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A new method of determining standard absolute solvation energies (enthalpies and Gibbs free energies) for
individual ions is presented. This method originated from the cluster pair based approximation used in earlier
work [Tissandier et al.J. Phys. Chem. A998 102, 7787] and is called the cluster pair correlation scheme.
Unlike the earlier approximation, the new scheme makes analysis possible in solvent systems for which bulk
ion-solvation data are complemented by cluster ion data, either experimental or theoretical, for clusters
containing only a single solvent molecule. The correlation scheme features linear plots of half the difference
between standard conventional cluster solvation energies for anions and cations containing equal numbers of
solvent molecules in the cluster vs their bulk counterparts. All of the correlation lines should intersect at a
point whose ordinate defines the unknown shift between the conventional and absolute energy scales, the
standard absolute energy of formation of the proton. The results obtained using this correlation scheme to
analyze the available cluster ion data for water are in substantial agreement with the results reported earlier
using the cluster pair based approximation. Preliminary values for the standard absolute enthalpy and Gibbs
free energy of ammonation of the proton are obtained when the cluster pair correlation scheme is applied to
ammonia, and a clear indication is obtained of what additional data are needed to improve these preliminary

estimates.
I. Introduction energies of formation for univalent cations in solution must be
The purpose of this work is to develop and illustrate a method, isnhg;:;ed by an equal amount in the opposite direction. Accord-

based on earlier workpf determining standard absolute single
ion energies of formation and of solvation in liquid solvents o.conyp g+ A bosnat Aot

such as water and ammonia. Experimentally, energies of ABF ™M™ (aq)) = ABF (M (aq)) — ABf(H" (aq)) (3)
formation and of solvation are known in solution only for
electrically neutral systems. To facilitate the tabulation of
individual ionic energies in water and ammonia, conventional
sets are defined with arbitrary choices made for the standard
.conventlonallenergﬁscogf fo+rmat|on_of the solvated hydrogen ABZq(Z) = AB?(Z(aq)) — AB?(Z(9)) )
ion as zerd, i.e., ABY®" (H*(solv)) = 0, whereB may be

enthalpy or free energy. To be useful the conventional quantities g q

must give the same results as their absolute counterparts for

electrically neutral systems. Accordingly for water, AB;;{O’W(Z) = AB°(Z(aq))— AB? (Z(g)) (5)

so that adding eqs 2 and 3 regenerates eq 1, as it must.
Corresponding hydration energies are similarly related because
for a univalent ion Z

AB(M™(aq))+ ABS (X~ (aq))= Consequently, the energies of formation in eq 2 are converted

orngt oy to energies of hydration simply by subtractifg3; (X~(g))
ABF (M (aq))+ AB7 (X (aq) (1) from both sides of eq 2 to get

where superscript “con” denotes a conventional quantity. For ABOCOYX ) = ABC (X ) + AB(H (a 6
M = H, eq 1 reduces to 2 (X7) ad X ) ¢ (H (aq)) (6)

3 3 N which is the analogue of eq 2 for hydration energies. Similarly,
AB{ X" (aq))= AB; (X (aq))+ ABf(H'(ad)) (2)  the energies of formation in eq 3 are converted to energies of
hydration by subtracting\Bf (M*(g)) from both sides of eq 3
so that all of the standard conventional energies of formation to get
for univalent anions in solution are shifted from their absolute
counterparts by the unknown standard single ion energy of AB;?'"(M*) = Ang(M+) — AB?(H"(aq)) (7)
formation of the aquated hydrogen ion. In order that eq 1 be
maintained for neutral pairs, all of the standard conventional which is the analogue of eq 3 for hydration energies. Obviously,

10.1021/jp013242+ CCC: $22.00 © 2002 American Chemical Society
Published on Web 01/25/2002



926 J. Phys. Chem. A, Vol. 106, No. 6, 2002 Tuttle et al.

520

L — & OHLi
- —B—OH Na

500 = X ——#—OHK
2 T B | — % OHRb
S, 480 T - = — %X~ -FLi
<) P T — -8~ -FNa
S P /,)“ / - — - — —+—-FK
53_460 e — CFRb
S - ClLi
"1: 440 -~ -#---ClINa
S ---m-- CLK
§ 420 ---A-- CIRb
= —-% - -BrlLi
3§ — -X - -BrNa
2 400 —-@ --Brk
2 — -+ --BrRb
380 — - e— |l

— -=— -] Na

— o -1K

360 —-M—-IRb

0 0.2 0.4
n-4/3

Figure 1. Half the difference between standard conventional Gibbs free energies of hydration of anions and of cations for cluster ions containing
equal numbers of water molecules plotted as ordinate verstfsas abscissa at 253C. Here,n is the number of water molecules in a cluster.
These plots illustrate the apparent convergence of these differences toward the vaB¥(df (aq)) indicated on thg-axis at 413.2 kd/mol.

adding egs 6 and 7 yields the analogue of eq 1 for hydration Note that for a given value af in Figure 1, all of the points
energies, form a vertical line. Each of these lines passes through the
value for AG?(H*(aq)). Consequently, if the ordinates of
AB(X™) + ABg, CorKM+) = AB(X") + AB3(M N (8) the points in Figure 1 for each value pfcould all be plotted
against a common abscissa, which does not depen ey
Although this result is necessary and useful, it does not help ought to form a family of curves, perhaps approximating straight
in determining the absolute scale of hydration energies. For thislines, all passing through the same point whose ordinate is

purpose, half the difference between eqs 6 and 7, AG;(H"(ag)). One of us, SM, discoveréduch a common
abscissa to be 0.8G;,"(B7) — AG;;*(A™)). This common
(ABO coq(x ) — ABZ: con(M ) = —(AB q(X ) — abscissa is suggested by the Ilnear correlatlons shown in Figure

4 of our earlier worlkk These are simply plots of (k(A™) +
AB(M™) + ABf(H(ag)) (9)  K(B))2=05AH*(B") — AHIPIAT)) — AHP(H™(g)), a
shifted (by —AH? (H*(g)) version of the common abscissa
can be useful when the difference on the right-hand side (rhs) used here for enthalpies, as ordinate vs the abscias#i{A ™)
vanishes. This may occur, for example, when and M+ are ~ — AHR(B7), used in the cluster pair based approximation.
spherically symmetric ions of the same size. These conditions Because
are nearly satisfied whenXand M" are large cluster ions. In

fact, as noted by Kloés AB*(Z(H,0),) =
n

lim it{ ABZ(B(H,0),) — AB(AH,0),)} =0 (10) ABEYZ) — NABZ,(H,0) — AR, (2) (12)

n—oco £
so that taking the limit as — o of eq 9 yields, because of €9 for a univalent ion Z, whereABg,(H.0) is vaporization
10, energy andAB_;; (Z) are energies ‘of the stepwise clustering
o © - reaction with water the left-hand side (lhs) of eq 11 may be
lim it0.5{ AB3 °(B(H,0), ) — ABZ°YA(H,0), )} = replaced by using eq 12 so as to lead to
n—oo

AB?(H'(aq)) (11) 0.5[AB;§OF(B‘) — ABSSYAT) +

Plots of half the difference between anions and cations of (AB°,. (AY) — AR, (B"))] =

their standard conventional hydration Gibbs free energies, .Z -4 -1
0.5(AG;"(B(H20)n") — AG5°(A(H20),")), versusn*Pare oo

presented in Figure 1 to illustrate the apparent convergence of 0.5y (AB®,;(B7) — AB®,, (AM) + AB;’(H+(aq)) (13)
their values as increases. (The equations used to determine 2 ' '

0.5AG;*(B(H0)n") — AGL*{A(H20)")) are given in
Tlssandler et al) The value obtalned foAGP (H*(aq)) by which is the analogue of eq 3 in ref 14 and may be converted
using the analysis to be described is marked onythgis. to it by subtractingABy (H*(g)) from both sides. The utility of
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Figure 2. Half the difference between standard conventional Gibbs free energies of hydration of anions and of cations for cluster ions containing
equal numbers of water molecules plotted as ordinate versus half the difference between standard conventional Gibbs free energies of hydration of
anions and of cations for ions containing no water molecules atZ5.0

; _ et hi i ; TABLE 1: Slopes and Intercepts of the Linear Least
€q 13 IS two f0|d'.'.:|r3t I exh|b|ts_ explicitly on its Ihs the quares Fits for Half the Standard, Conventional Cluster
experimental quantities that determine the values that are plottedio ‘spjvation Energy Differences vs the Corresponding
as ordinate in the cluster pair correlation scheme. Second, itDifferences for the Bulk Solvent

exhibits on its rhs the quantity of intereatBf (H*(aq)), with a

. I . . - free energies (kJ/mol enthalpies (kJ/mol
residual sum quantifying just how much a given point deviates g S? ) pies (_ )
from it. When all the points for a fixed value ofare plotted, n slope intercept slope intercept
we may anticipate that the residual sum will change sign and 1 0.6679 137.9 0.6957 1184
that as a result the plotted line, whatever its form, will pass 2 0.4545 225.6 0.5088 189.0
through the fixed value ofABf(H"(aq)). That this is indeed 3 0.3180 281.1 0.3762 240.3

hat h for Gibbs f SV . b iated 4 0.2431 311.8 0.2871 275.7
what happens for Gibbs free energies in water is substantiated g 0.1987 330.8 0.2137 3064
through the visual inspection of Figure 1 invited above, for the ¢ 0.1514 352.3 0.2194 299.0

point at which the residual sum changes sign is just when the 20.5(AB2(B(H,0)") — AB2YA(H.0),)) are plotted as ordi-
. n A n

line passes throughGy (H*(aq)). nates vs the common abscissa DB{(B™) — ABZAY)). B is
|mp|IC|t in the above discussion is the fact that the chosen either Gibbs free energy, or enthalpy,H. The Gibbs free energy
common abscissa, 08B;;°(B~) — AB;;*(A™)), is not at all plots are shown in Figure 2. The straight line fits are referred to

unique. As noted above, the common abscissa ought to begenerically as cluster pair correlation fits.

independent oh, yet any one of the differenceaB; (B™) — o ) .

AB?(A*), presumably could be chosen because the former II. Application of the Cluster Pair Correlation Scheme to
differences are proportional to each of the latter. And the Water

possibilities do not end there. Because of the well-known To test the efficacy of the new correlation scheme, it has
relationship between ionic solvation energies and ionic fadlii,  been applied to water, for which reliable results are already
at least for spherically symmetric ionsy4/ — 1/rg- could be available. Plots of half the difference between anions and cations
chosen. Given the wide variety of choice possible for a common of their standard conventional hydration Gibbs free energies for
abscissa for the correlation scheme, why choose the one thatluster ions versus those far= 0 are shown in Figure 2. The
was chosen? Basically because the bulk solvation data areplots for this cluster pair correlation scheme look very much
absolutely essential in order to implement the cluster pair like the plots for the earlier cluster pair based approximation,
correlation scheme for any given solvent, and because their useand the results obtained are essentially the same as those
as a correlant does not imply any extrathermodynamic assump-obtained previously. However, apart from the results, there are
tion or any special ionic shape in the scheme’s implementation, two notable differences in method. First, the abscissa for the
as does a choice of differences of reciprocal ionic radii. True, plots is independent of and second, a plot far = 0 is added

a choice of other energy differences such /&B; (B™) — to those forn = 1 to 6. These features make the scheme
AB3 (A™) would also be free of the special implications just applicable to systems for which sufficient cluster ion data are
noted, but such experimental data need not be available, andavailable for onlyn = 1, as is the case for ammonia.

even if available may not be as reliable as the differences The parameters characterizing the straight-line fits of Figure
involving bulk solvation data. Accordingly, although the choice 2 for Gibbs free energies are given in Table 1 along with those
of common abscissa that has been made is not unique it doedor corresponding plots for enthalpies. The values of absolute
seem to be well justified. standard Gibbs free energies and enthalpies of hydration of the
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TABLE 2: Average Intersection Ordinate of the Ith Cluster TABLE 3: Standard Conventional Enthalpies and Gibbs
Pair Correlation Straight Line with All of the Other Cluster Free Energies of Ammonation for lons and Cluster lons in
Pair Correlation Straight Lines, Y;, and Its Deviations from Ammonia in kJ/mol2

the Mear?

AHZTZ(NH3))  AGZ(Z(NHs))
Z  AHZZ) AGMZ)  expt. calc. expt. calc.

Yi(G) AY(G) Wi(G) AWI(G) Yi(H) AYi(H) Wi(H) AW(H)

4135 04 4133 01 3864 9.2 3863 0.1

H* —1536.2 —1516.9
4130 09 4131 0.2 3854 102 3857 0.6
4126 13 4130 02 13856 100 3857 06 Li* —890.8 —8745 —748.3 -742.8 —7358 -—731.1

0
1
2
4
5
6

4134 05 4121 11 3868 88 3868 05 K~ 687 —677.7 -6195 -622.3 -616.6 —617.6

4147 0.8 4130 0.2 4240 284 3912 48 Rb" —6533  —656.5 —594.9 —602.8
4172 33 4157 25 4145 189 3829 35 F  (72020) ~758 (-139.6) 134) —257
(@p 4139 1.2 4132 07 3956 135 3863 1.5 B (—87.8)
cl 418 548 —27.3 —29.0 757 69.3
aW andAW are corresponding weighted average and its deviation Br- —27.8 719 —-154 —-20.8 86.0 81.4
from the mean. The quantities in this table are calculated from the slopes|~ 7.5 102.6 18.6 113.2

and intercepts given in Table 1 with, in additions = 1 andb, = 0,
by using equations (A1) through (AS)Each entry in row (a) is an
average of the seven entries in the column above.

2The entries in columns 2 and 3 are calculated using eq 14 with
Jolly’s datd on the standard conventional energies of formation in
ammonia and the standard energies of formation of the gas-phase ions

- : . . from NBS tableg. The entries in columns 4, 5, 6, and 7 are calculated
proton derived from the parameters in Table 1 are given in using eq 15 with the entries from columns 2 and 3, the enthalpy and

Appendix A, together with their counterparts obtained previ- Gipps free energy of vaporization of ammonia at 25® of 19.8
ously, for comparison (beginning with the paragraph starting kj/mol and —5.7 kJ/mol, rspectively, and the relevant values of
just before eq A10). A notable feature of Figure 2, and of a ABj,(Z;NH3), experimental or calculated, given in Table 4. The

corresponding one for enthalpies, though not shown, is that theyparenthetical entries for F-containing species are estimates obtained
are composed of straight lines whose slopes range from exactlyPy using empirical correlations (see Appendix B) of experimental data
one to, in the limit ofn — o, exactly zero. The former slope is  '© Interpolate and extrapolate the data.

exactly one because of its trivial origin of plotting a quantity comparison for Gibbs free energies is between 415.2 kd/mol

against itself. The latter slope is exactly zero, but is experi- fom the single intersection point and 413.2 kd/mol, the best

mentally inaccessible. Of course, every point on this straight estimate from Table 2. These comparisons suggest that even
line would have the same ordinate, equalAtBf (H*(aq)), so the single intersection point may be expected to provide an

that measurement of any point on it would yield an estimate of ogtimate of absolute energies within a few kJ/mol.

the quantity of interest. The lines correlating data for cluster 1o gata needed to implement the cluster pair correlation

ions appear to be straight lines (see Figure 2 for example). Theygcheme for ammomid 2 are collected in Table 3. The standard

exhibit positive slopes less than one (see Table 1) which values .,y entional enthalpies and Gibbs free energies of ammonation
decrease monotonically with increasingThe reversal of this of the unclustered ions were computed using

trend betweem = 5 and 6 for enthalpies is not statistically
significant because the standard errors in these slopes of 0.027 AB2SYZ) = ABYZ(am)) — AB?(Z(g)) (14)
and 0.062, respectively, far exceed the difference between them am f f
of 0.006. These straight-line correlations between cluster ion yjith Jolly's datd on the standard conventional energies of
energy differences and their bulk counterparts, illustrated in formation in ammonia and the standard energies of formation
Figure 2, lack and invite theoretical justification, but the results of the gas-phase ions from NBS tabfEhe standard conven-
derived from the fitting procedure (see Table 2) do provide tiona| enthalpies and Gibbs free energies of ammonation for
ample empirical justification for taking seriously our identifica-  the ammonia cluster io#%!! were computed using
tion of the averaged ordinate (see Appendix A) of the intersec-
tion points as yielding reliable estimates afB;(H*(aq)), AB2CYZ(NH,)) = AB2YZ) — ABS, (NH,) —
within experimental uncertainty. am 3 am vep ABS(Z:NH.) (15

The slopes of the linear plots in Figures 2 and 3 appear to 04(Z:NHy) (15)
arise because of proportionalities of absolute standard cluster o /o . .
ion energy differences between anions and cations to their bquWhereABOvl(z’NH3) pertains to the reaction
counterparts with the same slopes. The zero intercepts required _
by these proportionalities yieldGp (H*(aq)) = 413.5+ 1.2 Z(g) + NHg(g) — Z(NH)(9) (16)
kJ/mol and= 386.4+ 2.1 kJ/mol, values which are virtually

Values for the standard enthalpy and Gibbs free energy of
identical with the best average values from Table 2. . 4 ! ay

vaporization for ammonid at 25.0°C were determined to be
19.8 kJ/mol and-5.7 kd/mol, respectively. Both experimental
and calculated values for the standard enthalpies and Gibbs free
energies of reaction 16 are collected in Table 4. The calculated
Even though cluster ion data for ammonia exist for anions enthalpy values were obtained with the hybrid DFT method with
only forn = 1, to go along with the data for= 0, the cluster the 6-311+G** basis using Gaussial¥.They include thermal
pair correlation scheme permits determination of absolute singleand zero point energy corrections.
ion standard enthalpies and Gibbs free energies, nonetheless. Cluster pair correlation plots for enthalpies in ammonia are
Had this been the case for water, the determination of the given in Figure 3. The slopes and intercepts of the linear fits of
absolute quantities would have depended entirely on the three different sets of data points are given in Table 5 for both
intersection of the lines fon = 0 andn = 1. For water, the enthalpies and Gibbs free energies. ValuesAbf; (H(am))
ordinate of this intersection for enthalpies, calculated using eq and AG?(H*(am)), as well as values ofAHZ,(H") and
A2, is 389.1 kJ/mol, as compared to the best estimate from AGZ(H™), calculated (see Appendix A) using these param-
weighted averages in Table 2 of 386.2 kJ/mol. The analogouseters are also given there.

lll. Application of the Cluster Pair Correlation Scheme
to Ammonia
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Figure 3. Half the difference between standard conventional enthalpies of ammonation of anions and of cations for cluster ions containing equal
numbers of ammonia molecules plotted as ordinate versus half the difference between standard conventional enthalpies of ammonation of anions
and cations for ions containing no ammonia molecules at 25.0rhe three dashed lines represent linear fits to different sets of data points. The

line with short dashes is the linear fit to just the experimental data points which are the filled-in squares. The line with the long dashes is the linear
fit to the experimental data points plus the four estimated points for fluoride which are the open squares. The line with the alternating dashes is the
linear fit to the calculated data points which are represented by Xs.

TABLE 4: Experimental and Calculated Standard
Enthalpies and Gibbs Free Energies for Z(g+ NH3(g) —

Z(NH3)(g) at 25.0°C in kJ/mol10i1a

AHg 1(Z;NHy)

AGg 1(Z;NHy)

excludes the estimates for F-containing species. The linear fit
of the experimental points augmented by the estimates for
F-containing species includes all of the square points, filled-in

and open, is the line made up of long dashres; 1 (with F).

The linear fit of the calculated data, marked by Xs, is the line

z expt. calc. expt. calc.
Li+ 1623 1678 1330 1377 composed of alternating long and short dasines, 1 (calc.).
Na* —121.8 —118.4 —89.7 -895 Unfortunately, the calculated data set contains only six points.
K+ —84.1 -81.2 —55.4 —54.4 Even so, and despite the long extrapolation required to determine
Rb* —78.2 —47.9 its intersection point, the resulting value of the standard absolute
E} (:‘3‘2-2) :;g-g 151 _fg-g enthalpy of ammonation of the hydrogen ion-i4275 kJ/mol,
Br- 3092 568 8 38 just 10 kJ/mol above the value 61285 kJ/mol, obtained from
- ~31.0 —49 the much shorter extrapolation of the more numerous expeti-

2 The parenthetical entry forHs an estimate not a measured value.
It has not been used in any of our calculations. The experimental values
for cations were taken from ref 10 and for anions from ref 11. The

mental data. When the cluster pair correlation scheme is used
in conjunction with analogous calculated data in water, the
magnitude of the absolute standard enthalpy of hydration is 14

calculated enthalpy values were obtained with the hybridl DFT method kJ/mol les$* than the 1150 kJ/mol for the magnitude of the
B3LYP with the 6-31%+G** basis using GaussiaH.

The three linear fits fon = 1 in Figure 3 pertain to different
sets of data points. The set of data points depicted as filled-in

experimental valuéln this light, the above comparison between
calculated and experimental results for ammonia seems quite
reasonable.

On the other hand, the experimental data augmented by the

squares is composed of all of the experimental points calculatedestimates for F-containing species yield a value\éf;, (H*)

using the data in Table 3. Points calculated using the estimatesof —1299 kJ/mol, which exceeds the experimental value in

(the parenthetical entries in Table 3) for fluoride-containing magnitude by 14 kJ/mol. Because of the uncertainties in the

species (see Appendix B) are represented by open squares irstimates for the F-containing species (see Appendix B) we do

Figure 3. The computed data points are represented there bynot conclude that this estimate AHZ (H*) is to be preferred

Xs. over the experimental value of1285 kJ/mol. Quite the
The linear fit of just the experimental points, filled-in squares opposite! The point to be made here is that the presence of the

only, is the line made up of short dashes= 1 (no F) and extra points for fluorides converts the extrapolation of the
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TABLE 5: Parameters from Linear Fits of Cluster Pair Correlation Plots for Enthalpies and for Gibbs Free Energies in
Ammonia. The Plots for Enthalpies Are Shown in Figure 3 (all energies are in kJ/mol)

B=H B=G

expta expt.+ P calc¢ expta expt.+ PP calc¢
my(B) 0.6496 0.6789 0.5834 0.6165 0.6420 0.6370
by(B) 88.1 76,3 108.9 120.8 109.4 105.3
AB (H*(am)) 251.4 237.6 261.3 315.0 305.7 290.1
ABS(H) —1284.8 —1298.6 —1274.9 —1201.9 —1211.2 —1226.8

a Obtained from the fit of the experimental data only (filled-in squares in Figure 3 for enthalpi@bjained from the fit of the experimental
data augmented by the estimates for fluoride (filled-in plus open squares in Figure 3 for enthalpsjned from the fit of the calculated data
only (Xs in Figure 3 for enthalpies).

experimental points into an interpolation. This highlights the may exceed 15 kJ/mol, must await the arrival of new experi-
importance of getting actual experimental values for solution mental data, particularly pertaining to Bnd FNH™. In addition
enthalpies of fluoride salts in ammonia as well as energies of it would be useful to have measured values of standard energy
clustering reactions like eq 16 for fluoride. As the results changes for the stepwise clustering reactiaxid;_, , (Z;NHs)
presented here clearly indicate, acquiring such data can make and AG;,_; ,(Z;NHj3), for anions forn > 1 to go along with
substantial difference in the values obtained for standard absolutethose already measured for catidhghis would make possible
energies of formation and solvation by the application of the more linear cluster pair correlation plots whose intersections
cluster pair correlation scheme. contribute to determining values of the absolute energies.

In any event, these three estimates for the standard absolute

enthalpy of ammonation, all using the cluster pair correlation appendix A: Determination of Absolute Energies of

scheme, are much greater in magnitude than-th223 kJ/mol Formation of the Hydrated Proton

for this quantity obtained by adopting Jolly’s assumptidhat

the absolute single ion enthalpies of Band Rb™ are equal in Figure 2 is a graphic illustration of the application of the
conjunction with the data in Table 3. A value 259 kJ/mol cluster pair correlation scheme to the Gibbs free energy data

for the proton’s absolute ammonation enthalpy, exceeding the for water clusters. The data used in constructing Figure 2 was
above estimate in magnitude by 36 kJ/mol, results from taken from ref 1. The slopes and intercepts of the straight line
combining Jolly’s water— ammonia transfer enthalpy of fits for Gibbs free energy differences in that figure are collected
—109kJ/mol with the proton’s absolute hydration value of in Table 1 along with those for analogous straight line fits for
Tissandier et at.of —1150 kJ/mol, but the transfer result relies enthalpy differences.

on older thermodynamic dat&.Schindewoli’ provides an Representing the ordinates in these plots conveniently as
independent estimate f1265 kJ/mol for the absolute standard and the corresponding abscissasqashe straight-line fits are
enthalpy of ammonation of the proton-a#0 °C. This estimate simply written

also relies on older thermodynamic dafeCorrection of this

value to 25.0°C would no doubt produce a less negative value. y,=mx + b, (A1)

The three values obtained by using the cluster pair correlation
scheme span a range from1274 kJ/mol to—1298 kJ/mol
which excludes all of the earlier estimates. The most direct
comparison between these two sets of results is betwd@85

wherem andb; are the constant slope and intercept, respectively.
Values of the slopes and intercepts of the cluster pair correlation
lines plotted in Figure 2 are given in Table 1. Values of the

kJ/mol and—1223 kJ/mol, both of which have been obtained slopes and intercepts of the corresponding lines for enthalpies
using the data given in Table 3. The former of these estimates P . pis € ; P ng in P
are also given there. Thth andjth straight lines intersect when

was obtained using the cluster pair correlation scheme and the ™~ - . -

latter by using the assumption of equal absolute enthalpies of 1 =¥ andx = x. Imposing these conditions leads to

ammonation for the members of the Hy~ pair. If this

assumption were correct, the cluster pair correlation plots should Yi = (mibj N mbi)/ (m— “1)

intersect at a point, whose ordinate is 313 kJ/mol, where B

Br and A= Rb. This is evidently not the case, as can be seen Where y; is the ordinate of the intersection point. Each

from Figure 3 in which the intersections occur well beyond all intersection point gives an estimate of the standard absolute

the experimental data points. In fact, the intersections occur in energy of formation of the hydrated proton.

the neighborhood of the estimated point forB- and A= K. Average intersection ordinate of tith straight line with all

Finally, the cluster pair correlation scheme yields a standard of the others is given by

absolute enthalpy of transfer of a proton from water to ammonia

of —135 kJ/mol, far in excess of the earlier estimate-af09 1 6

kJ/mol due to Jolly: Y,(B) =- z y;(B) (A3)
Although considerable uncertainty remains in the value of 6-=0

AHZ (H) it seems reasonably certain that its true value is

more negative than the value estimated by adopting Jolly’s where B is either G or H. These average intersection ordinates

assumptiod® For the time being, the value obtained by with their average deviations are given in Table 2 for both Gibbs

extrapolating the experimental data to the intersection point in free energies and enthalpies. Also given in Table 2 are averages

(A2)

Figure 3 is favored, yieldingAH3 (H") = —1285 + 15 weighted to minimize excessive error introduced from intersec-
kJ/mol. The corresponding absolute standard Gibbs free energytions of nearly parallel lines. Note in particular the slopesrfor
of ammonation of the proton iAGS (H*) = —1202 kJ/mol. = 5 andn = 6 for enthalpies in Table 1. The weighted averages

Evidently, reduction in the uncertainty of these energies, which are calculated using
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cluster-pair based approximatioof AHZ(H) = —1150.1 kJ/

W(B) = z 4 Y;(B) (A4) mol with a standard deviation of the distribution of 1.5 kJ/mol.
jZ1=0

Appendix B: Method of Estimating Ammonation

where . . - .
Energies for Fluoride-Containing Pairs of lons

To obtain estimates of standard conventional energies of
w; = Im — my/ z Im —my (AS) ammonation of F-containing species, advantage is taken of linear
k=0 correlations that exist between hydration and ammonation
energies for univalent atomic ions in electrically neutral systems.

Note thats?_ w; = 1. Note also that weighting has little effect iy . .
2 =0l gn’ing Explicitly, these linear correlations can be expressed as

for Gibbs free energies where no near parallel lines are evident
but that it does have a substantial effect for enthalpies where o _
then =5 andn = 6 lines are almost parallel (see Table 2 and AB m(M +X7) =m(B;+H)AB; q(M +X7) +by(B:H)
slopes in Table 1). (B1)
The best estimates for the absolute standard energies of

wheren is the number of solvent molecules in the cluster. The
formation of the aqueous proton are given in row a of Table 2:

linear correlations of eq B1 are used with eq 8 to obtain
1 o o, — +
AGS(H'(ag))==S W(G) = 413.2kd/mol  (A6)  ABI(F) =my(BiH)ABA" +F )+
' by(Bi+) — ABZETA") (B2)
with an average deviation from the mean of from which four separate values &fB2->(F~) are obtained
6 whose average is entered parenthetically in Table 3. Also, of

AW,(G) = 0.7 kd/mol (A7) course

-
ABZE\FNH, ) = my(B;+)ABZ{AH,0" + BH,0") +

and b,(B:+) — AB2{ANH,") (B3)

6
AH (H+(aq))=} W(H) = 386.3 kJ/mol  (A8) which provides four values adB3<"{FNH;~), whose average
= is also entered parenthetically in Table 3.

The standard error in the ordinate for these linear fits 19
with an average deviation from the mean of kdJ/mol so that the estimates that are obtained cannot be
considered to be very accurate. This is confirmed by the one
direct comparison that can be made becad&S°(F") is
known (see Table 3). Here the difference between the experi-
mental value and the estimated value is 12 kJ/mol.

The corresponding absolute Gibbs free energy of hydration
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