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METAL ION EXTRACTION BY 
SILYL-SUBSTITUTED DIPHOSPHONIC

ACIDS. I. P,P�-DI-
[3-(TRIMETHYLSILYL)-1-PROPYLENE]

METHYLENE- AND 
ETHYLENEDIPHOSPHONIC ACIDS

D. R. McAlister,1 M. L. Dietz,2 R. Chiarizia,2

and A. W. Herlinger1,*

1Department of Chemistry, Loyola University Chicago,
Chicago, Illinois 60626, USA 

2Chemistry Division, Argonne National Laboratory,
Argonne, Illinois 60439, USA

ABSTRACT

In conjunction with efforts to develop novel actinide extractants
that exhibit solubility in supercritical carbon dioxide (SCCO2), the
effect of adding silicon-based functionalities to diphosphonic acids
on their aggregation and solvent extraction chemistry was investi-
gated. Two silyl-derivatized diphosphonic acids, P,P�-di[3-
(trimethylsilyl)-1-propylene] methylenediphosphonic acid (H2DT
MSP[MDP]) and P,P�-di[3-(trimethylsilyl)-1-propylene] ethyle-
nediphosphonic acid (H2DTMSP[EDP]), were prepared and their
aggregation and metal ion extraction properties compared to those
of the previously studied P,P�-di(2-ethylhexyl) alkylenediphos-
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phonic acids. Vapor pressure osmometry of H2DTMSP[MDP] and
H2DTMSP[EDP] in toluene (25°C) indicates that, as is the case for
the 2-ethylhexyl-substituted alkylenediphosphonic acid analogs,
the compounds are dimeric and (primarily) hexameric, respec-
tively, in the concentration range investigated. Distribution ratio
measurements for the alkaline earth cations Ca2�, Sr2�, Ba2�, and
Ra2� as well as the representative tri-, tetra-, and hexavalent ac-
tinides Am3�, Th4�, and UO2

2� between solutions of H2DTMSP
[MDP] and H2DTMSP[EDP] in o-xylene and nitric acid indicate
that the behavior of these silyl-derivatized compounds closely
mimics that of the analogous P,P�-di(2-ethylhexyl) alkylene-
diphosphonic acids, indicating that incorporation of a silyl func-
tionality has no adverse impact on the metal ion extraction proper-
ties of diphosphonic acids.

Key Words: Diphosphonic acids; Silyl-substituted; Metal ion ex-
traction

INTRODUCTION

Over the last decade, diphosphonic acids have attracted considerable inter-
est as metal ion complexing agents (1–5). Previous work in our laboratory has
demonstrated that these compounds form remarkably stable complexes in acidic
media with a variety of metal ions (e.g., actinides, lanthanides, and Fe(III)), a re-
sult of the strong acidity of the diphosphonic acid functionality and its ability to
chelate metal ions through either its phosphoryl or ionized phosphonic acid groups
(5,6). Although originally developed for use as aqueous complexing (i.e., “hold-
back” or stripping) agents (2,7), diphosphonic acid ligands have subsequently
been shown to provide the basis of several novel chelating ion-exchange resins
(8–14), and upon appropriate alkyl substitution, they act as powerful metal ion ex-
tractants applicable in both extraction chromatography (15) and conventional liq-
uid-liquid extraction (6,15–17).

During the past several years, supercritical carbon dioxide (SCCO2) has re-
ceived increasing attention as an environmentally friendly alternative to conven-
tional organic solvents (18) in extraction processes. Unlike many solvents, SCCO2

does not decompose into ozone-depleting fragments or promote the generation of
photochemical smog. In addition, the use of SCCO2 can lead to reduced waste
stream volumes; if the applied pressure is lowered sufficiently, the carbon dioxide
will revert to the gaseous state, allowing dissolved solutes to be collected as a liq-
uid or solid residue and the CO2 to be collected, repressurized, and reused. Car-
bon dioxide offers a number of other significant advantages as a solvent, among
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them low cost, ready availability, comparatively low toxicity, favorable physical
properties (Tcrit � 31.3°C; Pcrit � 72.9 atm), and in its supercritical state, relative
ease of handling (using standard high-pressure equipment), low viscosity, and
high diffusivity (18). Unfortunately, neither unsubstituted diphosphonic acids nor
the alkyl-substituted acids reported to date (e.g., P,P�-di(2-ethylhexyl) alkylene-
diphosphonic acids (6)) are soluble in unmodified SCCO2 (19) because of its low
solvent power. Although the solvent power of SCCO2 can be improved by addi-
tion of an organic modifier (e.g., methanol), this approach is not always effective.
Moreover, mixtures of conventional solvents with SCCO2 are clearly less envi-
ronmentally benign than SCCO2 alone. For this reason, much effort has been di-
rected at the development of metal ion complexing agents/extractants that incor-
porate CO2-philic substituents, which typically contain fluorine atoms or silicone
polymer-based functionalities (20–31).

Recent work in our laboratory has focused on the preparation of diphos-
phonic acids that incorporate various silicon-based substituents (32) for possible
application in SCCO2 extraction. Such compounds are expected to be consider-
ably less expensive than the analogous fluorinated diphosphonic acids, increasing
the likelihood of eventual large-scale application. Moreover, while significant ef-
fort has been devoted to examination of the fluorination effect on metal ion com-
plexation/extraction behavior and the SCCO2 solubility of various ligands, rela-
tively little work has been reported on the effect of adding silicon-based functional
groups to the ligands. Until recently (32), no report had been made of an extant
stable dialkyl alkylenediphosphonic acid that contained a silicon moiety.

As a first step in evaluating the potential utility of silicon-derivatized
diphosphonic acids as metal ion extractants in SCCO2, we have prepared 2 com-
pounds containing the 3-(trimethylsilyl)-1-propyl group (Structure I, with n � 1
for H2DTMSP[MDP] and n � 2 for H2DTMSP[EDP]). Although our preliminary
results indicated that the extractants are not appreciably soluble in SCCO2, we
evaluated their metal ion extraction and aggregation properties in toluene-o-xy-
lene. In this way, the behavior of these compounds can readily be compared to that
of conventional dialkyl alkylenediphosphonic acids (for which such data have
been previously reported (6,16)) and the effect of the introduction of a silicon-
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Structure I.
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based functional group could be determined. The 3-(trimethylsilyl)-1-propyl
group was selected for this work because the corresponding alcohol is commer-
cially available and can be used to esterify diphosphonic acids through the use of
well-established methodology (32). In addition, separating the trimethylsilyl func-
tionality from the remainder of the molecule by 3 carbon atoms provides optimal
chemical stability and synthetic accessibility (33).

EXPERIMENTAL

Materials

H2DTMSP[MDP] and H2DTMSP[EDP] were synthesized and characterized
as described previously (32). The ligands were shown by potentiometric titration
in methanol with standard base (J.T. Baker Chemical Co, Phillipsburg, NJ) to be
greater than 97% pure. Sucrose octaacetate (Jupiter Instrument Co) and solutions
prepared from Baker-analyzed PHOTREX grade toluene (Aldrich Chemical Co,
Milwaukee, Wis) were used without further purification for the vapor pressure os-
mometry (VPO) measurements. Aqueous solutions were prepared with water from
a Milli-Q2 purification system and Ultrex reagent nitric acid (J. T. Baker Chemi-
cal Co). The organic solutions used in solvent extraction experiments were pre-
pared by dissolving a known mass of the extractant in sufficient o-xylene (Aldrich)
to achieve the desired molarity. 45Ca, 85Sr, and 133Ba were obtained from Isotope
Products Laboratories (Burbank, Calif). 223Ra was separated from 227Ac through
the use of an extraction chromatographic column that contained bis(2-ethylhexyl)
phosphoric acid. The radioisotopes 241Am, 233U, and 230Th were obtained from Ar-
gonna National Laboratory stocks. Only freshly purified 233U and 230Th were used
in the extraction experiments. The radioisotopes were used at tracer level concen-
tration, with the exception of 233U and 230Th, which were used in the solvent ex-
traction experiments at a concentration of 10�5 to 10�4 mol/L.

Methods

The aggregation of H2DTMSP[MDP] and H2DTMSP[EDP] in toluene at
25°C was measured by VPO with a Jupiter Model 833 vapor pressure osmometer
as described previously (34). The instrument was calibrated with standard toluene
solutions of sucrose octaacetate. A plot of measured voltage versus sucrose oc-
taacetate molality (m) gave a slope of 1788 �V/m for the instrument calibration
constant.

The metal distribution ratios were measured as described for the di(2-ethyl-
hexyl) alkylenediphosphonic acids (6,16,17). The distribution ratio, D, was cal-
culated as the ratio of the activity of a radiotracer between an o-xylene solution of
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the extractant and an aqueous nitric acid solution. Preliminary experiments
showed that 5 minutes of vortexing was more than enough time to attain equilib-
rium. Duplicate experiments showed that the reproducibility of the D measure-
ments was generally within 5%; however, the uncertainty interval was higher for
the highest D values (D � 103).

RESULTS AND DISCUSSION

Aggregation

Figure 1 shows a comparison of the results of the VPO measurements for
H2DTMSP[MDP] and H2DTMSP[EDP] with those for the monomeric standard
sucrose octaacetate. As in the case of the analogous P,P�-di(2-ethylhexyl)
methylenediphosphonic acid (H2DEH[MDP]) (34), the VPO data indicate that
H2DTMSP[MDP] is dimeric in toluene at 25°C in the 0.01–0.12 m concentration
range. The linearity of the data indicates that the aggregation constant is suffi-
ciently large such that the extractant aggregation remains unchanged over the con-
centration range studied.

The VPO data for H2DTMSP[EDP], in contrast to those observed for
H2DTMSP[MDP], are not linear. The best straight-line fit of the data has a slope

Figure 1. VPO measurements (microvolts, �V, vs. molality, m) with H2DTMSP[MDP],
H2DTMSP[EDP], and the monomeric standard sucrose octaacetate in toluene at 25°C.
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consistent with an average aggregation number (nav) of approximately 5.5. This
strongly suggests the formation of hexameric aggregates analogous to those ob-
served for P,P�-di(2-ethylhexyl) ethylenediphosphonic acid (H2DEH[EDP]) (34).
For a more quantitative description of the aggregation equilibrium of
H2DTMSP[EDP] in toluene at 25°C, the VPO data are reported in Fig. 2a as the
average degree of aggregation (nav) versus the solute molality. The average degree
of aggregation is defined as

nav � �
C
S
tot
� �

(1)

Figure 2. a) Best fit of aggregation data, average aggregation number (nav) vs. molality
(m), for H2DTMSP[EDP]; b) Distribution of H2DTMSP[EDP] between monomeric and
hexameric species as a function of total solute concentration.
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where Ctot is the known analytical concentration of H2DTMSP[EDP], and S is the
sum of the concentration of each species present in the system. For each data point
in Fig. 1, an experimental value of S is obtained by dividing the instrument read-
ing (�V) by the slope of the sucrose octaacetate reference line (Kr � 1788).

Ctot and S can be expressed through the following mass balance equations
and equilibrium aggregation constants (	n) :

Ctot � a � n ∑ 	n an (2)

S � a � ∑ 	n an (3)

where a represents the monomer concentration.
To calculate the 	n values that best describe the experimental values of Fig.

2a, the procedure and calculations described in (17) were used. Several aggrega-
tion models involving dimers, trimers, tetramers, and hexamers were tested. The
results of the calculations indicate that the model that best describes the aggrega-
tion of H2DTMSP[EDP] in toluene involves only the formation of a hexameric
species with 	6 � 1.15 (
0.05) � 1012. A comparison of the experimental data
with the calculated curve is shown in Fig. 2a.

The value of 	6 for H2DTMSP[EDP] is more than one order of magnitude
lower than that reported previously for H2DEH[EDP] (6(
1) � 1013 (16)).
H2DTMSP[EDP] thus has a somewhat lower tendency to aggregate than its 2-
ethylhexyl analogue. Fig. 2b shows the species distribution diagram for
H2TMSP[EDP] in toluene calculated with the 	6 value reported above. It appears
from the figure that, although the hexamer is the predominant species under most
conditions, at very low extractant concentrations the presence of monomeric
H2DTMSP[EDP] is not negligible and must be taken into account to explain some
features of the extraction data.

Solvent Extraction Studies

Alkaline Earth Cations

Figures 3 and 4 show the acid dependency data at 0.1 mol/L extractant and
the extractant dependency data at 0.05 mol/L HNO3 for selected alkaline earth
cations with H2DTMSP[MDP] and H2DTMSP[EDP], respectively. These data in-
dicate that these extractants behave very similarly to the analogous di(2-ethyl-
hexyl) alkylenediphosphonic acid extractants (6,16). The acid dependencies for
both extractants exhibit a slope of �2, which is consistent with the displacement
of 2 protons by a divalent metal cation upon extraction into the organic phase.

The extractant dependencies for H2DTMSP[MDP] show a variable slope.
This slope is close to 2 in the 0.001–0.01 M concentration range and is slightly
lower at higher extractant concentrations. This phenomenon was also observed
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Figure 3. Acid dependencies at 25°C for the extraction of selected alkaline earth cations
by 0.1 mol/L H2DTMSP[MDP] and H2DTMSP[EDP] in o-xylene.

Figure 4. Extractant dependencies at 25°C for the extraction of selected alkaline earth
cations by H2DTMSP[MDP] and H2DTMSP[EDP] in o-xylene from 0.05 mol/L HNO3.
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with H2DEH[MDP] and was attributed to significant solubility of metal-ligand
complexes in the aqueous phase (6). However, in the case of H2DTMSP[MDP], the
observed variation in the slope of the extractant dependency at higher extractant
concentrations is smaller than that observed for H2DEH[MDP]. This implies that
the alkaline earthMH2DTMSP[MDP] complexes are less soluble in the aqueous
phase than are the analogous H2DEH[MDP] complexes, a phenomenon which was
also noted in qualitative solubility tests during the synthesis of H2DTMSP[MDP]
(35) and H2DEH[MDP] (36) salts for study by infrared spectroscopy. The lower
solubility of the silyl-substituted alkaline earth diphosphonic acid complexes in the
aqueous phase may also explain why the extraction of alkaline earth cations by
H2DTMSP[MDP] or H2DTMSP[EDP] yields D values that are typically 2 to 3
times higher than in alkaline earth extraction with H2DEH[MDP] or H2DEH
[EDP], respectively, under identical conditions.

Because H2DTMSP[MDP] has been shown by VPO to be dimeric in the
concentration range over which the extractant dependencies were determined, the
slope of approximately 2 for the extractant dependency indicates that each diva-
lent alkaline earth cation is extracted by 2 H2DTMSP[MDP] dimers. Therefore, as
in the case of H2DEH[MDP] (6), the stoichiometry of alkaline-earth cation ex-
traction with H2DTMSP[MDP] can be expressed as

M� � 2(H�2�Y�)2 ↔ M�(�H�Y���H�2�Y�)�2� � 2H� (4)

where overbars indicate organic phase species and H2Y represents H2DTMSP
[MDP]. Structure II was proposed (6) for the extraction of alkaline earth cations
by H2DEH[MDP] and is very likely applicable for H2DTMSP[MDP] as well. (For
clarity, only one of the mono-deprotonated dimer units has been shown.) In this
structure, 2 protons are displaced from 2 dimers of the extractant, as required by
the slope analysis (i.e.,�2 and 2 for the measured acid and extractant dependen-
cies, respectively). The 6-member chelate rings shown in Structure II arise from
the interaction of the metal ion with the phosphoryl oxygens of the extractant.

The extractant dependencies for H2DTMSP[EDP] have a limiting slope of
1 in the 0.01–0.1 mol/L concentration range. As in the extraction of alkaline earth
metals with H2DEH[EDP], the slope increases at low extractant concentrations. A
slope of 1 in the log-log plot of metal distribution ratio versus the analytical con-

Structure II.
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centration of the extractant is consistent with extraction by a highly aggregated
species in which the aggregation is not disrupted by the metal ion (16). This result
is in agreement with the VPO data, which indicate that H2DTMSP[EDP] is pri-
marily hexameric over the concentration range studied (Fig. 2b).

The extraction of alkaline earth cations by the H2DTMSP[EDP] hexamer
can therefore be expressed as

M2� � (H�2�Y�)6 ↔ M�H�1�0�Y�6� � 2H� (5)

where (H�2�Y�)6 is the hexameric H2DTMSP[EDP] aggregate and M�H�1�0�Y�6� is the
metal-hexamer complex in the organic phase. As required by the slope of �2 in
the acid dependency plot, 2 protons are lost by the hexamer upon complexation of
an alkaline earth cation. Infrared spectroscopy (34) and small angle neutron scat-
tering (37,38) experiments with H2DEH[EDP] in toluene suggest a spherical mor-
phology for the hexamer and the extracted alkaline-earth metal complexes (Struc-
ture III). In this structure, an alkaline earth metal cation lies in a hydrophilic cavity
formed by the H2DTMSP[EDP] aggregate, which resembles a reverse micelle. A
number of 7- and 8-membered chelate rings are formed in this structure through
coordination to the diphosphonate ligand. The remaining coordination sites on the
metal ion may be occupied by water molecules, which are not shown for clarity.
Although these experiments could not be repeated for H2DTMSP[EDP] because
of the low solubility of the metal complexes, we have made the reasonable as-
sumption that the H2DTMSP[EDP] aggregate adopts a similar structure.

The higher slope values in the 0.001–0.005 mol/L concentration range of
the H2DTMSP[EDP]Malkaline-earth extractant dependencies can be attributed to
incomplete aggregation of the extractant. In this region, where the concentration
of monomeric extractant is not negligible (Fig. 2b), the measured D values include
contributions of both equilibrium (Eq. 5) and extraction by the monomeric ex-

Structure III.
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tractant. The reaction can be written as

M2� � H�2�Y� ↔ M�Y� � 2H� (6)

Studies of metal ion extraction using n-decanol (39), a diluent in which the ex-
tractants are monomeric (40), verify that alkaline earth cations are readily ex-
tracted by monomeric diphosphonic acids.

The nonlinear least-squares curve-fitting feature of Origin® (Version 3.5,
Microcal Software Inc, Northampton, Mass) was used to analyze the extractant
dependency data for H2DTMSP[EDP] given in Fig. 4. The best fit of the data was
obtained using equilibria (Eqs. 5 and 6) and the 	6 value determined from the
VPO data (Fig. 2a). We performed the calculations while under the assumption
that the extent of extractant aggregation in toluene and o-xylene is the same and
that all species behave ideally. The equilibrium constants provided by these cal-
culations are reported in Table 1. The curves pictured in the H2DTMSP[EDP] ex-
tractant dependency plot (Fig. 4) have been calculated using these equilibrium
constants. The very high standard deviations obtained for Kex, mon stem from the
few experimental points that are available in the extractant concentration range
where reaction (Eq. 6) contributes significantly to the measured D values. Other
stoichiometries for equilibrium (Eq. 6), such as that involving the extraction of
the cation by 2 monomers of H2DTMSP[EDP], provided a less satisfactory fit of
the data.

As with the analogous di(2-ethylhexyl)-substituted extractants (6,16), the
introduction of an additional CH2 group into the alkylene bridge separating the
phosphoryl groups profoundly affects alkaline earth extraction. H2DTMSP[MDP]
and H2DEH[MDP] exhibit virtually no selectivity over the series of alkaline
earths, while H2DTMSP[EDP] and H2DEH[EDP] behave in a manner similar to
monofunctional extractants (41,42) and preferentially extract Ca. This behavior
seems to indicate that the ethylenediphosphonic acids exhibit at least some mono-
functional character.

Extraction of Ca with H2DTMSP[EDP] yields D values typically 30 times
higher than for Sr, Ba, or Ra. However, this selectivity is accompanied by lower
D values than does extraction with H2DTMSP[MDP]. Extraction with

Table 1. Equilibrium Constants for the Extraction of Alkaline Earth
Cations by the Monomeric and Hexameric Forms of H2DTMSP[EDP]

Cation Kex,mon Kex,hex

Ca (1.3 
 0.3) �10�1 (2.49 
 0.05) �10
Sr (1.4 
 1.4) �10�3 (8.5 
 1.0) �10�2

Ba (1.4 
 1.4) �10�3 (6.7 
 1.0) �10�2

Ra (7 
 7) �10�4 (6.3 
 1.0) �10�2

Constants calculated from data of Fig. 4 and (Eqs. 5 and 6).
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H2DTMSP[MDP] yields D values that are 10 times higher for Ca and 100 times
higher for Sr, Ba, and Ra than those obtained in extraction with H2DTMSP[EDP]
under the same conditions. If one considers the proposed Structures II and III, the
lower D values exhibited by H2DTMSP[EDP] would be expected due to the for-
mation of 7-member chelate rings rather than the more stable 6-member chelate
rings formed by H2DTMSP[MDP] (16).

Actinides

Figure 5 shows the nitric acid dependencies for the extraction of represen-
tative tri-, tetra-, and hexavalent actinides by 0.01 mol/L H2DTMSP[MDP] and
H2DTMSP[EDP] solutions in o-xylene. These data are very similar to those ob-
served for the di(2-ethylhexyl)-substituted diphosphonic acid extractants (6,16).

The acid dependency data for the extraction of Am(III) by H2DTMSP[MDP]
exhibit a maximum at 0.2–0.3 mol/L HNO3. This feature of the data, which differs
from the expected acid dependency for a trivalent metal cation (i.e., a straight line
with a slope of �3), was also observed with the H2DEH[MDP]-Am(III) system and
could arise for several reasons. For example, species of different stoichiometries
may be formed at different acid concentrations. In the 0.05–0.3 mol/L HNO3 con-
centration range, a positively charged complex (e.g., 1:1 ligand-metal ) could form

Figure 5. Acid dependencies at 25°C for the extraction of Am(III), U(VI), and Th(IV) by
0.01 mol/L H2DTMSP[MDP] and H2DTMSP[EDP] in o-xylene.
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and preferentially report to the aqueous phase. Extraction of this species into the
organic phase would depend on the availability of the nitrate ion for charge neu-
tralization. The value of the distribution ratio would therefore increase with nitric
acid concentration. At higher acidities, a neutral complex (2:1 ligand-metal) that
preferentially reports to the organic phase could be formed, leading to the expected
acid dependency slope of �3. Alternatively, the formation of complexes with dif-
ferent degrees of protonation could be involved. At the lowest acidities, the ligand
likely exists as the completely deprotonated dianion (DTMSP[MDP]2–), while at
higher acidities, the predominant ligand species would be the monoprotonated an-
ion (HDTMSP[MDP]1–). Because pKa values for these diphosphonic acids are not
available, we could not derive quantitative speciation information from the distri-
bution data.

The possible formation of complexes with different ligand-to-metal stoi-
chiometries is qualitatively supported by the extractant dependency data for
H2DTMSP[MDP] and Am(III) shown in Fig. 6. Extractant dependencies at 1 and
4 mol/L HNO3, the acid concentration region in which the observed slope for the
acid dependency plot is  �3, exhibit slopes of 2. This indicates complexation by
2 H2DTMSP[MDP] dimers from which 3 protons have been displaced to form
complexes similar to Structure II. At 0.1 mol/L HNO3, the extractant dependency
data exhibit a slope of approximately 1 at low extractant concentrations, suggest-

Figure 6. Extractant dependencies for the extraction of Am(III), U(VI), and Th(IV) by
H2DTMSP[MDP] in o-xylene from various concentrations (M � mol/L) of HNO3.
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ing the formation of complexes of lower stoichiometry (i.e., a 1:1 ligand-metal
complex). At higher extractant concentrations, the Am(III)-H2DTMSP[MDP] dis-
tribution values at 0.1 mol/L HNO3 are nearly constant, an observation consistent
with significant aqueous phase solubility of the 1:1 ligand-metal complex. How-
ever, D values higher than 104 are subject to considerable uncertainty because the
metal ion concentration in the aqueous phase is close to the detection limit nor-
mally achievable using reasonable amounts of radioactive tracers.

The acid dependency data observed for Am(III) extraction by H2DTMSP
[EDP] are closer to those expected for a trivalent cation (i.e., an observed slope
of �3 over nearly the entire acid concentration range). At low acidities, the D
values for the extraction of Am(III) by H2DTMSP[EDP] (Fig. 5) exceed those
for H2DTMSP[MDP], while at high acidities D values are approximately 100
times lower for H2DTMSP[EDP] than they are for H2DTMSP[MDP]. As was
the case for alkaline earth cations (see above), this behavior can be rationalized
on the basis of 7-member chelate ring formation by H2DTMSP[EDP] (Structure
III), rather than the 6-member chelate rings possible with H2DTMSP[MDP]
(16).

The extractant dependency data for Am(III) at 1 and 4 mol/L HNO3 with
H2DTMSP[EDP], shown in Fig. 7, exhibit slopes of 1 in the 0.01–0.1 mol/L con-
centration range. As observed for alkaline-earth cation extraction with this com-
pound, at lower extractant concentrations (0.001–0.01 mol/L), the extractant de-

Figure 7. Extractant dependencies at 25°C for the extraction of Am(III), U(VI), and
Th(IV) by H2DTMSP[EDP] in o-xylene from 1 and 4 mol/L HNO3.
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pendency data exhibit greater slopes due to incomplete ligand aggregation. In this
region, both the monomeric and the hexameric species contribute to metal extrac-
tion according to the equilibrium equations

Am3� � (�H�2�Y�)�6� ↔ A�m�H�9�Y�6� � 3H�; Kex, hex (7)

and

Am3� � 2�H�2�Y� ↔ A�m�H�Y�2� � 3H�; Kex, hex (8)

Through the procedure described above for the alkaline-earth cation extrac-
tion by H2DTMSP[EDP], the 	6 value of H2DTMSP[EDP] and equilibria (Eqs. 7
and 8) were used to fit the Am(III) extractant dependency data of Fig. 7. The val-
ues obtained for the equilibrium constants for Eqs. (7 and 8) are reported in Table
2. The curves shown in Fig. 7 for the Am(III) extractant dependencies were cal-
culated using these values.

The data for U(VI) and Th(IV) extraction with H2DTMSP[MDP] and
H2DTMSP[EDP] shown in Figs. 5–7 are very similar to those obtained with the
analogous di(2-ethylhexyl) alkylenediphosphonic acids (6,16). Overall, the ex-
traction data suggest that these metal complexes have a pronounced tendency to
polymerize and exist in solution as a mixture of complexes with various stoi-
chiometries and degrees of ligand protonation. The limited (U(VI)) or complete
lack (Th(IV)) of acid dependency shown in Fig. 5 suggest that extraction of these
metal ions by H2DTMSP[MDP] and H2DTMSP[EDP] occurs primarily through
the phosphoryl oxygens of the fully protonated extractant. The U(VI) data show
some acid dependency at higher acidities, where the slope approaches unity, sug-
gesting partial deprotonation of the extractant and/or competition for the phos-
phoryl group from HNO3.

The extractant dependency data for U(VI) exhibit variable slopes. At 4
mol/L HNO3, the dependencies for H2DTMSP[MDP] and H2DTMSP[EDP] ex-
hibit limiting slopes of 2 and 1, respectively. At 1 mol/L HNO3, the slope de-
creases slightly for H2DTMSP[EDP], while the H2DTMSP[MDP] data become
almost independent of the extractant concentration. Slope values close to unity are
expected for the U(VI)-H2DTMSP[EDP] extractant dependency data because the
extractant is highly aggregated (16). Although the U(VI) data exhibit a limiting

Table 2. Equilibrium Constants for the Extraction of Am(III) by the
Monomeric and Hexameric Forms of H2DTMSP[EDP]

[HNO3], mol/L Kex,mon Kex,hex

1 (1.8 
 0.3) �105 (2.55 
 0.05) �103

4 (1.4 
 0.5) �105 (2.16 
 0.08) �103

Constants calculated from data of Fig. 7 and (Eqs. 7 and 8).
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slope of unity at low H2DTMSP[EDP] concentration, the slope decreases at higher
extractant concentrations.

To gain further insight into the U(VI)-H2DTMSP[EDP] system, the extrac-
tant dependency data of Fig. 7 were plotted in Fig. 8 as a function of the
H2DTMSP[EDP] hexamer concentration. At each analytical concentration of the
extractant, the hexamer concentration was calculated with the 	6 value of
H2DTMSP[EDP]. The Am(III) data are also shown in Fig. 8 to contrast the be-
havior of these 2 actinide ions. The Am(III) data are linear with a slope of unity,
except at very low extractant concentrations, where extraction by monomeric
H2DTMSP[EDP] contributes significantly to the measured D values. The U(VI)
data are also linear, but exhibit slopes of only 0.5. This slope is consistent with 
Eq. (9):

2UO2
2� � (�H�2�Y�)�6� ↔

——
(UO2)2H11Y6

3� � H� (9)

and implies that 2 uranyl ions are extracted by each hexameric aggregate. As de-
picted in this equation, a single proton is displaced from the hexamer, which is

Figure 8. Distribution ratio, D, vs. hexamer concentration for the extraction of Am(III)
and U(VI) at 25°C by H2DTMSP[EDP] in o-xylene from 1 and 4 mol/L HNO3.D
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consistent with the slope one observed from 1 to 4 mol/L HNO3 in the
H2DTSMP[EDP] acid dependency plots. The remaining charge on the uranyl
complex would be neutralized by nitrate anions. The lines fitting the U(VI) data
of Fig. 8 were calculated based on equilibrium (Eq. 9) with values for the equilib-
rium constant equal to 4.0 (
0.5) � 104 at 1 mol/L HNO3 and 6.0 (
1.0) � 104

at 4 mol/L HNO3, respectively. In Fig. 8, the positive deviation of the U(VI) data
from the calculated lines at the lowest extractant concentrations may be attributed
to metal extraction by the monomeric extractant. However, the deviation from lin-
earity is less pronounced than it is for Am(III), undoubtedly due to the much
higher affinity of the monomeric extractant for U(VI).

The extraction of Th(IV) by H2DTMSP[MDP] and H2DTMSP[EDP] is in-
dependent of extractant concentration. This behavior is indicative of the formation
of a new phase (a colloidal phase or a precipitate) in the extraction system. Under
these conditions, the system becomes zerovariant. During collection of the acid
dependency data of Fig. 5, this new phase manifested itself, at aqueous acidities
below 0.2 mol/L, as cloudiness in the aqueous phase. This cloudiness most likely
arises from precipitation of a Th(IV)-diphosphonate complex. Similar observa-
tions were noted with the di(2-ethylhexyl) analogues (6,16). The tendency of
Th(IV) to form large polymeric aggregates with H2DEH[MDP] in the organic
phase was previously established through small-angle neutron scattering mea-
surements (38), and H2DTMSP[MDP] appears to exhibit the same behavior.

CONCLUSIONS

The aggregation and solvent extraction properties of 2 novel silicon-substi-
tuted diphosphonic acids, H2DTMSP[MDP] and H2DTMSP[EDP], were found to
closely mimic those of analogous di(2-ethylhexyl) alkylenediphosphonic acids.
As observed for di(2-ethylhexyl)-substituted extractants, the introduction of an
additional CH2 group into the alkylene bridge separating the phosphoryl groups
profoundly affects the aggregation and solvent extraction properties of these silyl-
substituted alkylenediphosphonic acids. VPO studies in toluene at 25°C indicate
that H2DTMSP[MDP] and H2DTMSP[EDP] are dimeric and (primarily) hexam-
eric, respectively, over the concentration range studied. Nonlinear least-squares
fitting of the VPO data for H2DTMSP[EDP] yielded an estimated aggregation
equilibrium constant (	6) of 1.15 (
 0.05) � 1012.

Extraction of alkaline earth cations from nitric acid into o-xylene solutions
of the 2 extractants yields acid dependencies exhibiting slopes of �2 for both
compounds and extractant dependencies of slope 2 and 1 for H2DTMSP[MDP]
and H2DTMSP[EDP], respectively. These results suggest that the extraction of al-
kaline earth cations by H2DTMSP[MDP] involves 2 mono-deprotonated dimers,
while extraction by H2DTMSP[EDP] involves a doubly deprotonated hexamer.

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
3
9
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



ORDER                        REPRINTS

3558 MCALISTER ET AL.

While H2DTMSP[MDP] exhibits no selectivity over the series of alkaline earth
cations studied, H2DTMSP[EDP] preferentially extracts Ca over Sr, Ba, and Ra,
much like a monofunctional organophosphorus extractant. The lower distribution
ratios observed for alkaline earth extraction by H2DTMSP[EDP] can be attributed
to the formation of 7-member chelate rings, which are expected to be much less
stable than the 6-member chelate rings possible with H2DTMSP[MDP].

Extraction of Am(III) with H2DTMSP[MDP] yields an acid dependency
with a maximum at 0.2–0.3 mol/L HNO3 and extractant dependencies in which
slopes vary with acidity. This unusual behavior was attributed to the formation of
positively charged species at low acidity that report preferentially to the aqueous
phase. Extraction of Am(III) with H2DTMSP[EDP] yields an acid dependency
with a slope of �3 and an extractant dependency of unit slope, indicating com-
plexation by a hexameric aggregate of H2DTMSP[EDP] from which 3 protons
have been displaced.

U(VI) and Th(IV) extraction with H2DTMSP[MDP] and H2DTMSP[EDP]
exhibit little or no acid dependency, suggesting that metal complexation in these
cases occurs predominantly through the interaction of the metal ion with the phos-
phoryl oxygens of the fully protonated extractant. The variable slopes exhibited
by the U(VI) extractant dependency data suggest the formation of complexes of
various stoichiometries and degrees of protonation, while the lack of extractant
dependency exhibited by the extraction of Th(IV) indicates the formation of col-
loidal or solid species.

Taken together, these results clearly demonstrate that incorporation of a sil-
icon-based functionality into a diphosphonic acid does not adversely affect its
metal ion extraction behavior. Although our preliminary results indicate that the
extractants considered here are not appreciably soluble in SCCO2 (19), we expect
that this can be remedied by use of an appropriate phase modifier or introduction
of additional functional groups onto the diphosphonic acid backbone. Work ad-
dressing these opportunities is now underway in our laboratory.

ACKNOWLEDGMENTS

The authors thank Herb Diamond for assistance provided with 223Ra sep-
aration and counting procedures and Joan Brennecke (Department of Chemical
Engineering, University of Notre Dame) for preliminary evaluation of the
SCCO2 solubility of H2DTMSP[MDP] and H2DTMSP[EDP]. This work was
funded by the Environmental Management Sciences Program of the Offices of
Science and Environmental Management, US Department of Energy, under
grant number DE-FGO7-98ER14928 (LUC) and contract number W-31-109-
ENG-38 (ANL).

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
3
9
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



ORDER                        REPRINTS

DIPHOSPHONIC ACID EXTRACTION. I 3559

REFERENCES

1. Gatrone, R.C.; Horwitz, E.P.; Rickert, P.G.; Nash, K.L. The Synthesis and
Decomposition of Novel Organophosphorus Complexants. Sep. Sci. Tech-
nol. 1990, 25 (13–15), 1607–1627.

2. Nash, K.L.; Rickert, P.G. Thermally Unstable Complexants: Stability 
of Lanthanide/Actinide Complexes, Thermal Instability of the Ligands, 
and Applications in Actinide Separations. Sep. Sci. Technol. 1993, 28 (1–3),
25–40.

3. Nash, K.L. F-Element Complexation by Diphosphonate Ligands. J. Alloys
Comp. 1997, 249 (1–2), 33–40.

4. Fugate, G.A.; Nash, K.L.; Sullivan, J.C. Kinetic Study of the Reactions of
Np(V) and U(VI) with Diphosphonic Acids in Acetate Buffer Solutions. Ra-
diochim. Acta 1997, 79 (3), 161–166.

5. Nash, K.L. Thermodynamics of Formation of Complexes Between Thorium
(IV) and Substituted Methane Diphosphonic Acids in Acidic Solutions. Ra-
diochim. Acta 1991, 54 (4), 171–179.

6. Chiarizia, R.; Horwitz, E.P.; Rickert, P.G.; Herlinger, A.W. Metal Extrac-
tion by Alkyl-Substituted Diphosphonic Acids. Part 1. P,P�-Di(2-ethyl-
hexyl) Methanediphosphonic Acid. Solvent Extr. Ion Exch. 1996, 14 (5),
773–792.

7. Horwitz, E.P.; Gatrone, R.C.; K.L. Nash. Extracting Metal Ions with
Diphosphonic Acid, or Derivative Thereof. US Patent 5,332,531, July 26,
1994.

8. Horwitz, E.P.; Chiarizia, R.; Diamond, H.; Gatrone, R.C.; Alexandratos,
S.D.; Trochimczuk, A.W.; Crick, D.W. Uptake of Metal Ions by a New
Chelating Ion-Exchange Resin. Part 1: Acid Dependencies of Actinide Ions.
Solvent Extr. Ion Exch. 1993, 11 (5), 943–966.

9. Alexandratos, S.D.; Trochimczuk, A.W.; Crick, D.W.; Horwitz, E.P.;
Gatrone, R. C.; Chiarizia, R. Synthesis and Ion-Complexing Properties of a
Novel Polymer-Supported Reagent with Diphosphonate Ligands. Macro-
molecules 1996, 29 (3), 1021–1026.

10. Chiarizia, R.; D’Arcy, K.A.; Horwitz, E.P.; Alexandratos, D.D.; Trochim-
czuk, A.W. Uptake of Metal Ions by a New Chelating Ion Exchange Resin.
Part 8: Simultaneous Uptake of Cationic and Anionic Species. Solvent Extr.
Ion Exch. 1996, 14 (3), 519–542.

11. Chiarizia, R.; Horwitz, E.P.; D’Arcy, K.A.; Alexandratos, S.D.; Trochimczuk,
A.W. Uptake of Actinides and Other Ions by Diphosil, a New Silica-Based
Chelating Ion Exchange Resin. Spec. Publ. R. Soc. Chem. 1996, 182, 321–328.

12. Chiarizia, R.; Horwitz, E.P.; D’Arcy, K.A.; Alexandratos, S.D.; Trochim-
czuk, A.W. Uptake of Metal Ions by a New Chelating Ion Exchange Resin.

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
3
9
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



ORDER                        REPRINTS

3560 MCALISTER ET AL.

Part 9: Silica Grafted Diphosphonic Acid. Solvent Extr. Ion Exch. 1996, 14
(6), 1077–1100.

13. Chiarizia, R.; Horwitz, E.P.; Alexandratos, S.D.; Gula, M.J. Diphonix®
Resin: A Review of its Properties and Applications. Sep. Sci. Technol. 1997,
32 (1–4), 1–35.

14. Chiarizia, R.; Horwitz, E.P.; Beauvais, R.A.; Alexandratos, S.D. Diphonix-
Cs: A Novel Combined Cesium and Strontium Selective Ion Exchange
Resin. Solvent Extr. Ion Exch. 1998, 16 (3), 875–898.

15. Horwitz, E.P.; Chiarizia, R.; Dietz, M.L. Dipex: A New Extraction Chro-
matographic Material for the Separation and Preconcentration of Actinides
from Aqueous Solution. React. Funct. Polym. 1997, 33 (1), 25–36.

16. Chiarizia, R.; Herlinger, A.W.; Horwitz, E.P. Metal Extraction by Alkyl-
Substituted Diphosphonic Acids. Part 3. P,P�-Di(2-ethylhexl) Ethanediphos-
phonic Acid Solvent Extraction Study. Solvent Extr. Ion Exch. 1997, 15 (3),
417–431.

17. Chiarizia, R.; Herlinger, A.W.; Chang, Y.D.; Ferraro, J.R.; Rickert, P.G.;
Horwitz, E.P. Metal Extraction by Alkyl-Substituted Diphosphonic Acids.
Part 4. P,P�-Di(2-ethylhexl) Butanediphosphonic Acid. Solvent Extr. Ion
Exch. 1998, 16 (2), 505–526.

18. Phelps, C.L.; Smart, N.G.; Wai, C.M. Past, Present and Possible Future Ap-
plications of Supercritical Fluid Technology. J. Chem. Ed. 1996, 73 (12),
1163–1168.

19. Brennecke, J. Department of Chemical Engineering, University of Notre
Dame, private communication, 2000.

20. McClain, J.B.; Betts, D.E.; Canelas, D.A.; Samulski, E.T.; De Simone, J.M.;
Londono, J.D.; Cochran, H.D.; Wignall, G.D.; Chillura-Martino, D.; Triolo,
R. Design of Nonionic Surfactants for Supercritical Carbon Dioxide. Sci-
ence 1996, 274 (5295), 2049–2056.

21. De Simone, J.M.; Maury, E E.; Menceloglu, Y.Z.; McClain, J.B.; Romack,
T.J.; Combes, J.R. Dispersion Polymerizations in Supercritical Carbon
Dioxide. Science 1994, 265 (5170), 356–359.

22. Yazdi, A.V.; Beckman, E.J. Design of Highly CO2-Soluble Chelating
Agents for Carbon Dioxide Extraction of Heavy Metals. J. Mater. Res. 1995,
10 (3), 530–537.

23. Yazdi, A.V.; Beckman, E.J. Design, Synthesis, and Evaluation of Novel,
Highly CO2 Soluble Chelating Agents for Removal of Metals. Ind. Eng.
Chem. Res. 1996, 35 (10), 3644–3652.

24. Laintz, K.E.; Wai, C.M.; Yonker, C.R.; Smith, R.D. Extraction of Metal
Ions from Liquid and Solid Materials by Supercritical Carbon Dioxide.
Anal. Chem. 1992, 64 (22), 2875–2878.

25. Lin, Y.; Brauer, R.D.; Laintz, K.E.; Wai, C.M. Supercritical Fluid Extrac-
tion of Lanthanides and Actinides from Solid Materials with a Fluorinated
	-Diketones. Anal. Chem. 1993, 65 (18), 2549–2551.

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
3
9
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



ORDER                        REPRINTS

DIPHOSPHONIC ACID EXTRACTION. I 3561

26. Lin, Y.; Wai, C.M. Supercritical Fluid Extraction of Lanthanides with Flu-
orinated 	-Diketones and Tributyl Phosphate. Anal. Chem. 1994, 66 (13),
1971–1975.

27. Lin, Y.; Smart, N.G.; Wai, C.M. Supercritical Fluid Extraction and Chro-
matography of Metal Chelates and Organometallic Compounds. Trends
Anal. Chem. 1995, 14 (3), 123–133.

28. Smart, N.G.; Carleston, T.; Kast, T.; Clifford, A.A.; Burford, M.D.; Wai,
C.M. Solubility of Chelating Agents and Metal Containing Compounds in
Supercritical Carbon Dioxide. Talanta 1997, 44 (2), 137–150.

29. Wai, C.M.; Wang, S.J. Supercritical Fluid Extraction: Metals as Complexes.
J. Chromatogr. A. 1997, 785 (1–2), 369–383.

30. Lagalante, A.F.; Hansen, B.N.; Bruno, T.J. Solubilities of Copper (II) and
Chromium (III) 	-Diketonates in Supercritical Carbon Dioxide. Inorg.
Chem. 1995, 34 (23), 5781–5785.

31. Ashraf-Khorassani, M.; Combs, M.T.; Taylor, L.T. Solubility of Metal
Chelates and Their Extraction from an Aqueous Environment Via Super-
critical Carbon Dioxide. Talanta 1997, 44 (5), 755–763.

32. Griffith, J.A.; Barrans, R.E.; McAlister, D.R.; Dietz, M.L.; Herlinger,
A.W. Synthesis and Characterization of Di[3-(trimethylsilyl)-1-propy-
lene] Alkylenediphosphonic Acids. Synth. Comm. 2000, 30 (12),
2121–2132.

33. Kendrick, T.C.; Parboo, B.; White, J.W. The Chemistry of Organic Silicon
Compounds; John Wiley and Sons Inc: Chichester, UK, 1989; Vol. 2.

34. Herlinger, A.W.; Chiarizia, R.; Ferraro, J.R.; Rickert, P.G.; Horwitz, E.P.
Metal Extraction by Alkyl-Substituted Diphosphonic Acids. Part 2. P,P�-
Di(2-ethylhexyl) Ethanediphosphonic Acid Aggregation and IR Study. Sol-
vent Extr. Ion Exch. 1997, 15 (3), 401–416.

35. McAlister, D.R.; Herlinger, A.W.; Ferraro, J.R.; Dietz, M.L. Synthesis and
Characterization of Metal Complexes of P,P�-Di[3-(trimethylsilyl)-1-propy-
lene] Methylenediphosphonic Acid. Synthesis and Reactivity in Inorganic
and Metal-organic Chemistry. 2002, in press.

36. Herlinger, A.W.; Ferraro, J.R.; Chiarizia, R.; Horwitz, E.P. An Investigation
of P,P�-Di(2-ethylhexyl) Methanediphosphonic Acid and Some of Its Metal
Complexes. Polyhedron 1997, 16 (11), 1843–1854.

37. Chiarizia, R.; Urban, V.; Thiyagarajan, P.; Herlinger, A.W. SANS Study of
the Complexes Formed by Selected Metal Cations and P,P�-Di(2-ethyl-
hexyl) Ethane- and Butane- Diphosphonic Acids. Solvent Extr. Ion Exch.
1999, 17 (5), 1171–1194.

38. Chiarizia, R.; Urban, V.; Thiyagarajan, P.; Herlinger, A.W. Aggregation of
Complexes Formed in the Extraction of Selected Metal Cations by P,P�-
Di(2-ethylhexyl) Methanediphosphonic Acid. Solvent Extr. Ion Exch. 1999,
17 (1), 113–132.

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
3
9
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



ORDER                        REPRINTS

3562 MCALISTER ET AL.

39. Chiarizia, R.; McAlister, D.R.; Herlinger, A.W.; Bond, A.H. Solvent Ex-
traction by Dialkyl-Substituted Diphosphonic Acids in a Depolymerizing
Diluent. Part 1: Alkaline Earth Cations. Solvent Extr. Ion Exch. 2001, 19 (2),
261–276.

40. Barrans, R.E.; McAlister, D.R.; Herlinger, A.W.; Chiarizia, R.; Ferraro, J.R.
Hydrogen Bonding in Aggregates of Dialkyl-Substituted Diphosphonic
Acids and Monofunctional Analogues. Solvent Extr. Ion Exch. 1999, 17 (5),
1195–1217.

41. Peppard, D.F.; Mason, G.W.; McCarty, S.; Johnson, F.D. Extraction of
Ca(II) and Ba(II) by Acidic Esters of Phosphorus Oxy Acids. J. Inorg. Nucl.
Chem. 1962, 24, 321–332.

42. Rao, G.S.; Mason, G.W.; Peppard, D.F. Extraction of Selected Metallic
Cations by Di-Acidic Phosphorus-Based Extractants, XPO(OH)2, in a Ke-
tone Diluent. J. Inorg. Nucl. Chem. 1966, 28, 887–897.

Received October 2000
Revised February 2001

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
3
9
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Order now!

 

Reprints of this article can also be ordered at

http://www.dekker.com/servlet/product/DOI/101081SS100108348

Request Permission or Order Reprints Instantly! 

Interested in copying and sharing this article? In most cases, U.S. Copyright 
Law requires that you get permission from the article’s rightsholder before 
using copyrighted content. 

All information and materials found in this article, including but not limited 
to text, trademarks, patents, logos, graphics and images (the "Materials"), are 
the copyrighted works and other forms of intellectual property of Marcel 
Dekker, Inc., or its licensors. All rights not expressly granted are reserved. 

Get permission to lawfully reproduce and distribute the Materials or order 
reprints quickly and painlessly. Simply click on the "Request 
Permission/Reprints Here" link below and follow the instructions. Visit the 
U.S. Copyright Office for information on Fair Use limitations of U.S. 
copyright law. Please refer to The Association of American Publishers’ 
(AAP) website for guidelines on Fair Use in the Classroom.

The Materials are for your personal use only and cannot be reformatted, 
reposted, resold or distributed by electronic means or otherwise without 
permission from Marcel Dekker, Inc. Marcel Dekker, Inc. grants you the 
limited right to display the Materials only on your personal computer or 
personal wireless device, and to copy and download single copies of such 
Materials provided that any copyright, trademark or other notice appearing 
on such Materials is also retained by, displayed, copied or downloaded as 
part of the Materials and is not removed or obscured, and provided you do 
not edit, modify, alter or enhance the Materials. Please refer to our Website 
User Agreement for more details. 
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