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Abstract 0 The adsorption free energies of the CI-CS alkylamides, C&s 
alkylketones, and Cl-Clo alkylmonocarboxylic acids a t  the air-water 
interface, estimated from plots of the surface pressure (55 dynes/cm) 
uersus the bulk concentration, were linear functions of the total surface 
area per molecule (square angstroms per molecule), with a slope 46% 
higher for the alkylamides and 25% lower for the alkylketones than that 
I'or the monocarboxylic acids. The  interaction energies of alkylamides 
with dipalmitoyl lecithin and dipalmitoyl phosphatidylethanolamine 
spread a t  the air-water interface, estimated from the surface pressure 
increase with increasing concentrations of the injected c1 -C~  compounds, 
were linear functions of the total surface area per molecule. The diffusion 
free energies, ACdif, of the alkylamides within a phospholipid bilayer, 
predicted from the permeability equation and their interaction energies 
with dipalmitoyl lecithin monolayers by assuming the additivity of their 
free energies of adsorption and dehydration a t  the solution-bilayer in- 
terface, agreed with the literature data. 

Keyphrases Surface activity-alkylamides, alkylmonocarboxylic 
acids, and alkylketones, interaction energies with phospholipid mono- 
layers 0 Phospholipid monolayers-interaction energies with alk- 
ylamides, alkylmonocarboxylic acids, and alkylketones n Interaction 
energies-alkylamides, alkylmont~arhoxylic acids, and alkylketones with 
phopholipid monolayers 

The adsorption free energies of alkanols at  the air- 
aqueous interface estimated from plots of the surface 
pressure uersus the bulk concentration were compared (1) 
with their interaction energies with dipalmitoyl lecithin 
(I) and dipalmitoyl phosphatidylethanolamine (11) mo- 
nolayers, estimated from the variation of the equilibrium 
surface pressure with varying concentrations of sub- 
phase-injected alkanols based on a collision model and a 
constant entropy factor (2 ,3) .  

The present work compares the adsorption free energies 
at  the air-aqueous interface of alkylamides, their N -  
methyl derivatives, alkylmonocarboxylic acids, and alk- 
ylketones with those of the alkanols and with their inter- 
action energies with I and I1 monolayers. Correlations 
between the surface activities and the molecular surface 
areas of the compounds are considered, and the implica- 
tions with partition coefficients and permeabilities of these 
substances through biomembranes and liposomes are 
discussed. 

EXPERIMENTAL 

Reagents-Dipalmitoyl lecithin' and dipalmitoyl phosphati- 
dylethanolaminel were homogeneous by TLC (4). Reagent grade form- 
amide2, acetamide", propionamide4, butyramide", valeramide2, hex- 
anamide', N-methyl-2 and N,N-dimethylformamide', N-methyl-' and 
N.N-dimethylacetamide", N-methyl-2 and N,N-dimethylpropionamide', 

' Mann Research Laboratories, Orangehurg, N.Y. 
Pfalz and Bauer, Stanford, Cnnn. 
J .  T. Baker Chemical Co.,  Rochester, N.Y. 
Eastman Kodak Co., Rochester. N.Y. 
Aldrich Chemical Co., Milwaukee, Wis. 

N-methyL6 and N,N-dimethylbutyramide6, N,N-dimethylvaleramide*, 
N.N-dimethylhexanamide*, formic acid4, propionic acid3, butyric acid5, 
valeric acid5, hexanoic acid5, octanoic acid5, decanoic acid5. propanone5, 
2-butanone5, 2-pentanone5, 2-hexanone5, and 2-octanone5 were used 
without further purification. The hexane7 used to prepare the spreading 
solution and the distilled water used to prepare the aqueous solution and 
as a suhphase for the phospholipid monolayers fulfilled the requirements 
described previously (2,3).  

Instruments-A 9-cm diameter polytef dish with two identical mi- 
crohurets" and a polytef-coated stirring bar (1.25 X 0.8 cm) was used as 
a trough in the closed system described previously (2 ,3) .  Surface tension 
was measured with a Wilhelmy platinum plate (2.5 X 1.25 X 0.01 cm) 
attached to an e le~t roba lance~ whose output was fed into a recorder'". 

Su r face  Tensions of Aqueous Solutions-The surface tension of 
the aqueous solutions was measured as described previously (1). The 
reproducibility was within fO.2 dyne/cm. All experiments were per- 
formed a t  21 f 1". The  surface pressure, a, obtained by the difference 
between the previously determined surface tension of the pure water and 
the surface tension of the aqueous solution, was fitted to an exponential 
function of the concentration, C (moles per liter), by digital computerized 
nonlinear regression (1). The Gibhs adsorption equation was used in the 
form described previously (1): 

da r2 = - (L) 
d In Cz kT 

where I'n is the solute surface concentration (molecules per square cen- 
timeter), T is the surface pressure (dynes per centimeter), C? is the solute 
concentration in the bulk solution (moles per liter), k is the Boltzmann 
constant (ergs per molecule per degree), and T is the absolute tempera- 
ture ("K). The derivative (da ld In C2) of the exponential function that 
approximates the surface pressure dependence on concentration was 
computed with respect to the logarithm ofthe concentration. Suhstitution 
o f  these values into Eq. 1 permitted calculation of rr a t  any Cp. 

Injection under  Phospholipid Monolayers-Spreading of the 
phospholipid monolayers and injection of the test substance were per- 
formed as descrihed previously (1-3). The initial phospholipid monolayer 
surface pressure was 5 f 0.1 dynes/cm in all experiments. The criterion 
o f  equilibrium after the injection of' the studied substance was the con- 
stancy (fO.l dyne/cm) of the surface pressure increment, An, during 30 
min. 

RESULTS 

Adsorption at Clean Air-Aqueous Interface-Typical plots of the 
surface pressure uersu,s the logarithm of the concentration for some 
compounds are given in Figs. 1-4. Plots of' surface pressure uvrsus log 
concentration olitained with 0.1 M HCI solutions of the alkylmonocar- 
hoxylic acids coincided with those of their pure water solutions within 
reproducibility limits. 

The  standard free energy change, Acid (ergs per molecule), associated 
with solute adsorption a t  the clean air-aqueous inkrface was estimated 
I'rom (1, 5): 

a 
Acid = -kT In 7 (Eq. 2) 

X 2  

where rf  is the solute activity. The Acid values were calculated from the 
slope (*/xi) of the plot of a ( 5 5  dyndcm)  uersus the solute mole fraction 
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Table I-Total Molecular Surface Area, Adsorption Free Energies at the Air-Water Interface, Acid ,  and Interaction Energies, (L., 
with I and I1 Monolavers 

Compound 
TSA, 

AZ/moIecuIe 

Air-Water 
- 7r -Acid X 

r x2 ergs/molecule 

I-Water, 

ergdmolecule 
+I x 1013, 

11-Water, 
+*I x lol:’, 

ergdmolecule 

Formamide 
Acetamide 
Propionamide 
Butyramide 
Valeramide 
Hex an a m i d e 
N,N- Dimethylformamide 
N,N-Dimethylacetamide 
N,N-Dimethylpropionamide 
N, N -Dimethyl butyramide 
N,N-Dimethylvaleramide 
N,N-Dimethylhexanamide 
Formic acid 
Acetic acid 
Propionic acid 
Butyric acid 
Valeric acid 
Hexanoic acid 
Octanoic acid 
Decanoic acid 
Propanone 
2-Butanone 
2- Pentanone 
%Hexanone 
2-Octanone 
Methanol 
Ethanol 
Propanol 
Rutanol 
Pentanol 
Hexanol 
Heptanol 
Octanol 

64.2 
84.6 

103.1 
121.3 
139.4 
157.5 
105.9 
121.7 
140.3 
158.4 
176.5 
194.7 
59.1 
73.7 
98.1 

116.2 
134.3 
152.5 
188.7 
261.3 
82.0 

109.2 
127.2 
145.4 
181.6 
61.9 
79.6 
99.7 

115.8 
134.0 
152.1 
170.3 
188.4 

0.9945 
0.9916 
0.9889 
0.9833 
0.9967 
0.9999 
0.9923 
0.9892 
0.9875 
0.9797 
0.9952 
0.9975 
0.9977 
0.9979 
0.9969 
0.9974 
0.9998 
0.9967 
0.9983 
0.9368 
0.9967 
0.9966 
0.9961 
0.9838 
0.9968 
0.9972 
0.9983 
0.9983 
0.9994 
0.9998 
0.9922 
0.9999 
0.9917 

39.0 
1.8 x 102 
1.7 x 103 
7.7 x 103 
2.0 x 104 
3.1 x 104 

3.3 x 103 
1.0 x 104 

1.2 x 105 

1.2 x 103 
3.2 x 103 
2.0 x 104 

1.2 x 105 

1.9 x 107 
1.3 x 103 
3.4 x 103 
5.2 x 103 

9.0 x 104 

1.3 x 103 
4.0 x 103 
1.1 x 104 
4.0 x 104 
1.1 x 105 
3.3 x 105 

8.9 x 102 
1.4 X 103 

3.4 x 104 

2.7 X lo2 

7.0 X 104 

1.2 x 106 

8.8 x 108 

4.7 x 102 

1.2 x 106 

1.5 
2.1 
3.0 
3.6 
4.0 
4.4 
2.8 
2.9 
3.3 
3.8 
4.3 
4.7 
2.3 
3.1 
3.3 
4.0 
4.5 
4.8 
5.7 
6.8 
2.9 
3.3 
3.5 
3.7 
4.6 
2.5 
2.9 
3.4 
3.8 
4.3 
4.7 
5.2 
5.7 

0.3 
0.6 
1.3 
2.2 
2.5 
3.2 
0.7 
1.0 

1.8 
2.0 
2.3 
0.6 
0.9 
1.6 
2.2 
3.0 
3.5 
4.4 

0.8 
0.7 
0.9 
2.2 

0.0 
0.7 
1.2 
1.7 
2.4 
3.6 
3.8 
4.3 

- 

- 

- 

0.7 
1.3 
2.3 
2.9 
3.5 
3.5 
1.1 
1.3 
- 
1.8 
2.1 
3.2 
1.0 
1.0 
1.5 
2.5 
3.2 
3.4 
4.8 

1.2 
1.4 
1.6 
2.1 
3.0 
0.2 
0.9 
1.5 
1.9 
2.3 
4.2 
4.6 
4.7 

- 

in the bulk solution, x 2 ,  when x2 - 0 and x ;  - x p  a t  low mole fractions. 
For all compounds, plots of the surface pressure (7r 5 5 dynedcm) uersus 
the solute mole fraction in the bulk solution were reasonably linear. The 
correlation coefficients ( r ) ,  the slopes, and the estimated AC$ values 
obtained from such plots are given in Table I. 

I t  was shown previously (1) that the simultaneous effect of the chain 
length and the position of the hydroxyl group on the alkanol surface ac- 
tivity is described best by the total molecular surface area, TSA (square 
angstroms per molecule),of thealkanol molecule. Molecular surface areas 
trf the compounds were calculated by a modified version (6) of the original 
computer program MOLAREA (7). The molecule was considered as a 

log C, moles/liter 

Figure I-Plots O f  the surface pressure, K, against the logarithm of the 
bulk concentration, C ,  for alkylamides from C1 to Ce. Key:  a, hexamide: 
b, ideramide;  c ,  butyramide. d ,  propionamide; e ,  acetamide; and f ,  
formamide. The lines through the experimental points were the best 
f i t  obtained with the coniputpr ( I ) .  

collection of spherical groups and individual atoms. The methyl, meth- 
ylene, and hydroxyl groups were approximated as single spheres, and 
standard geometry and interatomic bond lengths and angles (8,9) were 
used in the construction of the molecules. These molecular surface areas 
are listed in Table I. 

Plots of AG:d uersus the total molecular surface area of alkylamides, 
their N-methyl derivatives, alkylmonocarboxylic acids, and alkylketones 
are compared in Fig. 5 with those for the alkanols. The experimental 
points yielded reasonably straight lines within the estimated experi- 
mental error (0.14 erg/molecule or 0.2 kcal/mole). The correlation coef- 
ficients and the slopes are listed in Table 11. 

2o t 

log C, moleslliter 
Figure %--Plots of the surface pressure, 7r, against thp logarithm of the 
bulk concentration, C ,  for N,N-dimethylalk.vlamides. Key: a, N , N -  
dimethylhrxanamide; b, N,N-dimethyli,al~,ramide; I , ,  N,N-dimethyl- 
but.yramide; d ,  N,N-dimethylpropionamide; e.  N,N-ditnethylacetamide; 
and f ,  N,N-dimethylformamide. The lines through the experimental 
points were the best fit obtained with the computer (1 ) .  
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Table 11-Adsorption Free Ener ies per Methylene Group, AGcH~,  at the Air-Water and  Hydrocarbon-Water Interfaces, Interaction 
Energies per  Methylene Group, $cH*, with 1 and  I1 Monolayers, and  Transfer  Free Energies per  Methylene Group, AGtrCH2, from 
Water to Oil 

Decaneea or 
Petroleum Etherb- 

Oil-Waterc 11-Water Air-Water Water I-Water 
aG" - - ad TT 

TSA ' TSA ' TSA ' TSA ' AG,, 
ergs/ 

e%f AC;rCH2, 
X kcal/ 

Series r 1015 mole r loi5 mole r 1015 mole r 10'5 mole r 1015 mole 

k H 2 9  
X kcal/ 

e%/ AG&, A', $ ' c l H , ,  ef'l $'CHz, 
X kcall X kcall X kcal/ 

Alkanols 
(C1-Cs)d 

Alkyl ketones 
(CB-Cdd 

Alkylmonocar- 
boxvlic acids 

0.9993 2.53 0.66 0.9954 3.26 0.856 0.9942 3.21 0.84 0.9863 2.89 0.75 0.9983 3.0 0.79 

- - _  0.9995 3.1 0.81 0.9638 1.65 0.43 - - - - - - 

0.9750 2.20 0.57 - - - 0.9930 3.07 0.80 0.9817 3.35 6.87 0.9874 2.7 0.71 

(CI:C!o)d 
Alkylamides 0.9811 3.21 0.84 0.9997 3.22 0.84O 0.9803 3.25 0.85 0.9909 3.85 1.00 0.9831 3.2 0.83 

(C1-Cs)d 

(C1-CI4d 

alkylamides 
(C 1-Cd 

- - - - - N-Methylalkyl- 0.9811 2.26 0.59 - - - - 

amides 

N,N-Dimethyl 0.9811 2.27 0.59 - - __ 0.9910 1.83 0.48 0.9979 1.4 0.37 

From Ref. 31. * From Ref. 12. From Ref. 33. d Number of carbon atoms in the hydrocarhon chain. 

The slopes of the plots of the alkylmonocarboxylic acids and the N- 
methyl- and N-dimethylalkylamides were 13 and 10% smaller than those 
of the alkanols, respectively. The slopes of  the plots of the alkylamides 
and alkylketones were 27% greater and 35% smaller than those of the 
alkanols, respectively. 

Interaction with Phospholipid Monolayers-The interaction 
energies, +, were estimated from the slopes of the plots of the reciprocals 
of the equilibrium surface pressure, A K . ~ ,  after injection uersus the re- 
ciprocals of the final concentration, n (molecules per cubic centimeter), 
ofthe subphase-injected substance (1-3). They are listed in Table I and 
are plotted in Figs. 6 and 7 uersus the total surface area per molecule. 

The plots for I monolayers were reasonably linear for alkylmonocar- 
hoxylic acids (c1-C~)  and alkylamides ( c 1 - C ~ )  and their N-dimethyl 
derivatives. The interaction energies per methylene group, $'cH*, esti- 
mated from the slopes of the plots of alkylmonocarboxylic acids and al- 
kylamides (Table 111, were similar to those of the alkanols (7), but the 
interaction energy of the N-dimethylalkylamides was 50% smaller. 

e f  I ; <  d 0 J O ' i  

loo C, moleslliter 

Figure 3-Plots of the surface pressure, H, against the logarithm of thc. 
bulk concentrations, c, for alkylmonocarboxylic acids from c1 to  c". 
Key: a, octanoic; b, hexanoic; e ,  oaleric; d ,  butyric; e ,  propanoic; f ,  acetic, 
andg, formic. The lines through the experimental points were the best 
f i t  obtained with the computer ( I ) .  

For I1 monolayers, the interaction energies of formic acid, hexanamide, 
and N,N- dimethylhexanamide presented gross departures from linearity. 
The interaction energies per methylene group were higher for alkylamides 
and alkylmonocarboxylic acids and smaller for N-dimethylalkylamides 
than those of the alkanols. 

The interaction energies of the first three compounds of the alkylke- 
tone series with I monolayers showed the same value within the estimated 
experimental error. In the interaction with I1 monolayers, the correlation 
coefficient was 0.93. 

DISCUSSION 

Adsorption at Clean Air-Aqueous Interface-From one compound 
of each of the studied homologous series to the next compound, there was 
a constant surface area increase of the hydrophobic moiety that pro- 
gressively changed the hydrophilic-hydrophobic balance of the molecules. 
The slopes of the linear plots of the adsorption free energy uer,sus the total 

I C  d I  

I 

i 

log C, inoleslliter 

Figure 4-Plots of the surface pressurp, K, against the logarithm o f  the 
bulk concentration, C, for alkylketones from C:, to CS. Key: a ,  P-octa- 
none; b, 2-hexanone; c ,  2-pentanone; d ,  2-butanune, and e,  propanone. 
The lines through the experimental points were the bcst fit obtained 
with the computer (1). 
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Figure 5-P1ot.s of the adsorption free rnprgy of the air-aquwus SO- 

lutitrn interface. AG:d (ergs per molecule), against the total molecular 
surface arca (square angstroms per molerule). Key:  A ,  alkylmonocar- 
boxylic acids; ., alkanols; A, alkylketones; 0 ,  alkylamides; and 0. 
N,N-dzmeth~~la lky lamid~s .  

molecular surface area thus represent the contribution of each square 
angstrom increment of the hydrophobic surface area of the molecules to  
their total adsorption free energy. 

The contribution to the molecular surface area due to an incremental 
methylene group in a straight chain extended conformation was estimated 
recently to be 18.1 A2 (6). The  adsorption free energies per methylene 
group, AG(;H*, of the studied homologous series calculated using this 
surface area contribution are listed in kilocalories per mole in Table 
11. 

Since early findings ohtained mainly with aliphatic alcohols, acids, and 
their esters (10, 11) were confirmed by several subsequent studies (1, 
12-15), it generally has been accepted that the adsorption free energy 
increase produced by an incremental methylene group addition to a 
saturat.ed straight hydrocarbon chain that adsorbs a t  the air-water in- 
terface is hetween 0.600 and 0.625 kcal/mole. The average value (0.603 
f 0.07 kcal/mole) ohtained ill the present study (Table 11) for alkanols, 
alkylmonocarboxylic acids, and N-dimethylalkylamides reasonably 
agreed. 

I t  is difficult. to understand why the slope corresponding to the plot 
of the adsorption free energy uersus the total molecular surface area for 
the alkylarnides is 39% higher and that of the alkylketones is 29% lower 
than the average value (0.603 f 0.07 kcal/mole) obtained for t.he rest of 
the homologous series. 

The possibility existed that a different polar group attached to  the 
same hydrocarhon chain might cause a different charge to he transferred 
along the methylene groups of the hydrocarbon chain, thus altering their 
interaction with the solvent molecules. Molecular orbital calculations 
perfnrnwd on isolated molecules of 23 selected alkylamides, alkyl- 
monocarhoxylic acids, and alkanols failed to show evidence of a charge 
perturbation of'the methylene groups beyond the first that could account 
for the observed effects of the amide group. 

The fact that the adsorption free energy per methylene group o f  the 
N-methyl- and N,N-dimethylalkylamides is practically the same as that 
of the alkanols and alkylmonocarboxylic acids seems to indicate that the 
unsubstitut,ed amino (NF-12) group is responsible for the higher adsorption 
free energy per methylene group in amides. Of the studied series, the 
amide group presents the higher hydrogen bonding capability. On the 
hasis of ab ifii/io self-consistent field method (SCF) cornput.ations of 
various polyhydrates, evidence was presented ( 16) for the structure of 
formamide in aqueous solutions consistent with a model of four water 
molecules in the primary hvdration sphere, two of them hydrogen bonded 
to the amino group acting as a proton donor. 

The staridard adsorption free energy, AGid  (Eq. 2) ,  is the free energy 
change associated with the transfer of one molecule from infinite dilution 
in hulk solution to  infinite dilution a t  t.he interfacial region (5) and thus 
is a measure of the work of transfer. Kinetic data obtained'for the 
t ime-dephdent effect of cetrimonium ions injected beneath an air- 
aqueous int.erf'ace on the water surface tension showed (17) excellent fit 
and consistency with a model that  postulates an intermediate rompart- 
rnent (sithinterface) between the plane of the interface and the bulk 
aqueous solution. This compartment is assumed to be a thin region with 
a thickness of 10-10:' water molecule diameters (18) where the water 
molecules are oriented in a given array (19-21). Consequently, adsorption 
might be assumed to he energrtkally equivalent to the transfer of a solute 
mol~cule froni a normal water environment in the hulk solution to the 

., 4.5 al 4.0 

m - : 3.5- 
m 
0 
- 
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P 
w.'2.5- 
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Figure 6-Plots of the adsorption free energies at the air-aqueous so- 
lution interface (- - .) and of interaction cnergics with l monolayers (-) 
versus the total molecular surface nreu. Key: A ,  alkylmonocarboxylic 
acids; 0, alkylamides; and 0, N.N-dimrthylalkylamides.  

subinterface region where the water molecules are ahnormally ori- 
ented. 

Solute molecules such as those studied in the present work may interact 
with water molecules through hydrogen bonding of the polar hydrophilic 
group and through J'ondon dispersion forces generated mainly from its 
hydrophobic moiety. The negative standard adsorption free energies of 
formamide (-2.2 kcal/mole), formic acid (-3.3 kcal/mole), and methanol 
(-3.6 kcal/mole) indicate that the spontaneous tendency to  perform the 
transfer from the hulk solution to the subinterface increases in the order: 
methanol > formic acid > formamide. Methanol and formamide present 
the minimum and maximum capabilities, respectively, to hydrogen bond 
with water; therefore, these results seem to indicate that, for these 
short-chain molecules, a correlation exists between their adsorption free 
energies at the air-aqueous interface and the hydrogen bonding capability 
of their hydrophilic moieties. The facts that aqueous urea solutions 
showed (22) a negat.ive excess surface concentration (i.e.,  AGld > 0) and 
that thiourea in aqueous solution showed a negative adsorption free en- 
ergy in preliminary experiments performed in this laboratory seem to 
corrohorate this hypothesis. 

The increase of the hydrocarbon chain length increases the surface area 
o f  the hydrophohic moiety only, enhancing its interaction through 
I,ondon dispersion forces with the water molecules. It seems reasonable 
that, a t  a given chain length, the adsorption free energy difference pro- 
voked by the different hydrophilic groups should be minimized due to 
the preponderant effect of the hydrophohic moiety. The adsorption free 
energies of hexanol, hexanoic acid, and hexamide are -6.8, -6.9, and -6.3 
kcal/mole, respectively, i n  accord with this expectation; however, even 
for this chain length, hexanamide shows a significantly smaller value. 

Experiments performed in this Iahoratory showed that, at  constant 
t emperature, the surface tension of heptanol-heptane mixtures adheres 
to  the additivity rule represented by: 

y11= y l x l  + y2xz (Eq. 3 )  

where y I:! is the surface tension of the mixture and y l , ~ ? ,  XI, and X ?  are 
the surface tensions i n  the pure state (26.4 and 20.6 dynedcm) and the 
mole fractions of heptanol and heptane in the mixture, respectively. 

mole 
traction of heptanol is 55 dynes/cm at 20'; i.e., the surface tension of pure 
water (72.6 dynedcm) is decreased by the initial presence in the hulk 
solution of approximately six heptanol molecules/lOrl water molecules. 
A heptanol-heptane mixture containing this same heptanol mole fraction 
has the same surface tension as pure heptane within experimental error. 
I n  this last case, Eq. I predicts that the heptanol concentration at  the 
interface is identical t.o that. of t.he hulk solution. This fact suggests that 

'The surface tension of' an aqueous solution containing 5.8 X 
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Table 111-Diffusion Free Energies, AGdif, of Alkylamides within a Phospholipid Bilayer 

q!q AG$ *, 
K ,  water- P a  x lo5, AGAiP, l h  -#I ,  AG;, - Acid ( o h ) ,  

Compound ether cm/sec kcal/mole X 10-4, cm/sec kcal/mole kcal/mole kcal/mole 

Formamide 0.0014 7.8 f 0.5 6.15 1.61 0.43 5.61 6.10 
Acetamide 0.0025 2.4 f 0.4 7.55 2.11 0.86 5.61 7.46 
Propionamide 0.013 6.1 f 0.6 7.90 2.36 1.87 5.61 7.98 
Valeramide 0.23 18.3 f 1.1 8.00 2.98 3.60 . 5.61 9.18 

From Ref. 26. * Calculated from the equation: ACdir = kT In [(XZ/l)(kT/h)] + $1 - [Act - AG$(o/w)] - kT In P .  

c) 4.5- 

4.0- 

8 z 

2 3.5- 
0, - 
- 
0 . E 3 .0 -  

P ". 2.5- 

3 
- - 
; 2.0-  

P 
a 
0 1.5- 

the different surface tension effects of the solvent produced by the 
presence of the same number of solute molecules in the two solutions may 
be related to some differential property between the water and heptane 
solvents. 

The surface tension of a pure liquid is essentially a manifestation of 
the unbalanced molecular interactions on the surface molecules. The 
main intermolecular forces in liquid hydrocarbons are London dispersion 
forces. The hydrogen bond and London dispersion forces are the main 
intermolecular forces in water. The hydrogen bond component has been 
estimated to be responsible for two-thirds of the total surface energy of 
water (23). 

The difference between the effect of heptanol on the surface tension 
of  water and heptane could be related to the effect on the hydrogen bond 
component of the surface energy of water. The total molecular surface 
area of heptanol and the accepted water molecule radius (1.5 A) lead to 
an estimated 25 water molecules packed closely around a heptanol mol- 
ecule; i.e., only 25 X 6 molecules out of water molecules in this solution 
can be affected directly by the presence of heptanol molecules a t  that  
concentration. 

If the assumption that the subinterface compartment with water 
molecules oriented in a given array (and, consequently, in a comparatively 
low entropic state) is valid, a plausible explanation of the magnitude of 
the observed effect on water could be that direct solute molecule inter- 
action with a relatively small number of water molecules generates and 
propagates significant disruption of the water structure in the bulk so- 
lution. The entropic contribution thus created could be the driving force 
of the spontaneous heptanol molecule adsorption a t  the air-aqueous 
solution interface. 

Interaction with Phospholipid Monolayers-Plots of the interac- 
tion energies, $, of alkylamides, N-dimethylalkylamides, and alkyl- 
monocarboxylic acids with I monolayers uersus the total molecular sur- 
face area are compared in Fig. 6 with those of their adsorption free energy 
at  the clean air-water interface. The regression coefficients, the slopes, 
and the adsorption free energy per methylene group are listed in Table 
11. 

The linearity of the plots of the compounds from C1 to Cg in the main 
hydrocarbon chain of the alkylamide and N-dimethylalkylamide series 
and from C1 to Cs in the alkylmonocarboxylic acids contrasts with the 
reported departure from linearity observed for the c6 and Cs compounds 
of the alkanol series in their interaction with I monolayers (1). 

The interaction energies per methylene group of the alkylamides and 
alkylmonocarboxylic acids were practically identical to the adsorption 
free energies per methylene group a t  the hydrocarbon-water interface. 
This finding seems to indicate that I monolayers behave as ultrathin oil 
phases for these compounds, as was observed previously with alkanols 
(1). The observed 50% reduction of the interaction energy per methylene 
group of the hydrocarbon chain of the N-dimethylalkylamides compared 
with that of the adsorption free energies a t  the clean air-water interface. 
N o  literature data were found on the adsorption free energy of these 
compounds a t  the hydrocarbon-water interface. 

The plots corresponding to I1 monolayers (Fig. 7) indicate a marked 
departure from linearity for hexanamide and N-dimethylhexamide and 
compare with that reported recently (7) for hexanol and octanol in their 
interaction with I and I1 monolayers. The interaction free energies per 
rnethylene group compare with those of the interaction with I monolayers. 
The small differences observed within the experimental error could be 
reasonably attributed to the different molecular surface density of 1 and 
I1 monolayers. 

Correlations with Permeability-Three important variables govern 
nonelectrolyte permeation across biomembranes: ( a )  the partition 
coefficient of the membrane-bathing solution, ( b )  the rate constant for 
entrance into the membrane from the aqueous environment, and (c) the 
diffusion coefficient within the membrane (24). Solute permeation across 
the lipid regions of biomembranes can be separated into three successive 
events that contribute to the total permeation rate: ( a )  adsorption of the 

hydrated solute a t  the lipid-bathing solution interface, ( b )  dehydration, 
and ( c )  solute diffusion through the lipid region (25). 

Kinetic analysis of membrane permeability (26,27) based on the ab- 
solute rate theory treatment of diffusion (28) shows the permeation rate 
to be proportional to the product of the probability of occurrence of the 
three successive events (25): 

(Eq. 4) 

where P is the permeability (centimeters per second), A is the average 
distance between equilibrium positions (angstroms), 1 is the membrane 
thickness (angstroms), h is the Planck constant (ergs X seconds), and 
AG.d, AGdeh, and AGdif are the contributions to the total activation 
energy of the adsorption, dehydration, and diffusion steps, respec- 
tively. 

The AGad and AGdeh terms of Eq. 4 correspond to the first energetic 
barrier found by the solute molecule during its permeation, i.e., the 
crossing of the bathing solution-lipid interface. Adsorption of the amides 
a t  the water-air or decane-water interface is spontaneous so that AGad 
is intrinsically negative. On the contrary, the nonspontaneity of dehy- 
dration indicates that AGdeh is intrinsically positive. Consequently, the 
total energetic cost of crossing the interfacial region is -AGsd + 

The free energy change, Actr,  associated with the transfer of a solute 
from an aqueous solution to dimyristoyl lecithin liposomes was estimated 
by (29): 

AGdeh. 

AGb = - k T l n P  (Eq. 5) 
where P is the molal partition coefficient, which can be related to the 
thermodynamic partition coefficient through an expression containing 

A ,  
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Figure 7-Plots of the adsorption free energies at  the air-aqueous so- 
lution interface (- - -) and the interaction energies with I I  monolayers 
(-) versus the total molecular surface area. Key: A, alkylmonocar- 
boxylic acids; 0, alkylamides; and O ,  N,N-dimethylalkylamides. 
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Figure 8-Plots of the transfer free energies of the oil-water solution, 
AG;, (a, b); the adsorption free energies a t  the hydrocarbon-water in- 
terface, AG;d (olw) (c, d); and the adsorption free energies at the air- 
water interface,, AG;,j‘(e, f), against the total molecular surface area. 
Key: 0, alkylamides; and ., alkanols. 

the natural logarithm of the ratio of the molecular weights of the nonpolar 
and polar phases (29). However, for comparative purposes, the P values 
can be used to estimate a relative free energy change. 

The plota of AGL obtained from literature data (30) on partition 
coefficients of oil-aqueous solutions of alkylamides and alkanols uersus 
the total surface area per molecule are compared in Fig. 8 with those of 
the adsorption free energy, A G P ,  at the hydrocarbon-aqueous (obtained 
from Refs. 31 and 12, respectively) and at  the air-aqueous interfaces. 
With the exception of formamide in the AGE plot, the points determined 
reasonably straight lines. The slopes, intercepts, and correlation coeffi- 
cient are given in Table 11. 

a t  the hydrocarbon-water 
interface permitted estimation of the constant difference ( AG:, - 
AGp)TSA-O for the alkylamides and the alkanols, 3.91 X and 2.84 
x 10-13 erglmolecule, respectively. 

The partition of a surface-active solute between aqueous and non- 
aqueous phases can be separated into two successive events the spon- 
taneous adsorption of the hydrated solute at the interface ( A G d  < 0) and 
its subsequent dehydration (AGdeh > 0)  that permits penetration into 
the nonaqueous phase (31). It can be reasonably assumed that the total 
free energy chan e of the partition, AGt,, should reflect both events so 
that AGt, = AGiw + AGdeh and AGdeh = AGtr - AG$w. 

It is generally accepted (27,32) that the amide group and the hydroxyl 
group form three and two hydrogen bonds with water, respectively. 
However, from ab initio SCF computations of various polyhydrates, 
evidence was presented recently (16) for the structure of formamide in 
aqueous solution consistent with a model of four water molecules in the 
primary hydration sphere, two of them hydrogen bonded to the amino 
group acting as a proton donor. 

By assuming that the constant difference (AGb - A G $ w ) ~ ~ = ~  is re- 
lated to the free energy change that corresponds to dehydration, the 
contribution of each hydrogen bond to the total dehydration free energy 
can be estimated by dividing ( A c t ,  - AG:!J”)nA-o by three for alk- 
ylamides and by two for alkanols. The values obtained, 1.31 X and 
1.42 X erg/molecule, respectively, seem to indicate the validity of 
this assumption for the two series. 

The equation used to estimate the interaction energies of subphase- 
injected solutes with phospholipid monolayers was derived originally (2) 
based on the statistical thermodynamic treatment of the Langmuir ad- 
sorption equation (33,34). The Boltzmann-Maxwell exponential factor 
consequently contained an activation energy term about which, under 
the experimental conditions, no valid assumption could be made on the 
thermodynamic function (AE, AH, or AG) that it really represents. The 

Parallelism of the plots of A c t  and 

ambiguous interaction energy term was coined, and the symbol J. was 
used to represent it. 

The order of magnitude of the experimentally measured interaction 
energies, fi, of alkylamides and alkanols with phospholipid monolayers 
and their dependence on the total surface area per molecule strongly 
suggest that they could be related to the adsorption free energy of the 
solute a t  the phospholipid monolayer-aqueous solution interface. The 
validity of this suggested relationship and the former assumption of the 
dependence Of AGdsh on (Act ,  - 

of formamide, 
acetamide, propionamide, and valeramide within egg lecithin bilayers 
estimated recently (26) from their measured permeability coefficients 
by assuming that the unknown bathing solution-lipid bilayer partition 
coefficients are proportional to the known water-ether partition coeffi- 
cients are compared in Table I11 with those obtained by aubstituting A G d  
for the interaction energies with dipalmitoyl lecithin monola ers, $1 

in Eq. 4. The coincidence of the calculated values of the activation free 
energy of the diffusion within the lipid bilayer for formamide, acetamide, 
and propionamide favors the validity of the former assumptions. The 
discrepancy between the calculated values of AC@ and AGis in the case 
of valeramide could be explained on the basis that as the solute size in- 
creases, the crossing of the interface becomes the rate-determining step; 
for valeramide, it constitutes 90% of the total resistance to permeation 
(24). The fact that in this case AG$ compares with which contains 
the contribution corresponding to the partition coefficient [AG& = A& - In AIA‘ (24)], favors this explanation. 

The results presented here seem to indicate that the interaction energy 
of alkylamides with dipalmitoyl lecithin monolayers spread at  the air- 
water interface can be reasonably identified with the adsorption free 
energy at  the aqueous solution-monolayer interface, which constitutes 
the first energetic step involved in alkylamide permeation across a 
phospholipid bilayer, and that the dehydration free energy constituting 
the second energetic step can be identified with the difference between 
the transfer free energy from an squeous phase to an oil phase and the 
adsorption free energy at the water-hydrocarbon interface. 

can be tested with Eq. 4.. 
The activation free energies for the diffusion, 

(Table I), and AGdeh for the corresponding values of (Act, - A C $ ~ S A - O  J 
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Abstract The binding of 14C-codeine, 14C-morphine, and 3H- 
methadone to human serum albumin was studied at a constant ligand 
concentration and varying albumin concentrations. Scatchard plota of 
the data were linear and had positive slopes. The curves for the three li- 
gands had similar data values and slopes. With increasing albumin con- 
centrations, /3 (fraction bound) values increased. The /3 change per al- 
bumin concentration change [d(j3)/d(albumin)] dropped most markedly 
at  lower albumin concentrations and changed less as the albumin con- 
centrations approached those normally observed in human blood. Values 
of nK, the number of binding sites or systems on the protein times the 
association constant, calculated from /3 and the albumin concentrations 
decreased with an increase in albumin concentration increase. The curves 
were similar for codeine and morphine, while the methadone curve in- 
dicated less of a decrease in nK with an increasing albumin concentration. 
For data published previously on the binding of various ligands at  dif- 
ferent albumin concentrations, plots of /3 values or calculated nK values 
versus albumin concentration revealed that /3 generally increased and 
nK decreased with an increasing albumin concentration. Desipramine, 
propoxyphene, prednisone, and phenylbutazone were exceptions to these 
relationships. 

Keyphrases 0 Codeine-binding to human serum albumin, varying 
albumin concentration 0 Morphine-binding to human serum albumin, 
varying albumin concentration 0 Methadone-binding to human serum 
albumin, varying albumin concentration Binding, protein-codeine, 
morphine, and methadone to human serum albumin, varying albumin 
concentration 

In most studies of drug binding to serum proteins, a 
single protein concentration was used and the ligand 
concentration was varied (1-3). Scatchard plots of the data 
gave either a straight line or curve and almost invariably 
had a negative slope. However, studies of cortisol binding 
to serum albumin were conducted in which the cortisol 
concentration was constant and the albumin concentration 
.was varied (4). The resulting Scatchard plot was a straight 
line with a positive slope. The results could not be ex- 
plained on the basis of microheterogeneity or by variations 
of the albumin activity coefficient. This observation was 
not investigated further. 

Several subsequent studies involved the binding of 
various ligands to serum proteins using a constant ligand 

concentration and varying protein concentrations. Scat- 
chard plots with a positive slope were observed with thio- 
pental (5) ,  phenytoin (6, 7), and L-tryptophan (6, 7). 
Bowmer and Lindup (8) recently commented on the sev- 
eral published studies involving data yielding Scatchard 
plota with positive slopes and the significance of obtaining 
binding data when the protein concentration is varied and 
the ligand concentration is constant. 

Previous studies involving the binding of 14C-codeine, 
14C-morphine, and 3H-methadone to human serum albu- 
min yielded Scatchard plots with positive slopes when the 
albumin concentration was constant and the ligand con- 
centration was varied (9). No explanation for the positive 
dopes (rather than the usually observed negative slopes) 
could be offered. This report is an extension of the earlier 
studies and involves variation of the albumin concentra- 
tion and constant ligand concentrations. 

EXPERIMENTAL 

Methods-All protein binding determinations were performed by the 
equilibrium dialysis method (9) using multiple-cell blocks. Each cell had 
1 ml on each side of the cellulose membrane. Radioactivity was deter- 
mined in a liquid scintillation system as described previously (9). 

Material~-~“C-Codeine’, l4C-rnorphine1, 3H-methadone2, and 
crystalline human serum albumin3 were obtained commercially. All 
chemicals were reagent grade. 

RESULTS AND DISCUSSION 

The human serum albumin concentration was varied between 0.217 
X M. The ligand concentration was kept constant 
(l4C-morphine, 0.00356; 1%-codeine, 0.00339; and 3H-methadone, 
0.00332 M). Scatchard plots of the data for the three ligands are shown 
in Fig. 1. The albumin concentrations for each ligand fell in the same 
sequence on the curve as found in studies (4,5,7) involving a constant 
ligand concentration and varying albumin concentrations. The slopes 
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