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A study of the relationship between water and
anions of the Hofmeister series using pressure
perturbation calorimetry Q2

Jordan W. Bye and Robert J. Falconer*

Pressure perturbation calorimetry (PPC) was used to study
the relationship between water and sodium salts with a
range of different anions.
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15 15
Pressure perturbation calorimetry (PPC) was used to study the relationship between water and sodium
salts with a range of different anions. At temperatures around 25 °C the heat on pressurisation (AQ)
from 1 to 5 bar was negative for all solutions relative to pure water. The raw data showed that as the
temperature rose, the gradient was positive relative to pure water and the transition temperature where
20 AQ was zero was related to anion surface charge density and was more pronounced for the low-charge

density anions. A three component model was developed comprising bulk water, the hydration layer and o
the solute to calculate the molar expansivity of the hydration layer around the ions in solution. The
Received 29th January 2015, calculated molar expansivities of water in the hydration layer around the ions were consistently less than
Accepted 29th April 2015 pure water. AQ at different disodium hydrogen phosphate concentrations showed that the change in
95 DOI:10.1039/c5¢cp00571; molar enthalpy relative to pure water was not linear even as it approached infinite dilution suggesting 25
that while hydration layers can be allocated to the water around ions this does not rule out interactions
www.rsc.org/pccp between water and ions extending beyond the immediate hydration layer.
30 Introduction their ability to precipitate or solubilise protein essembles. 30
Hofmeister explained his observations in terms of the hydration
Water is a unique solvent that plays a critical role in supporting strength of the ions (their ability to absorb water). Ions with
life on earth. Despite this there is still ongoing discussion strong hydration compete with the protein for the water and it is
between scientists on the nature of water and its association this that causes the protein’s precipitation. A similar ordering of
35 with inorganic and organic molecules. A unique property of the ions was observed in surface tension measurements by Adolf 35
water is it propensity to rapidly swap protons between water Heydweiller in 1910.° An alternative explanation for the Hofme-
molecules at a picosecond timescale, referred to as hydrogen ister effect was published in 1930 by Cox and Wolfenden which
bonding. When a salt is added to water it dissociates into explained the observed effect of ions on viscosity in terms of
anions and cations as described by Arrhenius in 1887." These the degree of polymerisation of the solvent in the presence of the
40  ions have electrical fields which interact with the dipolar water ions.® Over a period of years evolved the explanation for the 40
molecules that arrange themselves around the ions. These Hofmeister effect as the ability of an ion to alter the hydrogen
arranged water molecules are often referred to as the hydration bond population of the solvent’ often referred to as the structure
layer. There is discussion around whether the ion’s effect making and structure breaking theory. This theory relied on the
extends just to the water molecules at the interface with the ions having the ability to interact with water molecules beyond
45 ion, into a second hydration layer or beyond into more its first hydration layer. In 2003, the structure making and 45
distant water. structure breaking theory was directly challenged using data
In 1888 Franz Hofmeister published two papers on the effect from femtosecond pump-probe spectroscopy that suggested
salts had on protein solubility in water.>® An English transla- there was no measurable interaction with water beyond the first
tion of these papers is available in Kunz et al. 2004.* The hydration layer.® Since then evidence using neutron diffraction,’
50 observation was made that ions could be ordered according molecular dynamic simulation'® and calorimetry techniques™ 50
have suggested long-range interactions beyond the first hydra-
tion layer are likely.
Del?artn?ent of Chemical & Biological Engineering, 'ChEI',SI Institute, In this paper we add pressure perturbation calorimetry (PPC)
University of Sheffield, Sheffield, S1 3JD, UK. E-mail: r.j.falconer@sheffield.ac.uk; .. .
Fax: +44 (0)114 2227501; Tel: +44 (0)114 2228253 at low pressure changes to the existing palate of techniques for
55 4 Electronic supplementary information (ESI) available. See DOI: 10.1039/ studying electrolyte solutions and discuss the results with reference 55
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by instrumentation that subject the samples to high pressure
changes (up to 4000 bar) which were suitable for studying phase
transitions in organic solvents and polymers, and had been around
since the 1970s.”™*> More recently a modification to differential
scanning microcalorimetry (DSC) instrumentation enabled this
type of analysis to be carried out at lower pressure changes
(4 bar) with a high degree of sensitivity which enabled the analysis
of the heat change on pressurization for diverse solutes in
water.'®'” These devices measure the heat change in the solution
as the pressure above the solution is altered. From this the thermal
expansion coefficient («) of the solute has been calculated and the
hydrogen-bond population of the water at the solute-water inter-
face studied."®"® This approach has been applied to a diverse range
of solutes including polymers,'® amino acids,"”” small inorganic
and organic molecules,'® proteins,’®?® lipid micelles and
bilayers,>*! and nucleic acid.***

The calculation of the thermal expansion coefficient from
PPC data assumed a two-state model for water with a relatively
low density and a denser liquid species. PPC relies on the Le
Chatelier’s principle, that on pressurization the water will try to
equilibrate by moving towards the higher density form. The
derivation of the equation that has been used to calculate the
thermal expansion coefficient uses a two-component system for
small molecules in solution where V. is the total volume, Vj is
the molar volume of solvent and V is the partial specific volume
of the solute in the solution which includes any volume
changes induced in the solvent; x, is molar fraction of the
solvent and x, is molar fraction of the solute.'”"*®

Viot = xo Vo + X V (1)

An alternative approach to the two-component model is to
directly take into account the population of water around the
solute (referred to as the hydration layer or solvation shell in
the literature) that has a molar volume which may be different
to bulk water (unperturbed or pure water). Whichever model is
selected for defining the boundary of the hydration layer
around a solute this population of water has to be defined in
terms of its own average molar volume, molar fraction and
average thermal expansion coefficient. In this paper the authors
propose an alternative approach to studying solutes in water
taking the hydration layer into account and present the results
for sodium salts with different anions to illustrate how this
approach can be implemented.

Data analysis

The authors initially calculated values for the coefficient of
thermal expansion using the equation derived in Lin et al
20027 using published apparent partial volume (V) values**
and the experimental PPC results for 100 mM salt solutions (see
Fig. S1 in the ESIT). While the coefficient of thermal expansion
for sodium chloride, sodium bromide, sodium iodide, sodium
thiocyanide and sodium perchlorate are plausible those for sodium
fluoride and disodium sulphate were unusual. Sodium flouride
and disodium sulphate both have high charge density and their
conventional apparent partial volume (V) values® are markedly
lower than their intrinsic volumes (Vin)* (see Fig. S2 in the ESIY).

2 | Phys. Chem. Chem. Phys., 2015, 00, 1-8
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It was concluded that the two-component model was problematic
for high charge density ions. It was this observation that led the
authors to suggest a three-component model for salt solutions
where V;, is the molar volume of bulk solvent, V;, is the average
molar volume of the solvent within the hydration layer and Vj is the
molar volume of solute; Xy, is the molar fraction of the bulk solvent,
X, is the molar fraction of the solvent within the hydration layer
and x; is the molar fraction of the solute.

Viot = XpVp + XnVh + XV (2)

The heat (Q) is derived from first principles for a single
component system where T is temperature, AP is change in
pressure, o is the thermal expansion coefficient and V is the
volume."”

Q= —TAPxV (3)
For a three component system this becomes
Q = —TAP [bebO(b + X Vhop + stsas] (4)

where oy, o, and o is the thermal expansion coefficient of the
bulk water, hydration layer and solute, respectively.

The difference in heat between the sample and reference
cells is

AQ = TAP[xoVootg — XpVotp — XnVhon — XsVsos]  (5)

where xy, V, and ¢, is the molar fraction, molar volume and
thermal expansion coefficient of the pure water in the
reference cell.

As Vo = Vb, a9 = o and x, is 1 the equation can be
simplified to

AQ = TAP [(1 — xb)(Vbozb) — XpVhon — sts[Xs] (6)
As xp =1 — xp — X
AQ = TAP [[xs + xh)(Vbocb) — XpVhon — JCSVSO(S] (7)

As the x;, is defined by the multiple number (n) of water
molecules around the ions x}, = nxg, the equation can be further
simplified to

AQ = TAP[(n + 1)(xsVop) — nxsVion — xsVsots]  (8)
AQ = TAPXS[(}’Z + 1)(Vb06b) — nVhoy, — VSOCS] (9)

The experimental results show that as AP and x; tend to zero AQ
tend to zero but as T tends to zero AQ is negative therefore a
constant (4) is added to the equation. Note A is undefined and
may be due to the presence of the sodium cation and its
interaction with the anion. Where T is the variable

AQ = TAPxS[(n + 1)(Vb06b) — nVhoy, — VSOCS] + A (10)

Accurate values for density, specific volume (V},), thermal
expansivity («p), and compressibility of ordinary water are
available in the literature.”® The number of water molecules
for the first and second hydration layers around anions and
cations has been estimated by diffraction methods®” and
molecular dynamic simulation®® so a value can be attributed
to n. The Vo, is known for crystalline sodium halides.*® Molar
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expansivity of the hydration layer (E,) can be derived using
eqn (10) as Ep = Viop.

Determining the thermal expansion coefficient (o;,) is more
difficult as an estimate as a value for V;, is needed. The difference
between experimental determined apparent partial molal
volumes®* and the intrinsic molal volume®® could be used to
estimate the change in molar volume of the water within the
hydration layer. An alternative approach would be to calculate
the effect of electrostriction on the molar volume of the water
within the hydration layer from molecular dynamic simulation
data.*® Both these method would be estimates at best so the
calculations used by the authors were confined to calculating the
molar expansivity of the hydration layer around the ions.

Methods and materials
Sample preparation

Ultra-pure water and all salts were sourced from Sigma Aldrich,
Gillingham, UK with purities >99.9%. Sodium was used as the
counter-ion for all anions. 2000 mM stock solutions at pH 7
were made for all salts (sodium fluoride stock solutions were
made to 100 mM at pH 8.4 due to solubility limits); stock
solution dilutions were performed by adding the required
amount of pure water.

Pressure perturbation calorimetry (PPC) measurements

PPC measurements were obtained using a capillary Nano-DSC
(TA Instruments, New Castle, DE, USA). Samples were degassed
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for 1 hour at 30 °C to remove dissolved gas from samples and
eliminate bubble formation during the scan. Heat effects (AQ)
were measured during alternating pressure pulses of +4 bar
from 1 bar to 5 bar at 1 °C intervals from 7-92 °C, giving a
usable data range of 10-90 °C. A heating rate of 0.1 °C min~"
was used to satisfy isothermal conditions required during
pressure pulses; this scanning rate is slower than the instru-
ment feedback.”® The instrument was held at a constant
temperature for 30 minutes before each scan to ensure that
any asymmetry between the reference and sample cells was
minimal. Heat changes during pressurization steps were used
for data analysis and were calculated using the NanoAnalyze
software (TA Instruments, New Castle, DE, USA) provided by the
manufacturer. Water baseline scans were performed with pure
water in reference and sample cell, scans with salt present were
performed with pure water in the reference cell and salt
solution in the sample cell. The area under each thermal power
spike was calculated by integration using NanoAnalyze software
(TA Instruments, New Castle, DE, USA) and was used as the
heat change during pressurization for that temperature, shown
in Fig. 1a-d.

Calculation of molar expansivity

Application of eqn (10) is simple in practice for solutes where
the specific volume (V;), thermal expansivity («s) are known and
n can be estimated. The specific volume (V},), thermal expan-
sivity (a,) of pure water are known.*® A was determined by
adjusting it till the calculated AQ fitted experimental AQ data.
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(a—c) Show the raw data from a pressure perturbation scan of 1000 mM disodium hydrogen phosphate, sodium chloride and sodium thiocyanate

in pure water at pH 7 respectively. Alternating pressure pulses from 1-5 bar and then 5-1 bar were applied to the sample at 1 °C intervals from 7-92 °C,
with a heating rate of 0.1 °C min~2. (d) Shows a close up of (a) from 70 °C to 75 °C, with data for pressure increases and decreases shown (---). Here the
area under the power spike for the pressure pulses was integrated by the software provided to calculate the energy absorbed and released by the sample
relative to the reference cell containing pure water. For the pressurization steps shown in (d) the change in heat is positive (endothermic) with reference
to the pure water baseline. During the depressurization steps the heat change is negative (exothermic) with reference to the pure water baseline.
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Eqn (10) was rearranged as follows so molar expansivity
(Vhom) can be calculated.

AQ— 4

[(n+ 1) (Ppow)] — Vsors — TAPx

(11)

Vo = P

Results

2 M stock solutions were made for disodium hydrogen phosphate
(at pH 7.0 this is a mixture of sodium dihydrogen phosphate and
disodium hydrogen phosphate), disodium sulphate, sodium fluor-
ide, sodium chloride, sodium bromide, sodium iodide, sodium
thiocyanate and sodium perchlorate at pH 7.0 (sodium fluoride at
pH 8.4 was only made to 100 mM due to solubility limits). These
salts were chosen so that a range of anions from the Hofmeister
series could be studied, including the simple monoatomic halogen
anions and more complex oxoanions.

Thermal data was collected as microwatts (W) of power
required to keep the reference and sample cell temperatures
identical upon pressurization and depressurization steps, the
raw data for 1000 mM disodium hydrogen phosphate, sodium
chloride and sodium thiocyanate, is shown in Fig. 1a-c, respec-
tively. Fig. 1d shows a small temperature range in which the
area under the thermal spikes (which was integrated) can be
more clearly seen, along with the pressure change which caused
the thermal spike. The power function was converted into heat
absorbed or released (AQ) in micro joules (1) by the sample
during pressure changes between 1-5 atm.

The AQ associated with pressurization of the salt solutions
at 100 mM and 1000 mM, respectively, is shown in Fig. 2a and
b. The plotted heat energies show the difference in energy
added to the sample cell compared to the reference cell which
contained pure water. Sodium fluoride was not tested at 1000
mM due to its low solubility. For all salts tested a negative AQ is
observed at lower temperatures upon sample pressurization,
this indicates that an exothermic process is taking place. The
temperature where AQ upon sample pressurization is zero (7})
was found to be salt dependent and independent of salt
concentration. The T; were found to be 60.5 °C for disodium
hydrogen phosphate, 59.5 °C for disodium sulphate, 54 °C for
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Anion Surface Charge Density (Cpm'z)
Fig. 3 lon surface charge density against the temperature (T;) where the
AQ equals zero for 100 mM disodium sulphate (l}), sodium fluoride (€),

sodium chloride (#), sodium bromide (4), sodium iodide (4#), and sodium
perchlorate (WF). Note thiocyanide was omitted as it is not spherical.

sodium fluoride, 59 °C for sodium chloride, 65.5 °C for sodium
bromide, 76.5 °C for sodium iodide, 90.5 °C for sodium
thiocyanate and 104 °C for sodium perchlorate at all salt
concentrations. The temperature where AQ upon pressuriza-
tion became endothermic was not reached for sodium perchlo-
rate concentrations.The temperature where its AQ became
endothermic was calculated by extrapolation reached for
sodium perchlorate. The surface charge density of the ions
tested plotted against the temperature where the heat changes
upon pressurization of the salt solution becomes endothermic
at the same temperature is shown in Fig. 3. Charge, ionic and
apparent ionic radii for sulphate, fluoride, chloride, bromide,
iodide, thiocyanate and perchlorate were used to calculate the
surface charge density of each ion.** It should be noted that
phosphate was omitted from this graph due to phosphate being
composed of a mixture of H,PO, and HPO,>~ at pH 7.0. There
is a trend of increasing 7, values with a decrease in surface
charge density. Thiocyanate does not fit the trend as well as the
other ions which may be due to it being treated as a sphere to
obtain its ionic radius, when it is not spherical. It should be
noted that the ordering of these ions by the T; value closely
agrees with the order seen in the Hofmeister series.”™

The average gradient on the AQ versus temperature plot for
the eight salts tested at 100 mM from 9.5-91.5 °C. The average

60009 )
2000+
N -2000=
<
-6000=
-10(‘"“ L] L] L] L] L}
0 20 40 60 80 100

Temperature (°C)

(a) Heat changes for pressure increase (1 to 5 bar) from 7-92 °C for (a) 100 mM and (b) 1000 mM disodium hydrogen phosphate (@), disodium

sulphate (1), sodium fluoride (), sodium chloride (#), sodium bromide (+), sodium iodide (4), sodium thiocyanate (=) and sodium perchlorate (¥F).
The sample size was 300 pL. Lines between data points do not represent experimental data and are only shown for guidance.
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Fig. 4 Heat changes for pressure increase (1-5 bar) from 7-92 °C at different
concentrations of disodium hydrogen phosphate; 50 (#), 100 (&), 250 (@),
500 (W), 750 (M) and 1000 mM (@). The sample size was 300 pL.

gradient for each salt (100 mM) was calculated by dividing the
difference in AQ upon pressurization at 9.5 °C and 91.5 °C. From
Fig. 2 it can clearly be seen that ions with a —2 charge release more
energy at lower temperatures and require more energy at higher
temperatures upon pressurization than ions with a —1 charge. It is
worth remembering that the divalent anion, sulphate has two
sodium cations so the gradient cannot be ascribed to the anion
alone. The gradient of ions with a —1 charge was similar to each
other, so is not dependent on ion charge density, size or shape.

The effect of different phosphate concentrations on AQ
versus temperature is shown in Fig. 4. The change in molar
enthalpy relative to pure water of the AQ versus temperature
was dependent on phosphate concentration. The AQ versus
phosphate concentration at different temperatures is shown in
Fig. 5a and b. It is worth noting that change in molar enthalpy
relative to pure water is not linear even at concentrations
around 100 mM where there are over 500 water molecules per
anion and cation.

The values for the molal volume (V},) and thermal expansion
coefficient of pure water («;,) are known from the literature,*®
and T, AP and x; values are controlled during each experiment.
The variables are n and molar expansivity (Vion). Vi, and oy
cannot be separated by this approach. Vo is known for crystal-
line salts at a set temperature.*® In this paper we assume the
Vgos value for salt and the n does not vary with temperature
calculations. The AQ values calculated using eqn (10) for

d
3000+ v
- v x
@ 2000 =
™ x
< 1000+ i T 4 A
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-1000 L) T T T L)
0 200 400 600 800 1000
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Paper

==+ Calc 40
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0 20 40 60 80 100

Temperature (°C)
Fig. 6 Experimental values for the AQ for 100 mM NaCl fitted against

values for AQ calculated using eqn (10) using the assumptions that n is 13.3
and the molar expansivity of the hydration layer is 0.55 that of pure water.

100 mM NacCl (Fig. 6) is consistent with an n value of 13.3
and and a Vyo, value 0.55 times that of the known Vi, for bulk
water at temperatures between 5 and 95 °C. The calculated
values for all the sodium halide salts using both the single
hydration layer and double hydration layer models are shown

Table 1 The number of water molecules in the 1st and 2nd water layers
around sodium (n) and halide ions, molar expansivity of a salt (Vi) the
relationship between the average molar expansivity of water in the hydration
layer and the bulk phase (Vi./Vi2,) and the constant A for NaF, NaCl, NaBr and
Nal. The later two values derived from 100 mM experimental data using egn (10)

n® Ve’ (m® mol ' K1) Vio/Vew® A (J)

1 Layer model

NaF 12.3 1.48 x 10°° 0.54 7.35 x 1077
NacCl 13.3 3.16 x 107° 0.55 6.60 x 1077
NaBr 13.1 4.46 x 10°° 0.62 7.05 x 107
Nal 14.0 5.51 x 107° 0.65 7.80 x 1077
2 Layer model

NaF 34.3 1.48 x 107° 0.83 7.50 x 1077
NaCl 40.8 3.16 x 107° 0.85 6.75 x 1077
NaBr 40.5 4.46 x 107° 0.87 7.50 x 1077
Nal 46.1 5.51 x 10° 0.89 8.10 x 1077

“ The number of water molecules per sodium and halide ions was
determined by MD simulation.*® ? The Vo is for crystalline sodium
halides.*" ¢ The Vo, is derived from pure water density measurements
published in Kell, 1967.>® The Vj,op/Vyo, and A values were calculated
using eqn (10).

2000m b
™ ! p
& .
3 2001 . P . .
O’ A
3 -40004 . ) .
L] u
6000+ .
L ]
-800 L] T L 1 ) 1
0 200 400 600 800 1000

Concentration (mM)

Fig. 5 Heat changes for pressure increase (1-5 bar) at different concentrations of disodium hydrogen phosphate and different temperatures; (a) 11.5
(@), 21.5 (M), 31.5 (A), (b) 415 (@), 61.5 (#), 71.5 (A), 815 (x) and 91.5 °C (W¥). The sample size was 300 uL.
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in Table 1. The Vo, values approach that of pure water as the
charge density reduces but are all lower than pure water.

Discussion

Interpretation of the PPC results for the different salt solutions
has to take into account that the measured AQ is a result of
both the sodium and the anion and cannot be separated. The
monovalent anions all have the same concentration of sodium
so differences between the AQ values will be due to the anion
alone. The second factor that has to be considered is that the
measured AQ is relative to the pure water in the reference cell.
By applying eqn (10) the V0, values for the hydration layer were
calculated.

Heat release has been interpreted as bond formation
between water molecules®® so the initial exothermic AQ can
be interpreted as the hydration layer strengthening or forming
additional hydrogen bonds relative to pure water. At tempera-
tures over the T; value this relationship reverses and AQ became
endothermic can be interpreted as the hydration layer weaken-
ing or breaking more hydrogen bonds relative to pure water.
The temperature where this transition between bond formation
and bond breaking is observed is dependent on charge density
of the anion. This is clearly seen for the halides which are
simple spheres but the general trend is also evident with the
more complex structure of the oxoanions and thiocyanate
(which is more linear than spherical). It is possible that PPC
is providing evidence about the hydrogen bond population of
water around the anions. Electrostatic interaction impact on
the hydration layer is also evident as valency of the anion has
an obvious effect on the average gradient on the AQ versus
temperature plot though this work does not differentiate
between this being driven by the valency of the anion or the
number of sodium ions present.

The experimental data where the concentration of phos-
phate was varied (Fig. 4, 5a and b) demonstrated that change in
molar enthalpy relative to pure water at a temperature below
the T; value was reduced as the x, increased. The non-linearity
occurs below 100 mM phosphate suggests that there are longer-
range interactions between water and ions that extends beyond
the first two layers of water and are probably electrostatic
interactions.'® This does call into question where the n value
should be set so the use of eqn (10) should have the assump-
tions used to select the n value clearly explained.

The equation for the analysis of PPC data presented in this
paper (eqn (10)) is based on a three component model compris-
ing bulk water (unperturbed water); hydration water (water that
is measurably perturbed by the ions) and the ions. Eqn (10)
accepts that the hydration water has its own molar volume and
thermal expansion coefficient that may differ from the bulk
water and this should not be ignored. The n value is dependent
on where boundary between the hydration layer and bulk water
is set. Molecular dynamic simulation has been used to estimate
the n value around the halides, see Table 1.>® For example, if
the boundary is set at a single layer of water molecules per ion,
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a sodium and chloride would have an n value of 13.3; but if a
double layer is chosen the 7 value will be 34.3. The researcher
has a choice of a single thickness or double thickness model
when using eqn (10) and should remember that the calculated
Vhon will an average for the water molecules within the
hydration layer.

The apparent partial molar volumes of water around salts at
infinite dilution®* and the ionic volume™® has been observed to
be quite different for over 50 years,’ see Fig. S1 in the ESL.} This
has been explained as electrostriction, a reduction in the
volume of the water interacting with the ion’s electrical field
and is particularly noticeable for high charge density ions like
sodium, and fluoride.>® The V},04, values calculated are consis-
tently lower than bulk water suggesting that any decrease in the
Vi, value is due to electrostriction, the o}, value or a combination
of the two.

Partial molal adiabatic compressibility sodium salts in water
at 25 °C determined from the velocity of sound through the
sample*’ like the molar expansivity of the hydration layer (V,o,)
calculated here also follows a series that mirrors the Hofmeister
series. It is attractive to think the three phenomenon are related
and have to do with the interaction of the salt with water.

Franz Hofmeister’s original observation was that certain
salts were consistent in their ability to precipitate and dissolve
proteins.”™ Hofmeister put this observation down to the salt
absorbing the water. In the 1930s the idea that ions have a long-
range effect on the hydrogen bond structure of water to explain
the viscosity of electrolyte solutions.” This lead to the theory of
some ions being “structure makers” and others being ‘“struc-
ture breakers”. Since the 1930s there has been extensive
research undertaken to better study the interaction between
water and ions using an incredibly diverse collection of analy-
tical techniques including nuclear magnetic resonance, optical
Kerr effect spectroscopy, dielectric relaxation spectroscopy,
transient vibrational adsorption spectroscopy, terahertz
spectroscopy, X-ray scattering and molecular dynamic simula-
tion. The femtosecond pump-probe spectroscopy results first
used to challenge the long-range effect of ions on water and
came to the conclusion that ions had little effect on water
beyond it’s immediate single molecule thick hydration layer.® A
hydration layer composed of a single water layer has been used
to explain experimental data for a range of techniques includ-
ing nuclear magnetic resonance,*” optical Kerr effect spectro-
scopy,” transient vibrational adsorption spectroscopy,*’
terahertz spectroscopy.** The problem with the model of water
being limited to a single layer of water around the ion is that it
failed to explain the Hofmeister effect while destroying the
established structure maker structure breaker theory. The new
orthodoxy of a single water molecule thick hydration layer has
been criticized using data from neutron scattering® and femto-
second infrared spectroscopy®® which detected a second layer
of water around ions. When the potential long-range effects of
the ion’s electrical field is taken into consideration along with
the dynamic nature of water the selection of a hydration layer’s
boundary is probably a measure of each analytical method’s
sensitivity. PPC can be used to justify either a single or double
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water layer around ions. It can also be used to challenge the
idea of the interaction between water and ions being soley short
range. The slope on the AQ versus phosphate ion concentration
plot shown in Fig. 5 and 6 did not show linearity as it
approached zero concentration. This phenomenon was also
observed when determining apparent partial molar volumes of
water around salts where an infinite dilution method was
needed to estimate the partial molar volume.** Both observa-
tions could be used to argue for long-range interactions
between ions and water beyond a one or two molecule thick
hydration layer. While the authors would not argue that struc-
ture making structure breaking theory is an adequate explana-
tion for the Hofmeister effect the femtosecond pump-probe
spectroscopy evidence that was used to criticise the theory® was
not as conclusive as it looked at the time.

The majority of the papers that used PPC to study amino
acids,"” small inorganic and organic molecules,'® proteins'’~®
and DNA*>* used the equation derived in Lin et al. 2002" to
calculate the thermal coefficient of expansion of the solvent
volume. The authors of this paper suggest that eqn (10) is worth
applying to PPC studies of diverse solutes in aqueous solutions.
Small organic and inorganic molecules as well as macromole-
cules have hydration layers. There is an increasing body of work
using techniques such as terahertz spectroscopy that have been
used to detect hydration layers around diverse organic mole-
cules including sugars,*® peptides®” and proteins*®*™° suggest-
ing hydration in many cases is not limited to a single layer at
the solutes surface but can be extensive. Whether the boundary
of the hydration layer around a solute is a single layer, a double
layer or more complex this population of water has to be
defined in terms of its own average molar volume and thermal
expansion coefficient like the water around salts in this paper.
In studies using macromolecules such as globular proteins as
the solute, it is also worth noting that the molar expansivity
(Vsoes) will have to be estimated from the known partial volumes
of the protein’s constituent groups® and that estimating a
value for n in eqn (10) will be problematic with the data
available at the time of writing.
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