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A method is presented to determine the absolute hydration enthalpy of the pidtafifH '], from a set of
cluster-ion solvation data without the use of extra thermodynamic assumptions. The absolute proton hydration
enthalpy has been found to be50 kJ/mol different than traditional values and has been more precisely
determined (by about an order of magnitude). Conventional ion solvation properties, based on the standard
heat of formation of Fi(aq) set to zero, have been devised that may be confusing to the uninitiated but are
useful in thermochemical evaluations because they avoid the unnecessary introduction of the larger uncertainties
in our knowledge of absolute values. In a similar strategy, we have motivated the need for a reassessment
of AHag’[H "] by the trends with increased clustering in conventional cluster-ion solvation enthalpy differences
for pairs of oppositely charged cluster ions. The consequences of particular preferred valvieg,ff ]

may be evaluated with regard to cluster-ion properties and how they connect to the bulk. While this approach
defines the problem and is strongly suggestive of the currently determined proton value, it requires extra
thermodynamic assumptions for a definitive determination. Instead, a unique reassessment has been
accomplished without extra thermodynamic assumptions, based on the known fraction of bulk absolute solvation
enthalpies obtained by pairs of oppositely charged cluster ions at particular cluster sizes. This approach,
called the cluster-pair-based approximation Adi.,°[H*], becomes exact for the idealized pair of ions that

have obtained the same fraction of their bulk values at the same cluster size. The true Ve’ *]

is revealed by the linear deviations of real pairs of ions from this idealized behavior. Since the approximation
becomes exact for a specific pair of oppositely charged ions, the true valne gfH*] is expected to be
commonly shared on plots of the approximation vs the difference in cluster-ion solvation enthalpy for pairs
of ions sharing the same number of solvating waters. The common points on such plots determine values of
—1150.1+ 0.9 kJ/mol (esd) foAH,’[H*] and —1104.5+ 0.3 kJ/mol (esd) foAGa’[H*]. The uncertainties
(representing only the random errors of the procedure) are smaller than expected because the cluster data of
20 different pairings of oppositely charged ions are folded into the determination.

I. Introduction examining the properties of isolated single ions. In this and
] ] other cluster-ion-based work, the adopted value for the absolute
With the advent of large-cluster experiments and nanosyn- solvation free energy or enthalpy of the proton is required to
thetic methods;?it is currently technologically and scientifically  pe consistent with both the body of cluster-ion data and bulk
important to characterize the variation of chemical and physical thermochemistry. There have been a number of observa-
properties of clusters from small gas-phase monomers to bulk.tjpnst11-14 regarding the connection of stepwise cluster-ion
It is important to establish in what ways cluster properties are thermochemistry to single-ion bulk solvation thermochemistry.
both similar and different from their bulk counterparts. Our The present work builds on these observations but avoids

first step in connecting the properties of small clusters to bulk making assumptions that may have prevented general acceptance
is to obtain the best bulk parameters available. The issue of of the cluster-ion constrained results.

absolute values for single-ion solvation propefiissa long- Definition of Conventional and Absolute Enthalpies and
standing problem in electrochemistry for which there are a great Gjpbs Free Energies of Solvation. Using tabulated heats and
number of proposed solutiofisi® In the next sections it will  Gjpphs free energies of formatidhlé good values of bulk

be shown that current literature values for the proton’s absolute sovation free energies and enthalpies have been computed for
hydration enthalpy are likely to be inconsistent with constraints pairs of oppositely charged ions as given in Table 1. The
imposed by the cluster-ion thermochemical data set. problem of determining absolute values can be restated as
Traditional bulk measurements are performed on inherently uncertainty about the fractional contribution of each member
neutral, dilute, electrolytic solutions and basically characterize of the ion pair to the corresponding entry in Table 1. As a
the thermochemistry of pairs of oppositely charged ions. result, we usually find single-ion hydration enthalpies tabulated
Cluster-ion experiments circumvent the bulk limitation by as conventional valueSHaq " "rather than absolut&Hag’. The
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TABLE 1: Solvation Free Energy, AG,(°(A™ + B™) (kJ/mol) 0,CoTA 1 — ofa Tl —
= AGy*(A") + AG,°(B), and Solvation Enthalpy, AHag ™ TAT] = (AHA7]
AHa’(A™ + B7) (kd/mol) = AHag’(A*) + AHa°(B"), to AH,°[H™]) — 1536.2 kd/mol (3)

Place a Pair of Separate, Oppositely Charged, Gas Phase

lons into Water at 25 °C? Therefore, the conventional hydration enthalpies of Hi,

positive negative ion Na', K*, and Rl are—1536.2,—965.0,—849.6,—766.3, and
ion OH = cl- Br- |- —741.1 kd/mol, respectively. Similarly, for Gibbs free energies,
AGa* (AT + B7) (kJ/mol) 0,00 A +1 ofA T
H*  —15353 15334 -1408.7 —1382.0 —13446  AGx “TATT=(AG[A™]
Li* (-960.2) —958.1 —833.8 —807.0 —769.5 ofH Ty —
Nat (—854.6) —852.6 —7280 —701.2 —663.9 AGyg'H 1) — 1516.9 kd/mol (4)

K+ (—782.8) —780.8 —656.2 —629.4 —592.1

Rb*  (~760.1) -7582 —633.6 —606.8 —569.4 th ‘;‘("fve"‘éi%n;" hydrfggg gibgjlf;ee gggfzgie%?h'ﬂ“’d
AHa(A* + B) (kI/mol) e 'k"j]‘? o v, eTesambRA AN

H* ~1622.7 —1613.8 —1469.9 —1438.9 —1396.8 L. [ KJMOI, TeSpectively. , ,

Li+ ~1050.7 —1041.8 -897.8 —866.8 —828.8 Since the combination of positive and negative conventional

Na* —-936.1 —927.3 —783.3 —7523 —710.2 ion quantities must give the same results for neutral systems as

K+ —8527 8440 -700.0 —669.0 —627.0 absolute ion quantities, the conventional quantities for the anions

Rb* —827.1  —8189 —6749 -6439 —601.9 must be shifted so as to compensate for the conventional shifts
aEntries corresponding to strong electrolytes come from the free of the cations, i.e., the sign afH;°[H*(aq)] changes in the
energies and enthalpies of formation of the corresponding salt minus relation between conventional and absolute anion solvation

that of the gas-phase ions (refs 15, 16, 28, 29, and 31). TheH enthalpy:

pair corresponds to a weak electrolyte and is treated differently (ref

30). The values in parenthesis were not directly available from data in 0.CONR—7 — ofR— ory+

refs 15 and 16. They were determined from the differences (Table 2) AHaq rIB ] AHaq [B']+ AH[H (ag)] (5)

that ilable. . . .
at were avafable Using eq 1, adding zero in the form oAHa’[OH] —
TABLE 2: Bulk Average Differences between Similarly AHa’[OH™], and pairing up the solvation enthalpy of tand
gféafgg&lin% ff)0m nge"(%ggei lg 'gﬁtlb% 1 Egtges(iljf)h as OH~ (to get a quantity available in Table 1) gives the anion
° ) — ° -) to Give ° - ; ; .
AGZZ°(C+) (kJ/mol) aq aq conventional solvation enthalpy:

AGyg’(H') — AG°fA™) AH,>TB™] = AH,[B7] + AHC[H (9)] +
HY LY H, Na® HY, KT H, Rb* AH,[H" + OH] — AH,[OH ] (6)
—575.1 —680.7 —752.5 —775.2
o(OH- o(B- here AHa'[H* + OH] is the sum of the bulk solvation
AG,#(OH") — AG.(B w Yl : .
— = ( — ) qf )7 — enthalpies of H and OH". Noting the literature value akH;°-
OH F AL OH-, Br OH-, | [H*(g)] and the value oAH.[H* + OH] available in Table
-2.0 —126.6 —153.4 —190.8 1, the conventional anion hydration enthalpy can be written in
AHag(HY) — AHa (AT terms of a known difference between the bulk values of the
HoT o Nar o KT o Rb" anion and OH (Table 2) and a constant:
—571.2 —686.6 —769.9 —795.1 AH, B =
AHa’(OHT) — AHo’(BT) (AH,’[B ] — AH,’[OH]) — 86.5 kd/mol (7)
OH~, F OH-, CI~ OH—, Br- OH-, I7
87 1527 1837 o049 Therefore, the conventional hydration enthalpies of the OH

F~, ClI7, Br-, and I anions are-86.5,—77.8,+66.2,+97.2,
and +138.4 kJ/mol. Similarly, the conventional Gibbs free

relation between absolute and conventional hydration enthalpiesenergies of hydration of the anions are
involves the hydrated proton’s absolute formation enthalpy 0.COM s —
AH°[H*(aqg)]. The formation enthalpy of Haq) can be broken AGyq” B7]=
into two steps, the formation of Hg) and its subsequent (AGaqO[B_] — AGaq"[OH_]) — 18.4 kd/mol (8)
solvation to make H(aq):
where the OH, F~, CI7, Br—, and I anions have values of
AHf°[H+(aq)] = AHf°[H+(g)] + AHaq°[H+] (1) —18.4,—16.4,+40.1,+66.9, andt-104.3 kd/mol, respectively.
Conventional hydration enthalpies and Gibbs free energies are
well-defined in the bulk and for many purposes can be used to
avoid the unnecessary introduction of the larger errors associated
with our limited knowledge of absolute values. The monomer-
ion conventional quantities determined in this section provide
one important quantity in the determination of the corresponding
o.COM p + orn + — conventional quantities for the cluster ions.
AH,g” TA ] =AH[AT] — AH[H " (aq)] 2) Conventional Hydration Enthalpies of Clusters. It is
instructive to consider the absolute vs conventional relations in
Using eq 1, the conventional value can be rewritten as the knownview of cluster ions to see how the cluster data constrain the
difference between the bulk values for the ion and(ste Table problem of the absolute solvation enthalpy of the proton.
2) and the known heat of formati&rof H*(g) (1536.2 kJ/mol): Uncertainty in absolute values is avoided in this exercise by

The conventional energy scale is defined/iyla < TH*(aq)]

= 0 which is equivalent to an assignment of the conventional
absolute proton hydration value teAH{°[H™(g)] = —1536.2
kJ/mol. Therefore,
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TABLE 3: Bulk Solvation Free Energy and Enthalpy of

Various lons? Relative to H* Giving the k(Z*) Constants of
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TABLE 4: Cluster-lon Solvation Free Energy and Enthalpy
Partial Sums of Various lons vs Cluster Size

eq 19 ion n=1 2 3 4 5 6
. o 1 o 1
ion AGyq (kJ mol) AHag® (kJ mol) ST AG1, (kJ molY)
H* X Y Lit  —113.8 —1929 -2485 -279.9 —298.7 —309.2
Li+ 575.1X 571.2+Y HsO* —100.7 —155.6 —193.6 —216.6 —233.3 —245.4
Nat 680.7+ X 686.6+ Y Na-~  —785 —133.7 —-171.4 -196.2 —211.3 -223.4
K+ 752.5+ X 769.9+Y K+ —495 -86.7 —113.1 —131.5 —1449 —1545
Rb* 775.2+ X 795.1+Y Rb*  —41.0 -70.3 -91.2 -107.1 —118.8
OH- —(1535.3+ X) —(1622.7+Y) OH~ —747 —121.4 —153.6 —176.6 —194.2
F —(1533.3+ X) —(1614.0+ YY) F —79.8 —136.2 —169.9 —193.9 —211.9 —226.6
Cl- —(1408.7+ X) —(1470.0+ Y) cl- —359 —63.6 —842 -—99.2 —111.9 -—121.6
Br- —(1381.9+ X) —(1439.0+ YY) Br- —-30.6 —-539 -723 -851 -949 -102.8
I~ —(1344.5+ X) —(1397.8+Y) I~ -22.0 -388 -51.6 —60.7 —67.2

HsO* ~B4P+Y H,0 0 +6.7 +113 +14.6 (169 (+18.5)0

zin:1 AHifLi (kJ morl)
—-142.3 -250.2 —336.8 —405.4 —463.6 —514.2

aAll values except the last are from heats and free energies of
formation in refs 15 and 16 as made available in Tables 1 and 2. Li*

b Assuming a thermal proton affinity of 7.16 eV. HO" —144.0 —230.5 —302.0 —356.8 —407.0 —454.3
Na® —104.6 —187.4 —-251.8 —307.0 —355.1 —399.9
considering the difference in properties of a pair of oppositely K* —75.7 —143.1 —198.3 —247.7 —2925 —334.3
charged cluster ions in terms of their conventional solvation Rb" ~ —66.9 -123.8 -174.8 —221.7 —2656
properties. As clusters ions get large, the ionic subcomponentsqH —109.6 -188.3 —257.7 —-317.1 —376.1
become essentially fully solvated, leaving nothing to be ac- ~or5 —1r24 —233.1 —290.4 ~344.0 3896
, y Tully ated, 9 9 Cl-  —60.2 —113.8 —162.8 —208.4 —248.1 —284.9
complished by further solvation and no further differences pg;- —54.4 —104.6 —152.3 —198.3 —243.4 —286.5
between different ions. As noted by Kidts: I~ —439 —84.6 —1235 —162.0 —199.7
H.0 0.0 —15.7 —-29.1 —457 (-66.4p (—88.7)p
1 o - o + j—
u[u{AHaq [B" (H,0)4(9)] = AH,[A T (H0)(9)]} =0 ajon values are averaged from data in refs—14.° Values in
9) parentheses are estimated from the expected trend to the known bulk

value of the entries up to = 4.
In terms of conventional values, by virtue of egs 5, 2, and 1,

the absolute hydration enthalpy of 84,0), is AHag B - g Conventional Cluster lon Data
(H20)] — AH°[HT(g)] — AHag’[H '] and that of A'(H,0)n is 2 ol ; o + 1n
AHa A+ (H0)] + AHH(@)] + AHa’[H ], Substitut- 3 oo Estimate of AH",,[H'] .
ing these relations into eq 9 and solving fdH,¢°[H*] (upon el ol 2/-
simplification, division by two, and notice of terms not A bulk val 3 :/:
dependent on clustering) produces a relation for the absolute 2 ™| frgm‘::izimrk 4 ,/:?.
proton solvation enthalpy in terms of the limiting difference of % T 6 5/,2;4;%5
oppositely charged cluster-ion conventional hydration enthalpies: § - :f:;:fgf === U'F

% o | :i'i°:!éiiﬁa*w
L/20m{ AH, 1B~ (H,0),] — AHqg TA ()]} - e R

= L =

AHFH' @] = AHGHT 10)  FF ) o

T 1200 Rb*,OH

Cluster-ion conventional hydration enthalpies relate to the £ oo o1 o2 o3 o4 - I
n

monomer-ion (Z) conventional value by

Figure 1. Plot of one-half the difference in conventional cluster

hydration enthalpies minus the heat of formation &f{¢) vsn=*2 for

various pairs of oppositely charged cluster ions. This quantity ap-

proachesAH,,°(H™) in the limit asn goes to infinity or as n*® goes

to 0 with a limiting slope of zero, so the plotted quantities can be

considered estimates of the bullkl,,’(H™) value which get better with

. o increased clustering. This exercise illustrates the constraints imposed

where AHyap’(H20) is the heat of vaporization of water and  on the problem of the absolute hydration enthalpy of the proton without

AHi_1;°(2) is the stepwise enthalpy for the addition of®to introducing uncertainties in the absolute single-ion quantities. It

the cluster Z(HO)i—; to make Z(HO). The zi”:lAHifl’iO(z) characterizes our.expectations and motivates the‘desire foran approa_ch

term is a summation of stepwise enthalpies, sometimes calledggggﬁgtﬁzgrggt'ogsA"lj‘l%‘;‘#letgziérg?%fis g)?;é‘fg%%'ﬁng:gg;ﬁgs Is

a partial sum. Partla_l sum values for dlffe_rent ions and Clust_er or decreasing monotonic trends (within 1 kJ/mol) except thée, b~

sizes are presented in Table 4 Conventional cluster solvation,,q Na,F~ pairs which exhibit flat trends. When these trends are

enthalpies were computed using eq 11, the data from Table 4,considered with the absolute proton value-df150 kd/mol determined

and the previously computed monomer conventional quantities later in this paper (without extra thermodynamic assumptions about

for all of the ions under consideration. the trends), it suggests that there is gradual, steady, and predictable
By virtue of eq 10, it s useful to observe the behavior of BEEEs Rl ot 60 Kimal, or example, then there.

1 ©,Col - _ 0,co + _ orH+- ’ ’

o AHaq B (H20)] — AHaq™TAT(HO)l} = AHCIHT- — J0 ) 7o e 1o be a dramatic change in the exhibited trends, which is

(9)] vs cluster sizer) for various pairs of_|on_s to see how this unlikely for reasons described in the text.

quantity approachesH,q’[H*] as cluster size increases. A plot

of this quantity vsn=1 for the 20 different pairings of L, ion solvation energetics are expectein the large cluster size

Na*, K*, Rb" with OH~, F~, CI~, Br~, I~ is given in Figure 1. regime (at abouh > 100 orn~13 < 0.21). Upon inspection,

The parameten—*was chosen because linear trends in single- we note: (1) rapid reduction in the rangeAifl,;’(H™) estimates

AHy™1Z(H,0)] = AHyg**1Z] - NAH 7 (H,0) -

ZAHi_lf(Z) (11)
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asn increases from 1 to 6 (this rangenrcorresponds to a bit  vicinity of —1150 kJ/mol. We are aware of only one previously
less than one-half of the total"*/® space and the single ions  published valugfor AHag® of —1153+ 6 kd/mol in this region.
have obtained roughly one-half of their bulk values), (2) the This method used the fraction of bulk solvation enthalpy
range of AHx’(H') estimates an = 6 are all of larger obtained by pairs of oppositely charged ions at a common cluster
magnitude than values typically offered in the literatére size to predict relative differences in single-ion solvation
[AHa’(HT) &~ —1100 kJ/mol], and (3) with the exception of enthalpy between oppositely charged ions at bulk. The relative
the Na",OH~ and N&,F pairs which have flat trends, all of differences were then commonly scaled back into a physically
the pairs of ions exhibit either a monotonic decrease or increasemeaningful range at bulk in a manner consistent with the known
of the AH,°(H™) estimate (to within~1 kd/mol) as increases bulk summed quantities of Table 1. The cluster-pair-based

from 1 to 6. scaling and the projection back into a meaningful bulk range
Hypothesis Based on the Trends of Cluster-Pair Differ- were assumed to be linear operations, so the final result of the
ences Using Conventional Cluster-lon Hydration Enthalpies. work in ref 6 was conditioned on the truth of that assumption.

The general monotonicity of the present observations is Similarly, one could make some extra thermodynamic assump-
suspected to arise from the similar functionality in the stepwise tions about the smoothness or monotonicity of the trends of
hydration of the different ions under consideration, as observedthe data in Figure 1 and determine a bulk proton value
and described by Lee, Keesee, and CastlethaNoting that conditioned on those assumptions. In this work, we attempt to
single-ion trends have been characterized over the whole cluste@v0id such assumptions. The present work (1) demonstrates
size range for Gibbs free energies of solvation for a few simple the linearity of.the cluster-.palr-based scaling, (2) makes no extra
ions7 it is observed that by taking the difference in solvation thermodynamlc_ assumptions about cluster tre_nds toward bulk,
enthalpy between a pair of cluster ions ws3 any features (3) better explains how the cluster data determine absolute bulk
common to both ions are subtracted away, leaving much lesshydration values for the proton, (4) includes a treatment for
structure in the trends toward the bulk than would be observed free energies, and (5) 0bta}ﬂs enj[halplc and free energy rgsults
in the individual ions. In the limit of large cluster size, the that are optimally compatible with the best thermochemical
solvation enthalpies (and free energies) of all ions must exhibit tbulations. Before the method can be presented, it is necessary
the samen—13 slope based on the dielectric properties of the to explain how the literature energetics on stepwise addition of
solvent!” so the limiting behavior of ion-pair differences upon solvent to ion clusters are converted to solvation energies for
approaching bulk in Figure 1 is a flat line with a slope of zero. Placing ions within neutral water clusters, i.e., the property
If monotonic behavior toward the limiting trend has been Which directly connects to a bulk solvation energy.
obtained by pairing oppositely charged ions (excluding the flat ~ Converting the Energetics of Stepwise Solvent Addition
trends which may have already obtained the limiting slope), to Cluster lons into Cluster-lon Solvat_|on Energetics Analo-

then the lowest value obtained by decreasing differences (from 90Us to Bulk. To comparezfulk solvation values to cluster data,
the Li*,F~ pair) establishes an approximate upper bound on the _extensive literatut& 24 on the energetics of stepwise
AHa[H*] of —1155 kd/mol and the highest value obtained by addition of solvent molecules to iersolvent clusters via
increasing differences (from the RIOH™ pair) establishes an . o

approximate lower bound 6f1154 kJ/mol. These two limits Z(H0)—4 +HO0—~Z(H0)  AH,°(2) (12)

are (barely) mutually exclusive unless one accounts for errors

. wherei =1, 2, 3 ... her with imilar relation for water
in the measurements and that the trends are not complete at ere 2,3 ..., together with & similar relation for wate

= 6. When these results are coupled with the observation of clusters

flat trends for Na,OH~ and Na ,F~ in the vicinity of —1150 (H,0)._, + H,0— (H,0) AH_,°(H,0) (13)
kJ/mol, it suggests that serious attention should be given to S = T

values ofAHaq’(H™) around—1150 kJ/mol. must be converted to a solvation enthalpy for placing the ion

Upon increased clustering, the data in Figure 1 display within a water cluster of size [AH,°(Z)] for the following
gradual, monotonic trends with a diminishing slope, suggesting process
steady and predictable progress toward the bulk slope of zero.
If one prefers a bulk proton hydration value 61100 kJ/mol, Z+ (H,0),—Z(H,0), AH,(2) (14)
then a very different set of expectations arises. There would
have to be a dramatic change in the exhibited trends. Such aClearly, the cluster solvation enthalppii,°(Z)] is found by
change would have to be due to important generic differencessumming the stepwise enthalpies of eq 12 to build a2
in the solvation energetics (not just structures) between positive cluster ion with subtraction of the stepwise enthalpies to build
and negative ions, i.e., differences due to the sign of the chargean (H:O)n cluster
and not the individual chemical identity of the ion. Such a
change could not happen at very large cluster sizes because the
limiting slope is zero. Such a change is not evident at the
smallest cluster sizes. Such a change would have to happen in

the intermediate cluster size regime, although no such genericThe summations of stepwise enthalpies (or analogously Gibbs
differences are evident in the small cluster data. It is our free energies) that appearin eq 15 are called partial sums. They
supposition that such a dramatic change in the intermediate gre given in Table 4 and are averaged results accumulated from
cluster size regime is unlikely. Furthermore, with increased |iterature valued®2* Note thatAHo(H,0) = O with this
clustering, we hypothesize that the range of absolute protonijndexing scheme.
hydration estimates SmOOthly diminishes and that the diminished The neutral water cluster partia| sums for= 2—4 are
ranges of Iarger cluster sizes will fall inside the ranges of smaller experimenta| results obtained from the equi”brium measure-
cluster sizes. ments of Kell and McLauri#? on small water clusters in steam

It is the latter part of our hypothesis that motivates serious by extrapolation down to 300 K from the 42525 K range of
consideration of absolute bulk proton hydration values in the their measurements. For=5 and 6, the extrapolation formulas

n n

AHC(2) = ) AH;_°(2) = ) AH_;;°(H0) (15)
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that previously were fourfdo connect the calculated stepwise
energies of Buffey and Brovifiin an averaged way to bulk
were used

AH,_, ,°[H,0] (kJ/mol)=

—44.0+ (57.6+ 8.1)[n?° — (n —1)*7 (16)
AG,_; ,°[H,0] (kJ/mol)=

—8.59+ (26.6+ 0.5)["** — (n —1)*7 (17)

The constant values44.0 and—8.59 kJ/mol are the bulk heat
and free energy of vaporization of watérThe other parameters
were found by fitting the cluster data of Kell and McLau#h.

J. Phys. Chem. A, Vol. 102, No. 40, 1998791

was sufficient to determine the bulk differendetag’ (A1) —
AHag’(B7), for certain chosen pairs of ions. Although this
assumption is better than would appear upon initial inspection,
it is unlikely to be valid over the set of ions with which it was
employed in view of our current expectatidhsabout how
cluster solvation free energies proceed to bulk. More recent
cluster work has avoided this assumption by taking the cluster-
ion solvation differences for pairs of oppositely charged ions
as a relative or proportional indication of the differences at bulk.
The current work expands, justifies, and more rigorously
develops this strategy.

The quantity, AHa"(AT) — AHa(B7), is the key quantity
missing in the bulk data, but it can be determined in a

Note that the stepwise free energies for adding a water crossgeneralized fashion from the behavior of cluster-ion solvation
over from unfavorable to favorable at some intermediate cluster differences over many pairs of oppositely charged ions. The

size (ca. = 10). To get a cluster-ion solvation enthalgyH,°-
(2)] or free energy AGy°(2)], one simply subtracts the Table
4 entry for water from the Table 4 entry for the ion of interest

at the cluster size of interest. The method to be presented is
not very sensitive to the water partial sum values, but their use

allows for a simple comparison to bulk.
The bulk single-ion solvation enthalpHag’(2)] is the limit
of the cluster valueAH,°(Z)] as n goes to infinity
AH,y(2) = lim AH°(Z) (18)
n—oo
In practice, the available cluster data are limiteahte 10 and

usuallyn =< 6, so that use of eq 18 to directly obtain absolute
single-ion hydration energies is not currently possible. In the

next section, a cluster-pair-based approximation is presented

above equation can be given in terms of cluster-ion quantities
by defining coefficientsd,) which represent the fraction of the
bulk solvation enthalpy obtained by an ion (Z) at cluster size

_AHL@)

Cn(z) - AHaqo (Z) (2 1)

where the cluster-ion solvation enthalpiH°,(2)] is defined
in egs 14 and 15. Using this relation to substitute for the bulk
solvation enthalpies of eq 20 gives

[AHL(A)  AHC(BY)

AHaqo(H+) = é Cn(A+) Cn(Bi)

— kA" — k(B

(22)

which enables the proton’s absolute enthalpy and free energy\we do not know the gvalues for the individual ions, but we

of solvation to be determined from the cluster-ion data set.

Il. Results

Finding the Best Absolute Proton Hydration Enthalpy and
Free Energy: A Cluster-Pair-Based Approximation. Given
the conventional monomer ion solvation enthalpies and free

energies computed in the Introduction section, eqgs 2 and 5 taken

with the relation in eq 1 show that any absolute single-ion
hydration enthalpy can be written in terms of a known constant
determined from the literature and the absolute value of the
proton. Therefore, the determination of the absolute value for
one ion effectively determines all of the rest. In the manner of
Klots,* the constants denotddqiZ*) which express the absolute
bulk single-ion enthalpies (or free energies) of the various ions
in terms of the unknown absolute solvation enthalpy (or free
energy) of the proton are given in Table 3

AH,2(Z%) = £[AH, (H") + K(Z9)] (19)

do know comparable ratios for the sums of pairs of oppositely
charged ions. Let the known coefficient for a pair of oppositely
charged ions be given by

¢ (ATB)= AH°(A") + AH°(B")
n AH(AY) + AH,2(B7)

(23)

where the denominator comes from Table 1 and the numerator
from eq 15 and Table 4. The cluster-pair-based approximation
to the proton solvation enthalpy can be obtained by substituting
Can(AT,B7) for cy(A™) andcy(B7) in eq 22, such that

1|AH°(AT) + AH°(B)
2 Con(AT,BY)

AHy(HM) ~ —Kk(A") = k(B")
(24)

Note that if co(A™) = cy(B™), one must be larger than
can(AT,B7) and one must be smaller. If the ordering of the

The difference between the absolute bulk hydration enthalpy bulk solvation enthalpies for Aand B is indicated at the

of a positive ion (A) and a negative ion (B can be related to
the bulk absolute proton value and the Table 3 constants as

AH,(H") =
1 o o - -
SlAH (A) = AH(B7) — k(A™) — k(B7)] (20)

Knowledge of the bulk difference between any pair of oppositely
charged ions would be sufficient to determine the bulk proton
hydration value.

In cluster-based workS cluster-ion solvation data are used
to indicate what these differences will be at bulk. In the work
of Klots/ it was assumed that cluster data at the size 5

cluster size examined, then eq 24 represents a rigorous upper
or lower limit on the value of the proton solvation enthalpy,
depending on only the sign of the cluster difference. However,
we do not make this assumption even though it would be a
good one. Most importantly, #,(A*) = cy(B~) = cin(AT,B7),

then eq 24 becomes an exact relation.

In the following section, we discover the circumstances in
which the cy(A™) = cy(B™) = cnn(AT,B7) condition is true
which, by eq 24, provides a best value &H.(HT). The
systematic and linear deviations of théla,’(H™) cluster-pair-
based approximation for various pairs of real ions are used to
infer the AH,’(H™) value at which it would be true. A
statistical or least-squares approach is employed in recognition
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Figure 3. Cluster-pair-basedAG,s°(H") approximation vs the differ-
ence in cluster-ion solvation free energy for various cluster sizes. The
AGys°(H") approximation curves for different cluster sizes share a
common point where the approximation is best. The common point
Hetermines an absolute proton hydration free energy bf04.5+

0.3 kd/mol (esd) without invoking extra thermodynamic assumptions
or upper-bound/lower-bound arguments. This value compares favorably
to the center-of-weight of previous determinations.

Figure 2. Cluster pair-basedH.s°(H*) approximation vs the differ-
ence in cluster-ion solvation enthalpy for various cluster sizes. The
AHy¢’(H) approximation is good at only one particular pair of ions,
so each data set at a particular cluster size, can be expected to shar
the good value in common. At each cluster size the data have been fit
to a line by the method of least squares (see Table 5). The spread in
these fitted lines vs the difference in cluster-ion solvation enthalpy was
used to determine a most common value-df150.1+ 0.9 kJ/mol
(esd) without invoking extra thermodynamic assumptions or upper- TABLE 5: Slopes and Intercepts of theAH,°(H*) and
bound/lower-bound arguments. This value represents the best cIuster-AGaqo(H+) Approximations vs the Difference in Cluster

constrained value of the absolute proton hydration enthalpy and a Splvation Enthalpy or Free Energy for Different Cluster
significant reassessment of most literature values. Sizes,n?2

. . enthalpies free energies
of the fact that there does not need to an actual pair of ions that P 9

satisfies the,(A") = cy(B™) = cnn(AT,B7) relation, although n slope intercept (kJ/mol) slope intercept (kJ/mol)
there are some real pairs that come close *(Na and 1 0.659(0.039) —1147.2(1.8) 1.455(0.072) —1104.3(3.1)
Na",OH"). When the approximation is examined vs cluster 2 0.397(0.026) —1150.9(2.0)  0.725(0.034) —1104.5(2.5)

3 0.268(0.024) —1150.4(2.3) 0.520(0.025) —1105.0(2.3)

size, an approach independent of extra thermodynamic assumpy 108(0.021) —1148.9(2.3) 0.423(0.018) —1105.3(2.1)

tions emerges. The results are illustrated primarily Wlth the 5 0.169(0.019) —1146.0(2.3) 0.371(0.018) —1104.4(1.9)
enthalpies, but equivalent procedures have also been carried ous 0.101(0.048) —1151.7(6.2) 0.314(0.021) —1103.4(2.4)
for the free energies.

Effect of Cluster Size on the Cluster-Pair-Based Ap-
proximation for AHaq°(H*) and AGa¢°(H*): The Common TABLE 6: Absolute Single-lon Bulk Solvation Free
Point. One interesting aspect of the cluster-pair-based ap- Energies,AGqy° (kJ/mol), and Enthalpies, AHaq® (kJ/mol),
proximation (eq 24) is that it does not get better as the clusters Determined with the Cluster-Pair-Based Approximatior®

a Estimated standard deviations are given in parenthesis.

get bigger; rather it is an approximation that is good for a AGyy AHay AHay®
specific pair of oppositely charged ions (indicated statistically _ (kJ/mol) (kJ/mol) (kJ/mol)
even if such a pair of ions does not actually exist). This 'on this wark® this work® ref 6
consideration suggests that plots of the cluster-pair-based H* —1104.5(0.3) —1150.1(0.9) —1152.6(6.0)
approximation for the proton solvation enthalpy vs cluster h'+o+ —529.4 :gggg :gzg'}l(?'i)
solvation enthalpy difference for the various pairs of oppositely NZﬁ _4238 _ 4635 —466:5E3:03
charged ions at specific cluster sizes will intersect at the true gn- —430.8 —4726 —479.5(4.9)
AHgag’(HT) value (i.e., a common point) where the approxima-  F- —428.8 —463.9 —456.9(10.6)
tion is best. Such plots are presented in Figure 2 for the K* —352.0 —380.2 —381.3(3.9)
experimental cluster data out to= 6 and in Figure 3 for the Rb* —320.3 —355.0 —357.9(4.3)
Gibbs free energies. The slopes and intercepts of the least- (B:I, :304'2 :319'9 :316'3(8'1)
- ; . ; . r 277.4 288.9 282.7(9.3)
squares fitted lines are given in Table 5. The following |- —240.0 2477 —245.9(8.0)

observations have been made: (1) the cluster pair-based
approximations foAH,q (H) andAG,°(H) show good linear o (k¥/mol) _ 01 0.8 56 o

correlations with the difference in cluster solvation enthalpy or ~ ® The o value given at the bottom represents the standard deviation
free energy for specific cluster sizes, just as assumed in ref 6,of comparison of each data set when the oppositely charged ions are

. . i paired for comparison to the entries in Table® Single-ion values from
and (2) the fitted lines for each cluster size intersect at asharedthiS work should be cited with uncertainties of abat® kJ/mol by

common point where the approximation becomes good. comparison to the more rigorous error analysis of refGalculated
Since there are errors in the data and the least-squares fittedising current the NIST web page value of 691 kJ/mol for the room-

lines representing the data, we must use a statistical criteriontemperature proton affinity of watet.This value was 2.4 kd/mol with

for the determination of the most commakH,(H*) ap- the alternative bulk set used in ref 6.

proximation value. At any value oAH,°(A*) — AH,°(B7),

there are six values of theH,’(H™) approximation from each  with a minimum atAH°(A") — AHy°(B) = —3 kJ/mol, which

different size cluster curve (see Table 5). The magnitude of is only slightly shifted from the intercept. The best or most

the standard deviation of these six values statistically character-commonAH,,’(H*) approximation value is the average of the

izes how deviant these values are from their average. A plot six values with the smallest standard deviation. TheAdihk’-

of the standard deviation vsH,°(A™) — AH,°(B ) is parabolic (H™) approximation values atH,°(A") — AH°(B) = —3 kJ/
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mol, are—1149.2,-1152.1,~1151.2,~1149.5,~1146.5, and 6543 2 1 n

—1152.0 kJ/mol fon values of -6, respectively. The average i e B4

of these values is-1150.1 kJ/mol with a minimum standard =

deviation of 2.1 kJ/mol and a standard deviation of the mean E Lol

of 2.14/6 ~ 0.9 kd/mol. We take-1150.14 0.9 kJ/mol (esd) 2 oso |

as our best determination of the proton hydration enthalpy. The ~ =7°°( _

free energies show an even more consistent behavior than the %1122 _1128";(%02)‘)!3;;0'

enthalpies, exhibiting a minimum standard deviation of @67/ Koo o

kd/mol at aAG,;°(H') approximation value of-1104.5 kJ/ Lot

mol andAG°(AT) — AG,°(B) = 0 kJ/mol, i.e., no offset from “lzz | -

the intercept. The value 6f1104.5+ 0.3 kJ/mol (esd) is taken ol sy

as our best value of the absolute proton hydration free energy. ‘ ‘ ‘ ‘ ‘ ‘
Why the AH,°(H™) Cluster-Pair-Based Approximation a0 e o e

Works: The —[k(A*) + k(B™)])/2 Correlation with Cluster AHHAT)-AHL(B) (kd/mol)

Solvation Enthalpy Differences. In this work, the behavior Figure 4. Dependence of the bulk constantdk(A™) + k(B7)]/2, on

of the summed solvation energies of a pair of oppositely chargedthe difference in cluster solvation enthalpy at different cluster sizes.
ions relative to the known sum of the bulk quantities is used as The cluster-pair-based approximation employed in this work involves
an indication of the cluster behavior of each individual member O the firstterm of eq 24, which is essentially zero at the common

. . . . . . point, so the proton’s absolute value is determined almost entirely by
of the pair. The linearity of the deviations of the approximation e pehavior of the bulk constants from Table 3 vs the difference in

from the true proton values reveals the point at which the cjyster solvation enthalpy. Notice the linearity of the data sets at
approximation is best, i.e., the method reveals the deviations particular cluster sizes and the shared common poirt Et50.2 +
of real pairs of ions from the idealized pair of oppositely charged 0.8 kJ/mol, which is the same as the value determined by the full cluster-
ions that make equal fractional contributions to their bulk values Pair-based approximation for the proton’s absolute hydration enthalpy.
at equal cluster sizes. The quality of the cluster-pair-based 1€ fitted lines have slopes 6f1.615(0.050);-0.998(0.034);-0.782-

- J (0.030), —0.685(0.025),—0.622(0.022), and-0.613(0.049) fom =
approximation actually has very little impact on the results 1-6, respectively, and intercepts 6f1146.4(2.3), —1150.5(2.6),

determined in this work. A plot of £44(A*,B7) vs AH°(A¥) —1149.9(2.9)~1148.5(2.7)~1145.8(2.6), and-1150.6(6.4) kJ/mol

— AHp°(B7) is basically constant, although a different constant for n = 1—6, respectively, with estimated first standard deviations in
exists for any particular value of Therefore, the firsttermin  parentheses.

eq 24 is simply linear inAH.°(A*) — AH.°(B~) and will
contribute a value of zero to th&H,,°(H™) approximation at
the intercept, which is very close to the common point. The
determination of the be#tH,y’(H) value comes almost entirely
from the latter terms in eq 24 consisting-efk(A™) + k(B7)]/

charged ions subtracts a fair amount of common energetic
behavior, producing gradual, generally monotonic trends with
diminishing slope and steady predictable progress toward the
bulk value and the limiting slope of zero in Figure 1. There

2. These constants are well-known bulk values, are made&'® a number of literature values &Haq'[H] near—1100 kJ/

18 v . : ; U
available in Table 3, and are not determined by the cluster data.{EOIZ tWh'CZ.WtOUI? retquw_e dramatlcal_lryhdlfferent tkIJeza;nor n d
To demonstrate this, the quantifk(A™) + k(B™)]/2 is plotted T n grmet late ¢ qstertsmg;hreglme. | tk? prlt_atsent y de elrmmt_ef
againstAH,°(A+) — AH.°(B-) in Figure 4 revealing very linear value is not inconsistent with several other literature values i

relations whose intercepts essentially determine the proton’san attempt is made to estimate their uncertainties. Any set of

hydration enthalpy. Using least-squares fitted lines to character-s'(;]dg.le"(m hydlr ation fenthalp!ttesl Caﬂ be gompare_d ttﬁ bull; fby
ize the data sets at each cluster size, the most common point ifading the values ol oppositely charged pairs in the set tor

found to be—1150.2+ 0.8 kJ/mol at a position offset by only compqrison to the §ummed values in. Table 1. . The .standard
1.8 kJ/mol in the difference in cluster solvation enthalpy. This deviation of comparison to Table 1 of literature single-ion data

is essentially the same value obtained by the full cluster-pair- sets has been used as an estimate of the error in the correspond-

based approximation. Therefore, it is the correlation of the ing absolute proton vaIu_e. _Keeping in min_d that the errors are
known parts (thé(Z) constants fror’n Table 3) of the single-ion from the above stated criteria and not the cited work, the present

hydration enthalpies with the difference in cluster solvation ;esuIthgnd be comga}rf.d ;0 {;he \éalulelsggizg tj’z IT‘]f/m()l
enthalpies that determines the proton’s value, not the cluster rom 4 riedman and mrishnarnan mol from
approximation, i.e., the cluster approximation makes a zero Klots# The present result is in excellent agreement with the

contribution toAH.¢’(H) at the point where the approximation value Of_.1153# 6 kd/mol determined by Céén which the
is valid. The cluster approximation simply allows these clus_ter-palr scaling was assumed (rather than demonstrated) to
correlations to be made evident be linear. These results agree even though ref 6 employed an

alternative enthalpic bulk data set based on lattice enthalpies,
heats of solution, and bond dissociation enthalpies, as opposed
to the heat of formation tables. Finally, the experimental

The value of AHa’[H'] = —1150.1+ 0.9 kd/mol (esd enthalpic data set of Randl€shows a standard deviation of
reflecting random errors only) obtained by the cluster-pair-based comparison to Table 1 of 12 kJ/mol. Each of Randles’ single-
approximation is greater in magnitude than most literature valuesion enthalpy values has been used to determine an absolute
and constitutes an important reassessment of this value. Thissolvation enthalpy of the proton whose average value with the
value was obtained without extra thermodynamic assumptions, above standard deviation estimate suggest a valu€l@B1+
including assumptions about the smoothness or monotonicity 12 kJ/mol for the proton’s hydration enthalpy. The experiment
of the trends in Figure 1 (data based on the difference in does not account for the surface potential of watet3 kJ/
conventional cluster-ion solvation enthalpies). It implies that mol7), but if it is considered, the present results and experiment
there are no surprises in the larger cluster size trends in Figureare in good agreement, i.e., the current results taken with
1 and that the bulk value falls comfortably within the range of Randle’s data suggest a surface potential of water of: 112
estimates ah = 6 as hypothesized. The pairing of oppositely kJ/mol.

I1l. Discussion
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The presently obtained value QfGaq°[H+] = —1104.5+ (2) Andres, R. P.; Averback, R. S.; Brown, W. L.; Brus, L. E.; Goddard,

; i W. A, lll; Kaldor, A.; Louie, S. G.; Moscovitz, M.; Peercy, P. S.; Riley,
0.3 kJ/mol (esd reflecting random errors only) obtained by the S. 3. 'Siegel. R. W.- Saepen. .. Wang, )Y Mater. Res1989 4, 704,

ClUSter'pair'pased approxi.maFion compares favor?bly to the =" "3y Bard, A. J.; Parsons, R.; JordanSandard Potentials in Aqueous
center of weight of determinations in the chronological survey SolutionMarcel Dekker: New York, 1985; p 45.

of Friedman and Krishnan (see Figure 5 in ref 7, Chapter 1, p Egg s‘g:ﬁ'scbE#J-gg¥§ét%f;%ﬁ9ijétgl5§gg%% 14811486
25). Again, using the standard deviation of comparison to Table (6) Coe, J. V.Chem. Phys. Let1994 229 161. :

1 of literature single-ion data sets as an estimate of the errorin  (7) Friedman, H. L.; Krishnan, C. V. Thermodynamics of lon Hydra-
the corresponding absolute proton value, the present result carfion. InWater: a Comprehense Treatise Franks, F., Ed.; Plenum Press:

New York, 1973.
be compared te-1059+ 43 kJ/mol from Gomer and Trysdh, (8) Gomer, R.: Tryson, GJ. Chem. Phys1977, 66, 4413.

—1066-+ 8 kJ/mol from Conwa)9,and—1098j: 9 kJ/mol from (9) Conway, B. EJ. Sol. Chem1978 7, 721.
Klots? (to pick just a few). In general, there is less information (10) Randles, E. BTrans. Faraday Socl956 52, 1573.

available for the free energy determinations than for enthalpies. _ _(ét)clﬁgb%”%,sl- "évc',iqegﬂeﬁjﬂeﬁﬁﬁsf- E’Leecvtvf C:(C:rimilsg%(}'{/“é?%&
Unlike the enthalpies, there exists no alternative set of free ’(12) Keesee, R. G.: Lée, N.. Castleman, A. W.Chem. Phys198Q

energy tabulations that allows one to check the data. Also, some73, 2195.
of the bulk free energy entries in Table 1, the ones given in  (13) Keesee, R. G.; Castleman, A. @hem. Phys. Letl98Q 74, 139.

parentheses, are missing from the presently used free energy 059&)4)75'-95%5'\"; Keesee, R. G.; Castleman, A. WCalloid Interface Sci.

formation tabulationd>!¢ They have been determined fromthe ™ (15) CRC Handbook of Chemistry and Physizgh ed.; Lide, D. Ed.;
differences in Table 1 as presented in Table 2. In view of these CRC Press: Boca Raton, FL, 1997.

considerations, it is reassuring that the common point of the = (16) Wagman, D. D.; Evans, W. H.; Parker, V. B.; Schumm, R. H.;
| ir-b ' d . .g for th , bp | Gibb Halow, |.; Bailey, S. M.; Churney, K. L.; Nutall, R. L1. Phys. Chem. Ref.
cluster-pair-based approximation for the proton’s absolute Gibbs para 1982 11, Supplement No. 2.

free energy of hydration is even better determined than that of  (17) Coe, J. VJ. Phys. Chem. A997 101, 2055.
the enthalpies. (18) Grunwald, E.; Steel, Ont. Rev. Phys. Chem1996 15, 273-281,
; : see Table 3 for a timeline of references. MarkusJYChem. Soc., Faraday
Itis noteworthy that the same common point (or bulk proton -1 1987 83 335-49. AHLF[H ] = ~1103+ 7 kJ/mol by assuming
value) is obtained (see Figures 2 and 4) by the cluster-pair- that various tetraphenyl ions have the same volume and, therefore, same
based common point method even when the cluster ion term of hydration enthalpies (TATB extra thermodynamic assumption).

eq 24 is ignored! Clearly, the cluster-ion term goes to zero lg%géfggggi”gham’A-l? Payzant; J. D.; Kebarle) Am. Chem. Soc.
when the approximation becomes good. Furthermore, itis the "~ (50) keesee, R. G.; Castleman, A. W.Phys. Chem. Ref. Dat086

correlation between the bulk constantgk(A™) + k(B7)]/2, 15, 1011.

from Table 3 and the difference in cluster-ion solvation enthalpy (3%) B"ﬁOkE’ KN “’E{Uﬁe, S Yﬁmibe,ﬁfhyf- ghﬁﬂg%ﬁcaz 39‘é3-
or free energy that critically determines the absolute proton 19§3 )115""1;512%_ -7 ronma, K., Armentrout, . 52.Am. &hem. S0¢

value. The cluster pair-based approximation is different than  (23) Magnera, T. F.; David, D. E.; Michl, Them. Phys. Lett1991,
other cluster approaches since it does not get better with 182 363.

increased cluster size. In contrast, it becomes good for onelggé‘%gsgiéozé? Ford, J. V.; Wei, S.; Castleman, A. . Chem. Phys
idealized pair of oppositely charged ions (ones that have " (35) kell, G. S.; McLaurin, G. EJ. Chem. Phys1969 51, 4345.

obtained the same fraction of their bulk hydration values at a  (26) Buffey, I. P.; Brown, W. BChem. Phys. Letfl984 109, 59.
given cluster size). The linear deviations from this ideal _ (27) Trasatti, S. InViodern Aspects of Electrochemist@onway, B.

L . . . . . E., Bockris, J. O'M. Eds.; Plenum Press: New York, 1979; Vol. 13.
exhibited by real pairs of ions allow the idealized behavior to ™56\ on pair entries corresponding to strong electrolytes were determined

be deduced. Itis the NgF~ and N&,OH™ pairs that are closest  from AH°[AB(aq)] — AHF[A(g)] — AH°[B~(aq)] whereAH°[A+(g)]
to this idealized pair and these pairs are also the ones showings 1536.2(0.1), 685.7(1.0), 609.5(0.7), 514.0(0.8), and 490.1(0.8) kJ/mol
flat trends in Figure 1 for H*, Li*, Na*, KT, and Rb, respectively, and\H°[B~(g)] is —143.5,
e . —255.0(0.3)~233.5(0.1)~218.9(0.2), and-194.6(0.1) for OH, F-, CI-,
The cluster-pair-based method successfully determines theg- and I, respectively. These values are in excellent agreement with the
proton’s absolute enthalpy and Gibbs free energy of hydration values in the 1982 NBS tables (ref 165H’[A*(g)] is 1536.2, 685.8,

i i i i i 601.4, 514.3, and 490.1 kJ/mol forH.i *, Na*, K*, and Rb, respectively,
W'thOUtl mO\I/oklng_ e>(<jtra th(farmoollyn_amlc lassu_mpilons. The ndAHCE (q)]is - 143.5,-255.0,- 2335, 2188, and-184.6 for OH,
presently determined set of single-ion values is (1) consistent g c1- - and I, respectively.

with experiment when surface potentials are considered, (2) (29) AG°[A*(g)] is 1516.9, 648.6, 574.3, 481.1, and 457.7 kJ/mol for

completely consistent with bulk thermochemical tabulations as H;e '2-'; ’\gé §<+,2§ng RU,d[ezSzPsegﬂl:/Jellyy ‘I’ﬂpdﬁgg[BF‘(ggl is B—138-7d
: ; ; —262.3,-239.3,—-238.9, an . mol for OH, F~, CI~, Br~, an
only literature heats and free energies of formation have beer]I*, respectively. These values were determined from data in the 1982 NBS

employed, and (3) maximally consistent with the cluster data. tables (ref 16) and calculations of the gas-phase entropies (ref 31).
It is hoped that these values will find utility in the increasingly (30) Since water is a weak electrolyte, the,8H" value was determined

i . i ; by AHa?(H* + OH™) = AH[H0(I)] — AHP[OH(g)] — AHP[H*(g)]
important activity of connecting cluster ion data to bulk. e AH°[?—|20(I) —H*(aq)+ OH-(aq)], where the last term is 55.8 kJ/mol

. . . for enthalpy and 80.0 kJ/mol for free energy.
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