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Abstract

The rates of complex formation and dissociation in the system NpOy* -
Chlorophosphonazo III (2, 7-bis(4-chlorophosphonobenzeneazo)-1, 8-dihydroxynaptha-
lene-3, 6-disulfonic acid-CLIII) has been investigated by stopped-flow spectrophotometry.
In addition, limited studies have been made of the rates of reaction of La3+, Eu3+, Dy3+,
and Fe3+ with CLIII. The rate determining step in each system is an intramolecular
process, the NpO,*-CLIII reaction proceeding by a first order approach to equilibrium in
the acid range from 0.1 to 1.0 M. Complex formation occurs in a process independent of
acidity, while both acid dependent and independent dissociation pathways are observed.
The activation parameters for the complex formation reaction are AH™ = 46.2(+0.3) kJ/m
and AS* = 7(1) J/mK (I = 1.0 M). The corresponding parameters for the acid dependent
and independent dissociation pathways are AH* = 38.8(20.6) kJ/m, AS™ = -96(+18) J/mK,
AH* = 70.0(x0.1) kJ/m and AS™ = 17(x1) J/mK, respectively. An isokinetic relationship
is observed between the activation parameters for CLIII complex formation with NpOz™*,
U052+, Th+. and Zrt+. The rates of CLIII complex formation reactions for Fe3+, Zr,
NpO»*, UO»27, Th+, La3+, Eud+, and Dy3* correlate with the cation radius rather than

the charge/radius ratio.
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Introduction

The rates of complex formation reactions of f elements with complex ligand species
have been most extensively investigated for trivalent lanthanide cations.! By comparison
complexation kinetics of actinide cations has received relatively little attention, particularly
for the transuranium elements.? However, since the light 5f elements demonstrate
coordination properties intermediate between the 4f and d-transition elements, investigation
of their complexation kinetics could provide an important linkage between these classes of
metal fons. In particular, the effects of the multiple oxidation states of actinides and the
sterically hindered dioxo cations on complex formation and dissociation rates are of

interest.

The ligand, Chlorophosphonazo III (CLIII), (2,V7-bis(4-chlord-2-phosphono-
benzeneazo)-1, 8-dihydoxynapthalene-3, 6-disulfonic acid) is an excellent probe for studies
that delineate the influence of the properties of 4f and 5f metal ions (ionic radius, formal
charge, electronic structure) upon the rates of complexation reactions. Phosphonic acid
complexants are somewhat unusual in their ability to form strong complexes with
polyvalent metal ions in media of moderate acidity. We have recently developed significant
new information on the thermodynamics and kinetics of lanthanide and actinide
complexation by phosphonates.39 A previous study3 has demonstrated an unexpected
inverse correlation between cation radii and rates for CLIII complex formation with the
tetravalent cations of Zr(IV) and Th(IV). A subsequent investigation of the kinetics of
uranyl complexation by CLIII* indicated a distinct difference between the mechanism at
low acidity and in molar acid, and established the relative rate for complexation by CLIII of
Th#+ > UO»2* > Zr¥+. The present study explores the effect of variation in the formal
charge in a restricted cation geometry by comparison of the results previously obtained for

dioxouranium(VI) with dioxoneptunium(V) as the cation. A limited number of experiments




have treated lanthanide and Fe(IIl) complex formation rates with CLIII to examine trivalent

cation behavior in this system.

Experimental

Reagents. The perchloric acid and sodium perchlorate stock solutions were
prepared and standardized by conventional techniques. The CLIII was purchased from
Fluka and stock solutions were prepared by weight. To insure oxidation state purity of the
Np(V), an aliquot of an existing stock solution was first oxidized (to Np(VI)) with sodium
bromate, then reduced to Np(V) with sodium nitrite. NaOH was added to precipitate
NpO2(OH), and the precipitate washed with distilled water until the supernatant was pH
neutral. The washed hydroxide readily dissolved in 1 M HCIO4. The Np stock solution
was assayed spectrophotometrically at 617 nm using the molar absorptivity of
23.7 M- em 110 La(ClO4)3, Eu(Cl04)3, and Dy(ClO4)3 solutions were prepared from
previously characterized lab stocks. Iron solutions were prepared from Fe(ClO4)3 solid

and standardized spectrophotometrically with KSCN.

Procedures. Most of the kinetic studies used a Hi-Tech stopped flow instrument
with a rapid-scan diode array detection system. A 486DX2 computer used the Hi-Tech
data acquisition and kinetic analysis program. This system permits observations of both
free ligand disappearance and complex formation in a single experiment and enables Kinetic
analysis at multiple wavelengths. Several replicate determinations were made for each set
of experimental conditions. For the lanthanides and Fe(IIl) studies, the photomultiplier

detector was used instead of the diode array.

CLIII was the limiting reagent in most experiments, held constant at 4x10-5 M.
Neptunium concentrations were varied between 2x10-5 M and 1x10-4 M. Ionic strength

was constant at 1.0 M except for selected experiments which examined the effect of ionic




strength on the rate. The effect of [H*] and temperature on the rate was also determined.
For the lanthanides, it was possible to measure only a single rate at equimolar
concentrations ([Ln] = [CLIII] = 4x10-5 M) and one acidity (2 M). Reaction rates were too
fast for the stopped-flow technique at higher [Ln] or lower acid. One set of experiments
was run in the Fe(III)-CLIII system at 0.1 M ionic strength, T = 25.0 °C, and [H*] = 0.02

M to measure the complex formation rate for this system.
Results and Discussion

The decrease in absorptivity of CLIII at 550 nm and the increase in absorptivity at
614 and 664 nm due to the formation of a Np(V)-CLIII complex at 25 °C and reactant
concentrations of [Np(V)] = [CLII] = 4.0x10-5 M ([H*] = 0.1 M) are shown in Figure 1a.
The spectral characteristics at 0.1 M acid are consistent with literature reports on the Np(V)-
CLIII complex, though the Apax values are 6-8 nm lower than in the literature report.11
The essential double maximum for the metal complexes is observed in each of the systems
previously reported. For Np(V) experiments at 1.0 M acid (Figure 1b), the metal complex

absorption band at 614 nm is not observed.

Ferguson, et al.12 have reported spectra of CLIII as a function of pH. Their results
combined with the protonation constants reported by Men'kov and Nepomnyashchaya!3
can be used to suggest a correlation between the spectral bands for the free CLIII ligand
and specific ligand protonated species. The broad band at 550 nm correlates with the free
ligand species HgL, H7L-, HgL2-, HsL3-, which represent species generated by consecutive
ionization of the two sulfonates and first ionization of each phosphonate group. The 660
nm band is correlated with ionization of the second proton from each phosphonate while
the 614 nm band corresponds to the ligand species created by ionization of the phenols.

These spectral features in CLIII are stimulated at lower pH by metal-ion coordination.




In strong acid media (0.7-1.0 M) and at low [Np(V)], it appears that the metal ion is
coordinated only to the phosphonate groups of CLIII (Figure 2a), as evidenced by
activation of the 664 nm chromophore only. In more dilute acid and higher [Np(V)], the
equilibrium apparently shifts to a different species in which the metal ion bound to
phosphonate displaces the protons from the phenols to activate the 614 nm chromophore
forming a tetradentate complex (Figure 2b). This tetradentate structure has been previously
suggested by Budesinsky.!4 It is important to note that the kinetic results were apparently
not effected by this distribution of species implying that there is a common mechanism for

the dissociation of both the bidentate and tetradentate species.

The tetradentate complex involves the formation of one six-member ring between the
metal ion and the two phenol groups and two 10-member rings involving the metal-
phosphonate-phenol groups. Ordinarily, the latter would not be expected to contribute
substantially to complex stability. Howevér, molecular mechanics calculations indicate#
that the CLIII ligand is quite "stiff". As a result, no signiﬁc_:ant vibrationa! or rotational
degrees of freedom are lost by the ligand upon formation of the tetradentate complex. The
stiffness of CLIII imparts a preorganization of the ligand ionic atoms akin to that observed

in crown ethers.

The values calculated for the first order rate parameter k, (s-1), at 4x10-> M Np(V)
and CLIII, [H*¥] = 0.1, T = 25.0 °C are 23 (*2) at 550 nm, 27 (£1) at 614 nm and 26.1
(£0.8) at 664 nm (where the uncertainties are at the +2¢ level). The fact that the kinetic
data are fit by a first order rate law under the second order conditions indicates that the rate
determining step is an intramolecular process.!5 Under the same conditions as above
except [CLIIT] = 8x10-5 M, the value calculated for k = 30 (£4) s"1. This result implies the

absence of 1:2 (Np(V):CLII) complexes under these conditions. The rate is linearly




dependent upon the Np(V) concentration as is illustrated in Figure 3. Similar linear plots
with finite positive intercept are observed over the ranges of temperature and [H+] that were

studied.

Table 1 summarizes the values calculated for the slopes (ki) and intercept (Kin¢) of the
kobs vs [Np]; plots as a function of [H*] and T. The slopes are independent of [H*] while
the intercept values increase with increasing [H*]. The linear relationship between ki and
[H*] is maintained throughout the temperature range investigation. The empirical form of

the rate law is:

kobs = k1[NpV] + k + k3 [H7] (1)

where k) corresponds to the complex formation reaction and kj, k3 are respectively acid
independent and acid dependent dissociation rate constants. The rate constants as a
function of temperature are shown in Table 2. From these rate constants we can calculate
the % dissociation by both acid independent and acid dependent pathways. They range
from a low of ~1% acid dependent at [H¥] = 0.1, T=25.0"Ct0 47% at [Ht] = 1.0, T =
5.0 °C.

We were able to measure the rate of complex formation for the La3+-CLIII, Eu3+-
CLIII, and Dy3+-CLII systems under only one set of conditions. At 2 M acid, the second
order rate constants are ki, = 4.24 (+0.46)x107 M-1s-1, kg, = 4.79 (20.96)x107 M-1s-1,
kpy = 2.54 (£0.57)x107 M-1s-l. These reaction rates are computed based on a small
absorptivity change, implying that the degree of Ln-CLIII complex formation under these
conditions is slight. The rates for this reaction are approximately an order of magnitude
slower than the reported rates of water exchange for lanthanide aquo ions,!6 implying that
water exchange on the free Ln3+* cation is not rate limiting. Micskei et al. (17) have

reported that the rate of exchange of inner-sphere wafer molecules in Gd3* complexes with
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aminopolycarboxylate ligands (determined by 70O NMR spectrometry) are about an order
of magnitude slower than that of the aquo ion (Gd(Hy0)g3+). The similarity between their
results and ours suggests that solvent exchange in the metal complex may be important in

the Ln3+-CLIII system as well.

In the Fe(III)-CLIII system, no appreciable reaction was observed at 1-2 M acid
media. The rate of Fe(IIl)-CLIII complex formation was measurable at 0.02 M HCIOy4, I =
0.1 M monitoring the rate of disdppearance of the CLIII band at 550 nm. The data were
resolved into two parallel first order processes. Both rate constants (k and k) were a linear
function of [Fe3+]. The intercepts of the blots were not distinguishable ffom zero. Second
order rate constants for the two processes were 1.54 (£0.04)x104 M-1 s-1 and
1.70(£0.02)x103 M-t s-I. A two component rate was previously reported in the Zr#+-
CLIII system, and interpreted in terms of parallel pathways describing the eaction of CLIII
with Zr*+ and Zr(OH)3+. It is likely that a similar argument would explain the Fe3+-CLIII

results.

Activation parameters for the formation and dissociation of the Np(V)-CLIII complex
are given in Table 3. Standard deviations in the activation parameters reflect the
experimental uncertainties in the resolved rate parameters. Activation parameters were also
calculated for the Np-CLIII results in 0.1 M HC1O4 (for complex formation only). The
most notable feature of this table is the near zero AS* for complex formation and acid

independent dissociation at I = 1.0 M.

Calculations based on literature values for CLIII protonation constants!3 indicate that
both phosphonate groups of CLIII are fully-protonated at [H*] >0.1 M.4 The dominant

ligand species is Hg(CLIID),2- assuming both sulfonate groups are ionized. We have




assumed NpO2(H20)4t is the dominant species in discussion of a mechanism. The

hydration number of NpO»* does not effect the mechanism.

The absence of any significant acid dependence in the complex formation rate requires
either no H* loss in the overall reaction, or that deprotonation occurs in steps subsequent to
the rate-determining-step. Earlier investigations of the thermodynamics of Th(IV)
complexes with methane diphosphonic acid indicated the formation of complexes without
H+ displacement from PO3Hj, the Th4* ion interacting through the phosphoryl oxygen
(P=0). We have drawn the complexed species with NpO,* bound to the phosphoryl
oxygen (P=0), but we have no a priori evidence that the phosphonates are not jonized upon
binding NpO,*. Certain mechanistic considerations for acid catalyzed dissociation favor

the latter picture (i.e., NpO,-O-P=0).

To accommodate the experimental observations and these structural features, the

following sequence of reactions is postulated to describe Np(V)-CLIII complex formation):

NpO,(H0)4* + He(CLIII)2- = NpOo(H,0)4+ *He(CLII)2- ®3)
NpO2(H20)4* *He(CLIN? = (NpO2(H0)3 Hg(CLID) +H20 4)
(NpO2(H20)3 He(CLIIN)- = [NpO(H20)2 He(CLII) J* + H20 (5)

Reaction 3 is the formation of the outer sphere "ion pair” or solvent-separated complex (in
accordance with the Eigen mechanism). In 4, a water molecule is displaced from the inner
coordination sphere by one of the unionized phosphonate groups (-PO3H?) to form the
precursor complex. The net cratic entropy for 3+4 should be about zero. The
transformation of the precursor complex to the activated complex is given as reaction 5.

The small AS* implies that the precursor and activated complex are structurally similar.




Through this step, the reaction sequence is independent of [H*]. The spectral features
shown in Figure 1 imply that the activated complex has two relaxation pathways available

leading to the formation of the bidentate or tetradentate complex (Figure 2).

At 0.1 M ionic strength, the second order rate constant for complex formation (T =
25.0 °C, [H*]= 0.1 M) is 2.4 times faster than at I = 1.0 M_ ionic strength
(3.08x10° M-1s-! vs. 1.28x105 M-1s-1). The activation parameters are AH* = 60.5 (+0.1)
kJ/m, AS* = 62 (1) J/mK, both of which are more positive than at I = 1.0 M. By
comparison with the activation parameters at I = 1.0 M, calculations indicate that the
increased energy barrier (AH*) opposes the rate of complexation (by ~300) while the
decreased order in the system (AS™) leads to a net increase in the rate (by ~750) of complex

formation. One possible explanation for the higher AS* is the loss of a second inner-sphere

water molecule upon transformation from the precusor to activated complex. Such a

process would be facilitated in a less dense medium.

Considering now the rate of complex dissociation, spectral evidence indicated that the
species we have designed as the bidentate chelate is dominant for [CLIII] > [NpO2*] and at
[H+] 2 0.7 M. The tetradentate species is indicated in more dilute acid. There is
substantial overlap between these species. Because the data are well-correlated independent
of the species distribution, we conclude that a common mechanism accounts for the
dissociation of both the bidentate and tetradentate complexes. The rate of

NpO2* - O=P(OH)»-R bond breaking must therefore be rate limiting.

The parallel dissociation pathways correspond to the spontaneous breaking of the
NpO37 - O=P bond, and the H* catalyzed dissociation of the Np-O=P bond. The small
positive AS™ for the H* independent pathway is consistent with minimal structural

difference between the stable complex and the activated complex. The relatively large AH*
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implies that this is a moderately strong bond. The acid catalyzed dissociation reaction is
characterized by a large negative AS* (-96 J/m-K), consistent with an associative reaction.
The enthalpy barrier to dissociation is considerably reduced for this reaction (AH* =

38.8 kI/m).

Correlation of CLIII Rate Data. Though isokinetic plots must be approached
with caution (as discussed by Linert (18)), the correlation of AH* and AS™ for a series of
related reactions can provide insight into the nature of the common reaction. We have
prepared such a plot for the rate of complex formation between Np(V), U(VI),# Th(IV)3
and Zr(IV)3 with CLIII. These metal ions represent formal charges from +1 to +4 and
present the geometric restriction of the dioxo cations for Np(V) and U(VI). The isokinetic
plot for this system is shown in Figure 4. The activation parameters (AH* and AS*) are
roughly proportional to the charge density of the cations (Zr#+ > Th4+ > U2+ = NpOyt).
~ The lower activation entropies and the apparent leveling of the relationship between AH™
AS* and 2/r of the dioxo cations may reflect the tendency of the "yl" oxygens to participate
in hydrogen bonding interactions with the protonated phosphonate groups? of CLIIL. The
planar arrangement of donor groups imposed by the dioxo cations does not disrupt the
isokinetic relationship. The isokinetic relationship suggests that the ligand donor atoms
adopt a similar planar configuration in its complexes with the nominally spherical ions
Th(IV) and Zr(IV). It also confirms that the relatively slow rate of the Zr(IV)-CLIII

complex formation reaction is not the result of a changed reaction mechanism.

Superficially, the relative rate of complex formation of Np(V), U(VI) and Th(IV)
complexes with CLII in 1-2 M acid is in the expected order for a reaction controlled by
electrostatic factors. However, earlier results on Zr(IV) and additional information

developed in this study on the trivalent ions La, Eu, Dy, and Fe(IIl) violate this

10




relationship. The lanthanides react faster than Th(IV) while both Fe(III) and Zr(IV) react

more slowly. Clearly, the electrostatic argument does not correlate this extended series.

In Figure 5 are presented the rates of formation for Np(V), U(VD), Th(IV), Zr(IV),
La(III), Eu(IlI), Dy(III), and Fe(IIT) complexes with CLIII as a function of the cation radii.
The radii are from Shannon!® and correspond to CN=6 for U(VI), Np(V), Zr(IV), and
Fe(lIT) (low spin) and CN=8 for Th(IV) and the lanthanides. The linear correlation is
0.986 for this series indicating that the size of the cation governs the rate of complexation
of the rhetals. This relationship is supported qualitatively by Ferguson et al.!2 who report
that CLIII reacts with the large Ca2+ cation at pH 2, but not with Mg2+ at pH <7.
Molecular mechanics calculations provide no particular insight to the relative rates of the
larger cations. These calculations do indicate some fractional structural stress in CLIII
when coordinated to the small Fe(IIl) and Zr(IV) in the tetradentate coordination mode. A
rather large "cavity" is formed by the four oxygen donor atoms in the free CLIII ligand.
Calculations suggest a hemispherical "hole" in CLIII with a diameter of ~4.6-4.7 A. This
hole is quite close to the estimated diameter of the hydrated lanthanide cations.20 The
nominal good fit of such species in CLIII should promote hydrogen bonding between the
ligand donor groups and the hydrated cation in the solvent-separated species. As the metal
ion and its primary coordination sphere shrink, the metal ion is less strongly held by these
hydrogen bonding interactions, and the smaller metal ion can more easily escape from the
nacent complex. Electrostatic effects describing attraction of metal by ligand must be of
secondary importance partly due to the shielding of charge by the hydration sphere of the

cation in the precursor complex.
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Conclusion

We can draw several conclusions relevant to metal ion coordination by this ligand
system, and to the comparison of metal complexation rates of d and f transition elements in
coordination compounds from this investigation. Characterization of metal complex spectra
suggest that the stable complexes are tetradentate with the metal ions coordinated to both
phosphonates and both phenols in CLIII in dilute acid. At > 0.7 M. acid and low
concentrations of NpOz*, the metal ion is bound only to the phosphonates. Np results
suggest that initial coordination occurs between the metal ion and phosphonate groups.
However, this association appears to occur without ionization of the phosphonate, at [H+]
2 0.1 M. The rate of dissociation of NpO,+ from the phosphonate groups is rate limiting

whether the phenols are bound or not.

An isokinetic relationship exists for the formation of CLIII complexes with NpOg*,
UO,2+, Zr*+, and Th4* suggesting the commonality of the mechanisms. Activation
parameters are superficially correlated with the charge density (z/r) of the metal ions, but
are only slightly effected by the presence of the "yl" oxygens in NpOz*+ and UO,2+. In
contrast, reaction rates are correlated with cation size irrespective of the charge. This
suggest that the inner sphere waters of the metal ion in the precursor complex partially
shield the ligand from the cation charge. It also suggests that hydrogen bonding between
waters of the inner hydration sphere and ligand donor atoms is important in determining the
rate of reaction. The observation of a kinetics based size-selectivity effect in a ligand only
partially preorganized further suggests that it may be possible to design size-selective

ligands without large-scale, rigid organization of ligand donor atoms (as in crown ethers).
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Figure 1.

Figure 2.

Figure 3.

Figure 4.

Figure 5.

Figure Captions

Diode array traces of the reaction between 4.0x10-5 M NpO,+ and
4.0x10-3 M Chlorophosphonazo III as a function of acidity atI= 1.0 M,
T=25.0 °C.

a) [HC1O4]=1.0M

b) [HCIO4] = 0.1 M

Hypothetical structure of tetradentate complexes of NpOz+ with
Chlorophosphonazo III.

a) bidentate species

b) tetradentate species

First order rate constants for NpO,+ + CLIII at 4.0x10-5 M CLII, 0.1 M
HClO4, T =25.0 °C, 1= 1.0 M as a function of [NpO2*].

Isokinetic plot for the reactions of NpO2+, U022+, Th#+, and Zr4+ with
CLIII. '

Correlation of second order complex formation rates of Fe3+, Zr#+, La3+,
Eu3+, Dy3+, Th#+, UO;2+, NpO,+ with CLIH as a function of cation

radius.




Table 1. Resolved rate constants (kgj, kine) for the reaction of NpOy+ + CLIII as a
function of temperature and [H*] at I = 1.0 M, [CLII] = 4.0x10-5 M, [NpO2*] from

1x10-5 to 1104 M.

[HCIO4] (M) Kslope (/10H (M1 sec']) Kint (sec’l) T (#0.1) (C)
0.1 2.22(0.14) 3.101(+0.078) 5.1
0.3 1.99(+0.08) 4.344(+0.045) 5.1
0.5 2.88(+0.13) 5.133(20.072) 5.1
0.7 2.41(£0.12) 5.846(+0.064) 5.0
1.0 3.21(20.11) 6.443(10.062) 5.0
0.1 3.86(+0.36) 4.606(+0.209) 9.9
0.3 4.87(+0.08) 5.014(+0.042) 9.9
0.5 4.85(+0.06) 6.360(+0.033) 9.9
0.7 4.98(10.14) 7.573(0.079) 9.9
1.0 5.92(0.81) 8.298(+0.421) 9.9
0.1 6.24(+0.12) 5.467(+0.044) 14.9
0.3 6.80(+0.14) 7.979(£0.051) 14.9
0.5 7.14(£0.21) 9.985(+0.078) 14.9
0.7 7.07(20.32) 11.91(0.02) 14.9
1.0 7.57(20.19) 13.59(0.07) 14.9
0.1 8.14(+0.43) 8.610(+0.162) 20.0
0.3 5.82(0.14) 12.92(£0.05) 20.0
0.5 7.95(£0.26) 15.83(0.10) 20.0
0.1 11.56(+1.13) 12.43(£0.95) 25.0
0.3 11.35(0.63) 17.31(0.52) 25.0
0.5 14.03(1.53) 24.53(£0.75) 25.0
0.7 14.12(20.24) 27.38(£0.24) 25.0
1.0 12.91(£3.89) 28.80(+2.49) 25.0

a1x10-5<[Np(V)]€8x10-3 M, CLIII = 4x10-5 M, I = 1.0 M maintained with NaClOg.




Table 2. Derived rate constants for complex formation (k) and dissociation (k;-acid
independent, k3-acid dependent) for NpO,+ + CLIII at 1.0 M ionic strength.a

k1 (M-1 sec-1)(x104) kp sec’l) k3 M-! sec-]) T (0.1) (C)
2.541(20.117) 3.56(%0.09) 3.14(0.49) 5.1
4.894(+0.288) 5.30(20.14) 3.64(0.59) 9.9
6.966(+0.192) 9.14(+0.16) 4.94(0.79) 14.9
7.306(£0.276) 17.59(+0.38) 7.34(0.79) 20.0

12.79(%1.48) 22.53(+2.67) 11.22(4.56) 25.0

&obs = k1[Np(V)] + k + k3 [H*].




Table 3. Activation parameters for the complex formation and dissociation reactions
of Np(V) - CLIIL

Rate Parameter 1(M) AH* (kJ/mole) AS* (J/mole K)
k¢ 1.0 46.2(0.3) 7(x1)
ke 1.0 38.8(0.6) -96(x+18)
ke 1.0 70.0(0.1) 17(1)

k¢ 0.1 60.5(3.4) 62(1)
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