
INTRODUCTION TO THE SERIES ON
SOLUBILITY OF SOLIDS IN LIQUIDS:
SUBSERIES ON PHARMACEUTICALS

Nature of the ProJect

The SolubiIlty Data ProJect (SOP) has as its alm a comprehensive search
of the Ilterature for solubllltles of gases, liqUlds, and SOllds ln
Ilquids or solids. Data of sUltable precislon are complled on data sheets
ln a unlform format. The data for each system are evaluated, and where
data from dlfferent sources agree sufflclently, recommended values are
proposed. The evaluatlon sheets, recommended values, and complIed data
sheets are pUbllshed on consecutlve pages.

For phamaceuticals, the deflnltions, thermodynamics and methods of
analysls are the same as those for the study of solubllity of SOllds ln
llqulds in general. For this subserles, speclal sectlons deal wlth
matters of interest for pharmaceuticals, includlng dlScussions of
polymorphlsm, factors lnfluenclng the rate of dissolution of drugs, and
methods used to lnhiblt or enhance the rate of dissolutlon.

DefinItIons

A mixture (1, 2) describes a gaseous, liquid, or solid phase containing
more than one substance, when the substances are all treated ln the same
way.

A solution (1, 2) descrlbes a llquid or solid phase contalnlng more than
one substance, when for convenlence one of the substances, WhlCh is called
the solvent, and may itself be a mlxture, is treated dlfferently than the
other sUbstances, WhICh are called solutes. If the sum of the mole
fractions of the solutes lS small compared to unIty, the SolutIon IS
called a dIlute solutIon.

The solubIlity of a substance B is the relative proportIon of B (or a
substance related chemically to B) in a mixture which IS saturated wIth
respect to SOlld B at a specIfied temperature and pressure. Saturated
implles the existence of equIlibrIum with respect to the processes of
dissolution and precipitatIon; the equllibrlum may be stable or meta­
stable. The solubIlity of a substance In metastable equilIbrIum IS
usually greater than that of the correspondlng substance in stable
equilibrIum. (Strlctly speaklng, It IS the actlvlty of the substance ln
metastable equilibrium that is greater.) Care must be taken to
distInguish true metastability from supersaturation, where equlllbrium
does not exist.

Either pOlnt of view, mixture or solution, may be taken in descrlblng
solubility. The two points of view fInd their expresslon In the
quantIties used as measures of solubillty and in the reference states
used for deflnition of actlvities, activlty coefflclents and osmotIc
coefflcients.

The qualifying phrase "substance related chemically to B" requires
comment. The compositIon of the saturated mlxture (or solution) can be
described in terms of any suitable set of thermodynamIc components. Thus,
the solubillty of a salt hydrate In water is usually gIven as the relatIve
proportion of anhydrous salt in SolutIon, rather than the relatIve
proportlons of hydrated salt and water.

For pharmaceutIcals, the solublllty of a drug substance In a given
medium is of specIal Importance in designing a suitable dosage form for a
drug or In determination of a regimen for lts administration. The
solubility and rate of dissolution will determine the rate of appearance
of the drug in various body fluIds and at various sItes of action.
Therefore, the bloavallability of a drug IS often determIned by its
solubIlIty and rate of dlSSolution.

The solubilIty is a constant for a given substance in a given medIum at
constant temperature and pressure. Frequently It IS possIble to alter the
solubIlIty and rate of dISsolutIon dramatIcally through changes In
structure, degree of crystallInity or morphology, or by the addltlon of
a solublllzlng agent (cosolvent) to the dISsolution medlum. The
appearance of a drug in adequate concentratlon at Its site of actIon lS a
requIrement for testing clinIcal effIciency; thus, enhancement of
solubIlIty may be requIred to render a substance clinIcally useful.

For reVIews of recent literature on solubility and solubilIzation of
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drug substances, see (3, 4).

QuantItIes Used as Measures of SolubilIty

1. Mole fractIon of substance B. xa:

c
xa = nal r. n s [1]

S~1

where n s IS the amount of substance of s, and c IS the number of dIstInct
substances present (often the number of thermodynamIC components In the
system). Mole per cent of a IS 100 xa.

2. Mass fractIon of substance B, wa:

• c ,
we ~ rna I r: ms [2]

S~1

where ms ' IS the mass of substance s. Mass per cent IS 100 we. The
equIvalent terms weIght fractIon and weIght per cent are not used.

3. Solute mole (mass) fractIon of solute B (5, 6):

c' c'
xs,a ~ nal r. ns = xal [ Xs

S= 1 s~ 1
[3 ]

. c' .
ws , a ~ rna I r: ms

S=1

c'
wal [ Ws

S~1

[3a]

where the summatIon IS over the solutes only. For the solvent A, xs A
xA/(l - xA), wS,A = wA/(l - wA). These quantIties are called Janeck~
mole (mass) fractIons In many papers.

4. MolalIty of solute B (1, 2) in a solvent A:

mB = nBlnA MA SI base unIts: mol kg- 1 [4]

where MA IS the molar mass of the solvent.

5. Concentration of solute B (1, 2) in a SolutIon of volume V:

cB = [a] = nB/V SI base unIts: mol m- J [5]

The symbol ca IS preferred to [B), but both are used. The terms molarity
and molar are not used.

Mole and mass fractions are approprIate to eIther the mixture or the
SolutIon pOInt of VIew. The other quantitIes are approprIate to the
SolutIon pOInt of VIew only. ConverSIons among these quantitIes can be
carrIed out using the equations gIven In Table 1-1 followIng thIS
IntroductIon. Other useful quantItIes will be defIned In the prefaces to
IndIvIdual volumes or on specifIc data sheets.

In addItIon to the quantities defined above, the following are useful
In converSIons between concentrations and other quantIties.

6. DensIty: p = m/V SI base unIts: kg m- J [6]

7. RelatIve densIty: d; the ratio of the densIty of a mIxture to the
densIty of a reference substance under condItIons WhICh must be
specIfIed for both (1). 'Phe symbol dt'Wlll be used for th';" densIty of a
mIxture at tOC, 1 bar divIded by the density of water at t °c, 1 bar. (In
some cases, 1 atm = 101.325 kPa is used Instead of 1 bar = 100 kPa.)

8. A note on nomenclature. The above definItIons use the nomenclature
of the IUPAC Green aook (1), in which a solute IS called a and a solvent A
In compIlatIons and evaluatIons, the fIrst-named component (component 1)
IS the solute, and the second (component 2 for a two-component system) is
the solvent. The reader should bear these dIstInctIons In nomenclature in
mInd when comparIng nomenclature and theoretIcal equatIons gIven In thIS
IntroductIon wIth equatIons and nomenclature used on the evaluation and
compIlatIon sheets.

ThermodynamICS of SolubilIty

The prIncIpal alms of the Solubility Data Project are the tabulatIon
and evaluatIon of: (a) solubIlIties as defIned above; (b) the nature of
the saturatIng phase. Thermodynamic analysIs of solUbIlity phenomena
has two alms: (a) to prOVIde a ratIonal basis for the constructIon of
functIons to represent solubIlIty data; (b) to enable thermodynamic
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quantltles to be extracted from solubllity data. Both these are
dlfflcult to achleve ln many cases because of a lack of experlmental or
theoretlcal lnformatlon concernlng actlvlty coefflclents. Where
thermodynamlc quantltles can be found, they are not evaluated crltlcally,
Slnce thls task would lnvolve crltlcal evaluatlon of a large body of
data that lS not dlrectly relevant to solublllty. The followlng
lS an outllne of the prlnclpal thermodynamlc relatlons encountered ln
dlScusslons of solublllty. For more extenslve discusslons and references,
see books on thermodynamlcs, e.g., (7-14).

ACtlVlty Coefflcients (1)

(a) Mixtures. The activlty coefficient fa of a substance B lS glven
by

[7 )

where ~B* is the chemlcal potentlal of pure B at the same temperature and
pressure. For any substance B ln the mlxture,

[8)

For any

given by

[9)

actlvlty coefflcient ~B is

(~B - RT in rnB)'"

an lnfinltely dllute solution.

(b) Solutlons.

(i) Solute B. The molal

RT In(~BmB) ~ ~B ­

where the superscrlpt ... lndlcates
solute B,

1 [10)

ACtlvity coefficients YB connected with concentrations cB, and fx,B
(called the rational actlvity coefflclent) connected with mole fractlons
xB, are deflned ln analogous ways. The relatlons among them (1, 9) are,
where p* is the denslty of the pure solvent:

[13)

[12)

[11)

+ LMsms)~B/p
s

B ~ Cv~v-, the actlvlty on the molalIty

[p + L(MA - Ms)cs)YB/P*
s

(p - LMsCs)YB/P*
s

l)XB)/P" p*(l

(1~B

YB

fB

Lxs)fx,B
s

p*fx B[l + E(Ms/MA -, s

For an electrolyte solute
scale lS replaced by (11):

~BmB .. ~±vmBvQv [14)

where v .. v+ + V_, Q .. (v+v+V_V_)l/V, and ~± is the mean ionic actlvity
coefficlent on the molallty scale. A similar relation holds for the
concentration activIty, YBcB. For the mole fractIonal activIty,

fx,BXB

l/Vwhere x± .. (x+x-) .
fractlons (11), which

[15)

The quantltles x+ and x_ are the 10nlC mole
are:

where Vs lS the sum of the stoichiometrlc coefficlents for the lons ln a
salt wlth mole fractlon xs. Note that the mole fractlon of solvent is now

[17)

so that
XA' + LVsXs .. 1 [18)

s
The relatlons among the varlOUS mean ionic activlty coefficients are:

f± (1 + MACvsms)~± [p + L(vsMA - Ms)cs)Y±/P* [19)
s 5

[ 21]

[20)

+ E(vs - l)xsl
s

L(Ms/MA - l)xs)f±
s

p[ly± -
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(11) Solvent, A:

The osmot1c coefflclent, ; , of a solvent A 1S def1ned as (1):

[22)

where ~A* 1S the chemical potent1al of the pure solvent.

The ratlonal osmotlc coeff1c1ent, ;x, 1S def1ned as (1):

;x ~ (~A - ~A*)/RTlnxA ~ ;MA l~s/ln(l + MA lfts) [23)
s s

The act1v1ty, aA, or the act1v1ty coefficIent, fA' is somet1mes used
for the solvent rather than the osmotIc coeff1clent. The act1vlty
coeff1c1ent is def1ned relat1ve to pure A, Just as for a m1xture.

For a m1xed solvent, the molar mass 1n the above equations is replaced
by the average molar mass; i.e., for a two-component solvent wIth
components J, K, MA becomes

MA ~ MJ + (MK - MJ)xv,K [24)

where xv,K 1S the solvent mole fract10n of component K.

The osmot1c coeff1c1ent is related d1rectly to the vapor pressure, p,
of a Solut1on 1n equ111brium with vapor conta1nlng A only by (14, p.306):

;MAEvsms # - In(p/PA*) + (V~ A - BAA)(P - PA*)/RT [25)
s '

where PA* is the vapor pressure of pure solvent A, V~,A is the molar
volume of pure A 1n the 11qU1d phase, and BAA 1S the second v1r1al
coeff1cient of the vapor.

The LIquId Phase

A general thermodyn~\lC dIfferential equatIon whIch gives solUbilIty
as a functIon of temper,Lture, pressure and composItIon can be derIved.
The approach IS SImIlar to that of KIrkwood and OppenheIm (9); see also
(13, 14). ConsIder a solId mIxture contaIning c thermodynamIc components
1. The Glbbs-Ouhem equatIon for thIS mIxture IS:

c ,
L x1'(Sj'dT - Vj'dp + d~l ) ~ 0 [26]

1-1
A lIquId mixture In equilibrium with this solid phase contains c thermo­
dynamIc components 1, where c· ) c. The Gibbs-Duhem equation for the
lIquid mixture IS:

c • c'
L X1(SidT - V1dp + d~i ) + L xi(SidT - Vidp + d~l) ~ 0 [27)

1-1 1-C+1

Subtract [26] from [27] and use the equat10n

d~l - (d~i)T,p - SidT + V1dp [28)

and the Glbbs-Ouhem equatIon at constant temperature and pressure:

The result1ng equatIon IS:
c • C I C I

RT L Xl (dlnai)T p - L Xl (H 1 - H 1 ' )dT/'1' - L Xi (V 1 - Vi' )dp [30]
1~1 ' 1#1 J-l

where
[31)

is the enthalpy of transfer of component 1 from the SOlld to the liqUid
phase at a gIven temperature, pressure and composItion, with Hi and Sl
the partial molar enthalpy and entropy of component i.

Use of the equatIons

and
-RT2(alnai/aT)X,p

RT(alnai/ap)x,T

[32)

[33]

where superscript D IndIcates an arbItrary reference state gIves:
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where

dlnal = (dlnal)T,p + (dlna1/dT)x,p + (dlna1/dp)x,T [35)

xvii

The terms lnvolvlng enthalples and volumes ln the SOlld phase can be
wrltten as:

[36)

Wlth eqn [36), the flnal general solublllty equatlon may then be wr1tten:

Note that those components wh1ch are not present 1n both phases do not
appear 1n the solubl11ty equat10n. However, they do affect the solub11lty
through the1r effect on the act1vlt1es of the solutes.

Several app11catlons of eqn [37) (all w1th pressure held constant) w111
be d1scussed below. Other cases w111 be d1scussed 1n 1ndividual
evaluatlons.

(a) SolubIlIty as a functIon of temperature.

Cons1der a b1nary so11d compound AnB 1n a s1ngle solvent A. There 1S
no fundamental thermodynam1c dlstlnct10n between a b1nary compound of A
and B WhlCh d1ssoc1ates completely or partlally on meltlng and a so11d
m1xture of A and B; the blnary compound can be regarded as a S011d m1xture
of constant composlt10n. Thus, with c = 2, XA' = n/(n + 1),

XB' = l/(n + 1), eqn [37) becomes:

dln(aAnaB) -~HABOd(l/RT) [38)

where
[39)

[40]

1S the molar enthalpy of melt1ng and d1ssoc1at10n of pure so11d AnB to
form A and B In thelr reference states. Integratlon between T and To,
the meltlng pOlnt of the pure blnary compound AnB, gives:

l'

In(aAnaB) = In(aAn aB)T=1'o - f~HABOd(l/RT)
To

(i) Non-electrolytes

In eqn [32], Introduce the pure llqU1ds as reference states. Then,
using a simple flrst-order dependence of ~HAB* on temperature, and
assumlng that the activltity coefflcients conform to those for a slmple
mlxture (8):

[41]

then, if w is Independent of temperature, eqn [32] and [33] glve:

[42]

where
- T*~Cp*}{ l _ l}
R T ~

[43]
+ ~Cp* In(T/T*) _ ~{ XA~ + nXB~ n}

R R T - (n + l)T*

where 6Cp * is the change in molar heat capacity accompanying fus10n plus
decomposlt10n of the pure compound to pure 11qu1d A and B at temperature
T*, iassumed here to be independent of temperature and compos1t10n), and
~HAB is the corresponding change in enthalpy at l' = 1'*. Equation [42)
has the general form:

If the SOlld conta1ns only component B, then n = 0 1n eqn [42) to [44).

If the 1nf1n1te d11utlon reference state 1S used, then:
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RT lnfx,S [45]

and [39) becomes

~HAS~ : nHA* + HS~ -en ~ l)Hs * [46)

where ~HAB~ lS the enthalpy of meltlng and dlssoclatlon of SOlld compound
AnB to the infinltely dllute reference state of solute B in solvent A; HA*
and HB~ are the partlal molar enthalples of the solute and solvent at
lnflnlte dllutlon. Clearly, the lntegral of eqn [32) wlll have the same
form as eqn [35), with ~HAB~ replacing ~HAB*' ~Cp~ replaclng ~Cp*, and
XA 2 - 1 replaclng XA 2 ln the last term.

See (7) and (13) for appllcatlons of these equatlons to experlmental
data.

(11) Electrolytes

(a) Mole fractlon scale

If the llquid phase lS an aqueous electrolyte Solutlon, and the
SOlld lS a salt hydrate, the above treatment needs Sllght modlficatlon.
USlng ratlonal mean actlvlty coefflclents, eqn [34) becomes:

{
XBV(l - xa)n }

In (1 + (v l}xs]l1+v
[47)

where superscript * lndlcates the pure salt hydrate. If lt lS assumed
that the actlvlty coefflclents follow the same temperature dependence as
the rlght-hand slde of eqn [47) (15-17), the thermochemlcal quantltles on
the rlght-hand slde of eqn [47) are not rlgorous thermodynamlc enthalples
and heat capacltles, but are apparent quantltles only. Data on actlvlty
coefflclents (11) ln concentrated Solutlons lndlcate that the terms
lnvolvlng these quantltles are not negllglble, and thelr dependence on
temperature and composltlon along the solubillty-temperature curve is a
sUbJect of current research.

A slmllar equatlon (with v : 2 and wlthout the heat capacity terms) or
actlvlty coefflclents) has been used to flt solublllty data for some
MOH-H20 systems, where M lS an alkall metal (15); enthalpy values obtalned
agreed well with known values. The full equatlon has been deduced by
another method ln (16) and applled to MC1 2 -H 2 0 systems ln (16) and (17).
For a summary of the use of equatlon [47) and slmllar equatlons, see (18).

(2) Molality scale
Substitutlon of the mean activities on the molallty scale in eqn [40]

glves:

Vln{ ~ima*} - v(ms/ms* - 1) - v{ms(~ - l)/ms* - ~* + 1)
~± mB [48]

= G(T)

where G(T) is the same as in eqn [47], mS* = l/nMA is the molality of the
anhydrous salt in the pUTA salt hydratA and ~± and ~ are the mean actlvlty
coefflclent and the osmotlc coefflclent, respectively. Use of the osmotlc
coefficlent for the actlvlty of the solvent leads, therefore, to an
equatlon that has a dlfferent appearance to [47]; the content is
ldentlcal. Howover, whlle eqn [47] can be used over the whole range of
composltlon (0 ( Xs ( 1), the molallty ln eqn [48] becomes lnfinlte at
xB =1; use of eqn [48) lS therefore conflned to Solutlons sufflclently
dllute that the molallty is a useful measure of composltlon. The
essentials of eqn [48) were deduced by Wllliamson (19); however, the
form used here appears flrst in the Solublllty Data Serles. For typlcal
appllcatlons (Where actlvlty and osmotlc coefficlents are not consldered
expllcltly, so that the enthalples and heat capacltles are apparent
values, as explalned above), see (20).

The above analysls shows clearly that a rational thermodynamlc basis
eXlsts for functlonal representatlon of solublllty-temperature curves ln
two-component systems, but may be dlfflcult to apply because of lack of
experimental or theoretical knowledge of actlvlty coefflclents and partlal
molar enthalpies. Other phenomena WhlCh are related ultlmately to the
stolchlometrlc activity coefflclents and WhlCh compllcate lnterpretatlon



Introduction xix

Include lon palrlng, formatlon of complex lons, and hydrolysls. Slmllar
conslderatlons hold for the varlatlon of solublllty wlth pressure, except
that the effects are relatlvely smaller at the pressures used In many
Investlgatlons of solublllty (7).

(b) Solublllty as a functIon of composItIon.

At constant temperature and pressure, the chemlcal potentlal of a
saturatlng SOlld phase IS constant:

*~AnB = ~AnB(sln) = n~A + ~B [49]

(n~A* + v+~t= + v_~_=) + nRT lnfAxA

+ vRT In('Y±m±Q)

for a salt hydrate AnB WhlCh dlssoclates to water (A), and a salt (B), one
mole of WhlCh lonlzes to glve Vt catlons and v_ anlons In a Solutlon In
WhlCh other substances (lonlzed or not) may be present. If the saturated
Solutlon IS sufflclently dilute, fA = xA 1, and the quantlty Ks In

6a= (v+~+= + v_~_= + n~A* - ~AB*)

-RT ln Ks
-vRT In(Q'Y±mB) (50]

is called the solublllty product of the salt. (It should be noted that lt
lS not customary to extend thls deflnltlon to hydrated salts, but there lS
no reason why they should be excluded.) Values of the solublllty product
are often glven on mole fractlon or concentratlon scales. In dllute
Solutlons, the theoretlcal behavlor of the actlvlty coefflclents as a
functlon of 10nlC strength lS often sufflclently well known that rellable
extrapolatlons to lnflnlte dllutlon can be made, and values of Ks can be
determlned. In more concentrated Solutlons, the same problems wlth
actlvlty coefflclents that were outllned ln the sect Lon on variatlon of
solublllty wlth temperature stlll occur. If these compllcatlons do not
arise, the solubillty of a hydrate salt CvAv·nH20 in the presence of
other solutes lS glven by eqn (50] as

v In{mB/mB(O)} = -vln{'Y±/'Y±(O)} - n In{aA/aA(O)} (51]
where aA IS the activlty of water ln the saturated Solutlon, mB IS the
molallty of the salt ln the saturated Solutlon, and (0) lndlcates
absence of other solutes. Slmllar conslderatlons hold for non­
electrolytes.

Conslderatlon of complex mIxed lIgand equIlIbrIa ln the Solutlon phase
is also frequently of lmportance In the Interpretatlon of solubllity
equilibria. For nomenclature connected wlth these equlllbrla (and
solubillty equlllbrla as well) see (21, 22).

(c) AlteratIon of the dIssolutIon medIum for pharmaceutIcals

Many substances WhlCh are only Sllghtly soluble ln water may be made
more soluble by the addltlon of a cosolvent, surface-actlve agents, or
complexlng agents.

(i) Additlon of a cosolvent. It is frequently necessary to dlssolve
a quantlty of drug ln a small volume of llquld so that 1t may be admln1s­
tered parenterally by lnJection. If the drug is not sufflclently soluble
In water because of ItS hydrophoblcity, the addlt10n of a quantlty of
water-mlsclble, but less polar solvent may render the drug soluble 1n a
small quantlty of the mlxed solvent. Solvents used for thlS purpose have
Included propylene glycol, glycerol, ethanol, polyethylene glycol and
glycofural. Solubilltles of many drug substances In water-organlc solvent
mixtures have been tabulated by Yalkowsky and Roseman (23).

(11) Surface-active agents. Another approach to Increasing the
solublllty and rate of dlSSolutlon of drug substances IS to add a surface­
actlve agent. There IS an extenslve llterature on the appllcatlon of
surfactants and micellar dissolutlon, WhlCh has been summarlzed recently
by Florence (24). Catlonlc, anlonlC or neutral surfactants are avallable.
In chooslng a surfactant, the posslblllty of charge-charge Interactlons
between the drug and the surfactant must be consldered, as well as the
degree of lonlzatlon of each specles as a functlon of pH. Mlcellar
dlSSolutlon of drugs or addltlves may protect the dlssolved spec1es from
hydrolytlc degradat10n by the aqueous solvent. The stablllty of drugs may
therefore be enhanced cons1derably by the addltlon of a surfactant.
Surfactants may also fac1l1tate the transport of drugs across blologlcal
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membranes. ~xamples of sUbstantlally lmproved bloavallablllty of drugs
under the lnfluence of mlcellar dlsSolutlon have been reported (24).

(111) Other modlflcatlons of the dlssolutlon medlum. The solublllty
of weak aCld and weak base drugs wlll usually depend on the pH of the
medlum. Wlthln reasonable Ilmlts for pharmaceutlcal preparatlons, pH may
be adJusted to obtaln the drug ln the charged (and usually more soluble)
form. The addltlon of complexlng agents such as chelatlng agents, organlc
salts, cyclodextrins, or lon-palrlng agents may be used to enhance
solublllty and rate of dlsSolutlon. ~xamples are glven ln the chapter by
A.J. Repta ln (3).

The SOlld Phase

The deflnltlon of solublllty permlts the occurrence of a slngle SOlld
phase WhlCh may be a pure anhydrous compound, a salt hydrate, a non­
stolchiometrlc compound, or a SOlld mlxture (or SOlld Solutlon, or
"mlxed crystals"), and may be stable or metastable. As well, any
number of SOlld phases conslstent wlth the requlrements of the phase
rule may be present. Metastable SOlld phases are of wldespread
occurrence, and may appear as polymorphlc (or allotroplc) forms or
crystal solvates whose rate of transltlon to more stable forms lS very
slow. Surface heterogenelty may also glve rlse to metastabillty, elther
when one SOlld preclpltates on the surface of another, or lf the Slze of
the solid partlcles lS sufflclently small that surface effects become
lmportant. In elther case, the SOlld lS not ln stable equlllbrlum
wlth the Solutlon. See (25) for the modern formulatlon of the effect of
partlcle Slze on solublllty. The stablllty of a SOlld may also be
affected by the atmosphere ln WhlCh the system lS equlllbrated.

Many of these phenomena requlre very careful, and often prolonged,
equillbratlon for thelr lnvestlgatlon and ellmlnatlon. A very general
analytical method, the "wet resldues" method of Schrelnemakers (26),
lS often used to lnvestlgate the composltlon of SOlld phases ln
equlllbrlum wlth salt Solutlons. ThlS method has been revlewed in (27),
where [see also (28)] least-squares methods for evaluatlng the composltlon
of the SOlld phase from wet resldue data (or lnltlal composltlon data)
and solubllltles are descrlbed. In prlnclple, the same method can be used
wlth systems of other types. Many other technlques for examlnatlon of
SOllds, ln partlcular X-ray, optlcal, and thermal analysls methods, are
used ln conJunctlon wlth chemlcal analyses (includlng the wet resldues
method) .

S011d State Man1pulat1on 1n Pharmaceut1cals

(1) Polymorphlsm. Many drug substances may crystalllze in more than
one form, a phenomenon called polymorph1sm. The different modlflcatlons
(polymorphs) arlse because of the relat1ve poslt1ons and bondlng of the
molecules 1n thelr crystal latt1ces; true polymorphs do not dlffer ln
chemical composltlon. Polymorphs of the same substance frequently have
dlfferent physlcal propertles such as solubility and rate of dissolutlon.
Ultimately, the solublllty of all forms wlll revert to that of the form
wlth the lowest Glbbs energy; the solublllty of a less-stable form wlll
thus be an lnltlal solublllty. The rate of reverSlon to the most stable
form lS often very slow, and a form wlth hlgher Gibbs energy may exhlblt
ltS hlgher solublllty for hours. This phenomenon may be used to advantage
by chooslng the polymorph wlth the desired solubillty or rate of
dlSsolutlon. Examples of polymorphlsm and methods of characterlzation
have been reviewed by Halebllan (29) and Hurger (30).

(il) Crystalllnity. In many cases, drug substances may occur in the
SOlld state as amorphous or partly crystalllne forms. ThlS lS a speclal
case of polymorphlsm, and may result from rapld preclpltatlon or from
freeze-drYlng. These amorphous or partly crystalline materials are
unstable relative to the crystalllne form. However, reversion to the
crystalllne form may be slow, and the less stable forms may be used to
enhance solublllty and rate of dlSSolutlon (31).

(lil) Cholce of salt form. Many drug substances are organic salts. In
most cases the drug moiety lS the organlc catlon or anlon, such as a
quaternary ammonlum cation or a carboxylate or sulfonate anion. The
counterlon lS frequently an lnorgan1c lon such as sodlum or chlorlde. It
lS poss1ble to obtaln large varlatlons ln ln1tlal solublllty dependlng on
the cholce of the salt form of the drug.

COMPILATIONS AND EVALUATIONS

The formats for the compllatlons and cr1t1cal evaluatlons have been
standard1zed for all volumes. A brief descrlpt10n of the data sheets
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has been glven In the FOREWORD; addltlonal explanatlon lS glven below.

GUlde to the Compllatlons

The format used for the compllatlons lS, for the most part, self­
explanatory. The detalls presented below are those WhlCh are not found
In the FOREWORD or WhlCh are not self-evldent.

Components. Each component lS llsted accordlng to IUPAC or Chemical
Abstracts (CA) name and CA Reglstry Number. The formula lS glven elther
In terms of the IUPAC or Hlll (32) system and the cholce of formula lS
governed by what lS usual for most current users: l.e., IUPAC for
lnorganlc compounds, and Hlll system for organlc compounds. Components
are ordered accordlng to:

(a) saturatlng components;
(b) non-saturatlng components In alphanumerlcal order;
(c) solvents In alphanumerlcal order.
The saturatlng components are arranged In order accordlng to a

18-column perlodlc table wlth two addltlonal rows:
Columns 1 and 2: H, alkall elements, ammonlum, alkallne earth elements

3 to 12: transltlon elements
13 to 17: boron, carbon, nltrogen groups; chalcogenldes, halogens

18: noble gases
Row 1: Ce to Lu
Row 2: Th to the end of the known elements, In order of

atomlC number.

Salt hydrates are generally not consldered to be saturating components
Slnce most solubllltles are expressed In terms of the anhydrous salt. The
eXlstence of hydrates or solvates lS carefully noted In the text, and CA
Reglstry Numbers are glven where avallable, usually In the crltlcal
evaluatlon. Mlneraloglcal names are also quoted, along wlth thelr CA
Reglstry Numbers, agaln usually In the crltlcal evaluatlon.

Orlglnal Measurements. References are abbrevlated In the forms given
by Chemlcal Abstracts SerVlce Source Index (CASSI). Names orlglnally In
other than Roman alphabets are glven as transllterated by Chemlcal
Abstracts.

Experlmental Values. Data are reported In the unlts used In the
orlglnal publlcatlon, with the exceptlon that modern names for units
and quantltles are used; e.g., mass per cent for welght per cent;
mol dm- 3 for molar; etc. Both mass and molar values are glven. Usually,
only one type of value (e.g., mass per cent) is found In the origlnal
paper, and the compller has added the other type of value (e.g., mole
per cent) from computer calculatlons based on 1983 atomlC welghts (33).

Errors In calculatlons and flttlng equations In orlglnal papers have
been noted and corrected, by computer calculatlons where necessary.

Method. Source and Purity of Materlals. Abbrevlatlons used in
Chemlcal Abstracts are often used here to save space.

Estlmated Error. If these data were omltted by the orlglnal authors,
and lf relevant lnformatlon is avallable, the compllers have attempted
to estimate errors from the lnternal conslstency of data and type of
apparatus used. Methods used by the compllers for estlmatlng and
and reportlng errors are based on the papers by Ku and Elsenhart (34).

Comments and/or Addltlonal Data. Many compllatlons lnclude this
sectlon WhlCh provldes short comments relevant to the general nature of
the work or addltlonal experlmental and thermodynamlc data WhlCh are
Judged by the compiler to be of value to the reader.

References. See the above descrlptlon for Orlglnal Measurements.

GUlde to the Evaluatlons

The evaluator's task lS to check whether the complled data are correct,
to assess the rellablllty and quallty of the data, to estlmate errors
where necessary, and to recommend "best" values. The evaluatlon takes
the form of a summary In WhlCh all the data supplled by the compller
have been crltlcally revlewed. A brlef descrlptlon of the evaluatlon
sheets lS glven below.

Components. See the descrlptlon for the Compllatlons.

Evaluator. Name and date up to WhlCh the llterature was checked.
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Crltlcal EvaluatIon
(a) Crlt1cal text. The evaluator produces text evaluat1ng all the

publ1shed data for each glven system. Thus, 1n thls sectlon the
evaluator reVlews the merlts or shortcomlngs of the varlOUS data. Only
publlshed data are consldered: even publlshed data can be consldered only
If the exper1mental data permlt an assessment of rel1ab1l1ty.

(b) F1ttlng equat1ons. If the use of a smoothlng equat10n IS
justlflable the evaluator may prov1de an equat10n represent1ng the
solub1l1ty as a functlon of the varlables reported on all the
comp1lat1on sheets.

(c) Graph1cal summary. In addlt10n to (b) above, graphlcal summar1es
are often glven.

(d) Recommended values. Data are recommended If the results of at
least two 1ndependent groups are avallable and they are 1n good
agreement, and If the evaluator has no doubt as to the adequacy and
rel1abll1ty of the applled experlmental and computat1onal procedures.
Data are cons1dered as tentatlve If only one set of measurements is
avallable, or 1f the evaluator conslders some aspect of the computat1onal
or experlmental method as m1ldly undeslrable but estlmates that It should
cause only mlnor errors. Data are consldered as doubtful If the
evaluator conslders some aspect of the computat1onal or experlmental
method as undeslrable but st1ll conslders the data to have some value
In those Instances where the order of magn1tude of the solub1llty IS
needed. Data determlned by an Inadequate method or under Ill-deflned
condltlons are reJected. However references to these data are Included
1n the evaluatlon together wlth a comment by the evaluator as to the
reason for thelr reJectlon.

(e) References. All pert1nent references are glven here. References
to those data Wh1Ch, by vlrtue of thelr poor prec1slon, have been
rejected and not complled are also llsted In th1S sectlon.

(f) Un1ts. Whlle the or1glnal data may be reported In the unlts
used by the Invest1gators, the f1nal recommended values are reported In
S.I. un1ts (1, 35) when the data can be accurately converted.

References

1. Whlffen, D.H., ed., Manual of Symbols and Termlnology for Physlco­
chemlcal Quantltles and Unlts. Pure ApplIed Chern. 1979, 51, No.1.

2. McGlashan, M.L. Physlcochemlcal QuantItles and Unlts. 2nd ed.
Royal Inst1tute of Chem1stry. London. 1971.

3. Yalkowsky, S.H., ed. Technlques of SolubIllzatlon of Drugs. Marcel
Dekker. New York. 1981.

4. Byron, S.R. SOlId State Chemlstry of Drugs. Academ1c Press. New
York. 1982.

5. Janecke~ Z. Anorg. Chern. 1906, 51, 132.
6. Fr1edman, H.L. J. Chern. Phys. 1960, 32, 1351.
7. Prlgog1ne, I.: Defay, R. Chemlcal ThermodynamIcs. D.H. Everett,

transl. Longmans, Green. London, New York, Toronto. ~.
8. Guggenhelm, E.A. ThermodynamIcs. North-Holland. Amsterdam.

1959. 4th ed.
9. K1rkwood, J.G.: Oppenhelm, I. Chemlcal Thermodynamics. McGraw-Hill.

New York, Toronto, London. 1961.
10. Lew1s, G.N.: Randall, M. (rev:-P1tzer, K.S.: Brewer, L.).

ThermodynamIcs. McGraw H1ll. New York, Toronto, London. 1961. 2nd. ed.
11. Rob1nson, R.A.: Stokes, R.H. Electrolyte Solutlons. Butterworths.

London. 1959. 2nd ed.
12. Harned, H.S.; Owen, B.B. The Physlcal Chem1stry of ElectrolytIC

SolutIons. Re1nhold. New York. 1958. 3rd ed.
13. Haase, R.: Schonert, H. Solid-LiqUld EquilIbrIum. E.S. Halberstadt,

trans. Pergamon Press, London, 1969.
14. McGlashan, M.L. Chemlcal Thermodynam1cs. Academ1c Press. London. 1979.
15. Cohen-Adad, R.: Sauglor, M.T.: Sa1d, J. Rev. Chlm. Mlner. 1973,

10, 631.
16. Coun1oux, J.-J.: Tenu, R. J. ChIm. Phys. 1981, 78, 815.
17. Tenu, R.: Coun1oux, J.-J. J. Chlm. Phys. 1981, 78, 823.
18. Cohen-Adad, R. Pure Appl. Chern. 1985, 57, 255.
19. Wllllamson, A.T. Faraday Soc. Trans. 1944, 40, 421.
20. Slek1ersk1, S.: M10dusk1, T.: Salomon, M. SolubIllty Data Serles.

Vol. 13. Scandlum, Yttrlum, Lanthanum and Lanthanlde Nltrates.
Pergamon Press. 1983.

21. Marcus, Y., ed. PUre Appl. Chern. 1969, 18, 459.
22. IUPAC Analyt1cal D1v1s1on. Proposed Symbols for Metal Complex Mlxed

LIgand Equlllbrla (Provlslonal). IUPAC Inf. Bull. 1978, No.3, 229.



Introduction xxiii

23. Yalkowsky, S.H.1 Roseman, T.J. In S.H. Yalkowsky, cd. TechnIques of
SolubILIzatIon of Drugs. Marcel Dekker. New York. 1~81.

24. Florence, A.'f. In S.H. Yalkowsky, ed. TechnIques of SolubILIzatIon of
Drugs. Marcel Dekker. New York. 1981.

25. Enustun, B.V.1 Turkevlch, J. J. Am.-Chem. Soc. 1960, 82, 4502.
26. Schrelnemakers. F.A.H. Z. Phys. Chern., Stoechlom~--Verwandschaftsl.

189~, 11, 75.
27. LorImer, J.W. Can. J. Chern. 1981, 59, 3070.
28. LorImer, J.W. Can. J. Chern. 198~, 60, 1978.
29. Halebllan, J.K. J. Pharm. SCI. 1975, 64, 1269.
30. Burger, A. Pharm. Int. 1984, 3, 158.
31. Shefter, E. In S.H. Yalkowsky, ed. TechnIques of SolubILIzatIon of

Drugs. Marcel Dekker. New York. l~~.

32. HIll, E.A. J. Am. Chern. Soc. 1900, 22, 478.
33. IUPAC CommIssIon on AtomIC WeIghts: Pure Appl. Chern. 1984, 56, 653.
34. Ku, H.H., p. 73; EIsenhart, C., p. 691 In Ku, H.H., ed. PrecIsIon

Measurement and CalIbratIon. NBS Speclal PublIcation 300. Vol. 1.
WashIngton. 196~.

35. 2~e InternatIonal System of UnIts. ~ng1. trans1. approved by the
BIPM of Le Systeme InternatIonal d'Unltes. H.M.S.O. London. ~~2Q.

September, 1986 R. Cohen-Adad,
Vllleurbanne, France

S. LIndenbaum,
Lawrence, Kansas, U.S.A.

J.W. LorImer,
London, OntarIo, Canada

A.N. Paruta,
Klngston, R.I., U.S.A.

R. Plekos,
Gdansk, Poland

M. Salomon,
FaIr Haven, New Jersey, U.S.A.



xxiv Introduction

Table 1-1

Quantltles Used as Measures of Solublllty
Converslon Table for 2-Component Systems

Contalnlng Solvent A and Solute B

mole fractlon
xs =

mass fractlon
wB =

molallty
mB =

concentratlon
cB =

1 1 PxB XB 1 - MA(I - I/xs)/Ms MA(I/xs 1) MS + MA(I/xB - 1)

1 1 pWBIMBwa 1 + Ma( 1/wa - 1) wa MB(l/wB - 1)

1 1 pms 1 + I/mSMA 1 + I/Msms ms MS + I/ms

1 Macalp 1ca 1 + (pICB - Ma)/MA pica - Ma C'a

p = denslty of Solutlon
MA, Ma = molar masses of solvent, solute
Formulas are glven In forms sUltable for rapld computatlon: all
calculatlons should be made uSlng SI base unlts.


