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Abstract-Aqueous aJkaline (КОН, KOD) solutions of hexahydroxoplatinate and ' Ыие" superoxohydroxo-
platinate complexes were stud.ied Ьу Raman spectroscopy. The spectra of superoxo complexes shows the bands
at 1020 and 1060 ст-I that arise from theO; moiety. Solid samples of platinum hydroxide and the precipitates
isolated from "Ыие" soIutions were studied Ьу IR and Raman spectroscopy. The spectra of hexahydroxoplati-

nate(IV) were assigned assuming the СЗi symmetry of the Pt(OH ~- group. The Raman spectra of the decom-

position products of the soIid superoxo complex (y(O-О) = 1080 ст-1 for о;) show the bands that arise from..
а platinum регохо complex (y(O-О) = 829 сm-I for o~-).

Ozonizing alkаliле solutions (Сон- = 1-20 тоИ) of
hexahydIoxoplatinares yields platinum complexes,
which predominantly ex.ist in solutions [1,2]. Баsеd оп
electronic absorption spectroscopy and EPR evidence,
these complexes were formulared as superoxo-
hydroxoplarinate complexes [3-б]. Боth methods pro-
vide only indirecr evidence оп the composition and
elecrronic strucrure of complexes: therefore, ап addi-
rional confirmation of their strucrure or, ае leasr, of the
occurrence of the superoxo group in rhese compounds
is required. The sarne also refers со сЬе platinum
hydroxo compound incorporaring а superoxo сот-
plex [7].

In this work, сЬеаЬоуе compounds were studied Ьу
IR and Rarnan specrroscopy with ше major objecrive of
inrerprering сЬе experimental vibrarional spectra of
hydroxo derivarives of platinum.

EXPERIМENT\L
Solutions conraining the so-<alled "Ыие" platinum

superoxo complexes [1] were prepared Ьу ozonization
of solutions of Pc(OH)~- in aqueous КОН (0.1-4 М);
сЬе overall platinum concentration in these solutions
was (6.0-15) х 10'-3тоИ. The nascenr complexes were
identified Ьу electronic absorprion spectroscopy and
EPR, as described in [3, 4, 6]. Тhe isolation of solids
from initial and ozonized (blue) solurions was
described elsewhere [5, 7]. ТЬе resulting solids were
characrerized Ьу m. and Raman spectroscopy, as well
as Ьу EPR and X-ray powder diffraction [7].

m. spectra of solids were recorded оп Perkin-Elrner
1700Х (50-700 cm-I), UR-20 (~00-4OOO cm-I), and
Specord-IR (200-3600 cm-1) spectrophotometers.
Samples were mineral oil or неБ mulls or КВг or

polyetbylene pel1ers. Raman spectra of solutions and
solids were recorded оп а icolet Raman-950 FТ spec-
tropbotometer in сЬе range 0-4000 cm-11 (Ое detector
cooled \vith liquid nirrogen), оп а Jobin- Ууоп U-IOOO
specrrophotometer using ше 457.9- and 514.5-пт lines
of а K:lfl Zeiss Аг-IL.-\-120 argon laser (in сЬе range
650-1200 cm-I), and оп а DFS-24 spectrophotomerer
ас а \\'avelength of 51~.5 nm (in ше range 450-
1200 cm-I).2

RESULTS А.."Ю DISCUSSIO

Al.kaline solutions. Srudying alkaline solutions Ьу
Raman spectroscopy has some specific features. Ап
increase in alkali concenrration in а solurion from О to
20 М КОН leads со а considerable decrease in specrral
intensiry and еуеп ео сЬе соmрlесе disappearance of
spectra. This is presurnably associared with еЬе
еnbanсеmепс of the inreraction between the electrolyre
and сЬе solvent as ше concentration of (Ье former
increa.ses. Tbis leads to сЬе formation of bulky struc-
ture-ordered fragments. wbose mass increases wirh а
decrea.se in solvent concentration.

Figure 1 sbows сЬе Raman specrra of water and
кон solutions (as well as of their deurerared conge-
ners, DzO and КОО). In а long-wavelengtb region ot-
the spectrum of КОН, сЬе band due to О-Н stretching
vibrations "is extinguisbed." А similar рЬепотепоп

1 Raman spectra were acquired Ьу repeatedly scanning the fre-
2 quency ra.nge(the number of scans was по 1essthan 600).

Some R:lIIlanspectra of blue р1аtinит superoxo complexes were
obta.inro Ьу У. У. Berdyugiп and Р.Р. Shorygin (Institute or'
OrgarucChemistry, RAS) :шdЬу .А. Chumaevskii (1nstituteо!"
Gепеrз' and Inorganic Chemistry, RAS). wruch is gratefuJly
ackno\\!edged.
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Fig. 1. Band extinction in the Rarnan spectra of solutions of supporting electrolytes: ~) Н2О. (Ь) 3 М КОН. (е) 10 М КОН. (d) 020.
?-

and (е) 3 М као; (j) the peak corresponding (о the impurity со; ion.
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Fig. 2. Raman spectra of (а) КМпО~ and its solutions in (Ь) \\'a[er and (е) 3 М кон.

was observed in the Raman spectra of NlnO~ ions in
neutraI and aIkaline soIutions. For example. а 0.1 М
KMnO~ aqueous soIution gives rise to weII-dеfiпеd
peaks at 346, 386, 834. and 902 сm-I (Fig. 2, spec-
trum Ь) assigned, in accordance with [8], ю У2. У4, V1•

and Vз, respectively. 1п the Raman spectrum of а
КМПО4 solution in 3 М КОН. the intensiries of these
peaks abruptly decrease: The У1 and Vз frequencies рег-
sist in the spectrum, and the remaining peaks are ипоЬ-
servabIe (Fig. 2. specrrum с). We observed а sim.ilar
effect in some other systems-SO~- , СО;-, O~, and
H202-in aqueous and aqueous aIkaline soIutions.

Therefore, Raman spectra of alkaline solurions сап
show only rather strong bands of stretching vibrations,
whereas weak bands and/or the bands caused Ьу bend-

ing vibrations. \vhich are theoreticaIly Raman active
and аге obser,:abIe for diluted soIutions, сanпос ье
detected at alI.

SoIutions of platinum hydro:xo complexes. SoIu-
rions of the Pt(OH )~- complexes and of the products of

rhe ozonization of Pt(OH)~- in aIkaline media (which
are асшаIIу plarinum superoxo hydroxo complexes (1-
3]). as well as solutions of alkali-mеtaI carbonares were
obtained in а КОН medium of varied concentration.

Raman spectra of some hydroxoplatinate samples
prepared in air mау show а band at 1066 cm-1• состе-
sponding to the stretching vibration У2 of the carbonare
ion [9]. А sirnilar band was observed for solutions in
deuterated systems because of the contaminarion of
KOD with carbonate. Dedicated experimenrs sho\ved
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Fig. 3. Raman spectra of (а) 3 М КОН and solutions of (Ь) hexahydroxoplatinate(IV) and (е) а s;zperoxo platinum(I'i) соmрlех in
3М КОН.

that. in the Raman spectтa of :l1ka\ine so\utions of
?-

a\ka\i-meta\ carbonates, the bands due [о other СО;
vibrations (for this ion, the У3and У4 vibrations in the
гап!!:е1350-1450 алd 700-730 т-1, respective\y, аге
Ra';an active) were not observeri. Tak.ing into account
that the \ine of the carbonate ion fзl\s into the frequency

range typica\ of [Ье о; moiety. the experirnents were

carried out in а CO:-free atmosphere. The СО;- соп-
сепсof initia\ so\urions and of the decomposition prod-
ucts of superoxo comp\exes was monitored Ьу observ-
ing the spectra. The lack of vibГoHionsdue [о [Ье саг-
bonate ion in these spectra allov•.ect us ео state that the
solutions were free of С0;- . Неп -е. we cou\d rule out
сЬеdistortion of [Ье spectra in question.

1п addition, we studied the systems containing
potassium carbonate. We obtained the Raman spectra
of (i initia\ Pt(OH)~- so\utions. (j) the same so\utions
after ozonization. алd (iii) the \:шег so\utions after
decomposition [о the initia1 species (both sропtале-
ously and under the action of а 0.1 х 10'-3М hydrogen
(deuterium) peroxide so\ution in the a1kali of appropri-
асе concentration). We found thaL еуеп in the presence

of С0;- impurities in so\utions. subtracting the spectra
re!iabIy revealed the lines caused Ьу oscillators ошег

2-than СО} .

?-

Studying a\ka\ine 50\utions of Pt(OH)6 tor

Pt(OO )~-) in Н2О (ог 0:0), their ozonization products.
and [Ье decomposition products of ше \atter sho"-'ed
that, in а region аЬоуе са. 1150 cm-1, сЬеRarnan spe'-
tтa of these so\utions аге rough\y ше same as tbe spec-
tra of supporting pota5sium hydroxide so\utions of
appropriate concentration.

The spectra of Рс(ОН )~- show weak (especially [ог
тоге than 3 М КОН) резks ас 470, 570. алd 820 сm-!

(Fig. 3. spectrum Ь). Simi\ar spectra ar1se from so\u-
tions сЬасform ироп decomposition of ozonized Ыие
so\utions.

The Raman sресtrз of ozonized so\utions of

Pt(OH)~- in \ess than 5:Ч КОН (Ь\ие comp\exes [1 3)
show а strong asymmetric band in ше range 920-
1100 сm-1 (Fig. 3, spectrum с). The \inе shape is
approximated Ьу а sum uf two Gaussian curves ~'i h
maxima at 1020.1 and 1059.5 ст-1 taken in а са. 4 : 5
intensity ratio (Fig. 3, spectrum с). ТЬе first line is са.
сшее times as broad as the second \ine. Whatever the
conditions of preparing the samp\es and recording the
spectra. these lines ret..lin their position алd intensity
ratio. Studying the ozonized алd initial so\utions of

Рг(ОН )~- in 020 sho~ ed that the position алd inten-
sity ratio of these \ines remained una\tered [ог deurer-
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Fig. 4. Raman specrra of (а) 3 М коо and solurions of (Ь) hехahуdrохорl:шшне(IV) and (е) а plarinum(IV) superoxo complex in
3 М коо; (с!) rhe spectrum obrained Ьу subrraction of specrrum Ь from specrrum е.

ated so\иtions (Fig. 4); Ьепсе, these peaks cannot Ье
assigned (о Pt-O-H bending vibrations, as was done
previous\y in [10].

We assign the аЬоуе bands to v(O-Q) stretching
vibrations of the superoxo group coordinated (о plati-
пит. The superposition of (Ье lines at 1020 and
1060 ст-I сап Ье attributed (о [Ье occurrence of а! least
two complexes. This is consistent with EPR evidence
оп sоlшiопs of the Ыие complex [3]: These sоlшiопs
contain (мее somewhat dissimilar superoxo platinum
complexes. Two of thes~ complexes are predominant,
and сЬеthird опе occurs as ап admixture. It is likelv [Ьа!
сЬеmajor two comp\exes give rise to сЬеаЬоуе bands in
(Ье Raman spectrиm.

The characteristic feature of [Ье vibrationa\ s~ctra
of dioxygen compounds is (Ье occurrence of the 0-0
stretching vibration (v(O-О)) [9. 11], whose frequency
is associated with the popu\ation of (Ье oxygen п;
orbita\. For регохо compounds. this vibration mani-
fests itself in а range of 750-920 cm-I, whereas [ог
superoxo derivatives (containing сЬе о; ion). this
vibration is observed in а range of 1000-1200 cm-I.
ТЬе bands at 1020 and 1060 ст-1 in еЬеRaman spectra
оСozonized Ыие solutions evidently arise from stretch-
ing ibrations of platinum superoxo complexes.

EPR [3] and quапtum-сhеmiсаI [5] evidence, tзkеп
together, permits (Ье assumption сЬасdifferences in the
shape and frequency of the bands under consideration
сап Ье caused either Ьу the formation of топо- and
binuclear superoxo complexes ог Ьу the formation of
топо- and dibridged binuclear complexes (with Фе
(jl-O;) ог (jl-O;, jl-OH-) bridges); conformariona1
isomerism of а binuclear superoxo complex and differ-
еп! compositions of the coordination sphere (for ex:l1Т1-
р\е, substitution of Н_О mo\ecules [ог the ОН- groups)

are a\so possible. ТЬе last two versions seem (о Ье of
lо'Л'егprobability, because the attendant changes in (Ье
spectral pattem should ье less pronounced. We think
that the narrower band сan arise from the superoxo ion
coordinated (о (Ье p\atinum atom either in а топопи-
clear complex ог in а binuclear dibridged complex and
а broader band is due (о the superoxo ion iл а binuclear
monobгidged superoxo complex. This assignment is
пос in conflict with EPR data (а sоIшiоп of the Ыие
complex contains at least (мее platinum superoxo
complexes [3]) and with electronic absorption spectra
(according (о [5, 11, 12]. топопис\еаг complexes сап-
not ье identified against [Ье background of binuclear
complexes, whose e\ectronic absorption spectra are \it-
tle different from опе another). The decrease in the
v(O-О) frequency of the binuclear complex сап ье
caused Ьу an increase in [Ье electron density in the anti-
bondin,:oorbitals of the dioxygen moiety because of its
transfer [гот two platinum atoms. ote that, in both the
mononuclear and binuclear dibridged complexes, this
transfer is energetically less [ауогаЫе because of steric
hindrances. The broadening of the band а! 1020 ст-I in
the Raтan spectrum of [Ье binuclear monobridged
complex. compared to Фе mononuclear ог binuc\ear
dibridged comp\exes, is associated with еЬеoccurrence
of sеvеrз.l possible conformations with close geometri-
са! parameters in а sо\шiоп [5], as well as with а stron-
ger inreraction of (Ье bulky and "flexibIe" binuc\ear
complex \vith (Ье medium.

Therefore, vibrational spectroscopy provides а
piece of evidence оп сЬе formation of the platinum
superoxo complexes in alka\ine so\utions.

Solid hydroxoplatinates. The Raman spectrum of
platinum hydroxide (\ight yellow precipitate) shows the
bands ас290 and 600 ст-1, [Ье latter being rather strong
(Fig. 5). ТЬе gray so\id isolated [гот ozonized сот-
plexes and containing (Ье superoxo platinum complex.

RUSSIA JOUR AL OF 1 ORGX\IC CHEMISTRY Vоl.·И No. 9 2000
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Fig. 5. Rarnan spectra of solid platinum(IVj (а) hydroxo and (Ь) superoxo complexes.

as determined in [7], gives rise to additiona! bands at
238,829, and 1080 сm-I.З Spontaneous decomposition
of this solid (monitored Ьу its disco!oration) is ассот-
panied Ьу а decrease in the intensity of the baпds ас 829
and 1080 cm-1• Evident!y, the !atter band is due to the
superoxo сотр!ех ana!ogous to the сотр!ех in so!u-
tions. The band ас 829 ст-1 corresponds ео а p!atinum
регохо сотр!ех сЬасforms as ап intermediate product
of ше reduction of сЬеsuperoxo сотр!ех: this interme-
diate is stabi!ized in сЬе so!id phase.

ТЬе IR spectra of all so!id products are virtually сЬе
same. The IR spectrum of сЬеyellow precipitate shows
absorption bands ас 350, 532, 585, 1070, 1616, and
3350 ст-1; the IR spectra of the ozonized derivatives
show ап ехСгаband ас 1740 cm-1,

ТЬе vibrationa! data were interpreted assuming сЬе
СЗi point group of symmetry (Г = 5Ag + 5~g + 6Bu +
6E1u),4 ТЬе symmetry of Pc(OH)~-, !ower еЬап Oh' is
evident if it is gгащеd сЬассЬеОН- ions are linear rather
сЬап point !igands.) ТЬе adequacy of such а description
of еЬе Pc(OH)~- ion is supported Ьу сЬе crysta! struc-
Сигеof К2РС(ОН)6 [13]. ТЬе compound crystallizes in
сЬе rhombohedra! symmetry system (space group
R 3т), ТЬе oxygen atoms are !ocated in рагаllе! p!anes
norrna! ео сЬе СЗi axis, and the meta! аtoт resides оп
this СЗi axis between the p!anes [13],

з ote that recording the Rarnan spectra at а гатег high laser radia-
tion power (>0.7 тУ) leads (о те decomposition ot' sarnples with
те concurrent disappearance of spectral peaks.

~ Тhis group of symmetry was chosen based оп geometry optimiza-
tion Ьу molecular dynamics methods [5].

5 Since the orbijaIs of the oxygen аtoт in the 011 ion аге hybrid-
ized Ьу те sp (уре, те РtOН angle should differ ['гот 1800.

Vibrationa! spectra of different hexahydrox.o сот-
p!exes (inc!uding К2РС(ОН)6 and K2Pt(OD)6J of sym-
тесгу СЗi Ьауе Ьееп interpreted based оп group theoret-
ical analysis and оп changes in absorption frequencies
for deuterated comp!exes [1О]. l"sing а non-o:[~hedra!
point grollp [10] made it possible to describe ше vibra-
tions associated with changes ЬОШiп сЬе re!ati\'e posi-
tions of the centra! ion and сЬеox.ygen atoms :шd in the
arrangement of еЬе hydrogen atoms with respect to
these atoms,

The assignment of vibrations [ог so!id plar' num(IV)
hydroxide hydrate and so!utions of Pt(OH)~- is pre-
sented in the table, Ву analogy \'/ith [9, 10], we ~signed
еЬе bands in ше raпge 3()()(}-3700 ст-1 to suetching
vibrations у(ОН) and the bands ас 900-1100 сm-1 ео
bending vibrations 8(РtOН) (in this case, \'~IBJ) and
V15(E1u) are Rarnaп inactive). In mе region bclo\v 600
сm-1, several different vibrations сап occur; ho\vever,
since the frequencies of these vibrations are inscnsitive
to сЬе isotope substitution for hydrogen аюms, the
authors [10] have assigned them to stretching vibra-
tions у(РtO) (v6(Bu) and v1_(E J) and bending vibra-
tions 8(ОРсО) (vg(Bu) and VI6(E J).

оее that we studied p!atinum hydroxide гашег сЬan
potassium hydroxop!atinate, which had Ьееп studied
in [1О]. This сап ье just the reason for some dirYerences
between оиг IR spectra and mose in [10]. The &,НОН)
bending vibration band ас 1616 ст-1 is due to the
оссиггепсе of coordinated water molecu!es in ше sam-
ples. Some !ong-wave!ength displacement ofbands (Ьу
са, 20-45 cm-1) is evident!y caused Ьу сЬе !ack of such
а heavy соипсепоп as К+. In the spectra of оиг S3Лlрlеs,
еЬе stretching vibration bands of the hydro.x"de ion
у(ОН) are virtually lacking, \ушсЬ is !ike!y associated
with сЬе formation of numerous hydrogen bonds
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Vibrational spectra of hexahydroxoplatinates(ГV)

1"93

Experimental data, сm-I К2Рt(ОН)6' сm-I [10] K2Pt(OO)6' ст-1 [10] I опnаl mcces of vibrations*

290 (Raman) E:!g о(ОРtO)

328 (IR) 301.0 300.2 E1u о(ОРtO)

350 (IR) Bu ,"(рtOН)

470 (Raman)** Ag ,"(РtOН)

515.3 513.5 E1u У(РtO)

532 (IR) 538.3 535.0 Bu У(РtO)

570 (Raman)** ~g У(РtO)

600 (Raman) Ag У(РtO)

820 (Raman)** Ag о(РtOН)

1058.0 803.5 Ви о(РtOН)

1070 (IR) 1076.0 E1u о(РtOН)

3350 (IR) 3375.8 2507.8 Ви
• у(ОН)

3387.2 E1u У(ОН)

* Тhe results of quantum-chemical calculations [5] were also used in assignment.
** Solution data (the remaining data refer соsolids).

7_

among the Рс(ОН)(; octahedra. In the Raman spectra
of solid platinum hydroxide, only two srretching and
bending vibrations-V21(~2) and v1(A2), respec-
rivel у-аге active. осе that еЬе absence of rhe bands in
the range 900-1100 сm-I in rhe Raman spectra of plat-
inum hydroxide hydrate is of crиcial impot1ance for
identification of ozonized obje"ts [5].

Therefore, оиг findings сопВrm the earlier conclu-
sions [1-7] that platinum superoxo complexes exist in
alkaline solutions and solid samples and реrmiс some
inferences concerning the strиcrure ofthese complexes.
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