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The average area per molecule in mived monolayers of alkyl
aleohols depends on the chain-length compatibility of the
surfactant wwlecules. The ninimune areds molecule was
observed when both components possessed the same chain
length, The results were interpreted in decns of the thermal
motion of surfactant wolecules in the monolayer. There was
no significant effect of film compression rate on surface
pressure—ared curves of pure component films, but Jor mixed
monolayers an increased compression rate caused significant
expansion (excess area wmolecale). The thermal wmotion of
additional methylene groups in higher molecular weight
alkyl alcoliols increases  the intermolecular spacing by
0.I2A at 20 dynes/em. This suggests (hat such small
changes in the intermolecular spacing affect the properties

of systems containing mixed surfactants.

he chain-length compatibility strikingly influences the properties of
systems containing mixed surfactants or a surfactant and a paraffinic

5 oil. Schick and Fowkes (1) showed that the maximum lowering of CMC
U (critical micelle coneentration) and waxiiam Toam stability oceurred
; when both the anionic and nonionic surfactants had the same chain length.
3 Lawrence (2) reported that the muximum emulsion stability and maxi-
‘4 mum surface viscosity of mixed monolayers occurred when both the
L. jonic and nonionic surfactants had the same chain length, Fort (3)

reported that the coclficient of friction hetween polymerie surfaces de-
crcased strikingly as the chain length of parvalfinic oils approached that of
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Figure 1. Surface pressure-arca curce of stearyl
>0

alcoliol monolayer at pll 2.0, 25°C. Compression
rate: 6.5 A? /molecude /min. g
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stearie acid which was used as o lubricant additive. Cameron and Crouch
() studicd the elfect of chain length of fatty acids on lubrication by
measuring scufl load. The maximum scuff load was observed when the
fatty acid had the same chain length as that of the hydrocarbon oil
Askwith et al. (§) studied the viscosity of very thin layers (3.5 X 10
inch thickness ) of oil containing fatty acids of various chain length, Here
also, the manimuin viscosity of the thin layers was observed whoen fatty
acid and oil had the same chain length, Similar effects of chain-length A
compatibility on rust prevention and dielectric absorption were reported
by others (6, 7). However, no explunation based on molecular properties
has been offered to explain the chain-length compatibility effect in these %
systens, '

The present study was designed to obtain a better understanding of
the chain-length compatibility effect in terms of molecular areas of sur-
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11, SHAL AND S1UAU Chain Daength Compatilility 15

factants. Although several systems, ased in the chaiu-length compatibility
studies mentioned previously (1-7), were mixtures ol ionie and nonionic
surfactants, we have used the surfactants with the sume polar group in
our mixedd monolayer studies o attribute any change in the molecular
area to the chain-length compatibility. In the mived monolvers reported
here, the chain length of one component was kept constant, and that of
the other component wis varied from Crg to Cu,

Materials and Methods

The experiments on mixed monolayers were carricd out using alkyl
alcohols (Cies Cis, Cuo, C.). These surfactants were obtained  from
Supelco, Inc. (Bellefonte, Pa.) with purity greatey than 994-%. The Ce
alcohol was purchased from the Applied Science Laboratories, Inc.
(State College, Pa.). The solutions of all pure alkyl alcohols were pre-
pared ( concentration 0.004 Al) in w wixture of chloroform, methanol, and
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CHAIN LENGTH OF FATTY ALCOHOLS

. Figure 2. Avcrage ared per molecule (A, A and
01y A,,) of various alkyl alcohols
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n-hexane (1:1:3v/v/v). First, the single component films of alkyl alco- :
hols were studied on the subsolution of 0.01A7 HCL Next, the mixed 8
monolayers of alkyl alcohols were studied on the subsolution of 0.01M &
HCL Reagent grade chemicals and double-distilled water were vsed in
all experiments. ' i

The Wilhelmy plate connected to a Hloneywell transducer was used
to measure the surface tension which was fed directly to Y axis of an
X=Y recorder. The monolayer tray was made from Plexiglass with dimen-
sions of 25 X 12 3 1.5 em. The temperature of the subsolution was con- :
trolled by pumping the water from a thermostated water bath through a 3
glass coil which was immersed in the subsolution. The temperature was
controlled at 257 - 0,1°C, The subwolution was poured in the trough
about 2 to-3 mm above the rim of the trough. The surface of the subsolu-
tion was cleaned by moving a wax coated glass slide from one side of the
trongh to the other and then sncking the impurities by a capillary con-
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Figure 3. Excess area per molecule of A, A,

and A, vs. various alkyl alcohol mixtures (1:1

molar ratio) with C,, alcohol as the common com-
ponent at pll 2.0, 25°C
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Pigure -1 Facess area pa molecule of N AL

and A, vs. vavivus alkyl alcohol miztwes ¢l

molar ratio) with C, aleolol as thi common
component at plt 2.0, 257

nected to a vacuum pump. This was done several times to make sure 1o
impurities remained on the surface. The monolayers were spread evenly
on the surface by using an Agly microsyringe, The spreading volume of
the solution was 0.025 ml for each experiment. A time interval of 5 min-
utes was allowed for spreading solvents to_evaporate or diffuse in the
subsolution from the monolayers. The monolayer was compressed at 6.5
27, and 1.0 A2/molecule/min. The motor driving the compression bar
was connected to a 10-tuwrn potentiometer which provided the potential
diflerence proportional o the muovement of the compression bar. This
was connected to the X axis of the XY rocorder. In this way, the surface
pressure—area curve for a monolayer was automatically plotted ou the
X~Y recorder for cach surfactant mixture. Three to five monolayers of
cach mixture were studied, and the results reported are average values.
Because of the standardization of the experimental procedure such as
the method of spreading, the evaporation time of solvents, and the rate
of compression, the standard error of the surface pressure—area curves is
+:0.15 A2/molecule,
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VFigure &5, lixeess area per molecule of A, A,

and A, vs. various alkyl alcohol mixtures (1:1

molar ratio) with C,, alcohol as the conunon com-
ponent at pil 2.0, 25°C

Theory

If at a surface pressure, =, the average area per molecule of two
surfactants in their individual monolayers is A, and A, then in the mixed
monolayer (1:1 molar ratio) of these two surfactants, the average area
per molecule should be (Aq + A:)/2 at the sume surface pressure pro-
vided the surfactant molecules occupy the same area in the mixed mono-
layer as they do i their individual monolayers (8, 9). However, in many
ases, the average area per molecule in a mixed monolayer is greater or
amaller than that expected from the simple additivity rule (10, 11, 12).
A reduction in the average area/molecule in a mixed monolayer can be
attributed to the molecular attraction between the surfactants or to the
“sintermolecula cavity efleet” (9, 13), An expansion in the average area/
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moleeule i a mixed monokyver can be attribated 0 molecular repulsion
or to greater disorder in the mixed mounolayer. hi the present study, we
have calealated excess molecular area for mixed monolayers using the

tollowing expression:

Excess moleculir area = > loxpt.,
moleeule

av., arest
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Figure 7. Effect o{ the rate of compression on

the excess arcaymolecule of A, for various alkyl

alcohol mixtures with C,y alcohol as a conumon
component at pli 2.0, 25°C

the arca/molecule of the components in their individual monolayers at a
specilic surface pressure .

Results

Figure 1 shows the surface pressure-area curve of stearyl alcohol
monolayer at pH 2.0 and 25°C, where A, is the area/molecule in the
expanded state at zero surface pressure, A, is the area/molecule in the
condensed state at zero surfuce pressure, and Ay is the area/ molecule at
surface pressure of 20 dynes/em. Figure 2 shows the values of A, A,
and Asy for various alkyl alcohols. From this diagram the average area
per molecule in mised monolayers was caleulated using simple additivity
rule. Figure 3 shows the excess molecular area when C,y alkyl alcohol
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was mixed with alkyl alcohols of various chain lengths, This result indi-
_cates that there is an expansion of the mixed monolayers compared with
the molecular area calculated using the simple additivity rule. It is also
evident that the greater the difference between the chain length of the
components, the greater is the excess molecular area in the mixed mono-
layers. It is also evident that A, is most strikingly influenced by the dif-
ferences in chain length. Figures 4, 5, and 6 show the results on the
excess molecular area when the common components in the mixed mono-
luyers were Cix, Cu, and Cuy alkyl uleoliols, respectively. Note that the
extremely small values of excess arca/molecule shown in Figures 3 to 6
were not measured directly. The arca/molecule values in the mixed
monolayers were measured experimentally and showed  considerable
expansion when compared with the surface pressure—area curves of pure
components. The excess area/molecule is the ditference between the
experimentally obtained area/ molecule in the mixed monolayers and that
expected from the simple additivity rule.

————— SPACE OCCUPIED BY THE THERMAL MOTION OF CHAINS

\$¥i i NN
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Figure 8. Schematic of the thermal motion o) the upper segmends of
hydrocarbon chains at the air-water interface. - The cones shown. by
broken lines represent the time-average space occapicd by the thermal
motion of the segments. ‘

Figure 7 shows the effect of the rate of compression on the excess
area/molecule in A, for various alkyl alcohol mixtures with C.y as a
“common component. There seems Lo be a small increase in excess area/
molecule at a faster rate of compression, Similar rate-of-compression
effects were observed also with the mixed monolayers containing Gy, Chs,
or C.u aleohol as common component. The area/molecule of pure com-
ponénts did not exhibit any significant dependence on the compression
rates used-in this present study. The arca/molecule vilues of pure com-
ponents at various compression rates. were within experimental ervor
(:+0.15 A%2/molecule) at any given surface pressure,

Discussion

The results on the surface pressure—area curve of stearyl alcohol
monolayer shown in Figure 1 and the area/molecule of other alkyl aleo-
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hols shown in Figure 2 agree with the results reported for some of these
alkyl alcohols by others (14, 15). Figure 3 shows that the values for e
excess molecular area of A, are L3, L1, and 0.8 A2 per molecule for the
difference of six, four, and two wethylene groups between the common
component and the longer alkyl alcohols.

ln the previous studies on the chuin-length compatibility (1-7), the
only explanation suggested for the observed effects was the term “the
best fit” of surfactant molecules. Oup explanation for these chain-length
compatibility cliects is shown schematically in Figure 8 based upon the
monolayer studies. Wlien the chain lengths of the two components are
equal, the mixed film will be very condensed. However, when the chain
length is different, the portion of molecules above the height of the
adjacent molecules will ‘exhibit thermal motion (vibrational, oscillationul,
and rotational modes). If this thermul disturbance were limited to the
portion above the height of the adjacent molecules, it would not chunge
the average area per molecule, However, this disturbance presumably
propagates along the chain at o considerable length towards the polar
group of the molecule, Therefore, the mixed monolayers will be more
expunded and henee exhibit a greater average area per molecule, Ay the
difference i the chain length increases, the corresponding theral dis-
turbance and expansion will also inerease because the length of the seg.
went vudergoing vatation, vibration, and oscillation increases. Figure 8
schematically shows the thermal motion of (hese segments and its effect
Propugating: considerably below the height of the adjacent molecules.
The time=average space oeeupied by this segiment of methylene groups
is shown by o cone with dashed lines, The coneept of thermal motion of
liydrocarbon chains at the interface was advanced by N. K. Adam (16)
in his classical book on the physics and chemistry of surfaces. We have
also used this coneept to propose the existence of intermolecular cavitics
i mixed monolayers which may be responsible for un apparent condensa-
tion in lecithin—~cholesterol monolayers (8, 9, 10, 13). A similar concept
was also used by Bruun (17) to explain his results on mixed monolaycrs
of isodextropimaric acid and straight chain fatty acids. ’

Philips et al. (18) reported that in mixed mounolayers of diolcoylleci-
thil|~disu~:lmychi(hixb, the area/molecule showed expansion from the
additivity vule because the unsaturated latly acid chains increased the
kinetic motion of saturated chains, However, in contrast to the studics
here on Crg + Chs alcohols, they found no expansion in the mixed mono-
layers of (]ipnlu|ituyll(‘c-it‘hin—disl('uruy”withinn.

It is interesting that the rate of compression did not influence sig-
nificantly the area/molecule in the monolayers of pure components. How-
ever, for mixed monolayers, there was a small but signilicant increase in
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the excess arca/molecule with inerease in the rate of compression (Figure
7). This suggests that perhaps the disordered segments of hydrocarbon
chains may begin to orientate themselves in a more ordered state, resulting
in smaller excess arca/molecule as one decreases the rate ol conpression.

We have shown (10, 19, 20) that a cliunge of 0.3 to 1.5 A in the inter-
molecular spacing between lipid molecules in the monolayer strikingly
influences the interaction of metal fons and cnzymic hydrolysis in mono-
layers. Oue can caleulate the intermolecular spacing in monolayers by
assuming the average arca per molecule 1o be a civele and then caleuking
_the radius R. The distance 2R will be the intermolecular spacing in the
manolayer which is the distance between the centers of the adjucent
molecales. For example, in mixed monolayers of Cyg |- Cuy alkyl aleohols,
(Figures 3 and 6) where an excess molecular area of 0.95 A% was observed
at 20 dynes/cem, we cun caleulate the inerease in the intermolecular spac-
ing caused by mixing. For the mixed monolayers of Cg +4- Cu alkyl alco-
hols, the average arca per molecule based upon simple additivity rule ut
a surface pressure of 20 dynes/cm is 20.10 A* per wmolecule, The experi-
mentally observed area per molecule is 21.05 A% per molecule. The
corresponding radii for the circles of these arcas are ealeulated to he
253 and 2.59 A respectively. Hence, the intermolecular spucing (21)
for these two molecular arcas would he 5.06 and 518 A, Therefore, the
ditference between these bwo intermolecular spacings represents the expan-
sion in the intermolecular spacing caused by the excess molecular area
which is induced by the ticrmal motion of chain segments in the mised
monolayer. The increase in the intermolecular spacing caused by expan-
sion of the monolayer would be 012 A (5.18 — 5.06 == 0.12A). These
calculations suggest that a change in the intermolecular spacing of the
order of 0.12 A must be of significant importance in determining the prop-
erties of mixed surfactant systems and phenomena such as foums, emul-
sions, as well as Tubricants, und diclectrie absorption by paraflins.

Summary

‘The exess area per molecule in the mixed monolayers of alkyl alco-
hols of dissimilar chain length is @ minimum when the two components
have the sioe chain length, The expansion ol mixed monolayers arising
from unequal chain length is presumably caused by the thermal inotion
of the hydrocarbon chains. The thermal motion increases the intermolecu-
lar spacing in the monlayer by about 0.12 A at a surface pressure of
20 dynes/em. In view of the observed effects of chain-length compati-
bility in foums, cmulsions, and lubrication it is proposed thiat such simall
changes in intermolecular spacing are important in determining the
properties of the above systems.



N

164

MONOLAYERS

The authors gratelully acknowledge the support of the Departinents

of Anesthesiology and Chemical Engineering for carrying out this re-
search. The authors also acknowledge their deep appreciation of the
classical hook “Physics and Chemistry of Surfaces,” by N. K. Adwum, which
stimulated the imagination of so many young minds that entered into the

two-dimensional world of surfaces,

Literature Cited

e Lo 10

15.

16.

17.
18.

19.
20).

Schick, M. J., Fowkes, I". M., J. Phys. Chem. (1957) 61, 10062,

Lawrence, A S, C., Soap, Perfumery Cosmeties (1960) 33, 1180.

Fort, "1, Jo, ) Phys, Chew. (1962) 66, 11306,

Camceron, A., Crouch, R 1%, Nature (1963) 198, 475,

Askwith, T. C., Cameron, A., Crouch, R. I°, Proc. Roy. Sve. A291 (1966),
500,

Ries, 115, Jr., Gabor, o, Cheme Ind. (1967) 1561,

Meukins, R, )., Chem. Ind. (1968) 17068,

Shah, D. O., Schulman, J. HL, Advan. Chen, Ser. (1968) 84, 159,

. Shah, D. O., Advan. Lipid Res. (1970) 8, 347.
. Shah, DO Selivhiman, J. UL, Lo Lipid Res. (1967) 8, 2105.
. Shah, . O, ). Colloid Interfuce Sci. (1970) 32, 577,

Dervichian, 1. G, in “Swilace Phenomena in Chemistry and Biology,” J. 1.
Daniclli, K. G. A. Parkhurst, and O. C. Riddiford, Eds., p. 70, Pergamon
Press, New York, 1958,

. Shah, D..O., in “Biological Horizons in Surface Science,” L. M. Prince and

D. F. Sears, Eds., p. 69, Academic Press, New York, 1973,

A, Harkins, W. 1., “Physical Chemistry of Surfuce Films,” pp. 118-119, Rein-

Lold, New York, 1954,

Nutting, C. C., Harkins, W. D., J. Amer. Chem. Soc. (1939) Gl, 1180.

Adam, N. K., “The Physics and Chemistey of Surfaces,” p. 67, Oxford
University Press, London, 1938.

Braun, 11. 1., Acta Chem. Scand. (1955) 9, 342.

Phillips, M. C., Ladbrooke, B. D., Chapman, D., Biochim. Biophys. Acta
(1970) 196, 35.

Shah, D. 0., Schulman, }. tL,; J. Colloid Interface Sci. (1967) 25, 107.

Shah, D. O., Schulman, J. k., J. Lipid Res. (1967) 8, 227.

Receivien October 25, 1974,






