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Relaxed Langmuir monolayers of methyl eicosanoate were studied using Brewster angle
microscopy(BAM) and grazing incidence x-ray diffractioi@IXD). The structure of the various
phases in this system was determined and compared to previous isotherm and microscopy
measurements. At low pressure and low temperature, a crystalline phase with tilt toward nearest
neighbor,| (L), is observed. At a temperature fL4 °C and low pressure there is a transition to

a phase with tilt toward next-nearest neighlde(L ;). Finally, as the temperature continues to be
raised at low pressure, there is a transition to a phase where thE(tw peaks have the same
values ofQ,,, here called ther phase, with a Rotator IV-like structure. At high pressure and low
temperature, an untilted, orthorhombic phds&(CS), is observed. As the temperature is increased,

a second untilted, orthorhombic phatH,S), is observed, beginning at12 °C. Above 21 °C and

at high pressure, a Rotator-ll-like phase is seen, with an undistorted, untilted structure. Finally,
results from BAM measurements are used to monitor the texture of the film in the different phases.
© 1996 American Institute of Physid$$0021-9606(96)00932-4]

INTRODUCTION ability to gather microscopic structural information, as well
as to directly image the domain texture of these fifits:2°

One of the fundamental problems in condensed matter The development of synchrotron based grazing inci-
physics is understanding the relationship between the micradence x-ray diffractiofGIXD) techniques for measuring the
scopic structure of a constituent molecule and the propertiegicroscopic structuréi.e., lattice parameters and molecular
and structure of a macroscopic quantity of material. Al-tjit) of the LM phases with long range order is considered by
though significant progress has been made in studies of sodpme to be an important recent developments in condensed
ids composed of individual atoms, such as semiconductorgatter physic$!~2* An important advantage this technique
and metals, the problem is significantly more complicated prings to the thermodynamics of LMs is that from a measure
for organic materials formed from larger, more complexof the angular position of the Bragg peaks of the two-
molecules:® The latter represents a particularly challenginggimensional LM lattice, it is possible to obtain the size and
area since numerous possible effects such as Van der Waakhape of the microscopic unit cell. The area per molecule
electrostatic, and hydrophobic interactions, as well as conforgetermined in this way is an intrinsic microscopic variable
mational isomorphisms of the relatively large molecules,ihat does not depend on assumptions that must be used to
make the problems complicatédne subject of continuing  extract the molecular area from macroscopic isotherm mea-
interest in the field of organic materials is that of Langmuirgyrements. A surprising result of an earlier sffdgf be-
monolayers(LMs).>~* henic acid[CHy(CH,),cCOOH] at T~20 °C found that for

There is now a vast literature, with a strong tradition, onsgrtain regions of the isotherm, the microscopic area/
the physical properties of LMs dating back to Langmuir's mojecule determined by GIXDA,, did not scale with the
initial work over eighty years agdHowever, more recent  macroscopically determined trough aréa,. Furthermore, it
theoretical work by Nelson and Halpeffron the stafistical a5 found that in certain parts of the isotherm, the dynamics
physics of melting in two dimension§ stimulat_ed ipterest.inby which A, achieved a steady state were extremely slow,
these systems from a new perspective. The field is continusometimes of the order of several hours. To do these studies,
ing to develop and Kaganet al. have recently attempted t0  g.hiossmaret al. developed’'® a technique for measuring
explain the phase sequence in simple LM systems in terms Qfjnat is called a relaxation isothertRl); this will be de-
a mean field theor§!" Experimental progress, on the other scribed below. The work in this paper combines BAM mea-

hand, had been relatively slow until recently. The advent Ogurements with x-ray scattering measurements on a Lang-
synchrotron x-ray sources and the development of fluoresr-nuir monolayer

cence and Brewster angle microscqiBAM), provided the The structure and kinetics of LMs are determined by a

delicate balance between chain—chain interactions and head
dCurrent address: Division of Experimental Medicine, Brigham and Wom-group interactions. One unfortunate aspect of the fatty acids
en’s Hospital and Department of Medicine, Harvard Medical School, 221as a system to study is the tendency of the polar headgroups
Longwood Avenue, Boston, Massachusetts 02115. y y y p L .g P
’Current address: Department of Physics, National Chung-Hsin University',fo form hydrogen bonded networks that mlght inhibit the

Tai-Chung, Taiwan. achievement of true equilibrium. In order to try to get around
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3308 Foster, Shih, and Pershan: Structure of a Langmuir monolayer

this problem, the present series of measurements was con- "
ducted on methyl eicosanoaf€H;(CH,);sCOOCH;], the LA

methyl ester of the saturated fatty acid, eicosanoic acid. Re-
placement of the proton on the acid group with the methyl

X
) :
group reduces hydrogen bonding between molecules. Earlier X)y%g*x ﬁ / : 0
relevant studies of Langmuir monolayers of esters are those ¢ &
of E. Stenhagef and M. Lundquist’ g or / . + #
3 / ¢, . e o
EXPERIMENT X g0 e
5| % 74 @3@ 8,0 ©
. x X o) 3. 9 ®
Measurements of surface press(#g area isotherms on X 0 8% a o e o
LM systems are usually conducted by compressing the film —% SR — 8 §18 o
- 23,26,28-30 g og L&) & o 8
at a fixed raté:*>2 Unfortunately, there are situations o %! 5B 8. 214 2
when the LM exhibits long relaxation times and, unless the 5 10 15 20 25
compression rate is uncommonly slow, it is unlikely that the Temperature [degrees C]

measured isotherm  will correspond to thermal
equilibrium?4'25'3l‘34To circumvent this problem, isotherms FIG. 1. 7—T phase diagram of a Methyl Eicosanoate. The phases are rep-

; ; ; ;- ~resented as followsd—I(L3), O—F(Lj), @—7, Xx—U'(CS), ¢ —U(S),
?ershn%ir?‘{g%g’ in  this StUdy’ using the reIax"j‘tloniqt—R(LS). The solid lines represent phase boundaries. In the case of the

] in which 77_ is allowed to relax b_etween U’(CS)-US)—-R(LS) transitions, the shaded regions represent observed
small sequential compressions of the macroscopic area péits of coexistence due to supercooling or superheating.

molecule, A;. Typical compression steps are 1/4/#ol.

The relaxation time between compressions is determined by . . _ .

monitoring 7 as a function of time following each incremen- alkane chains are tilted toward the nearest neighbor. Untilted

tal compression. The next incremental compression is ndehases include th&)(S) phase, a distorted hexagonal, the

made until five measurements are within some predeteM (CS), also a distorted hexagonal but with a larger lattice,

mined small valueg, of each other. The and time between @and theR(LS), which possesses a rotator Il structure.

measurements are selected to insure that the film is relaxed

(typically, time=60 sec an@=0.015 dynes/cm). Only after X-RAY DIFFRACTION

7 has relaxed is the film again compressed. This cycle of . : .

compressing and monitoring is continued throughout the en- The points shown on the—T phase d|agram Hlustrated

tire isotherm. in Fig. 1 represent a summary of the observations made on a
The BAM,®® used in these measurements, was custon[;nett]l}r/]I elcosanqatebLM. - F\which three h

made. It consists of a double walled cell that is sealed usingn ere are six observed phases, ot which three have no

o-rings. An Omnichrome argon-ion laser was used to illumi- easurable tilt of the alkane chains. These same three un-

nate the sample at a typical power of 100 ni\¥-488 nm). tiltetd pgg?f;_rire sheen iT bmlartljy, I((:)r;g-cha:jigeds surfactant
Convection caused by laser heating of the trough wadyStems. e phases labeled”(CS) andu(S) pos-

avoided by building a recess in the bottom of the trough into€SS untilted, orthorhombic structures that differ primarily in

which the laser heat could be dissipated. The recess was thgllle area of the unit celR(LS) is a Rotator-ll-ike phase in
filled with a quartz spacer to insulate the water in the trough
from the optical absorber.

The apparatus used to conduct the x-ray diffraction mea- %ﬁ’ﬁ‘%'\ ' ' '
surements has been described previot&#y.It consists of
the Harvard—Brookhaven liquid surface spectrometer on 1651 t =
beamline x22b at Brookhaven's National Synchrotron Light M
Source and a Braun Position-Sensitive Detector. The in-
plane resolution is defined by a<20 2 mradian Soller slit, ~ "*°F

yielding an in-plane resolution oAQ,,=0.005 A?lata
wavelength of 1.55 A. The flux incident on the sample was
typically 10° photons/crisec.

In this paper, a double notation is used to describe the I
LM phases: The first notation is based on that used to de- gﬂ% I I ifi ?i i
12!
| I
15 20

Q, [A

1 ﬁﬁ

1
25

HowH

H . . 1.50
scribe the symmetry of the ordered liquid crystal
phase¥ 29253€and will be easier to interpret, at least for |
some readers, than the second notation that is more tradi- 10
tional to the field®” Structures observed here that have been

rv reviously in Langmuir monolayers incl th . )
observed previously angmu onolayers clude eFIG. 2. Peak positions vs temperature in the vicinity of H&(CS)/

F(Lé) phase, in WhiCh the alkane chains are tilted towardQJ(S)/R(LS) phase transitions at-15 dynes/cm. The symbols represent:
their next nearest neighbor and th@}) phase, where the x—u’(Cs), #—U(S), and #-R(LS).

Temperature [degrees C]
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FIG. 3. Diffraction peaks in thé(L5), F(L3), 7, andU’(CS) phases. In thgL}) phase, the peak &,,~1.49 A% is out of plane. In thé(L}) phase, the
peak atQ,,~1.55 A1is the higherQ, peak. Both first and second order diffraction peaks are shown fdd ti€S) phase.

which the unit cell is hexagonal. The temperature depent(L3) andF(L;) possess orthorhombic structures that differ

dence of the in-plane momentum transfer, corresponding tprimarily in the direction of the tiltl (L) is tilted toward the

Bragg peaks associated with these three phases all5  nearest neighbor arféi(L5) is tilted toward the next nearest

dyniS/%m' Iij itl)lustratte(;:i tlkr: 't:ig- 2. ! . neighbor. Formr<0.5 dynes/cm, the momentum transfer, cor-
should be noted that over a small range of tempera; ; "

tures, peaks characteristic of both Hé&(CS) aﬁd theU(S)p Zésxs(’)g(j;rf(l_tzfézgzg ﬁ?falgs,zgoio_tgg(?)l) 2?123((91. g;e

phases were observed simultaneously. The possibility % 0.02 A1, 0) independent of temperature. This is identified

identifying this overlapping region as an additional phase of " .
monoclinic symmetry is discounted by the fact that the uni a_s thel (L) phase because its symmetry and x-ray area are

cell area would be 17.6 Amuch smaller than the 18.92A Similar to those of thé(Lz) phase in the fatty acids’>2440
seen in bulk alkanes. If the peak @, =1.676 A L is iden- The alkane chains are tilted toward the nearest neighbor po-
tified as the(1,0) peak and the peak &,,~1.498 A las Sition, as can be deducéd’ from the peak positions, and
the (0,1) peak, then the observation of the second ofdig) the diffraction peaks are resolution limited. As indicated by
(Qyy=2.809 AYand(-1,2) Q,y=2.492 A1) peaks inthe the tilt data shown in Fig. 4, at slightly higher pressures, the
U’(CS) phase indicates a relatively high degree of orderpeak positions have only a slight temperature and pressure
See Fig. 3. dependence.

At lower pressures, the observed tilted phases labeled This phase is sensitive to radiation exposure and after
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FIG. 4. Typical pressure dependence of the molecular tilt ini (h§) and ~ FIG- 5. The in-plane and out-of-plane momentum transferrftretween 4
F(L}) phases. and 5 dynes/cm as a function of temperatuféL,) is indicated byO
2 (lower peak)and @ (upper peakand 7 by #.

exposure at one fixed position at a flux rate of®10 peak alongQy, and the maximum intensity &,#0 implies
photons/s-mrhfor approximately one hour the molecules be- a phase transition from the(L;) phase to a hexagonal, Ro-
come untilted. To reduce the x-ray dose that any film re+ator IV-like phas& in which the molecular chains are tilted
ceived, the radiation was limited by blocking the beam dur-with respect to the surface normal. For discussion, we refer
ing the periods when the film was relaxing. The effect ofto this as ther phase.
radiation exposure on phase boundary positions was studied One advantage of taking diffraction data simultaneously
by comparing isotherms for which the x-ray beam illumi- with a relaxation isotherm is that the system can be repre-
nated the sample for variable periods with others for whichsented in terms of the microscopic variableand the x-ray
the flux impinging on the sample was constant throughoutrea,Ay, (as opposed to the less reliable ratio between the
the isotherm. Whenever the exposure exceeded approxiacroscopic trough aredy;, and the number of deposited
mately one hour at this exposure rate, isotherm data was natolecules). Figure 6 provides such a diagram. In Fig. 7, the
reproducible. tilt and surface pressure are shown as a functiof,ofor all
Upon warming the film at low pressufer<2.5 dynes/ of the data in thé(L%) andF (L) phases indicated in Fig. 6.
cm), there is a transition to a phase tilted toward next-neareatiewed in this way, one can see that within each phase the
neighbor{theF(L;) phaseht ~14 °C. As shown by the data molecular tilt is primarily a function of x-ray area, regardless
in Fig. 5, both of the diffraction peaks of this phase are out ofof temperature.
the planil?f the surface wit@, values of approximately 0.4
and 0.2 A™. The pressure dependence of the mean molecul
tilt extracted from the position of the diffraction pedk&>4! ‘BREWSTER ANGLE MICROSCOPY
is shown in Fig. 4. As can be seen from Fig. 4, the pressure In many cases, the identification of phase transitions and
dependence of the tilt in thE(L;) phase is considerably the distinction between similar phases is facilitated by
stronger than in thé(L4) phase, for which the tilt is essen- supplemental optical microscope techniqté$:>® In the
tially independent of pressure. Radiation damage was alspresent context, BAM observations have proven useful in
observed for thé(L;) phase, in that the peaks at the higherproviding additional information on thgL%) to F(L5) tran-

Q, value fade with increasing dogsimilar to the (L% sition as well as on the texture of the film. For example, Fig.
phase]. However, the peak at low@r, was essentially un- 8 contains images that show compression of a film deposited
changed. in the I(L5) phase aff=5 °C and low density. The mono-

Others have concluded that th¢L ) phase is hexatit. layer is clearly inhomogeneous and it is clear how compres-
Although the broad lineshapes for théL ;) data shown in sion squeezes out the dark areas of low density.
Fig. 3 support this identification, the data taken in this study  Figure 9 illustrates another interesting phenomenon. The
are not sufficient to independently identify this as a hexatidmage in Fig. 9a) corresponds to an inhomogeneous film,
phase. Nevertheless, the results are consistent with it beirfgke that in Fig. 8, which was deposited at low temperature in
hexatic. Below, interpretation of BAM images, taken of mac-the | (L) phase. It appears isotropic, except for dark regions
roscopicl (L) domains formed on cooling from the(L5) of a gaseous phase. On the other hand, if the film is depos-
phase, will be based upon this idea. ited in the higher temperatuig(L;) phase and then cooled

As the temperature is raised above 22 {@r w<9 into thel(L}) phase, the texture, shown in Figh9, is ob-
dynes/cmjthe two peaks shift their in-plane positior@,, , served. In both cases, diffraction measurements revealed
until they merge(see Fig. 5). The combination of a single identical tiltedI(L3) structures.
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observable coarsening of the film homogeneity between the
images at 12.5 °C and 14.5 °C that corresponds to the tran-
sition from thel (L) to theF(L,) phase. This is followed by

a more dramatic textural change to the image at 23.5 °C that
corresponds to the phase. The images of thephase show
larger domains than those of tigL;) phase, along with
various shades of gray that indicate that this phase is also
tilted. It should be noted that the textures of the untilted
phases are much more uniform than that of thghase.

T [dynes/cm]

ISOTHERMS

In contrast to the fatty acid system studied eardfethe
isotherms of the methyl ester show none of the irreproduc-
ible features that were present in relaxation isotherms of the
acids. The temporal sequence for a typical isotherm is shown
FIG. 6. The phase diagram of methyl eicosanoate in terms of the fuII,In Fig. 11. The_ trend of short relaxatlon,s,at large areas and
relaxed surface pressure,and the x-ray determined area per molectje  lONger relaxations at smaller areas, visible here, was ob-
The points where the different phases were observed are showi-as: served throughout the study. This trend has been explained
I(L3), O—F(Ly), ©—r, B—U’(CS), #—U(S), #R(LS). The solid  previously®* At large area, the film is made up of islands of

lines represent phase boundaries. In the case dii€S)-US)-R(LS)  mjacyles in coexistence with a gaseous phase. As the area is
transitions, the cross-hatched areas represent observed limits of coexistence

due to supercooling or superheating. Typical isotherms are shown by dashég@duced and the islands are squeezed together, relax_ation ef-
lines. fects are dominated by local shape changes necessitated by

the points where islands come into contact. These are neces-
sarily more rapid than macroscopic, nonlocal grain boundary
The differences are suspected to be due to the manner ielaxations that become required as the molecular density
which the monolayer is formed. For example, on depositiorsaturates. Significant compression beyond saturation requires
at low temperature and low density, th@5) domains form  some removal of molecules from the surface. In contrast to
through a homogeneous nucleation and growth process thgie case of fatty acids, for which the compression past satu-
results in multiple microscopic two-dimensional crystals. Inration leads to monolayer collapse andlecaying to zero, it
contrast, the higher temperatuféL ;) phase is thought to be is shown in Fig. 12 that, for the present system, thef the
a more fluid hexatic mesopha%tt.can be argued that larger, saturated monolayer appears to be stable. This probably in-
macroscopic domains can grow by a grain coarsening prodicates thermodynamic equilibrium with either a multilayer
cess in the fluid phase. ThéL3) domains that form on slow phase or some other three dimensional phase.
cooling from theF(L5) should be larger. This is what is This result is consistent with a measurement, conducted
observed. as part of this study, of the equilibrium spreading pressure,
The changes in texture observed on warming a monow, (the surface pressure when a crystal of bulk is placed in
layer deposited in thé(L5) phase at low temperature into contact with the water surfacef 14 dynes/cm at 30 °C. For
theF(L,) phase is shown in Fig. 10. There is some faint butfatty acids of comparable chain lengthg,s, was immeasur-
ably small. Also consistent with this is the fact that, unlike in
the fatty acid films, 3D crystallites are not observed after the
pressure saturates.

X-ray Area/Molecule [52]

-
(=4

T 1 | T
[e]
sl o -
£, o INTERPRETATION
Nl o o 7] . R
o 1) © g © _ The most relevant earlier study of an ester monolayer is
*,L 5o % oo i that of Stenhageff in which a phase diagram was derived
o oo from only isotherms. Lundqui&tlater extended this research
oE = o - using isotherms to map out the phase diagram of the ethyl
B Oé’% ° . esters. Isotherm measurements were supplemented by mea-
, E’lz: o o 1 surements of surface pressure vs temperature at fixed area.
Eal 80 i With this data, the Clasius—Claperyon relation was invoked
§ 6~ 5 D”Dm@ DDO . to calculate the enthalpy accompanying the observed transi-
2 1 ions. The phase diagram that has been determined in this
: i ] tions. The phase d that has been det d in th
o5 — — s = 1o study shows a similar topology to the diagram presented in

the work of Lundquist’ which only differs from diagrams
presented by Bibd* and Stenhagéhin some regions of low

FIG. 7. The molecular tilt and surface pressure for E&}) and I(L%) surface pressure. Som? of these dlﬁerencgs are npt particu-
phases as a function of the x-ray unit cell arag, larly surprising since without some sort microscopic probe

A, [A%/molecule]
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3312 Foster, Shih, and Pershan: Structure of a Langmuir monolayer

FIG. 8. BAM pictures showing compression of th@d5) phase aff=4.97 °C and lowr. Note that the free area is squeezed out as the film is compressed
[from (A) to figure (C)].

the relation between tilt and near neighbor direction must béemperature, low pressure phase is tilted toward nearest
indirect. Using only isotherm measurements, Lundquist asneighbor. Finally, Stenhagen concluded, on the basis of iso-
cribed the same symmetry to the phases as has been detdrerm measurements, that the low temperature, low pressure
mined here, although with no reason given for that particulaphase isU’(CS) and the high temperature, low pressure

identification. Bibo performed a miscibility study of ethyl phase is tilted toward nearest neighbor. It should be noted
eicosanoate and docosanoic acid and concluded that the higimat this investigation was conducted on the methyl esters,

FIG. 9. BAM pictures showing the structure of th@.) phase produced by spreadit) vs cooling spread filnfb). The film on the left is spread at 5 °C,
the film on the rightiwith the camera iris visiblewas spread at 25 °C and cooled to 5 °C. Both images have been scaled to correct for the geometry of the
microscope.
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FIG. 10. BAM images showing textural changes on warming a film, initially deposited ih(tHg phase, into thé(L}) phase.

while Lundquist and Bibo studied the ethyl ester system. Theystems at high density;>®*%it is widely thought® that the
difference between the results described here and the work gtructure of these phases is due primarily to chain—chain
Bibo perhaps may be due to the difference between the menteractions. Additional weight is given to this hypothesis by
thyl ester and ethyl ester system. However, this will only behe similarity of bulk alkane chain packiffgo the structures
resolved when structural measurements for the ethyl estefyserved in these films. Nevertheless, recent studies of

system are available. . . . i
The untilted phases in this system, as observed in botWIxed acid/alcohol monolayers by Fischeral. show dra

the BAM and x-ray measurements, are similar to those seefiatic variations with the polar head _grofprII of these
in films of other materials. Because these three phases haf@nsitions have been described within the framework of a
been observed in many films including fatty acid and alcohophenomenological Landau thedty.
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FIG. 11. A typical relaxation isotherm of methyl eicosanoatd a1 °C. Area/molecule [A%] Time [hours]

(A) shows the pressure as a function of area, with relaxations in pressure

visible as lines at constant area. The relaxed points are shown by the

symbols.(B) shows the same data as a function of time. The relaxation ofFIG. 12. Demonstration of how the pressure relaxes to the same value after
the pressure is clearly visible here. each compression for~15 dynes/cm.
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