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Zinc is a more active metal than copper; zinc reacts with 
dilute hydrochloric acid while copper does not. When zinc 
immersed in zinc ions is connected to copper in copper ions 
via a salt bridge in the Daniell cell, electrons flow externally 
from the anodic zinc(oxidation) to the copper catbodehe- 
duction). Zn(s) + Cu2+(aq) - Zn2+(aq) + Cu(s) is the net 
eauation. The free enerw chanee for the sDontaneous 
change is -213 W (EO =-%1.1 v); the enthalp; change is 
-217 kJ. and TAS = only -4 kJ. Thus there is anet  lowering 
of energy as zinc dissolves forming 2+ ions while copper ions 
form atoms on the copper cathode. Since the entropy change 
is small because of the same number of atoms and ions of the 
same charge in the reaction, the energy term involvingentro- 
py is not significant in driving this reaction. What can the 
lowering of energy be attributed to? What atomic properties 
of zinc or comer can account for the direction of this 
change? In g e k d  can some structural reasons be given for 
the direction of chanee in common voltaic cells? 

The process of me&l atoms dissolving to form 2+ ions can 
be thoueht of as involvine the followine enerw ~rocesses: (1) 
the endothermic separation of the atoms from ihe solid met- 
al, the heat of atomization or sublimation can be used for 
this process; (2) the endothermic ionization of the gaseous 
atom to form the doubly positive ion; (3) the exothermic 
hydration of water molecules around the ion, represented by 
the heat of hydration. The sum of these energies, when 
compared for two metallmetal ion couples, then &n provide 
a basis for an atomic explanation for the drive of chemical 
chanee. These values are indicated below in kJ1mole. In 
addizon, standard reduction potentials in volts are given for 
the metal ionlmetal combination for each of the metals list- 
ed. 

While there is aereement in most aources for atomization 
(sublimation) and;onization energies and for reduction po- 
tentials, there are differences for the single ion hydration 
energies because of theoretical approxim&ions.  or exam- 
ple, the AH (hyd.) for the Cu2+ ion is given as -2122, -2065, 
-2072, and -2244 KJ in refs I ,  2, 3, 4, respectively. The 
reason for this is that single ion hydration energies are not 
experimental values but values derived from standard hy- 
dration enthalpies with assumed energy considerations of 
the metal ion in water (seep 160 of ref 3). However, despite 
the fact that tables of single ion hydration energies from 
different sources (see each reference) differ in values for 
each ion, the order of values for the given metal ions is the 
same in each reference and would not alter the atomic con- 
clusions made in this article. Thus, the conclusions reached 
in this article are not oroven but, rather, derived as theoreti- 
cal answers. 

metal AH(atom)' 

Cu 340 kJ 
Pb 197 
Ni 43 1 
Fe 414 
Zn 130 
&l 150 

ton E(2+)' AH(hydJ2 Sum P1 

2704 kJ -2064 kJ 980kJ +0.34V 
2168 -1486 879 -0.13 
2486 -2034 883 -0.25 
2323 -1875 862 -0.44 
2641 -2009 762 -0.76 
2176 -1688 440 -2.34 

The difference in energy sums for Cu vs. Zn is about 218 
kJ. (980 - 762 = 218), which is about equal to the difference 
in atomization or sublimation energies. Note that, even 
though it takes more energy to ionize the copper, the hydra- 
tion energy is more exothermic for the smaller Cu2+ ion by 

about the same difference in energies. The energy decrease 
associated with the Daniell cell reaction is mainly due to the 
tighter bonding in solid copper than in solid zinc. This dif- 
ference is consistent with comparisons of densities and atom 
radii for Cu vs. Zn (9.0 vs. 7.1 g/cm3 and 1.17 A vs. 1.25 A). 

But what about the iron-opper cell? Here Fe is the anode 
(like zinc) and the cell potential is 0.78 V. The driving force 
here would not be tighter bonding in Cu since the atomiza- 
tion enerw of Fe is hieher (its boiline ~ o i n t  is hieber bv 
almost 5G0C).  ~ a t b e r j t  is the appro&ate 400-kjdiffei- 
ence in ionization enerrcv that favors the ~roduction of Fez+ 
ions over Cu2+ ions, even though the hydration energy favors 
by 200 kJ the hydration of the smaller Cu2+ ion (0.72 A vs. 
0.76 A). The stability of 10 electrons in the 3d orbitals of Cu 
may account for the requirement of more ionization enerw 
for;emoving two electr&s in Cu than for Fe. Thus in iron- 
copper cell it is the relative ease of ionization of Fe atoms 
over copper that causes Fe to be the anode instead of Cu. 
The net reaction: Fe(s) + Cu2+ (aq) -Fez+ (aq) + Cu(s). 

The Ni-Cu cell exnlanation is similar to that of the Fe-Cu 
cell with the difference in ionization energy of some 200 kJ, 
favoring the oxidation of Ni despite the greater sublimation 
energyand lower hydration energy for Ni.The Pb-Cu expla- 
nation would follow the path of the Daniell cell, althoueh 
suhlimation energies arecloser and the ionization and h;- 
dration of thelarger Pb2' ion have muchsmaller magnitudes 
than Cu2+. (~hebensi t ies  comparison would not b i  appro- 
priate for the period 6 element, Pb.) Finally, the Mg-Cu cell 
has such a great difference in potential arising from all the 
comparisons, low sublimation energy and low ionization of 
the large Mg atom, accompanied by the relatively high hy- 
dration energy of the small Mg2+ ion. 

I t  can be seen from the table of values that the order of 
Sum values (i.e., sum of sublimation, ionization, and hydra- 
tion energies) match within a few kJ, the order of electrode 
potentials. Entropy effects have not been considered in this 
article. 

Chemical thermodynamics with its AG = AH - TAS 
needs no atomic or molecular explanation for predicting the 
direction of chemical changes. Since differences in entropy 
changes for metallmetal ion(2+) couples are small, it is the 
enthalpy change differences that allow structural interpre- 
tations. Thus, the strength of bonds between atoms in met- 
als, the relative ease of removing electrons from atoms, and 
the energy lowering of the attraction of water molecules for 
positive ions in solution all aid beginning students' under- 
standing of why reactions occur. The Daniell cell works by 
the dissolving of the zinc and the plating on the copper 
cathode, and with a positive potential difference of 1.1 V. I t  
works in that direction and not the reverse (at standard 
conditions) because copper atoms are more closely and 
strongly bonded in the solid metal than zinc atoms. In other 
cells relative ease in ionization or greater stability of hydra- 
tion can explain the direction of chemical change. I t  is thus 
demonstrated that considerations at  the atomic level can be 
helpful in understanding why chemical reactions occur. 
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