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Crystalline europium bromate, [EufB)q][(BrO3z)s], europium ethyl sulfate, [Eu@#D)q][(C2HsSOy)5], and
europium decavanate, [Euf8)g],[(V 10028)]-8H,0, are used as models for nine- and eight-coordinafe Eu
aquo species in solution. A comparison of fity < F laser excitation spectra andy B> "F; , emission
spectra of the model crystal systems with that of 0.1 M E{&Q) clearly indicates a significant presence of
the Eu(HO)g*" species in aqueous solution. Modeling the 0.1 M E(#2)) spectra using weighted sums of
the eight and nine-coordinate crystal spectra suggest that approximately two-thirdg*abisl exist as
Eu(H,0)¢®" in aqueous solution. The current study takes advantage of the symmetry of theOR&(H
complexes and lends further support, from this perspective, that an equilibrium exists betweeg®)gti(H
and Eu(HO)s*", with significant representation from both species.

1. Introduction trigonal prism geometry. Thus, it would seem likely that
europium ethyl sulfate, [Eu@#D)o][(C2HsSOy)3], and europium
bromate, [Eu(HO)q][(BrO3)3], both of which incorporate tri-
&apped trigonal prismatic EugB)e>* units1® would serve as
good models for the luminescence characteristics of aqueous
Eu(H:0)e*" and that europium decavanadate, [Ex@hs].-

[(V 10029)]-8H.0,1* which exhibits eight-coordinate square an-
tiprismatic Eu(HO)g®" units would serve as a good model for
aqueous Eu(kD)s?". In this paper we present a spectroscopic
comparison of the crystalline and aqueous systems and the
strong evidence therein further supporting an equilibrium
between eight- and nine-coordinate aqueous species.

The nature of the water coordination for Euons in dilute
aqueous solution with noncoordinating counterions has been
much debated. Measurements based on the luminescenc
lifetime of the®D, state suggest a coordination number of 9.2
+ 0.51 Various molecular dynamics simulations have predicted
pure nine-coordinate specfegight-coordinate specigsor an
equilibrium with nearly equal concentrations of the tiva.
thermodynamic calculation by Miyakawa et®dfor the equi-
librium

Eu(H,0)s(aq)~ Eu(H,0)g(aq) + H,O())
2. Experimental Section

givesAG = —1.0 kJ/mol andK = 1.5 at 298 K, implying an
average coordination number of 8.4. The X-ray diffraction ~ Polycrystalline samples of europium ethyl sulfate (EUES) and
studies of Habenschuss and Spedding®1 EuCk also support ~ €uropium bromate (EuB) were prepared using published meth-
an equilibrium between the two species with an average 0ds'®!? Europium decavanadate, (EuDV) was provided by
coordination number of 88The validity of extending the 3  Professor Toshihiro Yamase at the Tokyo Institute of Technol-
M results to coordination in dilute solution was challenged with 0gy. The identity of the EUES was confirmed by comparison
the suggestion that inner sphere coordination ofBuy CI- to published luminescence spectfd he identities of the EuB
could lower the water coordination at high chloride concentra- and EuDV were confirmed by powder X-ray diffraction.
tion.” However, interpolating the neutron diffraction data of ~ Luminescence spectra for the three crystalline systems and
Cossy et al. for water coordination in the more dilute, 1 and for 0.1 M EuCk were obtained on theD; < "Fo and Do —
0.3 M N, Snt, Dy3+, and YB* also supports an intermedi-  'F1» transitions using standard methods of laser induced
ate water coordination number for #18 Thus, although the  fluorescence with equipment described previotiiihe spectra
preponderance of evidence is indeed for equilibrium between for EUDV were measured at low temperature (8 K) to minimize
eight- and nine-coordinate europium aquo species, the questiorthe strong absorbance of the anion. All other measurements were
does not appear to have been entirely resofved. made at room temperature.

The crystal-field splitting of the Eif “F; and®D; multiplets EUES and EuB both have a single3Lsite in the crystal
is generally quite sensitive to the symmetry and nature of the structure. In the EuDV crystal there are two3Eisites. Both
inner sphere coordination and relatively insensitive to outer EuDV sites have square antiprism geometries, but the two are
sphere effects. In the molecular dynamics calculations the eightsufficiently different to show a small difference in the crystal-
coordinate aqueous species is consistently predicted to exhibitfield splitting as well as a wavelength shift in the center of the
a square antiprism geometry and the nine coordinate, a tricappednultiplet to multiplet transitions. Emission spectra for the two

10.1021/jp049607i CCC: $27.50 © 2004 American Chemical Society
Published on Web 07/20/2004



Euwt(aqg) Equilibrium in EuCi(aq) J. Phys. Chem. A, Vol. 108, No. 32, 2008625

EuDV: °D,«'F, (8K) 5Dy F, EuDV (8K)
°Dy>F,

_ site 2 >

= ' site 2

2 5

£ £

= S

- [0]

3 2l

3 ]

8 g

o £

£ £

2| site 1 =

site 1
T T T T
5254 5256 5258 5260 5800 5900 6000 6100 6200
wavelength (angstroms) wavelength (angstroms)

Figure 1. Site-selectivéD; — "Fy laser excitation spectra & K for Figure 2. Site-selective B— "F1 emissior;speqtratae K for the
the two distinct square antiprismatic Eu(®)s*" units of europium two distinct square antiprismatic Eu@)s*" units of europium

decavanadate (EuDV) powder. The spectra were obtained by monitoringdecavanadate (EuDV) powder. The spectra were obtained by laser
5D0 — 7F1 emission wih 2 A resolution at 5897 A for site 1 and 5892 excitation into théDl s 7':0 region at 5255.8 A for site 1 and 5258.6

A for site 2. A for site 2.
sites were isolated with selecti¥®,; — "F excitation at 5255.8 5p,eF,
A for site 1 and 5258.6 A for site 2. Excitation spectra for the EuES (RT)
two sites were isolated through selective monitoringlof — 8-coord. -4.6A
F; emission wih 2 A resolution at 5897 A for site 1 and 5892
A for site 2. >| EuB (RT)
'@ | 9-coord. TA
3. Results and Discussion £
o | EuDV, site 2 (8K)

3.1. [Eu(H20)g]2[(V 10028)]-8H20 Spectra.EuDV is the first £ | 8-coord. -1.6A
reported compound with an [EugB)g]®" unit which has been 2 n
crystallographically characterized. Because there have been no £ | EuDV, site 1 (8K)
previous reports of site-selective spectroscopy on this compound, 2 | 8-coord.
we will briefly discuss our results before proceeding to the o
comparative aspects of our study.

The®D; — "Fq excitation spectra (8 K) of the two Elisites 0.1M EuCl.(aq)
in EuDV are shown in Figure 1. With perfeBuy symmetry,

T T T T

each spectrum would exhibit two features, representing transi- T

tions to the A and & crystal-field components dD;. Of the 5245 5250 5255 5260 5265

three peaks actually observed, the two closely spaced peaks on wayelength {angatroms)

the left side of both spectra can be viewed as resulting from Figure 3. Comparison of th&€D; — 7F, laser excitation spectra of the

the splitting of the & component due to distortion of the [Eu-  nine- and eight-coordinate model crystal compounds with that of the

(H20)g]3t complexes fromDgg. Following this reasoning, we ~ aquo complex in 0.1 M EuGl The crystal spectra have been

fentaiel assign he lower spectrum in Figure 1, which has MAVSETAthshifed, 3 nated, o fclate comparson, Toe Eudy

thg larger Esplitting_, to t.he more dist_orted of the two co_mplexes 0?1 M EuCl(ag) spectra were obtained bygmonitéring3EEDO4 7 '

(site 1). The coordination geometries for both sites in EUDV, emjssion at 5915, 5912, and 5920 A, respectively.

as determined by X-ray crystallography, are graphically depicted

inref 11. It is the splitting patterns and relative intensities of the crystal-
The®Dy — 7F; > emission spectra (8 K) of the two Eusites field transitions that are most characteristic of the coordination

in EuDV are shown in Figure 2. Again, the two closely spaced geometry. Clearly, the spectra for nine-coordinate species do

peaks in théDo — 7F; region can be viewed as resulting from  not closely resemble the spectra for Eufdq)The overall

the splitting of the & component of F,. The larger splitting  crystal-field splitting of the’D; multiplet is much larger in the

observed for site 1 is consistent with our analysis of*bg— aqueous spectrum, and there are three distinct features in the
Fo excitation spectra, and further supports site 1 as the moreaquo spectrum, whereas the nine-coordinate spectra exhibit only
distorted of the two sites. two. In fact, the aquo spectrum looks most similar to the Eu-
3.2. Comparison of E¥" 5D; — Fq Excitation Spectra. A (H20)g®*" complex (site 1) of EuDV. A qualitative visual
comparison of théD; < 7F, excitation spectra for 0.1 M Eugl comparison of these spectra strongly suggests the presence of

(aqg) with the Eu(HO)g™ and Eu(HO)s*+ model crystal systems  a significant fractional population of Eug®)s®t in 0.1 M

is shown in Figure 3. The crystal spectra have been wavelength-EuCk(aqg).

shifted, as indicated, to facilitate comparison of the splitting  Figure 4 shows a comparison of the 0.1 M Es(@d)
pattern and relative intensities of the crystal-field transitions. spectrum with artificially broadened nine-coordinate (EuB) and
The slight variation in the multiplet-to-multiplet transition eight-coordinate (EuDV, site 1) model crystal spectra. The
energies seen in Figure 3 is typical, and reflects differences in broadened crystal spectra were produced from the spectra in
theisotropiccontribution to electrostatic repulsion from the host. Figure 3 by applying a Gaussian smoothing routine. This
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Figure 4. Comparison of théD; — F, laser excitation spectra of
artificially broadened nine- and eight-coordinate model crystal com-
pounds with that of the aquo complex in 0.1 M EgQlhe broadened
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Figure 5. Fit of the®D; < "Fy laser excitation spectrum 0.1 M EuCl
using a linear combination of simulated Eu@®)s** and Eu(HO)s*"
spectra. The top two spectra show the individual contributions of the

crystal spectra were obtained by applying a Gaussian smoothing routineine- and eight-coordinate model spectra to the fit. The sum of the

to the spectra in Figure 3. The wavelength shifts are the same as in

Figure 3.

comparison is useful because it clearly suggests how thesEuCl
(aq) spectrum might be described in terms of a superposition
of Eu(H,0)g®" and Eu(HO)¢*" spectra.

Because théD; — 7F transition is almost purely magnetic
dipole, its integrated intensity is relatively insensitive to the
crystal-field environment. If, therefore, the 0.1 M Ey@h)
spectrum can be fit to a linear combination of Ep(he®™ and
Eu(H0)s*" spectra, the fractional contribution of each species
to the integrated intensity of the 0.1 M Eu(@lq) spectrum will
approximately equal its fractional population in aqueous solu-
tion.

To obtain a semiquantitative estimate of the relative popula-
tions of the Eu(HO)s®" and Eu(HO)s*" species in aqueous
solution, we fit the 0.1 M EuG(aq) spectrum to simulated eight-
and nine-coordinate model spectra. Each model spectrum wa:

represented as a linear combination of Gaussian functions. Thel

splittings and relative intensities of the crystal-field transitions

of the nine-coordinate model spectrum were assigned the

average values observed for EUES and EuB. Similarly, the
splittings and relative intensities of the crystal-field transitions
of the simulated eight-coordinate model spectrum were assigne

the average values observed for site 1 and site 2 of EuDV. The
widths of the Gaussian peaks were assigned by visual inspection
because it was clear that simulated spectra could not describe®

the shape of the “wings” of the 0.1 M Ew(hq) spectrunt?
The line width of each individual crystal-field transition was

simulated spectra (dotted line) is overlaid with the observed 0.1 M
EuCk(aq) spectrum at the bottom of the figure. A description of the
fitting procedure is given in section 3.2.

contributions of the Eu(kD)s®" and Eu(HO)s*" spectra,
respectivelyz; throughzs are the peak positions (in ci#) of
the crystal-field transitions for Eu@®)s®", 74 and vs are the
peak positions (in cmt) of the crystal-field transitions for Eu-
(H20)g®", aandb are adjustable parameters for energy-shifting
the Eu(HO)®" and Eu(HO)s®" spectra, respectively, and
determines the line widths of the crystal-field transitions. The
final set of parameters used to model the 0.1 M E(&Z))
spectra are given in Table 1.

The results of the fit are shown in Figure 5. The top two
spectra show the individual contributions of the nine- and eight-
coordinate model spectra to the fit. The sum of the simulated

Spectra (dotted line) is overlaid with the observed 0.1 M BuCl

aq) spectrum at the bottom of Figure 5. The fitted spectrum
gives a quite reasonable representation of the observed spectrum
of the EF* aquo complex. The relative integrated intensities
of the simulated spectra suggest th&7% of E#" ions exist

as Eu(HO)g*" in 0.1 M EuCk(aq). This result is similar to the

g<-ray diffraction value of ~70% Eu(HO)s*" reported by

Habenschuss and Speddfghe calculated thermodynamic
value of ~60% reported by Miyakawaand with the trends
observed in the neutron diffraction data of Cosy €t ahd in
the molecular dynamics calculations of Kowall et‘al.

The uncertainty in our fitting analysis is due mainly to the

assigned the same value. The best fit was obtained byuncertainties associated with assigning crystal-field splittings
wavelength-shifting and scaling the relative contributions of the and relative intensities in the 8- and 9-coordinate model spectra

simulated Eu(HO)g®" and Eu(HO)s®*" spectra. The wavelength
scale was converted to wavenumbers (&rfor the fitting
procedure.

The form of the fit equation is given by

|(5) = Kyl0.248 792 4 oG-
0_4&7(17*173*3)2/201 + K9[0.3%7(177647b)2120+
0-678_(D_Ds_b)2/20] (1)

whereKg andKg are adjustable parameters that scale the relative

represented in eq 1. We have assessed the sensitivity of our
analysis to these assignments by using the observed splittings
and relative intensities for the two 8-coordinate EuDV sites and
the two 9-coordinate compounds (EUES and Eul3i® eq 1
in all four possible combinations. The average of these four
fits yields 69.44+ 5.0% Eu(HO)s*". Therefore, although the
guantitative results are somewhat sensitive to the uncertainties
inherent in the model, they consistently support a preponderance
of Eu(H0)s%".

3.3. Comparison of E#" 5Dy — 7F;, » Emission Spectra.
A comparison of théDy — 7F; , emission spectra for 0.1 M

TABLE 1: Parameter Values for Eq 1 Used To Generate the SimulatedD; < “Fy Excitation Spectrum for 0.1 M EuClz; Shown

in Figure 5
(v1+a) @+ a) (s +a) (s +b) (vs +b) Ke/Kqg o
19041 cnit 19038 cmt 19025 cm? 19054 cnit 19048 cmt 2.04 25 cnt



Eudt(aq) Equilibrium in EuCi(aq) J. Phys. Chem. A, Vol. 108, No. 32, 2008627

5 7 5 7 5 7 simulated

Do Fy Dy~ Fy Do—>'Fy nine coordinate
EUES (RT)
9-coord.

A

EuB (RT)
9-coord.
S, .

EuDV, site 2 (8K)
8-coord.

simulated
eight coordinate

luminescence intensity

0.1 M EuCl,
+

fit

EuDV, site 1 (8K)
8-coord.

| WO

0.1M EuCly(aq)

luminescence intensity

L AL e —
, , | : : : 5840 5880 5920 5960 6000
5800 5900 6000 6100 6200 6300 wavelength (angstroms)
wavelength (angstroms) Figure 8. Fit of the®D, — "F, laser excitation spectrum 0.1 M EuCl

Figure 6. Comparison of the EX Do — 7F,, , emission spectra of ~ USing a linear combination of simulated Eu(s** and Eu(HO)s**

the nine- and eight-coordinate model crystal compounds with that of SPectra. The top two spectra show the individual contributions of the
the aquo complex in 0.1 M Eu€IThe EuDV spectra were obtained ~ Nine- and eight-coordinate model spectra to the fit. The sum of the
as described in Figure 2. The EUES and EuB spectra were obtainedSimulated spectra (dotted line) is overlaid with the observed 0.1 M
using®D; laser excitation at 5252 and 5260 A, respectively. The 0.1 EUCk(aq) spectrum at the bottom of the figure. A description of the
IIXI EuCly(aq) spectrum was obtained us#iy laser excitation at 4646 fitting procedure is given in sections 3.2 and 3.3.

spectrum cannot be well represented solely in terms of a nine-
s 7 coordinate spectrum.
Do Fy As with the5D; — Fy transition,®Dy — 7F1 emission intensity
is almost purely magnetic-dipole. The 0.1 M Eg(@f) spectrum
can, therefore, be fit to a linear combination of model Eu-
(H20)®*t and Eu(HO)s*" spectra to estimate the fractional
population of each species in agueous solution. The method used
to perform this fit was very similar to that described in section
Site 1 of EUDV smoothed 3.2 to produce the fit shown in Figure 5. The best fit was
(8-coord.) obtained by wavelength-shifting and scaling the relative con-
tributions of the simulated Eu@®)s*>* and Eu(HO)s*" spectra.

°Dy>F,

EuB smoothed
(9-coord.)

luminescence intensity

1(3) = Kg[0.396 73720 0 3pg (a2
B 0.296 7720 4 K [0.666 DT 4
0'34e_(l7—l75—b)212(7] (2)

I I T T
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wavelength (angstroms) where the terms have the same meaning as in eq 1. The final

Figure 7. Comparison of théDo — 7Fy. ,emission spectra of artificially ~ Set of parameters used to model the 0.1 M B(&Zj) spectra
broadened nine- and eight-coordinate model crystal compounds with are given in Table 2.
that of the aquo complex in 0.1 M EuCThe broadened crystal spectra The results of the fit are shown in Figure 8. The top two
were obtained by applying a Gaussian smoothing routine to the spectragpectra show the individual contributions of the nine- and eight-
in Figure 6. coordinate model spectra to the fit. The sum of the simulated
spectra (dotted line) is overlaid with the observed 0.1 M BuCl
EuChk(aq) with the Eu(HO)g*" and Eu(HO)s** model crystal (aq) spectrum at the bottom of Figure 5. As with our analysis
systems is shown in Figure 6. Again, a visual comparison of of the®D; — “F, excitation spectrum, the fitted spectrum yields
these spectra strongly supports the presence of a significanta good representation of the observed spectrum of the&juo

fractional population of Eu(kD)s®" in 0.1 M EuChk(aq). This complex. The relative integrated intensities of the simulated

is particularly clear when theDy — 7F, regions of the spectra  spectra suggest that68% of E#* ions exist as Eu(kD)g®" in

are compared. 0.1 M EuCk(aq), which is in very good agreement with the
Figure 7 shows a comparison of the 0.1 M Eif@d) result obtained from our analysis of tAB; < "Fy excitation

spectrum with artificially broadened nine-coordinate (EuB) and spectrum in section 3.2.

eight-coordinate (EuDV, site 1) model crystal spectra. The As with our fitting of the °D; <— 7Ry 0.1 M EuCk(aq)
broadened crystal spectra were produced from the spectra inexcitation spectrum in section 3.2, the uncertainty in the
Figure 6 by applying a Gaussian smoothing routine. It is preceding analysis is due mainly to the uncertainties associated
remarkable how similar the 8-coordinate spectrum of EuDV (site with assigning crystal-field splittings and relative intensities in

1) is to the aquo spectrum. Clearly, the 0.1 M Ei(&d) the 8- and 9-coordinate model spectra. We have assessed the

TABLE 2: Parameter Values for Eq 2 Used To Generate the SimulatedD; < “Fy Excitation Spectrum for 0.1 M EuClz; Shown
in Figure 8

(n+a) 02+ a) (s +a) (va+b) (s +b) Ke/Ksg o
16966 cmt 16872 cm? 16851 cnit 16925 cmt 16882 cmt 2.17 1000 cm?
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sensitivity of our analysis to these assignments by using the perspective, that an equilibrium exists between Qg™ and
observed splittings and relative intensities for the two 8-coor- Eu(H,0)s®", with significant representation from both species.
dinate EuDV sites and the two 9-coordinate compounds (EUES . -

and EuBrQ) in eq 2 in all four possible combinations. The Acknowledgmen.t. This matenal IS basgd upon work sup-
average of these four fits yields 62429.6% Eu(HO)g*. This ported by the National Science Foundation/EPSCoR Grants
compares well to the value of 69445.0% EU(I-iO)33+ obtained #EPS-0091948 and #EPS-0082978 and by the State of South

in section 3.2, although the standard deviation is significantly D2kota. Kristen Randall was supported through an NSF-REU
higher. It was noted that the fits to the 0.1 M Ex(@t))5Do — grant (#CHE-0138951) to the University of South Dakota.
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