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Raman Study of the Coordination Structure of a Rare Earth—Acetate Complex in Water
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The Raman spectra of agueous Ly@0H,O-CH;COOLI (LnCls, rare earth chloride) solutions have been
measured in the liquid state. The change of the Raman symmeftie-OH, stretching bandi,) showed

that the decrease in the ionic radius of rare eartl¥'(Lions induces a change in coordination number of the
Ln3* ion. The two peaks at 946 and 958 chof the C-C stretching banditc) of the acetate ion are assigned

to the bidentate ligand and the polymeric chain structure, respectively. The coordination structure of the
acetate ion to L¥ ion prefers the bidentate ligand to the polymeric chain structure throughout the rare earth
series. The fraction of the bidentate ligand increases with decreasing ionic radius offthii.nOn the

basis of the analyses of thg, and vcc bands, the change in the coordination number of th& Lion is
mainly due to the structural change (from the polymeric chain structure to the bidentate ligand) of'the Ln
acetate complex rather than a elimination of one water molecule. Our results show that'thenisrtend to

form the bidentate ligand rather than the divalent{Mons.

1. Introduction

There have been several studies of aqueous rare earth
electrolyte solutiond.Many experimental techniques, such as
X-ray diffraction?~4 Raman spectroscopgnd thermodynamics;?
have been applied to investigate the complex formation of rare
earth (L#") ions in water.

Many thermodynamic and transport properties of aqueous rare
earth electrolyte solutions show irregularities when plotted
against the ionic radius,® although the ionic radius of 134
ion decreases smoothly from lanthanum YDato lutetium
(Lud") ions because of lanthanide contraction. It is known that
the coordination number of I3h ions in glassy aqueous rare
earth chloride (LnG) solutions changes from 9 for the light
Ln3* ions (L&"—Sm?™) to 8 for the heavy LA™ ions (T —
Ln3+).510-12 A similar change in the coordination number for
the Lr** ions in the middle region (Gd—Ho®" or Ef") of
the rare earth series has been observed in alcohol sLnCl
solutionst314Therefore, it would also be interesting to determine
whether the coordination number of ¥nions in aqueous
carboxylic acid solutions changes. Figure 1. Three typical structures of the metal cation (Micetate

Another interesting topic is that the study of the coordination ion (CH;COO") complexes: (a) monodentate ligand, (b) bidentate
behavior of the carboxylate (RCOQR = alkyl chain) ion with ligand, and (c) bridging bidentate ligand.

Ln3* ion is important for understanding the additive effect of

Ln3* ions on the helix-coil transition of polyt-glutamic acid The study on the coordination structure of the RCO6n
(PLGA), which is a model polypeptide of the feldinfold g0 45 an acetate ion to adtrion was reported by Garza et
equ[llbrlum of a protein. Itis widely accepted thatlh.e addition al2l The result of ultrasonic absorption by Garza etlal.

of divalent cations (M" ions) such as Mg and .Cé lons to suggested that the acetate ion forms a bidentate ligand with the
PLGA enhances the structural stability of dénelix by chelate Ln3* ion in water. However. there have been no other detailed

formation between the COOgroup of the side chain and the . RS . .
M2+ ions1516 There are three typipcal representative structures studies on the coordination structure of the acetate ion with Ln
of the metal cation (M} COO- complexes2° the monoden- ion; the study by Garza et &l.s insufficient for the elucidation

tate, bidentate, and bridging bidentate ligands (Figure 1). It might ©f the coordination behavior of the acetate ion.

be interesting to investigate the additive effect oftions on In this study, we have measured the Raman symmetfit-tn
the structural stability of the-helix of PLGA, because the ionic ~ OHz stretching and €C stretching spectra of LngROH,0-
radii of Ln3* ions are close to those of Mt and C&" ions. CH3COOLi and compared the results with those of the aqueous

There are three typical representative strucutres of the metalLnClz and MgC} solutions. There are some reasons that we
cation (M)-COO~ complexes’-20the monodentate, bidentate, employed LnCGJ-20H,0-CH3COOLi solutions as the reagents.

and bridging bidentate ligands (Figure 1). First, as the solubility of rare earth acetates is not too high [at
most Ln(CHCOO)-200-250H:,0], the Raman L#i"—OH,
* To whom correspondence should be addressed. F8lt-46-841-3810. stretching band, which is a measure of the coordination number
Fax: +81-46-844-5901. E-mail: take214@nda.ac.jp. change of a L#" ion, is not observed in the aqueous
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Ln(CH3COOY}; solutions. The information of the coordination
number change of L& ions in glassy rare earth chloride
solutions (LnC4:-20H,0; in this system, ClI ion does not
coordinate to LA™ ion) is available in the literatureAddition-

ally, a metal (LA" ion) to ligand (CHCOO™ ion) ratio of 1:1
might be better than 1:3 to simply identify the coordination
behavior of the acetate ion with a £nion, because the acetate
ion in aqueous Ln(CECOO}) solutions could induce more
complex

coordination structures. Therefore, we have investigated the
LnCl3-20H,0-CH3COOLI solutions to study the coordination
structure of rare earthacetate complex in water. We show that
the coordination structure of the acetate ion t&'Lion prefers

the bidentate ligand to the polymeric chain structure throughout
the rare earth series.

2. Materials and Methods

Rare earth chlorides (LnglLn3" = La®" — Lu®") were
obtained from Soekawa Chemical Co. Lithium acetate
(CHsCOOLi) and magnesium chloride (Mg lwere obtained
from Wako Junyaku Industry Co. Ltd. All sample solutions
(LnCl3-20H,0, LnClg-20H,0-CH;COOLI, and MgCj-20H,O-CHs-
COOLi) were prepared by dissolving the required amounts of
LnCl3 or MgCl, and CHCOOLI in water.

Raman spectra were measured by a Jasco NR-1800 Ramal
spectrophotometer equipped with a single monochromator and
a charge-coupled device (CCD) detector. The exposure time of
each run and spectral resolution were 300 s and 4.5'cm
respectively. The 514.5 nm line from Lexel Aion laser was
used as an exacting source with a power of 350 mW. The liquid

samples were measured at room temperature. The obtained

spectra were fitted with the Gaussiabhorentzian mixing
functions using the GRAMS/386 software (Galactic Ind. Co.
Ltd.) to analyze the L¥f—OH, and C-C stretching bands.

3. Results and Discussion

Figure 2a shows the Raman spectra in the region from 250
to 500 cnm? of LnCl3-20H,0-CH3COOLi as a function of LA™
ion. It is well-known that when the interaction between the metal
cation (M) and the coordinated water molecules are strong
enough, a Raman band due to the symmetrie®MH, stretching
vibration () is observed in the low-frequency region from 300
to 550 cn11.522-26 Basically, the Ramam,, band of aqueous
LnCl3 solution in the liquid state is weaker than that in the glassy
state because of the overwhelmingly strong Raman scattering
wing.? The clear characterization of thrg band is possible when
the solution is vitrificated. A Raman spectrophotometer equipped
with a high performance CCD detector, however, enabled us
to observe the weaky, band of LnC4-20H,0 and
LnCl3-20H,0-CH3zCOOLi in the liquid state. According to the
previous Raman studythe Raman symmetric Ba&—OH,
stretching bandi,) in the aqueous Lagkolution is observed
in the region from 330 to 385 cm in the liquid and glassy
states. On the other hand, the Raman symmetricMtretching
band of the M-anion complex such as GHOO, NOs ™, and
ClO4~ in aqueous solution is observed in the region from 180
to 230 cnrl.2227.28 Unfortunately, in this study, the Raman
symmetric L8*—O stretching band of the [Bh—acetate
complex could not be observed in this region due to the strong
Rayleigh scattering wing. We applied the Ramgnband for
the investigation of the coordination behavior of3trion in
LnCl3-20H,0-CH3;COOLiI.

Figure 2b compares thes, frequency variations of
LnCl3:20H,0 and LnC4-20H,0-CH3COOLi in the liquid state
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Figure 2. (a) Typical Raman L#—OH, stretching ¢w) spectra of
aqueous LnGICH;COOLi solutions as a function of Ih ion and (b)
thew,, frequency variations in the Lng€POH,O and LnC-20H,0-CHs-
COOLi as a function of ionic radiug) of Ln®" ion. The open and
closed circles represent the Lr€0OH,O and LnC}-20H,O-CHs-
COOLi, respectively.

as a function of ionic radius of I3 ion. A remarkable point
in Figure 2b is that the S-shaped behavior ofithdrequencies
in both solutions is shown, and these frequencies rapidly increase
from N to Tb** ions for LnCk-20H,O by about 25 cm!
and from N@* to Sn#* ions for LnCh:20H,O-CH3;COOLi by
14 cntl, respectively. On the whole, the value of thg
frequency of LnG4-20H,0-CH3COOLi is lower than that of
LnCl3-20H,0.

It was concluded that the S-shaped behavior of the Raman
frequency shif16and thermodynamic propertfe®-32 through-
out the rare earth series are caused by the change in the
coordination number of the Bhion. Kanno et ab:1%12reported
that thew,, frequency of the LnGI20H,O solutions in the glassy
state shifts to a higher frequency from3tao Lud* ions, and
the two v, peaks at 369 and 394 cthare observed in the
middle region (E&" and Gd™"). The two peaks at 369 and 394
cm~! are assigned to the nine- and eight-coordination structures
of the [Ln(HO)y]3" complex 6 = 9—8), respectively. The
difference in they,, frequencies (25 cri) corresponds to the
elimination of a water molecule from [Ln@®)q]3" to [Ln-
(H20)g]3" complexes. Importantly, the observeg frequency
shift between N&" and T5* ions for LnCk-20H,0 in the liquid
state is 25 cm?, which is almost equal to that in the glassy
state. This means that the coordination number &f lian for
LnCl3-20H;0 in the liquid state might change from nine to eight
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Figure 3. Typical Raman € C stretching fcc) spectra of the acetate
ion in the aqueous Ln@ICH;COOLi solutions as a function of Bh

Figure 4. Simple scheme of the polymeric chain structure of the acetate
ion to the Li#* ion in the aqueous Ln@ICH;COOLi solutions. The
water molecules and chloride ions are not represented.
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in the coordinate structure of the acetate ion rather than the - o ©

elimination of a water molecule as describe below. 945T) .

Thus, we examined the coordination behavior of the acetate
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ion. Figure 3 shows the Raman-C stretching {cc) spectra Tonic radius (A)

of the acetate ion across the rare earth series. The two peaks at Gd. Dy B Yb

946 and 958 cm* were determined by the second derivative S 1o &N B T Ty

of the original spectra. According to recent Raman studies of @ (b) °© ©00,0°

dilute aqueous acetate salt solutions such as@@ Mg and g 0.8 o Bidentate ligand

(CH3COO)Cu 33736 the peak at around 945 crhis assigned E0.6P °

to the bidentate ligand. The observed peak at 9461cim 2 b

aqueous LnGICH;COOLi solutions appeared in the same peak z 04 ® o Polymeric chain structurg

position as the bidentate ligand of dilute aqueous acetate salt 202 oo o040

solutions®3-36 Therefore, we assigned the peak at 946 tio Seee.

the bidentate ligand. _ _ 00505 100 095 090 085
Recently, Wang et &F revealed that the relative concentration Tonic radius (A)

OT the polymeric chain structure, which Constrycts.the bridging Figure 5. (a) vcc frequency variations and (b) the intensity fractions
bleer_1tate Ilg_and of aqueous (Q_(EDO)ZMQ solution, INCreases ,f'the bidentate ligand and polymeric chain structure ofitgeeband
with increasing salt concentration. The observed peak intensity of the acetate ion as a function of ionic radiuy ¢f Ln3* ion. The
at 958 cmt in aqueous LnGHCH3;COOLi solutions increases  open and closed circles represent the bidentate ligand and polymeric
with increasing acetate ion concentration and that at 946'.cm  chain structure, respectively.
which is assigned to the bidentate ligand, decreases (data not
shown). This result is qualitatively consistent with the salt chain structure of the [%4—acetate complex using density
concentration dependence of the polymeric chain structure of functional theory (DFT) at the B3LYP/6-3%¥4-G(d,p) level®
aqueous (CECOOXMg solutions. Therefore, the observed peak The peaks at 982 cr for the bidentate ligand and at 996 cin
at 958 cnm! in aqueous LnGICH3;COOLi solutions might relate  for the polymeric chain structure were determined by this
to a polymeric chain structure. calculation. It is important to note that the observed frequency
Next, we consider the polymeric chain structure of aqueous at 958 cm® for the polymeric chain structure is higher than
LnCls:CHsCOOLi solutions. Ribot et & reported that the  that at 945 cm? for the bidentate ligand. The difference in the
coordination state of Ln(C}€OO)%-nH,O (n = 1—4) in the observed frequencies between the polymeric chain structure and
crystal state takes a bridging complex and polymeric structure. the bidentate ligand is almost the same as that in the calculated
Meyer determined the chain structure of [SmEIDO)(HO)g]- frequencies. The calculated result is qualitatively consistent with
Cl3(H20), which takes an eight-coordinated structure, in the the experimental result. Therefore, the assignment of the
crystal staté® The chain structure of [Sm(GEOO)(HO)ql- observed peak at 958 cthto a polymeric chain structure is
Cl3(H20) consists of bidentate and bridging bidentate ligands. probably correct, although the length of the polymeric chain
The polymeric structure suggested by Ribot éf ahay be close structure in the present study is unclear. We applied this
to the chain structure of [Sm(GBOO)(H:0)e]Cl3(H20). On assignment to the following discussion.
the basis of the results of Ribot et®land Meyer8 we suggest Next, we discuss the coordination structure of the acetate ion
that the polymeric chain structure of the acetate ion in aqueouswith Ln3* ion. Figure 5a shows the-c frequency variations of
LnCl3-CH3COOLi solutions is as shown in Figure 4. the bidentate ligand and polymeric chain structure across the
To be certain of the above speculation, we performed the rare earth series. On the whole, thec frequencies of the
vee frequency calculations of the bidentate ligand and polymeric bidentate ligand and polymeric chain structure shift to a higher
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frequency with the decreasing ionic radius offtnon. When
the intermolecular electrostatic interaction between the lamd
acetate ions becomes stronger, the force constant of tHe C
bond of the acetate ion weakens and tie frequency shifts

to a higher frequency. The slope of thec frequency of the
bidentate ligand against the ionic radius offtron in Figure

5a is larger than that of the polymeric chain structure. This

Takekiyo and Yoshimura

On the basis of the results of tig andvcc frequencies and
intensity fractions f), we can conclude the following. (i) The
coordination number of the Bfiion should change and decrease
by one (probably from nine to eight). (ii) The change in the
coordination number of L ion across the rare earth series is
mainly due to the coordinated structural change (from the
polymeric chain structure to the bidentate ligand) of the acetate

means that the intermolecular electrostatic interaction betweenion rather than the elimination of one water molecule.
the Lr**—bidentate ligands becomes stronger than that between Finally, we discuss the difference in the coordination

the L™ —polymeric chain structures with a decreasing ionic
radius of Li#" ion.
Another remarkable point in Figure 5a is that thec

structures between divalent metal ioacetate and rare earth
acetate complexes. As a candidate for this, we quote th& Mg
and Tn#" ions, because the ionic radius of the Mgon (0.860

frequencies of the bidentate ligand and polymeric chain structure A)42 is almost the same value as that of the3frion (0.858

rapidly increase from N to Sn#t ions; this is consistent with
the results of the, frequency change, as shown in Figure 2b.

A). The vcc frequencies of the bidentate ligand and the
polymeric chain structure of the acetate ion in aqueous MgCl

Thus, we suppose that the change in the coordination numbersolution (947 cm? for the bidentate ligand and 954 cinfor

of the Lr** ion has a close relationship with the change in the
coordination behavior of the acetate ion.

the polymeric chain structure) are lower than those in aqueous
TmCl; solution (956 cm? for the bidentate ligand and 965 cin

To ensure the relation between the change in the coordinationfor the polymeric chain structure). The valuesfgfentateand

number of LE* ion and the change of the coordination behavior

fpolymericin aqueous MgGlsolution are 0.4 and 0.6, respectively.

of acetate ion, using the same procedure in the previousThe situation reverses in aqueous TmGblution (pigentats

studies!®4! we estimated the intensity fraction$) (of the
bidentate ligandfjdentard and polymeric chain structur&dymeri)
from the equations

Ibidentate

fbidentatez I + |
bidentate polymeric

f _ Ipolymeric
polymeric —
Ibidentate+ Ipolymeric

wherelpigentate@Nd | polymeric represent the relative Raman intensi-
ties of the bidentate ligand and polymeric chain structure,
respectively. Figure 5b shows the changefgiigntaeandfpolymeric

as a function of the ionic radius of Bhion. It is evident that
foidentatelS dominant throughout the rare earth series. The value
of fhigentateinCreases with decreasing ionic radius offtron

and that offyoymeric decreases. Accordingly, our results show
that the heavy L#" ion prefers the bidentate ligand to the
polymeric chain structure. As the ionic radius of 3tnion

decreases due to lanthanide contraction, it is highly possible
that the change in the coordination structure of the acetate ion

to Ln3" ion is dominated by the size of Ehion.

Raman spectroscopy does not give a definite picture
of the total coordination number around ¥nions in the
LnCl3-20H,0-CH3COOLI. However, a plausible picture might

be extracted from the present and available experimental data.

As seen in Figure 2b, the value of, frequency of
LnCl3-20H,0-CH3;COOLi is generally lower than about 20 cin
that of the corresponding Lng&ROH,O. From the empirical
trend>12.25 the formation of higher complex results in the
decrease of the symmetric MDH, stretching frequency.
Therefore, the straightforward conclusion of this result is that
it may arise from the difference in the numbers of coordinated
water molecules to a [’ ion between LnGF20H0O-
CH3COOLi and LnC20H,0. However, there is another
possibility that a negative deviation of thg band for the acetate
solution from that for the corresponding chloride solution arises
from the matching between the ¥nion and its coordination

sphere when one acetate ion constitutes a part of the coordination

sphere. If the matching is not so better, the3t-nOH,
interaction becomes weaker, resulting in the lowgfrequency

for the acetate solution than that for the corresponding chloride
solution. It is, however, difficult to say whether it is the case.

foolymeric = 0.9:0.1). These results clearly show that the inter-
molecular electrostatic interaction between the3Trand the
acetate ions is stronger than that between thé™Mand the
acetate ions and that the ¥mion tends to form the bidentate
ligand rather than the Mg ion.

4., Conclusions

The Raman LA#"—OH; () and C-C stretching{cc) spectra
of the acetate ion in aqueous LrEIH;COOLI solutions have
been measured as a function of ionic radius of'Lion. We
discussed the change in the coordination structure of the acetate
ion to Lm®* ion. On the basis of the analyses wf and vcc
bands, the lanthanide contraction induces the change in the
coordination number of the I3 ion followed by the change
in the coordination structure of the £h—acetate complex. The
coordination structure of the acetate complex prefers the
bidentate ligand to the polymeric chain structure.

On the basis of the results of the aqueous Mg®id TmC}
solutions, the L#" ions tend to form the bidentate ligand rather
than the divalent (M) ions. For the studies of the metal ions

including Lr** ions binding to the active site in proteins, it is

important to reveal the interaction and coordination structure
between the metal ions and the CO@roups of organic
compounds such as acetate ion. More studies on the additive
effect of Li*" ions on the structural stability of oligopeptides,
including charged amino acid residues such as those of Asp
and Glu, will help us to understand the additive effect of'Ln
ions on the structural stability of proteins.
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