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Water evaporation rates across hydrophobic acid monolayers
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Abstract

The effect of alkanoic acid [CH3(CH2)n−2COOH; HCn] and perfluoroalkanoic acid [CF3(CF2)n−2COOH; FCn] monolayers on the water
evaporation rate was investigated by thermogravimetry tracing the decrease in amount of water with time. The evaporation rate from the surface
covered by a monolayer was measured as a function of temperature and hydrophobic chain length of the acids, where the monolayer was under
an equilibrium spreading pressure. From thermal behavior of the crystallized acids, their solid states are C-type in crystalline state over the
temperature range from 298.2 to 323.2 K. The dry air was flowed through a furnace tube of a thermogravimetry apparatus at the flow rate of
80 mL min−1, where the evaporation rate becomes almost constant irrespective of the flow rate. The temperature dependence of the evaporation
rate was analyzed kinetically to evaluate the activation energy and thermodynamics values for the activated complex, which demonstrated that
these values were almost the same for both alkanoic acids and perfluoroalkanoic acids, although the effect of perfluoroalkanoic acids on the
evaporation rate was smaller than that of corresponding hydrogenated fatty acids. The difference in the evaporation rate between FCn and HCn

was examined by atomic force microscopy (AFM), Brewster angle microscopy (BAM), surface potential (�V ) at equilibrium spreading pressure,
and Langmuir curve (π–A isotherm), and their results were consistent and supported the difference.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Evaporation is a typical example of material transport across
gas/liquid interface. The evaporation rate of water has been in-
vestigated since last about 80 years. Most of the investigations
have used an indirect method to determine the amount of liq-
uid evaporated; for example, the amount of evaporated water
was measured by suspending a flat container with a permeable
bottom supporting a solid desiccant (calcium chloride) over the
surface of water in a film balance trough [1,2], where 100%
water evaporated from the surface is not necessarily adsorbed
into desiccant. A more reliable method would be indispensable
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for more quantitative analysis and for further understanding of
the evaporation rate of water. Therefore, the method which di-
rectly measures the evaporation rate by tracing the weight loss
of water with time was proposed [3,4]. The results thus ob-
tained for several systems indicated that there was no difference
in the evaporation rate and the activation energy among evap-
orations across an adsorbed layer of soluble surfactant and the
one just from purified water, whereas insoluble monolayer de-
creased the evaporation rate and increased the activation energy
[5–7]. An investigation on water evaporation across air/water
interface just like the present study would be quite valuable
from the view-point of water control all over the world against
the forthcoming temperature increase of the earth.

Until now, the experiments of evaporation across a mono-
layer have been made mainly on hydrocarbon monolayer and
little on fluorocarbon one. Fluorocarbons are now in wide-
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spread use not only for scientific fields but also for practical
purposes because of their hydrophobicity, lipophobicity, stabil-
ity against acid and base, and thermal stability [8–12]. In par-
ticular, perfluoroalkanoic acids are most commonly employed
to examine whether alkanoic acids can be replaced by per-
fluoroalkanoic acids due to their excellent physico-chemical
properties and to see their new functions. Toxicokinetics of
perfluoroalkanoic acids has also been investigated, where they
seem to have a high potential for bioaccumulation [10,13]. In
addition, such hazardous properties as skin and eye irritation,
skin sensitization, and genotoxity were not identified as for hy-
drofluoropolyethers [14]. In practice, perfluoropolyethers are
nowadays applied to cosmetics. The physico-chemical behav-
ior of perfluoroalkanoic acid as Langmuir monolayer has been
precisely investigated [15], but reports on the retardation effect
of perfluoroalkanoic acid on water evaporation are quite few in
number, as far as the authors know, although dynamic surface
excesses of fluorocarbon had been investigated in the different
way by Eastoe et al. [16].

This study aims to compare the effect of fluorocarbon mono-
layer on water evaporation with that of hydrocarbon monolayer
and to examine which part of the molecules, hydrophobic chain
or hydrophilic group, contributes to the depression of water
evaporation. The evaporation is also examined by the theory
of absolute reaction rate to see the difference between hydro-
carbon and fluorocarbon from the thermodynamic point of view
for the activated complex formation. The present basic study on
water evaporation will certainly serve to further work on evap-
oration across air/liquid interface.

2. Experimental

2.1. Materials

Perfluorodecanoic acid (FC10), perfluorododecanoic acid
(FC12), perfluorotetradecanoic acid (FC14), perfluorohexade-
canoic acid (FC16), and perfluorooctadecanoic acid (FC18)
were obtained from Fluorochem (United Kingdom). These
acids were purified by recrystallization with n-hexane/acetone
mixed solvents after distillation once, and their purity was
checked by 19F NMR spectra (UNITY INOVA 400 Spectrom-
eter, Varian, USA) and by elemental analysis [17]. As for the
elemental analysis, the observed and calculated values were in
satisfactory agreement (< ±0.3% for carbon atom). Their pu-
rity was also confirmed to be more than 99.5% by GC-MS
(QP-1000, Shimadzu, Kyoto). n-Hexane of analytical reagent
grade, acetone of highest grade, and ethanol of especially
prepared reagent were bought from nacalai tesque (Kyoto,
Japan). They were used as a solvent for recrystallization above
and as a spreading solvent for Langmuir isotherm measure-
ments. Dodecanoic acid (HC12), tetradecanoic acid (HC14),
hexadecanoic acid (HC16), and octadecanoic acid (HC18) were
purchased from SIGMA (99–100%) and used without fur-
ther purification. The substrate solutions of pH 1 and 2 were
prepared using thrice-distilled water and concentrated H2SO4
(Wako Chemical Co.) or HCl (nacalai tesque, Kyoto). As for
the whole acids crystallized from the molten state, any solid
Fig. 1. Schematic illustration of the modified apparatus for thermogravimetry.

phase-transition was not observed over the temperature range
from 298.2 to 323.2 K by DSC measurement [17]. The wa-
ter used in the present study was thrice distilled (surface ten-
sion = 71.96 mN m−1 at 298.2 K, and electrical resistivity =
18 M� cm).

2.2. Evaporation rate

The apparatus used for evaporation rate was a modified ther-
mobalance (Fig. 1, Rigaku Thermo Plus 2) as reported previ-
ously [4], where the sample pan had a large area (0.739 cm2)
to make an edge effect as small as possible. The apparatus can
detect the changes of both weight and temperature with time
simultaneously, where the temperature was controlled within
±0.1 K throughout a run except for initial fluctuation. The dry
air flowing through a furnace tube at a constant temperature is
able to reduce the stagnant gaseous layer formed just above the
surface. Moisture in the flowing air from a small air pump was
removed first by passing through concentrated sulfuric acid and
second by being kept over dried silica gel. The flow rate was
controlled by a flow meter with a needle bulb. The experimen-
tal reproducibility was confirmed by superimposing the traces
of the weight decrease with time for the same sample, which
means that the rate measurement is very accurate. A 150 µL
of liquid sample (aqueous solution saturated by a hydropho-
bic acid) was pipetted into the platinum pan, and then, a tiny
particle of the solid acid was placed on the surface of the so-
lution, where a solid from the molten (molten solid) was used
in order to unify a crystal structure. The initial depth of liquid
was 0.20 cm at the center of pan and the height from the sur-
face of liquid to the top of the pan was 0.48 cm. Such a thin
layer of liquid is easy for the thermister just beneath the pan
thermally to follow the liquid temperature. From dependence
of the evaporation rate on the duration for spreading, the stand-
ing period of time was decided for each hydrophobic acid. For
example, 24 h standing was needed for FC10 to reach the con-
stant evaporation rate, which means that the monolayer on the
water surface is in equilibrium with the solid. Then, the pan was
set in a furnace tube for the gravitational measurement over the
temperature range from 298.2 to 323.2 K. The run was started
without allowing thermal equilibrium with the furnace temper-
ature due to the small thermal mass of the sample. All the acids



324 M. Tsuji et al. / Water evaporation across monolayers
Fig. 2. Change in melting point of FCn and HCn against the number of carbon
atoms of the acids.

used in the present study were examined below their melting
point (Fig. 2).

2.3. ESP measurement

Surface pressure (π ) change with time (t ) for the acids was
traced by the Wilhelmy plate method under atmospheric pres-
sure at 298.2 K to determine respective equilibrium spreading
pressure (ESP) and time to reach it. The pressure-measuring
system (KSV Minitrough, KSV Instruments Ltd., Finland) was
equipped with a filter paper (Whatman 541, periphery = 2 cm).
Thrice-distilled water was used as a substrate solution. The ex-
perimental error was ±0.1 mN m−1.

2.4. Atomic force microscopy

Sample preparation of a monolayer was carried out by the
horizontal lifting method. Graphite (SPI000E045, 5 × 5 mm,
Seiko Instruments Inc.) was used as a supporting solid substrate
for the monolayer deposition. A horizontal graphite substrate
was made to descend until it comes to contact with the mono-
layer on the water subphase under equilibrium spreading pres-
sures at 298.2 K. After contacting the monolayer, the graphite
was lifted at the velocity of 1 mm min−1. The LB films with de-
position rate of ∼1 were used in the experiments. AFM images
were obtained using a SPA 400 instrument (Seiko Instruments
Inc.) at 298.2 ± 2 K in a tapping mode, which provided both
a topographical image and a phase contrast one. The tapping
mode images were collected at scan rates of 0.5–3 Hz, using
silicon tips (Olympus Co., Tokyo, Japan) with a nominal spring
constant of 1.8 N m−1 under the normal atmosphere.

3. Results and discussion

3.1. Evaporation rate by TG

The stagnant vapor layer above a liquid surface may influ-
ence the evaporation rate. Therefore, study was made first on
the effect of the flow rate of dry air on the evaporation rate of
water at three different temperatures, 303.2, 313.2, and 323.2 K.
As a result, the effect of the flow rate was significant at lower
Fig. 3. Traces of weight change of water and temperature with time (a). Trace
of the weight change at different temperatures from 298.2 to 323.2 K (b).

rate, whereas it became less significant at higher rate [3,6]. In all
the present experiments, therefore, the flow rate was kept con-
stant at 80 mL min−1 in order to minimize the effect of the flow
rate drift, where the evaporation rate becomes almost constant
irrespective of the flow rate.

First, weight decrease of water by vaporization from just liq-
uid water surface, upon which there is no external resistance
or no barrier against the water evaporation, was measured over
the temperature range 298.2–323.2 K (Fig. 3). These data were
used as a reference to investigate the effect of various mono-
layers on the evaporation rate of water. The evaporation rate
(k) in units of mol s−1 cm−2 was calculated from the slope of
weight decrease of water with time excluding the initial and the
end parts of the relationship between the weight and time. As is
clear from the traces of weight change, an excellent linearity is
held at each temperature.

Next, weight decrease of water by evaporation from the sur-
face covered by alkanoic acid monolayer was measured over
the temperature range 298.2–323.2 K. Weight decrease of wa-
ter by evaporation from the surface covered by FC14 and HC14
monolayers at different temperatures are illustrated in Figs. 4a
and 4b, respectively, where it takes more than two hours for
150 µL water to evaporate. The results for other FCn and HCn

are similarly obtained. A good linearity for weight loss vs time
suggests that the FCn or HCn monolayer locates at the surface
under the equilibrium state [5]. As for all acids examined here,
the evaporation rate increased with increasing temperature. The
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Fig. 4. Trace of the weight change with time due to water evaporation from
surface covered by (a) FC14 or (b) HC14 monolayer at different temperatures
from 298.2 to 323.2 K.

rate determination across the monolayer was made similarly as
that just for water. Fig. 5 shows the evaporation rates for FCn

and HCn at different temperatures. The results for HCn indicate
that the evaporation rates increase with increasing temperature,
whereas they decrease with increasing chain length. The ef-
fect of alkanoic acid monolayers (Fig. 5b) on the suppression
of water evaporation increased in the order of HC12 < HC14
< HC16 < HC18. As for FCn in Fig. 5a, on the other hand,
smaller suppression effect was observed at 313.2, 318.2, and
323.2 K, where the effect of the chain length was found to be
quite small. In addition, the effect becomes less with increasing
chain length, which is discussed later with surface potential of
monolayer under equilibrium spreading pressure and with the
relative decrease in evaporation rate [1,6,18].

It has already been shown that the effect of a monolayer or
the retardation effect depends on chain length of HCn; that
is, the retardation effect of alkanoic acid monolayer on wa-
ter evaporation increased with increasing chain length. Barnes
calculated the resistance to water evaporation, and then the re-
sistance values were found to increase with increasing chain
length [2,19]. Our present data for HCn agreed well with the
previous ones.

The evaporation of water through 1-alkanol monolayer has
already been investigated by a direct method as is the case of
Fig. 5. Temperature dependence of evaporation rate of water from the surface
covered by a monolayer of perfluoroalkanoic acids (a) and alkanoic acids (b)
under the equilibrium spreading pressure.

the present paper [6]. The retardation effect of 1-alkanols on
water evaporation increased with increasing the chain length
just like HCn. However, the effect of the former was much
larger than that of the present alkanoic acids (HCn and FCn).
This difference may be due to stronger hydrophilicity of car-
boxyl group than hydroxyl group or to ionic dissociation of
carboxylic group, which might bring about breakage of steric
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Table 1
Evaporation rate of water (k) from the surface covered by HC14, FC12, FC16
monolayers at 323.2 K on water, 0.01 M HCl, and 0.1 M H2SO4 subphases

Materials k (mol s−1 cm−2)

Water 0.01 M HCl (pH 2) 0.1 M H2SO4 (pH 1)

HC14 14.2 14.2 14.4
FC12 14.2 14.2
FC16 14.5 14.5

structure formed by water molecules [20] and the resultant easy
escape of the molecules.

Difference in pKa value between perfluoroalkanoic acids
and alkanoic acids also supports that FCn has higher degree of
dissociation [10,21,22] or stronger hydrophilicity than HCn. To
investigate the influence of the degree of dissociation on the wa-
ter evaporation, pH of subphase was changed. The evaporation
rate from 0.01 M HCl (pH 2) and 0.1 M H2SO4 (pH 1) solu-
tions was as same as that from purified water. Table 1 showed
the evaporation rates of water (k) from the surface covered
by HC14, FC12, FC16 monolayers at 323.2 K on just water,
0.01 M HCl, and 0.1 M H2SO4 subphases, and then those val-
ues showed no difference within the experimental error. Thus,
there was no dependence in the evaporation rate on pH of the
subphase. Therefore, the degree of dissociation could not appar-
ently explain the difference in water evaporation rate. However,
it is certain that the retardation effect on water evaporation rate
decreased in the order of 1-alkanol > HCn > FCn. Thus, it
might be highly possible that a hydroxyl group of alkanol can
contribute much to the stabilization of the water structures than
a carboxyl group. On the other hand, the acids, especially per-
fluoroalkanoic acid of larger dissociation degree, might easily
break hydrogen bonds of water molecules due to its own res-
onance effect of the dissociated –COO− group irrespective of
bulk pH value. In addition, the smaller depression effect might
be due to weaker intermolecular forces among FCn hydropho-
bic chains and between water molecule and fluorocarbon chain,
where the less intermolecular interaction for FCn chain can
be easily verified by smaller surface tension and lower boiling
point of perfluorinated acids than those of hydrogenated ones.
Then, it is certain that water molecules can move more easily
though fluorocarbon chains than through hydrocarbon chains.
That is, FCn molecules would form a monolayer to which wa-
ter molecules are easy to permeable.

3.2. Theoretical analysis

Now that the smaller depression effect for FCn monolayer
than for HCn one was made clear, it is quite important to quan-
tify the extent of the depression, for which the relative decrease
in evaporation rate is commonly employed. The rate of water
evaporation is governed by the driving force for the evapora-
tion and by the total permeation resistance through the transport
pathway, whose equation is analogous to Ohm’s law for electri-
cal conductance [1,6,18],

(1)J = �Cg

rg
= �Ct∑

i ri
,

where J is an evaporation flux at a stationary state, �Cg
(= Ceq − Cv) is the difference between the water vapor con-
centrations driving the evaporation (Ceq is the concentration
at a stationary evaporation rate just above the surface of water
and Cv is the concentration in the atmosphere at some distance
above the surface), rg is a resistance in gas phase, and

∑
i ri

is the total permeation or evaporation resistance, the sum of all
the resistances that arise from sections of the pass way includ-
ing the bulk water. �Ct is the total difference between water
concentration in a bulk water and Cv. For evaporation of just
water, the total resistance is denoted by

∑
rw, while for the

evaporation from water surface covered by an insoluble mono-
layer of resistance rm the total resistance becomes

∑
rf (f refers

to a film):

(2)
∑

rf =
∑

rw + rm.

The performance for a monolayer is often reported as the ra-
tio, φ, of the evaporation rate with an insoluble monolayer to
the rate just for liquid water (φ = Jf/Jw) or as the relative
decrease in evaporation rate (effectiveness of evaporation re-
duction) defined by 1 − φ, where the fluxes Jw and Jf refer to
an evaporation rate of just liquid water and that from surface
covered by insoluble monolayer, respectively. �Ct can be kept
constant in the present experiment, and therefore, the relative
decrease is express as

(3)1 − φ = rm∑
rw + rm

.

The values of the relative decrease for the insoluble monolay-
ers are summarized in Table 2 for the present study. Now it is
quite clear that the depression effect is larger for HCn than for
FCn, and the relative decrease is less than several percent. In
addition, the decrease goes through a minimum with increas-
ing temperature, which might result from the balance of kinetic
motion between water molecules and insoluble molecules at the
surface.

The activation energy of water evaporation from the surface
covered by FCn or HCn monolayer can be calculated from the
temperature dependence of the evaporation rate employing the
following Arrhenius equation,

(4)lnk = A − Ea/RT ,

where k is the evaporation rate per unit area (mol s−1 cm−2),
Ea is the activation energy (kJ mol−1), T is the absolute tem-
perature, R is the gas constant, and A is an arbitrary constant.
The Ea value thus obtained includes the energy to break hydro-
gen bonds of water molecules and to overcome the resistance by
the monolayer. The temperature dependence of the activation
energy was calculated from the slope of the lnk vs T −1 plots
at a given temperature. The evaporation process is endother-
mic and the Ea value vs total carbon number was illustrated in
Fig. 6, where the Ea values are nearly equal to hydrogen-bond
energy of water molecules. The activation energy slightly de-
creases with increasing temperature. When an FCn or an HCn

monolayer is on the water surface, the evaporation rate (k) be-
comes smaller than that of blank water (no monolayer), whereas
the activation energies of the evaporation through FCn or HCn
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Table 2
The relative decrease in evaporation rate (1 − φ)

T

(K)
1 − φ

FC10 FC12 FC14 FC16 FC18 HC12 HC14 HC16 HC18

298.2 0.036 0.018 0.048 0.024 0.042 0.054 0.066 0.072 0.054
303.2 0.077 0.056 0.014 0.059 0.005 0.043 0.041 0.038 0.052
308.2 0.037 0.025 0.027 0.005 −0.017 0.005 0.027 0.033 0.037
313.2 0.034 0.026 0.011 −0.001 0.001 0.018 0.029 0.047 0.066
318.2 0.055 0.041 0.031 0.024 −0.002 – 0.031 0.049 0.069
323.2 0.048 0.035 0.033 0.016 0.003 – 0.035 0.056 0.078
Fig. 6. The activation energy of water evaporation from the surface covered by
the acid monolayers vs carbon number of the acids at different temperatures.

monolayer are nearly the same as that just from blank water.
This fact strongly suggests that the difference in evaporation
rate (k) is not reflected upon the activation energy which is
closely connected with chemical reaction. The process of water
evaporation includes breakage of strong hydrogen bonds of wa-
ter molecules. That is, the Ea value mostly includes the energy
to break the hydrogen bonds of water molecules or enthalpy
change for the evaporation which decreases from 44.0 kJ mol−1

at 298.2 K down to 42.7 kJ mol−1 at 333.2 K [23]. Therefore,
the presence of FCn or HCn monolayers might not be so effec-
tive as to influence chemical bond breakage.

On the other hand, the Gibbs energy change of activation
(�‡G) was also calculated using the Eyring equation [24],

(5)k2 = κ
kBT

h
�K

and

(6)�‡G = −RT ln �K,

where k2 is the rate constant, kB is the Boltzmann constant,
T is absolute temperature, h is the Planck’s constant, �K is the
equilibrium constant, R is the gas constant, and κ (transmission
coefficient) is assumed to be unity. The k2 value in the present
study was evaluated by the evaporation rate; k = k2Cw(T ),
where Cw(T ) is a molar concentration of bulk water at temper-
ature T . In addition, the enthalpy change �‡H and the entropy
Table 3
Time of period for acids to reach the equilibrium spreading pressure

n

10 12 14 16 18

FCn <36 h <50 h <50 h <50 h <50 h
HCn <2 h <2 h <36 h <36 h

change �‡S were calculated by Eq. (7),

(7)�‡G = �‡H − T �‡S,

where �‡H was evaluated by the temperature dependence of
�‡G. The values of �‡G,�‡H , and �‡S thus evaluated are
shown in Figs. 7a, 7b, and 7c, respectively. The Gibbs energy
changes of activation across the acid monolayer are nearly the
same as that for just water, as is expected from Ea values in
Fig. 6. The Ea values are nearly equal to the �‡H values which
correspond to the magnitude of hydrogen bond energy. There is
no explicit allowance for the difference of the evaporation rate
between from just water and through FCn layer (Figs. 7b and
7c). The thermodynamic parameters were found not to explain
the effects of hydrophobic chain or hydrophilic head group for
FCn.

3.3. State of monomolecular films

The time to reach an equilibrium spreading pressure (teq)
becomes longer with increasing chain length (Table 3). The
standing time after placing FCn or HCn solid on water sur-
face for the TG measurements was made longer than teq, which
indicated that the monolayer used in this study was under equi-
librium spreading pressure. Equilibrium spreading pressures
(ESPs) of FCn and HCn are shown in Fig. 8. The ESP val-
ues for HCn decreased with increasing chain length. The same
tendency was also seen in the reported values for HCn [25–28].
However, these values were found not to be closely related with
the retardation effect on water evaporation. This fact clearly
indicates that evaporation takes place just at the gas/liquid inter-
face, whereas surface tension is integration of whole interaction
energies among whole molecules in a bulk domain. What can
be said from Fig. 8 is that FCn with higher dissociable –COOH
group has stronger effect to reduce molecular interaction in sur-
face layer.

In order to inquire further the monolayer state of the acids,
the curves for surface pressure (π ) against molecular area (A)
were measured. Unfortunately, HCn (n = 12,14,16) and FCn

(n = 10,12,14) are soluble in water, and therefore, a stable
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Fig. 7. Variations of the Gibbs energy change (a), enthalpy change (b), and
entropy change (c) for the activation complex with carbon number of the acids.

π–A curves was not obtained for them. The π–A isotherms
at 298.2 K for HC18, FC16, and FC18 are shown in supple-
mentary Fig. S3. The ESP values for FCn (42 for FC16 and
36 mN m−1 for FC18) are above the corresponding collapse
pressure (25 for FC16 and 30 mN m−1 for FC18) indicated by
Fig. 8. Equilibrium spreading pressure (ESP) of perfluoroalkanoic acids (")
and alkanoic acids (Q) at 298.2 K.

arrows. These values of collapse pressures are almost the same
as those reported previously [15]. Above the collapse pressure,
the π–A isotherms did not become reproducible. Nonetheless,
a solid state of FC16 and FC18 starts to appear on the surface
at the collapse pressure, where a chemical potential of the acids
becomes equal between the solid and the monolayer state. On
the other hand, HC18 monolayer is a liquid-condensed (LC)
state at ESP (7 mN m−1). What is clear from the π–A isotherms
is that the molecular surface area is very close to a cross-
sectional area of the corresponding alkyl chain (∼0.18 nm2).
In other words, both HC18 and FCn (n = 16 and 18) molecules
at ESP are closely packed with a molecular axis perpendicu-
lar to the surface. In spite of this fact, the evaporation rates are
not depressed much by the presence of such monolayer at the
surface.

The authors measured the surface potential (�V ) in order to
investigate further the reason that can elucidate the present dif-
ference between the fluorocarbon and hydrocarbon. The surface
potential value was −233 mV for FC10, −146 mV for FC18,
+222 mV for HC12, and +374 mV for HC18 at 298.2 K un-
der the respective equilibrium spreading pressure. The above
values represent the characteristics of fluorocarbon and hydro-
carbon chains; negative values for fluorocarbon and positive
values for hydrocarbon [15,29,30]. The small value in magni-
tude of −146 mV for FC18 indicates that FC18 amount spread
at the interface is smaller than FC10 amount, which is con-
sistent with smaller retardation effect of the former and with
smaller ESP value. As for HC12 and HC18, on the other hand,
the �V value for HC18 is higher than that of HC12, which sup-
ports better organization of the former molecules at the surface
than that of the latter ones. This is also consistent with larger de-
pression effect of HC18 on evaporation rate than that of HC12.

3.4. AFM observation

AFM for the present study provided both topography and
phase contrast images. Fig. 9 shows the topography images
(200 × 200 nm) of FCn and HCn monolayers transferred to
graphite under the equilibrium spreading pressure. All images
suggest the monolayer on the water surface to be quite homo-
geneous. The corresponding phase contrast images (not shown)
showed only one homogeneous region. For further examination



M. Tsuji et al. / Water evaporation across monolayers 329
Fig. 9. AFM topography images in a tapping mode at the scan area of 200 × 200 nm: just graphite surface (a) and FC18 (b) and HC18 (c) transferred to graphite at
equilibrium spreading pressure. The side profiles indicate cross-section diagrams at respective white line.
on the monolayers, the Brewster angle microscopy (BAM) was
applied to the water surface and the surfaces on which FC10
and HC12 monolayers are spread at each equilibrium spread-
ing pressure. The BAM images (not shown) of the above three
kinds of surfaces do not show any ordered structure and any
difference among them, which is different from an ordered
structure of a long alkanol [5]. This observation supports the
homogeneous spreading of molecules at the air/water interface,
which is consistent with the AFM results. The π–A isotherms,
AFM, and BAM images being combined together, the acid
molecules are moving around at the surface without forming
any ordered structure, which does not lead to much depression
of water evaporation rate.

4. Conclusions

Very clear difference between hydrocarbon and fluorocar-
bon monolayers was made in the water evaporation by the
present study, although the evaporation rate does not change
much between them. This was made possible by precise exam-
ination of the rates using the theory of absolute reaction rate.
The evaporation rate of water across an alkanoic acid mono-
layer decreased with increasing chain length of hydrogenated
acids. However, the retardation effect on water evaporation was
smaller than that of corresponding 1-alkanol monolayers, and
in addition, there was no difference in the activation energy
(Ea) or in thermodynamic parameters for an activated com-
plex formation among the alkanoic acids. This is because the
small difference in the evaporation rate (k) was not reflected
in the activation energy. The Ea value includes mostly the en-
ergy to break hydrogen bonds of water molecules. Therefore,
the retardation effect of FCn or HCn monolayer might not be
so large as to influence the energy for chemical bond break-
age.

On the other hand, the evaporation rate of water across per-
fluoroalkanoic acid monolayer did not change much with the
chain length. It is due to small intermolecular forces among
FCn hydrophobic chains and to the breakage of more hydrogen
bonds of water molecules for FCn acids than for HCn acids. In
addition, water molecules can move more easily through fluo-
rocarbon chains than through hydrocarbon chains. That is, FCn

molecules would form a monolayer to which water molecules
are easy to permeable. The difference in the depression effect
on evaporation rate between FCn and HCn monolayer was sup-
ported by their surface potential values, too.

The present basic data for the evaporation rate of water
through the insoluble monolayers must be surely valuable for
a control of the environment of human beings or the earth
using water circulation. In fact, although retardation effect
of molecules with a fluorocarbon chain is very small, the
small effect is effectively used for cosmetics and other appli-
cations.
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