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Structure formation and phase transitions in Gibbs and Langmuir monolayers
of amphiphilic acid amides

V. Melzer, D. Vollhardt,* G. Weidemann, G. Brezesinski, R. Wagner, and H. Mo¨hwald
Max-Planck-Institut fu¨r Kolloid-und Grenzfla¨chenforschung, Rudower Chaussee 5, D-12489 Berlin, Germany

~Received 9 June 1997; revised manuscript received 22 September 1997!

A comprehensive study of the two-dimensional crystal structure of Gibbs and Langmuir monolayers cor-
roborates recent results that first order phase transition can occur in adsorption layers. The crystal structures
and morphological features of the condensed phase ofN-alkyl-g-hydroxy-butyric acid amide monolayers with
different alkyl chain lengths@dodecyl~DHBAA ! andtetradecyl~THBAA !#, but the same head group structure
at the air-water interface are investigated. Surface pressure measurements~p-A isotherms for DHBAA and
THBAA; p-t adsorption kinetics for DHBAA! are combined with synchrotron x-ray gracing incidence dif-
fraction and Brewster angle microscopy measurements. Twinned domains are formed at lower temperatures
(T,10 °C) and crosslike domains at higher (T.10 °C) temperatures. The oblique crystal structure found in
all monolayers is independent of the process of monolayer formation. Macroscopic textures and structures of
domains are correlated to the observed crystal structure. The comparison of Gibbs and Langmuir monolayers
shows that their crystal structures, morphological textures, and thermodynamic properties are similar.
@S1063-651X~98!10101-0#

PACS number~s!: 61.10.2i, 68.10.2m, 68.55.2a, 68.70.1w
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INTRODUCTION

Processes of ordering and phase transitions in t
dimensional systems have been of recent interest. Such
dimensional systems formed by amphiphilic molecules at
air-water interface are Gibbs and Langmuir monolaye
While Gibbs monolayers@1# are formed at the surface o
aqueous solutions of soluble surfactants by adsorption, La
muir monolayers of insoluble surfactants@2# are formed at
the air-water interface by spreading and compression.
well known that in Langmuir monolayers first-order pha
transitions can occur from a low density fluidlike phase to
condensed phase. The condensed phases can exhibit a
variety of morphological features@3–5# and different crystal
structures@6–8#. But for Gibbs monolayers only a few pa
pers@9–13# described the coexistence of two phases in
sorption layers using fluorescence microscopy or Brew
angle microscopy experiments. However, the conden
phase structures observed in these Gibbs monolayers
obviously caused by insoluble or sparingly soluble impu
ties, or by over saturated solutions of slightly soluble surf
tants. In recent papers@14–16#, we presented studies on th
formation and growth of a condensed phase within the
sorption layer of the amphiphileN-dodecyl-g-hydroxy-
butyric acid amide~DHBAA ! dissolved in the aqueous bul
phase. To understand the ordering processes and the n
of formation of condensed phases in Gibbs monolayers
question of a possible comparison between the struct
properties of condensed phases in Gibbs and Langm
monolayers arises.

Therefore in the present work we compare phase beh
ior, morphologies, and crystal structures of adsorbed Gi
monolayers with those of spread Langmuir monolayers

*Author to whom correspondence should be addressed.
571063-651X/98/57~1!/901~7!/$15.00
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DHBAA and of water insolubleN-tetradecyl-g-hydroxy-
butyric acid amide~THBAA !. The process of phase trans
tion is related to the formation and growth of two
dimensional condensed phase domains in both cases. W
able to visualise the features and growth of these dom
using Brewster angle microscopy~BAM !. On the other hand
we could investigate the crystal structure of the conden
phases by using synchrotron x-ray gracing incidence diffr
tion ~GIXD!. Using these results we compare the crys
structures of Gibbs and Langmuir monolayers. In additi
we will correlate the macroscopic morphology with the m
croscopic crystal structure to understand processes of or
ing in monolayers.

EXPERIMENT

The surfactants DHBAA and THBAA were synthesize
by nucleophilic opening of theg-hydroxybutyric acid lactone
ring @17#. Thus, equimolar amounts of the corresponding p
mary amine andg-hydroxybutyric acid lactone were dis
solved in dry methanol. The mixture is heated to 80 °C fo
h in a steel autoclave. The solvent was removed and
crude product recrystallized fromn-hexane. The chemica
purity (.99%) was checked by elemental analysis a
HPLC.

The surface pressure~p!–area (A) isotherms and surface
pressure~p!–time (t) adsorption isotherms were recorde
using a Langmuir film balance~R&K GmbH, Wiesbaden,
Germany!. The surface pressure was measured by the W
helmy method using a small filter paper. The distilled wa
was made ultrapure by a Milli-Q-system. The Brewster an
microscope~NFT, Göttingen, Germany! was connected with
the R&K film balance. For more detailed information abo
surface pressure measurements and the BAM method,
Refs.@14–16,18,19#.

Grazing incidence x-ray diffraction experiments@20–24#
were performed using the liquid-surface diffractometer
901 © 1998 The American Physical Society
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902 57V. MELZER et al.
the undulator beamline BW1 at HASYLAB, DESY, Ham
burg, Germany. The Synchrotron beam was made monoc
matic by a beryllium~002! crystal and was adjusted to strik
the surface at grazing incidence with an angle of incide
a i50.85ac , whereac is the critical angle for total externa
reflection. The diffracted radiation was detected by a lin
position-sensitive detector~PSD!, ~OED-100-M, Braun,
Garching, Germany! as a function of the vertical scatterin
anglea f . A Soller collimator in front of the PSD provided
resolution of the horizontal scattering angle 2Qhor which is
approximately 0.1°. Due to quasielastic scattering, the w
vectorsk i and k f of the incident and the diffracted beam
have the same modulus. The scattering vectorQ5k f2k i has
an in-plane componentQxy5(4p/l)sin(2Qhor/2) and an
out-of-plane componentQz5(2p/l)sin(af), where l
51.364 Å is the x-ray wavelength. The accumulat
position-resolved scans were corrected for polarization,
fective area, and powder averaging. The intensities w
least squares fitted to model peaks which were taken as
product of a Lorentzian parallel to the water surface with
Gaussian normal to it. Only the lowest order peaks are
served.

From the in-plane diffraction data, it is possible to obta
the lattice spacings

dhk5
2p

Qxy
hk , ~1!

whereQxy
hk is the in-plane component of the scattering vec

at maximum intensity. The lattice parametersa andb can be
calculated from the lattice spacingsdhk , and from these the
unit cell areaAxy .

The tilt anglet of the long molecular axis with respect t
the normal and the lateral tilt directionChk were calculated
from the peak positions of the Bragg rods in the framew
of the cylinder model@20#. In the case of an oblique lattice
there are three nondegenerate peaks. In this case, th
anglet can be calculated by solution of the equation syst
~three equations, one for eachhk pair!:

Qz
hk5Qxy

hkcosChktant. ~2!

The cross section per chainA0 is related to the molecula
area parallel to the interfaceAxy and the tilt anglet:

A05Axycost. ~3!

The GIXD measurements of the Gibbs monolayer w
started three hours after reaching the inflection point in
adsorption isotherm.

RESULTS

During compression of DHBAA and of THBAA Lang
muir monolayers, we observed a pronounced inflection p
in thep-A isotherm, and a plateau region which is typical
the first-order phase transition from the low-density fluidli
phase to a condensed phase~Fig. 1!, as discussed in detail in
Refs. @15,16#. The main phase transition starts with a bre
in the p-A isotherm at the characteristic pointspC andAC .
As typically observed for such phase transitions, the surf
pressurepC of the main phase transition point increas
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(DpC /DT51 mN/m/K) and the size of the related platea
region ~change in molecular area between the fluidlike a
condensed phase atpC! decreases with increasing temper
ture @15,16#. The p-A isotherms of DHBAA Langmuir
monolayers, which are slightly soluble in water, were c
rected for loss of molecules into the subphase using a
sonable linear correction procedure as described in Ref.@15#.
For the water-insoluble THBAA molecules, such a corre
tion was not necessary. The good agreement between
molecular areas of the THBAA and DHBAAp-A isotherms
additionally supports the correction for small losses due
dissolution of DHBAA molecules.

In Fig. 1, two typical BAM images are shown for TH
BAA and DHBAA Langmuir monolayers which confirm th
coexistence of two phases, namely fluidlike~dark regions!
and a condensed~bright domains! phases. For temperature
below 10 °C, the condensed phase domains of DHBAA h
an inner anisotropy and three main growth directions@16#. In
contrast, above 10 °C the domains have no inner struct
and exhibit four main growth directions with two typica
acute~between 60° and 30°! and obtuse~between 120° and
150°! intersection angles@16#.

FIG. 2. p-t adsorption isotherms of DHBAA at 5 and 15 °
~bulk concentration ofc51.531025 mol/dm3!, and characteristic
BAM images of Gibbs monolayers of DHBAA in the phase coe
istence region. The arrows indicate the temperatures where
BAM images were taken.

FIG. 1. p-A isotherms of DHBAA atT55 °C ~thin line! and
THBAA at T515 °C ~thick line!, and corresponding characterist
BAM images of the condensed phase domains. The arrows indi
the position where the BAM images were taken. The scale bar w
a size of 200mm is valid for all BAM images.
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57 903STRUCTURE FORMATION AND PHASE TRANSITIONS . . .
FIG. 3. BAM images of a condensed phase domain of a Gi
monolayer of DHBAA at 15 °C with crossed (P'A) and parallel
(PiA) polarizers. Model of the tilt orientation of the molecules
the domain~bottom!.
During the formation of an adsorbed Gibbs monolayer
DHBAA molecules, we have also observed an inflecti
point, indicative of a phase transition, in thep-t adsorption
isotherms which is more pronounced at lower temperatu
~Fig. 2! @14–16#. In Fig. 2, two typical BAM images of
DHBAA Gibbs monolayers are additionally shown to illu
trate the coexistence of two phases abovepC in the p-t
adsorption isotherms. The low-density fluidlike phase is r
resented by dark regions, and the condensed phase b
bright domains. The domains are formed abovepC , and
reach a size visible by BAM after an induction period. Belo
10 °C the domains have three main growth directions, a
are subdivided into two sections with different azimuth
chain tilt orientation along the two homogeneously reflect
growth directions@14#. These condensed phase domains
directly comparable with those of Langmuir monolaye
~compare Fig. 2 with Fig. 1!. Above 10 °C, the condense
phase domains grow in four main growth directions with t
same typical acute and obtuse intersection angles as
served for Langmuir monolayers. By varying the analyz
position the orientation of molecules in the domains can

s

TABLE I. Scattering vector componentsQxy andQz of the dif-
fraction peaks for the Gibbs monolayer of DHBAA at 5 and 15 °
and their full width at half-maximum~DQxy andDQz!.

p
~mN/m!

T
~°C!

Qxy

~10!
~1/Å!

Qz

~10!
~1/Å!

Qxy

~01!
~1/Å!

Qz

~01!
~1/Å!

Qxy

~11̄!
~1/Å!

Qz

~11̄!
~1/Å!

21 5 1.442 0.031 1.380 0.73 1.473 0.70
25 15 1.451 0.006 1.382 0.69 1.472 0.66

p
~mN/m!

T
~°C!

DQxy

~10!
~1/Å!

DQz

~10!
~1/Å!

DQxy

~01!
~1/Å!

DQz

~01!
~1/Å!

DQxy

~11̄!
~1/Å!

DQz

~11̄!
~1/Å!

21 5 0.007 0.22 0.018 0.25 0.016 0.27
25 15 0.006 0.2 0.007 0.25 0.011 0.27
FIG. 4. Contour plots of a Gibbs monolayer of DHBAA~p521 mN/m, c5231025 mol/dm3, and T55 °C! and of a Langmuir
monolayer of THBAA~p515, 20, and 35 mN/m, andT515 °C!.
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904 57V. MELZER et al.
deduced. For parallel polarizers the domain with the long
growth direction parallel to the plane of beam inciden
which is horizontal for these BAM images, was clearly v
ible with the same brightness~Fig. 3, middle!. In contrast,
the domain was not visible when the polarizers are cros
~Fig. 3, top!. The domains do not exhibit any inner aniso
ropy. Therefore, we must assume a chain tilt parallel to
longest growth direction. In this case, when the long
growth direction is parallel to the plane of beam inciden
the molecules reflect only linear polarized light parallel
this plane. As a result, the domain is not visible when
polarizers are crossed, because the analyzer is perpend
to the plane of beam incidence. The schematic representa
of the tilt direction of molecules in isotropic domains wi
four growth directions is shown in Fig. 3~bottom!.

Finally we have done GIXD measurements on Gib
monolayers of DHBAA and Langmuir monolayers of TH
BAA in order to compare the monolayer types and th
crystal structures. The contour plots of the corrected diffr
tion intensities as a function of the in-plane (QXY) and out-
of-plane (QZ) components of the scattering vector for a
sorbed Gibbs monolayers of DHBAA and compress

TABLE II. Scattering vector componentsQxy and Qz of the
diffraction peaks for the Langmuir monolayer of THBAA at 15 °C
and their full width at half-maximum~DQxy andDQz! at different
surface pressures.

Qxy Qz Qxy Qz Qxy Qz

p T ~10! ~10! ~01! ~01! ~11̄! ~11̄!

~mN/m! ~°C! ~1/Å! ~1/Å! ~1/Å! ~1/Å! ~1/Å! ~1/Å!

8 15 1.407 0.01 1.303 0.90 1.440 0.88
12 15 1.408 0.02 1.315 0.87 1.448 0.85
15 15 1.434 0.03 1.335 0.82 1.455 0.77
20 15 1.437 0.02 1.360 0.75 1.463 0.73
35 15 1.445 0.03 1.412 0.65 1.486 0.67

DQxy DQz DQxy DQz DQxy DQz

p T ~10! ~10! ~01! ~01! ~11! ~11̄!

~mN/m! ~°C! ~1/Å! ~1/Å! ~1/Å! ~1/Å! ~1/Å! ~1/Å!

8 15 0.026 0.42 0.05 0.41 0.04 0.37
12 15 0.030 0.38 0.05 0.40 0.04 0.30
15 15 0.009 0.26 0.05 0.29 0.024 0.29
20 15 0.008 0.23 0.038 0.27 0.026 0.25
35 15 0.009 0.23 0.023 0.29 0.017 0.24

TABLE III. Lattice parameters of the condensed phase form
in the adsorbed Gibbs monolayer of DHBAA at 5 and 15 °C.~a!–
~c! Lattice dimensions.g is the angle between the@10# ~a axis! and
@01# ~b axis! directions,Axy is the unit cell area per molecule,t is
the tilt angle of the molecules with respect to the normal,A0 is the
chain cross section, andCa is the azimuthal tilt angle of molecule
with respect to the@10# direction ~a axis!.

p
~mN/m!

a
~Å!

b
~Å!

c
~Å!

Axy

(Å 2)
A0

(Å 2)
g
@°#

Ca

@°#
t

@°#

21 ~5 °C! 4.895 5.115 5.227 22.3 19.2 117.1 114.9 30
25 ~15 °C! 4.881 5.123 5.196 22.2 19.4 117.5 115.3 28
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Langmuir monolayers of THBAA at different surface pre
sures are presented in Fig. 4. The positions of the p
maxima and their full widths at half-maximum are listed
Table I for the Gibbs monolayer of DHBAA, and in Table
for the Langmuir monolayer of THBAA.

The indexing of the diffraction peaks to lattice plane
which was used for calculation of lattice parameters,
marked in the contour plot of DHBAA Gibbs monolaye
~Fig. 4!. The same indices of the diffraction peaks were us
for the THBAA Langmuir monolayer. This was reasonab
due to the comparable position of the observed diffract
peaks. It is important to note that for higher surface pressu
~abovep515 mN/m! the full width at half-maximum of the
horizontal scattering vector component which is a meas
of the positional correlation lengthj of the ~10! diffraction
peak, was very small and resolution limited, whereas
other peaks had a broader full width at half-maximum wh
was significantly above the resolution limit ofDQXY
50.01 Å21.

From the positions of the peak maxima one can calcu
the crystal structure at each surface pressure. The resu
lattice parameters of the condensed phases of the monola
are listed in Table III for the Gibbs monolayer of DHBAA
and in Table IV for the Langmuir monolayer of THBAA
The condensed phases of both DHBAA and THBAA mon
layers exhibit an oblique lattice structure of strongly tilte
molecules (t.27°). The tilt direction of molecules is nearl
parallel to theb axis of the unit cell at all surface pressur
measured~Fig. 5!.

d

TABLE IV. Lattice parameters of the condensed phase in
Langmuir monolayers of THBAA at 15 °C and different surfa
pressures. The symbols are as in Table III.

p
~mN/m!

a
~Å!

b
~Å!

c
~Å!

Axy

(Å 2)
A0

(Å 2)
g
@°#

Ca

@°#
t

@°#

8 4.966 5.362 5.489 23.9 19.0 115.9 115.1 37
12 4.957 5.309 5.460 23.7 19.2 115.8 114.7 36
15 4.906 5.270 5.344 23.1 19.1 116.8 114.2 34
20 4.907 5.185 5.278 22.7 19.3 117.0 115.7 31
35 4.896 5.010 5.153 21.8 19.3 117.3 119.3 27

FIG. 5. Model of the crystal structure of an oblique lattice wi
the tilt direction of the molecules almost parallel to theb axis of the
unit cell. The size of the molecules is not reduced by the sa
proportion.
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DISCUSSION

In our first studies@14–16# on thermodynamic behavior
formation, and growth of domains of condensed phase
Gibbs ~adsorbed! and Langmuir~spread and compresse!
monolayers of DHBAA, we showed the occurrence of a fir
order transition between fluidlike and condensed phases.
thermodynamical properties and morphological features
Gibbs and Langmuir monolayers were found to be simi
Both monolayer types exhibit different domain textures a
shapes at lower (T,10 °C) and higher (T.10 °C) tempera-
tures. The elongation of the hydrophobic chain~THBAA !
decreases the lateral pressurepC of the phase transition. Th
temperature dependence ofpC is the same for both com
pounds. Based on the generic phase diagram for fatty a
@25#, one would expect the phase behavior of THBAA to
similar to that of DHBAA at a temperature 18 °C lowe
However, BAM experiments have shown that the dom
shapes of THBAA, observed between 5 and 30 °C, are s
lar to those of DHBAA at higher temperatures. Only d
mains with four main growth directions and dentritic grow
pattern were observed.

Due to the very slow growth process of condensed ph
domains in Gibbs monolayers, the tip shape of growing
mains is rounder compared to that in Langmuir monolaye
This is in good agreement with theoretical calculatio
which have shown that the tip shape and tip splitting
related to the degree of deviation from equilibrium@26,27#.

X-ray diffraction experiments~GIXD! provided informa-
tion about the structural properties of condensed phase
Gibbs and in Langmuir monolayers. Since X-ray diffracti
of Langmuir monolayers is well characterized, this compa
son can be used to understand ordering processes an
nature of formation of condensed phases in Gibbs mono
ers. In both types of monolayers we have found an obliq
lattice structure with large tilt angles of molecules and
azimuthal tilt direction of alkyl chains almost parallel to th
b axis, as shown in Fig. 5. Although an increase in tempe
ture changes the domain shapes in Gibbs monolayers
diffraction patterns remain qualitatively unchanged. As is
ready known for Langmuir monolayers, the cross-sectio
area increases with increasing temperature in Gibbs mo
layers as well~Table III!.

In the Langmuir monolayers the usual dependence of
tilt angle on surface pressure was observed, that is the
angle decreases with increasing lateral pressure. The
close to the direction of the tilt~b axis! also decreases with
increasing pressure, whereas thea axis of the unit cell
changes only slightly. The small cross-sectional areaA0 of
the molecules of both monolayer types is indicative o
crystalline packing. HereA0 is smaller than that of fatty
acids@28#. The crystal structure is obviously independent
the process of monolayer formation. There is no indication
either type of monolayer of the formation of thre
dimensional clusters or aggregates, which would be in
cated by additional diffraction peaks.

As observed in other cases, the positional correlat
length is largest parallel to the direction of a directed bo
@29#. Also, the pressure dependence of the spacings par
to this bond is significantly smaller. Therefore, the form
hydrogen bondings between the acid amid groups are
in
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sumed to be parallel to thea axis ~Fig. 5!. In addition, the
dimension of thea axis is in the range of 4.9 Å, which is th
typical distance for hydrogen bondings between am
groups@30,31#. The lattice spacings of theb andc axes are
significantly larger. Both results are in good agreement w
the observed three-dimensional crystal structure of com
rable amphiphilic acid amide compounds@31,32#.

The full widths at half-maximum of in-plane scatterin
vector components of the~11̄! and~01! reflexes of the Gibbs
monolayer are significantly smaller compared to those of
Langmuir monolayer. Consequently, the density of defect
smaller in the Gibbs monolayer due to the slower and m
homogeneous growth process of condensed phase dom
during adsorption. This is in agreement with the doma
morphology observed with BAM.

It should be possible to correlate macroscopic featu
with the microscopic crystal structure of monolayers@33#.
Using the models of domains proposed for lower@14# and
higher temperatures~Fig. 3!, we can correlate the main
or preferred growth directions of dendritic domains wi
the low indexed lattice directions~Fig. 6!. Accordingly, the
preferred growth directions are parallel to the@01# and@1̄ 2̄#
lattice directions for the lower temperature case (T55 °C).
The bisector of the main domain is consequently paralle
the @1̄ 2̄# lattice direction. For the higher temperature ca
(T515 °C) the growth directions are parallel to the@01# and
@10# lattice directions for intersection angles between grow
directions of about 120° and parallel to the@1̄1# and @10#
lattice directions for intersection angles between growth
rections of about 150°. It is important to note that the lo
and high temperature domain shapes can be described b
same lattice structure.

van der Waals interactions between alkyl chains are
tropic, and result in an isotropic growth of condensed ph
domains, as observed for fatty acids@34# and fatty alcohols
@35#. From morphological features and crystal structures
the investigated Gibbs and Langmuir monolayers, we c
clude that the observed dendritic growth in preferred dir

FIG. 6. Correlation of crystal structure~left! with domain struc-
ture~right! for lower ~T55 °C, top! and higher~T515 °C, bottom!
temperatures. The positions of the molecules are represente
filled circles. The thick grey lines in the crystal structure illustra
the growth directions in the domains. The arrows symbolize
azimuthal tilt direction of the molecules. A scheme of the unit c
is inserted.
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tions is a result of the anisotropy of the hydrogen bond
between acid amide groups, which obviously has a stron
influence on the domain morphology than the interaction
tween the chains.

CONCLUSIONS

In summary, the present work provides additional e
dence for the recent finding of a first-order phase transitio
adsorption layer, so far completely discounted in the field
adsorption and adsorption kinetics. In recent work@14–16#,
first-order phase transition was concluded from an inflect
point in thep(t) adsorption kinetics, and visualized usin
Brewster angle microscopy. The comprehensive charac
ization of the features of the condensed phase of an ads
tion layer provides insight into the molecular packing pro
erties of the adsorption layers.

The GIXD data obtained for the adsorption layers c
roborate recent results that condensed phase structure
formed in adsorption layers. The results of the lattice str
ture indicate that real crystalline structures can be forme
adsorption layers. Gibbs adsorption layers of DHBAA we
found to produce time-stable, crystalline two-dimensio
~2D! monolayers.

A second 2D texture of the DHBAA monolayers found
a higher temperature region and its microscopic orien
tional order was analyzed. The 2D crystal structures can
correlated with the preferred growth directions of both 2
s
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modifications of the domain texture. For a comparis
with sparingly soluble Langmuir monolayers, the long
chain homologousN-alkyl-g-hydroxybutyric acid amide
~THBAA ! was prepared and thermodynamically, morph
logically, and structurally characterized. The crystal stru
tures, morphological features, and thermodynamic proper
of both the Langmuir and Gibbs monolayers were found
be similar. It has been shown for DHBAA and THBAA
monolayers that the strong hydrogen bonding between
amide groups is responsible for the formation of a dendr
crystalline condensed monolayer phase.

The experimental finding of a first-order phase transit
in adsorption layers has general consequences for the fie
adsorption and adsorption kinetics. In particular, the theo
ical description of adsorption and adsorption kinetics has
be modified under the consideration of a first-order ph
transition.
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@12# S. Hénon and J. Meunier, J. Chem. Phys.98, 9148~1993!.
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