 4.3% corresponds to the loss of one addi- 
tional water molecule per complex ion. The DSC 
curve (Fig. 1) clearly shows two endothermic peaks 
during the mass loss. The green crystals started to 
lose their lattice waters at a much higher temperature. 
The ‘condensation’ seems to occur at > 150 “C, since 
the mass loss was c. 2.5% at 150 “C. 

X-ray Crystal Structures 
Two crystals representing yellow and green ones 

were chosen. The thermogravimetric behaviors were 
studied for the same crystals just after the structural 
determinations in order to confirm the nature of the 
crystals. The X-ray structural study was not possible 
for the orange species due to the formation of cracks 
during the color change. Both yellow and green 

/ / 
Temperature 

Fig. 1. Thermogravimetric analysis curves of the yellow and 
the green crystals of K4[Ptz(pop)4] *2HzO (see text). 
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Fig. 2. 31P CP-MAS NMR spectra of (a) the dehydrated 

orange solid, (b) the yellow, (c) the green crystals of K4[Pta- 
(pop)4]-2HaO as measured at a spinning rate of c. 3500 

s-r. Arrows indicate signals of the sample. 

crystals showed very similar crystal and molecular 
structures which are also similar to those reported 
previously [5b, 61. Meaningful differences were not 
found between the two crystals, see ‘Supplementary 
Material’. 

31P CP-MAS NMR 
Solid state 31P NMR spectra (Fig. 2) were mea- 

sured for the yellow and the green crystals as well as 
the orange solid. The signals from the samples were 
assigned by comparing the spectra at different 
spinning rates. The yellow crystals showed one sharp 
signal at 71.7 ppm (versus 85% H3P04 in DzO at 
6 = 0) with J(Pt-P) = 3105 Hz. The corresponding 
signal of the green crystals splitted into two peaks at 
70.6 and 72.0 ppm with similar intensity. The 
J(Pt-P) was 3095 Hz. The orange solid showed a 
significantly different spectral pattern. Two groups 
of 31P NMR signals appeared at c. 66 and 77.2 ppm. 
The former signal was much smaller in intensity*. 
The 31P nuclei of [Ptz(pop)4]4- in aqueous solution 
were reported to resonate at 66.5 [12], 69.4 
(J(Pt-P)= 3248 [5] or 3095 Hz [13]) or 66.14 
(3073 Hz) [9] ppm. 

*r%Pt CP-MAS NMR of the three solids were also mea- 
sured. The spectra were not well resolved and less informa- 
tive. All the solids gave signals centered at around -5000 
ppm. The signal of the dimer ion in aqueous solution was 
reported to appear at -5123 [6] or -5139 [13] ppm. 
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Fig. 3. Infrared absorption spectra of (a) the yellow crystals 

and (b) the dehydrated orange solid. 

Electronic Absorption Spectra 
Both yellow and green crystals showed the typical 

absorption spectral pattern of [Ptz(pop)4]4- in 
aqueous solution with an intense peak at 368 nm and 
a weak one at 450 run [2, 31. The diffuse reflectance 
spectrum in KBr pellet of the green crystals showed a 
broad peak around 600 nm, which was absent in the 
yellow crystals. A small amount of oxidized species in 
the green crystals [9] may be responsible for the 
observed band at around 600 nm**. 

The dehydrated orange solid in KBr pellet shows 
two broad absorption maxima centered at c. 400 and 
470 nm. 

Infrared Absorption Spectra 
Spectra of the yellow and the green crystals did 

not show an appreciable difference from one another 
and coincided with the reported ones [ 151. That of 
the orange solid was, however, clearly different in 
some points from those of the two crystalline species 
(Fig. 3). Some peaks related to ligand vibrations 
[ 151, such as PO2 bending at 400-500 cm-‘, P-O(P) 
stretching at 700 cm-’ and POttermid) stretching at 
920 cm-‘, showed splitting patterns in the orange 
solid. Furthermore, a new peak was observed at 800 

-’ and the POH bending peak clearly appeared at a 
Roger energy region (1280 cm-‘) than that of the 
yellow crystals (1320 cm-‘). 

Emission Spectra 
The solid state emission spectrum of the yellow 

crystals showed a strong phosphorescence peak at 

**K4[Pta(pop)&l] in KC1 pellet was reported to show a 
broad absorption band at around 600 nm [5b], while the 
compound in nujol mull showed a band at 512 nm 1141. 

[Ptz(PoP)4w 4- does not show any strong absorption band 
in visible region [9, 141. 
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Fig. 4. Solid state emission spectra of one of the dehydrated 

solids (-_) and the original yellow crystals of K4[Pta- 
(p~p)~] -2HaO (- - _ -) on irradiation at 368 nm. 

5 18 run and a weak fluorescence peak at 424 nm* 
(Fig. 4) at room temperature on irradiation at 368 
r-m**. In aqueous solution, the relative intensity of 
the phosphorescence peak (515 nm) was much 
stronger to the fluorescence. 

Figure 4 also shows a typical example of the 
emission spectra of the dehydrated orange solid. 
There were three emission peaks at c. 520, 570 and 
670 nm. The relative intensity of the three peaks 
differed appreciably among samples prepared under 
various dehydration conditions. The emission peak at 
the highest energy region appeared at slightly lower 
energy than the phosphorescence of the yellow 
crystals. The relative intensity of the three new 
emissions also depended on the change in the excita- 
tion wavelength in the range from 370 to 470 nm. 
Excitation at longer wavelengths caused an increase 
in relative intensity of the emissions at longer wave- 
lengths. Excitation spectra for the 520 and 570 nm 
emissions showed a weak peak at 430 nm and a 
broad one at 460 nm, respectively. The 670 nm 
emission showed a broad peak beyond 500 nm in its 
excitation spectrum. The emission spectrum also 
showed significant temperature dependence. At 
lower temperatures, relative intensity of the emission 
peak at the highest energy increased remarkably. 

A careful measurement of the emission at 4.2 K 
demonstrated vibrational structures for the peak at 
c. 520 nm. The excitation wavelength was 337.1 nm. 

*The phosphorescence peak appeared at somewhat longer 
wave length than that in aqueous solution (c. 407 nm) [2, 31. 

**The green salts showed much weaker emission: phos- 
phorescence at 513 nm and fluorescence at 420 nm with a 
similar intensity. The difference from the yellow crystals may 
be explained by considering extensive quenching of the 
phosphorescence in the green crystals. Quenching may be 
related to the existence of the oxidized species as an impurity 
(the oxidized species may act as a quencher). In aqueous 
solution, the emission spectrum is similar to that of the 
yellow crystals in water. 

Two sets of the progression both in a 115 cm-’ 
vibration were observed. The initial yellow species 
was reported to show the 118 [2] or 115 [5a] cm-’ 
progression which corresponds to the ground state 
Pt-Pt stretching vibration [ 14-161. 

When the dehydration was continued at 200 “C, 
the new emission peak appeared at c. 730 nm in 
addition to the three emission peaks. 

Emission Lifetimes 
Emission decays were followed at three emission 

regions of the orange species at room temperature. 
The emission decays did not show exponential 
behavior. From the initial part of the decay, the 
lifetimes, r,, were roughly estimated to be c. 2 and 
6 ps for the emission peaks at 570 and 670 nm, 
respectively. The lifetime of the emission at 520 nm 
was much shorter (<0.3 ps). The phosphorescence 
lifetime of the yellow crystals is 5.5 /LS at 300 K [ 171. 
Emissions of the orange solid are of the phosphores- 
cence type. The result clearly shows that the 520 nm 
emission of the orange salt does not arise from the 
uncondensed dimer, if any. 

X-ray Photoelectron Spectra 
The Pt 4f,,, and P 2p binding energies of the de- 

hydrated orange potassium salt were 73.2 and 133.1 
eV, respectively. The yellow crystals can undergo 
dehydration under high vacuum circumstances of the 
XPS chamber. The tetraethylammonium salt which 
is not expected to undergo dehydration condensation 
(de infra), showed similar binding energies, i.e. 73.2 
and 133.3 eV for Pt 4f7,2 and P 2p, respectively. 
These results clearly show that the platinum atoms 
of the dimer in the potassium salt remain divalent 
after the dehydration condensation. The binding 
energies for the dehydrated potassium salt are in 
reasonable agreement with those reported previously 
for K4[Pt,(pop)4] (73.3 and 133.2 eV) [9, 181 
which could be in the dehydrated state+. 

Experiments with Other Salts 
The dehydration behaviors of the ammonium and 

the tetraethylammonium salts were briefly investi- 
gated. The green crystals of the ammonium salt 
changed their color partly to orange upon dehydra- 
tion at elevated temperatures. The dehydrated solid 
showed a small emission peak at c. 600 nm in addi- 
tion to the strong peak at 522 nm. The tetraethyl- 
ammonium salt did not change color even at c. 
180 “C. 

tBinding energies in refs. 9 and 18 were corrected for our 
standard (aliphatic carbon at 284.6 eV and potassium ion at 
292.9 eV as internal standard). 
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Discussion 

Differences between the Yellow and the Green 
Ckystals 

A distinctive difference between the two crystals 
was observed in their thermogravimetric behaviors. 
An ORTEP drawing of the crystal structure of the 
yellow one is shown in Fig. 5. The green crystal has 
an almost identical crystal structure. The difference 
between the crystal structures of the yellow and the 
green crystals is too small to account for the differ- 
ent thermogravimetric behaviors of the yellow and 
the green crystals. 

Solid state 31P NMR spectroscopy of the green 
crystals showed that there are two types of nearly 
equal amounts of phosphorus atoms at different 
chemical environments. Since the impurity (oxidized 
dimer) in the green crystals is only a small amount, 
neither of the two 31P NMR peaks can be assigned 
to it. Under the adopted symmetry of the crystal, 
all the phosphorus atoms are equivalent and a water 
oxygen atom is situated at equal distances from the 
four neighboring POz moieties. If we consider the 
hydrogen atoms of the water molecule at directions 
of two particular PO* moieties, then the four POz 
groups are discriminated. Although the Ow-01 (see 
Fig. 5) distance (3.35 A) is a bit too long for a 
hydrogen bond, the splitting of the 3’P NMR signal 
of the green crystals can only be explained by assum- 
ing some interactions between a hydrogen and 
oxygens. The interaction is not important in the 
yellow crystals as indicated by the single 31P NMR 
peak, and the crystalline water molecules may be 
released more easily. 

The thermogravimetric and 31P NMR spectral 
studies Indicated that a small amount of the oxidized 
dirner must affect the whole crystal system. From the 
available data alone, it is not possible to explain 

Fig. 5. An ORTEP drawing of the crystal structure of the 
yellow crystal of K4[Ptz(pop)4] -2Hz0 together with atomic 
numbering scheme. 

convincingly why all the crystalline waters in the 
green crystals are more difficult to remove than 
those in the yellow crystals. 

Nature of the Orange Species 
From the mass loss of the dehydration of the 

yellow crystals to give the orange species, dehydra- 
tion condensation between the ligands should take 
place (one water molecule per complex ion). Since 
the characteristic green emission of the original 
yellow species is recovered when the orange solid is 
dissolved in water, the dehydration process should 
be simple and not involve any irreversible breakage 
of the basic structural unit. Intramolecular dehydra- 
tion appears to be difficult to achieve since it must 
be accompanied by considerable distortion within 
the complex ion. Intermolecular dehydration can 
take place either in the direction of the Pt-Pt axis 
of the complex ion, or perpendicular to the Pt-Pt 
axis (see Fig. 5). Both methods of condensation 
appear to be possible. 

-/‘t’P\(O)COH) 

0 t 

CO,COH),P-f- 

--p:-P/CO)(OH) 

0 

(O)(OH$‘;P& 
l 

Scheme 1. 

The condensation may give a tetramer by double 
condensations of two dimers. Alternatively conden- 
sation polymerization may take place. Easy loss of 
the crystalline waters of the yellow crystals makes 
the approach of the two complex anions easier and 
leads to dehydration condensation. 

The 31P CP-MAS NMR of the dehydrated solid 
showed two peaks at 77.2 and c. 66 ppm with the 
latter having a much smaller intensity. One fourth 
of the phosphorus atoms should be involved in the 
intermolecular P-O-P bond, since condensation 
occurs once per one complex anion on the basis of 
the weight loss. The NMR peak at c. 66 ppm should 
then be assigned to the phosphorus atoms involved 
in the new P-O-P bridge. Splitting of the infrared 
bands related to the PO part is consistent with the 
proposed dehydration condensation. 

The dependence of emission spectra on various 
factors and the different lifetime of each emission 
peak, indicate that the three emission peaks are 
independent from one another and should arise from 
different emission centers. The orange species may 
be composed of various species with different extents 
of condensation. 

Observation of the vibrational structures (progres- 
sion of 115 cm-‘) at low temperatures indicates that 
the nature of the emission (at 520 nm at least) is 
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basically the same as that of the original dimer [2,3, 
5a]. Since the progression is very similar to that of 
the original species [ 14-161, the Pt-Pt distance does 
not change significantly on dehydration condensa- 
tion. 

Origin of the Red Shift of the Emission 
The red shift of the u*(.5dZ2) to 0(6p,) transition 

band of the dimeric species upon an increase of the 
metallic chain length by condensation, has been 
noted for some platinum(B) and rhodium(I) species 
[19,20]. The oligomeric form of the present dimeric 
species has also been reported, which is bluish in 
color and considered to contain an oligomeric con- 
densed phosphite chain with more than three linearly 
arranged platinum(I1) ions [21]. This species shows 
intense red emission centered at 650 nm. A Raman 
signal at 8.5 cm-’ of y(Pt-Pt) coincides with the 
calculation for the linear triplatinum model [2 I]. In 
the present case, the Pt-Pt dimeric unit seems to be 
preserved as far as the emission at c. 520 nm (progres- 
sion at 115 cm-‘) of the orange solid is concerned. 
For the species responsible for the longer wavelength 
emission, it is not clear if the metal-metal interaction 
extends to the neighboring dimeric unit. However, 
reversibility of condensation seems to indicate that 
even in these species Pt-Pt interaction is likely to 
be preserved within the dimeric unit and inter-unit 
interaction, if present, should not be significant. 

Under the assumption that the dimeric unit is 
basically preserved, the state energy is determined by 
three factors, i.e. the strength of the ligand field, the 
metal-metal interaction and the spin orbit coupling. 
Among them, the change in the ligand field is the 
most probable cause of the observed red shift in the 
phosphorescence. The metal-metal interaction and 
the spin-orbit coupling are expected to be indepen- 
dent of the ligand field strength. Therefore, the 
transition energy of the dimeric complex preserves 
the change in energies of the corresponding atomic 
orbitals of each platinum in the given ligand field. 

Basicity of the coordinated phosphorous atom 
would increase by dehydration because the hydrogen 
bond is removed. Accordingly, the ligand field is 
likely to increase as a result of dehydration. 

For the purpose of clarifying an effect of dehydra- 
tion on the transition energy of the phosphorescence, 
the simple ligand field theory [22] is applied to 
estimate the change in energy of the atomic orbitals 
of a platinum atom under the assumption that only 
the strength of the ligand field varies by dehydration. 
In this model, the complex contains four indentical 
ligands (charged -Ze and located at a distance u from 
the metal center) arranged in a square (in xy-plane, 
Pt-Pt direction is taken as z-axis), and one electron 
is located at the metal center. The potential of the 
tetragonal (Dab) ligand field can be expanded in a 
series of spherical harmonics as follows 

V,,(r, 0, #) = 4Ze2/a - (2Zez/u3)rzC0”‘(0 $) , 

t (3Ze2/2a5)r4 [C,‘4’(0, $) 

+ -13 t/2(c4(4$w1 t c,'4Qw)i 

t (higher order terms) (1) 

where c,tk)(e, I$) = (4n/(2k t 1))1’2 Ykm(o, 4). As far 
as p and d orbitals are concerned, the matrix element 
of the higher energy terms in the above Hamiltonian 
vanishes. The energies of orbitals which are respon- 
sible for the transition of our interest are 

E(5d,z) - E0(5d) = 

4Zez/a - (4/7)(Ze2/a3)(R521r21R52) 

+ (3/7)(ZeZ/uS)(R521r41R52) (2) 

E(6P,) - E0(6P) = 

4Ze2/a - (4/5)(Ze2/aS)(R,&21R61) (3) 

where E0(5d) and E0(6p) are the corresponding 
orbital energies of the spherical atom, and 
(R,,lrklR,l) = JrR.IrkRnlr2 dr. The ratios 

(R521r41R52)/u2(R521rZIRsz) =0.66 (4) 

(R611r21R61)/(R521r21Rs2) = 3.1 (5) 

are obtained by using Slater orbitals IR,,) (in which 
orbital exponents are determined by the Slater 
recipe) and using a = 2.315 A (Pt-P distance of the 
yellow crystal). 

By using these results the orbital energies E(5d,z) 
and E(6p,) are calculated as a function of the param- 
eter (Ze2/u3)(R521r21RS2) which represents the 
strength of the ligand field. The result is shown in 
Fig. 6, in which energies of the other orbitals 

(5dX+2, 5d,,, etc.) are also shown. Figure 6 shows 
that as the ligand field strength increases the 5d,I 
orbital energy increases more significantly than that 
of the 6p,. Thus the transition energy decreases as 
the ligand field increases. These calculations qualita- 
tively explain the red shift observed here. 

Supplementary Material 

Experimental details on the crystal structure 
determination, tables of crystal data and data collec- 
tion parameters, of the atomic positional parameters 
and the thermal parameters, and of the structure 
factors are available on request from the authors. 
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