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Abstract

The ionic structures of aqueous solutions of two sets of transition metal nitrates have been studied in the liquid
and glass states by EXAFS spectroscopy. Experiments were carried out(bi®ZgxH,0, with x=2, 6, 12 and
Ni(NO)-9HO over the temperature range 30(K) <250. The glass transition regime was monitored by means of
an in-situ DSC probe. The EXAFS data were analysed by recently developed Monte Carlo procedures, enabling a
discussion of the glass structure in terms of pairwise and higher order correlations. Results for the zinc nitrate
hydrates show complex behaviour depending on the concentration. This behaviour is explained in terms of first
hydration shell stability antNO3  penetration. This result contrasts with that for the equivalent correlation in nickel
nitrate, and is taken as evidence for a more extensive free energy landscape of zinc nitrate hydrates. The results are
also consistent with the known hydration properties of'Zn anti"Ni , and help explain why Zn is biologically
active in solution.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction second is concerned with the chemistry of fragile
glass formation and ionic denaturation of biologi-

There are two aspects to this paper. The first is €2l Systems that contain complex ions, water mol-
concerned with the fundamental physics of glass €cules, and protein molecules. For example, it is
formation and how it relates to the structural P€coming clear from our neutron diffraction iso-
dependence of local coordination around ions in topic substitution(NDIS) studies that the effect-
fragile glasses. The results are therefore relevantiveness of an ion to denature biological material
to Kauzmann’s ideas on the importance of entropic S Substantially governed by the degree to which
changes on glassification presented in his classicit coordinates water molecules. It would appear

paper on the ‘Nature of the Glassy Staf#]. The that relatively weakly hydrated ions with waters
of hydration in fast exchangé2—4] are more
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hydrophobic protein surface. The results below ions (NO;, SG~ etc) being easier to prepare
help explain why ZA* plays a crucial role in [11]. Since Angell and Sar€1970) [6], published
many biological processes. their classic paper on the glass transition temper-
The physics of fragile glasses is governed by ature(T,) of aqueous electrolyte solutions, it has
their free-energy landscapes, which are more been widely recognised that not only do many
extensive than those of strong glass formi8k aqueous electrolyte solutions have glass-forming
Strong glass formers such as $iO are typically composition regions, but also thel, values are
network-forming liquids and show very little var- closely related to their microscopic structures.
iation of short and medium range ordgs]. By Many attempts have been made to investigate the
contrast, fragile glasses such as aqueous electrolytenydration structures of ions in agueous ionic glass-
solutions which are much more difficult to form, es in order to identify a unique structural signature
have micro-structural changes in several thermo- associated with the glass. One of the more inter-
dynamic regions of intereg6]. The first regionis  esting suggestions to emerge from these investi-
the fluid phase, where there is only one free energy gations has been that proposed by Kivelson and
minimum, which determines all the micro-struc- coworkers[12], who hypothesized that if one is
tural properties. As the system is cooled without ‘to seek structural indicators of the liquid—glass
crystallisation below the freezing temperat() transition, one should look at functions that are
there is a region with an exponentially increasing not limited to two-body(pairwise correlations’.
number of free energy minima that the system The three foremost methods to determine inter-
progressively samples until the temperature reachesatomic structure in an aqueous electrolyte system
the dynamical transition poinf, [7]. At T, the have been critically reviewed13]. It is well
system becomes trapped into one meta-stable stateknown that structural probes such as X-ray diffrac-
and the local coordination around each ion can be tion and neutron diffraction with isotopic substi-
considered trapped into a large set of microstates.tution (NDIS) give information only on the
This dynamical freezing causes non-equilibrium pairwise structure of a liquid, however, EXAFS
property such as the viscosity to diverge until the (Extended X-ray absorption fine structure spec-
system reaches the Kauzmann temperafiyd3]. troscopy is sensitive to pair and higher order
Without the intervention of the glass transition, correlations. Moreover, EXAFS probes structure
the entropy of the supercooled liquid would para- over a much short length scale. The EXAFS signal
doxically decrease below that of the crystal. The (y(k)) is composed of contributions from the
glass transition temperaturé&,, is not fixed, but radial distribution functions surrounding the pho-
is dependent on the cooling rate; it is expected toabsorbing atoms. The pair correlation dominates
that after an infinitely slow cooling process a glass far from the edge energyE,) but nearE, the
would be formed atT. Above T,, the cooling contribution is a combination of pair and higher
process is well understood in terms of mode order correlations which are mainly triplet terms.
coupling theory(MCT) [9]. Of current interest is In this paper, we apply the EXAFS technique
the development of models that are applicable to three ZNO;),:xH,0 (x=2, 6, 12 glasses and
below T,. These free-energy landscape models to a reference glass system(ND3),-9H,0. All
have enabled predictions to be on the annealing of the glasses were quenched in lig-N and then
process[10]. In order to explore this regime we slowly heated to observe the onset of structural
have carried out EXAFS studies of the local relaxation. The EXAFS probe has several advan-
structure of the Zf" ion in three concentrated tages for this type of work(i) it is extremely
aqueous solutions of zinc nitrate. sensitive to changes in the local environment of
From a chemical viewpoint, ions are believed transition metal ions(ii) it is fast, and data for a
to play a critical role in glass formation. For large numbers of state points can be obtained and
example, there is a wide range of glass forming rapidly monitored, (i) an EXAFS experiment
ability amongst fragile glasses of aqueous electro- requires only an incoming and outgoing beam in
lyte solutions, with those that contain complex a straight line; it is therefore possible to exploit



S. Ansell, G.W. Neilson / Biophysical Chemistry 107 (2004) 229-241

fully the large sample environment available with-

231

lead to lower resolution in real spate.g. causing

out compromising the experimental measurement. broadening of the pair distribution functions of the

(This last feature allowed us to monitor the system
with a differential scanning calorimeteiDSC)

photoabsorbing ion the numerical consistency of
this type of analysis means that we can make

system during the course of the experiment and direct comparisons between glass in different ther-
ensure that the sample had not crystallised beforemodynamic states without bias.

or during the experiment(iv) EXAFS also has

the distinct advantage over diffraction techniques 2. Experimental

in that, as a spectroscopic probe, it is sensitive to
can dynamical disorder of the molecular structure,

and gives information on the interaction between

the photoabsorbing atom and its nearest neigh-

bours. It is this particular property that we exploit

when discussing the annealing of the glass as it is

heated td7 ;.

2.1. Sample preparation

Several nominally 3 M aqueous solutions of
Ni(NO3), and Zn(NOy), were prepared by adding
the dry salt(>99.9% pure to an excess of de-
ionised water. These solutions were then micro-

In order to assess the general usefulness of OUrgjitereq through 0.1um filters and transferred into
results we also note that the EXAFS method has geyeral pre-weighted glass tubes. These tubes were

a few disadvantages. The EXAFS probe has/a 1
r?2 signal decay which means that information
outside of the first neighbour region is extremely
poor quality[14]. Multiple scattering effectétriple
and higher order correlationsnake the determi-
nation of a unique structural solution difficult.

then slowly dried in an oven at 8&. The samples

to be used for making glasses were selected from
those that had not crystallised, and the water
content was determined from the final bottle
weight. Each of the four sampldsghree of zinc
nitrate and one of nickel nitrateused here was

Additional problems also arise because the value placed into an EXAFS cell using a thin glass

for E, (the effective-Fermi levelis not known to

be better than 5 eV, and becomes a fitting param-

eter. Despite these obvious difficulties, we feel

capillary on a syringe. This procedure was used to
reduce the possibility of crystallisation of the more
concentrated samples. A 1.0 M solution of

that the results in this paper which have been Ni(NO;), was also prepared and used as a refer-

obtained by combining EXAFS data with a new
Reverse Monte Carl6RMC) procedure are robust
and significant.

Previous EXAFS studies on Zh , solutions

have encountered problems in the interpretation of

the structural results. Kuzmin et all15] assign
low k features in the EXAFS spectrum to multiple
scattering and indicative of a O—Zn—O bond angle
of 124 in dilute solution. By contrast Munoz-Paez
et al. [16] infer that the lowk spectrum arises
from the second coordination shell, a result in
agreement with that obtained from X-ray diffrac-
tion [17]. However, both studies omit to include

ence system.
2.2. EXAFS experimental measurement

The experiments were carried out on BM29 at
the ESRF. The beamline was used in its standard
transmission mode. A monochromatic beam with
energy resolution of approximately 0.25 eV at the
Zn absorption edge(9.659 ke\) (significantly
better resolution than the Zn lifetime broadening
of 1.67e\) was provided by two 311 Si crystals
on the fixed exit monochromatdid9]. Although
the Si 111 configuration would have been prefer-

in the analysis the presence of hydrogen atoms able, this was precluded by the instrument user

which have been shown to be important when
considering liquids[18]. In the present investiga-

tion we include the hydrogen atoms and limit the
multiple scattering to that which gives rise to the
most disordered signal. Although this criterion may

schedule. The absorption spectra were monitored
by two Ar+He filled ion chambers with the
proportions set to absorb 30%pre-samplg¢ and
70% (post-sample of the beam. Two different
sample environments were used. For the glass
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samples the standard BM29 displex cryostat was 2.3. Data analysis method
used; this allowed temperatures down to 30 K to
be achieved for flat plate samples. Liquid samples
were placed between two Kapton sheets, which
were then bolted together with a 50-2Q0m

PTFE spacer chosen to optimise the statistics of

the EXAFS measurement at 30 K. have been designed for the analysis of crystalline

In order to make a glass, the filled EXAFS cell data sets. When data sets from liquids are analysed
was attached to the cryostat candlestick and then. ) d y

plunged into liquid N before being rapidly trans- in terms of crystalline models, problems arise due
. . to the presence of large Debye—Waller and other
ferred into the pre-cooled cryostat. Since the crys- Cumulant expansion factors being required. As a
talline forms of the solutions are often opaque, result. such rrl?odellin does not rg ercll e r.oduce
samples were checked for optical transparency ! 9 Properly rep

whilst in the liquid N,. This technique was used the disordered nature of a Ilqyld. However,_ this
for all measurements below 100 K. Above this procedure can lead to a close fit to the experimen-

temperature, a Linkam optical DSC was used in tal _data, but there are a large number of co_upled
which the windows had been replaced with Kap- variables and extreme care must be taken with the

ton, and the sample placed in an hermetically mterE[)retatlon of'the re§rur:ts évhenldol[ng spect.ra t(.)
sealed aluminum sample can into which a PTFE sptec ra comp?rr]ls?ns. b € lérru ar: ex;:t)agsml?. 'ﬁ
washer had been placed. The washer was cut to"0* @ process that can be readily automated, whic

. : ; it is difficult to use for direct comparisons
the desired sample thickness, typically 1p@n. means |
The lid of the DSC pan was compressed onto the between data Sets. In recent years the .GNXAS
PTFE spacer and the can was sealed. The DSCpackage has been improved to allow the refinement

was taken to its lowest temperatu(80 K) and of the set ofgxy (r)s, where Y is any atom within

the sample quenched in an open liquid nitrogen the system and X is the photoabsorb'lng atom.. In
dewar. The sample was then dropped into the pre- the work presented here, we have tried to refine
cooled DSC, and resealed in approximately 10 s. this analysis. In order to include all the information
The DSC W:':lS then mounted on the beamline to available from the EXAFS experiment, we have

allow the X-ray beam to pass through the Kapton simulated a box oN=10 000 atoms following the
windows, and the slot cut in the silver DSC cell Standard Reverse Monte CadBMC) routes[24].
body. In this way DSC measurements could be In contrast to the Qiffraction base_d RMC we
taken in-situ at each temperature. The DSC trace c@lculate both the pai€g, () and triplet corre-
was then used to ensure a glass transition waslationsgxyz(r, r,, ¢) at each step of the simula-
observed during the heating of the sample. If this tion and use the GNXAS code to calculate the
was not observed, then it was assumed that theSignal weight ofor these correlation functions. A
sample had crystallised during the loading process mesh of 0.02 A is used for the pair correlation
and the measurements were discarded. terms WhiIS'{0 for the triplet correlation term the
In summary, the method of measurement was to mesh is 0.1 A with 18 angular bins. This triplet
guench the sample and then heat the sample inmesh corresponds to a total af7200 non-zero
stages in the DSC. The heating was stopped atpoints per Y, Z atom type. This procedure takes
several temperatures and an EXAFS spectrum wasinto account all pair correlation terms from 0 to 7
acquired. EXAFS and DSC measurements were A and all triplet correlation terms from 0 to 4 A,
made simultaneously on three zinc nitrate aqueouswhich involve a photoabsorbing atom.
glasses, Z(NO,),*2H,O (1), Zn(NO, »6HLO At each step an atom is selected at random, its
(1), Zn(NO3),+12H,0 (lll), and a nickel nitrate  position changed and the tabulatgg, (r)s and
aqueous glass KNO;),-9H,0, (Figs. 1, 2a, 3a, gxyz(r1, 12, ¢)s are updated and the theoretical
4a, 5a. x(k) is calculated using

The analysis of EXAFS spectra is usually car-
ried out using several procedures involving a
number of different analytical programé-eff,
GNXAS, Excurve[20—23). Most of these codes
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Fig. 1. Differential scanning calorimetry curves for (&0;),:2H,0; ZN(NO3) »6H,0, ZN(NO ) 212H 0O and N{NO ) »12H O.
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where
=\2m(E—Eo)/h,

vxy (k) is the EXAFS backscattering factor from
atom Y at distancer from photoabsorbing atom
X, and yxyz(r1, m, ¢, k) is the backscattering
factor from the group with atom Y at distanee
and atom Z at distance from the photoabsorbing
atom X. The anglep is the made angle between
atom Y the photoabsorbing atom X, and atom Y.
The GNXAS routines calculateyy (r,k) and
vxyz (r,r2,@,k) for all the multiple scattering paths
for the two atom or three atom cluster. The pair
distribution of the sums are taken over all atom
species in the simulation.

The first term of Eq(1) is the single scattering
or pairwise term and contributes approximately
90% of the totaly(k). The second term in Eq1)

is due to triplet scattering and contributes mainly
to the region approximately below=4.0 AL,
The fourth and higher order terms contribute less
than 1% to the signal and are therefore not includ-
ed in the equation or the analysis.

The computedy.omdk) is then compared with
the experimental measurement and if the overall
Chi-squared has decreased, the move is accepted,
otherwise the move is accepted with an exponen-
tially decreasing probability relative to the increase
in Chi-squared.

The experimentalye,,: are extracted from the
actual measuremen(g.(E)) using

Xexpl(k) = (2)

with the routine from autobk20].

In comparisons between compubgl,m,s(k) and
experimental dateex,(k), it is necessary to deal
with the inaccuracy in the determination @,
from the experimental data. We do this by intro-
ducing aAE term which represents the variance
of E, from that obtained by autobKpoint of
maximum slope inu(E)). Occasionally, when
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Fig. 2. (8) xexpk) and y comfk) for Ni(NO 3 s9H O as a function of temperature and 1 mola(ND ) ,solution at 300 K. Note
T,=200 K. (b) The correspondingyio(r)s as calculated from the RMC simulation from Fig 2a.

selecting atoms to move in the simulatiakZ is er to accept theAE move. If it accepts, the
changed by a small amount. However, if the simulation is continued from this point and if it
normal RMC acceptance criteria were applied, this does not the simulation goes back to the recorded
move would almost always be rejected because it configuration.

effectively re-scales thé range of the simulation This approach has the difficulty that for a multi-
and the Chi-squared fit would have increased. This component system, where EXAFS data is unob-
can be partly overcome by recording the configu- tainable from all the constituent atoms, a
ration of the RMC simulation prior to thé\E degenerate solution set exists. This is the so-called
change, then moving all the atoms within the ‘inverse problem’ since it has been provéas
simulation until the rate of acceptance for moves that it is always possible to find sets of different
matches or is lower than that prior to thkF pair distribution functions that fits the EXAFS
change. At this point the simulation decides wheth- data. However, if additional information is availa-
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Fig. 3. () xexpk) and x comdk) for Zn(NO 3 s9H O as a function of temperature and 1 mola({ND } ,solution at 300 K. Note
T,=200 K (b) The correspondingz,o(r)s as calculated from the RMC simulation from Fig 3a.

ble or can be assumed, a stable approximatesecond moment of the(r)s were multiplied by a
solution can be obtained. This is the approach smoothing factor and added into the Chi-squared
used here, and the following constraints were to help drive the simulation towards a minimum
implemented(a) Hard spheres were assumed with signal solution. This term effectively drives the
radii equal to 0.75 times the actual ionic radip) simulation towards more triple correlations and
The metal iong(Ni or Zn) were assumed to have smootherg(r), although these must still be consis-
oxygen atoms in the closest shell; this was tent with the EXAFS signal and packing con-
achieved by artificially adding a chi-squared mod- strains. The parameter could not be increased
ification component for those hydrogen atoms indefinitely as there seems to be a maximum after
found within 2.3 A of the metal ions(c) The which it dramatically decreased the fit to the
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Fig. 4.(8) Xexplh) and x comdk) for Zn(NO J s6H O as a function of temperature. Ndfe=190 K. (b) The correspondingzno(r)s

as calculated from the RMC simulation from Fig 4a.

EXAFS spectra. The smoothing parameter was set
to a single fixed value well below its lowest
distortion threshold value for all the analysis pre-
sented here(d) The modification ofE, with the
AE, term is difficult to achieve within the simu-
lation. This leads to possible ambiguity of distanc-
es within the results. Thus, in order to maintain

the simulations were re-started with a fixéd:,
which was set to the meakE, obtained from the
group of spectra. This has the effect of increasing
the absolute error of the position but decreasing
the relative error between the different spectra.
This method has the advantage over using the
Cumulant expansion methods since the fit consid-

consistent analysis between spectrums of the sameers all types of pair distribution functions.

chemical compositionAE, was initially fitted for
each spectrum of a chemical composition, and then

The errors on the data are particularly important
in this study since we observed small differences.



S. Ansell, G.W. Neilson / Biophysical Chemistry 107 (2004) 229-241 237

@

10 - Crystal |

195K

180K

i 180K

o L Al MRt R, 30K

k(&Y

195K

5 180K
H 160K
30K
O —
L L L 1 L L L L 1 L n n n 1 L L L n 1 L n n L 1 L L L L
1 2 3 4 5 6 7
r(&)

Fig. 5. (8) Xexplk) and xcomfk) for Zn(NO 3 312H O as a function of temperature. Nofe=208 K. (b) The corresponding
gzno(r)s as calculated from the RMC simulation form Fig 5a.

In EXAFS analysis, the absolute error is primarily bution function g,.o(r) and gnio(r) for the zinc

from the errors inE,, the amplitude factors, and and nickel cations from the simulatiofEigs. 2b,

the backscattering phase angle. The RMC process3b, 4b, 5.

used a fixed amplitude, phase angle d@fdor all

the runs of the same chemical composition, this 3. Results and discussion

reduces the error of reported differences between

results from different spectra of the same chemical The results for our standard nickel nitrate aque-

composition, at the expense of reducing the abso-ous sample(Ni(NO;),:9H,0) are in excellent

lute accuracy of the measurement. agreement with those obtained from the formally
When we have fitted the measurggd(k) with exact method of NDIS26], and gives confidence

the RMC simulation, we obtain the radial distri- to the data analysis procedures that were employed.
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Tablel ‘ . composition allows The main difference between
Data are given for th@,.o(r)s from the RMC simulations of samples | and IlI, is that the former shows a pre-
the three aqueous zinc nitrate solutions andgfyg(r) of the feature at the StE’iI’t of the crvstallisation process
aqueous nickel nitrate solution y P !
whereas sample Ill shows only a smooth heat

Solution TK) ro(A)  ng Ar (A) capacity change as it crystallises. It is noted that
Zn(NOy) -2H,0 30 205 57 020 samples Il anq II_I could form a crystal with nearly
(T, =201 K) 160 2.08 29 0.23 the same stoichiometry. However, the 6H O sam-

180 2.08 2.9 0.29 ple has a lower glass transition point and a sur-

195 2.09 33 0.41 prisingly large pre-crystallisation feature, which
Zn(NOs),-6H,0 30 2.07 4.6 0.19 accounts for approximately 30% of the excess
(T,=190 K) 180 2.07 4.7 0.23 entropy.

185 2.09 47 023 The EXAFS data for Z(NO,),-12H,0 (Fig.
Zn(NOs) »»12H,0 30 2.06 5.0 0.22 3a) shows a number of features. Most prominent
(T,=208 K) 133 2.08 54 023 is that at lowest temperatut@0 K) the yep(k)

162 2.08 53 023 is significantly less sharp than thg,.(k)s of the

190 2.08 5.0 0.26 . :

202 507 57 028 other two hydrated samplé#ig. 4a and Fig. 5a

208 210 56 0.29 Further, the feature centred at 3.7 A seems to
Ni(NOs),-9H,0 30 207 6.1 0.18 be (':om.posed. .of two peaks which swap their
(T,=200 K) 155 207 6.2  0.19 relative intensities as the sample is heated. This is

184 2.07 6.3 0.20 consistent with small intermediate range structural

195 2.07 6.4 028 modifications. The features ik>5 A~! have a

Structural parameters are derived from a skewed Gaussian small shift to highek with increasing temperature,
fit to the first feature ingxo(r). These values are: peak maxi-  indicating a contraction in the local structural
mum, ro, peak fwhm width Ar, and hydration number,, cal- environment. The feature observed at Z'A is
culated from the peak area. almost identical to that seen in the low concentra-

tion experiments of Kuzmin et a]15] and Munoz-

We see that these datkig. 2 and Table }, remain Paez et al[16]. From the invariance of the low
essentially unchanged during the heating process,data with temperature, in particular one infers that
and apart from the very high region, are similar  the second hydration shell or hydrogen hydration
in form to that of a 1 m nickel nitrate solution sphere is less strongly perturbed that the first
(Fig. 29. This suggests that although the free- hydration sphere in the glass upon annealing.
energy model may well apply to the The functiong,,o(r) shown in Fig. 3b represents
Ni(NO;)-9H,0, it is highly unlikely that the the best RMC fit to the correspondinge.(k).
configurational phase space extends to distancesThe data for these spectra are noisier than those
below the Ni-nearest neighbour distance. The obtained for the more concentrated solutions. This
result is therefore consistent with a relatively stable is probably due to the lower concentration of
[Ni(H,O)gl?* unit as has been well established in Zn?* ions and a consequent lack of constraint in
numerous NDIS[26] and quasi-elastic neutron the RMC caused by the Zn-Zn ions being sepa-
scattering studief4,27. We conclude that we can rated by a greater distance than the effective range
proceed to apply the same method of analysis to of backscattered electron. The data for the sample
the Zr#* ion. I (Fig. 3b) show that during the annealing process

Inspection of the DSC traces for the the nearest neighbour distance shifts to higher
Zn(NO3)»*12H,0 (1) and Zr(NOy) »2H LO(III). value, and there is a corresponding increase in
glassedFig. 1) shows them to have significantly coordination numbetTable 1. We conclude that
higher T,s than the ZfiNO5),-6H,0O (Il) sample.  two processes occur: firstly, the Zn  environment
All  of these glasses form crystals of becomes progressively more relaxed by allowing
Zn(NQO;y),*6H,0, ice and ZANOj), with the other oxygen atoms to enter its immediate envi-
Zn(NQO3),+6H,0 form being dominantas far as ronment. Secondly, just prior to crystallisation this
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environment becomes more disordered as illustrat- feature between 180 and 190 K. However, in this
ed by the broadening of the first peak ga.o(r). glass, the first peak of,.o(r) to that of the
The EXAFS spectra for 2INO5),-6H,0 (Fig. 12H,0 glass is observed; the sharp frozen state
4a,b at the two higher temperatur€¢480 K and relaxes to larger distances and then becomes
185 K) either side of the shoulder in the DSC strongly disordered immediately prior to crystallis-
trace (centred at 183 K (Fig. 1). The structural  ation. This is probably due to the strong overlap
change between 180 and 185 K is small, despite and sharing ofNO3s ions and H O molecules
the large (30%) change in excess entropy as within the Zr#* first coordination shell. On purely
indicated in the DSC trace. Indeed, the only statistical grounds an oxygen atom of &0z
obvious differences in the EXAFS data are a loss anion must enter the first shell. In summary, the
of intensity at highk. This manifests itself as a results for Z§NO;),*12H,0 where there is sulffi-
large shoulder on the first peak gf.o(r). Simi- cient water to complete the hydration sphere show
larities amongst data sets in the lokv region similar behaviour to those of the ZINO;),-2H,0.
shows that, in contrast to results for the.2H O and We suggest that the origins of this behaviour is in
12H,0 samples, there is no evidence for significant the case of the former, due to the hydration of the
intermediate range structural change with temper- Zn** being insufficiently strong(cf. Ni**) to
ature. The feature at 4.0 A in thg,.o(r), may avoid interaction withNO3 ions and water mole-
arise from either a multiple scattering or a second cules of the second hydration sphere. This situation
coordination shell. Although it cannot be positively is particularly the case foNO3; ions, which are
assigned, we prefer the latter explanation, as atplanar and can displace water. For the case of the
these three sample concentrations a second coorZn(NOj;),:2H,O system, the At coordination is
dination region would be expected. mixed with incomplete hydration. Although there
The absence of a change in the short rangeis no requirement for water molecules to be dis-
order over the range 180-185 K implies that the placed to allowNO; penetration into the Zh
large DSC feature in the 6H O sample is likely to hydration sphere, wheMNO;  enters this region,
have come about due to longer range interactions. significant loss of hydration binding and order are
We postulate therefore, that as the,6H O system is clearly observed.
glassified, ZA™ ions rapidly fill most of their Therefore, for zinc nitrate solutions with water
nearest neighbour coordination shells with water fractions above 6k O there is an orientational
molecules, leavindNO3 ions as peripheral to this bonding in the second hydration sphere the nature
shell. Thus, on approaching the glass transition, of which underpins the glassy properties of the
the system is able to undergo structural rearrange-system. For solutions with water fractions below
ments which take place involving the 6H,O the coordination is likely to be ionic due to
[Zn(H,0)¢l?" groups and it is this hydrogen incomplete ZA* hydration. We also find that the
bonded network that gives rise to the large excessNO3 ion is unable to act as an effective oxygen
entropy change in this system. donor to the hydration sphere of Zn , at higher
We observe that in the most concentrated glasstemperatures, probably due to its rotation. This
discussed her€Zn(NO;),-6H,0) the local order  result may explain why solution hydrates of nitrate
is significantly different from the crystalline state salts are easier to glassify than those of chloride
(Fig. 5a,b. The main differences observed in the salts.
Xexpik) spectra for each temperature are a splitting ~ The results above also explain how?Zn  plays
of the peak at 4 Al . The comparison to the an important role in biological processes. Indeed
crystallised ZNO;),-6H,0O spectrum(Fig. 43 the results of the glassification study presented
the glass spectrum has a higher fundamental fre-above link in with those from neutron quasi-elastic
quency indicating a higher local density. Despite scattering and molecular dynamics simulation stud-
the large amount of change withige.,{(k) the ies of Cu,Zn superoxide dismutag28,29 which
DSC trace is by far the simplest of the solutions indicate that a glasslike transition appears approx-
with only the slightest hint of a pre-crystallisation imately 200 K, i.e. in exactly the same regime
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found in the current work. We also note the result
for Zn?™ stands in marked contrast to that for
Ni2*, which has a well-defined six-fold coordina-
tion in solution and appears to have no biological
role whatsoever!

4, Conclusions

The results presented above show that EXAFS,
when combined with state-of-the-art RMC simu-
lations, may be used to provide useful structural
information on complex liquids and glasses. By
exploiting the fact that the scattering process is
centred on the back-scattered electron, it is possible
to investigate the annealing process in the region
of the glass transition in terms of the degree of
disorder around the photoabsorbing ion. We con-
clude that the pre-crystallisation features in the
DSC results are linked to the formation of second
hydration shell structures. This process arises at
the expense of the ordering within theZn first
coordination shell, which unsurprisingly becomes
less ordered with increasing temperature. In the
case of a ZNO;),+2H,0 solution, there is insuf-
ficient water to support the hydrogen-bonding
network and to stabilise a directionally bonded
second coordination sphere, i.e. a configuration
that requires co-operative motion. Instead, the
system behaves like a simple molten salt with
electrostatic interactions. This interpretation of the
three hydrated salt solutions also helps in explain-
ing the seemingly random order for the glass
transition temperatures. The @0;),-12H,0 has
more water than that of the crystal but insufficient
to allow an ice-like hydrogen bond structure to be
formed quickly. Consequently, large structural rear-
rangements are needed on crystallisation to remove
the water from the crystallising regions. The
Zn(NO3),*6H,0 sample has no excess water and
is able to adopt rapidly the crystalline structure
through progressive rearrangements. Thus, the ion-
ic length scale is important in the cooling process.
The improvements described above for the analysis
of EXAFS data for disordered systems will enable
more far reaching studies of structural and dynam-
ical processes to be carried out. For example,
because EXAFS is sensitive at low concentrations
of the absorbing species, results for the local

Chemistry 107 (2004) 229-241

structure of transition metal ions such as?Zn ,
Feet, Fé* and Cir in bio-molecular materials
can be obtained in regimes of normal biological
activity.
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