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An account is given of common in orga nic substam:es that crysta llize from aqueous solutions by 
an endothermic process. The relation between the thermodyna mic characteristics o f the sub
stances and the heat effect of crystallization is briefly discus~ed. 

According to the simple notion of the nature of changes in the aggregation state 
of substances, the crystallization or so lidification of a one-component system is ac
companied, like the vapour condensation, by the liberation of heat. In crystalliza
tion of substances from supersaturated or undcrcooled so lutions involving more 
components, the heat effects may be more diversified. The aim of this paper is to sum
marize the knowledge on simple electrolytes whose crystallization flOm aqueous 
solutions produces heat effects opposite to those observed for the majority of inorga

nic substances. 

THEORETICAL 

For most substances, the dissolution is an endothermic and the crystallization 
an exothermic process. In quantitative terms, the net heat of crystallization is given 
by the algebra ic sum of the crystal-lattice enthalpy and the enthalpy of ion hydra
tion at the saturation concentration. The liberated crystal-lattice enhalpy is usually 
higher than the sum of all the contributions to the enthalpy of ion hydration or de
hydration. With strongly hydrophilic ions (Li +, Mg2+, Ca2+, Co 2+ ), however, 
the enthalpy needed for the strongly endothermic dehydration is higher than the 
liberated crystal-lattice enthalpy, so that the crystallization is endothermic; this 
means that under adiabatic conditions the solution cools down as the salt crystal
lizes. Substances possessing this distinctive crystallization feature have not been 

reviewed in the literature. 
The heat of crystallization, !)'Hc' is related to the temperature dependence of solu

qiJity by the equation! 
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where R is the universa l gas constant, (p is the osmotic coeffficient, 111 is the niolality, 
ms is the molality of sa turated so lution·, II is the stoichiometric number of ions in a mo

lecule, 11 is the number of hydration water molecules in crystalline hydrate , I'vl w 

is the relative molecular mass of water, and T is the absolute temperature. Con

sidering the inequalities R > 0, v > 0, «p + dep/d In m) > 0, nl11 sMw < U)()O, 
it is apparent that the sign of the heat of crystallization is given by the sign oHhe 

slope of the temperature dependence of solubility, ms = I11 s(T). Of the 526 inorganic 
substances li sted in the so lubility tables of Broul and coworkers z, 67 sa lts exhibit 

negative slopes dl11 s/dT within certain intervals, indicating endothermic crystalliza

tion. For about half of these 67 salts, there is a temperature at which the heat of CJ ystal

lization is zero: the enthalpies of the exothermic and endothermic processes involved 
in cry stallization or dissolution are just equal in magnitude. Obviously, dms/d i .~ . 0 
at this temperature. When consulting the table z (where wand x are used to denote 

the mass and mole fraction s, respectively) to find out whether a substance crystal
lizes by an endothermic process, it is necessary to check whether the printed value 

of the slope dw/dTlies in the region of the existence ofa hydrate of the salt conCerI}cd. 
In SOme cases, the negative value of the slope is only a result of unjustifiedex,tra

polat·ion. This is revealed by finding a discrepancy between the trend in the SOh,lbi\ity 

values, x = x(T), and the sign of the dw/d Tvalues, as is the case with Cd(N03h, Zaq 

[89], Na zHP04 .J2 aq [204], Na 2HP04 .2 aq [206], Na 2Cr04 .6 aq [323] , LiI. Lflq 

[352], FeBr2.4 aq [50], K 2S0 3 [508], and K 2S0 3.J /3 aq [507], where the numbers 
in brackets represent the serial numbers of tables in the col1ection 2. The . n;~f.I!ts 
of re-examining the signs of slopes dl11s/d T are summarized in Table I, which .g;v~s 
the temperature intervals in which the salts crystallize from aqueous solutions by an 

endothermic process. The symbol Ie indicates the temperature at which th,~ : I l~ .~a t 

of crystallization is just zero. In most cases, te coincides with the boundary between 
the regions of endothermic and exothermic crystallization. 

DISCUSSION 

Considering the current state of knowledge on the thermodynamics of electrolyt~s, 
it is rather surprising that the available knowledge about heat effects of dissolution 

and crystallization is of purely empirical character. In the equation for th~ heal 
of crystallization 

(2) 

where AHL is the crystal-lattice enthalpy, and I1HH is the enthalpy of hydration , the 

quantities tJ.H L and I1HH are usually up to an order of magnitude higher than 11.1He 
and nearly equal in numerical value, I1HL ~ -tJ.HH. While the value of the crystal

~lattice enthalpy can be estimated theoretically, the quantity I1HH depends in a com-
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plex way on the nature of the sa lt molecules or ions and their bonding to the solvent 
molecules. The uncertainty in the estimates of the various contributions to the ent-

TA13LE I 

A survey of substances exhibiting negative values 0(" the "Iope dlll j d T within tempera ture intervals 
1 ( C). i. e. of substances with cndothermic heats of crysta llizat ion 

- -- ~--------- - . 

Substance ',. Sub,tance 'e 
- - "- -- ----.------

LiJ. I aq 77- 78 78 Nd 1(S04)J .8 aqa 10- 68 
CdBr1 . 4 aq 30 - 41 41 Nd 1(S04)J .8 aq{l 69 - 93 93 
NiCl z .4 aq 29 - 30 30 Pr1(S04h . 8 aq 0 - 80 
NiBr1 . 0 aq 91 - 100 91 Yb z(S04)3 . 8 aq 0 - 100 
YCI 3 . 6 aq 65 - 75 Y 2(S04lJ . 8 aq 7- 100 

FeCl J 66 - 77 77 Th(S04)1 .4 aq 40 - 70 

MnFl 25 -- 75 75 Li2C03 0 - 100 

AgF 40 - 100 Na2C03 . I aq 36 - 100 

MgIl .6 aq 44 - 04 04 

CsOH 15 - 30 CO(l°3h 65 - 100 ICO 

Sr(OH}z 85 - 100 Ca(l°3)Z 90 

Ca(OHh 5- 95 Zn(Cl03h . 4 aq 16 - 22 22 
NazSn(OH)b 3- 15 

Li 2S04 . I aq 0 - 100 Na ZSe04 32 - 100 

Na ZS04 33 - 100 Na2HP04 96 - 100 

CaS04' 2 aq 40 - 75 40 Na3HP107 . I aq 30 -- 50 

CaS04 ' 1/ 2 aq 20 - 100 Na2HA,04' I aq 68 - 73 73 

BeS04 . 2 aq 93 - 100 93 Na 1HP04 ·21lq 49 - 50 50 

MgS04 . 1 aq 69 - 100 Na 1 Cr10 7 83 - 86 86 

CdS04 . 8/ 3 aq O- S CaCr04 0 - 100 

CdS04 . I aqo: 44 - 74 Na4P207 80- 100 

CdS04 · I aq{J 75 - 100 benzoate Li + 52- 79 79 
CoS04 . 1 aq 05 - 100 benzoate Na + 0 - 26 26 

MnS04' 1 aq 24- 100 benzoate Zn 2 + 15 - 60 
ZnS04 . I aq 49 - 100 phthalatc K 51 - to 51 
FeS04 . I aq 64 - 100 acetate Ca .2 aq 0 - 58 58 

acetate Ca . I aq 84- 100 

Na 1 S03 33 - 100 acetate Sr . 1/ 2 aq 9 - 85 85 
K 1 SZ0 3 . 1 aq 35 - 37 37 acetate Ba . I aq 25 - 32 32 
MgS03 . 3 aq 40 - 100 acetate Ba 41 - 80 80 
Ce2 (S04)3 .9 aq 31 - 42 

Ce1(S04)3 . 8 aq 0 - 30 K 4Fe(CN)6 88 - 89 88 
Ce1 (S04)3 .4 aq 43 - 100 K 1 Pt(CN)4 ' I aq 75 - 78 78 

AI 1 (S04)3 .6 aq 0 - 20 20 Pr(N0 3 )3 . 6 aq 15 - 19 19 

Lal(S04h .9 aq 0 - 100 NH4AIF4 55 - 100 55 
FeBrl . 4 aq 49 
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thalpy of hydration is the principal reason why both the magnitude and the sign 
of the heat of crystallization must be ascertained in an empirical wayS - 8. 

In estimating the heat of crystallization from the values of the integral heat of di s
so lution, Ml(m), 

llHc = - lim [IlH(m) + d M-I(m)/d In m] , (3) 

the sit uation may be encountered, where the slope of the concentration dependence, 
d M1(m)/d In m, is opposite in sign, and has a higher abso lute value than the integral 
heat of dissolution, llH(ms). The last differential heat of dissolution, equal - except 
in the sign - to the heat of crystallization, and the integral heat of dissolution are 
then opposite in sign (c/., e.g., potassium fluoride) . 

Let us recall the well-known, exceedingly pronounced exothermic nature of the 
dissolution of some acids (HN03 , H 2S04 ), whele the bonding between water mole
cules and the anions is extremely strong. By analogy, a very strongly exothermic 
hydration may be expected in dissolution of anhydrous substances that form stable 
crystalline hydrates. Accordingly, while the crystallization of the respective cry
stalline hydrates is exothermic, the crystallization of the same substances with 
a lower hydration degree or in the anhydrous state is always considerably less exo
thermic; in special cases, it may be even endothermic, as with NaOH, NaT, Na 2S04 , 

TABLE II 

Heats of crystallization, IlHc (kl/mol). from aqueous solutions at 2SoC for some salts with diffe
rent numbers of hydration water molecules 

Salts IlHc Ref. Salts IlHc Ref. 

LiCI -2·1 KF 1·7 
-2·S - I·OS 
+ 2·S - 0·6 4d 

LiCl. I aq 13 ± 3 KF . I aq 24·S 
18·1 4d 

LiN03 6·S ZnCl 2 13·4 
LiN0 3 • 3 aq 33'S ZnCl 2 . 3/ 2 aq 20·2 
NaOH -2·9 Ca(N03h -17·1 4 
NaOH. 1 aq 13·3 Ca(N0 3h . 4 aq 33 
Na2 S04 -6·4 MnS04 . I aq - 11 
Na 2 S04 . 10 aq 69·5 MnS04 . S aq 19 
NaBr -2·8 4 NaI -6·7 
NaBr. 2 aq 16·6 3 NaI. 2 aq 16·7 
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LiCI , LiS04 . 1 aq , K F, and Ca(N0 3)2 at 25°C (see Ta ble 11 for a list of heat s of crystal

lization from aqueous so lutions at 25 cC for selected salts). 

The values li sted in Table II have been calculated as recommended by William

son I, i. e. from the temperature dependence of solubility, using solubility dat a 

of Broul and coworkers 2 a nd osmotic coefficient data of Voznesenska 9
, or by ana

lytical approximation and ex trapolation of integral hea ts of dissolution taken from 

books of Parker 3 and Beggerow4
• The notation 4d mark s the cases where the ca l

culation started from data for the concentration dependence of the differential hea t 

of dissolution, which were fitted to an analytical function , and extrapolated to the 

saturation concentration. The differing hea t-of-crysta llization values eva luated 

from the two kinds of di sso lution data pOint to a certain inconsistency of the data 

for the same compound s from the sa me source . Other hea t-of-crysta lli za tion data 

have been taken from the literature s.7 .
s. 
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