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Structure formation and phase transitions in Gibbs and Langmuir monolayers
of amphiphilic acid amides
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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 phas¢-alkyl-y-hydroxy-butyric acid amide monolayers with
different alkyl chain lengthgdodecyl(DHBAA) andtetradecyl(THBAA)], but the same head group structure
at the air-water interface are investigated. Surface pressure measurémehtsotherms for DHBAA and
THBAA; 7r-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 highdr> 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.
[S1063-651%98)10101-0

PACS numbegs): 61.10—i, 68.10—m, 68.55—-a, 68.70+w

INTRODUCTION DHBAA and of water insolubleN-tetradecyly-hydroxy-
butyric acid amidgTHBAA). The process of phase transi-

Processes of ordering and phase transitions in twotion is related to the formation and growth of two-
dimensional systems have been of recent interest. Such twéimensional condensed phase domains in both cases. We are
dimensional systems formed by amphiphilic molecules at th@ble to visualise the features and growth of these domains
air-water interface are Gibbs and Langmuir monolayersUsing Brewster angle microscopBAM). On the other hand,
While Gibbs monolayer§1] are formed at the surface of We could invgstigate the crystal structure Qf t_he condgnsed
aqueous solutions of soluble surfactants by adsorption, Langinases by using synchrotron x-ray gracing incidence diffrac-
muir monolayers of insoluble surfactarf@] are formed at uon (GIXD). Using these results we compare the crystal

the air-water interface by spreading and compression. It iSiructures of Gibbs and Langmuir monolayers. In addition,
well known that in Langmuir monolayers first-order phaseWe will correlate the macroscopic morphology with the mi-

transitions can occur from a low density fluidlike phase to acros_copic crystal structure to understand processes of order-
condensed phase. The condensed phases can exhibit a Ia'rré% in monolayers.
variety of morphological featurd8—5] and different crystal

structures[6—8]. But for Gibbs monolayers only a few pa- EXPERIMENT

pers[9—-13 described the coexistence of two phases in ad- The surfactants DHBAA and THBAA were synthesized
sorption layers using fluorescence microscopy or Brewstepy nycleophilic opening of the-hydroxybutyric acid lactone
angle microscopy experiments. However, the condensefing[17]. Thus, equimolar amounts of the corresponding pri-
phase structures observed in these Gibbs monolayers wefigary amine andy-hydroxybutyric acid lactone were dis-
obviously caused by insoluble or sparingly soluble impuri-solved in dry methanol. The mixture is heated to 80 °C for 5
ties, or by over saturated solutions of slightly soluble surfach in a steel autoclave. The solvent was removed and the
tants. In recent papefd44—16, we presented studies on the crude product recrystallized from-hexane. The chemical
formation and growth of a condensed phase within the adpurity (>99%) was checked by elemental analysis and
sorption layer of the amphiphileN-dodecyly-hydroxy- HPLC.
butyric acid amidgDHBAA) dissolved in the aqueous bulk  The surface pressufer)—area Q) isotherms and surface
phase. To understand the ordering processes and the natynessure(w)—time (t) adsorption isotherms were recorded
of formation of condensed phases in Gibbs monolayers thasing a Langmuir film balancéR&K GmbH, Wiesbaden,
guestion of a possible comparison between the structurabermany. The surface pressure was measured by the Wil-
properties of condensed phases in Gibbs and Langmuhielmy method using a small filter paper. The distilled water
monolayers arises. was made ultrapure by a Milli-Q-system. The Brewster angle
Therefore in the present work we compare phase behawnicroscopeNFT, Gdtingen, Germanywas connected with
ior, morphologies, and crystal structures of adsorbed Gibbthe R&K film balance. For more detailed information about
monolayers with those of spread Langmuir monolayers okurface pressure measurements and the BAM method, see
Refs.[14-16,18,1%
Grazing incidence x-ray diffraction experimefz0—24
* Author to whom correspondence should be addressed. were performed using the liquid-surface diffractometer on
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the undulator beamline BW1 at HASYLAB, DESY, Ham- 40,
burg, Germany. The Synchrotron beam was made monochra
matic by a beryllium(002) crystal and was adjusted to strike
the surface at grazing incidence with an angle of incidence
a;=0.85x., wherea. is the critical angle for total external _ [
reflection. The diffracted radiation was detected by a Iinear%20 i
position-sensitive detecto(PSD, (OED-100-M, Braun, ¢
Garching, Germanyas a function of the vertical scattering
anglea;. A Soller collimator in front of the PSD provided 101
resolution of the horizontal scattering angl® g, which is
approximately 0.1°. Due to quasielastic scattering, the wave
vectorsk; and k; of the incident and the diffracted beams ©°

30 +

0.3 0.4 0.5 0.6 0.7 0.8

have the same modulus. The scattering ve@erk; —k; has 02 A [nm¥molecule]
an in-plane componenQ,,=(4m/\)sin(20,,/2) and an . o
out-of-plane componentQ,=(2/\)sin(a;), where \ FIG. 1. 7-A isotherms of DHBAA atT=5 °C (thin line) and

—=1364 A is the x-ray wavelength. The accumulated THBAA at T=15 °C (thick line), and corresponding characteristic

position-resolved scans were corrected for polarization, ef5AM images of the condensed phase domains. The arrows indicate

fective area, and powder averaging. The intensities Werttihe position where the BAM images were taken. The scale bar with

least squares fitted to model peaks which were taken as trieS'2e of 200um is valid for all BAM images.

product of a Lorentzian parallel to the water surface with a B .
Gaussian normal to it. Only the lowest order peaks are ob(m_TC/AT_1 mN/m/K) and the size of the relateq p_Iateau
served. region (change in molecular area between the fluidlike and

From the in-plane diffraction data, it is possible to obtaincondensed phase atc) decreases with increasing tempera-
the lattice spacings ture [15,16. The w-A isotherms of DHBAA Langmuir
monolayers, which are slightly soluble in water, were cor-

2 rected for loss of molecules into the subphase using a rea-
dnk==rx: 1) sonable linear correction procedure as described in[RBf.
Xy For the water-insoluble THBAA molecules, such a correc-

whereQ[is the in-plane component of the scattering vectorion was not necessary. The good agreement between the
molecular areas of the THBAA and DHBAA-A isotherms

at maximum intensity. The lattice parametarandb can be o .
calculated from the lattice spacings,, and from these the a_ddltlon_ally supports the correction for small losses due to
unit cell area, . dlssolu_tlon of DHBAA molecule_zs.

The tilt angler of the long molecular axis with respect to BAIR F'%‘ Dll,_"t?\)/'v&\tt/plcal B.AM |ma}ges areh_shr:)wn ]f_or TE'
the normal and the lateral tilt directioft,, were calculated an angmuir monolayers which confirm the
from the peak positions of the Bragg rods in the frameworkcoexIStence of tWO. phases, _namely fuidlitdark regions
of the cylinder mode[20]. In the case of an oblique lattice, and a corldensed)nght domain phases. _For temperatures
there are three nondegenerate peaks. In this case, the m?lpw 10 C the condensed phas_e domams_of D.HBAA have
angler can be calculated by solution of the equation systeman Inner anisotropy ?nd three main growth dlre_ctlbttﬂ. In
(three equations, one for eablk pair): contrast, qbove 10 C the domallns have no inner structure,

and exhibit four main growth directions with two typical
IZ1k: *X‘)'jcoslfhktanr. 2) acute(between 60° and 3Q0and obtusgbetween 120° and
1509 intersection anglegl6].
The cross section per chalk, is related to the molecular
area parallel to the interfaok,, and the tilt angler: A *

Ap=A,,cosr. 3 207

The GIXD measurements of the Gibbs monolayer were '
started three hours after reaching the inflection point in the$ ;
adsorption isotherm. EFT

B

8 -
RESULTS

During compression of DHBAA and of THBAA Lang-
muir monolayers, we observed a pronounced inflection point
in the 7- A isotherm, and a plateau region which is typical of 0
the first-order phase transition from the low-density fluidlike
phase to a condensed ph4Beg. 1), as discussed in detail in FIG. 2. =-t adsorption isotherms of DHBAA at 5 and 15 °C
Refs.[15,16. The main phase transition starts with a breakpulk concentration ot:=1.5x 10" mol/dn?), and characteristic
in the 7r-A isotherm at the characteristic pointg andAc.  BAM images of Gibbs monolayers of DHBAA in the phase coex-
As typically observed for such phase transitions, the surfacgtence region. The arrows indicate the temperatures where the
pressurewc of the main phase transition point increasesBAM images were taken.
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TABLE |I. Scattering vector componen@,, andQ, of the dif-
fraction peaks for the Gibbs monolayer of DHBAA at 5 and 15 °C,
and their full width at half-maximuntAQ,, andAQ,).

Qxy QZ Qxy Qz Qﬁ QL
T T (10 (20 (01 (01 1y (@11
(mN/m) (cC) (WA WA WA WA WA WA
21 5 1442 0.031 1380 0.73 1473 0.70
25 15 1451 0.006 1.382 0.69 1472 0.66
AQxy AQz AQx AQ:; AQy AQ,
T T (20 (10 (01 (01 (11 1y
(mN/m) (cC) (WA WA WA WA WA WA
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

During the formation of an adsorbed Gibbs monolayer of
DHBAA molecules, we have also observed an inflection
point, indicative of a phase transition, in thet adsorption
isotherms which is more pronounced at lower temperatures
(Fig. 2) [14-14. In Fig. 2, two typical BAM images of
DHBAA Gibbs monolayers are additionally shown to illus-
trate the coexistence of two phases abexg in the m-t

+“—> adsorption isotherms. The low-density fluidlike phase is rep-
g}t rﬁiffecct&?é's resented by dark regions, and the condensed phase by the
bright domains. The domains are formed abavg, and
reach a size visible by BAM after an induction period. Below
1209/150° 10 °C the domains have three main growth directions, and

60°/30° are subdivided into two sections with different azimuthal
chain tilt orientation along the two homogeneously reflecting
growth directiond 14]. These condensed phase domains are
directly comparable with those of Langmuir monolayers
(compare Fig. 2 with Fig. 1 Above 10 °C, the condensed
FIG. 3. BAM images of a condensed phase domain of a Gibb$hase domains grow in four main growth directions with the
monolayer of DHBAA at 15 °C with crossed®(_A) and parallel ~Sa@me typical acute and obtuse intersection angles as ob-

(PIIA) polarizers. Model of the tilt orientation of the molecules in ser\_/e_d for Lar?gmui_r monolayers. BY_ varying the_ analyzer
the domain(bottom). position the orientation of molecules in the domains can be

Gibbs monolayer Langmuir monolayer
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FIG. 4. Contour plots of a Gibbs monolayer of DHBA® =21 mN/m, c=2xX10"° mol/dn?, and T=5°C) and of a Langmuir
monolayer of THBAA(7=15, 20, and 35 mN/m, an@i=15 °QO.
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TABLE II. Scattering vector component®,, and Q, of the TABLE IV. Lattice parameters of the condensed phase in the
diffraction peaks for the Langmuir monolayer of THBAA at 15 °C, Langmuir monolayers of THBAA at 15 °C and different surface
and their full width at half-maximunfAQ,, andAQ),) at different  pressures. The symbols are as in Table IIl.
surface pressures.

T a b c A,%, Ag y v, T

Qy Q Qy Q Qy Q mNm) A A A (A A 1 T ]
77 T a9 ag Oy (©)y an Ay 8 4966 5362 5489 239 19.0 1159 1151 37.3
(mN/m) ) WA WA WA @A WA WA 12 4957 5309 5460 237 19.2 1158 1147 36.1

8 15 1407 001 1303 090 1440 o088 15 4906 5270 5344 231 19.1 1168 1142 34.0
12 15 1408 002 1315 087 1448 085 20 4.907 5185 5278 227 19.3 117.0 1157 31.6
15 15 1434 003 1335 082 1455 077 35 4896 5010 5153 21.8 19.3 117.3 119.3 27.7
20 15 1437 002 1360 075 1463 0.73

35 15 1445 0.03 1412 065 1486 0.67
Langmuir monolayers of THBAA at different surface pres-
AQy AQ. AQxy AQ; AQy A% sures are presented in Fig. 4. The positions of the peak
~— T (10 (10 (©OY (©Y @11y 1Y maxima and their full widths at half-maximum are listed in
(MN/m)  (°C) (VA) WA WA WA WA (WA  Table | for the Gibbs monolayer of DHBAA, and in Table I
8 15 0026 042 005 041 004 o037 forthe ITangmuir monolayer of _THBAA. .
12 15 0030 038 005 040 004 030 The indexing of the dlffrac.tlon peakg to lattice planeg,
15 15 0009 026 005 029 0024 029 which was used for calculation of Iatt|c<_a parameters, is
20 15 0008 023 0038 027 0026 o025 Mmarked in the contour plot of DHBAA Gibbs monolayer
35 15 0009 023 0023 029 0017 o024 (Fig.4.Thesame |nd|ce_s of the d|ﬁracthn peaks were used
for the THBAA Langmuir monolayer. This was reasonable
due to the comparable position of the observed diffraction
deduced. For parallel polarizers the domain with the longespeaks. It is important to note that for higher surface pressures
growth direction parallel to the plane of beam incidence,(aboves=15 mN/m the full width at half-maximum of the
which is horizontal for these BAM images, was clearly vis- horizontal scattering vector component which is a measure
ible with the same brightned&ig. 3, middle. In contrast, of the positional correlation lengt of the (10) diffraction
the domain was not visible when the polarizers are crossefeak, was very small and resolution limited, whereas all
(Fig. 3, top. The domains do not exhibit any inner anisot- pther peaks had a broader full width at half-maximum which

ropy. Therefore, we must assume a chain tilt parallel to thgy g significantly above the resolution limit oAQyy
longest growth direction. In this case, when the longest_g g1 A1

growth direction is parallel to the plane of beam incidence, gFrom the positions of the peak maxima one can calculate
the molecules reflect only linear polarized light parallel ©0the crystal structure at each surface pressure. The resulting
this plane. As a result, the domain is not visible when th&gtiice parameters of the condensed phases of the monolayers
polarizers are crossed, because the analyzer is perpendiculdt jisted in Table Il for the Gibbs monolayer of DHBAA,
to the plane of beam incidence. The schematic representati)fhq in Table IV for the Langmuir monolayer of THBAA.
of the tilt direction of molecules in isotropic domains with The condensed phases of both DHBAA and THBAA mono-
four growth directions is shown in Fig. ®ottom. _layers exhibit an oblique lattice structure of strongly tilted
Finally we have done GIXD measurements on Gibbsyjecyles ¢>27°). The tilt direction of molecules is nearly
monolayers of DHBAA and Langmuir monolayers of TH- 456 to theb axis of the unit cell at all surface pressures
BAA in order to compare the monolayer types and the'rmeasurec{Fig. 5.
crystal structures. The contour plots of the corrected diffrac-
tion intensities as a function of the in-plan@yy) and out-
of-plane Qz) components of the scattering vector for ad-
sorbed Gibbs monolayers of DHBAA and compressed

TABLE Ill. Lattice parameters of the condensed phase formed
in the adsorbed Gibbs monolayer of DHBAA at 5 and 15 (-
(c) Lattice dimensionsy is the angle between tH&0] (a axis) and
[01] (b axig) directions,A,, is the unit cell area per molecule,is
the tilt angle of the molecules with respect to the normgljs the
chain cross section, anit, is the azimuthal tilt angle of molecules
with respect to th¢10] direction(a axis).

T a b [ AX}’ Ao Y Y T
(mN/m) A A A AHYy A 1 ][]

FIG. 5. Model of the crystal structure of an oblique lattice with
21 (5°C) 4.895 5.115 5.227 22.3 19.2 117.1 114.9 30.3the tilt direction of the molecules almost parallel to thexis of the

25 (15°C) 4.881 5.123 5.196 22.2 19.4 117.5 115.3 28.9unit cell. The size of the molecules is not reduced by the same
proportion.
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DISCUSSION

In our first studie§14—16 on thermodynamic behavior,
formation, and growth of domains of condensed phase in
Gibbs (adsorbegl and Langmuir(spread and compressed
monolayers of DHBAA, we showed the occurrence of a first-
order transition between fluidlike and condensed phases. The
thermodynamical properties and morphological features in
Gibbs and Langmuir monolayers were found to be similar.
Both monolayer types exhibit different domain textures and
shapes at lowerT(< 10 °C) and higher>10 °C) tempera-
tures. The elongation of the hydrophobic ch&ifHBAA)
decreases the lateral pressutg of the phase transition. The
temperature dependence ot is the same for both com-
pounds. Based on the generic phase diagram for fatty acids
[25], one would expect the phase behavior of THBAA to be ) . .
similar to that of DHBAA at a temperature 18 °C lower. FIC_S. 6. Correlation of Erystal structu(heft) with d(?)maln struc-
However, BAM experiments have shown that the domainture(”ght) for Iower(T:_S_ C, top and highe(T =15 °C, bottor

o . _temperatures. The positions of the molecules are represented by
shapes of THBAA, observed _between 5 and 30 °C, are SIMed circles. The thick grey lines in the crystal structure illustrate
lar to those of DHBAA at higher temperatures. Only do-he growth directions in the domains. The arrows symbolize the
mains with four main growth directions and dentritic growth 4imthal tilt direction of the molecules. A scheme of the unit cell
pattern were observed. is inserted.

Due to the very slow growth process of condensed phase
domains in Gibbs monolayers, the tip shape of growing dosumed to be parallel to the axis (Fig. 5. In addition, the
mains is rounder compared to that in Langmuir monolayersdimension of the axis is in the range of 4.9 A, which is the
This is in good agreement with theoretical calculations,typical distance for hydrogen bondings between amide
which have shown that the tip shape and tip splitting aregroups[30,31]. The lattice spacings of the andc axes are
related to the degree of deviation from equilibri(i,27. significantly larger. Both results are in good agreement with

X-ray diffraction experiment$GIXD) provided informa- the observed three-dimensional crystal structure of compa-
tion about the structural properties of condensed phases iable amphiphilic acid amide compouni&l,32.

Gibbs and in Langmuir monolayers. Since X-ray diffraction  The full widths at half-maximum of in-plane scattering
of Langmuir monolayers is well characterized, this compari-vector components of th@ 1) and(01) reflexes of the Gibbs
son can be used to understand ordering processes and th@nolayer are significantly smaller compared to those of the
nature of formation of condensed phases in Gibbs monolay-angmuir monolayer. Consequently, the density of defects is
ers. In both types of monolayers we have found an obligugmaller in the Gibbs monolayer due to the slower and more
lattice structure with large tilt angles of molecules and anhomogeneous growth process of condensed phase domains
azimuthal tilt direction of alkyl chains almost parallel to the during adsorption. This is in agreement with the domain
b axis, as shown in Fig. 5. Although an increase in temperamorphology observed with BAM.

ture changes the domain shapes in Gibbs monolayers, the It should be possible to correlate macroscopic features
diffraction patterns remain qualitatively unchanged. As is al-with the microscopic crystal structure of monolay¢gs|.
ready known for Langmuir monolayers, the cross-sectionalsing the models of domains proposed for lo&4] and
area increases with increasing temperature in Gibbs mondrigher temperature¢Fig. 3), we can correlate the main
layers as wel(Table IlI). or preferred growth directions of dendritic domains with

In the Langmuir monolayers the usual dependence of théhe low indexed lattice directiond=ig. 6). Accordingly, the
tilt angle on surface pressure was observed, that is the tilreferred growth directions are parallel to {ifd] and[1 2]
angle decreases with increasing lateral pressure. The axiattice directions for the lower temperature ca3e=6 °C).
close to the direction of the tilo axis) also decreases with The bisector of the main domain is consequently parallel to
increasing pressure, whereas taeaxis of the unit cell the [12] lattice direction. For the higher temperature case
changes only slightly. The small cross-sectional akgaof  (T=15 °C) the growth directions are parallel to {fits] and
the molecules of both monolayer types is indicative of a[10] lattice directions for intersection angles_between growth
crystalline packing. Heréd, is smaller than that of fatty directions of about 120° and parallel to th&l] and [10]
acids[28]. The crystal structure is obviously independent oflattice directions for intersection angles between growth di-
the process of monolayer formation. There is no indication irrections of about 150°. It is important to note that the low
either type of monolayer of the formation of three- and high temperature domain shapes can be described by the
dimensional clusters or aggregates, which would be indisame lattice structure.
cated by additional diffraction peaks. van der Waals interactions between alkyl chains are iso-

As observed in other cases, the positional correlatiortropic, and result in an isotropic growth of condensed phase
length is largest parallel to the direction of a directed bonddomains, as observed for fatty aci®] and fatty alcohols
[29]. Also, the pressure dependence of the spacings parallg85]. From morphological features and crystal structures of
to this bond is significantly smaller. Therefore, the formedthe investigated Gibbs and Langmuir monolayers, we con-
hydrogen bondings between the acid amid groups are aslude that the observed dendritic growth in preferred direc-
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tions is a result of the anisotropy of the hydrogen bondingnodifications of the domain texture. For a comparison
between acid amide groups, which obviously has a strongewith sparingly soluble Langmuir monolayers, the longer
influence on the domain morphology than the interaction beehain homologousN-alkyl-y-hydroxybutyric acid amide
tween the chains. (THBAA) was prepared and thermodynamically, morpho-
logically, and structurally characterized. The crystal struc-
CONCLUSIONS tures, morphological features, and thermodynamic properties
. » _of both the Langmuir and Gibbs monolayers were found to
In summary, the present work provides additional evi-pe similar. It has been shown for DHBAA and THBAA
dence for the recent finding of a first-order phase transition ifﬂnonolayers that the strong hydrogen bonding between acid
adsorption layer, so far completely discounted in the field of;pide groups is responsible for the formation of a dendritic
adsorption and adsorption kinetics. In recent wiitk—16, crystalline condensed monolayer phase.
first-order phase transition was concluded from an inflection "1 experimental finding of a first-order phase transition
point in the 7(t) adsorption kinetics, and visualized using jn adsorption layers has general consequences for the field of
Brewster angle microscopy. The comprehensive characteggsorption and adsorption kinetics. In particular, the theoret-
ization of the features of the condensed phase of an adsorpsy| description of adsorption and adsorption kinetics has to

tion layer provides insight into the molecular packing prop-pe modified under the consideration of a first-order phase
erties of the adsorption layers. transition.

The GIXD data obtained for the adsorption layers cor-
roborate recent results that condensed phase structures are
formgd in adsorption layers. The results of the lattice struc- ACKNOWLEDGMENTS
ture indicate that real crystalline structures can be formed in
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