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Abstract

Raman spectra of uranyl speciesin 10~ M uranium(V1) perchlorate solutions were measured in pH range 2.88—3.46. The bands of
symmetrical stretching vibration were observed at 872 and 853 cm ™ * which were attributed to UO2" and (UO,),(OH)2", respectively.
Under the coexistence of (UO,),(OH)2"*, concentration of UO>" was accurately determined using the Raman intensity. The formation
constant of (UO,),(OH)2" was estimated, and this constant was discussed with the values determined by other methods. The validity of
this method was discussed in conjunction with the covalent-bond character of U=0O. O 2001 Elsevier Science BV. All rights reserved.
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1. Introduction

A monomeric hydrolyzed species of uranyl, UO,OH",
at a total concentration of uranium greater than 10~ * M,
has been reported to have the strong tendency for dimeri-
zation [1,2]. The dimerized hydrolysis species had been
identified as U,02" or (UO,),0OH*", but more recent data
indicated that the species should be dihydroxyl-bridged
(UO,),(OH); " [3].

The equilibrium  constant between UO3"and
(UOZ)Z(OH)E+ [1,4,5] has been investigated by titration
method [6—16], calorimetric analysis [17], solubility mea
surement [18], absorption spectrometry [9,16,19-22] or
time-resolved fluorescence spectroscopy [20], etc. Under
the coexistence of similar uranyl complexes, every method
has a difficulty of measuring equilibrium concentrations
independently.

The stretching frequency of U=O bonds is known to
decrease with complexation, which have received consid-
erable attention [3,23—27]. By using the frequency shift of
U=0 bonds in Raman spectra through dimerization, we can
deal with UO2" and the dinuclear species (UO,),(OH)3"
independently. In the present study, we measured the
Raman spectra of the solutions containing 1072 M
uranium(V1) at pH around 3. Under the condition, the
quantitative measurement of UO>" was examined by laser
Raman spectrometry. The formation constant of uranyl
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hydrolysis species (UOZ)Z(OH)i+ was determined, and
this constant was discussed with the values determined by
other methods. To our knowledge, this paper presents the
first trial for the determination of the formation constant of
(UO,),(OH)%" by laser Raman spectrometry.

2. Experimental details

Uranium(V1) solutions (10~% M) of various pH, whose
ionic strength were al kept at 1 M by NaClO,, were
prepared. The pH was adjusted with either HCIO, or
NaOH. The solutions were filtered by a membrane with
3000 nomina molecular weight limit (NMWL) (Millipore,
Microcon YM-3). It corresponds to ca. 2 nm in average
pore size. The membrane was pre-rinsed to remove trace
amount of glycerin before usage. The pH of the filtrate was
measured, and a 2-ml aiquot of each solution was
transferred into a quartz cell for Raman spectrometry. The
quartz cell was sealed with a stopcock.

Due to the naturally occurring evaporation during the
centrifugation, the concentration of uranium was deter-
mined by absorption spectrometry (Shimadzu, UV-
3100PC). Before the measurement, the samples were
acidified by adding HCIO, for a quantitative conversion of
uranium into UO3", and the absorption at 414 nm was
measured. The change of the ionic strength was corrected.

Raman spectra were obtained by an excitation using the
514.5-nm line of Ar" laser (NEC, GLS3280 and
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GLG3280). The laser power at the sample was 300 mW.
The Raman scattering was collected at 90° to the incident
beam. The Raman spectra were recorded by a Jasco NR-
1100 spectrophotometer at 0.1-cm ™ intervals. The scan-
ning rate was 60 cm™‘/min. One hundred scans for one
sample in the range from 800 to 900 cm™* were averaged
to obtain the final spectrum. The measurements were
performed at ambient temperature of 293—295 K, and no
evidence of warming was observed.

3. Results and discussion

Fig. 1 shows the Raman spectra of uranyl perchlorate
solutions which contain 0.14 M HCIO, with the ionic
strength kept at 1 M by NaClO,. Under this condition, all
the uranyl is present in the unhydrolyzed form. The band at
872 cm ' was assigned previously to the v, symmetrical
stretching vibration of UOE+ [3,25], while the band at 935
cm ' is known to be the » mode of CIO,. Since the
solutions have the same ionic strength, and hence the
intensities at 935 cm ™' should be identical, the Raman
spectra of UO3" are drawn as the relative intensities to the
band at 935 cm ™.

The obtained Raman spectra in the range of pH 2.88—
3.46 are shown in Fig. 2. With the increase of pH, there is
an obvious growth of a band at 853 cm™*. The appearance
of this band is attributed to the increase of (UOZ)Z(OH)§+
species [3,25]. Trinuclear species has been reported to
have a band at 836-840 cm™ ' [3,25], but it was not
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Fig. 1. Raman spectra of uranyl perchlorate solutions. The », symmetric
stretching vibrations at 872 and 935 cm ™" correspond to unhydrolyzed
mononuclear uranyl species and perchlorate ion, respectively. The Raman
spectra of UOZ™ are shown as the relative intensities to the band at 935
cm™*. No filtration was performed for these solutions. Sixteen scans
averaged for the spectra of UO2". Slit widths were 2 and 5 cm™* for

ClO, and UOZ", respectively.
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Fig. 2. Raman spectra of the solutions with different pH. The », uranyl
symmetric stretching vibration at 853 cm™ corresponds to hydrolyzed

dinuclear uranyl species. The spectra are drawn as the intensities at 872

cm™* to be unity. Slit width was 5 cm™™.

observed in the range of pH shown in Fig. 2. Thus, under
the condition of the present study, only an equilibrium
between UO2" and (UO,),(OH)3";

2U0%" + 2H,0« (UO,),(OH)2" + 2H™ (1)

can be considered to govern the system.

Each spectrum in Fig. 2 can be resolved into four
components: (8) baseline, (b) tailing of the »; mode of
ClO, at 935 cm™?, () », mode of UO3" at 872 cm™* and
(d) », mode of (UO,),(OH)>" at 853 cm™*. The Raman
spectrum of the pH 3.46 solution isillustrated in Fig. 3. In
the range over 830 cm™*, the linear part can be considered
to be the baseline. The baseline was defined as a linear
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Fig. 3. Raman spectrum of the pH 3.46 solution. The spectrum is
resolved into four components: (a) baseline, (b) tailing of the », mode of
ClO; at 935 cm ™7, (¢) », mode of UO%" a 872 cm™* and (d) », mode of
(UO,),(OH)3" at 853 cm ™.

line, which originates from the point at 792.5 cm™*. The
dope of baseline was analyzed as a parameter. The other
components (b), (c) and (d) were analyzed by fitting to
Gaussian functions. Four components were analyzed
simultaneously. The integral of the Gaussian curve (C)
within 20 from the 872 cm™' was recognized as the
Raman intensity of UO>" (lg,,, hereafter). 1y, was ob-
tained for (UO,),(OH)5". The Raman intensity of ClO,,
l435, Was defined as the integral of the raw spectrum over
923-947 cm™*. As shown in Fig. 3, good baseline was
obtained by using the filtration, which results in the
accurate analysis of the Raman spectra of UOE* and
(UO,),(OH)Z ™.

The total intensity of a Raman line after averaging over
all orientations of the particle, is given by [28],

2
m,n 3

3

I 27z|0w42|(ap<r)m,n|2 (2)
(o oo

where |, is the intensity of the incident light, o is the
frequency of the scattered light (0 =27v), a,, is the
(p,0)th component of the polarizability tensor, m is the
initial state, and n is the final state. Experimentally, the
Raman intensity is written as,

lexp*lmn T(MA(¥)C 3)

where T(») and A(») are the transmission rates of the
scattered light through the spectrophotometer and the
sample, respectively. C is the concentration of the sample.
In the present study, the absorption due to the sample is

negligible small. Generally, quantitative analysis using
laser Raman spectrometry is performed by the internal
standard. From Egs. (2) and (3), the relative intensity,
[/1,4, can be written as,

s Tw)r'a®

= 4 2 A
Iref T(Vref) Vet O et Cref

(4)

where the subscript ‘ref’ means reference. In this equation,
the first term, T(»)/T(y), gives a constant value for a
given condition. Thus, under the coexistence of a reference
substance with a standardized concentration C,, the
relative intensity is proportional to the concentration of the
sample.

For the data given in Fig. 1, I4,, was obtained in the
same manner adapted to the data of Fig. 3, and the
obtained I,,/l45s Was linearly correlated to [UO3"] which
was determined by the absorption spectrometry. A correla
tion satisfactory factor of R=0.998 was obtained for this
calibration line. The absolute concentrations of UO3" in
Fig. 2 were determined using this calibration line and
lg75/1435- The obtained concentrations are given in Table 1.
It is clear that the fraction of UO3" in the solution
decreases with the increase of pH. Since the pseudo-colloid
larger than 2 nm in diameter was removed by filtration and
the trinuclear species is evidently negligible small, the
difference between [U(VI)],, and [UO?] can be ex-
pected to give the estimated concentration of
(UOZ)Z(OH)?. By this treatment, the formation constant
of (UO,),(OH)2" defined for the equilibrium reaction Eq.
(1) was evaluated as logK, ,= —5.62+0.23. The uncer-
tainty of the constant was estimated as 30 The pH was
converted to log[H "] by the Gran plot analysis [29]. The
extended Debye-Hiickel expression [4], log K, , +2D, was
calculated and shown in Fig. 4 as a function of the ionic
strength. The literature values of log K, , +2D obtained by
other methods are also shown in Fig. 4 for comparison; the
available literature data [6—17,19—22] under the condition
of NaClO, medium are used. In Fig. 4, logK,, by the
above treatment appears to be dlightly higher than the trend
of literature values, though their uncertainty ranges over-
lap. This suggests the possibility of overestimation of the

Table 1

Concentrations® of UO2"

pH [U(VD)] i [uoz* Fraction log K,
(107% M) (107> M) (%)

2.88 1.20 1.13 94.2 -571

3.04 1.14 1.05 92.1 —5.87

3.16 1.07 0.896 83.7 —5.64

3.25 1.16 0.814 70.2 —5.47

3.38 1.20 0.811 67.6 —5.69

3.46 1.07 0.557 52.1 -5.35

-5.62+0.23

“Values were corrected for the naturally occurring evaporation.
[(UO,),(OH);"] was defined as ([U(V1)] o — [UO3"]).
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Fig. 4. LogK,,+2D versus ionic strength. The solid circle shows
logK,,+2D determined in the present study. The errors are 3. The
open circles show those obtained by other methods under the condition of
NaClO, medium [6-17,19-22]. The values of logK, , used correspond
to those given in the original papers. Errors are 30~ or the appropriate
errors estimated in the literature [5].

concentration of (UOZ)Z(OH)?. This might be attributed
to the presence of a trace amount of other uranyl species
that has less Raman activity.

If the concentration of (UOZ)Z(OH)§+ can be directly
determined in terms of 14, log K, , can be obtained more
accurately. From Eq. (4), the ratio of 14, and |4, is given,

4 2
lg72 _ T(m) YmauCw

loss T() v 2G,

(5)

where subscripts M and D represent UO§+ and
(UOz)Z(OH)?, respectively. T(n,)/T(»,) should be unity,
and (u,/y,)* can be calculated to be 0.996. For the same
concentrations of uranium in UO3™ and (UO,),(OH)3",
the correlation between the Raman intensities can be given
as,

lg7, = 0.448(ay, /aD)2 lgs3 (6)

If ay/ap is theoretically obtained, l4., can be converted
into lg,,, and hence the concentration of (UO,),(OH)3"
can be determined using the calibration line obtained for
[Uoi*]. As afirst-order approximation, we can regard that
the bending angle of O=U=0 bond is not influenced by the
dimerization. On this assumption, i.e., &, =, the forma-
tion constant logK,,=—5.47+0.09 is estimated. The
uncertainty of the constant was estimated as 3o. It is
noteworthy that the error accompanied with this estimation
is much smaller than that shown in Fig. 4.

The empirical equations, »,=21+0.89z, and r=
1.08« **+1.17 [30,31], enable us to calculate the force
constant « and the axial length r of U=O bond from the
Raman shifts 872 and 853 cm “: x,,=7.39 mdyne/A,
Kkp=7.07 mdyne/A, r, =172 A and r,=1.73 A. These
data prove that the covalent character of U=0O bond is
different between UO2" and (UO,),(OH)>". These data
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Fig. 5. LogK,,+2D on polarizabilities. The errors are 3. The band
shows literature data [13,19] for 1 M NaClO, medium.

suggest that the polarizability of U=0 of (UOZ)Z(OH)§+ is
greater than that of UO3", thus a,>a,,. Thus, the
formation constant log K, ,= —5.47 obtained on assump-
tion of ay, = a,, requires correction to lower direction. The
dependence of logK,,+2D on «y/ay, as a variable
apparent parameter is given in Fig. 5. It is clear that
log K, ,+2D decrease with the increase of ay,/«y,. Further
theoretical consideration is needed to evaluate both «,, and
ap, but it is understood that ay/«y, in the range 1.1-1.5
gives sufficient agreement with the literature values of
log K, ,+2D.

4. Conclusions

Raman spectra of uranyl speciesin 10> M uranium(V1)
perchlorate solutions were measured in pH range 2.88—
3.46. The bands of »; symmetrical stretching vibration
were observed at 872 and 853 cm ™ * which were attributed
to UO5" and (UO,),(OH)2", respectively. Under the
coexistence of (UOZ)Z(OH)?, absolute concentration of
UO3" was determined using the Raman intensity. The
concentration of (UOZ)Z(OH)i+ was estimated by differ-
ent two assumptions; by which, the formation constant of
(UO,),(OH)5" was estimated to be logK,,=—
5.62+0.23 or —5.47+0.09. A possibility was presented; if
the polarizabilty can be theoreticaly obtained, the con-
centration of (UOZ)Z(OH)§+ can aso be determined using
the Raman intensity, and hence log K, , can be accurately
determined.
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