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Summary 

Interfacial transfer kinetics were determined for 3 series of solute homologues in a 
variety of aqueous : organic solvent systems in the two-phase transfer cell, Experi- 
mentally determined interfacial transfer kinetics were compared to those estimated 
from a theoretical equation derived by Byron et al. (1981). The importance of 
aqueous and organic diffusional resistance to solute transfer was examined. .A 
method is described to calculate a theoretical solute and solvent dependent ratio that 
enables estimation of the dominant diffusional resistance for a particular solute in a 
given solvent system. Choice of solute and solvent system allowed the predictive 
theories to be tested under conditions where aqueous, organic or mixed diffusional 
control predominated. Successful prediction of the transfer kinetics of any homo- 
logue in a series was possible in all cases from a knowledge of partition coefficient 
and transfer kinetics of the parent compound, the partition coefficient of the 
homologue and some easily determined system variables. 

Introduction 

In two previous publications we reviewed earlier literature concerned with the 
study of interfacial transport in a variety of transfer cells and developed a theory 
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Scheme 1 

enabling the prediction of non-ionized solute transfer in a symmetrically stirred 

two-phase transfer cell (Fig. 1) of known dimensions (Byron et al.. 1980, 1981). 

Successful prediction of the apparent first-order rate constant for partitioning, 

S(= k,, + k,,; Scheme I), of a series of 5,5’-disubstituted barbituric acid derivatives 

in an octan-l-01: aqueous system was possible from a knowledge of the transfer 

kinetics of the lead compound, its partition coefficient. the partition coefficient of 

the remaining homologues, and some simply determined system-dependent parame- 

ters from: 

S= [(D,A)/(V,h,)]((K,,+r)/[K,,+(R,) ~~‘.~(R,)‘~‘“(R,)“‘~]) (0 

where symbols are defined an the glossary of terms Eqn. 1 is a simplified form of the 

original equation (Eqn. 14 in Byron et al., 1981). 

Discrimination between compounds on the basis of their partitioning kinetics has 

been attempted by a number of investigators (Schumacher and Nagwekar, 1974a 

aitd b; Augustine and Swarbrick. 1970; Doluisio et al., 1964) in unstandardized 

transfer cells. These studies provided little insight into the fundamental processes 

governing solute transfer. It is only recently (Waterbeemd. 1980) that the transport 

of a wide range of structurally related, non-ionized solutes. has been studied across a 

number of different aqueous : organic interfaces in a standardized two-phase transfer 

cell (Fig,. 1). Waterbeemd’s work has provided insight into the processes that govern 



interracial transport. In our and Waterbeemd’s work. interfacial transfer kin&zo are 
governed by the total diffusional resistance, R , . at the interface. tn the deriuati~ d 
Eqn. 1, R, was given by the sum of the resistances of the aqueour and or 
diffusive boundary layers adjacent to the interface as: 

R, = R,, + R,vg 

which by definition (Byron et al.. 1980) becomes 

I+++&- 
I 2 0 

From our earlier work (Byron et al., 1980) the apparent first-order rate ~~~~~~ fw 
partitioning S ( = k,2 + k,,; Scheme I) is given by: 

s A(K& + V,) 

K nViV2 1 
which. in the case where V, = V, = V (r = 1) becomes 

(4) 

Individual values for k,, and k ?, (Scheme I) can then be derived because S = k i,‘ + k Ii 
and K, = k,,/k,, as 

k,,== & $ 
i I[ 1 I 

Zilld 
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Solving Eqn. 3 for l/R-r and substituting into Eqns. 6 and 7 shows &arty that 
individual values 01 k,, or k ?, should rise or fall. respectively, with increasing K r, if 
the system dependent terms A and V are held constant. Substituting fo; I/R t in 
Eqn. 5, however, reveals that dS/dK,, may be positive negativre or zero. t‘hus. tk 
apparent first-order rate constant for partitioning S( = k( + k2,) may rise, fall or 
remain constant for a given series as the partition coefficient increa,es. 

In two-phase systems the importance of aqutvus and organic diffusiional resi+ 
tanccs becomes clear on examination of Eqns. 6 and 7 at the two limits as Kt, I*I CC 
and K, + 0. Under these circumstances. R, --, R,, and R,w, (Eqn. 3). resp~tively. 



(s( = k,, -I- k,,)+ k,, or k,,) such that 

(9) 

Thus at low values for K,,, the resistance of the organic phase should define S and 
reverse transfer rate constants (Scheme I), while R,, dominates at high values for 
K ,,. Clearly, a knowledge of K r, alone, is insufficient to completely define aqueous 
or organic diffusional control and therefore we introduce the concept of a resistance 
ratio, y = R.+,J’R~,~~. to enable a more complete definition of these terms. For the 

purpose of this publication therefore, we define ‘aqueous diffusional control’ as the 

case where y a 20 ( R,,,g < 5% R-,.) while organic diffusional control’ will be de- 

scribed by y G 0.05 (R,,, Q 5% R-r). When both diffusional layers are of importance 

(0.05 < y -c 20), the system will be said to possess ‘mixed diffusionaii control’. 

Prediction of transfer kinetics as a functjon of K r, (Byron et al., 1981) relied upon 

introduction of a lead compound from a homologous series into the donor phase of 

a two-phase transfer cell, in order to monitor C, versus time, t, A first-order plot of 

In(C, - C;/-) versus t according to 

tn(C, - Cir-) = In(Cy - CT ) - St (10) 

provided a value for the apparent first-order rate constant for partitioning. S. The 

cell constant, (D, A)/(V, h,), could then be calculated by rearranging Eyn. 1 such 

that 

given values for c‘, and the previously determined physical constants K ,,, r, R,. R; 

and R3. Eyn. 1 was then used with (D, A)/(V, h,) = constant, to provide theoretical 

values for S(Slh ). in close agr~en~ent to those determined exp~rimel~tal~y for a series 

of non-ionized 5,5’-disubstituted barbituric acid derivatives in an ocfan-l-01 : aque- 

ous system. It wilt be shown later that the transfer of those solutes was subject to, in 

some cases mixed, but in most cases aqueous diffusional control. In the present 

publication therefore, solutes and solvent systems have been chosen to test the 

validitv of Eqn. I under conditions where organic. aqueous and mixed djffusi(~n~~l 

control could be expected to dominate. 



Table 1) in the two-phase transfer cell (Fig. 1) containing equal volumes of aqueous 
and organic phases according to the method of Byron et al. (1981) with the following 
modifications. Organic phases were either octan-l-01, chloroform. or cyclohexane 
(Spectrograde, Fisons, Loughborough, U.K.) pre-equilibrated with an aqueous phase 
of 0.3 molal KC1 adjusted to pH by the addition of 1 N HCI or NaOH prior to 
solute introduction. Values for pH were selected to ensure all solutes were insignifi- 

TABLE I 

STRUCTURE. pK,,. AQUEOUS PHASE pH. WAVELENGTH EMPLOYED FOR SPECT’RAL 
ANALYSIS, MOLAR ABSORPTIVITY AND SOURCE OF SOLUTES l_SED IN THE STUDY 

SERIES A SERlES B SERlES C 

0 .\ l-4 HO\ 

Series Corn- R 

pound 

R’ PK,” PH h Wavelength Molar Source 

fnmf abwrp- 
tivity a 

.4 1 CH,CH, - CH,CH,- 7.8X 5.0 222.5 3902 e 

II CH,=CHCH,- CH,=CHCH2- 7.60 5.0 222.5 52% f 
111 CH,=CHCH,- (CH,),CH- 7.81 5.0 222.5 4600 I 

IV CH,=CHCH,- (CH,),CHCH,- 7.66 5.0 222.5 3213 8 
V CH,=CHCH,- Ch,CH,CH(CH3)- 7.82 5.0 222.5 4659 f 

\I CH,=CHCH,- CH,(CH,)2CH(CH3)- 7.90 5.0 222.5 4528 f 

13 I H- 4.24 2.0 24S.O 10x59 h 
II CH,- 1(.x 5.0 267.5 11374 h 
ill CH,CH,- X.28 5.0 267.5 11495 I! 

IV CH,(CH,),- x23 5.0 267.5 11702 h 

V CH,(CH,),- 8.22 5.0 267.5 fl911 h 

C I H- 4.23 (‘ 2.0 264.0 7625 h 
II CH,- 7 3” x0 271 .o 9796 I 

III CH,CH,- 782” s.0 271.0 98X6 i 

1V CH,(CH2),- 7.84‘ 5.0 271.0 10059 h 

V CHJ(CHZ),- 7x5 5.0 271 .o IOOlH I 
_- 

,’ De$rmrincd by titration at 37Oc’. ionic strength = 0.3 molal KCI. 

)’ 20.1. 

c Forg&J er al. (1970). 
’ 37 “C, path length =-_ 1 cm. pH = ~~~iun~l~ 6; Table 1. 

’ Hopkins and Williams, Essex. U.K. 
’ Gancs Chcmitxl Works, Carlstadt. NJ, U.S.A. 

g Sterling-Winthrop Resewch Institute, Rensselaer. N.Y.. U.S.A. 

” Sigma Chemicals, St Louis, MO, U.S.A. 
’ Fluka, Chem Fabric. Buchs, Switzerland. 
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cantly ionized ( < 1%) and are documented in Table 1. During a transfer experiment 
pH varied < 0.1 pH unit, thereby eliminating the need for buffers in the system. 
Solutes were introduced into either the aqueous or organic phase in concentrations 
to produce absorbances in the aqueous phase ranging from 0 to 0.9. Concentrations 
in the aqueous phase were assayed spectrophotometrically (Model CE 272, Cecil 
Instruments, Cambridge, U.K.) at wavelengths according to Table 1. All solutes were 
shown to be stable, and their partition coefficients concentration independent. under 
the experimental conditions employed during a kinetic run. A stirring speed of 
100 Jo 0.5 rpm was employed throughout and temperature held constant at 37 &- 
O.lOC. 

Partition coefficients of the solutes and viscosities and densities of the mutually 
saturated solvents were determined in triplicate at 37 O C for all solute-solvent and 
solvent-solvent systems used in the present study, as described by Byron et al. 
(1951). .4ssociation parameters (4) and molecular weight (M) of the pre-equilibrated 
aqlieouIs and organic phases were assigned values as if they were pure solvents such 
thal I/ = 2.6, 1.0, 1.0 and 1.0 for water (M = l&02), octan-l-o1 (M = 130.23), 
chloroform (M = 119.38) and cyclohexane (M = 84.16), respectively. The theoretical 
dependence of S( = k,, + k 2, ) on K I, was determined for each system using Eqn. 1, 
after calculation of an average value for the cell constant (D,A)/(V, h,) for each 
solute series in each solvent system studied using Eqn. 11 as previously described 
(Byron et al., 1981). Theoretical values were compared to those experimentally 
determined from plots of ln(transferable concentration) versus time after linear 
regression analysis. 

Results 

First-order plots of ln(transferable concentration) versus t were linear for > 95%. 
of the partitioning process, for each solute studied, in either solvent system, at 100 
t-pm. Observed terminal slopes, S<,,,,( = k,, + k,,) and partition coefficients, K,,. are 
documented in Table 2 for series A using 3 different organic phases and series B and 
c’ in an aqueous: octan-l-01 system. The terminal slope (S) was determined in each 
GIW by linear regression analysis (correlation coefficient r > 0.999, n 2 10). Mutually 
saturated solvent viscosities and densities were determined at 37 O C for each solvent 
pair and are presented in Table 3. Average values for the coefficient (D,A)/(V,h,) 
for series A using. as the organic phase, octan-l-ol. chloroform or cyclohexane were 
determined as 6.10 ( -t:O.25) x 10 ‘, 1.46 (&-0.06)X10-’ and 1.79 (+0.25)x10.’ 
min ‘. respectively. while series B and C (aqueous: octan-I-ol) provided values of 
4.X8 ( fO.26) x 10 ’ and 4.01 (k0.26) x lo-’ mill-‘. respectively (bracketed terms 
;lrr btandard deviations). The theoretical dependence of S upon K,, for each system 
studied was evaluated using Eqn. 1 and is presented as !$,,, alongside the experimen- 
tal results in Table 2 and Fig. 2. Deviation of theory from experiment was <: 10% for 
all systems investigated (Table 2). 
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Discussion 

Fig. 2 and Table 2 show the theoretical and experimental dependence of S( = k,? 
+ k2,; Scheme I) on K, for series A, B and C in a variety of aqueous-organic 
solvent systems at 100 rpm, 37OC. There was good agreement between experiment 
and theory (theoretical prediction of S varies < 10% from empirical determinations, 

TABLE 2 

OR~ANIC/AQUEQUS a PHASE PARTITIDN COEFFICIENTS AND THEDRETI~AL ANR EC- 

PERIMENTAL ESTIMATES FOR S( = k,, + k,, ) FOR EACH SOLUTE STUDIED IN THE TRANS- 
FER CELL (100 rpm, 37OC). 

Compound h Organic phase y KD 
c 

%h d %h:. = Percent error ’ 

Al 

AI1 

A111 

AlV 

AV 

AVI 

Chloroform 

AI 

AI1 

A111 

AIV 

AV 

AVI 

AI 

AI1 

AI11 

AIV 
AV 

AVI 

Octanol 

BI 

811 

BIII 

BIV 

BV 

Octanol 

c-1 

CIl 

CIII 

CJV 

CV 

Octanol 

1.6 0.82 2.00 2.02 - 0.9 
5.9 2.98 1.67 1.73 - 3.5 

6.9 3.51 1.63 1.51 + 7.9 

17 8.35 1.54 1.52 + 1.3 

20 10.4 1.53 1.48 + 3.4 

103 52.2 1.47 1.52 - 3.3 

0.003 o.w3 2.04 2.04 0.0 

0.008 0.007 2.03 2.14 -5.1 

0.016 0.014 2.03 1.97 + 3.0 

0.047 0.041 2.02 2.09 - 3.3 

0.069 0.061 2.02 1.99 + 1.5 

0.25 0.222 1.99 1.89 + 5.3 

1.4 4.8 4.29 4.32 - 0.7 

4.2 14.4 5.27 4.86 + 8.4 

8.4 29.1 5.64 5.81 - 2.9 

20 69.6 5.90 6.02 - 1.9 

25 84.9 5.93 6.16 - 3.7 

69 239 6.04 5.92 + 2.0 

8.7 29.9 4.52 4.11 + 9.9 

23 79.2 4.74 4.79 -1.0 

68 235 4.83 5.03 - 3.9 

243 837 4.87 4.98 - 2.2 

525 1809 4.87 4.95 - 1.6 

0.S 1.64 2.08 2.31 - 9.9 

1.7 5.69 2.94 2.98 - 1.3 

4.7 16.3 3.52 3.36 + 4.8 

21 71.9 3.88 3.79 + 2.4 

70 242 3.97 3.74 +6.1 

“ 0.3 molal KCL adjusted to pH (Table 1). 
h Tabfe 1; A. I1 and C indicate compound series. 

’ Observed. mean of 3 determinations. 

d Eqn. 1; expressed in min- ’ x 10 -*. 

’ (k,, + k 2, ) bused on kinetic analysis; min - * X 10’. 

’ loo (s,, - s,,,.vs,,,. 



114 

Table 2). Moreover, Fig. 2 shows clearly how transport kinetics may be predicted as 
a function of partition coefficient given values for the system dependent variables in 
Eyn. I. 

Table 2 also documents the system and solute dependent variable. y( = R,,y/R,,,r ). 
as a means of determining whether transport kinetic of a given solute in a specified 
.cvstem is subject to organic, aqueous, or mixed diffusional control. Observing that, 
in these systems 

Y = (h,D&)/(h;!D,) (12) 

MUTUALLY SATURAED SOLVENT VISCOSITIES AND DENSITIES AT 37OC FOR EACH 

SOLVtiNT PAIR 

.1 

” t. 

. .._a - .._r - _..... --_._..____-___ _ ____ 
0 

-‘.* _ __ 
._-i 

. ,__ _- ..___._. _ _.. - . ..-* -_-. _. .-_ 1 



and 

h,/h, = (R,) liZ(R,) “‘@“(,$b %oar 

Eqn. 15 enables calculation af the resistance ratio. P, frm 
sqrstem variables. 

Values far y (Table 2). in the twephazz tr~~f~ 
O.Qfi - 20 imply organic. aqueous or mixed doffer 
y in Table 2 show ca,~ of Q 
diffusional control. Thus. in thi blicatian, the t 
K ,, (Eqn. 1) has bozn shown to hold true for 
diffusional control. 

Fig. 2 shows clearly that d 
K ,,, dependent upon the physical properties of tlte 
earlier observation based an Eqn. 4, In order to test 
change of k,, or k,,. which should rise and fatt, 
of K,,. theoretical ~lutiuns far k,, and k,, were deri 
K,, = k,,/k,, substitution into Eqa. 1 gives 

and 
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abscissa of Fig. 3 shows the 3 distinct regions of diffusional control. described 
previously, for each solvent system at 100 rpm, 37 OC. The figure clearly demon- 
strates how k,, and k,, rise and fall, respectively, independently of the solvent 

system employed (cf S( = k,, + k 2, ); Fig. 2) in the study. 
In a number of publications, Waterbeemd, (1980, 1983) introduces and em- 

phasizes the importance of the ‘ratio of the diffusional rate constants’, k_/knq, 

(= /I) in the stagnant diffusive boundary layers adjacent to the interface (Fig. 1. 

Waterbeemd, 1980) as a cell and solvent-system-dependent constant. His terms, kilq, 
k _ and P are equivalent to [k121K,,,, (Eqn. 8). [kZ,lK,, .,, 0%. 91 and Y/K,>- 
respectively. In a recent publication, Waterbeemd (1983) describes a relationship 

between /3 and viscosity based upon the Stokes-Einstein relationship. Work per- 

formed in our laboratories (Guest, 1980) has shown that the Stokes-Einstein equa- 

tion is of limited use for the prediction of diffusion coefficients for low molecular 

weight solutes in the two-phase transfer cell. Indeed, if this, as opposed to the 

Wilke-Chang relationship (Wilke and Chang, 1955) is employed to derive our 

theoretical predictions for tranfer rate constants in this cell, percent errors between 

theory and experiment can be as high as 60%. In order to describe transfer kinetics 

for a series of solutes as a function of Ku, Waterbeemd employs 3 distinct equations 

dependent upon the range of K, under investigation. His method requires the 

experimental study of a large number of compounds, in order to derive these, largely 

empirical, functions. Conversely, our approach describes the variation of transfer 

kinetics within a series, as a continuous function of K,, according to Eqn. 1 and 

related Eqns. 16 and 17.. The agreement in this paper, between theory and experi- 

ment (Figs. 2 and 3) for systems subject to aqueous, organic or mixed diffusional 
control, attests to the validity of our theories. 



Application of our theory for pre&cti+rn of int~f~ial tram&r 
necessitates the determination of 
mental estimation of (D, A)/( Ior salute series A, 
cyclohexane : aqueous system whe 
that (D,A)/(V,h,) varied by 
y 2 20, however, (aqueous 
(D,A)/(V, h,) varied by ) 30 
solute series investigated. 
constant and solute-independent in a c 
experimentally determined value far S are in 
in the aqueous phase diffu:;ion coefficient. 
known to affect D, (Tyrrell, 1961) become of i 

toward values indicating aqueous diffusion limiutron. 
ionic strength and ion type upon values for S 
(Table 1) when y z- 20 will be described in a su 

Abbreviations 

A interfacial area 

C concentratiun 

C” initial concentration 

C c final concentration 

D diffusion coefficient 

h diffusive boundav luycr thickness 

k .,~ diffusion rate constant in s4ucou3 twundaq I;rycr (WZC 

k ,,‘11 diffusion rate constant in organic boundap Iqer tWat~?b~ 

k ,2 first-order forward rate constant for partitirminp (Srrhcm~ 1) 

k ?, first-order reverse rate constant for partitioning ~Schcme 11 

Kl, oil/water pnrlition coefficient 

M molwul;~r weight 

r v, r’V, 

RI r)l/% 

R2 Y~/JQ (where I' = VI/P) 

RI JqM,/‘S,M, 

R ., totul diffusronal rmi~tansu 

R i,r, nq~~c~ws diffusiwal rcsi!&wcc 

R ,‘,D orpnnic diffusional rc‘sislmce 

s nppiwent first-order rate coi~htimt fof p;~rtltlcwnp 

I I Illlc’ 

v0lu11w 

; k ,_,jk ,,,, (Watcrhecsrd. IQXU) 

Y R,,iR,w, 

1) VILCOSItV 

I’ hiiwiiwic ~1sc0s1tV 

I’ dcnbilv 

4 aswciation purirmctrr (Will42 and C 1QSSt 

Subscripts I and 2 refer to RAUCOUS and o 

and experiment, respectively. 
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