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Free Energy of Ion Hydration
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The influence of temperature and pressure on the free energy of the ion hydration has been considered. The ion
radii measured by conductometric method and the saturated dielectric constant cited from other works were used
to calculate the free energy in the hydration shell. The Born equation was modified in order to fit in our model.
In our model, the environment of ion consists of three regions. The innermost one is the hydration shell in which
water is immobilized and electrostricted, the middle one is the one which contains less ordered waters than the
bulk medium, and the outermost one is the bulk water which is under the influence of the electric field of ion.
Our results for the free energy of ion hydration were compared with those of other attempts. Especially, AGy.
of Li* ion is considerably too negative in this study at given temperature, comparing with those of other attempts.

But AGyu of other ions coincides with each other.

Introduction

The solvation properties of electrolytes in aqueous solution
are important in solution chemistry. Especially the ion hy-
dration plays an important role in chemical and biochemical
processes. The Born model! for the free energy of ion hydra-
tion forms the basis for a continuum approach? The free
energy of ion hydration is the reversible work required to
charge a conducting hard sphere of radius », embedded in
a polarizable fluid with the relative dielectric constant e, at
constant temperature and pressure and is expressed as

2z
AG=—"’I’;—‘}%}~ (1-1e) N

Where, N, Ze, and &, are the Avogadro number, the charge
of the ion, and the dielectric constant of vacuum, respec-
tively. As it was shown by Born approximation, the free en-
ergy of ion hydration depends upon two parameters, the io-
nic radius » and the relative dielectric constants & of the
fluid. Quantitatively speaking, the Born model is rather
crude, due to the hard sphere assumption for the ionic solute
and the treatment of the solvent as a continuous dielectric
medium. According to this model, the free energies of hydra-
tion of not only the positively charged ions but negatively

charged ones turn out to be the same when the same values
of radii are used. However, such results are highly question-
able since the surrounding patterns of water molecules
around positive ion and negative one are quite different. Bet-
ter result may be obtained, if the effective radii of hydrated
fon and the dielectric constant of water in regions vicinal
to the ion (due to dielectric saturation) are obtained. In fact,
because of this, Born equation has been modified by a num-
ber of authors? !

In this paper, we have used the effective hydrated ionic
radii obtained from our experimental results'?> and the satu-
rated dielectric constant cited from other works*" in order
to calculate the free energies of ion hydration in the hydra-
tion shell and outside of it as well. We have modified the
Born equation for the electrostatic free energy of the ion
hydration using the effective hydrated ionic radii and the
saturated dielectric constants.

Model

The hydration-shell model deduced from our experiment
resembles that of the Frank and Wen.!* In their (or our)
model, the environment of ion consists of three regions. The
innermost one is the hydration shell in which the water is
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immobilized and electrostricted, the middle one is the one
which contains less ordered waters than the bulk medium,
and the outermost one is the bulk water which is under
the influence of the electric field of ion.

In our model, the jon seems to interact with its environ-
ment as follows. Firstly, a cavity of radius r is formed in
water, and then the ion with its hydration shell is inserted
into the cavity interacting with the bulk water by means
of dispersion and dipole-induced dipole interactions as if it
were uncharged. Later the charging process makes the cha-
rge effectively large as much as to produce the electric field
which causes the dielectric saturation in the hydration shell.
The permittivity (or dielectric constant) of the water in the
hydration shell is considered to have the effective-local di-
electric constant g4 Since this local effect is different from
ion to ion, as is g(charge)/{radius) ratio, it is reasonable
to use the different effective dielectric constants proposed
by Noyes® The dielectric constant of water beyond the dis-
tance 74 is the bulk value ¢ obtained by other works.'>1®

In the present study, the molar Gibbs energy of ion hydra-
tion has been modified as

AG,=41-87(ry). (2)

AG, (KJ/mol} represents the free energy of a non-polar gas-
eous neutral solute'™ of the same size as a corresponding
ion. The constants in Eq. (1) were obtained from the data
in ref. 11, ry (A) is the effective radius of hydrated ion and
is obtained from our experiment (see the next section). The
equation of Gibbs energy of the electrostatic interaction in
the hydration shell is expressed in refs. 10(a) and 11. But
these models in refs. 10{a) and 11 are not adequate in our
mode]l because those were one-layer ones. So we modified
those in order to fit in our model. Then, generally, the modi-
fied Gibbs energy in the electrostatically interactive region,
ie, in the n-layers hydration shell becomes,

AGa=(N:e*/8n &) il A-VEPLWr—1m]). @)

Where, ¢4, .., and r; are the effective dielectric constant
of water in the ith hydration shell and the radius to the
(i—1)th and fth layer of water surrounding ion. If we ap-
plied Eq. (2) to our model, 1, n=2, AG., becomes

AGa = (Nae?8n £0)2° (1 Ve [{1/r.— /1) ]
+ (N8 £)2* (1~ Ve) [(1/n— Ury) 1. 4)

Where, €, £, and r, are the effective dielectric constant of
water in the first hydration shell, that of water in the second
hydration shell and the radius (obtained from the hydration
number and rdf results of other works'®!®) to the first layer
of water surrounding ion, respectively. ». is the radius of
ion obtained from a crystallographic study.” In the right-
hand side of Eq. (4), the first and the second terms represent
the free energy of electrostatic interaction between ion and
water in the first hydration shell and that in the second
hydration shell, respectively. We assumed that the effective
dielectric constants of water in second hydration shell was
approximately equal to means value between that in first
hydration shell and that in bulk®

In the mean time, the Gibbs energy beyond the hydration
shell becomes,

Bult. Korean Chem. Soc, Vol. 14, No. 2, 1993 221

AG2={(Nag?/8n e)22(1— 1/e) /1. (5)

Where, ¢ is the dielectric constant of bulk water. Since in
our model the interaction beyond the hydration region is
included, the Gibbs energy from the electrostatic interactions
becomes

AGa 2= (N8 £0)22(1— Ve ) [ (Vr.— 1/r)]
+ (N80 60)2*(1— V&) [(Ln — 1/rp) ]
+ (N4e¥/8n e0)22(1—1/e) ry 6)

The contribution of the effects of the ion on the structure
of water to the Gibbs energy of the hydration beyond what
is already specified by Egs. (1) and (6) is negligible.® Hence
the total Gibbs free energy of interaction of the ion with
its surroundings in the infinitely dilute solutions is just the
sum of the contributions given in Egs. (1) and (6).

AGymf= AG,, + AG;] +2 {7)
Experimental and Calculation

Experimental. LiCl, NaCl, KC! and KBr of the guaran-
teed reagent grade were obtained from Aldrich Chemicals
Co. Ltd. Stock solution of 1.000X10"% M was prepared at
20T which was then diluted volumetrically to the required
concentration at the time of usage. Water was prepared using
Millipore purification system and had a specific resistance
greater than 1X10° ohm-cm.

The conductance bridge of Johnes-Joseph type made by
Rhode-Schwarz Co. in Germany was used in this study. The
dipping cell of Beckmann Co. was used to measure conduc-
tivity of electrolyte at atmospheric pressure. But the high
pressure conductivity cell made of teflon, platinum, and
glass-stopper was manufactured in our laboratory and has
the capacity of about 3 ml. The teflon tube is so thin that
it can transmit pressure effectively and at the same time
isolate the sample completely from mineral oil used as pres-
sure-transmitting fluid,'> The pressure in the vessel was
measured directly by means of a calibrated resistance gauge
{Bourdon gauge). The cell constant at atmospheric pressure
was determined by using standard solution of 0.01 D KCI®
(x=0.0128560 ohm ™ !-cm~"). The cells with 1.5346 and 1.5618
cm”! constant values were used for the measurements,

The changes of concentration of dilute sample solutions
by pressure were calibrated using the density data of water.®
The temperature was controlled by a thermostat of Beck-
mann Co. to £005C.

Calculations. The limiting equivalent conductances of
LiCl, NaCl, KCl, and KBr have been measured by conducto-
metric method in the range of temperature from 20 to 40T
and of pressure from 1 to 2000 bars at 250C . Those of LiC),
NaCl, KCl, and KBr were already published in ref, 12, The
limiting equivalent conductances of Li*, Na*, K*, CiI~, and
Br~ ions have been obtained by TATB method.?

The Stokes’ law radii #; of ions on classical hydrodynamics
were calculated from the limiting equivalent conductance of
ion and viscosity of water obtained from refs. 15 and 16.
However, Stokes’ law radii are often inappropnately small
because water is not a constant medium. In fact, the radii
of the hydrated ions should be greater than that of the water
molecules even in a viscous fluid state?. In order to measure
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Table 1. Effective Radius, ry (&) of ons in Water

lon
Temp. ()

Li* Na* K* CI- Br~
20 3381 356 330 3.30 327
25 381 357 331 332 3.29
25 382 358 331 332 3.30
28 241 218 212 224 231
30 385 357 333 333 3.30
35 388 359 3.35 335 332
40 392 361 337 337 3.34

“Ref. 25. *Ref. 11

the deviations of Stokes’ radii of small ions, it is desirable
to establish a calibration procedure based upon ions whose
radii in solution are known, and consequently, upon the cry-
stallographic radii of ions which unhydrated. There are two
methods that obtain the effective radius of a hydrated ion.
One is Robinson and Stokes method® which is highly uncer-
tain for ions with Stokes radius less than 2.5 A% and the
other is Nightingale method”* with assumption that all of
the teraalkylammonium ions except the tetramethylammo-
nium ion are unhydrated. Nightingale method were used
to obtain the effective radius of a hydrated ion in this study.

From the effective radii r,; and crystallograpic radii ., the
volume of hydration shell surrounding ions has been calcu-
lated from Eq. (8).

Vs.ﬁ = (4{3)]1(739)_‘!"#,3() (8)

The hydration number 4 of ions have been calculated from
Eq. (9.

h=V/V, )

where V, is average volume of one water molecule.”
Results and Discussion

The obtained effective radii, 7,4, of ions'? are listed in
Table 1 and shown in Figure 1. The values of 74 increase
with increasing temperature and decreased with increasing
pressure. This trend of ry was explained by the effect of
temperature and pressure on hydration number of ions. If
we compare the effective radii in this study at 25C with
the data in ref. 22, those of Li*, Na*, K*, CI-, and Br~
ions are 3.83, 358, 3.31, 3.32, and 330 A in this study and
3.82, 3.58, 3.31, 3.32, and 3.30 A in ref. 22, respectively. There
is 2 good agreement between these two studies.

The calculated hydration number of ions are listed in
Tables 2 and 3. The hydration number of Li*, Na*, K-,
Cl~, and Br~ ions increase wih increasing temperature. This
trend can be explained by the negative hydration of Samoi-
lov.?? The intrested reader should consult the cited refs.
for information about the negative hydration. If one compares
the hydration number of ions in this study at 25C with
the most probable hydration number of corresponding ion
in primary hydration shell’® listed in Table 2, those of Li*,
Na*, K*, Cl, and Br~ ions are 7.7, 6.2, 4.7, 43 and 35
in this study and 5% 1, 41, 3£ 2 2+1, and 2% 1 in ref
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Figure 1. Effect of pressure on the effective radius of ions at

298 K.

Table 2. Hydration Number (h) of Ions

ITon
Temp. (C)
Li- Na- K* Ci- Br-
20 77 6.2 47 42 35
25 .7 6.2 4.7 43 35
25° 5+1 4+1 3*2 2%1 2*1
30 79 6.2 48 43 36
35 8.1 6.3 49 44 37
40 B4 6.5 50 45 38
°Ref. 16.
Table 3. Hydration Number (h) of lons at 25¢
Ion
Press. (bars)
Li* Na* K* Cl- Br-
1 7.7 62 47 42 35
1° - - 2.5 19 -
500 78 6.3 48 43 4.0
500 - - 26 19 -
1600 74 62 47 42 39
10007 - - 25 1.9 it
1500 72 62 4.7 42 39
15007 - - 26 18 et
2000 71 6.1 46 4.1 37
20000 - - 24 18 -
“Ref. 28.

16, respectively. It can be found that the results of this study
agree with Frank-Wen model in ref. 14. The hydration num-
ber of ions in this study decreases slightly with increasing
pressure. Since all ions are hydrated by electrostatic force
and hydrogen bonding, the effect of pressure on hydration
number of ions can be explained by the pressure-induced
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Table 4. Dielectic Constant of Water (¢) and Average Volume
of Water Molecule {V,)

Temp (C) 20 25 30 35 40
g 80.34 78.54 76.78 75.04 73.39
Press. (bar) 1 500 1000 1500 2000
e 78.54 80.81 82.88 84.80 86.57

ve b 30 29 29 28 28

“Ref. 16. *Ref. 15. ‘Ref. 31.

dehydration suggested by Horne”. If one compares the hyd-
ration numbers of K* and Cl- ions in this study at 25C
and 1 bar with those of Nakahara's®, those of K* and CI-
ions are 4.7 and 4.3 in this study and 2.5 and 1.9 in Naka-
hara’s study, respectively. Those of K* and Cl~ ions at 26T
and 2000 bars are 46 and 4.1 in this study and 2.4 and
1.8 in Nakahara's study, respectively. The results of this
study were almost twice as large as those of Nakahara's.
These differences generally arise from the differences of ob-
taining the limiting equivalent conductanecs of ions and of
calibrating the Stokes' radius and the effective radii of ions.
In this study. TATB method and Nightingale method have
been used to obtain the hydration number of ions at given
temperature and pressure. But Nakahara's group chooses
(Bu,N* as a reference ion and the radii have been calibra-
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ted by the correction factor suggested by Nakahara's group,?
Nakahara's group assumed that correction factors are inde-
pendent on the temperature and pressure?

From the comparison of hydration numbers among three
studies, it was found that the first layer waters and a fraction
of the second layer waters are efficiently surrounding the
probe ion. From this, we could choose our model needed
to obtain the free energy of ion hydration. This two-layers
model is coincide with other work® Comparing the effective
hydrated radii of Na* (3.57 &) and Cl- (332 A) ions in this
study at 25C and 1 bar with the calculated ion-oxygen (Na*;
235 A, ClI7; 320 A) and ion-hydrogen (Na*; 2.90 & o
220 131) distances obtained by using only the first hydration
shell at 300 K and 1 bar in ref. 30 and comparing the dydra-
tion number (6.2} and the effective radius (3.57 A) of Na*
ion in this study at 25C and 1 bar with that (4.9) and the
miniumum value of first »df peak (3.4 A) of Na* jon in the
first hydration shell in ref 18(b), we think that our model
seems to be reasonable.

According to our model, we calculated the free energy
of ion hydration. First. AG, has been calculated using Eq.
(1) at constant temperature and pressure. These values de-
crease with increasing temperature and increase with inc-
reasing pressure. The calculated values of AG, has been
within the known range'’. The dielectric constants of water’$
needed to calculate AG..., at given temperature and pres-
sure and the average volume of water at a given pressure®

Table 5. Effective Dielectric Constant of Water (e and Crystallographic Radius () of Ion at 25T

Ion
Temp. (C) Li* Na- K* Cl- Br-
4] & € ) £ €2 € £2 € &2
20 2.85 41.60 237 41.36 2.88 41.61 12.70 46,52 1358 46.96
25 2.79 4067 232 4043 282 40.68 1242 4548 13.28 4591
30 2.78 40.55 231 40,31 281 40.56 12,38 4534 13.24 45.77
35 267 38.86 222 38.63 2.69 38.86 11.87 4345 12.69 43.86
40 2.61 33.00 217 37.78 264 38.01 11.61 4250 1241 42.90
Press. (hars) Li* Na* Cl- Br-
£ €2 € £ & 73 g &2 131 €2
1 279 40.67 2.32¢ 4043 2.82¢ 40.68 12.42° 4548 13.28 4591
500 287 41.85 2.39 41.60 2.90 41.86 12.78 46.79 1366 47.24
1000 294 42.92 245 42.67 298 4293 13.11 48.00 1401 4845
1500 3.01 4391 2.50 43.65 3.04 4392 1341 49.10 1434 4957
2000 3.08 4483 2.56 44.56 311 44.84 13.68 50.13 14.64 50.60
Ton
Li* Na* K* CI- Br~
& 069 1.02 1.38 181 1.96

Ref. 13. *Ref. 19,
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Table 6. Molar Gibbs Energy of lon Hydration AG;., (KJ/mol)

Ion
Temp. (€}
Li* Na* K* Cr- Br-
20 —-6711 —4340 -—3602 —3293 ~305.0
25 —6656 —430.1 —3583 —3291 —3049
30 —665.1 —4291 -—-3581 -—3202 —3049
3 —6545 —4215 —36539 —3287 —3047
40 —6485 —4170 3521 3285 —3046

Table 7. Molar Gibbs Energy of Ion Hydration at 25C AGy..
(KJ/mol)

Ion
L Na* K* Cl- Br-
Noyes” —-5§5110 —4115 -—-3371 -3184 -2895
Symons® -5142 —4084 3402 -3171 -—2895
Stokes’ - —-4326 ~—357.7 2870 2828
Abraham® - —-4125 3381 -2862 —2573
Berendsen’ -~ —4314 —3486 —2392 —2282
Friedman' - —4162 -3460 —3251 3113
Bucher? —511.2 —4110 -3377 -—-3173 -3030
Marcus* ~4755 —3650 —2950 —3400 -—3150
This work 66561 —430.1 -—3583 —3202 -—3049

*Ref. 5. *Ref. 33. ‘Ref. 6. “Ref. 10(a). ‘Ref. 1. /Ref. 34. ¢Ref.
9. *Ref. 1L

were presented in Table 4. The effective dielectric constants
of waters®® surrounding ion and the crystallographic radii
of ions'® were listed in Table 5.

Second, AG,;.; has been also calculated using Eq. (6) at
constant temperature and pressure. AG,., of Li*, Na*, K*,
Cl-, and Br~ ions a 25C and 1 bar in this study are —673.5,
~4400, —370.5, —341.2 and —317.3 KJ/mol, respectively.
While AG,, of Li*, Na*, K*, Cl-, and Br~ ions at 25C and
1 bar in ref. 13are —515.9, —4920, —4535 —3259 and
—298.3 KJ/mol, respectively. These values in ref. 13 were
obtained by the electrostatic polarization potential, expressed
as a function of central charge concept and the critical radii,
and calculated AG,, base on the Born formula. On the other
hand, AG. of Li*, Na*, K*, CI” and Br~ ions at 25C and
1 bar in ref. 5 are ~5109, —411.7, —336.8, —3184 and
—289.5 KJ/mol (obtained from convention that hydrogen ion
has zero value), respectively. The difference of AG..2 in
three studies resulted from the method and assumption used
to obtain AG, .2 of ions.

The AG,,s of ions (obtained using Eq. (7) at various tem-
peratures) were listed in Table 6. Those of Li*, Na*, K*,
Ct~, and Br~ ions slightly increase with increasing tempera-
ture. Though the range of temperature is different, the trend
of temperature of the AG, of corresponding ions was simi-
lar with that of Abraham® Since the Bom equation was im-
perfect, many workers have attempted to improve it to de-
termine the AGy,, of ions. The results of other workers are
presented in Table 7 together with the results of this study.
The AGy,. of Li* ion obtainted from this work is much nega-
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Figure 2. Effect of pressure on the Gibbs free energy of ions
hydration at 298 K.

tively larger than that of others. This is because the number
of water surrounding Li* ion is bigger than those of other
workers. Although the different assumptions were used to
obtain the ion radii the effective dielctric constants of water
surrounding ion, the AGy,'s coincide with each other except
Li* ion. As shown in Figure 2, the AGyq of Li*, Na*, K*,
Cl” and Br~ ions at 25T decrease with increasing pressure.
This may be due to the decrease of the hydration number
of ions with increasing pressure.
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A Study on Ni-H, Pd-H, and Pt-H Systems
by Cluster Orbital Method
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As an application of the cluster orbitals proposed previously, nickel-, palladium-, and platinum-hydrogen systems
are studied. Density of states, prolected density of states, HOMO levels, and stabilization energies are calculated
and compared with those obtained by extended Hiickel method for small clusters. These calculations are extended
to large clusters to find the size dependence of several physical quantities. Reduced overlap populations are also
calculated to clarify the charge transfer phenomena reported earlier. The calculated physical quantities show no
dependence on the cluster size. It is also found that the charge transfer occurs due to the intrinsic character of
palladium, not due to the edge effect which may be present in small clusters.

Introduction

It has been reported previously’, from extended Hiickel
(EH) calculations, that hydrogen atoms in palladium cluster
are stabilized remarkably compared with those in nickel or
platinum. It was also found that charge transfer from metal
to hydrogen is more pronounced in palladium cluster than
in nickel and platinum. These phenomena were interpreted
as being either due to the intrinsic character of palladium
or due to the edge effect which may be present in small

clusters, The clusters used for the calculations, however,
were too small (with less than a hundred atoms) to show
the edge effect properly. So it is necessary to consider large
clusters to identify the possible edge effect which may be
present in small clusters. Large clusters {say, clusters with
more than a hundred or so atoms), however, cannot be treat-
ed by the EH method used earlier.

In the earlier work? it has been studied how to obtain
analytic solutions of face-centered cubic (fc.c.) clusters with
arbitrary size. Though the shape of the clusters has been



