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Abstract: To understand the mechanism of Pt deposition during the synthesis of supported catalysts, liquid-
phase!®Pt NMR spectroscopy was applied first to study the speciation of platinum complexes in aqueous
solutions of HPtCk as a function of pH and time of hydrolysis and second to follow the adsorption of platinum
complexes ory-alumina from these solutions. Five of the six Pt complexes that can exist in hydrolyzed H
PtCk solutions are identified by thelPPt chemical shiftdpy): [PtClg]?~, [PtCl(H20)]~, [PtCl(OH)]?~, [PtCly-

(H20)2], and [PtCk(OH),]%~. For [PtCL(OH)(H.0)]~, which cannot be directly detected in NMR spectra due

to fast proton exchang@ép: is calculated from the best fit of thi = f(pH) dependence to the experimental

data. The acid dissociation constant&{jfor aquaplatinates are also determined and discussed in comparison
to literature data. For pPtCl solution—Al,O3 mixtures, NMR signals of [PtG}J?~ and [PtC§(OH)]?~ at the
interface were observed for the first time. The [R}€l signal has a small negativi relative to that in

H,PtCk solutions, which indicates a slight perturbation of the Pt atom coordination sphere by the alumina
surface. It is suggested that adsorbed [Rt@H)]2~ results from fast deprotonation of the water molecule
ligand in [PtCk(H20)]~ by alumina basic hydroxyls. Most likely, the platinum anions are held on the positively
charged alumina surface by electrostatic interaction. The fraction of adsorbeg@P4J}#~ rises with increasing

initial pH of H,PtCl solutions and becomes dominant at higher pH. The JFtChand [PtC(OH)]?~ signals
disappear after removal of physisorbed water from alumina powder at room temperature and reappear almost
unchanged upon subsequent rewetting of the solid. In contrast, after drying@tfé01.5 h, no NMR signal

can be detected for the dried samples, and much weaker signals than those in the original solid are observed
for the rewetted sample. The disappearance of the NMR signals is supposed to be due to formation of lower
symmetry grafted Pt complexes with a higher chemical shift anisotropy. The likely mechanisms of platinum
deposition from acidic EPtCk solutions on positively charged alumina surface are discussed.

Introduction This paper concerns Pt/A&D; materials prepared by deposition
from aqueous solutions of Pt precursors. Catalysts with well-
Studies on ion adsorption on inorganic oxides from aqueous dispersed Pt metal particles on high surface area oxide supports
solutions have been extensive in recent years owing to the have received much attention because of their wide commercial
importance of these systems, particularly, in catalyst manufac- application. The Pt/AlOs system is of particular interest, since

turing, heterogeneous catalysis, and material sciénce. all modern industrial reforming catalysts consist of Pt, usually
combined with one or more metals, deposited on a chlorinated
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of zero charge (PZC) of alumina (pk¢ 8), the surface is
positively charged by protonation, aetectrostatic adsorption

Shelieioal.

Summers and Ausémeported that the adsorption of (M)
PtCk on y-alumina was accompanied by the release of free

of anionic platinum complexes on the positively charged surface uncoordinated Clions into the solution and suggested that this

hydroxyl groups can occuyr®

H+
/
~Al-OH + H* A~ === ~AI—O\
H

+ A (1)

where A” stands for anionic platinum complexes. Because of

effect points to a ligand exchange reaction occurring between
Pt complexes and the support (reaction 3 or 4).

Probably, one of the main reasons for the poor understanding
of the initial stages of platinum deposition on alumina is the
lack of a spectroscopic technique suitable for detecting Pt
speciation at the alumireaqueous solution interface and
sensitive enough to follow the modifications of the Pt ion

proton Consumption, the pH of the solution increases as reactioncoordination Sphere Occurring upon adsorption_
1 proceeds to an extent that depends on the Pt/alumina ratio. geayerg] attempts have been made to identify the platinum

Other mechanisms for the fixation of platinum on the alumina
surface are also often considered. One of them, call@dn
exchangeis the exchange of surface OH groups with platinum
anions?*

~Al—OH + H 0" + [PtCI]*” = ~Al—[CI-PtCL]~ +
2H,0 (2)

This reaction should also lead to an increase of pH; the
adsorbed Pt complex may be considered to be grafted.

Another process, also calléigand exchangemay result in
grafting. It consists of the replacement of one or two ligands in
the coordination sphere of platinurny surface OH groups of
alumina? for example, for [PtG]2, this process can be
represented as follows:

~Al—OH + [PtCI]* = ~Al—[(HO)PtCL] ™ + CI~ -

Ligand exchange can be followed by deprotonation of the
bridging OH group as proposed by Martens and Ptins:

~Al—OH + [PtCI]*” + H,O = ~Al—[OPtCL]*” +
H,O" + CI™ (4)

The adsorption of BPtCk ony-Al 03 from agueous solutions
under equilibrium conditions was studied in several papefs.
It was found that the amount of adsorbed Pt was strongly
dependent on the pH of RtCk solutions and passed through
a maximum at pH= 3.5—4 (measured in the final solutio&¥.

No Pt adsorption was observed above a pH of 8.2, i.e., above

the PZC of alumina. Mang et alapplied a modified triple-
layer model to simulate the pH dependence of the Pt uptake.
rather satisfactory agreement between the experimental an

complexes, which are fixed on the surface of alumina from H
PtCk solutions, using diffuse reflectance WVisible spectros-
copy382A considerable shift of the charge-transfer (CT) band
maxima relative to their position in solutions was found to occur
in the spectra of EPtClk adsorbed ory-Al 03, which is strongly
indicative of a metal precursealumina support interaction.
However, the reported maxima for the CT bands differ ap-
preciably even for samples prepared by essentially the same
procedure. Despite the considerable disagreement in the reported
band positions, the observed CT bands were ascribed to
adsorbed [PtG]? or [PtCE(OH)]?~, which are supposed to be
the major species. It should be underlined, however, that there
is no agreement on assigning one or several bands at precise
positions to a specific species.

Laser Raman experiments gralumina impregnated with
an acidic HPtCk solution and dried at relatively low temper-
atures (26-120°C)351%confirmed the conclusions drawn from
UV—vis spectra. Thre® or fivel® absorption bands were
observed in the Raman spectra in the range 167 to 353,cm
which correspond rather well to the literature data for [EfCI
in the solid state and solutions. It was thus concluded that the
adsorbed platinum basically consists of slightly distorted
[PtClg]2~ species, some of which may be ligand exchanged.
However, no specific information on the structures and com-
positions of the exchanged platinum complexes could be
deduced from the Raman experiments.

To some extent, the Raman data were supported by the
EXAFS study of dried uncalcined ex,PtCl/Al 03,1 which
indicated the presence of weakly bonded adsorbed {PtGis
a major species along with small amounts of Pt complexes
whose coordination sphere contained oxygen atoms. However,

in the later EXAFS work? it was concluded that, at the drying

A Stage, the platinum precursor interacts strongly with the support
c]10 form mainly PtCi(Oy).

simulated data was achieved when adsorption by ligand Thus, as follows from the above brief survey, more effort is

exchange of the chloroaqua and chlorohydroxo platinum anionic

complexes with surface’Al—OH and~Al—O~ groups (reac-
tion 3) was taken into account in addition to electrostatic fixation

needed to gain a deeper insight into the mechanism of platinum
complex deposition on alumina from aqueous solutions.
In this work, we attempted to apply stati®Pt NMR

of the Pt anions (reaction 1). The latter process is dominant at SPECtroscopy to the study of platinum adsorptioryeslumina

pH < 4. At higher pH, the adsorption capacity decreases as thefrqm aC|d|p HPtCk solutions at d|ﬁ§rent initial pH vglues. The
pH approaches the PZC of alumina, and simultaneously the Primary aim of our study was to find out whether it would be
ligand exchange mechanism becomes increasingly important.pOSS'b|e to detect platinum NMR signals from adsorbed species

The decrease in the Pt uptake at pH4 is explained by
competitive adsorption of Clon positively charged surface
sites. It was also noted that nonnegligible dissolution of alumina
occurs at pH< 4.
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Application of NMR to Pt Interfacial Coordination Chemistry

An analysis of available literature data &tPt NMR of Pt-
(IV) complexes in liquid solutions and solid state, which were
summarized in several reviews,® reveals that this technique
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Our preliminary report on the applicability dfPt NMR
spectroscopy for studies of,AtCk adsorption ory-Al,03 and
SiO, has been published elsewhéfe.

has many important advantages and may be an excellent tool

for the characterization of adsorbed platinum species!*{t

Experimental Section

NMR measurements are rather easy on modern Fourier trans-

form NMR spectrometers. (ii) The total platinum chemical shift
range is very large (about 15 000 ppm); therefore, it is relatively
easy to discriminate Pt(IV) complexes of different structures
from their19%Pt chemical shift, which is highly sensitive to the
ligand environment. (iii) As follows from'9%Pt MAS NMR
spectroscopy datd;!8 solid hexachloroplatinates(lV) (for in-
stance, (NH),PtCk and KPtCk) exhibit only very small
chemical shift anisotropy<(5 ppm) due to the high symmetry
of the PtC} unit. As a result19Pt NMR signals of powder
K,PtCl are readily observable under static conditions, the line
width being comparable to that in the MAS NMR spectra (34
and 24 ppm, respectivelys.

Thus, it appears that there is a good chance to obséWwe
NMR signals from adsorbed Pt(IV) species, if they have a
regular or slightly distorted octahedral symmetry. However, to
the best of our knowledge, 18Pt NMR spectroscopy data on
the HPtCk solution—alumina interface have been reported so
far. We were able to find in the literature only one example of
the application of%Pt MAS NMR spectroscopy to the study
of y-alumina impregnated with anJRtCk solution and dried
at 20°C and then at 120C for 24 h> The observed NMR
signals were assigned to [P&2I" octahedra in KPtCk crystals,
which start to grow at loadings above 1 mmol offCk per
m? of Al,Os. Below this limit, platinum complexes adsorb

Materials and Procedures.Spherical beads gf-alumina (cubic)
were provided by Procatalyse. The specific surface area was 295 m
g, and the total pore volume was 0.6 ¥g Prior to adsorption
experiments, alumina beads were crushed in a mortar, and the fraction
of the resulting powder with particle size ranging from 180 to 250 mm
was separated with use of calibrated sieves.

Two different stock solutions were prepared by diluting with water
a 8 wt % aqueous solution of,AtCk (Aldrich): [Pt]=1.2x 102M
at pHb = 1.8 and [Pt]= 6.6 x 102 M at pH, = 1.0. The pH values
of the solutions were measured by using a Tacussel digital pH meter
with a combination glass/reference Radiometer XC200 electrode. No
change in pH values was found to occur for the aged stock solutions.

Both stock solutions were used fdPPt NMR measurements,
whereas adsorption experiments were performed with the<112-2
M solution. The AbOs/Pt ratios in the adsorption experiments were
21.4 g/g.

19t NMR Measurements.The 85.9-MHZ*Pt NMR spectra were
recorded at room temperature with a Bruker MSL-400 instrument
equipped with a multinuclear probe for liquid-state NMR. A simple
one-pulse sequence was employed; pulse duration was 8 ms, dead time
before acquisition was 20 ms, and equilibration time between two pulses
was 0.5 s. In MAS NMR experiments with the same pulse sequence,
the spinning rate of the sample was 5 kHz. Due to the wide range of
19%pt chemical shiftsdp) and the relatively small line widths, rather
large observation windows (62 500 or 125 000 Hz) and a great number
of data points (32 K) were required. Line broadening factors of 25 Hz
were introduced to improve the signal-to-noise ratio during the Fourier

strongly on the support, and no NMR signals were detected transformation. Thé*Pt chemical shiftsdp) were referenced to the

that could be attributed to such adsorbed species.
concludeé that the variation in the chemical environment of

these strongly adsorbed complexes, which arise from the

exchange of one or more chloride ions in [R}&l for an oxygen

ion or a hydroxyl group of the support, give rise to a large spread
in 19t chemical shifts and therefore to broad peaks of low
intensity, which are difficult to observe.

It should be mentioned here that a number of papers
concerning Knight shift and relaxation-time measurements in
small Pt metal particles dispersed on oxides;(3] SiO,, and
TiO,)19725 and zeolite¥ are out of the scope of this work and
therefore will not be discussed here.
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It WaS[PtCIG]Z* signal Ppt = 0 ppm) in the starting 0.2 M #PtCk solution.

In some cases, small deviations fral = 0 ppm (up to~2 ppm)
were noticed for the [Ptg]?~ signal in dilute HPtCk solutions, which

may arise from a drift of the magnetic field (no lock) during prolonged
NMR measurements. However, the differences in chemical shift of Pt
species in the spectra of a given solution or solid were always constant
within +0.2 ppm. Acquisition times varied from 30 min te12 h
(overnight acquisition).

Results and Interpretation

19t NMR of H ,PtCle Solutions. Preliminary Consider-
ation and Literature Data. Prior to studying adsorption of -
PtCk on alumina, it was considered worthwhile to examine
aqueous solutions of 4RtCk at various pH values by%Pt
NMR.

H,PtCk is a strong acid, and [Ptg}f~ anions which result
from dissociation of the acid are readily hydrolyzed in an
aqueous medium to give rise to a variety of chloroaqua and
chlorohydroxo platinum complexes. The hydrolysis of [RFC
in neutral or slightly acidic aqueous solutions at temperatures
below 50°C occurs by the following sequence of reactidris:

[PtCI]*” + H,0 = [PtCI(H,0)] + CI~ (5)
[PtCI(H,0)] + H,O0=[PtCI,(H,0),] + CI"  (6)
The chloroaqua platinum complexes behave like weak acids:

[PtCly(H,0)]” = [PtCI(OH)]*” + H" (7

(27) Shelimov, B.; Lehman, J.; Lambert J.-F.; Che, M.; DidillonBail.
Soc. Chim. Fr1996 133 617-623.
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Table 1. Literature Data on thé®Pt Chemical Shift &gy for (H20)s]*" on the assumption that the signals from cis and trans
Aqueous Solutions 19
_ Pt NMR of Freshly Prepared and Aged HPtClg
| 5 preF’é’“aﬁo? p’?‘i.ed“'e . Solutions.Let us now conside¥?>Pt NMR spectra for two series
complex Pv PPM and pr of solution re of H,PtClk aqueous solutions at different pH values. The pH
[PtCle]* 0 (reference) was adjusted to a desired value by adding 1 or 0.1 M NaOH
[PtCls(H20)]~ 475 a 28 solutions to the stock #PtCl solutions [Pt]= 1.2 x 1072 M
[PtCls(aq)sz 504 c 29 at pHb = 1.8 and [Pt]= 6.6 x 102 M at pHy = 1.0. NMR
[PtCls(OH)] 666 d 29 acquisitions were started within-8.0 min after the preparation.
[PCli(H.0)° 1029 f 28 The representative NMR spectra of the solutions are shown
cis{PtCliaqyl> ~ 1005 ¢ 29 in Figures 1 and 2, and peak positions are listed in Table 2.
trans[PtCli(aq)] 1126 c 29 . .
i - Platinum resonances are observed in three separate ranges of

Cis[PtClLy(OH);] 1281 d 29 \ : , o !
trans[PtCL(OH)]>~ 1263 d 29 chemical shift §p): (i) ore = 0 ppm ([PtCH]>~ reference), (ii)

— - - - Opt = 504—661 ppm, and (iii)0p; = 1005-1271 ppm. While
a QOxidation of [PCls)%~ in a 0.1 M aqueous solution with excess S - o :
chlorine; pH is not specified? (aq) is used in ref 29 to indicate that further discriminations will have to be m.ade later, itis O.bVIOUS
OH ligands have acquired some unspecified degree of additional from the data of Table 1 that the species resonating in range
protonation.c Hydrolysis of [P¥Cle]?” in an acid aqueous solution at (i) correspond to pentachloroplatinates [RX]| and those in
pH 1-3. “Boiling of Ag[PtYClg] in water and adjusting pH to ca. 10.  range (iii) are tetrachloroplatinates [P§&}] (X = H,O or

¢No indication oncis or trans configuration.f Addition of excess = ; ; ; :
chlorine to a 0.15 M agueous solution of [R,0)J* and aging the OH™). Note that the latter species are minor in the solutions

solution for a period of several months; pH is not specified. studied, i.e., the hydrolysis of [Pt~ occurs predominantly
by reaction 5.
[PtCl,(H,0),] = [PtCI,(OH)(H,0)]  + H" (8) An examination of thé®Pt NMR spectra in Figures 1 and 2

and the data of Table 2 reveals that the chemical shift of some
[PtCI,(OH)(H,0)]” = [PtCI,(OH),]*” + H* (9) Pt species is pH dependent. As the pH oPECk solutions
increases, the NMR signals at 504 and 1005 ppm continuously
move to highewp; values (to the final values of 661 and 1271
ppm, respectively), whereas the NMR signal of [R}€1 (opt
= 0 ppm) remains at a constant valuedef. Possible reasons
for such behavior will be discussed below.

The resulting chloroaqua and chlorohydroxo platinum com-
plexes can be distinguished by th&pPt chemical shiftsdpy)
in NMR spectra. However, to the best of our knowledge, no
systematic!®*Pt NMR study has been undertaken so far to

elucidate the speciation of [P~ anions in HPtCl aqueous It was found that strongly acidic solutions (at pk2) are
solutions as a function of pH and/or of the time of hydrolysis. stable and exhibit no change in pH at room temperature, whereas

Available literature data 0%t NMR of Pt Cls_n(H;0), and the pH of less acidic solutions decreases considerably with time

P#VClg_n(OH), complexes i§ = 1 or 2) are scarce and rather (Table 2). Correspondingly, significant changg§9Wt NMR

contradictory (Table 1). Nd®$t NMR spectrum has been SPectra were observed for the agegPtCl solutions.

reported for [PtC(OH)(H,0)]". Figures 1f,g and 2 enable one to compare the NMR spectra
Nevertheless, the data of Table 1 clearly show thattfret of some “fresh” and “aged” bPtClk solutions. No marked

chemical shift is strongly dependent on the chemical composi- change was found to occur in the stock solutions at initiaj pH

tion of the first coordination sphere of the Pt ion. The =18 and 1.35, whereas the aging of solutions with higher initial

substitution of one Cl ligand in [PtCk2~ with H,O or OH" pH results in shifting the penta- and tetrachloroplatinate
causes very large chemical shifts (ca. 500 ppm fgD kdnd ca. resonances to lowe; values. Note that the spectra of the aged
660 ppm for OH) and the substitution of the second-Ghith 1.2 x 1072 M solutions are rather similar, since their pH'’s are
H,O or OH™ gives rise to an increase &pto 1000-1280 ppm. close (Figure 2).

This makes it relatively easy to identify PCIPtCEX, and For strongly acidic solutions, in which deprotonation reactions

PtClLX, (X = H,0 or OH") in aqueous BPtCk solutions by 7—9 are fully suppressed by high concentrations of protons,
the 19Pt chemical shift. The data of Table 1 show that the one may expect to observe three types of Pt species, namely
substitution of Ct with OH~ in the platinum coordination  [PtCle]?~, [PtCl(H20)]~, and [PtCi(H2O),] (possibly, cis and
sphere results in a greatés; than the substitution with 4. It trans). This situation corresponds to the spectrum of a6.6

is also evident thabp; of partially hydrolyzed Pt species is pH 1072 M solution at pH 1.6-1.35 (Figure 1a) in which three
sensitive and decreases on acidification. Although not clearly resonances alpt = 0, 504, and 1005 ppm are detected. These
stated in the references of Table 1, this effect might indicate Signals can therefore be assigned to [BC| [PtCls(H.0)],

fast proton exchange between aqua and hydoxo platinumand [PtCk(H2O)], respectively (Table 3). Since only one peak

complexes. is observed for [PtG(H20),], we may conclude that either the
The literature data odip; for [PtCl4(OH),]%~ and [PtCl(aq)] difference indp; for cis and trans isomers is so small that the

complexes in cis or trans configurations are rather confusing. two closely spaced peaks are not resolved, or the fraction of

On the one handgp{cis) > Opftrans) was reporté8 for one of the isomers is so small that the corresponding peak cannot

[PtCL(OH);]>~ at pH= 10—12 with a relatively small difference ~ be detected.

in dpt (18 ppm). On the other hand, the same authors faigd On the other hand, for the most basic solutions, in which

(cis) < Op¢ (trans) for [PtCi(aq)] at pH = 1—3 with a greater deprotonation/protonation equilibria-B are profoundly shifted
difference indp (121 ppm). In another study, a single NMR to the right, one may expect to find NMR signals of [R{Elf,
line at opy = 1029 ppm was reportéd for [PtCly(H.0),] [PtCIs(OH)]?~, and [PtCi(OH),]>~ complexes. This situation
produced by a prolonged aging of aqueous solutions of [PtCl- corresponds to the spectra of x21072 M solution at pH=

(28) Groning, O Elding, L. linorg. Chem 1989 28, 3366-3372. 11.4 (Figure 2c). Hence, the 661 and 1271 ppm lines can be

(29) Carr, C.; Goggin, P. L.; Goodfellow, R.ljorg. Chim. Actal984 assigned to [PtG(OH)]*~, and [PtCl(OH);]?>", respectively
81, L25-L26. (Table 3). Again, only one peak is observed ¢t andtrans
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Figure 1. Pt NMR of fresh (a-f) and aged (g) 6.6< 1072 M H,PtCk aqueous solutions at the pH indicated.

[PtCly(OH),]2~, which is indicative of either a small difference  equation3®

in op; for both isomers or the predominance of one of these

|somers.. . Op = (6Pt(A)[H +] + 6Pt(B)Ka)/([H+] + Ko 0
In the intermediate pH range (3:5.6), two resonances are

observed in the tetrachloroplgtinate range (peaks A and B_, Table, here Ka is the acid dissociation constant for [P4E,0)]~

2). A conceivable explanation of this phenomenon will be 4.4 Sy and Opye are the chemical shifts of [PtgH,0)]~

presented below. and [PtC§OH)]?-, respectively.

The continuous shift of the 504 ppm line to higldet values Figure 3a demonstrates the plot &; for the pentachloro-
at increasing pH suggests fast proton exchange betweenplatinate complexes vs pH of the solutions. Note that the points
[PtCIs(H20)]~ and [PtC§OH)]?~ (reaction 7). If protonation for the “fresh” and “aged” solutions fall well on the same curve.

deprotonation is fast on the NMR time scale, one would expect  The value of [ for [PtCls(H-0)]~ that gives the best (least-
to observe only one signal instead of two, with a chemical shift squares) fit of eq | to the experimental data of Figure 3a was
that would be the concentration-weighted average of the valuescalculated asl, = 3.48+ 0.04 with the correlation coefficient
for [PtCls(H20)]- and [PtCKOH)J]>". The position of the  R2=0.99. This value is comparable t&p= 3.8 found earlier
averaged signaldg) is then determined by the following by Davidson and James®8nfor K,PtClk solutions using fast
microtitration with NaOH.

o 83?3038”8% rﬁ iégi‘gggaga*(é{ig'abtema”am' A Sue R.E;Sadler,  Figure 3b shows the plots @k for the tetrachloroplatinate
(31) Davidson, C. M.; Jameson, R. Frans. Faraday Socl965 61, complexes as a function of pH. Similarly to the pentachloro-

2462-2467. platinate complexes, the continuous shift of the 1005 ppm line
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590 0 Table 2. Peak Positions in th&#5Pt NMR Spectra of kHPtCl
a Solutions
peak positiondgy), ppr?
pH = 5.2 (fresh) PtCLX range
1168 pH? PtCkX range A° B¢
1154 6.6 x 1072 M H,PtCk solution
1.06) 504 1005
1.35 () 504 1005
S AL A . A i ) UL LR 2.80) 528 1109
1200 1000 800 600 400 200 0 ppm 3.30) 572 1168 1143
521 3.8() 620 1177 1169
b 4.6 ) 653 1235 1179
5.6 (f) 658 1256 1194
0 3.4 (@) 567 1167 1140
pH = 2.9 (aged) 1.2 x 1072 M H,PtCk solution
1.8 () 504 1017
1.8 (@) 504 1017
1165 1103 3.0 () 519 1166 1099
27 @) 514 1164 1087
TR To T T T T ST ] 3.90) 544 1167 1128
m
1200 1000 800 600 400 200 0 pp 28@) 504 1166 1107
5.2 () 590 1168 1154
2.9 @) 521 1165 1103
6.2 ) 658 1258
661 2.9@) 523 1166 1106
c 7.0 f) 661 1268
28@® 524 1166 1107
10.9 ¢ 662 1274 1256
= 0
PH =114 (fresh) 3.0@) 520 1166 1100
11.4 6) 661 1271
3.0 @¢ 528 1165 1109
1271 a(f) is pH of the “fresh” solutions;d) is pH of the “aged” solutions
after 1-2 days.? Peak positions are indicated relative to the [RICI
T IR LA o signal atop; = 0 ppm.¢ Peaks A and B correspond to points on curves
1200 1000 800 600 400 200 0 ppm 1 and 2 of Figure 3, respectivelyAfter 100 days.
d 528 0 close to be resolved and (ii) the acid dissociation constants and
especiallyK . differ substantially focis- andtrans[PtCly(OH)-
pH = 3.0 (aged) (H20)]~. This difference may arise due to hydrogen bonding
of the proton of the water ligand with adjacent hydroxyl in the
cis isomer, which hinders deprotonation of the second water
1165 1109 ligand as illustrated by the following scheme.

_~H H
P T TP WU B P S L 0. Ki(cis) | /O Kafeisy NI /O—H
1200 1000 800 600 400 200 0 ppm >,l,< \: Kt >p< pr _Raled) /Tl\
. ~ _
Figure 2. 9Pt NMR of fresh (a, ¢) and aged (b, d) 1:2102 M | oy | oy O—H

HoPtCk agueous solutions at the pH indicated. Hydrogen bonding

H

to higherdp; values at increasing pH of the solutions can be N /OiH K, (trans) A OTH Kyans)
explained by assuming fast proton exchange betweenfPtCl u __ PAEN — P -
(H20),], [PtCl4(OH)(H.0)]~, and [PtC}OH);]%~ (reactions 8 H O | O |
and 9). In this case, the position of the averaged single peak is
given by the following equatio?f | o—H

—_ Pt

T i—o7 |

Op = (5Pt(AB) + 5Pt(AA)[H+]/ Kar T

OpiepKad[H DI + [HVK, + KJHTT) (1) The best fit of eq Il to the experimental data of Figure 3b
agrees well with the above assumption. It gives for curves 1
whereKa1 andKy, stand for the acid dissociation constants for and 2 the following values: Kyi(trans)= 2.64 + 0.13, Kar
[PtCly(H20),] and [PtCL(OH)(HO)]~, respectively, andpyaa), (trans)= 4.49 + 0.18, anddpyap) = 1181+ 15 ppm {rans
Opya), and opygp) are the chemical shifts of [PtgH0)], [PtCly(OH)(H20)]7) with R2 = 0.99; Kai(cis) = 2.784 0.09,
[PtCly(OH)(H20)]~, and [PtCI(OH)z]%", respectively. pKazcis) = 6.25 £ 0.28, anddpyas) = 1177 + 8 ppm (Cis-
The similar course of curves 1 and 2 in Figure 3b at lower [PtCly(OH)(H;O)]") with RZ = 0.99.
(pH < 3) and higher (pH> 7) pH values and the presence of TheKjy; values fortrans andcis-[PtCly(OH)(H20)]~ are very
two lines at intermediate pH’s can be rationalized by assuming close and lie within the uncertainties in the fitting coefficients.
that (i) the peak positions of the cis and trans forms are too In contrast, thé&,, value fortrans[PtCly(OH)(H.O)]~ is found
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Figure 3. Plots of Pt chemical shifts vs pH of AtCk solutions: (a)
pentachloroplatinate complexes; (b) tetrachloroplatinate complexes.
Points on curves 1 (circles) and 2 (squares) correspond to the positions —4.3
of peaks A and B, respectively (Table 2). Open symbols, fresh solutions;
solid symbols, aged solutions. The curves are the best fits giving the
pKa values described in the text.
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644
Table 3. Proposed Assignment féP°Pt NMR Signals Observed in
H.PtCk Aqueous Solutions and Acid Dissociation Constants
species assignment Opt, PPM Ka

[PtCle]?~ 0 (reference) bkl bbb
[PtCIs(H-0)]~ 504 3.48+ 0.04 700 600 500 400 300 200 100 0 ppm
[P_tCIg(OH)]Z‘ 662 _ Figure 4. %Pt NMR spectra of (a) a 1.2 1072 M H,PtCk solution
(cis, trans) [PtCly(H20)] 1005 (cis) 2.78+£0.09 at pH 1.2, (b) a HPtCk—AI,Os mixture obtained by adding 0.25 g of

(trans) 2.64+0.13 Al,0s to 5 mL of the solution in a, (c) a detailed view of the [RfEt

(cis, trang) [PICL(OH)(H0)]~ 1176+ 1  (cis) 6.25+ 0.28

(trans) 4.49+ 0.18 signals of spectrum b; and (d) rinsed,®} powder positioned in the

center of the NMR probe.

(cis, trang) [PtCl,(OH);]%~ 1271
% Not observed in the NMR spectra. An estimate made from the best [PCle]*~ by H2O would result in a 504 ppm shift, and the
fit of the o vs pH dependence of Figure 3b. substitution of another ClI ligand by OH would add a 662 ppm
shift (1166 ppm) (Table 3).
to be approximately 2 orders of magnitude higher tharkibe It should be noted thad{,1 for [PtCls(H20),] is considerably

(cis) value, indicating much more difficult deprotonation of the higher thank, for [PtCls(H>O)]~, that is, the diaqua complex
latter isomer. We were unable to find reliable literature data is a much stronger acid than the monoaqua form, probably
for pKa1 and K52 The rough estimates for the acid dissociation because the former bears no charge, while the latter is negatively
constants reported in ref 32Kg; ~ 4.2 and K2~ 6.2) and in charged.

ref 33 (Ka1 = 1.9 and K42 = 5.5) fortrans{PtCl,(H.0),] are The slow decrease in pH observed after basification gf H
rather far away from the values found in this work. PtCk solutions (the effect of solution “aging”) indicates that
As seen from Tables 1 and 3, the effects of ligand substitution the hydrolysis of [PtG]?~ and [PtCk(H.0)]~ (reactions 5 and
on 19t chemical shifts are roughly additive. The; values 6) occurs relatively slowly at room temperature. This is in line

calculated foitrans- andcis-[PtCl4(OH)(H,O)]~ are in reason-  with the conclusions drawn in refs 31 and 32 from pH
able agreement with what one may expect to observe for this measurements and titration curves for aqueous solutiong-of K
complex assuming that the substitution of one CI ligand in [PtClg] in the temperature range 255 °C.
. . 195pt NMR of H ,PtClg—Al,03 Mixtures. Figure 4a shows
2) Nikol , N. M.; Ptitsyn, B. N.; Pastukhova, E. .J. Inorg. .
Chfm?lggg igl\/al%&l%l'_ SN astukhova, E.Russ. J. Inorg the 195Pt NMR spectrum of a pPtCk solution at pH= 1.2,
(33) Cox, L. E.; Peters, D. Gnorg. Chem.197Q 9, 1927-1930. and Figure 4b is the spectrum of a mixture obtained by adding
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0.25 g of AbO3 to 5 mL of that solution. A remarkable feature 0
of the spectrum in Figure 4b is the appearance of a second a
[PtClg]?~ signal with a small negative chemical shif(= —4.3

ppm). A detailed view of these two [P#}~ lines is presented

in Figure 4c. Note that the-4.3 ppm line is markedly broader 504

than the [PtGJ%~ signal in the solution (line widths at half-

height (lwhh) are 2.13 and 0.98 ppm, respectively). The

[PtCIs(H20)]~ lines atdp; = 503 or 506 ppm are also seen in

Figures 4a and 4b. PR A AN AR el Wb A

Most likely, the —4.3 ppm signal arises from adsorbed 700 600 500 400 300 200 100 0 ppm
[PtCls]>~. The small negative shift and broadening of this signal b 12 -2.5
could result from a weak interaction of [P~ anions with 850 512

the alumina surface that slightly perturbs the ligand sphere of
the central Pt ion. Such perturbation may arise from polarization
effects due to the strong electric field in the vicinity of a charged

surface, although hydrogen bonding cannot be ruled out. The
following experiment was conducted to prove the assignment.

The alumina powder stored overnight under thgPt€lk T AT
solution was decanted and then rinsed twice with distilled water. ;00" 00 500 400 300 200 100 0 ppm
Following this procedure, the rinsed powder in the NMR tube
was positioned approximately in the center of the receiver-coil 13 -25
area of the NMR probe to provide better conditions for detecting
signals from adsorbed platinum species (Figure 4d). dhe
0 ppm line disappeared, whereas thd.3 ppm signal was
preserved thus confirming the assignment of the latter signal to
adsorbed [PtG]2~. Conceivable reasons for broadening of this
signal will be discussed below.

In addition to the—4.3 ppm peak, a rather broad line (line | |
width at half-height is 5.7 ppm) alter = 644 ppm appears in B A S ST T T T e T s ppm
Figure 4d that can be attributed to adsorbed [E@H)]?

(Table 3). d -2.3

In another experiment, we succeeded in simultaneously
observing NMR signals arising from the adsorbed Pt species
and those in the solution. When 0.25 g of alumina was added
to 5 mL of an HPtCk solution at pH= 1.8, whose spectrum
is presented in Figure 5a, the spectrum shown in Figure 5b was
obtained. The signal-to-noise ratio in the latter spectrum is rather
poor because of unfavorable conditions for detect¥igt NMR Lo b bvvs e b b b Lo L
signals from both the solution and the powder: the solutionis 700 600 500 400 300 200 100 0 ppm
depleted in platinum anions due to adsorption on alumina, 653
whereas the alumina powder with adsorbed platinum species is e
at the bottom of the NMR tube and thus away from the most
sensitive central area of the NMR probe. Nevertheless, four lines
are clearly seen in Figures 5b and 5c: two are associated with
the solution adp;= 1.2 ppm ([PtC{]?") and atdp;= 512 ppm
([PtCls(H20)]~ <> [PtCls(OH)]>~ + H™) and two with the solid
at opr = —2.5 ppm (adsorbed [Ptg}f~) and atdp; = 650 ppm
(adsorbed [PtG(OH)]?"). When the alumina powder of the
same mixture was positioned in the center of the NMR probe, 7(')0' - '6(')(; - '5(')(’) = "‘(')(; = :'3:)6 = ‘2(1)(; = ‘1(1)(') = ‘(')J ppm
the spectrum shown in Figure 5d was obtained. It consists of )
only two lines corresponding to the adsorbed platinum com- Figure 5. Pt NMR of (@) a 1.2x 10°2 H,PtCk solution at pH 1.8,
plexes as indicated above. Figure 5e is the spectrum of the rinsed?) & FPICk—Al20s mixture obtained by adding 0.25 g of Ak to 5

- " . mL of the solution in a; (c) a detailed view of the [P§2t signals of
alumina powder positioned in the center of the probe. No marked spectrum b; (d) AOs powder of the mixture in b positioned in the

change in the chemical shift of adsorbed platinum Species center of the NMR probe; and (e) rinsed,@4 powder positioned in
occurred, but the [PtlOH)]?/[PtClg]?~ ratio was considerably  the center of the NMR probe.

higher than in the suspension.

Similar spectra were observed when alumina was added topowder with water. Hence, we can conclude that washing favors
an HPtCk solution at a higher initial pH, 3.1 (Figure 6a). Two aquation of [PtG]%~ due to the shift of equilibrium 5 to the
lines corresponding to adsorbed [REt at 0.8 ppm and to right.

[PtCls(OH)]?~ at 658 ppm appear in the spectrum of the solid  Contrary to this, the treatment of the Pt/alumina samples with
positioned in the center of the probe (not shown). These lines HCI after the establishment of the initial interaction results in
are also present in the spectrum of the rinsed powder ac-a considerable decrease in the B{GH)]2/[PtClg]? ratio. This
cumulated overnight shown in Figure 6b. Again, the [R4Cl effect is illustrated by Figure 7. Curve 1 in Figure 7a is the
(OH)]>/[PtClg)? ratio markedly increased after washing the spectrum of a wet Pt/alumina powder, which was recorded after

652




Application of NMR to Pt Interfacial Coordination Chemistry J. Am. Chem. Soc., Vol. 121, No. 3, 5939

518
a 645 a
1.6
1095
1167
L Y L B 1
1200 1000 800 600 400 200 0 ppm
658
b
0.8
643

N € L

R R N B BN RSP DS
700 600 500 400 300 200 100 0 ppm Lovoa Logn o by o by v e by b e ben s [y
Figure 6. 9Pt NMR of (a) an aged 1.% 10-2 H,PtCk solution at 700 600 500 400 300 200 100 O pPmM
pH 2.3 and (b) a EPtCk—AI O3 mixture obtained by adding 0.25 g of
Al;,0; to 5 mL of the solution in a, with the alumina powder rinsed
with water and positioned in the center of the NMR probe. =51

addirg 1 g of ALO3 to 10 mL of an HPtCk solution at pH=
1.6, stirring the mixture for 3 h, and decanting the excess
solution. Curve 2 in Figure 7a is the spectrum of the same solid
after adding 2 mL of 0.25 M HCI. The [Pt&DOH)]> /[PtCls]>~
ratio drastically decreased in the latter spectrum because of the
shift of equilibria 5-7 to the left due to an increase of thé H
and CI* concentrations. The acid solution in contact with the
sample became intensely yellow colored, indicating partial
platinum desorption from the surface. This agrees with the data
of Mang et al3 who found that the amount of platinum adsorbed
from acidic HPtCl solutions decreased with decreasing pH in
the range of pH< 4 due to competitive adsorption of Tbn
the protonated OH groups. In addition, a second signagat
—1.9 ppm appears in the [P~ region for the acidified solid
(Figure 7b, curve 2), which can tentatively be assigned to
[HPtCl¢]~ adsorbed on the protonated hydroxyls.

Table 4 summarizes NMR data for [P§et and [PtC{(OH)]>~ N T R B
adsorbed on alumina. 5 0 .5 210 15 ppm

No NMR signals were detected in the higldefregion where Figure 7. 19%Pt NMR of (1) a HPtCk—Al,Os mixture obtained by
. . . . AU
adsorbed tetrachloroplatinates would be expected to lie. In view addirg 1 g of AbOs to 20 mL of a 1.2x 10-2 M H,PtCk solution at

of the relatlvel_y poor S|gnal-to-n_0|se ratio in the spectra of H pH 1.6 and ) after adding 2 mL of 0.25 M HClI to the mixture if)
PtCk—Al 03 mixtures and large line widths of adsorbed species, (5) general view; (b) [PtG)> region.
their presence as minority species cannot be ruled out.

_As follows from Table 4, the [PtG{OH)]* /[PtClg]*” ratio a5 made to control the amount of remaining water. Following
rises with increasing initial pH, and from the least acidic g reatment, no NMR signal could be detected after 10 000
solution, platinum is idsorbed on the alumina surface .p.redoml- scans. The dried solid was then brought into contact with 2 mL
nantly as [PIG(OH)]*" (Sample 4). Thus, the composition of of distilled water. The mixture was homogenized by shaking

adsorbed platinum complexes can efficiently be controlled by

adjusting the pH values of JRtCk solutions and/or by adding the sample tu_be, ".m(.]: the N'\QR sp;acgum was tlhen re(;:orded. A

HCI after the adsorption is completed. speqtrum q.wte simuar. t(.) t.at of the origina powder was
obtained (Figure 8). This indicates that the composition of the

So far we have discussed the NMR spectra of wet powders. dsorbed plati ies d t ch iabl
However, the question arises as to whether it would be possiblea SOrbed platinum Species does not change appreciably upon

to detect platinum NMR signals from dried powders. To check drying at room temperature anpl that the effect of water removal
this possibility, the following experiments were carried out. ©n the NMR spectra is reversible.

Approximatey 1 g of Al,Os; with adsorbed platinum species On the contrary, after drying the Pt#; powder (Sample
(Table 4, Sample 2) was dried in a vacuum desiccator at room 2) at 90°C for 1.5 h, no NMR signal could be detected for the
temperature overnight, i.e., under the conditions that provide adry solid after more than 10 000 accumulations, and much
means for the removal of water and allow one to avoid possible weaker signals than those in the original solid were observed
decomposition of the adsorbed platinum species. No attemptfor the rewetted powder. Thus, water removal at a higher
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Table 4. 9Pt NMR Data for Adsorbed Platinum Complexes
Obtained by Adsorption on Alumina from,HAtCk Solutions

NMR
pH of initial [PtCIe 2= [Ptcls(OH)]27
solutions or Op, Iwhh, 6py, Iwhh, [PtClg]%/
sample  posttreatment ppn? ppnP ppn?  ppnP [PtCls(OH)]2~
1 1.2 —43 14 644 5.7 1.2
2 1.6 —51 13 645 7.5 4.5
3 1.8 -3.7 12 653 5.4 6.5
4 3.1 —-0.8 14 658 5.4 7.3
5 sample 2 after -59 12 643 8.2 0.52
adding HCI
-19 1.0
6  sample 2 after -43 12 646 8.0 6.7

drying overnight
and rewetting

aWith respect tadp; for [PtClg]?~ in the starting solutions lwhh =
line width at half-height.

a

b
[EFEFINIVEN NN AT AVETAVAYI AURTSTAYEN ATRPETIVE IAVAT B
700 600 500 400 300 200 100 O ppm

Figure 8. %Pt NMR of (a) a HPtCk—AIl,O; mixture obtained by
addirg 1 g of ALOs to 20 mL of a 1.2x 1072 M H,PtCk solution at

pH 1.6 and (b) after drying the mixture in (a) in a desiccator under
vacuum overnight and rewetting the powder with 2 mL of distilled
water.

temperature is apparently accompanied by further transforma-
tions of the adsorbed platinum species.

An attempt was made to deté€tPt MAS NMR signals from
Sample 2 dried in a desiccator oveids8 at room temperature
for 2 weeks. However, no signal was detected for this sample
even after accumulation overnight. This agrees with the data
of ref 5 in which no Pt MAS NMR signal was observed from
H,PtCl/y-Al O3 at low Pt loadings after drying at 12C.

Discussion

195pt NMR of H,PtClg Solutions. As far as we know, no
attempt has been previously made to systematically study Pt
speciation in aqueous AtCk solutions as a function of pH
and time of hydrolysis witH®3Pt NMR spectroscopy or other
spectroscopic techniques. This lack of interest is surprising
taking into account that the first studies on this system with
macroscopic techniques date back to the early 1900s. We

Shelieioal.

investigating initial stages of platinum adsorption on alumina,
since the pH values of impregnatingClk solutions and,
correspondingly, the compositions of the Pt complexes change
considerably when alumina is brought into contact witk H
PtCk solutions.

Assuming that protonation/deprotonation reaction® @are
fast on the NMR time scale, odi#Pt NMR results qualitatively
agree with the scheme of hydrolysis and deprotonatie® 5
proposed earlier in the literatufé.Five of the six platinum
species that can be formed by reactions95are directly
identified in the NMR spectra by their Pt chemical shift:
[PtClg]?~, [PtCls(H20)]~, [PtCl(OH)]?~, [PtCly(H20),], and
[PtCl4(OH),]?~ (Table 3). Moreover, on the basis of the best
fits of the op(tetrachloroplatinates) vs pH dependence, the
chemical shift for [PtCJOH)(H.O)]~ complex, which cannot
be directly identified in the NMR spectra, was calculated for
the first time.

The Pt chemical shifts measured in this study for pentachlo-
roplatinates are in fairly good accord with the literature data of
Table 1. However, for tetrachloroplatinates, the agreement is
not so good, since we did not observe the peaks of corresponding
trans and cis isomers and suggest that they are closely spaced.

It is of interest to compare the distributions of chloroaqua
and chlorohydroxo complexes inPtCk solutions as a function
of pH measured directly b{?Pt NMR in this study with those
calculated by Mang et &lon the basis of reported equilibrium
constants for reactions-®. A marked disagreement, both
qualitative and quantitative, between the two series of data is
evident. This can be illustrated by the following two examples.

(i) No [PtCls(H20)]~ or [PtClL(H.0),] is predicted by the
calculations at pH< 1.5, H[PtClg] and H[PtCk]~ being the
major speciesd.Actually, both aqua complexes were detected
by 19%Pt NMR, [PtCk(H,0)]~ being very abundant (Figures 1
and 2).

(ii) In the pH interval of 4.6-6.0, [PtCL(OH)(H.0)]™ is
supposed to be the major species. Although this complex cannot
be observed by NMR, it is certainly not the majority species,
since the total fraction of tetrachloroplatinates is much smaller
than that of pentachloroplatinates.

Most likely, such inconsistencies are due to the fact that the
equilibrium constants for reactions-9 available in the literature
and used for calculations in ref 3 are partly incorrect.

Mechanism of Platinum Adsorption on Alumina. Let us
first discuss possible mechanisms of platinum adsorption on
alumina from HPtCk solutions. Most likely, [PtG]%~ and
[PtCIs(OH)]?~ are fixed on the positively charged surface of
the wet solids by electrostatic interaction with the protonated
OH groups as depicted by reaction 1 (see Introduction).
Therefore, the chemical shifts of adsorbed Pt species are very
close to those of known complexes in solutions. In view of the
high specificity of Pt chemical shifts, this, probably, means that
the coordination sphere of Pt is unaffected by adsorption.

The absence of an NMR signal corresponding to [$tGD)]~
bonded to protonated surface hydroxyls, which one may expect
to find arounddp; = 504 ppm, indicates fast deprotonation of
the water ligand. It can occur by interaction with alumina surface
hydroxyls:

~Al—OH + [(H,0)PtCl]~ =
~Al—OH," ... [[HO)PtCL]* (10)

Such deprotonation seems to be quite probable owing to the

considered this study as a preliminary and necessary step inhigh proton affinity of alumina hydroxyls. According to
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Contescu et aP435several structural types of surface hydroxyls extent dependent on the pH of the startingPECl solutions.

are present on alumina, which differ considerably in theiracid The dp; of [PtCls(OH)]2~ tends to increase, and thi; of
base properties. The logarithms of the proton affinity constants [PtClg]2~ tends to approachp; = O ppm as the pH values of
for the most basic alumina hydroxyls [(@)—OH] and [(Alor)— the starting solutions increase and, correspondingly, the positive
OH], where Akq and Aby, stand for tetrahedrally and octahe- charge of the alumina surface decreases. The effect afghe
drally coordinated Al atoms, fall in the range of 6.8.0 and shift is more pronounced for [Pt&OH)]>~ (Adp: = 14 ppm,
9.6—10.0, respectively. The high proton affinity of these groups Samples 1 to 4) and less certain for [RI€i due to possible
may provide fast deprotonation of [PE(H,0)]~ upon contact drift of the magnetic field during the NMR measurements (the
of an H,PtCk solution with alumina. spectrometer was operated in the unlocked mode).

Another plausible assumption is that local pH values higher  The relatively small line widths in the NMR spectra of
than those in the corresponding bulk solutions can be achievedadsorbed [PtG]2~ and [PtC§(OH)]>~ (Table 4) are quite
within a thin layer near the surface of alumina or inside the remarkable. They are comparable to those in frozen aqueous
pores due to the formation of a positive surface charge by solutions of HPtCk.*° We carried out variable-temperature
protonation of the OH groups. As we have recently outliffed, NMR experiments showing that the [P§2 and [PtCi(H,0)]~
the double layer model then predicts a deficiency of protons lines in frozen solutions cooled to 253, 233, or 213 K are only
and an excess of anions (including OHhear the positively slightly broaden: the line width at half-height (Iwhh) of both
charged surface. It is a matter of debate if this effect is sufficient signals increased from 0.7 ppm for the liquidst8.5 ppm for
to account for complete deprotonation of [R(ELO)]~ to form the solids. This indicates that the loss of mobility has only a
[PtCls(OH)]?~ (reaction 7) followed by bonding of the latter  small effect on the NMR line widths because of relatively small
species to the protonated surface hydroxyls. In our view, the chemical shift anisotropy of octahedral Pt(IV) complexes and
occurrence of reaction 10 appears to be more probable. agrees with the'®*Pt NMR data under static conditions for

In fact, eq 10 suggests that there is a specific interaction of powder KPtCk.18 No significant difference between the lwhh
the adsorbed [PtglOH)]?~ with some surface groups on the of [PtClg]>~ and [PtCk(H.0)]~ was found for the frozen
alumina. Experimentally, at the same time, the increased line solutions. In contrast to this, the NMR line of adsorbed
widths of NMR resonances for adsorbed species indicate [PtCls(OH)]?~ is markedly broader than that of adsorbed
restricted mobility with respect to the bulk solution. This might [PtClg]>~ (Table 4). This can be rationalized by assuming a
appear contradictory with a model of electrostatic adsorption. higher chemical shift anisotropy for the adsorbed [FQOH)]?>~
Most likely, the answer is to be found in a triple-layer model, complex caused by perturbation of its ligand sphere upon
in which a part of the compensating anions is held in a plane adsorption.
close to the surface by forces weaker than chemical bond forces From Electrostatic Adsorption to Grafting. The next point
(electrostatic interaction and/or hydrogen bonding or, more to be discussed is theversible disappearance of the NMR
generally,outer-spherdigand bonding®). signals of adsorbed platinum species after the removal of surface

It should be emphasized that, whatever the mechanism ofwater at room temperature and the reappearance of the signals
[PtCIs(H2O)]~ deprotonation, the'®*Pt NMR data clearly upon rewetting of the solid. One hypothesis is that these effects
indicate that platinum speciation inside a thin layer in the vicinity may be associated with relaxation phenomena. For instance, we
of the positively charged alumina surface is different from that might assume that adjacent protons from water can provide an
in the bulk solutions. A similar conclusion was drawn in refs efficient relaxation mechanism fé#°Pt by *H—19Pt coupling.

37 and 38 from &Mo NMR study ofy-alumina impregnated  The removal of these protons upon drying would result in
with aqueous solutions of ammonium heptamolybdate at dif- increasing thd& relaxation time to such an extent that the signal
ferent initial pH values. The decomposition of M~ to form is saturated in a few accumulations and thus becomes unobserv-
MoO,%~ was found to occur due to the increase in the pH of able.

the impregnating solution inside the pores of alumina as aresult  Alternatively, we may suggest that removal of physisorbed
of protonation of the surface hydroxyls. The rise in pH caused water and destruction of the electrical double layer upon drying
the equilibrium 7Mo@?~ + 8H™ = M070,45~ + 4H,0 to shift would allow the adsorbed platinum anions to approach the
to the left and Mo@~ to be formed. positively charged surface more closely. This would result in

Most of the Pt anions fixed on the surface by electrostatic stronger perturbation of their ligand spheres and, consequently,
interaction with the protonated OH groups cannot be removed in the growth of chemical shift anisotropy due to increasing
by washing alumina with water, because the protons are stronglypolarization effects. For dried solids, the chemical shift anisot-
held on the alumina surface. This is in accord with the high ropy may increase to such an extent that the signals from
proton affinities of surface hydroxy®sand agrees with the data  adsorbed platinum complexes become unobservable by static
of ref 39 which showed that only 5% of adsorbed Mg&Oor NMR because of heavy line broadening. Even under the
Mo7O,£~ could be removed by washing from alumina impreg- conditions of our MAS NMR experiments, the chemical shift
nated with an ammonium heptamolybdate solution at pH values anisotropy averaging was not sufficient to allow the detection
below the PZC of alumina. of the adsorbed platinum species. After rewetting the solids,

Parameters of 19Pt NMR Spectra. The data of Table 4  the layer of physisorbed water is restored, and the NMR signals
clearly show thatp; of the adsorbed Pt complexes is to some reappear. Since no change in the positions and relative intensities
of the [PtC]2~ and [PtC§(OH)]?~ signals was found to occur

1734) Contescu, C.; Jagiello, J.; Schwarz, JLAngmLir1993 9, 1754- after water removal at 28C and rewetting (Figure 8), we may
(35) Contescu, C.; Contescu, A.; Schwarz, J.JAPhys. Chem1994 conclude that, at thIS' stage of c.atalyst prepa}ratlon, a major part
98, 4327-4335. _ of the adsorbed platinum species remains intact.
8% l[ﬁtth:rtNJ'I:F-';C%gﬁ'gM\i\t/u-ccjjs%r;teﬁcig%‘;lt%%gislﬁglgé_110' In contrast,irreversible disappearance of the NMR signals
(38) Sarrazin, P.; Mouchel, B.; Kasztelan,J5Phys. Chem1989 93, after drying at 90°C might indicate a modification of the
904-908. symmetry of the original octahedral Pt complexes to give rise

(39) Kasztelan, S.; Grimblot, J.; Bonnelle, J. P.; Payen, E.; Toulhoat,
H.; Jacquin, Y.Appl. Catal.1983 7, 91—-112. (40) Thouvenot, R.; Shelimov, B. Unpublished results.
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to a species of a lower symmetry and higher chemical shift literature. The acid dissociation constant&{pfor monoaqua
anisotropy, which cannot be detected by static NMR. Such and diagua complexes were determined from dhedepend-

species may result from a ligand exchange of [RfCland
[PtCls(OH)]?~ with the surface OH groups as depicted by
reaction 3 in the Introduction and, more precisely, by the
following reactions:

~Al—OH," ... [PtC|]* + H,0=
Op~ 0 ppm
~Al—[(HO)PtCL]” H,O" + CI™ (11)
not detected by NMR

(grafting of hexachloroplatinates), and

~Al—0OH," ... [(HO)PtCL* =
Op;~ 650 ppm
~Al=[(HO)PtCl] + H,O (12)
not detected by NMR

or alternatively

~Al—OH + [(HO)PtCL]* =
Op;~ 650 ppm
~Al—[(HO)PtCI,(OH)]” + CI~ (13)
not detected by NMR

ences on pH of the #PtCk solutions. It is also shown that the
published quantitative treatments of these equilibria (equilibrium
and acid dissociation constants) are only partly correct.

More importantly,19Pt NMR of H,PtCk—Al,Os; mixtures
allowed usfor the first time to observe adsorbed [P and
[PtCIs(OH)]?~ anions on the positively charged surface of wet
alumina. A small difference idp; for the adsorbed and liquid-
phase [PtG]2~ points to only slight perturbation of the Pt atom
coordination sphere in the adsorbed species which are likely
held by electrostatic interaction in the Stern layer. Unlike in
H,PtCl solutions, complete deprotonation of [P§E,0)]~ to
[PtCls(OH)]?~ occurs at the aluminasolution interface, pre-
sumably via direct interaction of the aqua complex with basic
alumina hydroxyls. The [PtgIOH)]?~(ads)/[PtC§]2 (ads) ratio
rises with increasing pH of the impregnating solution and
decreases upon adding HCI when the adsorption is completed.
Thus, the composition of adsorbed platinum complexes in
unreduced Pt/AD; catalysts can be efficiently controlled by
adjusting the pH values of JRtCk solutions and/or by acidifying
alumina with adsorbed Pt complexes. However, more studies
are necessary to learn whether the Pt complex composition
would have an effect on the evolution of adsorbed species upon
calcination and on the Pt metal dispersion after reduction.

The [PtCk]2~ and [PtC¥OH)]>~ signals disappear after
removal of physisorbed water at room temperature and reappear
upon rewetting the powder. It is suggested that the reversible

These reactions may or may not be followed by deprotonation s, hearance of the NMR signals is associated with an increase

of the bridging OH group as shown by reaction 4. That a major
change occurs in the Pt(IV) coordination sphere is confirmed

by our EXAFS results which will be reported in detail in another
publication.

Due to stronger bonding of the ligand-exchanged complexes

of chemical shift anisotropy for the Pt complexes when they
approach the positively charged surface of the dry solid. The
drastic irreversible decrease in the NMR signal intensity after
drying Pt/ALO3 at 90°C is presumably related to the formation

of adsorbed platinum complexes with a lower symmetry and

to the surface, the initial adsorbed platinum complexes cannot pigher chemical shift anisotropy which escape NMR detection.
be regenerated by treating the solid with water at room g ch gpecies probably arise from ligand-exchange reactions of

temperature.

Conclusions

The present work clearly demonstrates the potentiaf i
NMR spectroscopy both for identifying platinum complexes in
aqueous KPtCk solutions and for studying the initial stages of

Pt deposition on alumina from these solutions, i.e., for inves-

tigating platinum complex speciation at the ligtisiolid
interface.

Applying 9Pt NMR to aqueous pPtCk solutions at different
initial pH values made it possible to reliably identify a number

of hexa-, penta-, and tetrachloroplatinate complexes by their

195t chemical shift ¢py, thus confirming the occurrence of
aquation reactions in #tCl solutions proposed earlier in the

Cl~ ligands with the surface OH groups and further deproto-
nation of the bridging hydroxyl, i.e., as a result of grafting to
the alumina surface.
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