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ABSTRACI 

A method for the separation of anionic, uncharged and cationic platinum(I1) complexes in one run was developed. The 
separation is based on an octadecylsilica sorbent dynamically modified with a mixture of an anionic (octanesulphonate, OS) and a 
cationic (tetrabutylammonium, TBA) amphiphilic modifier dissolved in aqueous mobile phase. Unless a tenfold excess of TBA is 
used, a sorbent with prevailing cation-exchange properties is generated. The retentions of the anionic complexes are, however, 
greater than retentions that would result from a pure ion-exclusion mechanism on a cation-exchange column and enable the 
anionic complexes to be separated also. Effects of the mobile phase composition parameters (concentration of the amphiphilic 
modifiers, phosphate and pH) on the separation were studied. Applications to the purity determination of cisplatin and to the 
reactions of the platinum(I1) complexes in solutions are presented. 

INTRODUCTION 

Cisplatin [c&liamminedichloroplatinum( II), 
CDDP] and carboplatin [c~-diammine-l,l-cyclo- 
butanedicarboxylateplatinum(II), Pt-CBDCA] 
(Fig. 1) are widely used cytostatic agents [l]. 
Regarding the synthesis and stability of cisplatin 
and carboplatin, several other platinum(I1) com- 
plexes (starting compounds, intermediates, side- 
products and products of ligand-exchange re- 
actions in solutions) should be considered (Fig. 

I). 
Owing to the kinetic stability of platinum 

complexes [2], separation methods such as liquid 
chromatography can be applied. Most HPLC 
methods utilize reversed-phase sorbents dynam- 
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ically modified with a cationic [3-91 or an anionic 
[6,10-171 amphiphilic modifier dissolved in the 
mobile phase. However, solutes having the same 
charge as the amphiphilic modifier generally 
elute with negligible retentions that do not allow 
the separation and quantification of these com- 
plexes. The charges of the platinum(I1) complex- 
es I-XI (Fig. 1) vary from -2 to +2 and 
therefore their simultaneous determination has 
not been possible using a reversed-phase sorbent 
modified with either a cationic or an anionic 
amphiphilic modifier. 

Regarding the simultaneous separation of 
anionic and cationic platinum( II) complexes, 
tetrachloroplatinate and the positively charged 
aquation products of cisplatin (X and XI) have 
been previously separated by TLC on silica, 
however, the complexes X and XI were retained 
at the start [18]. 

In principle, a cation-exchange column plus an 
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Fig. 1. Structures of platinum (II) complexes, their charges 
and symbols used in graphs if not specified: I = ckdiam- 
minedichloroplatinum(I1) CDDP), 0 (0); II = tram-diam- 
minedichloroplatinum(I1) (transplatin, TDDP) 0 (0); III = 
ch - diammine - 1,l - cyclobutanedicarboxylateplatinum (II) 
(carboplatin, Pt-CESDCA), 0 (Cl); IV= tetrachloroplati- 
num(II), -2 (Cl); V= aquatrichloroplatinum(II), -1 (A); 
VI = cis-diaquadichloroplatinum(II), 0 (+); VII = amminetri- 
chloroplatinum(II), -1 (A); VIII = triamminechloroplatin- 
um(II), +l (0); IX = tetraammineplatimun(II), +2 (*); 
X = cti-diammineaquachloroplatinum(II), + 1 (V); Xl = cis- 
diamminediaquaplatinum(II), +2 (V). 

anion-exchange column connected in series could 
be used to achieve sufficient retentions of both 
positively and negatively charged complexes. 
This arrangement was previously used in the 
separation of cisplatin and its aquation products 
X and XI [19]. In this case, however, the anion- 
exchange column was obviously needed to in- 
crease the retention of cisplatin ascribed to ion- 
dipole interactions of the quaternary ammonium 
groups and the uncharged but polar molecule 
(dipole moment 5.3 D) of cisplatin [3]. 

A mixture of both cationic (ammonium type) 
and anionic amphiphilic modifiers dissolved in a 
mobile phase was used to dynamically modify a 
silica sorbent [20-221. This was based on the 
primary sorption of the long-chain alkylam- 

monium amphiphilic modifier on the silica 
caused by the affinity to the silanol groups and 
secondary sorption of the anionic amphiphilic 
modifier due to hydrophobic interactions with 
the sorbed cationic modifier. On changing the 
ratio of the concentrations of the oppositely 
charged amphiphilic modifiers, the character of 
the sorbent changed from an anion exchanger to 
a cation exchanger and vice versa, making pos- 
sible the generation of sorbents with a variety of 
selectivities. 

Applications of mobile phases containing both 
anionic and cationic amphiphilic modifiers to 
chromatography on reversed-phase sorbents are 
limited to additions of triethylamine or tetra- 
methylammonium to a mobile phase containing 
an anionic amphiphilic modifier, obviously to 
prevent peak tailing when chromatographing 
bases [23,24]. Another interesting application of 
a mobile phase containing both an anionic and a 
cationic amphiphilic modifier is to speed up the 
transition between two rotamers of the dipeptide 
enalapril, thus making possible the chromatog- 
raphy of the analyte at ambient temperature 
[25]. In this case the mobile phase, however, 
contained a high percentage (60-70%) of meth- 
anol, which usually shifts the sorption equilibria 
of surfactants on reversed-phase sorbents in 
favour of the mobile phase. 

The aim of this work was to study a chromato- 
graphic system using an octadecylsilica sorbent 
dynamically modified with a mixture of a cationic 
and an anionic amphiphilic modifier dissolved in 
the mobile phase that could be used to achieve 
sufficient retentions of both the positively and 
negatively charged platinum(I1) complexes. Such 
a separation system will presumably differ sub- 
stantially from a mixed-bed ion exchanger or a 
pair of columns filled with cation exchanger and 
anion exchanger as the charges of the oppositely 
charged amphiphilic modifiers in the stationary 
phase will probably be considerably compen- 
sated for owing to the formation of ion pairs. 
However, the idea was that the retentions of the 
ions that under normal conditions would be 
excluded could be increased owing to mixed 
interactions. with the dynamically generated 
polar stationary phase. 
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EXPERIMENTAL 

Materials 
Sodium octanesulphonate (NaOS), tetra- 

butylammonium hydrogensulphate (TBAHSO,), 
sodium dihydrogenphosphate, potassium chloride 
and fructose were of analytical-reagent grade 
(Merck). Dextran T 2000 (standard for size- 
exclusion chromatography, M, = 2 X lo6 ) was 
obtained from Pharmacia, (Uppsala, Sweden). 

Potassium tetrachloroplatinate(I1) (IV, Fig. 1) 
was purchased from Aldrich, (Milwaukee, WI, 
USA), assay >99.99%. It was used as a 1 mg/ml 
solution in 0.15 M potassium chloride. The assay 
in the solution was 87% (HPLC, internal nor- 
malization 210 nm); the remainder was the 
aquation product V. 

Aquatrichloroplatinate(I1) (V, Fig. 1) complex 
was prepared by aquation of a 1 mg/ml potas- 
sium tetrachloroplatinate(I1) solution in water at 
25°C. The solution was used after 3 days. The 
assay was 75%) the remainder was IV (15%) and 
VI (8%) (HPLC, internal normalization 210 
nm). 

cis-Diaquadichloroplatinum(I1) (VI, Fig. 1) 
was prepared according to ref. 26 in alkaline 
medium. A 1 mg/ml solution of potassium 
tetrachloroplatinate(II) in 0.01 M sodium hydrox- 
ide was used after ageing for 1 day. The assay 
was 70% (HPLC, internal normalization 210 
nm); the remainder was V (17%), an unknown 
compound (cu. 10%) and IV (cu. 3%). The 
solution was unstable and after several days solid 
Pt” was formed. The solution could not be 
acidified in order to improve the stability of the 
solution as the equilibrium was then shifted back 
to v. 

Cisplatin (I, Fig. 1) and carboplatin (III, Fig. 
1) were obtained from Lachema (Bmo, Czech 
Republic). The assay was ~99.5% (HPLC). 

trans-Diamminedichloroplatinum(I1) (II, Fig. 
1) complex was prepared according to ref. 27. It 
contained ~0.1% of CDDP and the assay was 
>99% (HPLC, internal normalization 210 nm). 

cis-Diamminediaquaplatinum(II) (XI, Fig. 1) 
complex was prepared by a modified procedure 
according to Dhara [28]. To a CDDP solution 
(concentration 1 mg/ml), solid silver sulphate 

was added at a CDDP:Ag molar ratio of 1:2.2. 
The mixture was shaken and allowed to stand 
overnight. After centrifugation the supematant 
was acidified with sulphuric acid to pH 2 and 
stored in a dark bottle. The chromatogram 
showed one major peak and less than 1% CDDP 
and cis-diammineaquachloroplatinum(I1). The 
advantage of using silver sulphate over nitrate 
(which had been used previously [17] and partly 
also in this work) is that the reference sample 
does not contain a highly absorbing anion such 
as nitrate. 

cis-Diammineaquachloroplatinum(II) (X, Fig. 
1) complex was prepared by modifying the above 
procedure so that silver sulphate was added to 
CDDP in molar ratio of only 1:l. 1. The chro- 
matogram showed one major peak, 21% 
of cis-diamminediaquaplatinum(I1) and 16% of 
CDDP. 

Amminetrichloroplatinum(I1) (VII, Fig. 1) 
was prepared as the potassium salt according to 
ref. 27. The assay was 99% (HPLC, internal 
normalization 210 nm). 

Triamminechloroplatinum(I1) (VIII, Fig. 1) 
was prepared by partial ammination of CDDP 
(concentration 1 mg/ml) in 3.3 mM ammonium 
chloride at 90°C. Small portions of 0.2 M am- 
monia solution were used, so that the pH did not 
exceed 7.5. The reaction was stopped when the 
amount of side-product, tetraammineplati- 
num(II), formed was about the same as that 
of unreacted CDDP. The product was purified 
three times by fractional precipitation from a 
water-Zpropanol mixture. The assay of triam- 
minechloroplatinum(I1) was 55% (HPLC, inter- 
nal normalization 210 nm); the remainder was 
CDDP (13%, HPLC, external standard), TDDP 
(9%, HPLC, external standard) and tetraam- 
mineplatinum(I1) (26%, HPLC, external stan- 
dard) . 

Tetraammineplatinum(I1) (IX, Fig. 1) was 
prepared according to ref. 27. The assay was 
>99% (HPLC, internal normalization 210 nm). 

As potentially all platinum(I1) complexes are 
light sensitive [29] and some are even extremely 
sensitive [30], all solutions were prepared in vials 
of dark-brown glass. Also, the use of ultrasound 
to facilitate the dissolution of the platinum(I1) 
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complexes was avoided, as at least in some 
instances decomposition by ultrasound is evident 
[30]. Unless specified, all solutions of 
platinum(I1) complexes were prepared and 
stored at ambient temperature. 

The HPLC method described here was used to 
characterize the reference samples of the 
platinum complexes I, II and IV-VII. The HPLC 
method reported recently [17] was used to 
characterize the reference samples of the 
platinum(I1) complexes III and VIII-XI. 

Apparatus and chromatographic conditions 
The system used was a Hewlett-Packard 

Model 1090 chromatograph consisting of an HP 
79880A diode-array detector, a DR5 binary 
pumping system, an HP 79846A variable-volume 
injector equipped with a 25~1 syringe and an 
HP 79847A autosampler; if not specified other- 
wise, volumes of 10 ~1 were injected. For system 
control and data evaluation an HP 79994A 
Workstation based on an HP 310 computer was 
used. 

A stainless-steel column (250 X 4 mm I.D.) 
packed with Silasorb SPH C,, (surface area ca. 
300 m2/g, particle diameter 7.5 pm) (Lachema) 
was used. The column temperature was main- 
tained at 30°C. 

The mobile phases contained O-4 mM oc- 
tanesulphonate, O-6 mM tetrabutylammonium 
and 5-200 mM dihydrogenphosphate. The pH of 
the *mobile phase was adjusted with sodium 
hydroxide to the desired value. The composition 
of the final mobile phase for the analysis of 
impurities in cisplatin was as follows: (A) 4 mil4 
sodium octanesulphonate, 6 mM tetrabutylam- 
monium (pH 5.9) and (B) the same as A plus 
0.20 M dihydrogenphosphate (pH 5.9). 

Analyses were run under isocratic conditions 
(90% A-10% B) or with an ionic strength 
gradient as follows [ 171: 

gradient programme I: 
time (min) 0 3 7 8 8.1 

B (%) 5 5 100 100 5 
gradient programme II: 

time (mm) 0 4 8 9 9.1 

B (%) 10 10 100 100 10 
The stationary phase was generated by pump- 

ing the mobile phase through the column until 

the retention times were constant (usually l-2 
h). If not specified otherwise, the flow-rate was 
1.0 ml/mm, resulting in a column inlet pressure 
of ca. 90 bar. 

Determination of the limit of detection 
Limits of detection (LODs) of the complexes 

were calculated for a signal equal to ten times 
the standard deviation of the baseline noise. The 
baseline noise was evaluated from the raw data 
by a program using statistics as described previ- 
ously [22]. 

Determination of the void volume of the column 
Fructose (10 ~1 of a 1% solution in the mobile 

phase) was injected and detected at 210 nm; the 
elution volume was 2.00+0.02 ml. Further, 
dextran T 2000 (10 ~1 of a 1% solution in the 
mobile phase) was injected and detected at 190 
nm or with an SP 6040 refractometric detector 
(Spectra-Physics, Darmstadt, Germany) con- 
nected to the workstation via an HP 35900 dual- 
channel interface. As detection both at 190 nm 
and with the refractometer gave the same values, 
only photometric detection was subsequently 
used. With all mobile phases the elution volume 
of dextran T 2000 was 1.50 f 0.02 ml. 

The thermodynamic definition of the capacity 
factor leads to negative capacity factors for 
excluded ions. However, if the elution volume of 
fructose were to be used as the value of the void 
volume, the capacity factors of the excluded 
anions would be k’ < 0 and could not be used for 
log k’ graphs. For this reason the elution volume 
of dextran T 2000 was used to calculate the 
capacity factor k’ of all the solutes and is used 
throughout this paper to express retentions. 
Knowing the elution volumes of fructose and 
dextran T 2000 the capacity factors can be 
recalculated if needed. 

Determination of the amounts of sorbed 
amphiphilic modifiers 

The column was flushed with 20 ml of water 
and then the sorbed surfactants were eluted with 
50 ml of methanol and the eluate was evaporated 
to dryness. The residue was analysed for nitro- 
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gen (Dumas) and sulphur (Schiininger). From 
the percentage of N and S and the mass of the 
eluted amphiphilic modifiers, the corresponding 
amounts of the sorbed OS and TBA were 
calculated. The completeness of the elution of 
TBA was checked by further elution (50 ml) 
with 0.1 g/l lithium perchlorate solution in 
methanol and evaporation to dryness. The res- 
idue was analysed for nitrogen (Kjeldahl). Its 
content was lower than cu. 5% relative to the 
amount of TBA determined in the lirst step. 

After all the experiments had been completed 
the column was flushed with water and methanol 
and the sorbent was pressed out of the column 
and dried to constant mass at 110°C. The column 
contained 2.04 g of the sorbent. 

RESULTS AND DISCUSSION 

Choice of the modifiers 
Preliminary studies on chromatographic 

systems using octadecylsilica and buffered 
mobile phases containing one anionic am- 
phiphilic modifier (octanesulphonate or dodecyl 
sulphate) and one cationic amphiphilic modifier 
(tetrabutylammonium, dodecyltrimethylammo- 
nium or hexadecyltrimethylammonium) showed 
two major sources of problems: 

(i) the precipitation of the oppositely charged 
long-chain (n, L 12) amphiphilic modifiers (sur- 
factants) in aqueous media limits their applica- 
tion either to extremely low concentrations or to 
micellar liquid chromatography with mobile 
phases containing both anionic and cationic 
surfactants but one (e.g., sodium dodecyl sul- 
phate) being in excess over the other (e.g., 
HTMABr) and thus solubilizing the formally 
uncharged very lipophile ion pairs [22]; 

(ii) the lipophilicity of the two oppositely 
charged amphiphilic modifiers must be balanced, 
so that both amphiphilic modifiers can be sorbed 
on the reversed phase and influence the resulting 
sorbent ion-exchange properties. We preferred a 
column that would behave generally as a cation 
exchanger, because of the complexes to be 
separated the majority are cationic. Octanesul- 
phonate and tetrabutylammonium were a suit- 
able combination adopted in further work. 

Effect of molar fraction of TBA on the 
amounts of sorbed TBA and OS 

The amounts of the sorbed amphiphilic 
modifiers are plotted as a function of qBA are 
plotted in Fig. 2a. A pronounced synergistic 
effect on the sorption of the two oppositely 
charged amphiphilic modifiers is observed, which 
can be ascribed to the formation of formally 
uncharged ion pairs in the stationary phase. In 
the range 0.25 < +BA < 0.75 the concentration of 
both amphiphilic modifiers in the stationary 
phase decreases with increasing xTBA, suggesting 
that the sorption of OS is probably primary and 
TBA acts more as a counter ion. However, with 
increasing xTBA >0.9, TBA is likely also to be 
sorbed directly on the octadecylsilica. 

The sorbed OS and TBA as calculated from 
the elemental analysis and further their differ- 
ence as the approximate capacity of the column 
(charge compensation of the oppositely charged 
modifiers in the stationary phase) are shown in 
Fig. 2b. A sorbent with a significantly lower 
capacity is generated when a mixture of OS and 
TBA is used instead of only one of them. 

Effect of molar fraction of TBA on the 
retention and selectivity 

The influence of .xTBA as the molar fraction of 
the TBA in the total (TBA + OS) amphiphilic 
modifier concentration of 4 mM is illustrated for 
the cationic complexes and carboplatin in Fig. 3a 
and for the anionic and the remainder of the 
neutral complexes in Fig. 3b. As was expected, 
as a result of the presumable charge compensa- 
tion of the oppositely charged amphiphilic 
modifiers in the stationary phase, it is possible to 
achieve significant retentions either of cationic 

(XTB.4 + 0) or anionic solutes (qBA+ 1). At 
xTBA ~0.8 the column behaves generally as a 
cation exchanger, then it reverses its ion-ex- 
change properties and at ,xTBA > 0.9 the column 
behaves as an anion exchanger. 

The curve for cisplatin in Fig. 3b shows slight 
“anion-like” behaviour. Such a behaviour of the 
formally uncharged molecule VI (Fig. 3b) is 
caused by the dissociation of the H,O ligand, 
resulting in a negative charge of the molecule. 
The pK, is reported to be 6.5 at 35°C [31]. With 
I, however, ion-dipole interactions are consid- 



M. Macka and J. Borrik I 1. Chromatogr. 641 (1993) 101-113 

0.00 0.25 0.50 0.75 1.00 

x(TBA) 

t 

0.01 L 
I I 

0.00 0.25 0.50 0.75 1.00 

x(TBA) 

0.00 0.25 0.50 0.75 1 .oo 

x(TBAi 

Fig. 2. (a) Amounts of sorbed modifiers versus qBA: (0) = 
mass of residue including potassium and phosphate as coun- 
ter ions; l =summed amounts of OS +TBA as calculated 
from the elemental analysis. Chromatographic conditions: 
eluent, OS and TElA in 0.02 M phosphate, pH adjusted to 
5.9. (b) Amount of sorbed OS and TBA and the column 
capacity versus xraA: the amount of sorbed surfactant as 
calculated from the elemental analysis for (+) OS and (m) 
TElA; A = ion-exchange capacity of the sorbent. Chromato- 
graphic conditions as in (a). 
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Fig. 3. (a) Retentions (k’) of the cationic platinum(I1) 
complexes (VIII-XI) and the uncharged III versus xriA as 
the fraction of TBA in the total (TBA + OS) amphiphilic 
modifier concentration (4 mM). (b) Retentions (k’ values) of 
the anionic platinum(I1) complexes (IV, V and VII) and the 
uncharged I, II and VI versus .xrsA. Symbols as in Fig. 1. 
Chromatographic conditions as in Fig. 2. 
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ered to be the cause of the behaviour [3]. In 
agreement with this, columns with anion-ex- 
change properties (mostly reversed-phase sor- 
bents dynamically modified with a cationic am- 
phiphilic modifier) allowing sufficient retention 
of I to be achieved are generally used. 

For a mixture of both cationic and anionic 
platinum(I1) complexes a clearly better separa- 
tion is achieved when using a mixture of both OS 
and TBA in the mobile phase instead of only OS 
or TBA. The separation of anions, expressed as 
the resolution of several pairs of anionic analytes 
(Fig. 4) has an optimum and then deteriorates 
again as the region 0.8 C+BA < 0.9 is ap- 
proached where the elution order changes. On 
the other hand, for the cationic complexes illus- 
trated with the examples of VIII and IX it is not 
surprising that the highest resolution is achieved 

at XTBA +O as their retentions are maximum 
there. The resolution* of the pair VIII-IX in the 
whole range xTBA ~0.8 is, however, sufficient 
and hence the optimum range for the separation 
of both anionic and cationic solutes is +aA = 
0.25-0.65. 

25 

a 

0 

0.00 0.25 0.50 0.75 1.00 

xCTBA1 

Fig. 4. Resolution (R value) of pairs of complexes versus 
xTsa: 0 = R(IV-V); 0 = R(IV-VII); 0 = R(V-VII); l = 
R(VIII-IX). Chromatographic conditions as in Fig. 2. 

Effect of phosphate and TBA concentration at 
constant OS concentration 

From the log k’-logc(P0,) dependence (Fig. 
5) for the cationic analytes it can be concluded 
that their predominant retention mechanism is 
ion exchange. As expected, the slopes of the 
curves for the +l (VIII and X) and the +2 (IX 
and XI) charged ‘complexes clearly differ. 

Concerning the retentions of anions (IV, V and 
VII) under these conditions, their capacity fac- 
tors rapidly increase with addition of TBA (Fig. 
6). From the character of the curves (IV, V and 
VII) at low TBA concentration (crBA s 1) and 
from the negative rather than positive slopes of 
their log k’-log c(P0,) dependence (Fig. 5), ion 
exclusion can be concluded to be the predomi- 
nant retention mechanism. This is also supported 
by the fact that their capacity factors at low TBA 
concentration are less than 0.3, which is the 
capacity factor of the unretained low-molecular- 
mass solute fructose (high-molecular-mass dex- 
tran T 2000 is used as a void volume marker). 
However, for cTsA > 1 the anions are sorbed on 
the stationary phase, also. It can be concluded 

04t 
b.001 0.01 0.1 

cPo4) hol/ll 

Fig. 5. Retentions (k’) of the platinum(I1) complexes versus 
phosphate concentration. Symbols as in Fig. 1. Chromato- 
graphic conditions: eluent, 0.002-0.2 M phosphate in 4 mM 
OS and 6 mM TBA, pH adjusted to 5.9. 
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Fig. 6. Retentions (k’) of the platimun(I1) complexes versus 
concentration of TBA. Symbols as in Fig. 1. Chromato- 
graphic conditions: elwnt, 0 and 6 mM TBA in 4 mM 
OS-O.02 M phosphate, pH adjusted to 5.9. 

that the retention mechanism of anions under 
the conditions of prevailing cation-exchange 
character of the stationary phase is complex, 
involving ion exclusion, ion exchange and parti- 
tioning, probably based on ion-dipole interac- 
tions with the polar layer of amphiphilic 
modifiers covering the octadecylsilica. 

The retention of the uncharged molecule of II 
possessing no dipole moment is low and almost 
uninfluenced by any parameter of the mobile 
phase composition. 

The slightly negative slope of the log V-log 
c(P0,) graph of the complex III (Fig. 5) can be 
explained by the salting-out effect due to the 
hydrophobic interactions of the cyclobutane- 
dicarboxylate ligand. The molecule also shows a 
“cation-like” behaviour (Figs. 2a and 6). As a 
result of the decrease in retention after addition 
of TBA to the mobile phase the separation of 
carboplatin from cisplatin begins to be a prob- 
lem, and therefore for the separation of cisplatin 
and carboplatin we preferred mobile phases with 
low TBA content or only with OS [17]. 

Effect of pH 
The retentions of the complexes containing at 

least one water molecule as ligand (V, VI, X and 
XI) are pH dependent (Fig. 7), which is not the 
case with the remaining solutes. The reason is 
the deprotonation reaction on the water ligand 
that causes a change in the effective charge of 
the molecule. As the charge of the molecule 
becomes more negative with increasing pH of 
the mobile phase, their retentions decrease. For 
XI, pK,, is reported to be 5.56 and pK,, 7.32 at 
20°C [32]. The effect of pH was advantageously 
applied to achieve the separation of VIII from X 
and of IX from XI, which originally failed at pH 
3.2. A pH of 5.9 was found to be optimum for 
the separation of I, X and VIII (see Fig. 9). 

The unknown peak Ul in the chromatogram of 
a 16-month-old solution of IV in 1 mM hydro- 
chloric acid (Fig. 8) obviously also corresponds 
to an aqua complex, because its retention is pH 
dependent (Fig. 7). It may be the truns-diaquadi- 
chloroplatinum(I1) which is formed, as opposed 
to the &-complex, much more slowly [25]. Note 

IO : 

1: 

. . 

‘_‘\, 

011 
‘2 3 4 5 6 7 0 

Fig. 7. Retentions (k’) of the platinum(I1) complexes versk 
pH of the mobile phase. + = Presumably trawdiaquadi- 
chloroplatinum(I1); other symbols as in Fig. 1. Chromato- 
graphic conditions: eluent, 4 mM OS and 6 mM TBA in 0.02 
M sodium dihydrogenphosphate, pH adjusted to desired 
value. 
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Fig. 8. Chromatogram of tetrachloroplatinate (1 mg/ml solution in 1 mM HCl, ambient temperature, 16 months). For peak 
identification, see Fig. 1. Chromatographic conditions as in Fig. 10, except pH = 4.8. 

that here at pH 4.8 the complexVI is eluted later 
than at pH 5.9 (see Fig. 11). 

Applications 
The separation of a model mixture of the 

complexes I, II, IV, V and VII-XI shown in Fig. 9 
illustrates the separation potential of the 
method. 

Purity of cisplatin. According to the USP XXII 
[33], the impurities II and VII are determined in 
I using two different chromatographic systems. 

VII I 

This method makes it possible to determine both 
II and VII in I in one run (Fig. 10). The limit of 
detection expressed relative to I is 0.005% for 
both II and VII. The method that has been used 
in our laboratory for more than 1 year offered 
reproducible selectivities and retentions from 
column to column. The application of the meth- 
od to the study of the decomposition of cisplatin 
in aqueous solutions containing chlorides by 
ultrasonic energy and light will be reported 
separately [30]. 

Fig. 9. Chromatogram of a model mixture of complexes I, II, IV,V and VII-XI. For peak identification, see Fig. 1; A = nitrate as 
impurity. Chromatographic conditions: injection, 20 ~1; eluent, 4 mM OS and 6 mM ‘IFSA, pH adjusted to 5.9; ionic strength 
gradient I. For other conditions, see Experimental. 
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Fig. 10. Chromatogram of cisplatin drug substance, 1 mg/ml solution in 0.15 M KCI, with 0.5% of each impurity II, VII and VIII 
added. X is present as a result of aquation of I. For peak identification, see Fig. 1. Chromatographic conditions: injection, 20 ~1; 
eluent, 4 mM OS and 6 mM TBA in 0.02 M phosphate, pH adjusted to 5.9. For other conditions, see Experimental. 

Aquation of tetrachloroplatinate. The conver- 
sion of IV into V and VI in aqueous media 1261 
may be followed by the separation system de- 
scribed here. In Fig. lla, b and c the chromato- 
grams of tetrachloroplatinate IV in 0.15 M KCI, 
water and 0.01 M NaOH, respectively, are 
shown, 

Ammination of tetrachloroplatinate (Fig. 12) 
and cisplatin (Fig. 13). Here VII, I, VIII and IX 
are formed consecutively from W, J.I is the 

product of isomerization of I and/or the product 
of deammination of VIII 121. The method has 
been used to study ammination reactions of IV in 
aqueous-organic solutions under various condi- 
tions [34]. 

Kinetic stability of the complexes 
To obtain a true view of the analysed solution, 

it is important that during the chromatographic 
separation the extent of the ligand-exchange 

1 2 
Ttmr ?mtn 1 

4 S 

Fig. 11. Chromatograms of tetrachloroplatinate undergoing aquation in various solutions. For peak identification, see Fig. 1. 
Chromatographic conditions as in Fig. 10. For other conditions, see Experimental. (a) 1 mg/ml solution of IV in 0.15 M KCl, 
ambient temperature, 21 h; (b) 1 mg/ml solution of IV in water, ambient temperature, 14 days; (c) 1 mglml solution of IV in 0.01 
M NaOH, ambient temperature, 21 h. 
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Fig. 12. Chromatogram of a crude preparation of VII prepared by ammination of tetrachloroplatinate (1 mglml solution of the 
sample in 0.15 M KCl). For peak identification, see Fig. 1. Chromatographic conditions as in Fig. 10, except 5.0 mM TBA and 
pH=6.5. 

reactions is negligible. Therefore, the aqua com- 
plexes with the least thermodynamically stable 
aquo ligands Compared with the other ligands 
[29] should be checked for stability under the 
given conditions. 

For practical purposes, the stability of the 
complexes in a mobile phase in the time range of 
cu. 10 min would be sufficient. Using the final 
mobile phase (pH 5.9) we examined the stability 
of X and XI in this medium by mixing 10 ~1 of 

the reference sample in the loop of the auto- 
sampler with the mobile phase. After waiting for 
10 min the samples were injected. The peak area 
decreased to 99.7% and 95.4% of the original 
concentration for X and XI, respectively. There- 
fore, it can be concluded that the stability of X 
and XI in the final mobile phase during the 
analysis is acceptable. 

If the reference solutions of the aqua complex- 
es X and XI were mixed 1:l (v/v) with the 

VIII 

6 
T4lme (mln ) 

9 10 

Fig. 13. Chromatogram of raw VIII prepared by ammination of cisplatin (1 mg/ml solution of the sample in 0.15 M KCl). For 
peak identification, see Fig. 1. Chromatographic conditions as in Fig. 9, except ionic strength gradient II. For other conditions, 
see Experimental. 
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mobile phase (0.020 M phosphate, pH 3.2) and 
stored for 1 h at ambient temperature, two 
unknown peaks appeared (one major at k’ = 1.7 
and one minor at k’ = 2.4) and the amounts of X 
and XI in the solutions decreased to 62% and 
50% of the original concentrations, respectively. 
As the spectrum of the major unknown peak is 
very similar to that of XI itself, the major 
unknown may be a complex with an 0x0 ligand, 
e.g., phosphate, in place of the aquo ligand. 

ligands, the largest shift being in the case of XI, 
the maxima of which at pH 3.2 were 252 and ca. 
330 nm. Consequently, for identification of aqua 
complexes it is important to use reference spec- 
tra registered at the same pH. 

CONCLUSIONS 

Electron absorption spectra 
The absorption spectra of the platinum(I1) 

complexes in the ultraviolet and visible region 
consist of an intense (E = 104) charge-transfer 
band near 200 nm and several d-d bands of low 
intensity shifted to the long-wavelength region 
[29]. The first band is used to achieve sensitive 
detection and the later bands are very useful for 
identification. Characteristic absorption maxima 
of the spectra for the complexes I-XI measured 
from the eluted peaks are given in Table I. 

The use of a reversed-phase sorbent and two 
oppositely charged ionic amphiphilic modifiers in 
the mobile phase makes it possible for sufficient 
retentions for both anionic and cationic solutes 
to be achieved, although in such a system cation- 
or anion-exchange properties may prevail. 

The measured maxima agree with those given 
in the literature [2,26,35-371. The maxima fol- 
low the rule of shifting towards higher energy on 
replacing a Cl ligand with H,O and then with 
NH, [29]. In the case of the aqua complexes (V, 
VI, X and XI) the weak d-d maxima shifted with 
increasing pH slightly to the short-wavelength 
region owing to the deprotonization of the water 

Using this approach, dynamically generated 
sorbents with controlled cation- or anion-ex- 
change character and controlled capacity may be 
prepared. Owing to the charge compensation of 
the oppositely charged modifiers such systems 
have a considerably lower capacity than sorbents 
modified with a cationic or an anionic am- 
phiphilic modifier only. Such sorbents, especially 
the low-capacity ones, may find applications in 
ion chromatography. Also, the mobile phase 
concentration of a certain modifier needed to 
generate a sorbent of a certain capacity is con- 
siderably higher when using it in a mixture with 
an oppositely charged modifier. This may result 
in a shorter time being needed to generate the 
sorbent until the retentions are constant. 

TABLE I 

WAVELENGTHS OF ABSORPTION MAXIMA OF PLATINUM(I1) COMPLEXES 

pH = 5.9; for other conditions, see Experimental. 

Complex Formula Maxima (nm) 

I 
II 
III 
IV 
V 
VI 
VII 
VIII 
IX 
X 
XI 
Ul 

cis-[Pt(NH,),Cl,]’ 
traw[Pt(NH,),Cl,]” 

PWW,GW?JI” 
pa]:- 

PW,W%I- 
cb-[Pt(H,O),C1,]O 

F’WWW - 
PW-r,),C~l+ 
]Pt(~,),Y+ 
ck-[Pt(NH&H,O)CI]+ 
cW’WH,MHzW” 
(trans-[Pt(H,O),Cl,]“)’ 

ca. 275,301.0,365.5 
270.5,312.5 
ca. 230,316 
330.5,391.0, ca. 480 
318, ca. 380 
306.5 
300.0,344.5 
254.5, ca. 320 
286.5 
266.0, ca. 346 
247.5, ca. 322 
305.5, ca. 355 

o Presumed. 
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