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Abstract

The processing and formulation of pharmaceutical, nakditd agrochemical products
often requires the solubility of an active substanceguidis. Being able to provide fast
and reasonably reliable property information, eithremf measurement or prediction,
can greatly enhance the competitiveness of formuktidhowever, due to the
complexity of many active ingredients and solvents, Ioldianeasurements are often
unavailable while existing property prediction models canpmtvide sufficiently
accurate predictions. Therefore most design work infitfl is done by trial-and-error
and empirical descriptions of limited experimental resditse result is that industrial
process groups spend as much as 30 % of their time on gpltddéted problems. To
alleviate the inefficiency and errors of this sitaati we have taken a simplifying
approach to determining changes in the solubility of sparirsglyble complex
chemicals as the solvent type and composition are varied.
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1. Introduction

Medium-sized solutes are often characterized by:

. molecular weight greater than 100 g/mol

. elevated melting temperature

. polyfunctionality (two or more functional groups)

. multiple molecular conformations

. large dipoles, high polarizability, hydrogen bonding, gedransfer complexes
. limited amounts of reliable measured data

The thermodynamic approach to such systems uses pute pobperties such as the
melting temperature, ;] and heat of melting\H,,, These numbers are often unknown.
If not the data are often uncertain. Therefore wé& semethod that avoids using them.
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In addition, the nonideality of the solute/solvent migtis needed. Given the great
range of substances, in the absence of molecular congmstasolution-of-groups

frameworks are probably the only realistic means fogating such systems.
Unfortunately, these models often require many modehrpeters describing the
influence of unlike interactions, not all of which &mown. Consider the solute ethinyl
estradiol (CAS:57-63-6; Mw = 296.4 g/mol), shown in Figure 1

* Ethinyl Estradiol
* 22 non-hydrogen atoms
* 6 functional groups

— CH,

— ACH

— ACCH,

— OH

— ACOH o~

* Solubility in
— Hexane involves 30 interaction parameters

— Water involves 42 interaction parameters

Figurel. Ethinyl Estradiol. Functional Groups.

Characterizing ethinyl estradiol in terms of functionalugs requires 6 different functional
groups, meaning that even calculating the solubility in rahexequires 30 interaction
parameters. If the solvent is water, values for 42ant®n parameters should be known. If
the solvent is a binary mixed solvent of water and meth&6garameters are required. If
any of the solute’s functional groups are not coveredMFAC or ASOG, there will be
many parameters to be evaluated or estimated befdcalations can be made. This
usually means that such models cannot effectively beedpiitven if all of the groups
have been studied for some solutions, it often happeatsattsubset of the relevant
parameters remains unavailable. Based on group cditnbmethods and a limited
amount of data points, we (Abildskov and O’Connell, 2003 20@#a) have found that a
simplified approach can surmount these difficulties dstermining changes in the
solubility of sparingly soluble complex chemicals as #wvent (mixed or pure)
composition is varied and focussing on the most importanipg. The method is based on
a ‘reference solvent’ which effectively eliminates theassity of pure-solute properties
and decreases the number of adjustable parameterdétebained by data reduction with
a mathematical regularization strategy to find valoe®fly the most significant unknown
parameters. The method has been established for mixguiendolvent systems, and the
resulting models have been extended to cosolvent desamems (Abildskov and
O'Connell, 2004b). While the method involves no new fundaahesalution theory, it
shows how existing thermodynamic insights based on moteioi#mactions can lead to
more efficient use of thermodynamic models in compleesa

2. Method



The basic relationships we use for describing lowdigailubilities of solutes that are solid
when pure at the system temperature are derived freraquality of component fugacities
in all phases. Then assumptions can be made about sttidgma whether the liquid state
is equivalent to infinite dilution. For a component i piré¢he solid (S) phase and soluble
in the liquid (L) phase

Lossmxgd:%(l-%) (1)
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where the ‘ideal' solubility, In/% has been approximated with only melting point
properties, T and AH,;, though more complete expressions can be used (Cladi, et
1983). Here the activity coefficieny; is for the Lewis/Randall standard state (pure
component as a liquid at the system T), a function afid solution compositiory. We
estimatey; with UNIFAC. Two pure group parameters for eachtsol& and Q, are for
size and shape, and are obtained on the basis of atamtare (Bondi, 1968). Two binary
interaction parameters for each pair, identified gs#aa,m are determined by fitting to
reliable measured data on systems involving the grpapiisterest. If the solubility is low
enough (x<0.01), the activity coefficient can be considered a#iatite dilution, then

Iny,(T,x)=Iny"(T,Xx") (2)
wherey” is a function only of T and the (solute-free) solvemrnposition,x”. At low
concentrations, then the solubility can be approximated as
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Inx;
If one applies equation 3 to a pure or mixed soly@ntand subtracts the same expression
for a reference solvent j, there is a direct relatieivben the solubility in m with that in j
and predicted infinite dilution activity coefficientsthe solvents

InX;, =Inx; + [Iny7 (T, (X)) - Iy (T,(X),)] 4)
Finally, if not all of the binary group parameters dmown, it is possible with

regularization techniques to determine a large numbparm@meters from relatively few
data by minimizing the objective function

S= (BAINX, )"+t Y (38, )° )
where

3AINX, ;= (IN X, - INx,)® = (Inx,, -In Xij)calc ©
= (I X = I )P - Iy (T, (X)) - Iy (T, (X))

and

O > (@)’ = A @y B)’ @

Herea is a small constant ang,@an initial guess of the parameter (commonly zero) to
keep the data and parameter residuals in proper papdftihe influence of the parameter
is not strong, @ ~ an. after the fitting; the parameter does not significantfgca the
solubility. The selection of an optimal reference solvgnts possible if experimental



solubilities of the solute have been measured in N sdv&he optimal reference solvent
(j) obeys

N
Inx; +Iny -%Z(Inxik +Inyy)=0 (8)
k=1

Using equation 4, the procedure is to select the datassinely, ultimately choosing
the solvent, j, that most closely obeys equation 8 (&kibv and O’Connell, 2004). One
can of course not guarantee optimal predictions for stdveutside of the database
used, but we have found good success when minimizing the mamelue of the lhs
of equation 8. It should be noted that the equation 4 doesambain solute-solute
interaction parameters. This can result in a quiteifsd@gnt reduction of the number of
interaction parameters. Consider again ethinyl estrdflive categorize the parameters
used for calculating its solubility in water or n-hexare=find that the majority of these
characterize solute-solute interaction effects.
* Interactions in n-hexane:
— 10 Solute-Solvent (33%)
— 20 Solute-Solute (67%)
— 0 Solvent-Solvent
* Interactions in water:
— 12 Solute-Solvent (29%)
— 30 Solute-Solute (71%)

— 0 Solvent-Solvent

Figure 2.Ethinyl Estradiol. Parameter reduction from 30 or 42téx) to 10 or 12 (water)

Thus, the scale of the problem can be significantuced in such cases, and the
likelihood of encountering ‘missing parameters’ can be sSoamfly reduced, if one
uses a reference solvent model. Treatments of thés df solutes have been attempted
before by other authors. Ruckenstein and Shulgin (2001) hapéed strongly
simplified equations based on fluctuation solution theoryhie solubility of poorly
soluble substances of environmental significance in aqueoxsd solvents. Their
treatment (like ours) considers a solute at infinitatidn. There is also precedent for
correlating differences of solubility in solvents. Fexample, Acree and Abraham
(2002) correlate the equivalent &inx; . relative to that of water or in the gas phase
with molecular descriptors. However, none of these wortkave addressed the issue of
selecting an optimal reference solvent or a strategiataf measurements.

3. Examples

The method is applicable to a wide range of cases. Fong&aconsider the solubility
of solutes in different pure solvents where estimatibfmissing parameters’ can be
made. Diuron has a functional group not covered by UNIFA&nely the AC-NH-
portion. We estimated (Abildskov and O’Connell, 2003) itsratgon parameters with
a number of other groups, and use the derived values isfasadrily predict the
properties of a chemically related substance monurcsha@sn in Figure 3.



solute (2) Monuron

(=]
T = 298.15 K ' ' '
De Fina et al., 2002
Phys. Chem. Lig., 40(3): 255.
Reference Solvent: ethylbenzene
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Figure 3.Monuron with ethylbenzene as reference solvent and pararfieta diuron

The method is also applicable to solutes in mixed satveli UNIFAC groups
necessary for calculating the solubility of naphthalenmixtures of ethanol and water
are available. Naphthalene has only a single main glaugigure 4, the equations (1),
(3), and (4) with available parameters capture welttta trends. Here the reference is
pure. However, this is not necessary. A mixed solveeterce is used in the case of
biphenyl in n-heptane/CCmixtures. Figure 5 shows that both equations 1 and 2 are
inaccurate due to the high solubility and inaccurate UNpatmeters. However, the
reference solvent approach is quite successful in desgribe data.

solute (3) naphthalene

T T
solvent (1) water

solvent (2) ethanol

o xf=1.0001
Dickhut R. et al., 1989 A‘%}%x%b;; 3540
J. Chem. Eng. Data, 34: 438

A %'=0.9068
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A O *,'=0.7644

Inx3 — measured

A @ %'=0.5195
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Inx; — predicted

Figure 4.Naphthalene in Water/ethanol mixtures (T=298.15 K) willp_arameter-fittingo
UNIFAC equation 1: Ing= Inx3 — Inys; Z7UNIFAC equation 2: Inx= Inxg® — Inys™; 4 UNIFAC
Reference Solvent (pure ethanol) equation 4 and equation 8



solute (3) biphenyl

T T
solvent (1) n—heptane
solvent (2) carbon—tetrachloride
Acree Jr. W.E., 1984
c;l L Int. J. Pharm., 18: 47-52 o A O %'1.0000
o A‘,"’ 0O x'=0.8631
] B
o
3
é o & O %'=0.6815
|
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o A O x'=0.2901
0 ,.A' O x"=0.1869
@ O %'=0.0000
T - | |
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Inx; — predicted

Figure 5 .Biphenyl in n-heptane/CChixtures (T=298.15 K) with no parameter fitting.
UNIFAC equation 1: Ing= Inx3 — Inys; Z7UNIFAC equation 2: Ing= Inxg® —Inys™ 4 UNIFAC
Reference Solvent {Xsolute-free) = 0.6815) equation 4 and equation 8.

3. Conclusions

We have used some solute solubility data on a refersoleent system to extend

limited solubility data by strategic parameter fittingh@tchallenges are:

1. mixed solutes in mixed solvents including complexes and ciitiwpénteractions

2. solute structure modifications; can the effect of addingubtracting substituent
groups be predicted? We expect this should be possible. Addafguoging groups
may have only limited, and predictable, effects omlsitity, even when making
significant differences in product properties.

3. solute partitioning between phases in combined polymetefaus phase media
may also be expressible in reference terms.
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