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Absolute Hydration Enthalpies of lons

Minoru Sakivama and Yatsuhisa Nagano

A critical review on absolute hydration enthalpies of ions derived by various methods is

presented. Definitions on absolute and conventional hydration enthalpies are presented.

Values based on the TATB extrathermodynamic hypothesis, those from electrochemical

methods, those from gas phase thermodynamic measurements on ion-water molecule associa-

tion, those from computer simulations, and those based on a physical model for hydrated ion

clusters, are discussed. Thermochemical studies on tetra-alkylammonium halides carried out

by the authors are briefly summarized in relation to the present topic.
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Table 1  Standard Enthalpies of Formation of

Tetramethyl- and Tetraethylammonium

Halides and the Cations

Species  A;H%/(kd/mol) Species  AtH°/(kd/mol)
TMAT () -(2039%27  TEAI(er) -(3002+3.2)
TMABr(cr) -(251.0£28) TEABr(cr) -(342.7+3.3)
TMACI(cr) -(2764£28) TEACI(cr) -(369.4%34)
TMA™ (a@)  -(i052%28 TEA" (aq) -(215.1+3.3)
TMA™ (g) 546 TEA* (g) 424
JIfwAEICE L DD,
298.15 K T i - NR, (g X {g)=NR,X(cr),
NAH 2L T5ERL i ?wF—AmH 0K
TR R AL F LD EEE k] /mol B -

=
CDTUALH Y Ui A% ET 5. Uiz (4 > g
BRI 2 2 A LA DRI, 722 2 1332 T
& IERD RN EDELGDRTH DA, HiE%
A H 200887 5 5, £212053T L9 12550 H 5D
AP 50 k] 'mol TH B Z 240 h B, KRS

Table 2 Experimental Lattice Enthalpies
(Al'd|H >'
Energies ({7},

Calulated Electrostatic
and Calculated Lattice
Energies (A, U°), of Tetramethy- and

Tetraethylammonium Halide Crystals

Ay H® U, At U°/(kJ/mol)
Species  kJ/mol kJ/mol (Ladd-Lee) (Boyd)
TMAC! - 589 - 538 - 502 - 548
TMABr - 578 - 526 ~-494 - 540
TMAI - 553 -506 - 477 -515
TEAC! - 560
TEABr - 548
TEAI - 527 -478 - 448 - 456
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A¢ Hg, m(Cl')j= A¢" "Hg, a (Cl7)=1]

7}—\/7;‘:/4\

©

Mercury

Calome]
Electrode

RV A/ SIS &va

olution

L ST

Jooooo

HJ

Figure I Dropping mercury method.
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—(RT / F) Ina(Cl7), (4—3)
ald {4 DiEETH L, —IZH LZHONE
BT vl @R Tr o rvi ¢ EEERT >
e »xmv Big=¢ty LRDAG AL
fal Kgiz NES YRI5z # L k,

A¢[Hg, m (CI N+ {x (Hg)—x (Cl')}
=A¢ "Hg, a (Cl)=1]1+ {x (Hg)—x (aq)}

—(RT/F)In a (Cl"), (4—4)
227, x (1), x (Hg), x(aqii#i#n, &,
AER, BERDLEF R T > 2o, AR 1 B HININ
TH L. ML,

A¢ [Hg, a (CI)=1]+ {x (CI")
=A¢ Hg m (Cl°)

-
[NERNTE N

—x (aq)}
F(RT/F) In a (Cl").
(4—5)
a (K)=a (Cly 2 5L, A¢iHg, m (C1)] L)
fifi = PR HE Mmm CEREE A T TAT R G54 5
YLEDORERGE m(CUNZ kLT EE LD, 2 (C)
EERBEDEPENT y @iz FL W2 X abha b,
29 LT, KCUBHDHE A O E AT
A¢ [Hg, a (C1")=1]=0208 V x k% 3
IRERDALZHBE S W ISR ASRINTE D 1 1 M %
WO F THATS ¥ 2R TH D
=e(g),;
H oW E RO &
eV =437 k]/mol #Hi\v 72,
OV R SRR & KR H I #
Wt s ALY X, K (1/2) He,CL (er
e{g)=Hg ()+Cl" (aq), DOHERET 142
ST REMNDKEEBRN O ®EE ) (
LI &, MG (1/2) Hy (@) =H(ag) +e (g),
A EY(H,— 2HY %1542
KFZA A > D KRMIESE H (g9)=H"(aq) T
#¥ky7 a b > DKH Gibbs — L ¥ —(3
Ao G'(HY==FE(H,— 2H")— A G (H", g),
(4—6)

Ce(in Hg)
AG=W f:EM# W & L 7 Randles (4 ri7¢
% SCHERAH C (4.5340.02)

kj‘
Z e
12675 V &

z

5

#)‘

%
Reference L
Electrode =™ 3

Solution

4

Electrode

Figure 2 Vibrating electrode method.
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B AE2HE N D AGHY, g =AH(HY, g)
~T IS g—(1/DS He @] 1250, HLwE
T 75T R 5 X 15232 KJ/mol & 4 B, 2
5L T. AnaG(HT, abs)= —1080.3 k] /mol &9 &%

Ao, AT AH=AGHTASIZ, REITTHE~NS
7oLy e E—ALLSH)=—131 J/

(KemoD 2L AT 2 KMl ZkE—k
L T~1119 k]/mol %*

Gomer * Tryson'™iZ,

oz ko,
Trs L7z,
Fig, 212883+ 59
12, Ag, Cu, Zn %7213 Ag AgClEM A, HB X160
BEND G FA L R T ARIERIIN L. LD D2
HHZHREER (08 $ 701308 R R RN T 7
LT, R Jh] kKR R o
S RE A IR L
1l A O A b
AR E T 2 DD SN DI ENT T3
’E-‘#éfl&,;;-miiamaféHaw’: L Hhed)
A 20,
S e i T oo (ER I W, (I
ETO N RO OBPE Lo TR JHWH/L
1r=72 Au, Pt 2 Do - o i B
??f L7 i TIREE R T WL, mi%:@h*u‘l':

T A
WA Vi t: LA ARG TTHE L 7

SCRTHET b ML led) 2 -9,
TR ﬂd et

ECAN AN

h /7)

Ry (R o=

i3
%‘r
(’:
K

*&\Qf‘bm’fﬂﬁm TE A Vit = Viet+ Vi, 72750 Viadd
HeUEH MR O Faift] & i’(fiﬁm:ﬂ»ﬁ A AR Ve i 225
S R a7 A oWz ERGR Ag/AgNO, iET,
Cu/CuNO, 7, Zn/ZnNOyiEi, Ag, AgCl/AgNO,
ERLLZ O T, IR pH A S b X T b,
HEERSR L BT O Bl 1 4 o IR 2 G fn‘:%(
y(M™*) @'Lﬁf]ﬂl?i Bl THEEBIRBED I - PR B L,
AN BN PEIRE S E(cel) & AL
<:kl\:§t , Vi Bl b kT o, /}wmfﬂ’um
Eéa‘fwfmﬁ?\«?ﬁ&g%,n E(H, - 2H", app)2iB=8 L
M5,

FE(H,— 2H*, app)
= Vis— Wi +(0.059/ n)log y(M"*)—
+ Vi =FE(H,— 2H")+ V..

THE

E(cell)

(4—7)
E(H,— 2H*, app)? il —4.62 V 55 —4.78 V D&
Hizhy, ERPOEEA T OMMH Y BEICRY Y
BEX N oL KIET %%lﬁ@?ilﬁm“f//wb
Vel E(M,— 2H™, app)?> pH=7 T EBE BRI
A BTN S =005 V X KL »’;ﬂf:o #ER,
E(H,—» 2HY)=—(4.73+0.05) V»##k TH 5.
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Gomer- Tryson #¢ H*? KH1 Gibbs = # L % — T R
SENZIE AGHHY, gk T4 7+ B 1515.3 k]
mol #Hivy, S(H", g)= SH, @ 2zl Tve a7,
SHHIEE ST T B - Any g GH )=
—(1066.8+4.8) k]/mol * # % ZH LS B HY
DKHLZ F 0 — (1 —(1106%5) kJ/mol T# 5,

IS V%) /j‘[)'-u’ik\”?“ﬂ HUBOEAL M 5E 7 ik 202 flr 7

S HUUEAT O WIE AT 08 h = 5 e IonT,
RERAS P SISLA T TR E T S A TNy
{J: ?; 7 )\é}(‘f’( l]m/rk\ém) ”m};fl}\ nﬁﬁ‘ﬂ\v’iv m’%:

IR T v v IS AR & MR s o i X 42 2
REDIEFUZIE DO TER XN B~ X Az, i)
f{i(fﬁfﬁiﬁdj 5% /f;, L 2 B Ml AR

LOR AL Y09 2 Tha. Tk
BEAEDYSHI 2 1 & = DREALIRBEND B2 115 1o

FUF =BG L T Aol o &(:é‘é

il 2 oo Jj Ui 507 4, i
Wl DT A A T, o ﬁ.,mﬁli
ST DI T A G DE T mmo 4
T2 X FIGABEN A TR0 b o442
DRKHIGibbs T 4 L =5l h 41 T B 2 k.
IHH D ET G IL 4 4 & KHI Gibbs = 7 1L
X Diya G2 LEEMU G0 R D 6 G N~ (>
FOIE AR EAIHE L L A% 10T A
Lo RUEA LD, £, R AL A R &
DERAT >3 v B, 277 oMz X417 b 14
LEATOHS.

47 > D KFHIGibbs T %L ¥ — ) LB oii ik b
L”f‘”ﬁﬁi?%jf\‘/‘ﬂ’“"u‘ici%%‘é’ﬁué IEDHOA, FR
TOHET BB SRR T A R AN TR (L HikE
DLDD M T é4—\HHJ§'1¥£,’4\1‘0M\%‘£—T%

4.2 XM bob—

MDA & B2 B IR EELS 35 72 KPR 2 BB L
AT
HERRA ] EMLL ) A2 | L | GEMA

T T 7; T,

Wz lekj';};

(4-8)
ENRES 5 Tk
Kd o &

T EGE i (thermo-cell) £\,
TONERREZ 5T B IED AS %
DTEL, Lok l, ZORENZEASIE L LEL
DIz, FEH 212U DI LTIz T 2 K
HA A > DER P OFE ( é‘k%&xﬁx NE L (Soret )
R HBIIERC 507 2 RIS L 2 LOBBO AL
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LEENED 6, ZHL DA A Y 7
T 20805 2,

ZDEDITEA WD TIT- 72 Eastman'®ix, ##pl
Az Richards”’faf’ﬁﬂ'if ToEE M
Hgtl) i Hg,Cly(cr) | HC, H,0, ¢=0.01
| Hg,Cl.(cr) l Hg (1
@@'%ijjﬂiE'J‘/iﬂ[ﬁ./yﬁ;, HRERD BRSO |

(h+Cl(ag)=(1/2) Hg,Cly(cr)+e (in Hg), opim

% AS (¢=0.01 mol/dm?3)=—954 J/
(K-mol) » s, Hg (1), Hg,Cly(cr)? S DIt & B
W, &2 Fermi-Dirac Sk 7% 2 5 5 FNHI bu
E—ldoininr LT ZnEsEH LT, S (Cl aq
¢=0.01 mol/dm®) % 117.2 J/(K-mol) » ks> 7>, ik
WDEEDEHERED IR+ 5 &, tHE SYCr
ag)=79.0 J/AK-mol) 24 2. Kigmhon A 4> or s
— 3 SUHT aq)=0 X 50T S 1L BE S
XLERIZH 3 1 S(CL, ag, conv)=56.5 J/(K-mol),
S(HCI, ag)=S(Cl =5°(H", aq, abs)

e T

mol/dm?3

I Tk

Fow

-, aq, conv)

+S5(Cl, aq, abs), ThH L4 0, S(H*, aq, ahs)=
—225 ] (Kemol) X 4 ), AnyeS (HY) =S (H*, aq, abs)
—S(H", g)=-131.3 J/K-mol) %1% 2.

7DF>®KWI>FDE—&%M@HJT@0M
TSR XL T 8%, Conway'™ 3 TRk E
FIDHEFHE D5 ‘Z‘iﬁéﬁf)’ 5 AnegSTHYOEE LT
—129x1.,J (K -mol)# ¥ &, Marcus
-Loewenschuss'® &, R fE1Z —131+1. J/(K-mol) # 3k
Oz »FIIH L, 130 J/K - mol)EiigTH b - F
3, IS TH B

KD AneaH = 80a G+ T Ao S B T, 413055 2
F 2 298.15 K 703 —39 kJ,/mol FEET Ao H D
3 O%FE I EE L fE T AnyoSIZ 2 J/(K-mol)f2
2 uncertainty #°6 - 7 4, A HlD f‘fTé%ﬁ%E’i
0.5 kJ'mol METH -~ T, 4DEsh C BRIz 70 0, 7
Vo Dneo D DIEDEFER L E L AL G ‘(}\/1-‘7)&:5% 3
ZRH 5.

X 73

1} Y. Nagano, M. Sakiyvama, T. Fujiwara, Y.
Kondo, /. Phys. Chem. 98, 5823 (1988).

27 Y. Nagano, H. Mizuno, M. Sakiyama, T. Fuj-
twara, and Y. Kondo, /. Phys. Chem.. FIR|h

3) L. Smith, Experimental Thermochemistry, ed.
F. D. Rossini, Interscience (1956), p. 221.

4) For example, V. B. Parker, Thermal Properties

— 189 —



1. BE

3. &

1991 4£ 6 A 23~28H
2. B TR VHEIKFE

o 2o
of Aqueous Uni-univalent Electrolytes. 11} B. E. Conway. J. Solution Chem. T, 721 (1978).
National Bureau of Standards (1965). 121 Y. Marcus, A. Loewenschuss, Ann. Kept. Roy.

57 S. G. Lias, ]J. E. Bartmess, J. F. Liebman, J. L. Soc. Chem. 1984-1985, 81.

Holmes, R. D. Levin, W. G. Mallard, J. Phys. 131 Y. Marcus, J. Chem. Soc., Faraday Trans. I 83,
Chem. Ref. Data 17, Suppl. 1 (1988). 339 (1987).

6) R. H. Boyd, J. Chem. Phys, 51, 1470 (1969). 14) J. E. Randles, Trans. Faraday Soc. 52, 1573

7+ M. F.C.Ladd, Z phys. Chem. N. F 72,91 (1970). (1956).

8: M. F.C. Ladd, W. H. Lee. J. [norg. Nucl. Chem. 15) R. Gomer and G. Tryson, J. Chem. Phys. 66, 4413
11, 264 (1959). (1977).

93 D.D. Wagman, W. H. Evans, V. B. Parker, R. 16! E.D. Eastman, J. Am. Chem. Soc. 50, 283 (1928).
H. Schumm, . Halow, S. M. Bailey, K. L. 17) T. W. Richards, Z phys. Chem. 24, 39 (1897).
Churney, R.L. Nuttall, The NBS Tables of 18+ (a) 1. H. Bauer, “Electrodics”. Georg Thieme
Chemical Thermodynamic Properties, ACS and Verlag (1972); [EREG, Elfsk- (kg 5%
AIP for NBS, 1982. #,OHEEFEEIA, () D. J. G Ives, G. ]. Janz,
10} D. R. Rosseinsky, Chem. Revs. 65, 167 “Reference Electrodes”, Academic Press (1961),
(1963). wE,

{t2BHZERSH
(ERY 9KRZFRATHRE AR 100 AFRLE,
IUPACRETE)

1  Thermodynamics of Inorganic Compounds.

2 Thermodynamics of Organic Compounds

(Including Polymers).

3  Thermodynamics of Solutions and Multi-

component Systems.

4 Thermodynamic Models and Databases.

5 Experimental Techniques and Data Pro-

cessing.
EiEE
Dr. M. V. Korobov

4.

Chemistry Department

Moscow State University

119899 Moscow
USSR

— 190 —

Netsu Sokutei 17{4} 1980





