Missouri State.

u N I VvV E R S I T Y BearWorkS

College of Natural and Applied Sciences

2003

Relaxation of the structure of simple metal ion complexes in
aqueous solutions at up to supercritical conditions

Robert A. Mayanovic
Missouri State University

Sumedha Jayanetti
Missouri State University

A J. Anderson
W A. Bassett

| M. Chou

Follow this and additional works at: https://bearworks.missouristate.edu/articles-cnas

Recommended Citation

Mayanovic, Robert A., Sumedha Jayanetti, Alan J. Anderson, William A. Bassett, and I-Ming Chou.
"Relaxation of the structure of simple metal ion complexes in aqueous solutions at up to supercritical
conditions." The Journal of chemical physics 118, no. 2 (2003): 719-727.

This article or document was made available through BearWorks, the institutional repository of Missouri State
University. The work contained in it may be protected by copyright and require permission of the copyright holder
for reuse or redistribution.

For more information, please contact BearWorks@library.missouristate.edu.


https://bearworks.missouristate.edu/
https://bearworks.missouristate.edu/articles-cnas
https://bearworks.missouristate.edu/articles-cnas?utm_source=bearworks.missouristate.edu%2Farticles-cnas%2F706&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:BearWorks@library.missouristate.edu

JOURNAL OF CHEMICAL PHYSICS VOLUME 118, NUMBER 2 8 JANUARY 2003

Relaxation of the structure of simple metal ion complexes in aqueous
solutions at up to supercritical conditions

Robert A. Mayanovic® and Sumedha Jayanetti®
Department of Physics, Astronomy and Materials Science, Southwest Missouri State University,
Springfield, Missouri 65804

Alan J. Anderson
Department of Geology, St. Francis Xavier University, P.O. Box 5000, Antigonish,
Nova Scotia B2G 2W5, Canada

William A. Bassett
Department of Geological Sciences, Cornell University, Ithaca, New York 14853

I-Ming Chou
MS 954, U.S. Geological Survey, Reston, Virginia 20192

(Received 14 June 2002; accepted 4 October 2002

Our previous x-ray absorption fine structure studies of aqueous solutions revealed relaxation of the
structure of complexes of 2i, FE€", La®", and YB'" ions with increasing temperature. These
complexes in general exhibit reduction of cation-ligand bond lengths with increasing temperature
due to hydrogen bond breaking and loss of water of solvation. Because this results in an overall
lowering of the equilibrium state of the complex, we refer to the variation of the structure as
relaxation. In the case of M@JD),” (m=6-9 at room temperatura=2, 3) aquo ion complexes

(M: Zn, Fe, La, YD, there is a similar reduction in the number of coordinating water molecules with
temperature. The relaxation of the structure is shown to result in a lowering of the binding energy
per cation—ligand pair of a complex with increasing temperature. A comparison of the rate of
structure relaxation with temperature, which is framed in the context of volume thermoelastic
constriction, shows this quantity to have a gradual and direct dependence on the difference in
Pauling’s electronegativity of the cation—ligand pairs making up the ion complex.

© 2003 American Institute of Physic§DOI: 10.1063/1.1524616

I. INTRODUCTION complexes in solutions up to supercritical conditions. Recent
Th i ¢ solvated | i heated IXAFS studies of various ions in aqueous solutions show
€ association o solvated lons In heated aqueous SOl jation of cation—ligand bond lengths, often coupled with

tions under moderate pressures plays an important role ify, o gy cpure changes, with increasing temperatire.
many physical processes. The solvation properties of Watel—ﬁere we discuss the variations of the structure of several

undergo significant changes with increasing temperaturersnetal ion complexes with temperature based on observations

(T) and pressuresR) as a result of hydrogen bond breaking. ") | W AFS studied 216 27in the hope that it will stimu-

Consequently, the screening of solvated ions becomes Iefgte the development of either first-principles theory or mo-

effective resulting in stronger ion—ion interactions under el_lecular dvnamics simulations that miaht adequately describe
evated P—T conditions. This has the effect that both the y 9 q y
tgese results.

speciation and the structure of metal ion complexes becom W der in detail the trends in struct h f
altered to varying degrees in going from ambient to super- € consider in detarl In€ trends n structure changes o
o L2 , - Zn’", Fe', La®", and YB' ion complexes as a function of

critical conditions in electrolyte solutions. A detailed theory ’ ' ! ! .
of ion association and formation of complexes in aqueou emperature, which have been derived from our previously

13-9,16,17 et -
solutions applicable for a broad range of concentrations anaeported studieS; The first-row transition metdFTM)

at up to supercritical conditions has challenged theorist®"S offer an mFerestmg comparison to thg Igntharﬂkje) i
since the early work of Bofnand of Debye and Huckél. ions. The chemical and physical characteristics of FTM ion

The paucity of structure data for ion complexes in aqueougomplexes are largely dictated by the interaction between the
solutions at elevate®—T conditions has been a major bar- 3d electrons of the valence shell of these elements and the
fier to an improvement of our understanding of electrolyte"gands' Consequently, the cation—ligand interaction exhibits

solutions. X-ray absorption fine structuf€AFS) spectros- partially covalent character, especially in the case of ions

+ 18 ;
copy is proving to be useful for the study of structure of jonSUch @s Zf . Conversely, the #electrons of the Ln ions,
being well shielded by intervening electron shells, are largely
) nonreactive with neighboring ligands. In this sense, the lan-
Author to whom correspondence should be addressed. #ax0)-836-  nanjdes are thought to behave similarly to the alkali metals
6226; Electronic mail: ram051f@smsu.edu . . . . .
YOn leave from the Department of Physics, University of Colombo, co-and interact with ligands in the formation of complexes

lombo 3, Sri Lanka. mainly through electrostatic forcé3.An objective of ours
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TABLE |. Experimental parameters used to measure structure data of cation complexes from fluid samples during our previous investigations.

Temp. Max.
Absorption range pressure
Label Samplgaqueous edge(eV) (°C) (MP3) Complex type Reference
A Fluid inclusions Zn K(9659 25-430 — ZnCE~ 3,4,5
Fe K (7112 25-500 — Fe(H,0)3", FeCk
B 2m ZnCl, Zn K (9659 25-660 800 Zn(K0),Cl, 6
C 1m ZnCl,/6m NaCl Zn K (9659 25-495 200 ZnCIﬁ’ 6
D 1m ZnBr,/6m NaBr Zn K (9659 25-500 130 ZnBrlzf 7
Br K (13474 25-500 500
E 0.007n La/0.16n HNO, La L; (5483 25-300 160 La(H,0)3* 8
F 0.006n Yb/0.16m HNO; Yb L (8944 25-500 250 Yb(HZO)g+ 9
G 0.006n YbCl,/0.017n HCI Yb L3 (89449 25-500 270 Yb(H,0)3", 9

Yb(H;0);5 nCly 3" (8=~7)

has been to study trends in structure changes of simple inohalide complexes. Figure 2 shows similar variations for
ganic ion complexes in aqueous solutions with variations ircation—ligand distances for lanthanide aquo ion and chloro
thermodynamic parameters and element type that may offeromplexes. We reported from our previous studies that the
some clues to the nature of the cation—ligand interactionZn—CP and Zn—Bf bond length variations exhibit small but
Here, we present our observations on trends in structuremeasurable nonlinear reduction with increasing temperature.
characteristics of FTM and Ln complex ions with tempera-Because these nonlinear trends are quite small and negli-
ture. We discuss the significance of the temperaturegible, the rates of change of cation—ligand distances with
dependent structure variations of the complexes to cationtemperature have been calculated using linear regression and

ligand bonding. are compiled in Table Il. Provided we exclude La—O dis-
tances from consideration for the moment, the cation—ligand
Il. EXPERIMENT distances exhibit uniform reduction at a rate ranging from

The XAFS measurements were made at the National
Synchrotron Light SourcgNSLS), Cornell High Energy
Synchrotron SourcéCHESS and at the Advanced Photon 2.4
Source(APS). Table | shows the solution or sample type
previously investigated, the absorption edge of XAFS mea-
surements, and range &—T conditions. XAFS spectra
were measured from fluid inclusions in thin quartz wafers
mounted on a Linkam THMS 600 heating stage. The fluo-
rescence spectra were measured on the X26A microbear
line at the NSLS™® The solution samples were loaded ina . 23
hydrothermal diamond anvil cel(HDAC). The cell was
modified to minimize attenuation of x-rays by laser milling
the diamonds for the purpose of making XAFS measuremen
in either transmission or fluorescence mo¥&. The HDAC
has the capability for fluorescence XAFS measurements o
dilute solutions at x-ray photon energies of 5300 eV and c
below. For such measurements, the solution sample is sealem
between the diamond anvils in a sample chamber consistin
of a 300um diameter cup-shaped cavity in the center of the
upper diamond anvil face and a 3@@n diameter hole in a cosfo  © 7
50 um thick Re gasket. Additional details about the fluores- ) < <
cence HDAC are given elsewhété!®l’ Transmission I 1
XAFS spectra were measured using gas ionization chambers
Fluorescence XAFS spectra were measured using either 2.00
thirteen-element Ge detector or a single-elemefitiBide-
tector. The data analysis procedures used to obtain the struc T(°C)

ture results from the XAFS spectra have been detailed
elsewheré—° FIG. 1. The variation of the cation-ligand bond lengths as a function of
temperature for the halide complexes of first-row transition metal ioA$ Fe
and Zrt™. The first element of a cation—ligand pair indicates the photon-
Ill. DISCUSSION absorbing ion whereas the subscript indicates the solution sample referred to
in Table | from which the XAFS was measured. The lines shown were
Figure 1 shows the variation of the cation—halide bondypained by linear regression fitting of the individual data sets for the

lengths with temperature for the first-row transition metal ioncation—ligand pairs represented in the figure.
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There is a distinct difference between coordination num-
ber changes with temperature in the case of the halide com-
] plexes and of the aquo ions. The number of halide ligands in
all cases either remains constdint cases of a high halide-

. .cation ratig or increases with temperature. This occurs be-
cause solvation strength of water weakens, causing reduced
screening of ions with temperature, leading to increased ion
association and the formation of complexes or ion pairs. In
terms of thermodynamic behavior of aqueous solutions, this
can be directly attributed to the change of entropy dominat-
ing the change of enthalpy for ion association reactions un-
. der elevated temperatur&sConversely, the number of oxy-
gen ligandgof hydration waterseither remains constant or

] decreasesvith temperature. A uniform reduction in the num-
ber of oxygen constituents of water molecules in the inner
hydration shell of the YB" aquo ion occurs with increasing
temperature. The number of oxygen neighbors decreases

2.8

2.7

r
)

3

Bond Distance (A)
N
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N
~
I
1

Yb-Og, from 8.3 to 4.8 in going from 25 to 500 °G 42% reduc-
23 | O - tion). Similar results were found for various metal aquo ions
from other XAFS studies made at elevateB-T
i 1 conditions!®~1®
Yb-Opos _ . .
20 \ 1 \ | ) ] ) ] ) 1 A. Relaxation of the structure of first-row transition
0 100 200 300 400 500 metal ion complexes in high  P—T aqueous

solutions
T(°C) . N
We first comment on some general features exhibited by
FIG. 2. The variation of the cation—ligand bond |ength3 as a function Ofour temperature_dependent structure results for the FTM of
temperature for the aquo ion and chloro complexes of lanthanide iohs La . . .
and YB'*. The first element of a cation—ligand pair indicates the target ionOur studies. As shown in Fig. 1 and Table I, the S'OPe
and Yb-Q, and Yb—Q; refer to ytterbium—oxygen bond lengths in (AR/AT) of the Zn—Cl bond length versus temperature is
0.008nYbCl3/0.017m HCI and 0.006n1Yb/0.16n HNO; solution samples,  very consistent for all three samplés, B and Q studied.
fespeCt'Vft'%v flfoTh which the XA'ES s mtﬁastu(ed- '—ﬁq—?ct’, '—a—hQi” Jhe consistently larger values for Zn—Cl distances for
represen e lanthanum-—oxygen bond lengtns to Inner nyaration snell water, . . .
molecules in the equatorial and tricapped trigonal prismatic sites of the La samples Aand C I_n gompgrlson to those measur?d n sample
aquo ion in the 0.00W La/0.16n HNO; solution. The fit lines were ob- B are due to speciation differences. The predominant chloro
tained by linear regression of the individual data sets for the cation—liganccomplex in samples Aand C is erpl whereas in sample C
pairs represented in the figure. the predominant complex is Zng®),Cl, throughout the
P-T range of measurement for the respective samples. We
0.005 A/100°C to 0.017 A/100°C, in their respective tem-note that our room temperatuRe,,_c, values are in excellent
perature ranges. In some cases, the reduction of cationagreement with prior results from large angle x-ray scattering
ligand bond lengths is accompanied by a reduction in thestudies of various concentration zinc chloride agueous solu-
number of coordinated ligands with temperature. We discusons made by Maedet al?! and from x-ray diffraction mea-

these effects in greater detail below. surements of @ ZnCl,/H,O solution made by Paschina

TABLE Il. Cation-ligand bond length relaxation characteristics for FTM and Ln ion complexes measured from samples identified in AROETI.
represents the slope of cation—ligand distance data shown as a function of temperature in Figs. ¥ &¢hg, partial molal volume andEN is the
cation—ligand electronegativity difference.

AR/AT —Vy! (AV/AT)
Sample Complex Bond (10* A/°C) (10t °C™Y) AEN (Pauling’s

A ZnCl~ Zn-Cl -0.95 1.24 151
FeCk Fe—Cl -1.3 1.69 1.33

B Zn(H,0),Cl, Zn—Cl -1.0 1.34 1.51
Zn-0 -0.25 0.37 1.79

C ZnCE2~ Zn—Cl —-0.90 1.18 1.51
D ZnBr3~ Zn-Br —0.50 0.63 1.31
Br-zn -0.50 0.63 1.31

E La(H,0)3* La—Oy +7.1(-1.1) —8.221.27 2.34
La—Qy; -5.2 6.02 2.34

F Yb(H,0)3* Yb-O -1.7 2.19 2.34
G Yb(H,0)3* Yb-0 —-0.80 1.03 2.34

Yb(H,0)5_,Cl3 " (8~7) Yb—Cl -1.7 1.93 2.06
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et al?? The x-ray diffraction results for room temperature tably, there is no reduction of the number of oxygen atoms of
Rzn_c Obtained by Kruh and Standi&yand XAFS results the L&" aquo ion throughout the full temperature range.
obtained by Drier and Rat# from measurements of Zngl It can be easily demonstrated using only ion—dipole
aqueous solutions, are slightly largé.04 and 0.07 A, re- electrostatic interactions that the net effect of relaxation of
spectively but still within reason. The common slope the L&" aquo ion complex is energetically favorable. Ac-
AR/AT of the two different chloro zinc complexes suggestscounting only for the ion—dipole interaction, we can express
that the relaxation of their structure is dependent primarilythe energy of the hydrated £4 ion as®
on the strength of the Zn-Cl interri:lction. 9 9 q

As discussed in our prior workthe discrepancy in the o Nop(r)— C Ay
Zn-Br distance Rz,_g;) of the ZnBE~ complex measured Fia ;1 Eelri)-pir) 21 4rregr? P, (@)
from solution D (0.035 A is most likely due to the inad- whereE. is the point-charge electric field due to the cation,

equacy of FEFF8 in properly accounting for the onset of . h " inting f h - h of
either the Zn or Br K edge. Nevertheless, the room.! is the position vector pointing from the cation to each o

. . the water molecules of the inner hydration shell,is the
temperature Zn—Br distance values measured from either Zglectric dipole moment of each of the water molecules, and
or Br K-edge XAFS spectra are in good agreement with re- '

cults obtained from x-rav Scattering measurements ch is the charge of the cation{3e). The electric dipole

Gu inet '|25 d 'thXXA)IéS Itl gbt . dub L q oment is expressed as a function of position relative to the
0992:3”9 al.w and wi results obtaned by -agarde ..iion to account for the polarizability of the water molecule

et al“° Note, however, that the slopes of the variation of

R nd of R with temperature are in excellent aar under the presence of the cation’s electric field. Assuming
ngﬁfra OfRBr-zn emperature are in excellent agree- y o+ the electric dipoles residing on the water molecules of

The divalent state of iron in sample A w rtain he aquo ion complex are all oriented radially with respect to
© divalent state ot Iro sampre as ascenaneqyq cation, Eq(1) simplifies accordingly,

from a comparison of the near edge region of the Fe K-edge
XAFS spectra measured from the fluid inclusions to those 6P 30dcPe
) Ey=— - 5 )

measured from ferrous and ferric sulfate powdered samples. —id 4 2.9 2

. TEQ i TEQ gq
There are no other comparable structure studies ofliron . .
complexes in hydrothermal fluid samples. One of the first ~ Herepy andpegrepresent the magnitudes of the electric
detailed concentration-dependent studies of ferric and ferrodi'psc"e moments andy; andreq the radial distances from
complex structure and speciation was made by Apteal?’ L@ " to the oxygens of the water molecules residing in the
using XAFS measurements of saline aqueous solutions Syicapped trigonal prismatic and equatorial sites, respectively.
room temperature. The auth&fsletermined that Fe(;_HD)é* We estimate the polarizability of each water molecule using

’ ; H 29

species predominate for all concentrations in the ferroudN€ scaling function of Kowalet al,

chloride solutions, in agreement with our results. (Ry,—1)23(Ry+2r —3R;)
ry= , 3
S (Re=Ry)? ©
B. Relaxation of the structure of Lanthanide ion whereR,=4.0 A andR,;=2.1 A are the limiting radial dis-
complexes in high P-T aqueous solutions tances for whichS results in 0 and 1, respectively, ands

We next turn our attention to examining the nature ofSet €qual @y, req, OF Fg for our calculations, wherey is
variation of the structure of 131 ion complexes in high the_common La—O radial distance at room temperature. We
P—T aqueous solutions. As discussed in more detail belowd€fine ayi="f-(S(ryi) =S(ro)) and aeq="1-(S(ro) =S(req)
the structure variation with temperature is exhibited in termg®S the polarizabilities of the water molecules in the tricapped
of either a bond contraction, or, as in the case of th&*La trigonal prismatic and equatorial sites, respectively. Because
aquo ion, a combination of bond contraction and expansiof€ Scatter of La—O bond lengths is apprecidhlereflected
effects that occur in response to sudden changes in the strdisthe given error of 0.04 A we use the values interpolated
field exerted by the solvating water molecules residing in thdf®m linear regression analysis far,=2.47 A andreq
outer hydration shell. And, because this results in an overalf 2-77 A. Furthzegrmore_, we use the valtre 0.3 from results
lowering of the equilibrium state of the complex, we refer to ©f Kowall et al." yielding 0.02 and 0.036 fou,; and aeq,

the variation of the structure as relaxation. respectively. _ _
The most striking features exhibited in Fig. 2 are the ~ Next, we express Ed2) in the following manner:
greater slopes foAR,_a_oeq/AT andAR,_a_qn/AT than for dePo (1+ )

rial (Ogg and tricapped trigonal prismaticOg;) oxygen

other bond length temperature variations, where the equato- Eia(300°Q=— Aot ( 5fm)2
ligands of the inner hydration shell water molecules are rep-

o

resented thusly. As described by us previofSiyhe relax- (1— e
ation exhibited by the L3 aquo ion complex is notably +3—5rez ; 4
different than for any other type of complex discussed here. (1+ ; q)

0

Three oxygen neighbors in the equatorial plane of th&'La
aquo ion are shifted outwards by 0.12 A, whereas six oxygemwheresr ,;=r,—r; and O eq=Teq— o @NAP, represents the
neighbors in the tricapped trigonal prismatic sites are conelectric dipole momengmagnitude of the water molecule in
tracted inwards by 0.13 A, in going from 25 to 300 °C. No- the first hydration shell of L3 at room temperature. This
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can be expressed in terms of the ion—dipole interaction ermolecules at elevateB—-T points breaks the uniformity in
ergy at room temperaturgy o= —9- (qcpo)/(47-rsor§), the surrounding solvent, thus creating the conditions leading
to contraction of the La— bonds and lengthening of the
2(1+ ayi) > (1~ aeq 5|, La—Q., bonds of the L&" aquo ion complex.
3( 1- 5rtri) 3( 1+ 5req> It is easy to see that in cases where a simple contraction
o of the hydration shell occurs, such as in the case of th& Yb
5 aquo ion complex, the relaxation of the structure under high

yielding a valueE 4(300 °C)=E;4 (1.03). Thus, we see that P-T _conditions_in aqueous solutio_ns will lead to an overall
a 3% increase in the contribution to the magnitude of thé®Wering of the ion—dipole interaction energy. We note that
binding energy from the ion—dipole interaction is realizedUsing the proceduies outlined above, the relaxation of the
from the relaxation of the 134 aquo ion in going from room  Structure of the YB. aquo ion complex leads to a lowering
temperature to 300 °C. We find that the contribution to thisOf itS ion—dipole binding energy by 9% per water molecule
increase in the absolute value of the binding energy from thd 9oing from 25 to 500°C. Nevertheless, there is a net
polarizability of waters is significant€19%). Note that this €N€rgy increase that takes effect from the shedding of water
results in a lowering of the equilibrium state of the Comp|exmolecules, from~8 to ~5 in progressing through the same
since the binding energy ternEf) becomes more negative. temperature range. G|ve_n that the ion—dipole attra_lctlon_ls the
It can be shown quite directly that the dipole—dipole interac-dominant cation—ligand interaction of hydratec®Lrions, it _
tion energy and higher-order anisotropy terms of the hy{S safe to concluc_le that_relaxanor_] of the strueture results in
drated and polarizable B4 ion are negligible in comparison the overall lowering(or increase in the magnitugef the
to its ion—dipole energy term and have therefore been omit?inding energy per Ln—0O pair.
ted for the sake of clarity of discussion. ) .

In order to see directly how the relaxation of the aquoC: Volume thermoelastic constriction
ion complex leads to energy lowering, it is instructive to ©f 10N complexes

Eia(300°Q =Ejg

expand Eq(5) to first order using the Binomial Theorem, From our Br K-edge XAFS measurements made on a
2 28 1m ZnBr,/6m NaBr aqueous solution, we were able to as-
Eiq(300°O=Ejy 0[5(1+ am)( 1+ "') certain the effect of anion—oxygen bond breaking on relax-

, o

ation of the structure of ion complexes with temperature. A
1 267 o greater than 60% reduction in bromine—oxygen bonds for
+ 5(1—aeq)(1— r_” (6)  both the ZnBf~ complex and the Br aquo ion in going
0 from 25 °C to 500 °C was reported from our study addi-
Using the fact thatr .= 1.56r; at 300 °C, the above tion, the results from our study showed that the bromine ions
equation can be expressed in the following manner: and the oxygen neighbors of the waters in the hydration
(2ayi— te) shells (both inner and outgrare weakly hydrogen bonded.
14— "ed We attribute the relaxation of the structure of ion complexes
3 directly to progressive hydrogen bond breaking and com-
mensurate reduction of the outer-hydration shell water mol-
, (7)  ecules in going from ambient to supercritical conditions in
the aqueous solutions.
from which we can see that the increase in ion—dipole en-  We infer from our results that the relaxation mechanism
ergy is directly dependent upon the water molecule polarizeccurs due to unbalanced cation-ligand interaction forces
ability terms and the absolute value of the La—O bond coneausing contraction of the ligands inward toward the cation.
traction. Note that Eq(7) yields an increase in the ion— This is shown schematically in Fig. 3. At low temperatures
dipole contribution to the absolute value of the bindingwhile the outer shell is intact, each ligand of a given complex
energy of 2%, meaning that the first-order effects account fohas a balance of forces between the cation-ligand and
~70% of the lowering in LA"—H,O interaction energy. ligand—water-moleculeén the outer shellinteractions. As
Furthermore, it can easily be shown that second-order ternmthie hydrogen bonds between the ligands and the outer-
of this type of expansion account for nearly the remaininghydration shell oxygen atoms of the water molecules become
30%. Thus, despite the complicated nature of the relaxatiobroken at elevated temperatures, an imbalance toward the
of the L&" aquo ion complex, the net effect leads to a re-cation—ligand bond results allowing the ligand to relax by
duction of its binding energy. This is so because more of thehifting inward toward the cation of the ion complex. Note
water moleculegin trigonal site$ are displaced towards the that bond contraction also occurs in this simple model at the
La®>* ion than away from itin equatorial siteks It is difficult ligand sites where outer-hydration-shell water molecules re-
to imagine how a uniform spherical solvent cavity beginningmain bonded, as a result of the disruption of the net force
at the outer hydration shell, exerting uniform partial volumebalance and of the symmetric stress field on the ion complex
pressure, can trigger the anisotropic relaxation of th&"La occurring under ambient conditions. Alternatively, bond con-
aquo ion complex. However, such uniformity is only pre- traction of simple ion complexes can also be understood on
served at the lowe®—T conditions(close to ambient con- the basis of the conservation of energy. Given that hydrogen
ditions). As we describe in greater detail below, hydrogenbond breaking occurring in the outer hydration shell results
bond breaking and shedding of outer hydration shell watem the elevation of the energy of the ion complex, local equi-

Eiq(300°O=Ejyq

or tri

+(4ayit+3aegtl) T
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[P
( \D FIG. 3. A schematic figure demon-
r strating the proposed mechanism re-

sponsible for the relaxation of the

1 structure of ion complexes in aqueous
2 fluids under elevate®—T conditions.
\j’ (@ Under ambient conditions, the

ligands(inner shell waters in diagram
are shown to be fully bonded to the
surrounding solvent cavity containing

\)\ the outer hydration shell(b) Under
] near critical conditions, the hydrogen
\(-)“ bonds to the surrounding solvent cav-

ity are extensively broken resulting in
imbalance of restoring forces acting
on the complex. This generally leads
to a contraction of the cation—ligand
bonds at elevate®—T conditions.

sol

(a)

librium can be achieved through ttieet bond contraction coefficientK,, for the La—Q; bonds and the La—gQ bonds

mechanism. Because the entropy change results from bongnarately and the weighted value for overall La—O relax-
breaking, this picture is fully consistent with the entropy ation in parenthesis.

change driving the ion association chemistry of a solution at e show in Fig. 4 values of the partial molal ther-
high temperature$. Note that the relaxation of ion com- moelastic coefficient versus the difference in Pauling’s elec-
p_Iexes contributes directly to the enthalpy of a given SOlU"tronegatiVity (AEN) for the cation—ligand pairs of each of
tion. - o . the ion complexes. The most dramatic aspect of Fig. 4 is that

~ Given that it is possible to calculate by means of ajt clearly shows a difference in the relaxation behavior of the
simple electrostatic model the net ion—dipole interaction engTnm and Ln complexes. The FTM complexes all lie towards
ergy of the L&" aquo ion complex, it follows that the net the smallerAEN side and in general have smaller partial
effect of displacement of the equatorial and tricapped trigomo|a| thermoelastic coefficient values, whereas the converse
nal prismatic oxygens at elevated temperatures can similarly trye for Ln complexes.

be determined. Thus, we UMLa—O/AT:%ARLa—Oeq/AT Despite scatter in the data, we observe a direct depen-
+§ARLa_qri/AT, where the slopes are weighted according
to the proportions of equatorial and trigonal oxygens in the
hydration  shell, respectively. This value —(.1 3.0
x10™* A/°C) is shown in Table II.

The relaxation of the ion complexes can be related to the

variation of the partial molal volum¥ of the complex with 25 Yb(H,0),>*]
temperature in the following manner. Using the partial molal - Yb(H,0); ,Cl, 3" (Yb-CI) \‘ 1
volume V in the manner of Couture and Laid#rand 20 F i
Hepler! we define the quantity i ) v
N m FeNCly 7,1,0),01,: (zn-Cl)
1{ oV ® 15| ) T
N 2. La(H,0),3*
© v/, & “neh #:Ohg |

. . . . 1.0 F *
as the partial molal thermoelastic coefficient and approxi- Yb(H,0),, CI +3.nT?Yb_o
n~'n " A

mateV in terms of a spherical volume of an ion complex.

M znBr,>
This quantity can be directly calculated from the bond con- 0.5 | ! a -
traction slope by the following expression: | Zn(H,0),Cl,: (Zn-0)
B 3 (JR B 3 /AR g 0.0 - 4
" TR, 3T/ = Ry\AT) ©

. . . 1.4 1.6 1.8 2.0 2.2 2.4
Here,R, represents the cation—ligand distance at room tem- AEN

perature. The values calculated using E). are shown in

Table 1. We note that the condition of the pressure beingriG. 4. The variation of the partial molal thermoelastic coefficiptwith
held constant is well approximated in our experiments sincghe difference in Pauling's electronegativitAEN) of the cation-ligand
our results bear negligible pressure dependence for the rang@rs making up the various ion complexes measured from our previous

. -8 3+ . tudies. Separate cation—ligand pairs are indicated in parenthesis beside
of pressures of our experimentS:™ For the La™ aquo ion  each of the labels of mixed ligand complexes. The solid line indicates the

complex we show values of the partial molal thermoelastidinear regression fit to the data.
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dence of the degree of volume thermoelastic constriction oslight retarding effect on thermal expansion of concentrated
the difference in Pauling’s electronegativity of the cation—electrolyte solutions.

ligand pairs making up the ion complex. This is reasonable  Furthermore, volume thermoelastic constriction of ionic
since large values cf EN are associated with predominantly complexes in electrolyte solutions is directly related to the
ionic character whereas small values imply a greater degrgeartial molal adiabatic compressibiliﬁs. Using thermody-

of covalent character of cation—ligand bonding. This can benamic network equations,one can arrive at an expression
attributed largely to the difference in character between thegr ES,

4f electrons of the Ln ions andd3electrons of the FTM

ions. The 4 electrons of the lanthanides, being well shielded — T
by intervening electron shells, are largely nonreactive with Bs=— %
neighboring ligands. In this sense, the lanthanides behave P
similarly to the alkaline earths and interact with ligands inwhereCy is the partial molal constant-pressure heat capacity.
the formation of complexes mainly through electrostaticThe last term in Eq(10) is the partial molal isothermal com-
forces. Conversely, the characteristics of FTM ions afepressibilityET. We can recast Eq10) in the following man-
largely determined by the interaction between thieeec- ner:

trons of the valence shell of these elements and the ligands. _

Since covalent bonding is stronger than ionic bonding, FTM KZZE(E —E) (11)
cation—ligand pairs having smallé&tEN values are more ey T P

t I than L tion—li irs. Theref .
strongly bonded than Ln cation-ligand pairs ere Ore"I'hus, we see that the square of the partial molal thermoelas-

based on th|§ simple picture, the ligands of FTM complexe%c coefficient is related directly to the difference between the
should be displaced outwards to a smaller extent than the

ligands of Ln complexes upon the formation of weak hydro_|sothermal and adiabatic partial molal compressibilites of a

complex. We can see by inspection of Efjl) that the par-

gen bonds with waters of the surrounding solvent. Neverthe,[—ial molal isothermal compressibility of a complex species

less, It should be borne in mind that a small degree of oy, minateg the corresponding adiabatic quantity. This is rea-
valentlike character may be expected even for th

. . . 4 i ) %onable if we postulate that its outer hydration shell has a
|nFeract|on.s of I'_n catpn—hggnd p§1|?§.Th|s and other dg- direct bearing on the compressibility of an ion complex
tails Qf cation—ligand mteracpons in hydrothermal solqunsthrough electrostriction effects. Note that this is a more ex-
may in the future help explain some of our results, such agsnqged approach than electrostriction effects attributed to the
the scatter of dgta pomts.shown in Fig. 4 and thg an'SOtmp'Erimary or inner solvation shell of a complé.It has been
nature of the first hydration shell of Ea ion at high tem-  gpserved that hydrogen bond breaking occurs with increas-
peratures. ing pressure, although to a much lesser degree than with

The data point corresponding 6, of Zn-O in the  temperaturé® An increase in ambient pressure of the fluid
Zn(H;0),Cl, complex deviates noticeably from the trend ynder isothermal conditions will therefore result in greater
observed for the remaining points. For mixed-ligand andgisorder of the outer hydration shell of an ion complex and
step-wise complexes of this type, we find noticeably greatethereby a lessening of electrostriction. However, by its very
uncertainties associated with structure results correspondingature, the outer hydration shell is expected to remain largely
to oxygen coordination on account of its considerablyintact under adiabatic conditions. Thus, the compressibility
weaker backscattering in comparison to that of chlorineof an ion complex is greater under isothermal conditions than
Thus, one explanation for the deviation might be simply dueunder adiabatic conditions. We note that it may be possible
to considerably greater error associated with Ky data  under reduced densities and at sufficiently high temperatures
point of Zn—0O. However, it seems also likely that the devia-to observe emerging rotational modes of an ion complex pro-
tion reflects the added nature of attractive interaction of oxyvided it is not coordinated.e., all hydrogen bonds are bro-
gens(of the water moleculgswith the chlorine ions of the ken) to the outer hydration sphere. Provided such conditions
Zn(H,0),Cl, complex. In this way, the inner-hydration shell are possible, the rotational modes could be detected using
oxygens may be more tightly bound in the Zn@),Cl,  infrared spectroscopy.
complex than in the Zn(l_sD)é’ aquo ion complex.

Although Eg. (8) coincides with the definition of the D. Comparisons to molecular dynamics
thermal expansion coefficient of materials, the two are nofnd Monte Carlo simulations

the same. Thermal expansion in solids for example, results  \olecular dynamics and Monte Carlo simulations offer
from the ions occupying levels in the phonon density ofan ideal bridge between experiment and theory because di-
states having an anharmonic character. In water, bulk thermaéct comparison to measurements of the microstructure of
expansion is associated with hydrogen bond breaking withigolutions can be made through calculation of radial distribu-
its network structure at high temperatures. Conversely, voltion, correlation, local density, and other structure variables
ume thermoelastic constriction evident in the relaxation ofof a system. The challenge of making molecular dynamics
simple ion complexes results from a significant reduction insimulations of solutions at elevatd®—T conditions often

the coordination of the inner-sphere complex to the outeinvolves the incorporation of many-body effects, persisting
hydration shell of the solvent. Nevertheless, volume theron both the extended and local length scales, in the pair-wise
moelastic constriction of ion complexes is expected to have aarticle interaction scheme employed in most calculations.
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