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This paper reports Brewster angle microscdByM), x-ray specular reflectivitfXR), grazing
incidence diffraction (GID) and off-specular diffuse scatteringKOSDS measurements of
Langmuir monolayers formed on water by both mono- and polydisperse sampleseifcal
poly(y-benzyl L-glutamate (PBLG) as a function of area/monom@: The microscopic behavior

does not exhibit any discernible effects due to differing dispersity. At low surface dengities

> ~21 A?/monomer, surface pressufé=0), BAM images reveal partial surface coverage by
solidlike monolayer islands. GID measurements show an interhelix peak corresponding to a local
parallel alignment of rodlike PBLG molecules, indicating their tendency to aggregate laterally
without external pressure. Compression Ae<21 A?/monomer first leads to full and uniform
surface coverage by the monolayer, followed by a steep rikethmat is accompanied by a decrease

in the interhelix distance. Further compression results in a plateau of cord$tamtthe I1-A
isotherm(~ 11.5< A< ~18.5 A2/monomer,I1~9 dyn/cm, which has previously been attributed to

a first-order monolayer—bilayer transition. The interfacial electron density profiles determined by
the XR measurements on both sides of the coexistence plateau provide direct evidence for this
transition. On the basis of x-ray scattering results, the film on the high-density side of the plateau is
shown to consist of a newly formed incomplete and incommensurate second layer that sits on top
of and has lower average density than a homogeneous first layer. GID measurements indicate that
the second layer can be characterized by larger interltbfipacing than the first layer, while
XOSDS measurements on the bilayer suggest that the second layer is microscopically
inhomogeneous. For both mono- and bilayers, the analysis of observed GID peak widths indicates
that the extent of lateral positional correlations between parallel PBLG rods ranges from a few to no
more than~15 interhelix distances, implying short-range order. 18€99 American Institute of
Physics[S0021-960809)71345-7

I. INTRODUCTION tures on water in which the chains are oriented either normal
to the surface or at relatively small angles to the surface
Langmuir monolayergLMs) provide one example of normal. Compression- and temperature-induced phase trans-
real physical systems in which an experimental study of twoformations between ordered LM phases involve changes in
dimensional (2D) physics should be possible? Macro-  the amplitude and direction of the chain &f.By and large
scopic physical chemistry of LMs has been studied for thene different 2D crystalline structures observed in the LMs of
better part of this century; however, it is only within the mostsimple long chain molecules are similar to the various tilted
recent 10-15 years that the availability of synchrotron gengnd untilted phases of both thin freely suspended liquid crys-
erated x-rays made it possible to directly characterize theify| films and bulk smectic liquid crystaf$:” One unfortunate
microscopic structure$? A considerable number of synchro- aspect of all of these studies is that the number of electrons
tron x-ray scattering experiments have now been conductéghntained in such simple amphiphilic molecules is often too
on LMs, especially those formed by simple surfactant mol-smajl to produce measurable scattering from their noncrys-
ecules like fatty acids, fatty alcohols, and phospholipids.  (5)jine 2D phase&?® As a result the elucidation of micro-
Grazing incidence x-ray diffraction(GID)*® studies scopic structures through x-ray scattering was mostly limited
demonstrated that these “long chain” amphiphilic molecules;y ,rqgered phases for these LM systems.
form close packed 2D crystalline and liquid crystalline struc- ;g paper describes optical and x-ray scattering studies
of LMs formed by polypeptides in thea-helical
Apresent address: Department of Chemistry, University of Wisconsin, Madiconformationt°=2® These rigid rodlike molecules lie down
o Wisconsin 3706, . _ flat on the water surface with 2D nematiclike structures. As
resent address: Kimberly-Clark Corporation, Roswell, Georgia 30076. . . .
such they differ from the aforementioned more conventional

9Present address: Division of Chemistry and Chemical Engineering, Cali HiEY e : - )
fornia Institute of Technology, Pasadena, California 91125. amphiphilic LMs and liquid crystal films in that the director
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n, or principal axis of the molecules, lies within the mono- surface pressurdl) vs area/monomefA) isotherms of the
layer plane rather than pointing away from it. Another im- PBLG LM.*'28Fyrther indirect evidence was provided by
portant difference is that these polypeptide molecules argakenakaet al,'® who LB-deposited the same number of
larger than the simpler amphiphilic molecules studied previPBLG layers onto solid substrates from both the “bilayer”
ously. As a result, the constructive interference in the GIDgnd “monolayer” regions in the isotherm and found the ratio
patterns that can be used to characterize the intermoleculgf their measured total thicknesses to-b&.7. In the present
packing occurs at smaller angles with larger amplitudes. Th%tudy, x-ray specular reflectivitgxR) was employed to di-
combination of this and the one to two orders of magnitud&ectly measure the average electron density profiles across
greater number of electrons per molecule has the importaqﬁe water—PBLG LM—gas interface for both of the regions.

gpnszque;cLeMtha; broadFGID peakls can be obcs;laéved fro_ﬁrhe results show that the numbers of molecules per unit area
Isordere phases. For example, a recent EXPEMI, the two layers of a bilayer are not the sanfi) The

ment on a LM formed by Ceppropylamine adduct i{n-plane arrangement of these PBLG rods parallel to the wa-

moleculed’ demonstrated that a quantitative measurement o, . .
L . ter surface was probed by the GID technique. Evidence for a
a liquidlike 2D structure factor due to short-range positional ~ .

correlations is possible when the number of electrons peP_ded by observation of a relatively broad peak at a scattered
scattering unifi.e., molecul¢ is sufficiently large. The hope vi y M Ively p

is that as a result of the increased scattering power providegave vector (~2/d) that is consistent with the expected

by large molecules, it might be possible to characterize th -spacing between neighboring parallethelices. In this

structural changes in the noncrystalline part of 2D phase digconnection, the dependence of the interhelix distancélon
grams. andA, the limited extent of in-plane positional correlations,

Another potential advantage for studies usiedpelical @S well as the incommensurability of the two layers in the
polypeptides is that without compromising the rigidity of the bilayer are discussediii) Microscopic lateral inhomogene-
helical backbones, their intermolecular interactions withinities within both PBLG monolayers and bilayers were stud-
the LM plane may be controlled by chemically altering theied using an x-ray off-specular diffuse scatteri@0SD9
side chain groups and through copolymerization of differentechnique. The XOSDS intensities observed from the bilayer
peptide monomer units. Such chemical modifications havéave been found to exceed the values theoretically expected
already been shown to influence the formation of 3D liquidfor a homogeneous bilayer with thermal capillary wave fluc-
crystalline phase€-33 tuations. The excess scattering is explained quantitatively in

The interest in LMs ofx-helical polypeptides also arises terms of inhomogeneities in the newly formed second layer.
from the fact that many of them can be transferred onto solid  Finally, one of the issues that motivated the present
substrates as multilayers using the Langmuir—Blodgeg) study is concerned with the effect of sample dispersity on
technique. In recent years, varioua-helical polyL- PBLG LM structures. The lyotropic liquid crystalline behav-
glutamates have been studied both as LMs onior of conventional polydisperse PBLG in 3D has been
watef>?>2034-37 and as LB fims on solid known since the late 1956832-%%in particular, in addition
substrate$®**%"~*In most of these studies the primary ob- to the usual cholesteric pha&&2-56585¢he observations of
jective has been to achieve good-quality LB films that poshemati¢®54° and columna¥ phases have been reported.
sess technologically important propertissuch as lateral Recently, Tirrellet al®! demonstrated that unlike the poly-
homogeneit}?v“ther.mgﬁ““"‘”gan.d mechanicé?"‘gssgtitzla'il- disperse case, the monodisperse PBLG in both bulk solutions
ity, low defect qens'tﬁf and osetlcal anisotrop§;* N and solution cast films exhibits a smecticlike liquid crystal-
addition, poteg}lllaizappl_lcat|orf§; for example, aszmoptlcal line order. Their x-ray diffraction results clearly indicated
wave guides’** optical data storage medt&™ and i the smectic layers had a thickness close to the length of

fhhotf:?rer13|st§, ,?aYet;‘!So been iuggestiq. I—t|ovtvev?r, c:eshp'tﬁwese rodlike molecules, and this has been attributed to the
€ igh aclivity in this research area, direct structural charey ., size distribution in the monodisperse sanipl€he

acterizations at the intermolecular level have been Iimitec!1 . S . .
) : present study extends the investigation of such dispersity ef-
mostly to transferred LB films, as opposed to their LM coun-

) AR ... fects into 2D. In contrast to the 3D case, both XR and GID
terparts, partly due to experimental difficulties involved with results on LMs show verv little dependence on the sample
studying liquid surface$® As Motschmanret al?® pointed o ) y it P ) samp
out, the elucidation of LM structures as the state immediatelJISPErsity; in particular, no evidence for smectic layering has

prior to LB-deposition is an important step that may provide een found for mgnodlspgrse PBL_G LMs.
additional insights on controlling LB multilayer structures. _The organization of this paper is as follows: Sec. Il de-
We report here the results of Brewster angle microscopy’¢'iPes the experimental methods used. The XOSDS subsec-
(BAM) and extensive x-ray scattering studies condudted tion provides a more detailed discussion elucidating a re-
situ on LMs formed by both monodisperse and polydisperseés€ntly developed analysis procedure used to quantitatively
poly(y-benzyl L-glutamate (PBLG),*>*%125 emphasizing distinguish homogeneous and inhomogeneous liquid sur-
the changes in their microscopic structures with lateral comfaces. In Sec. lll, the experimental results of tHeA iso-
pression. The principal results are as followi$:Direct mi-  therm, BAM, and x-ray scattering measurements are pre-
croscopic characterization of the first-order monolayer-sented and discussed. The x-ray subsection is divided into
bilayer transition. This transition was originally inferred three parts(i) XR, (i) GID, and(iii) XOSDS. In Sec. IV, the
from the presence of a plateau region of consfdnh the  main conclusions from this study are summarized.
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Il. EXPERIMENTAL DETAILS AND ANALYSIS
METHODS

A. Sample, Langmuir trough, and  TI-A isotherms

The polydisperse sample of PBL[BAW 26 000 (vis);
DP 119, PDI 1.5 was purchased from Sigma Chemical Co.
The monodisperse samdlelW 16 700; DP 76 was synthe-
sized using the recombinant DNA method described in Yu
et al®! The PBLG molecule, due to ie-helix conformation,
resembles a rigid rodlike structure, whose rod diameter is
~13 A5 The length of the PBLG rod is about 115 A for the
monodisperse samfifeand on the order of 150 A for the
polydisperse case. FIG. 1. General x-ray scattering geometry. The surface lies in4hplane.
The Langmuir troughs and the film deposition and com-
pression methods used have been described previttfy®
Both the trough and the moveable barrier are made of teflorniens with a focal length of 175 mm, and the image was
and the surface pressuié is measured with a Wilhelmy recorded by a CCD camera, placed~at450 mm from the
balance. For all of the measurements, pure water subphaggns. With this setup, a surface area-00.86 mmx1.1 mm
(Milli-Q quality) was used, and the temperature was mainon the illuminated LM surface was captured in each image at
tained at 22°C to 23°C. For thH-A isotherm measure- a magnification of 7.3 and a resolution of 20n.
ments, the sealed aluminum box enclosing the trough assem-
bly was filled with high purity N gas. During the x-ray
measurements, high purity He gas was used insteag 66 N C. X-ray scattering techniques
reduce background scattering. A PBLG monolayer was pre-  The x.ray scattering experiments were carried out using
pared by spreading a pure chloroform or 3%- trifluoroacetiGhe Harvard/BNL liquid surface spectroméfeat Beamline
acid/97%-chloroform mixturg% by volume solution of  x558 National Synchrotron Light Source, Brookhaven Na-
PZBLG on wa'ier at a specific area equal to or larger than 2g,na| Laboratory. The general scattering geometry is illus-
A _/monomet‘? The PBLG concentration in the spreading So-yated in Fig. 1. Highly collimated monochromatic x-rays of
lutions used ranged from 0.1 to 0.5 mg/mL, and the volumeyayelengtha =1.55 A and incident wave vectd;, strike
of the solution spread ranged from 50 to 200. No signifi- e | M surface at an incident ange The scattered x-rays
cant dependence on the concentration and the spread volurgg, characterized by an output wave vedtgs, an angles
was found in any of the measurements performed during thig, tne surface and an angl® ® the plane of incidence. The

study. difference between the incident and output wave vectors de-

I1-A isotherms Wereﬁzngseasured using both continuou§ines the wave vector transfeg=k,,—k;,. The Cartesian
and relaxation method<:22¢ The two methods differ on components of] are

whether or not the film is allowed to relax after each com-

pression step. During a relaxation scan, the surface pressure 9= K[sin(a)+sin(B)]

was monitored every minute while the film relaxed at a given q,=k cog B)sin(26) 1)
fixed area/monomeA. When the surface pressure change

over five minutes was less than 0.05 dyn/cm, a final surface gy=k[cog8)cog26)—coga)]

pressure measurement was rgcorded, and the .next COMPIGerek=2/\. In particular, the component parallel to the
sion step was taken. In a continuous scan, the film was CONM-M1 surface is equal to

pressed at a constant rate, and the surface pressure was mea-

sured immediately after each compression step. The barriey,,= \/q)2(+ q§

speeds used in both compression methods corresponded to
compression rates ranging from 0.005 to 0.01 =kycos{(a)+cos(B)—2 coga)cog B)cod 26).  (2)
A?/monomer-s. During x-ray experiments, the continuousThe following scattering techniques were used.
method was used for compression from one area of interest

to the next, but the film was allowed to relax after the target; x_ray specular reflectivity (XR)

area/monomer was reached.

In XR, the specularly reflected intensitys measured as
a function of the incident angler or wave vector transfer
g,= (4m/\)sin(e) along the surface normal while maintain-
The BAM setup used has been described previot/sly. ing the specular reflection condition given By=« and 26
A p-polarized laser beam{argon-ion laser,A =488 nm) =0 or equivalentlyq,,=0. A pair of crossed Huber slits of
strikes the LM surface at the Brewster condition for the barewvidth W=3 mm and heightH=2.5mm, located approxi-
water surfacgan incident angle of 53.3° from the surface mately L~620 mm from the sample center, were placed in
norma). The nonzero reflected intensity caused by the presfront of a Nal scintillation detector to define its angular ac-
ence of a monolayer was used to image the LM coated suceptanceéf~H/L~0.23° and 6(260)~W/L~0.28°. The
face. The reflected beam was passed through an achromabeackground due to bulk scattering from the subphase and

B. Brewster-angle microscope (BAM)
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scattering from sample cell windows and gas in the beangas in the beam path. Fortunately, fof=2W/L,,=2.1° (or

path was accounted for by subtracting the intensities meag,,>0.15 A~1), the detector resolution screens out the scat-
sured atB=a with 20 offsets of =0.3°. The result of the tering from the two windows and the observed background is
subtraction, i.e., Al(a)=1(a,20=0)—(3)[I(e,+0.3°) almost entirely due to the He gas and water vapor above the

+1(a,—0.3°)], was normalized to the incident beam inten- surface The measured intensity from this also varies roughly

sity |, to obtain the measured specular reflectiVR{q,). asd,," due to the decrease in the length of the beam path
For water as the subphase, the critical wave vector foriewed by the detector.
total reflection is equal t@.=0.0218 A"*, and the corre- For rod scans the gy, (or 26) position of the detector is

sponding critical angle of incidence i8,=0.154° forx  held at the center of a GID peak, and the scattered intensities
=1.55A. Forq,/q.>4~5 (q,>~0.1A! for watep, the  along qz (or B), which depend on molecular scale density
specular reflectivityR(q,) from a macroscopically homoge- correlationsnormal to the surfaceare measured. However,

neous surface is well described by the Born approximatiotinlike XR, they are sensitive only to the in-plane ordered
expressiofi>©® regions of the surface that give rise to the GID peak. For a

LM with no molecular tilt, the intensity falls slowly witl,
R(q,) f d [(p(2))
RF qz) dZ

3) on the scale of 1, wherel is the molecular length along the
poc
where(p(z)) is theaverageelectron density profilé“aver-

surface normal. In the rod scan experiment, the data were
age” over the appropriate coherence lengths indyplane

collected using a Braun position-sensitive linear detector
with a quartz wire along the¢s-direction. The background,

across the interface at heightlong the surface normal, and

p. IS the electron density in the bulk subphase.

which was nearly all due to scattering from the He gas and
=0.334 electrons/Afor waten. Re(q,) is the Fresnel reflec-

water vapor, was eliminated by subtracting similar scans that
only differed in that the LM surface was lowered to 2 mm

tivity expected from an ideally flat and sharp bulk—gas inter-

face, which can be expressed as

2
efiqzz ’

below the incident beam.

3. X-ray off-specular diffuse scattering (XOSDS) from

Re(q,)= q:— ng—qg ? @ liquid surfaces
A= q,+ \/qﬁ—qg ' In a typical small-angle XOSDS experiment, the inten-

sity scattered from a given surface is measured within the
plane of incidencé26=0 or q,=0) at non-specular condi-

' 4 tions, i.e.,a# B or q,# 0. The nonzera, component of the
Re(a)~(ac/20,)" wave vector transfeparallel to the surface typically ranges
from 10°° to 10 2A~1, which is limited by the detector
resolution and low counting rates, respectively. Therefore,

For GID, x-rays are incident on the surface at an anglexOSDS is sensitive to lateral density fluctuations over the
a<a, such that the total reflection condition is maintained.surface on submicron length scales, including interfacial
This results in an evanescent wave on the bulk side of th@eight fluctuations.
interface and thereby suppresses the scattering from the bulk In this study, ag-scan method was used in which the
relative to the surface. The scattered intensity is measured &gattered intensity( «, 3,26=0) was measured as a function
a function of @ (or qy,) while maintaining3~0 (orq,~0).  of B at constanta. Sinceq, is varied simultaneously with
Structures periodic in the surface plane with a repeat distanag,, g-scans are also sensitive to the density profile along the
d result in a diffraction peak af,,=2/d. Most of the GID  surface normal. The experimental setup was identical to that
data were collected using a fixed incident angle @f for XR except that a vertical detector slit size &f
=0.12° and Soller slits in front of the Nal scintillator detec- =1.0 mm was used. This setup provided angular detector
tor. The Soller slits had a horizontal angular acceptance ofesolutions of§8=H/L=0.092° ands(26)=W/L=0.28°,
8(26)~0.16°, corresponding to an in-plane FWHNUIl  which are related to reciprocal space resolutions through
width at half maximumresolution ofsq,,~0.012 A1 The oqy~ (2m/\)sin(B)oB and 6q,~(27/N\) 5(26). As in XR,
vertical opening of the Soller slitdimited to 18 mm corre-  background intensities measured with @ffsets of =26,
sponded to the integration of scattered signals a¥@&  ==+0.3° were subtracted from the intensity measuredét 2
~1.7° orAg,~0.12 A1, =0 and the saméa, B). The result was normalized to the

As a result of the finite width of the horizontal detector incident beam intensiti, to obtain the measured normalized
opening W=6 mm) and the narrow @resolution of the intensity difference
Soller slits, when 2 s large enough, the detector only views

For 9,<q., EQ. (4) results in total external reflection
(Re(gp=1), and forg,>q., it decays algebraically as

2. Grazing incidence diffraction (GID)

a fraction of the illuminated patH_¢~40 mm) along the LM M: 1 (a,B,20=0)— EU(Q B,20=+26,)
surface. For 2>W/L;~8.6° (or ¢;,>~0.6 A~1), this frac- lo o 2 o

tion varies as 1/sin@, yielding a measured intensity pro-

portional to q;ylx(ZDstructurefacth In addition to the +I(a,ﬁ,20=—20b)]]. (5)

specularly reflected signal, there is also a background due to

scattering of the incident and totally reflected beams by the A characteristic feature of liquid surfaces, including LM
entrance and exit Kapton windows of the sample t&#pa- systems, is the presence of capillary waves, that is, thermally
rated byL,,=16.5cm along the beanas well as from the excited fluctuations in the liquid—vapor interfacial height
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h(ryy), which give rise to thermal diffuse scatteriGgDS). 1 /do 1 [gc\*1
The capillary waves cause the interfacial height-height cor- AT(d_Q) :W(?) ™
relation functiong(r,y)={[h(r,)—h(0)]? to vary loga- 0 inhmg 0

fd3r exp(—iq-r)

rithmically with the distance ,, along the surfad&® for . Spro(r)|?

ry Smaller than a gravitationally imposed cut¢ffmm) and X exp(—ig h(ryy)) : )
large compared to the molecular sidé~A). Consequently, ”

for 7= (kgT/27y)q2<2, wherey is the surface tension, the In general, the normalized intensityl, is equal to the

scattering cross section is characterized by an algebraic sieonvolution of the differential cross section with an appro-
gularity of the form mf(y‘ 7. without a true specular term priate instrumental resolution functida
[~ 5@)(q,y)].°%%" Because of this power-law behavior, the
capillary wave TDS is a primary source of small-angle '(“’B’ZG)ZJ dﬁ'f d(20")Eo(B—B':20—20")
XOSDS from liquid surfaces. Therefore, in order to probe lo —a '
noncapillary lateral inhomogeneities occurring in a LM film, 14
their contribution to the XOSDS intensities needs to be quan- X— _U(a”[g’ 20"), (9a)
titatively separable from the capillary-wave TDS. Ao dQ)

'A given LM is laterally homogeneous if the heights of or equivalently, using the approximatiodQ~dgd(26)
all interfaces(water—layer, layer—gas, etcare conformal ~d2q,. /[K2 Sin()]
with the capillary fluctuations and if there is no density Y
variation within the surface. In such cases, the local electron | (q) dzq;y
densitypr—_o(ryy,2"), which can be defined conceptually by =j =]
considering a nonuniform frame in which capillary fluctua- 0
tions are abserfii.e., 2’ =z—h(ry,)], is equal to its lateral Fora> «,, the physical size of the detector opening is much
averagg(pr-o(z')). This average “intrinsic” or local elec-  |arger than the projection of the illuminated sample area onto
tron density profile(pr—o(z')) is to be distinguished from  the plane of the detector. Therefore, the simple and reason-
the total average density profilgp(z)) defined in Eq.(3),  able choice fof= is a rectangular resolution function whose
which is obtained from the convolution @br—o(z')) with  center and area correspond to the nominal detector position

the capillary wave height distributiofh(r,y)}. It has re-  and the angular acceptance defined by the detector slits, re-
cently been shown that for small-angle scattering from a hospectively

mogeneous liquid surface, a properly normalized form of the

, 1 do |
K2 sin(3) »:q(qu_ qu) A_O d_Q(qu) (9b)

differential cross section is given /° Ea(AB;A(26))
1 do-) 1 (do\*Te(a)TE(B) _‘1 if [AB|<8BI2|A(20)|<5(26)/2 103
AgldQ/, 167"\ 2] qlsin(a) 0 otherwise '
2779 Oy |7 or equivalently
X|®o(d,) > (—2) (6) _
Oy \Oma 1 if |Agy=<6a./2|Aq,|<5q,/2

Eq(Agy,A )=[ .

for n=(kgT/2my)q2<2, where A, is the cross-sectional (842970 otnerwise
area of the incident beam, afig () =(2a/ac)*>VRe(a) is (10b)
the Fresnel transmission facf§fThe upper cutoff wave vec- By substituting Eq.(6) into Eq. (9), carrying out the
tor gmax is determined by the condition that the number of convolution with the slit-defined resolution function from
capillary wave modes is on the order of the number of mol-£q. (10) numerically, and taking the same intensity differ-
ecules per unit surface area. This is equivalent to fixXingence as in Eq.(5), one can calculate the homogeneous
Omax—27/d, whered is on the order of the intermolecular capillary-wave contributiofi Al (a, 8)/1o]nmg to the normal-
distance. A surface structure factp(q,) is defined a8’°  jzed XOSDS intensity differencerl(a,B)/1,.59"* The
physical parameterdT, ) and detector resolutions are
known, andg.x can be estimated from the size of the LM
forming molecules. Moreover, since E@) is also valid for
XR, the factor®y(q,), or the intrinsic profile{pt_o(2)),
Therefore, apart from the effect of layering and local inter-can be determined by fittingAl(a,8=a)/lglpng to the
facial diffuseness contained ihy(q,), scattering from a ho- measured specular reflectiviiy(q,).%®’° Consequently, the
mogeneous LM is still described by the characteristic powehomogeneous contributiopAl (a, 8)/1o]nmg Can be calcu-
law 1/q§; 7 of the capillary-wave TDS. lated with no adjustable parameters. It follows that compari-

If the LM is laterallyinhomogeneoyshe local electron  son between the theoretical curj&l(«,8)/1o]nmg @and the
density deviates from the lateral average so thameasured datAl(«,B)/ly provides an unambiguous test of
Opr=0(ryy,2")=p1=0(rxy.2") —(p1=0(2"))#0, and there the homogeneity for a given LM. Any excess scattering
will be additional scattering in excess of E@). This leads ~ Al/l1,—[Al/ly]ymg>0 is a measure of surface inhomogene-
to a nonzerosecond termin the differential cross section, ities dpr_o(ryy,2)#0, and can be analyzed in terms of the
whose general form is given by convolution of Eq.(8) with the same resolution functions.

d

_o(z
‘I’o(qZ):f dzd_z <PT ol )>

oo

exp(—iq,z). (7)
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20F " " T ' o ' the x-ray exposure through absorbers and carefully monitor-
ing the scattered signals. There was no indication of film
" damage in any of the results presented here.
E Ill. RESULTS AND DISCUSSION
é 0T A. TI- A isotherms and surface imaging by BAM
= 5| Representativél - A isotherms are shown in Fig(& for
polydisperse and in Fig.(B) for monodisperse PBLG. BAM
images obtained from a polydisperse film are summarized in
or Figs. 3 and 4. In Fig. @), the solid line and the filled circles
correspond to a continuous and a relaxation isotherm, respec-
20 [ tively. The solid line in Fig. &) is a continuous scan taken
during the x-ray scattering experiments. In both figures, the
I1-A positions at which x-ray measurements were carried out
15

are indicated with open circles. The shown isotherms are
very similar to those obtained previously by others for poly-
disperse sample€:1*182546as indicated in Fig. 2, th&l-A
phase diagram can be divided into four main regions, each
exhibiting a different surface pressure variation with com-

pression.
In Region | (A>~21A2/monomey, the surface pres-
0, , , , , sure remains zero as the film is compressed. This behavior is
5 10 15 20 25 due to an incomplete surface coverage, which is clearly evi-
Area/monomer [Z\Z] dent in BAM images from Region [[Figs. 3a)—3(c)]. As

deposited, LM-coated regions coexist with regions of bare
s PBL B e o o o o ang LeT suface. & ypical image FIg(@ reveals that 2 LM
fheersﬁlled circles(..) co,rrespond to a relaxation isotherm. The d()lts) cogted reglon itself consists of a network of PB_LG islands
show intermediate surface pressures measured during relaxation aafixed (0right) with small gaps of bare water surface in between
In (b), the solid line(—) is a set of continuous compression/expansion scans(dark). In an epifluorescence microscopy study, Lavigne
taken on Film-1 during the x-ray scattering experiment. In liaitand(b), et gl. also observed an aggregation of PBLG molecules into
the open circlesc) indicate the points at which x-ray scattering measure- 2D islands at low surface densfty/As a result, compression

in Region | only leads to a reduction in the area of the gaps
between PBLG islands, as illustrated in a series of images
Figs. 3a)—-3(c) taken atA=31, 25, 23 A/monomer. This
type of compression is consistent with the absence of mea-

During the x-ray experiments on PBLG LMs, changes insurable surface pressure since it does not alter the micro-

the scattered intensity were observed when the maximuracopic structure within the islands themselves. Another im-
incident flux (on the order of 1®photons/s was used. For portant BAM observation is that the monolayer is solidlike
GID, in which « is small and, therefore, the incident beam isas indicated by the intricate shapes of the island—water
spread over a larger surface area, radiation-induced changbsundaries which would not be expected for a fluid mono-
(often evidenced by the disappearance of a peakurred layer.
only after exposing the same spot of the film for many hours  Region 1l (~18.5A2/monomerx A<~ 21 A?/mono-
at full intensity. For XR and XOSDS, at the largest values ofmer) is characterized by an increase in the surface pressure
« measured, the use of high flux led to changes in the reabovell ~0. Given the PBLG rod diameter of about 15'A
flected intensities after less than 30 min. Subsequently, sp@nd thea-helix pitch of 1.5 A/monomer along the rod axis,
cial care was taken to minimize radiation damage by limitingone expects a limiting area/monomer o&;,~19.5

4. X-ray radiation damage

0.50 mm

FIG. 3. BAM images taken &= (a) 31,(b) 25, (c) 23,
and(d) 20 A>’monomer. The image®—(c) are in Re-
gion | of thelIl-A isotherm, while(d) is in Region II.

(a) (b)

(d
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0.50 mm

(b) (c)

FIG. 4. BAM images taken af=13.3 A2’monomer in Region lll. The
moveable barrier and the trough edge on the opposite side, both of which
run parallel to the vertical edges of the images, are locatéd cm to the

left and 5 cm to the right of imag@), respectively. Image&®) and(c) were
taken from spots that were less than 1 cm away from the infagspot,

with (a) being on the barrier side an@d) being on the opposite side. The
sensitivity of the CCD camera used h¢tiee same fofa)—(c)] is lower than

that in Fig. 3.

A?/monomer for a close packed monolayer of PBLG rods
lying down parallel to the water—gas interfaCeThe fact

that thisA,, value falls into Region Il, where thH increase

is observed, provides indirect evidence for both the single
molecule thickness of the film in Regions | and Il and the
parallel-to-surface orientation of the PBLG rods. In Region
II, the entire surface is uniformly covered with the PBLG
LM. A typical BAM image Fig. 3d), taken at A

=20 A%/monomer, also shows that the LM surface has be-
come more or less homogeneous. Since the bare areas ob-
served in Region | are now absent, compression in Region FIG. 5. Measured specular reflectivity normalized to the Fresnel reflectivity

should result in a microscopic reduction in the intermolecu-°f n ideally flat and sharp water—gas interface(@monodisperse anth)
lar distance within the 2D plane polydisperse PBLG films. Ifa), the shownR/Rg data were obtained &

. 5 ) (®): 21.7 Aimonomer, 0.4 dyn/cn3 (M): 18.7 A¥monomer, 9.3 dyn/cm;
Region Il (~11.5 A% monomer A<~18.5A%/mono- ¢ (A): 11.5 A/monomer, 11.6 dyn/cm. Ib), the data were obtained At

men of the isotherm is characterized by a plateau of infinite(0): 20.2 A/monomer, 2.5 dyn/cnB’ (0): 19.2 A/monomer, 7.8 dyn/cm;
compressibility = —A L dA/dII=), which signifies a C' (A): 9.7 Azlmonomer, 8.8 dyn/cm. The solid curvés-) in (a) and(b)
fir_st-order phase transition between two coexisting phase?d.ris?gsgr'ltfs”e%&e(z)%fj}sgwin%(t;(_aTbhog },”;gﬁiftﬁ'eiﬁgﬁ ‘(e;:«;g? "
Since the ratio of the area/monomer values at the two ends @r?e polydisperse film are best fits based on &j.and the box-model av-
this coexistence region is close to two, the second phassagelocal electron density profileépr_o(2))/p.. shown in the insets in
coexisting with the monolayer phase has been assumed to bigs- 12a) and 13a).
a bilayer!121825Fyrther compression into Region IVA(
< ~11.5 A2/monomey results in a surface pressure increase
in the continuous isotherms. However, the relaxation effect thicker phase in Region Ill. Moreover, the coexistence is
is now more significant. When the film is left to relax at a not uniform over the surface. While the stationary edge side
constant area/monomer in this region, surface pressure def the surface is mostly still a monolayer, the film on the
creases almost to the plateau value. As indicated by the opeanoveable barrier side seems to be dominated by a thicker
circles in Fig. 2, x-ray measurements in Region IV werephase. This suggests that the formation of the second thicker
made on relaxed films. phase starts preferably at the moving barrier and grows par-
Figure 4 shows BAM images taken #=13.3A%/ allel to the compression directidA.Evidence that this sec-
monomer in Region lll. As shown in Fig.(d), a region of ond phase is in fact a bilayer is provided by the XR results to
inhomogeneity(confined to less than 1 cm along the com-be discussed below.
pression directionwas found in which ridge or steplike mor- During the BAM study, birefringence effects were also
phologies ran more or less parallel to the moveable barrieinvestigated by placing an analyzing polarizer after the im-
(i.e., perpendicular to the compression directiohhe im-  aging lens. However, no clear evidence was found for optical
ages[see Fig. 4c)] taken from the stationary edge side of anisotropy within the PBLG films. This seems to suggest a
this inhomogeneous region are very similar to those obtainetick of long-range orientational order and the absence of
for the monolayer in Region Il. However, the intensity re- large oriented domains within the film. However, it may also
flected from the moveable barrier side of the surfasee  be due to a relatively small difference between the refractive
Fig. 4@)] is consistently higher than that from the other side.indices in the directions parallel and perpendicular to the
These observations indicate that the monolayer coexists witmolecular axed®3%41.72
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TABLE I. The list of best-fit parameters used to fit the measurRéR: data, where the fits are based on
Gaussian-smeared box models for the average electron density ppgfi)e/p.. across the water—PBLG—gas
interface. The parameter designations are as follg@sSingle-layer box model for PBLG monolayers: Layer
thickness|, ; relative electron density in the layep, = p, /p.. ; water—layer and layer—gas interfacial rough-
ness,oy., 01g- (D) Double-layer box model for PBLG bilayers: Layer-1 and layer-2 thickrigss,; layer-1
and layer-2 relative electron densitp;=p1/p.., ¢>=p2/p..; water—layer-1, layer-1—layer-2, and layer-2—
gas interfacial roughness,,,, 012, 0og-

(a) Single-layer box models for monolayers

A (IT) Iy Oy O1g
Dispersity [A?monomet  [dyn/cm]  ¢y=p;/p.. [A] [A] [A]
A mono 21.7 0.4 1.390.09 10.6:1.0 2.67£0.5 3.14:0.5
B mono 18.7 9.3 1.390.06 11.8-0.8 3.12c04 3.35:0.23
A’ poly 20.2 2.5 1.46:0.08 11.20.9 2.66:0.5 3.14:0.5
B’ poly 19.2 7.8 1.340.04 12.-0.5 2.31%*04 3.18:0.2

(b) Double-layer box models for bilayers

A (1) Iy I, Owi 012 g
Disp. [A%mon] [dyn/cm] ¢, @2 [A] [A] [A] [A] [A]
C mono 11.5 11.6 1.60 0.57 11.6 13.4 2.61 3.17 4.52
+0.10 =*+0.10 +0.6 +0.8 =*0.7 +0.9 +1.0
C’"  poly 9.7 8.8 1.57 0.81 12.5 13.6 2.24 2.64 6.76

+0.04 *=0.13 +0.6 +0.6 =*0.5 +0.6 +0.9

B. X-ray scattering results data are well described by the simple box models. In some
cases, there are small residual deviations between the data
and the fits at largg, (where the error bars are lajgé\l-
though the use of more sophisticated models or increased
number of parameters could further improve the fitting, the
improvement would only appear in fine structural details that
would not affect the principal physical interpretations.

It is evident from Fig. &c) and Table (a) that both the
monodisperse and polydisperse PBLG films in Region I
(A, B; A", B") are monolayers with their layer thicknesses
being comparable to the PBLG rod diameter-ef3 A, as
expected. Theoretically, since the PBLG molecule contains
116 electrons/monomer, one expects the surface density of
electrons originating from a PBLG monolayer to increase
from 5.4 to 6.3 electronsfAas the specific area is reduced
by constructing a simple “box” mod&f2” for the relative fromA=21.5t0 18:5§/mpnomer. ExperimenFaIIy, the sur-
average electron density profilg(z))/p.. across the water— face eIectro_n density is given roughly by the integrated area
PBLG—gas interface. In a single-layer box model, a layer otnder the single-layer bofie., ~p..- ¢;-11). The latter ex-
thicknesd ; and densityp, /p..= ¢, is assumed between the perlm.en.tally derived estlmatgs of surface electron qen§|t|es
bulk subphase belowp(p..=1) and the gas abovep(p,,  are Within 10% of the theoretically expected values, indicat-
—0), and the water—layer and layer—gas interfaces art'd that the values for the monolayer thickness and density
smeared out with Gaussian roughnessgs and a4, re- parameters are physically reasonable. As for the roughness
spectively. In a double-layer box model, a second layer oParameters, for all of the PBLG monolayers in Region I, the
thicknessl, and densityp,/p..= ¢, is added on top of the layer—gas interfacedg) is just slightly rougher or more
first layer; the Gaussian roughnesses for the layer-1-layergiffuse than the water—layer interface.(;). These rough-

and layer-2—gas interfaces are designatedgsand o, ness values are comparable to the capillary-wave roughness
respectively. of about 2.5 A for the water—gas interface measured with the

Using these models, the/R data have been fit to the Same instrumental resolutidh/* Finally, the main effect of
Born approximation expressidiEq. (3)] for g,=0.1A1.  compression in Region IA—B; A’—B’) is to thicken the
The single-layer model was used for the PBLG films in Re-monolayer slightly, which is consistent with both close pack-
gion Il (A, B; A’, B'), while the double-layer model was ing and microscopic compression. The fact that the product
necessary to obtain good fits in Region ¢, C’). The AXI, which should be constant for a fixed amount of ma-
best-fitR/Rg curves are shown as the solid lines in Fig@)5 terial, varies by about 4% between scgAsA’} and{B,B"}
and 8b). The corresponding density profilés(z))/p.. are  is probably a measure of confidence one can have in this
shown in Fig. %c), and the best-fit parameters are listed invery simple model. These results establish that in Region I
Table I. As evident in Figs. (® and 8b), the reflectivity the PBLG molecules form a stable monomolecular layer on

1. X-ray specular reflectivity (XR)

Representative reflectivity data are shown in Fi¢p) 5
for monodisperse and Fig(9 for polydisperse PBLG Lang-
muir films. The thredR/Rg curves in each figure correspond
to: A low-IT film in Region I, near the I/ll boundary
(A,A"); a highdI film in Region II, near the I/l boundary
(B,B"); and a film in Region IV, on the high-density side of
the coexistence regiorC(C"). The results are nearly inde-
pendent of the sample dispersity. The oscillation (atey,)
of the R/Rg curvesC andC' is higher by about a factor of 2
than that for the curved, B, A’, andB’. This implies that
PBLG films in Region IV are about twice as thick as those in
Region 1.

Quantitative fitting of each reflectivity curve was done
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water with their rod axes parallel to the surface.

By contrast, both monodisperse and polydisperse PBLG
films in Region IV are no longer monolayers. If the XR
results are taken at face value, the conclusion would be that .
the relaxed film in this region is a bilayer characterized by a I %-‘é

%

r—

[arb.

» o
0F ,© \L

low-density second layer on top of a dense first Igyeg. 2f Do o 0

5(c)]. In fact, as already mentioned, there is evidence that the
film is not homogeneous in this region, and the proper quan- - JF %
titative interpretation of the best fit density profile is not 08 ¢ 8
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clear. On the other hand, tlig positions of the minima and ol
maxima of theR/Rg curves depend only on the film thick- o4t
ness and not on the average density. The fact that the reflec- o3¢
tivity can be well fit by the double-layer box model does 02 . | . ! .
indicate that the thickness of this second layer obtained from 0 0% 080 0'[7;?4] 10 1% 190
the best fits is reliable. by

Based on the parameters listed in Talil®),Ithe follow-  FiG. 6. The open circle¢O) show typical wide-range GID data from a
ing observations can be made: First, the thickrnésg®r |,) PBLG film. This particular scan was measured on a monodisperse PBLG
of each of the two layers is comparable to the PBLG rodfilm at (A(IT)) = (11.2 A%monomer, 9.8 dyn/cm). The filled circld®)

. . show a background scan. The inset is an enlargement of a gpyadbrtion
diameter of~13 A. This strongly suggests that the PBLG of the same data, shown with a different vertical scale. The afigvat

molecules in the bilayer are confined within one or the othe,,=0.055 A"* indicates where a GID peak would be found if monodis-
of the two layers and are still oriented parallel to the surfaceperse PBLG moleculegod length~115 A) were to form smectic layers

. . . within the film. In the figures, the detected sigrtapart from the structure
Secondly, for all the bilayers measured in Region IV, the

) o nearq,,=0.5 A1) is dominated by diffuse scattering from the surface for
magnitude of the second layer densities,) was found to O,y <~0.048 A~%; small-angle scattering from the Kapton windows of the
be only 30%-50% of the first layer densitieg),). This  sample cell for~0.048 A"*<q,,<0.15 A"*; and scattering by gas above
implies that on the average a smaller number of PBLG molhe surface for,,>0.15 A%,

ecules occupy the top layer than the bottom layer. It is pos-

sible that the reflectivity arises from only some fraction of

the film that is a homogeneous bilayer. The remainder could- Grazing incidence diffraction (GID)

be a monolayer, but it is also possible that a sizeable fraction  Figure 6 is representative of wide GID scans taken on
of the film consists of thicker aggregates that do not reflectPBLG films. In order to account for the variation in the
Thirdly, ¢, for the bilayers in Region IV is about 15% length of the beam patki.e., the incident and totally re-
greater than the monolayer densities in Region Il. All offlected bearmviewed by the detector, the plotted quantity is
these observations together suggest that as the film is comgs, X intensity. For most values af,,, the detected signal is
pressed through Region Ill into IV, some of the PBLG mol- attributed almost entirely to the backgrouffdled circles.
ecules are pushed up from the monolayer into the secondowever, scattering from the film shows a structure around
layer above, with others possibly pushed into even thickeflx,~0.5A"" that clearly rises above the background difs
aggregates. At the same time the first layer becomes slightljosition corresponds to a characteristic lateral distanat of
more packed than the monolayer in Region Il. Moreover,™ 13 A, which is close to the nearest-neighbor distance of
throughout this process, the PBLG rods remain parallel t-2-6 A observed in the bulk smectic phase of PBLGhis
the interfacial plane. repeat distance is comparable to the rod diameter of the mol-
There are a few other points to be made regarding thgcqle, an(_Jl it_s presence indicates p_arallel aligr_nment of PBLG
bilayers in Region IV. Firstl, is slightly larger(by 1 to 2 A) helices within the LM plane. .Rof[atpn of the f|_Im. abogt the
thanl,. Moreover, the roughness,, for the second layer— surface norr.n.al showed no |nd|ce}t|on of variations in the
gas interface is greater than those for the other two interface%eak mtensmes_, Le., the scattering from the illuminated
by more than 1 A, giving a more diffuse appearance to th sample area viewed by the detectton the order of

) : . i . X ~05A"1
second layer—gas interface in the density profile. Conydei MMx40 mm atdy,~0 5A ) corresponded to a powder

. . ayerage with no evidence for large oriented doméins.
ing that the molecules in the second layer have been pushe No other diffraction peaks were observed during the

out of the monolayer upon compression, it may be pOSSibI‘?SID experiment. In particular, no evidence was found for

that not all the PBLG rods in the second layer are located &fmectic |ayering in the monodisperse PBLG films. Given the
the same height and some may not be oriented perfectly pagolecular length of about 115 A for the monodisperse
allel to the interface. It is also important to note that the lesppg| G 61 the presence of one-dimensional smectic layers
dense second layer may be more susceptible to lateral degjithin the 2D plane would be signaled by a peakagj,

sity fluctuations over the surface. All of these points imply ~0.055 A-*. No such peak was found in the GID data, as
that the bilayer in Region IV is more likely to be microscopi- indicated by the arrow in the inset to Fig. 6. However, there
cally inhomogeneous than the monolayer in Region Il. Thisis a small possibility that a smectic peak was obscured by
issue is considered more quantitatively in the XOSDS secrelatively high background in the smaj}, region. Although

tion below. this cannot be absolutely ruled out, the above result seems to
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FIG. 8. (a) Interhelix d-spacing as a function of area/monomer, obtained
from GID scans on two separate monodisperse PBLG filRien-1 and
Film-2). In Region IV,d; andd, indicate the two sets al-spacings corre-
sponding to the two GID peaks observed from bilayers. The data from
07 Film-1 are separated into the first compression sequenCeA (
=>18.8 A2/monome), the expansion sequence® (18.8<A<20.2 A%/
monomey, and the second compression sequehcéor d,, B for d,). The

data for Film-2, which was compressed without intermediate expansion, are
indicated by triangle$A for d,, A for d,). (b) An enlargement of Region

FIG. 7. Representative interhelix GID peaks from different regions in the

I1-A isotherms, for both'mogodisperéeft) and polydisperseright) PBLG Il part of (a). The solid line(—) and the dashed curve-—-) describe a
films. Area/monomerA, in A?) and surface pressuttl, in dyn/cm) values  jiqq (A=d) and a quadraticA=d?) relationship between area/monomer

for the individual scans are indicated on the right side in each figure. Theand interhelixd-spacing, respectively, where each curve was assumed to go
solid curves(—) are best fits to onéRegions I-I1l) or two (Region V) through the point A,d) = (18.5 A2/monomer, 12.6 A
Lorentzians with constant and linear background terms. ' ' T

and then compressed across Region Il into (Bguares

suggest that if there exists monodispersity-induced smectiEilm-2 was compressed from Regions I-IV without interme-
order as observed in 38,the extent of such ordering must diate expansioritriangles. At a given fixedA, two or more
be small in the PBLG LM. GID scans were typically taken, and the interhelix distances

Representative interhelix peaks aroung,~0.5 At obtained from all the scans are presented together in Figs. 8
from different regions in thdI-A isotherms are shown in and 9. A PBLG monolaye(Regions | and Il is character-
Fig. 7 for both mono- and polydisperse samples. The samized by a singled-spacing, while a bilayefRegion 1V) is
qualitative behavior is observed regardless of sample disper-
sity. A peak is already present in Region |, without external
pressure. In Region Il, the peak shifts to larggr, with Monodisperse PBLG (Film-1 & Film-2)

increasingll. In the plateau regiofilll), little or no shift is . ‘ ! '
observed. Finally, on the denser side of coexistence in Re- o ill: I ! v i
gion 1V, a weaker and broadesecondpeak appears at O |
slightly smallerq,,. Quantitative analysis of these peaks = e i
was done by fitting the observed GID patterns to 0Re- < ol bl iR 7 |
gions I-I1ll) or two (Region IV) Lorentzians with constant g P | ﬁ L g,
and linear background terms. Best fits are shown as solid £ . % 2 ; w1 lﬁ
lines in Fig. 7. Integrated intensitigarea under the pepk ~ i E g - i :.
and peak widths do not follow any consistent trend as a Z‘l’ ol § 5 g | l ]
function of A or II. However, the peak positions,= (o, & L A% 2
and therefore, the interhelix distancesl=2m/qq = sl 0 : B,
=\/[2 sin(fy)], display a distinct behavior in each of the D 1 %% 2 d,
four regions that is quantitatively similar for both mono- and 120 k ': i i 2 ]
polydisperse PBLG films. - . ' SR . L

0 2.5 5.0 7.5 10.0 12.5 15.0

Figures 8 and 9 summarize the dependence of the inter-
helix d-spacing on bothA and II, obtained from measure-
ments on two separate monodisperse PBLG films. Figur€iG. 9. Interhelixd-spacing as a function of surface pressure, obtained from
8(b) shows the Region Il part of Fig(8. The compression— G!D scans on two separate monodisperse PBLG filfilsn-1 and Film-3.

; T - The data from Film-1 are separated into the first compression seq(@hce
expansion sequence used for each film is as follows: Film e expansion sequen®). and the second compression sequelidor

: _ 2
was compressed first up t&=18.8 A%’monomer (open d,, W for d,). The data for Film-2 are indicated by triangles for d;, A
circles, expanded back to 20.2%fnonomer(filled circles, for dy).

<> [dyne/cm]
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(a) A = 20.1 A%/mon.

associated with twa-spacings. The latter correspond to the ol T . lnter‘_ i 'distm'e . T30
two GID peaks observed and are labeleddgs(the first * Suface pressure <> J,4
peak andd, (the second peak at smallgy,). 35k Y
The observation of a well defined interhelix distance in =< | 1z
Region | (I=0) indicates that after being spread on water, = . | iy 24 g
PBLG molecules spontaneously aggregate and align them- | \E\H\H‘HI\E 1, 2

selves with their near neighbors to form 2D islands. As
shown in Fig. &), the d-spacing in this region remains al-

T T T v |_8:2

most unchanged ad~13.6 A. This is consistent with the wer IH\H 10
earlier suggestion that due to an incomplete surface cover- sl T \H "5
age, macroscopic compression does not lead to microscopic 178 g
compression in Region I. The interhelix distance here is - 176 &
slightly larger than the value al=12.6 A observed in the Bor 1., &
3D smectic phas®: In addition to the absence of external s (b) A = 18.8 A%/mon. ‘

B 472

pressure in Region I, this could be due to the smaller number jag S — L po
of nearest neighbors in 2D. 0 o (rin]

In Region Il (IT>0), macroscopic compression does re-
sult in a microscopic reduction of the interhelix distance,FIG. 10. Interhelixd-spacing(O) and surface pressut®) as a function of
with the smallesid-spacing ofd~12.6 A occurring at the Ume after the end of compression At (a) 20.1 A2monomer andb) 18.8

. I b d his i . ith both A2/monomer, obtained from measurements on a monodisperse PBLG film
Reglon_ I/l boundary. This is consistent with both a mac- (Film-1) during the first compression sequence in Region II.
roscopically full surface coverage expected for a closely

packed LM(BAM) and a small increase in monolayer thick-

nessl; with compression in Region (IXR). In Fig. 8b), the  to the molecules having rearranged their positions to fill in
two lines represent two extreme cases for a possible conmspme of these gaps. Alternatively, it is also possible that with
pression mode, assuming that they go through the poinime some molecules move out of the monolayer.
(A,d)=(18.5A/monomer, 12.6 A). The solid line assumes  |n Region Ill, a single interhelix distance, (i.e., a
a linear relationShip betweﬁhandA, such that CompreSSion mono|aye)‘ is observed for the most part, except near the
only reduces the interhelix distance perpendicular to the longegion 111/IV boundary where the secomtispacingd, ap-
axes of the helices; the dashed line assumes isotropic corgears(signifying a bilayey. However, unlike in Region I,
pression, i.e.d A, Unfortunately, the slopes for these two compression across Region Ill leaves the value,ahore or
possibilities seem to bracket the data, and it is not possible tss unchanged at;~12.5 A [see Fig. 8a)]. This suggests
distinguish between them. Nevertheless, the molecules aghat the monolayer part of the coexisting phases in Region |1l
pear to remain confined to a monolayer throughout Regiomemains similar to the compressed monolayer at the highest
Il. As for the I dependence, using the data points from thelT in Region Il. The fact thadl, is not observed until near the
first compression sequengepen circles and triangles in Fig. Region 1II/IV boundary can be explained from a combina-
9), the average in-plane interhelix compressibility is esti-tion of the experimental geometry and the nature of bilayer
mated to bey=—d }(Ad/AII)~8x10 3cm/dyn in Re- formation. The footprint of the incident beam samples a sur-
gion Il. face area that is closer to the stationary edge of the trough
Thell-A isotherm in Region Il shows only small relax- (opposite to the movable barrjghan the barrier position at
ation forII and is reversible with little hysteresis. However, the beginning of coexistence. Assuming that the second layer
note that thed vs A andd vs II curves are not perfectly preferably starts forming at the moving barrier and grows
reversible in this region. Figuregi® and 9 show that expan- laterally with twice the barrier speed, the bilayer should enter
sion (filled circles leads to relaxation of the-spacing to the illuminated region ab~12—12.5 Z/monomer, just be-
values larger than those during the initial compression. Otfiore reaching Region IV. In order to investigate this behav-
the other hand, the second compression pdopien squargs ior, specular reflectivity was monitored at constgptluring
appear to follow the expansion curve, indicating a smalleicompression across Region Ill. A sudden change was always
hysteresis in the expansion—recompression cycle than in thebserved around areas Af=11.5—13 A/monomer that sig-
first compression—expansion cycle. Relaxation effects canified the entrance of a bilayer region into the illuminated
also be seen in the time dependence. Figure 10 shows aea. This also agrees with the BAM results suggesting that
gradual increase in théspacing with time(after the trough the second layer formation does not initiate everywhere but
barrier was stoppedat two fixed values ofA in Region Il.  grows from near the barrier. Probably the moving barrier
One possible explanation for these observations may be thatduces local time-dependent stresses that do not propagate
the monolayer initially compressed to Region Il containsdown the length of the film.
many “defects” at the intermolecular level. For example, if As regards the two distinat-spacings clearly observed
there were defects such as holes between the ends of helicles the PBLG bilayer in Region IV, the most likely explana-
or between misaligned domains, the lateral interhelix comtion of their origin is anincommensuratstructure in which
pression necessary to attain a given macroscopic area wouildterhelix distances are different and uncorrelated between
be greater than in the absence of holes. If this were so, thethe two layers of the bilayer. The XR results have shown that
the relaxation of the interhelid-spacing would correspond the average of the newly formed second layer is less dense
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than the first layer below. Moreover, the second GID peak
corresponding tal, was always weaker than the first peak.
These observations suggest that the secbsplacingd, cor-
responds to the interhelix distance in the second layer, while
d, comes from the original monolayer underneath. This in-
ference is further supported by the fact that during compres-
sion in Region IV, d, remains(within the large scatter in the
data close to the valuel=13.6 A observed for the uncom-
pressed monolayer in Regiorjdee Figs. &) and 9. Since
the second layer is not nearly as tightly packed as the first
layer below, the aggregation of nearest-neighbor molecules
in the second layer is probably similar to the behavior ob-
served for the molecules in Region I. On the other hand,
compression in Region IV leads to a systematic decrease in
d, for the underlying monolayer. In fact, tié dependence
of d, looks like an extr_apolation_ of the behavior observed forFIG_ 11. Bragg rod along, for the interhelix GID peak a,=2/d;
the monolayer in Region . This suggests that once the SeGneasured on a monodisperse PBLG film@tA=19.2 A2/monomer,dy,
ond layer is occupied to a certain degree, further upward-0.488A"* (O, Region 1), and (b) A=10.5A%/monomer, q,,
transfer of molecules from the first layer becomes greatly=0.502 A"* (®, Region I\). In each, the first data point neqs=0 corre-
inhibited. Consequently, compression of the bilayer results if§Ponds to the surface enhancement p¥aineda peakat 5=a; . The lines

. - . are model Bragg rods given by E.2) for |I=8 A (-—-), 10 A (—), and
a reduction ofd, !n .the close packed first layer tO. values 20 A (—-—), wherel is an effective “thickness” of the part of laterally
smaller than the limit oi~12.6 A that can be sustained by correlated domains that gives rise to the GID peak.
the monolayer in Region II.

Analysis of observed interhelix peaks also provides in-

formation about the extent of lateral positional correlationsA) Although the above GID results do not provide any in-
){’.V'th”; thle fllcrjn, |zﬁrpend:fulqcrjt:]o tg.z PB:_Ghrods. As men- formation about the extent afrientationalcorrelations, this
|on(ej "?‘Le: Y I eTEeaFV\\;VI-IM Sf Ih no shol\{v)dany ginera(!)bservation seems to suggest that a typical size of an aligned
t.ren fW't orl - the d th f.o tI N lntefr bgll 1 pea j domain may be on the order of the molecular length in both
(e, for monolayers and the first layer of bilayerange directions(parallel and perpendicular to the rod axes a

—~ l 1
froomofgiyl O.r(3|25 rt]o IC:)V(\)/6HM'& f W'thh edan avirqge ?quaV PBLG monolayer consists of many such small domains in
RS , while the or thed, peaks(i.e., for the random orientations, extensive smectic order is not likely to

. N _ -1
second layer of bilayeJganged fromAq,~0.05 0.1A be present even within a monodisperse film. This is consis-

; N -1
W!th an average OfAdyy 0.075A%. These observgd ent with the absence of a smectic layering peak in the GID
widths are clearly greater than the experimental resolution o

6qy,~0.012 A~1. Assuming that the FWHM of the peaks
arise from the convolution of a Lorentzian experimental
resolution and Lorentzian broadening due to a finite latera
correlation lengthé, perpendicular to the helical axes of
aligned PBLG molecules, the following relation can be ob-

Intensity [arb.]

The absence of smecticlike order in the monodisperse
BLG films studied here is probably due to the strong aggre-
ation tendency of PBLG. In the bulk study of monodisperse

PBLG by Yuet al, the use of a small amount of trifluoro-
acetic acid TFA) in a chloroform solution seemed to play an

tained: important role in achieving smectic ordering, presumably by
& % inhibiting the aggregation of PBLG molecul®s®* On the
_— e — 11 . .
d ~ 7 Adyy— 0] (11) other hand, in the present study of monodisperse LMs on

water, the evaporation of spreading solv€3f6-TFA/97%-

where the peak center is given Qy=2#/d. Using Eq.(11), chloroform is essentially instantaneous after film deposition.
the correlation lengtl§, can be estimated to be only on the In a solvent-free environment, the formation of a 2D smectic
order of 3—12 interhelix distances for the PBLG rods in thephase(assuming it is possiblas likely to be suppressed by
monolayer and a few interhelix distances for those within thehe local aggregation of PBLG molecules that results in
second layer of bilayers. Therefore, despite the tendency ajlassy 2D domains.
PBLG molecules to align with their near neighbors, their  Finally, in order to obtain additional evidence for the
lateral positional correlations do not extend very far, imply- incommensurate structure of the PBLG bilayer, the
ing only short-range order. This result indicates that aftelq,-dependence of thé; peaks was probed by rod scans. The
being spread on water, PBLG molecules aggregate into a 2Bragg-rods from thel, peaks could not be measured due to
glassy phase with only local positional ordering. Moreover,the lack of sufficient intensity. Figures @l and 11b) show
the lack of any systematic variation § with A or II sug- the background subtracted Bragg-rod data on dhepeak
gests that the local order remains “frozen in” during subse-(taken at fixedy,,=2#/d;) from Regions Il and IV, respec-
guent compression. tively. The lines in the figure are based on a model in which

One interesting observation is that the interhelix correlathe electron density along the surface normal of a laterally
tion length¢, is (and stayscomparable to the linear dimen- correlated domain is simply approximated by a box of thick-
sions of the PBLG molecules used in this stu@yl00 nessl, and are described by
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FIG. 12. (a) B-scans at fixedr from a polydisperse PBLG monolayer at = st
(A(I1))=(19.2 A%monomer, 7.8 dyn/cm), shown as normalized intensity =. >~~~ ~7~ Sp————~ -
difference Al/ly vs B—a, where Al=I(260=0)—(1/2)[1(+0.3°)+1 2 4 £ = 1150 A
(—0.3°)]. The solid curve$Al (a,B)/1]nmg (—) theoretically expected for ~ 3
a homogeneousnonolayer are based on E@), detector resolutions, and e 3oL~ Jp=————= ———=
the averagéocal electron density profilépt—q(2))/p.. shown in the inset. E ) £ = 3000 A
The profile(pr_o(2))/p.. for this monolayer was obtained from a single- 2 . 31 3 3
layer box model and the fitting ¢fA I (8= @)/1]nmg to the observed specu- L ———%———— T —-———=
lar reflectivity R(q,), shown by the dashed cur¢e—-) for B’ in Fig. 5b). _‘2 > (') 1 2 2o _(‘)5 o 05 10
(b) The ratio of the datal/l, to the solid line(—), i.e., calculated homo- 8 - o [deg] ' {34 - [degj '

geneous contribution8AI/1o]hmg, in (&). The ratio should be unity——-)

for a homogeneous PBLG monolayer. FIG. 13. (8) B-scans at fixeda from a polydisperse PBLG bilayer at

(A(IT)) = (9.7 A?monomer, 8.8 dyn/cm), shown as normalized intensity
differenceAl/l vs B—a. The solid curve$Al (a, 8)/1o]hmg (—) theoreti-
sin(q,l/2) cally expected for enomogeneousilayer are based on E@6), detector
T (12 resolutions, and the averadecal electron density profilgpt-o(2))/p..
4z shown in the inset. The profilepr—4(2))/p.. for this bilayer was obtained
The comparison between the data and the model curves ﬁ”gm a ddOUb'e"al‘yer bﬂox tf_“fi‘;(e' ;‘”dhthe ﬁ‘tt)i”?h[ai('j(l?; Cé)/ IO]vhmg t‘; ;he

. o observed specular reflectiviff(q,), shown by the dashed cur¢e—-) for
Fig. 11 shows that whether the PBLG film is a monolayer or.," ' sio s “(b) and(c) The ratio of the datal/1, to the solid line(—),
a bilayer, the part of laterally correlated domains with inter-j e -~ calculated homogeneous contributiiis! /1 oJymg in (a). The ratio
helix distanced; is confined effectively to a thickness bf  would be unity(-—-) for a homogeneous PBLG bilayer. The solid lines
=8—10A. This thickness is Comparable to but slightly (—)‘ in (b) are fiFs based on an inhomoge_neous _mode_I(Eq) with non-
smaller than the total thickness of a PBLG monolayer Ob_caplllaryfluctuat|ons_of second layer—gas |_nterfaC|aI he|ghts and correspond

. . to a roughness ofr,=2.2 A and a correlation length @f=1150 A along

served by XR. Therefore, the rod-scan result |mpI|es that th%e interface. The solid line6—) in (c) are theAl/l, ratios calculated for
d, interhelix peak originates from a single layer even in thethree different values of at «=1.8° ando,=2.2 A.
case of a bilayer. This conclusion is also consistent with the

interpretations given earlier, namely that in Region 1V, the
d; peaks arise only from the bottom layer, and the lateralyings are the Yoneda or surface enhancement peaks, which
order is uncorrelated between the two IayerS of the bilayer.originate from the Fresnel transmission facTQ:[(ﬁ)
The solid curves in Figs. 18) and 13a) correspond to

3. Small-angle off-specular diffuse scattering the calculated normalized intensity differenfAl(«,B)/
(XOSDS) lolhmg €Xpected fornomogeneoudilms. The calculation is

The results ofB-scans on polydisperse PBLG films, based on the known temperature and surface tension of each
taken at various fixed incident angles are summarized in PBLG film and the slit-defined resolution functions, as ex-
Fig. 12a) for a monolayer in Region Il and in Fig. (&8 for  plained in Sec. Il C 3. The layering structure factby(q,)
an incomplete bilayer in Region IV. These data are fromfor each film was obtained by using a box model for the
monolayerB’ and bilayerC’, respectively, whosdr/R:  average local density profile (pr-o(z)) and fitting
data have already been shown in Fig0)5In Figs. 12a) and  [Al(a,8=a)/lglhmg to the measured specular reflectivity
13(a), the central peaks g@— «=0 correspond to specular R(q,). The best-fitR/Rg curves obtained from this fitting
reflection, and the much smaller peaksBat o on the left  procedure are shown as dashed lines in Fg).5The corre-

2
Irod Qz) <
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sponding intrinsic density profile§pt-o(z)), shown in the For example, such density variations would arise if the sec-
insets of Figs. 1@) and 13a), are consistent with the total ond layer consisted of microscopic islands on top of the first
averagegp(z)) obtained in Sec. llI B 1. In both the fitting of layer. It is difficult to distinguish between these possibilities
[Al(a,B=a)/ly]ymgto R(q,) and the theoretical calculation from the obtained experimental data. Consequently, a quan-
of [Al(a,B)/lo]nmg for B-scans, the smallest wavelength for titative analysis of the excess scattering has been carried out
the capillary wave modes was assumed to be of the order dfy assuming a simple model in which the second layer inho-
the PBLG rod diameteii~12.6 A and the upper cutoff wave mogeneities are represented as noncapillary height fluctua-
vector value was taken to g, ,~2m/d=0.5 A1, tions of the second layer—gas interface.

As evident in Fig. 123), the agreement between the data ~ The model assumes that the local electron densitlyin
Al(a,B)/1y and the theoretical curvgsii(a,B)/1olnmgis ~ the second layer is constant at=p..- ¢, but that the
very good for the PBLGnonolayerin Region Il. The ratios  height hy(r,,)+1,+1, of the second layer—gas interface
between the data and the theory are close to unity, as showglative to the position of the monolayer—water interface
in Fig. 12b). Since the theory is based on the assumptiorfluctuates spatially abogh,(0))=0 over the surface. Since
that surface scattering originates only from the capillarythe range of B—«a) in the measuregs-scans is not large
wave fluctuations with intensity modified by the average lo-enough to probe correlations on the length scale of molecular
cal density profile{pr—o(2)), the good agreement implies anisotropies, it is convenient to assume that the variations in
that the monolayer is microscopically homogeneous. That is)2(rxy) are isotropic. Then, in the laboratory frame, the
(i) the height fluctuations of the water—monolayer andheight variations of the second layer—gas interface can be
monolayer—gas interfaces are conformal with each other andescribed by the sunfih(ry)}={h(ry)}+{ha(ry)} of the
consistent with the capillary wave model, afiid long wave-  capillary{h(r,,)} and the noncapillaryh,(ry,)} height dis-
length density variations within the PBLG monolayer, if they tributions. Assuming thath(r,,)} and{h,(ry,)} are statis-

exist, must be very small. tically independent, the use of this model in E§) in the
By contrast, Fig. 18) shows that the off-speculagg(  limit that the hz'?z correlation  function c5(ry)
—a#0) parts of the data for the incompletdayer in Re- ~ =(h2(rx,)h2(0))<1/q; leads to

gion IV are consistently higher than the theoretical curves . 22
predicted for a homogeneous bilayer. Considering that thel (dff) _ 1 (qc) pe 2%
. 1
inhm

structure factordy(q,) used in the homogeneous model isA_0 da 672\ 2/ sin(a)

based on fits to the measured specular reflectivity, the agree-

ment between data and model near the specular condition 2y a—itey e (12G(r )2

(B—a=0) is as expected. However, as clearly evident in Xf drye o hoe ! y>q202(rxy)’

Figs. 13b) and 13c), showing the same data normalized to (13)

the homogeneous model, the data exceeds the model by up to

a factor of two in the off-specular regions. This additional wherea3=(h3(0)) is the mean-square roughness of the sec-
scattering above the homogeneous prediction must origina®nd layer—gas interface agr ) = ([ h(r,) —h(0)]%). Us-
from the termdpr_o(ryy,2)#0 in Eq. (8). Therefore, the ing the convolution theorem and the proper normalization of
observation of off-speculaxcesscattering provides a mea- the capillary wave spectrufil,’” Eq. (13) can be expressed
sure ofnoncapillary lateral density inhomogeneities within as a convolution of the capillargh) and noncapillary I,)

the bilayer. height fluctuations in reciprocal space:
As already pointed out, the lower density in the second 52
layer of the bilayer indicates that it is not densely packed, 1 (do 1 (qc|*poe 72%
providing more room fokspatia) fluctuations in lateral den- Ao\ dQ inhm; 1672 2]  sina)
sity. The diffuseness of the second layer—gas interface evi-
dent in the average density profile for the bilaysee the 1 5, 277 QQy K
inset in Fig. 18a)] is also suggestive of variations in the ><(27T)2 fq, -q Oxy q)f(2 Ama
heights of that interface over the surface. These suggestions o Y
are supported further by the observation of relatively small X Co(Gyxy— Uyy) (14

differences(~10%) between the two interhelix distancds ) _
andd, in the GID despite the significant differences in av- Where 7=(kgT/2my)q; as in the homogeneous case, and

erage density in the two layers. Therefore, it is reasonable t&2(dxy) i the 2D Fourier transform afy(r,y). For compu-
assume that surface inhomogeneities Wit _ (1 y,,2) # 0 tguonal S|.mpI|C|ty, an exponentially decayifg-h, correla-
are mostly concentrated in the second layer of the PBLGION function

bilayer. Given that the molecules in the second layer have
been pushed out upward from the monolayer below, the ori-

gin of second layer inhomogeneities might be a distributions assumed with a correlation lengghsuch that
in the heights of molecular centers or in the orientation of the

Co(Iyy) =056 /E, (153

molecular axes, with some of them being not perfectly par- 27-ro§§2
allel to the interface. Another possibility would be molecular Ca(Gxy) = [1+ §2|qu|2]3 2 (15b

density variations within the second layer, with some regions
of the second layer being more densely occupied than other®Vith the substitution of Eq(15b), Eq. (14) becomes
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IV. SUMMARY

Ao ldQ ~ 1672 2 97 Sina) The structures of both mono- and polydisperse PBLG

1 (do-) 1 (qc)44¢§o§g2e—03q§
inhmg Langmuir films on water have been studied using BAM and

« q;;athx TS x-ray scattering techniques. The observed microscopic be-
fo (Qyy =77, (163 havior showed no significant dependence on sample disper-
sity. In particular, no evidence was found for the presence of

with gy, =0y, dy,=|ax,l, and smectic layers in monodisperse films. On the basis of the
results presented, the following summarizes a model for the

X(q;y)= 1 structgr;l‘ changes that the PBLG LM undergoes with de-

Y RY 2 72 creasingA:

(1 €(0y = iy WL+ XA+ i) (1) A>~21 A?/monomer: As soon as being spread on

\/ 4§2quq)’(y water surface, PBLG rods lie down flat on water surface,

xXE 1+ gz(quJr q)/(y)z ' (16b) self-aggregate laterally, and align themselves parallel to their

immediate neighbors to form solidlike 2D islands. Compres-
where E(k) is the complete elliptic integral of the second sion in this regime [I=0) only reduces areas of bare water
kind. Theq)’(y-integration in Eq(169 is done numerically.  surface coexisting with monolayer islands and results in no
In order to obtain a correlation length associated withstructural changes at the intermolecular level.
second layer inhomogeneities, the numerical convolution of  (Il) ~18.5<A<~21 A?/monomer: The PBLG mono-
Eqg. (16) with the experimental resolution function has beenlayer homogeneously covers the entire surface. Compression
fit simultaneously to all of the measurexcessscattering, in this regime results in both a steep rise in surface pressure
[Al (e, B)/1olinhmg= Al (@, B)/1o—[Al(a,B)/Iglpmg: ~ Ob-  and a reduction of the interhelix distance between aligned
served from the PBLG bilayer at various set§@f3). Only ~ PBLG rods from~13.6 A atII=0 to ~12.6 A at Il
o, and ¢ were allowed to vary in the fitting, whilg,,.x ~9 dyn/cm. PBLG rods remain parallel to the interface dur-
=0.5A"1 was used as in the homogeneous case, and thiag compression.
relative electron density in the second layer was fixed at the (Ill) ~11.5<A<~18.5A%/monomer: The PBLG
XR-based value ofp,=p,/p.,=0.80. All the other param- monolayer can sustain surface pressures only up to a maxi-
eters are known. The best fit is obtained wjth1150 A and  mum ofI1~9 dyn/cm. Compression past this limit results in
0,=2.2A, where the range of errors determined by 67%an upward transfer of PBLG molecules to a second layer.
confidence limits are 400A&£<3200A and 1.7A<o,  The bilayer formation is not uniform over the surface, but
<3.1A. The normalized intensity ratiofAl(a,B)/ starts preferably near the moving barrier and grows in the
lo]/[Al(a,B)/1o]hmg calculated from the best fit are plotted compression direction. During compression through this co-
as solid curves in Fig. IB) at various incident angles. The  existence region, the structure of the monolayer phase re-
ratio is unity atB= « and increases above unity ganoves mains similar to that of a highly compressed monolayer in
away froma. The inverse width of the “valley” centered at (Il).

B=a is a measure of the correlation lengthas demon- (IV) A<~11.5 A?/monomer: The film is dominated by
strated in Fig. 1&), in which the intensity ratios are plotted an incomplete, incommensurate, and inhomogeneous bilayer.
at =1.8° ando,=2.2 A for three different values of. There are sizable homogeneous fractions within the second

From the above analysis, one can estimate the correldayer, and these are less densely occupied than the close
tion length associated with the second layer inhomogeneitpacked first layer. Within these fractions, the interhelix dis-
to be on the order of~1000 A, which is about 80 times the tance is larger than that of the underlying monolayer but is
rod diameter or about 7 to 8 times the rod length of typicalcomparable to that observed for uncompressed monolayer
PBLG molecules. For example, if the inhomogeneity arosaslands in(l). The fact that the monolayekspacing contin-
from second layer islands on top of the monolayer, thisues to decrease with increasimf in this region, suggests
would imply a mean island size #1000 A. Since the ob- that the presence of the second layer hinders a further up-
tained correlation length is one order of magnitude greateward transfer of PBLG molecules out of the first layer.
than the molecular size, and since there is no reason to ex- The analysis of interhelix GID peaks shows that for both
pect a critical behavior in this system, it is unlikely that the mono- and bilayers, the extent of lateral positional correla-
origin of the inhomogeneity can be attributed to local ortions between aligned PBLG rods is limited to a range of a
intramolecular density variations, such as random configurafew to no more than 15 interhelix distances. This result on
tions of side chains of PBLG helices. The above analysi®BLG LM is one of the limited number of cases where a LM
cannot distinguish between other plausible possibilities sucphase with only short-range positional order provided ob-
as lateral variations in molecular height, orientation, or packservable x-ray scattering. Moreover, it supports the recently
ing density over the second layer. However, it does clearlynade suggestiéh that the increased scattering power pro-
show that the observation of excess scattering from theided by molecules with a large number of electrons might
PBLG bilayer in Region IV is consistent with nonhomoge- enable x-ray scattering studies of noncrystalline LM phases
neity of the newly formed second layer. This result is to beand phase transitions involving such phases.
contrasted from the case of compressed PBLG monolayersin One consequence of the use of large molecules, how-
Region I, for which all of the long-wavelength surface fluc- ever, is stronger mutual attraction between them and, hence,
tuations can be attributed to capillary waves. their tendency to aggregate into a solid monolayer phase.
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