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Brewster angle microscopyBAM), x-ray specular reflectivity and grazing-incidence x-ray
diffraction (GID) studies of Gg-propylamine adduct monolayers at the gas/water interface as a
function of molecular area are reported. At large molecular ardas~150 A%molecule), BAM

images reveal macroscopic heterogeneity in the film, consisting of the coexistence between regions
covered with uniform solidlike monolayer and bare water surface. After compression to a limiting
molecular area of 150 Zmolecule, the film is observed to be homogeneous, with the uniform
monolayer covering the entire available surface. Both the x-ray reflectivity results and the GID
patterns are consistent with the formation of a uniform monolayarat50 A>molecule, while the

little dependence that the GID patterns have on the molecular ares>er 150 A?/molecule is
consistent with the heterogeneity in the film. Upon further compression to higher densities
(A<~120 A%molecule), the x-ray reflectivity results suggest the formation of a partial layer either

at the molecule/gas interface or at the molecule/water interface. In this high density regime, the shift
in the observed GID pattern with molecular area is much smaller than would be expected if the film
were to remain a homogeneous monolayer, also consistent with the formation of an inhomogeneous
partial layer. The analysis of the broad GID pattern observed from a uniform monolayer in terms of
a model 2D radial distribution function, implies a short range positional correlation, extending to
only a few molecular distances. The average nearest neighbor distnde (A), extracted from

the GID analysis, is consistent with the limiting molecular aréa-(L50 A%/molecule) assuming

local hexagonal packing. These results together with the sharp facets observed in the BAM images
demonstrate that the monolayer when uniform is a two-dimensional amorphous soliti99®©
American Institute of Physic§S0021-960607)01838-7

I. INTRODUCTION The relative magnitude of the atomic cross section for
elastic x-ray scattering, in comparison with the various in-

One of the principal motivations behind many modern lasti b i h . . dvant
theoretical, computational, and experimental studies of surc'astic, Or absorplive processes, has given unique advantages

face and interfacial phenomena is to understand the effects &y x rays for study O_f the bu||_< structure of all varieties of :
physical dimension on statistical physics. A principal condensed ma_ltter. S_mgularly important for these purposes is
challenge in this general area of physics has been to identifj"® fact that with typical x-ray wavelengthis=1-2 A, itis

real, well defined physical systems that are suitable for exPractical to probe structures at atomic, or molecular, length
perimental studies. Examples of two- or quasi-two-_scales- The possmlllty qf using X rays to study s.urface phys-
dimensional systems that have been investigated for this puicS followed, in recent times, from the combination of these
pose in recent years include rare gases adsorbed on sofidlvantages with the enhanced intensity, high collimation and
substrated;® freely suspended thin liquid crystal fildsl ~ small beam size of synchrotron generated x fdy$Never-

and Langmuir monolayets'? of simple long-chain mol- theless, the scattering length for x rays is typically many
ecules such as fatty acid®;?® alcohols?*?" esters® etc. ~ orders of magnitude larger than typical interatomic distances.
Related statistical phenomena at surfaces and interfaces tHagnsequently the scattering length is also many orders of
have been often studied for more practical motivations, infnagnitude larger than the thicknesses of interfacial regions
clude wetting?®~3! premelting and reconstruction of crystal- and the cross section for x-ray scattering from surfaces is
line surfaces?=3° and surface induced order at liquid small. As a result of all this, most of the observed x-ray
surfaces® % The experimental techniques that have beerscattering from surfaces, to date, has been from ordered
applied to these various systems are as diverse as the typespffases, from which coherent addition of scattering from
systems that have been studied. It is therefore not very sumany atoms, or molecules, gives rise to relatively sharp in-
prising that one of the principal applications of the contem-tense peaks that can be separated from the diffuse back-
poraniously developed synchrotron based x-ray scatteringround scattering from other sourcgs® To the best of our
technigues has been to probe the structure and phase transitowledge, there are only four exceptions, in which x-ray
tions of both interfaces and monolayers. scattering can be said to have been observed from interfacial,
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or two-dimensional, systems that have only short-range orpotential for practical application is still open; these include
der. molecular sieves and gas storage media, and materials for
The first exception is that of phase transitions involvingnonlinear optics and superconductivity. Some of these poten-
gases adsorbed within the internal atomic planes of exfolitial applications are based around the formation of homoge-
ated graphit&® Several systems that have been studied exneous monolayers; however, there is very little data indicat-
hibit a rich variety of phase transitions and critical phenom-ing the impact that either the homogeneity of the monolayer
ena that have been extensively modeled; however, phase the degree of in-plane order, has on the phenomenology
transitions for these systems are complicated by the preseno@ which the applications are dependent. We believe that
of the periodic graphite substratd? For example, the sub- understanding of the physics and physical chemistry of LMs
monolayer behavior of Kr on graphitas well as the order— of fullerene derivatives on the surface oj® and other lig-
disorder transition for He on graphite at a near monolayeuids will serve as an important prerequisite for ordered
coveragé can be described by “lattice gas” models, where progress in this area.
the localized lattice gas sites reflect the long range order of Obeng and Barf were amongst the first to report for-
the substrate. The second class of exceptions correspondsrtation of a LM of pure G, at the HO/air interface. Al-
observation of x-ray scattering peaks from Langmuir monothough Maliszewskyjet al®>’ support Obeng and Bard,
layers with long-range bond-orientational order, i.e., hexatimthers>°¢-%2found that the strong mutual attraction of the
phases, but only exponentially decaying positionalCgy molecules caused them to cluster, thereby destabilizing
order**=%> The observed half-widths of these peaks arethe LM. Nevertheless, Vaknin and co-workers were able to
broader than the resolution limited Bragg peaks observedemonstrate the utility of covalent modification of&s a
from crystalline phases; however, the widths are still nar-method for reducing the strong attractive interactions be-
rower than what one expects from simple liquids in whichtween clusters>®2 The modification of G in this case con-
the bond-orientational order is also short rafijé® The sisted of an attachment of the multiple alkyl chains through
third example is a recent report of liquidlike order in a mono-the formation of @ggyamine adducts. The peripheral alkyl
layer of Bi adsorbed on the surface of liquid aFinally,  chains reduce cluster—cluster interactions and enable the for-
there are the numerous studies of the phase transitions andation of homogeneous monolayers.
guasi-long-range correlations of thin films of various smectic ~ Vaknin and co-workers reported both the surface
liquid crystals’#748°03These are amongst the more impor- pressure/area #—A) isotherm of LM of the fullerene-
tant measurements of the structural correlations for 2D stgpropylamine adduc(C60-PA mentioned above, as well as
tistical systems; however, only the very thinnest films arex-ray reflectivity from the LM as a function of the area
strictly two dimensional. density®>52 They observed that the reflectivity was consis-
We present here a combination of optical and x-ray scattent with well defined monolayers that appeared to thicken
tering studies of a Langmuir monolayédrM) of fullerene-  when the LM was compressed to the point where the surface
propylamine adductabbreviated as C60-BAmolecules’?>  pressure started to rise. The present measurements extend
which consists of a g molecule and twelve propylamine that work as follows{1) We report Brewster angle micros-
[ NH,(CH,),CHjs] chains attached to it. The unique feature of copy (BAM) studies that allow visualization of the macro-
the C60-PA system is that the number of electrons scatteringcopic morphology of the monolayer as spread and under
coherently from any one molecule is sufficiently large that,varying degrees of compression. In fact, for a specific area
on the basis of straightforward calculations of the x-raygreater than~150 A?/molecule the surface of the water is
structure factor of the two-dimensional Langmuir monolayer,inhomogeneously covered with regions of the LM. The LM
observable scattering is predicted for phases with only shoovered regions are themselves homogeneous, having
range order. We will show that the LM monolayer of C60- boundaries with rigid faceted edges indicating 2D soli@s.
PA, both as-deposited and at low pressures, is a relativelfWhereas the original x-ray reflectivity measurements of Vak-
incompressible solid that is either a two-dimensional amornin and associates used a laboratory x-ray source, we have
phous glass or a two-dimensional microcrystalline solid. Al-extended the reflectivity measurements to larger angles using
though this is in itself an interesting observation, even moreynchrotron radiation. These measurements allow for a quan-
important is that it demonstrates that if other fullerene deditative improvement in the extracted models for the surface
rivatives that form liquid, rather than solid, Langmuir mono- profile. (3) We report the results of grazing incidence x-ray
layers could be developed, x-ray scattering studies of botliffraction measurements for varying areas/molecule that
two-dimensional solidification and vaporization would be show that the solid LM-coated regions viewed by the BAM
practical. In view of the fact that the 2D liquid/vapor phaseare either 2D amorphous solidise., a 2D glassor 2D mi-
boundary is not well studied, this could be a major contribu-crocrystalline. As judged by the angular dependence of the
tion to 2D statistical physics. X-ray scattering intensity, it appears as though the near
Aside from this academic interest, there is still a goodneighbor structure of the amorphous solid changes only
deal of excitement over prospects for practical applicationslightly under macroscopic compression by a factor of more
based on phenomena such as the electrical conductivity, aridan 2.
photoconductivity of fullerenes and fullerene polymetor The organization of this paper is as follows: In Sec. I,
catalysis;* and in connections with pharmaceuticaign ad-  the experimental details concerning the x-ray scattering tech-
dition, there are a number of other active areas where theiques, BAM, and ther—A isotherm measurements are de-
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scribed briefly. In Sec. lll, the experimental results of the 7z
7—A isotherm, BAM, and x-ray scattering measurements on
the C60-PA LM system are presented and discussed in turn.
In the x-ray scattering part, the results and analysig1pf
specular reflectivity an@®) grazing-incidence diffraction and gas
rod scans are discussed separately. Finally, a summary is
given in Sec. IV, and the main conclusions from the analysis
in the preceding section are highlighted.

26=0

Il. EXPERIMENTAL DETAILS
A. X-ray techniques

The x-ray scattering measurements reported in this paper
were conducted on the Harvard/BNL liquid surface spec-
trometer at Beamline X22B, National Synchrotron Light
Source, Brookhaven National Laboratory. A detailed de-
scription of the apparatus has been given previotisly.the
following, x-ray specular reflectivity and grazing-incidence
diffraction techniques are discussed briefly.

The kinematics for the specular reflectivity technique is (a)
illustrated in Fig. 1a). Highly collimated monochromatic x
rays of wavelength\ are incident at an angle to the sur- 7

face. For specular reflection, the scattered x rays make an

equal angle 8= «) to the surface within the plane of inci-

dence, and the reflected intensity is measured as a function of A

the z component of the wave vector transfe, kin
=(4m/\)sin a. The component of the wave vector parallel

to the surface is zeraQ,,=05 The critical anglea,, for

total reflection is typically on the order of 0.15° for water /Moml% y
and\~1.5 A, and fora>4~5a., the reflectivityR(Q,) is N T

approximately given by#%64 : ’ e >

R 1 (= dp2) . |? /N

Q) _|1 f (@) 0. ]” " iz

RF(QZ) P J - dz out, 20 \\\
In the above formula(p(z)) is the average electron density _ B \\
at some height along the surface normaRg(Q,) is the A
theoretical “Fresnel” reflectivity from an ideally flat, abrupt -—— Q Sl
interface, andp,, is the electron density in the bulk liquid, xy N

typically water. As described in the literature, measurements

of R(Q,) can be interpreted in terms of model profiles,

(p(2)), that describe the average electron density of the in- (b)

terface along the surface normal. For a homogeneous LM on

the surface of water the models yield surprisingly accurate

measures of the thickness of the monolayer and the average

electron density?#° On the other hand, without an indepen-

dent determination that the surface is homogeneous, such as

one that can be provided by the BAM technique, it could be

difficult to interpret the model profile. penetrates the bulk evanescently, decaying into the bulk ex-
Within the last several years application of grazing inci- ponentially. Consequently far<<«, the scattering from the

dence x-ray diffractionGID) techniques has provided de- bulk is suppressed significantly, and given the enhanced in-

tailed information on the microscopic structure of a numbercident flux provided by a synchrotron source, the ratio of

of 2D phases!2832-34Except for a few cases, which have scattering from the surface to that of the bulk is sufficient to

hexatic order, most of these phases exhibit resolution-limitedtudy surface phenomena.

Bragg peaks characteristic of 2D crystalline phases. Figure For GID, as illustrated in Fig. (b), the detector makes

1(b) contains a schematic illustration of the kinematics foran angleg to the surface. The angled2s between the ver-

the GID experiment. Highly collimated monochromatic x tical plane containing the detected ray and the plane of inci-

rays are incident on the surface at an anglihat is smaller dence. In this geometry, the wave vector transfer between in-

than the critical anglex., so that the incident beam only cident and detected radiation has components

FIG. 1. Scattering geometry f@ge) specular reflectivity an¢b) GID.
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Q,=(27I\)(sin a+sin B), Knobler et al. have observed the macroscopic structure of
) both crystalline domains and macroscopic strain patterns sur-
O = (27\) JcoF @t cod =2 cosa c0s B Cos D rounding microscopic defectd:’? Analysis of these has of-
xy : ten yielded information on both the microscopic structure of
For a 2D liquid monolayer of molecules with form factor the phases and the nature of phase transitions. Microscopic
f(Q,,Qyy) and 2D particle density af(r), the GID scatter- observation to establish that the monolayer is homogeneous
ing intensity is proportional {6 is a necessary prerequisite to quantitative interpretation of
x-ray specular reflectivity.
The Brewster angle microscoffeused in the present
S(Qxy,Qz)“|f(Qz,Qxy)|2J ([n(0)—nol[Nn(r)—ng]) study is identical to the one described by Fosterl?® A
p-polarized, argon-ion laser lighk & 488 nm) is incident on
X exp(—iQyy- ryd2r the monolayer at the Brewster a_ngle for W_afe4f5_3.3° rela-
tive to the surface normal. The size of the illuminated sample
area was approximately 5 nx8.6 mm. The presence of the
oc|f(QZ,QXy)|Zf {(n(O)n(r))—nS} monolayer on the water surface destroys the Brewster con-
dition thereby causing nonzero reflected intensity, which
X Jo(Quyt)r dr 3) makes the imaging of the illuminated monolayer surface pos-
y ' sible. The images were focused by an achromatic lens of
where J, is the Bessel function of zeroth order amg  focal lengthf=175 mm and were captured by a CCD cam-
=(n). The difference between liquid and crystalline powderera, located approximately 1450 mm from the focusing lens.
has to do with the long range order in the 2D particle—This setup provided a magnification of 7.3 and a resolution
particle correlation function{n(0)n(r))—nj. For a 2D  of 20 um, and the dimensions of the images captured by the
crystalline powderS(Q,,,Q,) consists of a series of sharp CCD camera corresponded approximately to a surface area
circles at radiiQxé,=27-r/dh,k whered;, , are thed spacings  of 0.86 mmx1.1 mm on the monolayer.
for the 2D lattice®® Radial scans that measure intensity as a
function of 29, or alternatively ofQ,, result in sharp peaks.
For a monolayer, the only structure in the scattered intensitf- Langmuir trough

for rod scans, in whiclQ, is varied withQ,, held constant at The C60-PA LM sampf® was prepared on a teflon
the GID peak position, results from the molecular form faC'Langmuir trough with a Wilhelmy pressure sensor, all of
tor, f(Qz,Qxy). For small molecules, or longer ones that are\yhich were sealed in an aluminum enclosure filled with N
normal to the surface, this is typically peaked@t=0 and a5 as described by Schwaetzal 2° Millipore Milli-Q Plus
varies slowly on the scale of 1/ whereL is the molecular  \ater was used as the subphase. All of the measurements
length projected on the surface normal. reported in this paper were carried out at room temperature,

For many of the 2D crystalline systems that have beenypically at 22-23 °C. Before each spreading of a mono-
studied experimentally such as, for example, behenic acidgyer, the cleanliness of the water surface was tested by per-
the molecular form factof(Q;,Q,) and the Debye—Waller  torming a quick compression isotherm on the water surface.
factor combine so that only the lowest-order Bragg peaks arg the surface pressure change over a compression ratio of 4
observed. This is particularly true for the LM films, which \ya5 |ess than 0.1 dyn/cm, the surface was considered to be
are the most relevant to the present paper. For 2D liquids qfjggn enough for use. A monolayer was prepared by spread-
hexatic phases, with finite positional correlation lengéhs ing a chloroform solution of C60-P£0.28 mg/nr) on water
these pgaks should be poth broader and weaker. Since the 5 specific area equal to or larger than 2G0rolecule.
peak-height and peak width are proportionaléfoand 1£,  Typically, the volume of the solution spread was about 80
respectively, for liquidlike monolayers in whict~3 or 4/ From estimated uncertainties in the concentration and
molecular radii, the peak intensity becomes vanishinglyihe added volume of the solution and from the small varia-
small. Although broadened peaks have been observed froRy in the available water surface area with the water height,
2D hexatic phases of freely suspended thin liquid crystajne yncertainty in the area/molecule is estimated to be less
films,"*®*%the evidence that they have been observed fognan 494 After the spreading of the film, a low flow of N
LM is ambiguous2’~"°In any event, they would certainly not gas was maintained for about 30 min to remove the evapo-
be observable for liquid LM phases of behenic acid, or simiated chloroform and refill the enclosure with, Nas. Then,
lar systemg?:18:19.28.71.72 before starting any measurements, thefliw was stopped,
and the film was left undisturbed for about 30 min for equili-
bration.

We have used two different methods for the-A iso-

In principle GID measurements provide the most directtherm measurements in this study. In relaxation isothéfms,
information of the microscopic order of 2D phases; howeverthe monolayer was allowed to relax after each step of com-
microscopic information can often provide indirect evidencepression by a small area change, typicalljA
for a phase, or phase transition. For example using either 2.5 A% molecule. While the film was being relaxed at a
Brewster angle microscopy or fluorescence microscopygiven fixed specific area, the surface pressure was measured

B. Brewster angle microscope (BAM)
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every minute. When the change in the surface pressure ove ' ' ' T ' '
five successive measurements, i.e., over 5 min, was less tha
0.05 dyn/cm, a final measurement of surface pressure was
made at that area/molecule, and the next compression ste|
was taken. In continuous isotherms, the monolayer was com-
pressed at the rate of 2 Amolecule)/min and the surface
pressure was measured immediately after every tiange

in the area/molecule.

During the x-ray measurements, the temperature of the
water subphase and the C60-PA film was held at 22 °C. The
same procedure was followed for the preparation of the
monolayer, except that high-purity He gas was used in place
of N, gas in order to reduce the background scattering from
the gas above the interface. The high degree of relaxation in
the high-density part of the isotherm was taken into account
by compressing the film in the following way. Up to the
specific area at which the x-ray measurement was conducted 10
the film was compressed in steps dA=2.5 A%>/molecule,
and after each compression step, the film was relaxed for 3
min. Once the specific area of interest was reached, the film

20

Surface Pressure [dynes/cm]

was allowed to relax more fully. The x-ray measurement was 0 | | | | . . "

started only after the surface pressure dropped to the value 75 100 125 150 175 200

given by the relaxation isotherm. At the given specific area, Area/molecule [AZ]

the measurement was repeated at least once to make sure that

there was no structural change with time. FIG. 2. m—A isotherms taken on gpropylamine films aff=22 °C. The
solid curve(—) is a continuous isotherm, in which the film was compressed
continuously at the rate of 2 (molecule)/min. The open circle€))

11l. RESULTS AND DISCUSSION correspond to the relaxation isotherm, in which the film was allowed to relax
at a given fixed area/molecule until the surface pressure variation over 5 min

A. w—A isotherm was less than 0.05 dyn/cm. The ddéts) are for the intermediate surface

. . pressure measurements during relaxation.
A typical isotherm taken aT =22 °C for each type of

isotherm is shown in Fig. 2, with the open circles and the

solid line corresponding to the relaxation isotherm and the:a|ly heterogeneous and coexists with either bare water sur-
continuous isotherm, respectively. While the entire continufgce or a low-density 2D gas. As will be described later, the
ous scan took slightly over 1 h, the relaxation scan tooknferences made above are consistent with the BAM and re-
nearly 2 days due to the long relaxation time in the highflectivity results.

density region. The shape of the continuaasA curve is In both isotherms, further compression into the high-
nearly identical to the measurements reported by Vaknijensity region A< 130 A%molecule) results in a surface

et al®® As shown in the figure, the shapes of the two iso-pressure increase with a smaller slope, where the cross-over
therms are only qualitatively similar. For specific ar@a petween the two compressibilities occurs arourd
>150-160 A/molecule, the surface pressure remains close-125-135 2/molecule. This indicates that the film is more

to zero, although the continuous isotherm shows a graduglompressible at higher densities. A likely explanation is that
increase in the surface pressure @& approaches in this region, compression forces the molecules out of the
150 A?/molecule. Compression pagt~150 A*molecule  monolayer plane. Since the molecules have already become
results initially in a steep increase in the surface pressurgjosely packed, a further reduction in the specific area can
with a very low compressibility that is constant ovAA  only be achieved either through the deformation of mol-
~20 AZ_ The value of the Ilmltlng area/molecule at the Onsetecmes themselves or by Sending some molecules into the
of the rise inm and the slope of the—A curve in this region  third dimension. The comparison between the continuous
are both well reproducible for each of the isotherms. Theand relaxation isotherms gives a clear indication that the de-
high degree of incompressibility in the region just below gree of relaxation is quite high in the high-density regimes.
150 AZ/mO|eCU|e SUggeStS that the molecules become ClOSGlA]though we cannot prove that the relaxed mono|ayer is in

packed around 150 Amolecule. This value of specific area thermal equilibrium, it is clear that the unrelaxed monolayer
agrees well with the expected cross-sectional area of ong not.

Cego—[NH5(CH,),CHs];» molecule and gives a strong evi-
dence(1) that the deposited film is a monolayer af&l that
the monolayer is uniform at 150%molecule. One explana-
tion that is consistent with the fact that the surface pressure The BAM images taken on the C60-PA monolayer at
remains nearly zero for specific area greater than the limitingarious specific areas are summarized in Fig. 3. Figdag 3
value, is that at low densities the monolayer is macroscopidlustrates the nature of an as-deposited monolayer at specific

B. Surface imaging by BAM
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(a) IS

(d)

FIG. 3. BAM images taken ak= (a) 280+ 11 A2/molecule,(b) 190+ 8 A?/molecule, andc) 165+ 7 A2/molecule in a compression cycle. BAM images in
(d) were taken af =245+ 10 A%2/molecule in the expansion cycle,tat0, 4, 10, 11, and 13 s. The film was first compressed ta-1682/molecule and then
expanded, where the rate of compression/expansion-waé5 A2/molecule-s.

area A=280+11 A%/ molecule. The coexistence of bright ing degrees of surface coverage at this specific area. The
and dark regions is evident. At this specific area, one ofterielatively sharp cusp (4@25°) formed by the boundary be-
finds a large uniformly bright region, which indicates a ho-tween the covered and bare surface is one indication that the
mogeneous monolayer. However, it is not difficult to find monolayer is solid.

varying degrees of dark areas, which indicate either bare, Upon compression, the fraction of time that the viewed
uncovered water surfaces or 2D gas of C60-PA molecules area appears to be covered with a homogeneous monolayer
very low density. Two images in Fig(8 illustrate the vary- increases. The images shown in Figo)3vere taken after the
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LM was compressed continuously to a specific area of 190 10' T - T - T " l
+8 A?%/molecule at the rate of 0.05 A2/ molecule-s. At this
specific area, homogeneous fields of view are most common.
However, images like those shown in FighBare easy to
obtain. Here too, the boundaries of the monolayer covered
regions are most often straight, meeting at sharp angles that
would not be expected if the monolayer were fluid.
Compression at the same rate to #85A%/molecule
yields a monolayer for which it is very difficult to find any 102 |
dark regions. Figure (8) illustrates two typical views of the

107 -

few nonuniform regions that can be located at this specific 5_’:_
area. Aside from being rarer, the dark regions are smaller < 107 |-
when found. AtA~150 A?/molecule, it is almost impos- gf
sible to locate any dark regions and, as might be implied by -
the isotherm, we believe that at this specific area the C60-PA 107 F
LM has fully coated the surface of the trough.

According to this interpretation, further compression can 10 L

only be achieved either by reducing the molecular area while
maintaining an intact monolayer or by forcing some of the
fullerene molecules out of the plane to form a bilayer or 1078 L
other multilayer structures. Although the reflected optical in-
tensity does increase systematically with further compres-
sion, we were not able to observe any well defined contrast- 107 LA : ‘
ing regions that might have indicated macroscopically
formed bilayers, or other multilayers. Such regions, if they
form, must be smaller than the resolutien20 um of the . . -
BAM for weakly contrasting domains. FIG. 4. Measured reflectivity no_rmahzed by the Fresnel rezflectlwty of an
. ) . . ideally flat and sharp water/gas interface, takeAat189+=8 A2/molecule

Figure 3d) illustrates the process by which the uniform (g (©), 147+6 A2/molecule (b) (®), 126+5 A%/molecule (¢) (), 105
monolayer breaks upon expansion. This monolayer had been4 A2/molecule(d) (W), and 84=3 A%/molecule(e) (A). For each, solid
compressed to 165%4molecule and then expanded at curve is the best fit by the box model, corresponding to the average electron

. 2 } 2 . density profile shown in Fig. 5. The dashed curves are all identical and
0.05 A®/molecule-s to 245 10 A%/ molecule, at which the correspond to the best fit to the 148 A2 data that is based on the model of

images shown were observed at0,4,10,11,13 s. The shape ayerage electron density profile given by the solid curve in Figc)12
of the boundaries when the monolayer breaks gives another
strong evidence that the monolayer is solidlike.

. | L |
¢ 01 02 03 04 05 06
Q, [&]

C. X-ray results

1. X-ray reflectivity whered is the thickness of the monolaydr,is the electron

In Fig. 4, the measured reflectivity data normalized todensity in the layer normalized with respect to that of water
the theoretical Fresnel reflectivity of an ideally flat water (pwae=0.334 electrons/A), and o, and oy are the rough-
surface,R(Q,)/Rg(Q,), are shown for the g-propylamine  ness for the gas/monolayer interface and for the monolayer/
film at five different specific areas. From the variation of thewater interface, respectively. In a double-layer model, an-
R(Q,)/Re(Q,) curves with the specific area, it is clear that other layer is added to the single-layer model. However, in
the film grows thicker with increasing density. In fitting the order to keep the number of parameters small, we assumed a
measured reflectivities, only the simplest models for the eleccommon thickness for both of the two layers and a com-
tron density profiles are justified because of the limited rangénon roughnessr for all of the three interfaces. Conse-
of the Q, values in the data. The models we used for thequently, the double-layer model also has only four free pa-
average electron density profile along the surface normal ar@meters and is defined as
single-layer and double-layer “box” models in which each
interface is smeared out with a Gaussian roughness. A

single-layer model contains four free parameters and is de- <p(z)>27box:1+(h ~1) l 1+erf z+2d
fined as pw—ater 1 2 o
(p(2))1-box 1 z+d 1 Sid
———=1+(h—-1) 5 | 1+erf N
Pwater ( ) 2 V2o, X(hy—hy) 2 1+erf —‘/20_
h ! 1+ f( 2 ) (4) 1 z
—hz er , ot .
2 Vio, h, 5 1+erf 7ol I (5)
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FIG. 5. The box models for the average electron density along the surface normal, normalized to the bulk density in water, all corresponding to the best fit.
(@) A=189+8 A?/molecule, (b) 147+6 A?/molecule, (c) 126=5 A2/molecule, (d) 105+4 A?/molecule, ande) 84+3 A%/molecule. The boxes in the
models are indicated by the dashed lines. The dotted lines refer to the zeros and the bulk value of the electron density.

whereh,; andh, are the normalized electron densities in thehowever, since the BAM results clearly indicate that the
layer just above water and in the layer just below the gasmonolayer is inhomogeneous at 188/&kolecule, ascribing
respectively. a physical meaning to the parameters for this density is ques-
The nonlinear least-squares fitting to the measuredionable.
R(Q,)/Re(Q,) was done using the Born approximatidsg. The carbon cage radius of g{mnolecule is 3.55
(1)] and the box models just described. Since the Born apand the end-to-end length of the tetrahedrally borided—
proximation is valid only for Q,>4~5Q. (Q. C—C unit in a propylamine chain is about 4 A. If each of the
=0.0218 A for watep, only the data forQ,=0.1 A"  twelve N-G, bonds is assumed to be about 1.5 A long and
were fitted. The best fits tB(Q,)/Re(Q,) are given by the to point in the radial direction, the diameter of one C60-PA
solid curves in Fig. 4, and the corresponding average eleanolecule is estimated to be about 16 A. However, when the
tron density profiles are shown in Figgab-5(e) for the five  electron density of one such molecule is projected onto a
specific areas. Note that for the higher density monolayers ig-axis, more than 90% of the electrons are concentrated
Figs. 5d)—5(e), the data can be equally well represented bywithin |z|<5~6 A. Therefore, if the film is a monolayer,
the two different profile$? As indicated by the boxes the thicknessl of the layer obtained from the average elec-
[dashed lines in Figs.(8-5(e)] shown along with the den- tron density profile is expected to be 10-12 A. As listed in
sity profiles, the data forA=189+8, 147+6, and 126 Table I, the single-layer model giveb~9.6 A at A=189
+5 A?/molecule were fitted by the single-layer model, while A%molecule andd~11.4 A atA=147 A?/molecule, and it
the double-layer models were necessary to obtain a good fi¢ clear that the film is a monolayer at these specific areas.
to the data forA=105+4 and 84-3 A?%/molecule. The pa- This result is consistent with the isotherm studies, and agrees
rameters obtained in the fitting are summarized in Table Iwith the earlier reflectivity study on the same system by

A75,76
1
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TABLE I. The list of best-fit parameters used to fit the measiRH&R: data, i ,
where the fits are based on Gaussian-smeared “box” models for the averag 12 | -
electron density profilép(z)) across the water/LM/gas interface) Single-
box model. The thickness of and the excess electron defmsitive to the
bulk electron density,,.) in the monolayer are given, respectively, dy
andh. The roughnessg, is for the monolayer/gas interface, and is for
the water/monolayer interfacé) and(c) Double-layer box models. Each of
the two layers is assumed to have the same thickdesnd each of the
three interfaces is assumed to have the same roughne3be relative
electron densitiek; andh, are, respectively, for the bottom layén con-
tact with watey and for the top layetin contact with vapor The second,
less dense layer is introduced as the bottom layer in(barnd as the top
layer in part(c).

I Pood2) dz [electrons/A2]

(a) Single-box model

A2 d o o1
(A%/molec.) h= puox! Pwater A) R A 2k | | | L
189+8 1.29+0.07 9.6:0.9 3.0#04 2.09:0.7 80 100 120 140 2160 180 200
147+6 1.38+0.05  11.4-0.8 276:0.3 1.78:05 Area/molecule [A7]
1265 1.32£0.09 13.4:1.8 2.99-0.5 3.33:0.7
FIG. 6. The surface density of electrons from thg-propylamine film as a
(b) Double-layer box model with the second laymrlowthe monolayer function of specific area. The “measured” values are given by
A2 d o puate=0.334 electrons/Atimes the area of the boxes in the models in Fig. 5
(A%/molec.) h, h, A A that corresponds to the contribution from the C60-PA molecules. The open
squareg]) correspond to the single-layer models, and the circles are for the
105+4 1.10£0.05 1.56:0.07 9.r1.2 4.050.14 double-layer model with the second layer being abt®g and below(®)
84+3 1.105-0.024  1.48%0.036 11.+1.0 4.03:0.12 the monolayer. The solid curve—) is the theoretical value, given by the

. number of electrons per moleculé68) divided by the specific area.
(c) Double-layer box model with the second laydrovethe monolayer

105+4 1.69+0.09 0.23:0.09 9.21.2 4.050.14
84+3 1.63+0.05 0.25-0.04 11.11.0 4.02:0.12 o
The roughness~4 A at these densities is greater than the

*Note that the area/molecule is not a fitting parameter. monolayer values by-30%, and this may be an indication
that the second layer formed is inhomogeneous.

Since all electrons, whether from water or from C60-PA
Vaknin et al>? Also note that the roughnesses ando; are  molecules, contribute to specular reflectivity in the same way
smaller and the excess electron densitys higher at 147 in the x-ray regime, it is not strictly possible to determine the
AZimolecule than at 189 Zmolecule. Both the reduction in exact location of the water/film interface from the reflectivity
the roughnesses and the enhancement in the excess electdata. However, it is reasonable, especially in the single-layer
density, upon compression from 189 to 147/olecule, models, to use the size of the “boxes,” shown in Fig&)5
are consistent with the BAM observation that the monolayeb(e), as an estimate for the contribution from the C60-PA
is macroscopically inhomogeneous At 190 A?/molecule  molecules to the average electron density. More specifically,
and also suggest the formation of a uniform monolayeithe number of electrons from the C60-PA molecules per unit
around 150 A/molecule. AtA=126 A?/molecule, the data area parallel to the interface should be roughly equal to the
can still be fitted by the single-layer model, but both theelectron densityp,.r in Water times the integrated area in
roughness and the thickness of the film are slightly greatethe box, namelyh-d for the single-layer model antd,-d
than those at 147 Amolecule. The film thicknessd +h,-d for the double-layer model with the second layer
~13.7 A is still consistent with the film being a monolayer above the monolayer. In the case of the double-layer model
at this specific area. However, the increased thickness andlith the second layer being below the first layer, the contri-
roughness may also suggest that some molecules are prdidtion to the box area from the C60-PA molecule should
ably starting to be forced out of the monolayer plane. only bex-h,-d+h,-d, wherex=(h;—1)/(h,—1) andh,

At A=105 and 84 &/molecule, the film is no longer a is for the complete monolayer in this case. In Fig. 6, the
monolayer, and the fitting at these specific areas requires thaurface electron density of the film calculated this way using
introduction of a second layer. We have considered botlthe best-fit values is plotted as a function of specific area.
models in which the second layer is introduced above thélso shown in the figurdsolid curve is the “theoretical”
original monolayer and with the second layer being belowsurface electron density of the film, given by the ratio of the
the first layer. The data at each specific area can be fittekhown number of electrons per C60-PA molecule and area/
equally well by the two models, whether the second layer ignolecule, which is a quantity completely independent of the
introduced above or below the monolayer, and it is not posreflectivity results. The surface electron densities in the film
sible from these data to determine which corresponds to thealculated by the two independent methods agree quite well
actual situation. Nonetheless, it is evident from both modelsfor the monolayers afA=189, 147, and 125 Amolecule,
as indicated by the boxes in Figgdband Fe), that the film  indicating that the values of the layer thicknesses and excess
consists of two layers at these specific areas, and the averagkectron densities obtained from the reflectivity results are
total thickness of the film is about twice that of a monolayer.physically reasonable. However, the values of the surface
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FIG. 7. (@ Typical raw GID scans taken with a set of cross slits at the F/G- 8. The measured net GID patterns from thg-(opylamine film, after

detector. The three scans shown correspond to a C60-PA mond@yer the V\gateﬁHe background h?s been subtracted off, f@f (@ 189
water (A), and He background above the filil). (b) Typical raw GID +8A /r'nolecule,'(b) }474:6):\ /m_olecule, and(c) 105+4 A2/molecule.
scans taken with Soller slits. The two scans shown are for a C60-PA mongthe solid curve in(b) is the best fit atA=147+6 A*molecule, based on

layer (O) and He background above the filf®). the molecular form factor calculated from the spherical model of the
C60-PA molecule described in Fig. 9 and the model 2D radial distribution
function shown in Fig. 10.

electron density based on the double-layer models are lower

than the expected theoretical values. This is probably an in-

dication that at high densities, part of the molecules that argcattered intensity is given by the difference between the raw

in excess of the number needed for the complete monolayescan on the film and that on the water surface. The result of

are collected around the barrier and edges of the trougthis subtraction is shown in Fig. 8 for three specific areas,

and/or form small aggregates, although the rest of the extrags+ 4, 147+ 6, and 18% 8 A2/molecule. At all the specific

molecules are forced out to a second layer as indicated by thgeas studied, the scans from the film exhibited a broad peak

reflectivity results. which was centered a@,,=0.42-0.45A* and had a full
width of AQ,,~0.2 A~1. The comparison between parts 7a
2. GID and rod scans and 7b demonstrates that the peak width is much broader

The most important result of the GID study on the than and hence independent of the two detector resolutions.
C60-PA monolayer is the observation of the x-ray scatteringconsequently, the subsequent measurements were made us-
factor from an amorphous or liquidlike structure in two di- ing the coarser resolutiofi.e., the regular crossed slits
mensions. Figure 7 illustrates typical raw GID scans of the  Figure 8 clearly indicates that the background subtracted
C60-PA monolayer, clean water surface, and He gas abov@ID patterns shown all have a broad peak of widtQ,,
the monolayer. For the scans in Figay a single set of ~0.2A"1. The position of the peak center a@2y
crossed slits of width 3 mm and height 20 mm, located at~0.42 A1 for A=189 and 147 A/molecule roughly corre-
distance of 605 mm from the sample, were used in front oEponds to a characteristic length o;ﬁ-/zqu~ 15 A, which is
the detector. Taking into account the size of the x-ray-comparable to the diameter of a C60-PA molecule. Since the
illuminated footprint on the film (36 mix0.4 mm), theQ,,  instrumental resolution, being one order of magnitude
resolution with these slits varied fron$Q,,=0.02 to  smaller thamAQ,,, is negligible, the broadness of the peak
0.03 A~ in the range where the scans were taken. The scaris evidence that the positional correlation of the molecules in
shown in Fig. Tb) were collected using Soller slits that had the film is of short rangé’ As discussed earlier, the reflec-

a horizontal acceptance angle o303 radians, corre- tivity results have demonstrated that the film is a monolayer
sponding to a resolution afQ,,<0.012 A~1 Inadditonto atA=189 and 147 A/molecule. Therefore, at these specific
those shown in the figure, scans with finer steps were takeareas, the monolayer is a two-dimensional amorphous phase,
to make certain that there was no sharp resolution-limitedvhich the BAM images have suggested is solidlike. The fact
peak. The contribution from the C60-PA molecules to thethat the GID patterns ah=189 and 147 A/molecule are
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nearly identical, is consistent with the BAM observation thatecules, and the second term to the interference between the
the monolayer does not fill the entire available trough area ascattered waves. Apart from the number of molecules illumi-
large specific areas. Rather it consists of large “islands’nated, the proportionally fact®, depends only on the inci-
which only come together to form a uniform, complete dent anglew, which is a fixed quantity for GID scans. Be-

monolayer at around 150%molecule. cause of the normalization conditio(6), the scattering
The GID pattern foA=105 A?/molecule is nearly iden- function, as given by expressioff), must vanish ayy
tical to the other two except for the peak posmd@X =0; that is,5(Q,,=0,Q,)=0.

~0.45 A~1. This small shift is a clear indication that unl|ke When the entire film is a homogeneous monolayer, the
at low densities, the compression actually pushes moleculds/o-dimensional average molecular densityappearing in
against each other in the high-density regime, as evidenceglq. (7) is given by the inverse of the specific arkaThere-
by the increase in the surface pressure. However, the shift ifore, the use of Eq(7) with the substitutiomy=1/A to fit
the peak is much smaller than would be expected if the filmthe GID pattern is appropriate for the specific arda
were to remain homogeneous and one-molecule thick. If the=147 A2/molecule, at which we know that the film is a
compression only forced the molecules closer together in thaniform monolayer. Ideally, the extraction of the 2D radial
monolayer plane, the reduction of the specific area from 14distribution functiong(r) from the data would involve tak-
to 105 A?2/molecule would correspond to the change in theing the relative difference, or residual, between the observed
average intermolecular distance $y18%, and the center of GID pattern and the molecular form fac{d(Qy,,Q Q,)|? and
the peak at A=105A%molecule would be atQf,  inverse-Hankel transforming the result. However, in the
~0.50 A", The fact that the dependence of the GID peakpresent case, the limited range of the GID data and the fact
position on the specific area is only slight at high densities, ighat the molecular form factor for a C60-PA molecule is not
consistent with the reflectivity observation that belowwell defined, make it less practical to attempt this direct
~120 A?/molecule, some molecules are forced out of themethod. Instead, the fitting of the GID pattern with the ex-
monolayer plane. The explanation for the similarity of thepression (7) was done by modeling botlg(r) and a
GID patterns, aside from the slight shift in the peak position spherically-symmetric average electron dengiffr) in a
is probably that the second layer is inhomogeneous and th&60-PA molecule, which give$(Q,,,Q,) through Fourier
observed scattered intensity comes almost entirely from the#zansformation. Since the limiteQ,, range of the GID data
short-range positional correlation of the molecules in the firsmakes the fitting insensitive to any detailed structures,
layer. simple models are used here.

More quantitative analysis of the GID pattern has been  Our model for the radial distribution function is given by
carried out as follows. In the absence of long-range correla-

tion, the extent of the molecular positional order in a homo- (r—d)?
. ; : . h exp — 5 for r<d
geneous monolayer is characterized by a two-dimensional o
radial distribution functiong(r), which is defined so that g(r)= r—d ] (8
nog(r)dzrXg gives the probability for finding a molecular 1+(h—1)ex;{ - T) cog k(r—d)]
center ind<r,, at distancer = \x>+y? given that there is for r=d

another molecule at the origin. The two-dimensional average

molecular density in the homogeneous monolayer is giverrhe increase of(r) from the origin to the nearest neighbors

by no=(n(0)). The 2D radial distribution functiog(r) s modeled by a Gaussian centered at an average nearest
goes to 0 as—0 due to hard core repulsion, and approacheseighbor distancel. We have assumed that the widthof

1 asr—= since the probability is equal to the average denhe Gaussian is sufficiently smaller thdnand neglected the

sity in the absence of correlation. The normalization condifact that a small value aj(r) atr =0 given by the model is

tion ong(r) is given by not strictly zero. The results would not be significantly
changed if the model were modified to madg0) identical
noff t _tg(r)27-rr dr=N—-1(~N), (6)  to zero. In order to include the correlation with the next
ootprin

neighbors with the smallest number of parameters, an expo-
where N is the number of molecules in the plane that arenentially decaying cosine is used foed, where we have
illuminated. In terms of the two-dimensional radial distribu- assumed that the positional correlation extends only a few
tion function, the scattering function for the GID patterns canintermolecular distances and the exact periodicity of the co-

be expressed &%’ sine function is not essential. Although there are five param-
B 2 eters(d, h, o, & k) in the model, only four of them are
S(Q)=So|f(Quy Qo) independent due to the normalization conditi@hon g(r).

oc Using the equivalent conditioB(Q,,=0,Q,) =0, the param-
. { 1+27Tn0f0 [9(r)=1]13o(Quyr)r dri, (7)  eterh can be expressed in terms of the other four parameters,

1 1
l,+ = d? \ (9a)

2 2mng

where the terms that contribute only to the scattering in the 1
plane of incidence are omitted in the above expres€ldn. - m
The first term on the right-hand side of E) corresponds

to the uncorrelated sum of scattering from individual mol-where
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TABLE II. The list of best-fit parameters used to fit the GID patterrAat
=147 A?/molecule. The paramet&, is the proportionality factor between
the observed GID intensity and the 2D structure factor. The four parameters
d, o, & andk are defined in the model 2D radial distribution functigfr)

used in this paper. In the model, the increase fg()~0 to g(d)>1 (at

an average nearest neighbor distadges approximated as a Gaussian of
width o centered at =d, and the approach af(r) to 1 asr increases is
modeled as an exponentially decaying cosine, with decay lehigthd an-
gular frequencyk.

A=1/n, Sy d o & K
(A%molec)  (arb) A A) A) (A
4mr’p (1)
147 1.474x10°° 13.07 5.17 6.66 0.353
© +0.045<10°8 *+0.38 *0.35 =*0.62 =*=0.026
®Held fixed in the fitting.
each spherical shell of widttr is the same. This model is
depicted in Figs. @) and 9c¢), and is given by
0 r=R, r=d2 L 360 5(r—Ry)+ 408 1
_ | 47R3 077 d/2—Ry 42
FIG. 9. (a |llustration of a closed-packed, 2D arrangement of pl(l’)— for re [Ro,d/Z] ! (10)

Cgo-propylamine adduct molecules on water surfgee lllustration for the
spherically-symmetric shell model, in which the distribution of electrons in

each C60-PA molecule is separated into two parts; one for the electron\ﬁ,hereR =355 A. There are no additional parameters intro-
from the pure Gy molecule and the other for those from the propylamine o . . .
chains.(c) The model electron density within a C60-PA molecule, as a duced in this model. By taking the Fourier transform of Eq.

function of radiusr. The model consists ofl) a delta function at,=R,  (10), the molecular form factor with this model is given by
=3.55 A for the G, molecule and2) a spherical shell of inner radiug

0 otherwise

=R, and outer radius,=d/2 for the propylamine chains, in which elec- - sin(QRy) Si(Qd/2) - Si(QRy)
tronos are distributed sé that the number in each spherical shell of width f(QXy ,Qz) =360 QR, +408 Q(d/2—Ry) ’
is constant. (12)
where
o2 [Jmd [d d2 Q=Q+Q;
l;=—=|——erfl—|+expg ——| -1 )
2 o o o . xsint
2 . (9b) Si(x)=| ——dt
= — | 1+ 94 242 4. o !
27\ 14428 ARV

The nonlinear least-squares fitting of the GID pattern for
The distribution of electrons within a C60-PA molecule A= 147 A?/molecule has been carried out using the models
consists of two parts; 360 electrons from thg, @olecule  (8) and(11) in expression7), with the constraint given by
and 408 electrons from the 12 propylamine the condition(9). Since theQ, component of the momentum
[NH,(CH,),CHg] chains. Since the molecules in the mono-transfer vectoR is negligible for the GID scans, we have set
layer are closely packed &t=147 A?/molecule, the propy- Q=Q,y in the form factor(11). There are a total of five
lamine chains from neighboring molecules may be interparameters in the fitting: the four independent paramétkrs
twined, each chain may be oriented in various ways witho, £, k) from the modelg(r), and an additional parameter
respect to the g molecule it is attached to, or some chains for the proportionality constarg, in expressior(7). The best
may not be stretched out, as illustrated in Figi) 9However, fit to the GID pattern forA=147 A2/molecule is given by
the observed GID data are not very sensitive to these detaildtie solid curve shown in Fig.(B), and the five parameters
configurations, except for the number of electrons and amorresponding to the best fit are summarized in Table Il. The
average size of the distribution of these electrons within onenodelg(r) using these parameters is shown in Fig. 10.
molecule. We have approximated the electron density within ~ As evident in Fig. 10, the positional correlation of the
a molecule as spherically symmetric and consisting of twanolecules is of short range and extends only up to the next-
parts. The electron density corresponding to thg @ol-  nearest neighbors, which demonstrates that the monolayer is
ecule is modeled as 360 electrons uniformly distributed atndeed amorphous. The best fit gives the value of the average
radiusr;=R,=3.55 A, the known carbon-cage radius of the nearest-neighbor distanced# 13.1+0.4 A, which is com-
Ceo molecule. The chains are modeled as 408 electrons diparable to the thickness of the monolayer obtained from the
tributed betweerr;=R,=3.55 A andr,=d/2, one half of reflectivity measurement. It is slightly larger than the inter-
the average nearest-neighbor distance introduced in thmolecular distance of 10 A in the fcc crystal of purg, &
modelg(r), in such a way that the number of electrons inbut this is expected due to the presence of propylamine
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Fig. 8b)]. g(r) is the two-dimensional radial distribution function. The ﬁﬁﬁ_
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chains. The obtained value for an average intermolecular digsG. 11. Measured rod scans@j,=0.45 A~ (fixed) as a function oR,
tance,d, provides an independent measure for the averageken atA= (a) 189+8 A%molecule, (b) 147+6 A%/molecule, and(c)
molecular density, or the speciﬁc area, within the uniformlo5i4 A?%/molecule. The solid curve iitb) is the best fit atA=147+6

- A?/molecule, assuming that the molecular form factor is given by the
mon0|ayer' Assuming that the C60-PA molecules are IOCaIIyspherical model of the C60-PA molecule described in Fig. 9. The dashed

arranged by hexag_onal packing, the areaijIeCUIe. iS giVefhe, which is nearly indistinguishable from the solid line, is the result of the
by A=(v3/2)d?. Using the valued=13.1+0.4 A obtained fiting when the outer radius, of the C60-PA molecule is fixed at the value

from the best fit, the specific area based on the GID measuré:=6.54 A extracted from the GID analysis.
ment is given byAgp=149+ 6 A2/molecule which is in ex-

llent t with the val =147 A?/molecule,
cefient agreement wi € Vallrougn molecu’e fhe surface enhancement fact®(«)T(5), where T(c)

based on the trough measurement. This result is consiste 5 ) Do .
with the BAM and isotherm observations that the monolayer_(zﬁafgg) VRe(a), and noting that the incident angle is

consists of islands at low densities and it becomes uniform é&xed,
~150 A%/molecule, where the molecules become closely  SgodQ,)=S,T(8)|f(Q%.Q,)?, (12

acked over the whole available surface and the surface pres- . . .
Eure begins to increase P whereQ2y=0.45 A! andS, is a proportionality constant.

_ 2 : :
In order to obtain an independent measure for the mo:rhe dlalta fodrA1—2 147_th6SA /rggleculhe hasl been fitted u?ﬂg
lecular form factor, rod scans were carried out. In the ro gs.(11) and(12), with S, andd as the only parameters. The

scans, scattered intensity was scanned along the #higle est fit to the observed rod scan is given by the solid curve in
Fig. 1(’b), while keeping the angle @2fixed near the maxi- Fig. 11(b). The fit gives the value of the outer radius in the

mum of the GID peak. In terms of the momentum transferpl(.r) model atr'2=d/2:6..17i0.6A, or d:.12'4i. 124,

vector, the procedure corresponded to scanning alQpg which agrees fairly wel! with the vglue obtained in the GID

while Q,, was held fixed at 0.45 A'. The same scans were analysis. The dashed line, which is almost completely cov-

performed on C60-PA film and He gas above the film. Theere_d by the solid line, corresponds to the fit with the outer

difference between the scans on the water and He bacl@d'us fixed at the GID based valug=d/2=6.54 A.

ground was negligibly small compared to that between the

film and the He background. Figure 11 shows the intensity3- Application of the spherical model to the fitting of

along the rod for three specific areAs-105+4, 147+6, reflectivity data

and 1898 A?/molecule, after subtracting the correspond- Finally, we show here that the above spherical model of

ing contribution from the He background. As expected forthe C60-PA molecules can also be applied to the fitting of

spherically symmetric molecules, the rods are centered abotiie reflectivity data, by constructing a model electron density

Q,=0. profile based on the spherical model and using it to fit the
The scattering function for the rod scan corresponds taeflectivity result atA=147 A?/molecule. The electron den-

the Q, dependence of the scattering function of the GID scarsities shown in Figs. 12)—12(c) summarize the basic ideas

with Qyy held fixed at a peak position. Taking into accountbehind this particular model. First, the electron density in
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TABLE lIl. The list of best-fit parameters used to fit tRéR- data mea-
sured atA= 147 A?/molecule, where the fitting is based on a model average
electron density profilép(z)) calculated assuming a spherically symmetric
electron density within the &propylamine adduct molecule. The outer
radiusr, of the C60-PA molecule was held fixed at one half of the average
nearest neighbor distanck extracted from the GID analysis. The model
assumes that the local height distribution of the C60-PA molecules is Gauss-
ian of width o, , and that the water/monolayer interface has a wiglthe,

and is located at distancel below the average height of molecular centers.
Since the surface pressure is close to zerdAat147 A2/molecule, the
roughnessr due to thermally excited capillary waves was held fixed at the
value measured for clean water surface.

Peso-pAD)/ Pygter

H
ﬁ rz Im T water —I 4
~
) A) R A) A) R
< 6.54 3.08+0.12 4.09-0.45 —5.42+0.23 2.60

®Held fixed in the fitting.

excited capillary wave® to obtain the average electron den-
sity profile, shown by the solid curve in Fig. 2. Since the
surface pressure at this specific area is close to zero, we have
set the roughness at the value=2.60 A of the clean bare
. , | water surface, which was measured with the same experi-
-20 -10 0 10 20 mental resolution prior to the spreading of the monolayer.

z [B] With this model, the only free parameters in the fitting are
_ _ _ oM, Owaterr @Ndl. The best fit to the reflectivity data &t
FIG. 12. A mpdel of electron qlensny profile based on the spherlcal C60-PA: 147 A2/molecule is given by the dashed curves in Fig. 4
model (see Fig. 9. All the profiles correspond to the best fit to the reflec-

tivity data at 1476 A%molecule.(a) The projection onto the-axis of the ~ The density profiles shown as solid lines in Fig. 12 corre-

model electron density within one C60-PA molecule, normalized to the bulkspond to the best-fit values of the three parameters, which are
density in water, assuming the GID-based valye6.54 A for the outer listed in Table lIl.

radigs of the C60-PA moleculéb) Models for the local electron density The average electron density profile obtained with the
profile of the C60-PA monolayek--), and of water(—-—), and of the total . o )
local electron density—). The model for the monolayer is the convolution above spherical model for the C60-PA molecule is in a quali-
of the result(a) with a Gaussian of widthr . (c) The solid line is the  tative agreement with the one obtained earlier by the single-
average elect'ron' density p_rofile, giveq by the convolution of the total IocalbOX model. The thickness and the height of the excess elec-
electron density in palb) with a Gaussian of roughnessdue to thermally L - .
excited capillary waves. The dashed curve is the result of the single-bo>r(ron density |n_ thg monolaye_r are §|m|lar in the two models,
model at 1476 A%/molecule, shown here for comparison. as compared in Fig. 18). This again shows that the film at
this specific area is a homogeneous monolayer with density
just right to cover the entire available surface with closely
one C60-PA molecule, assuming the spherical model wittpacked molecules. On the other hand, we also note a small
the outer radiug,=d/2=6.54 A, was projected onto the difference in the shapes of the two profiles. The detailed
z-axis by integrating overx,y). Since the monolayer covers features in the profiles are highly dependent on the models
the trough surface uniformly and the molecules are closelyised, and it is difficult to distinguish the two models simply
packed at this specific area, we can attribute a column witlfrom the reflectivity results because of the limited range and
hexagonal cross sectional aréa=(v3/2)d? to each mol- accuracy in the data. This is an example of the limitation on
ecule. The contribution from the C60-PA molecule to thethe extent over which any detailed features can be extracted
electron density in this column is given by dividing the pro- from a given reflectivity result.
jected one-molecule density by3/2)d?, which is denoted
as p.cso_l.:A(Z) in Fig. .12(a). Now assuming that _the Ioca! V. SUMMARY
distribution for the heights of molecular centers is Gaussian
with a characteristic widthr|y,, the contribution from the Using Brewster angle microscopy and x-ray scattering
monolayer to the local electron density is given by the contechniques, both the macroscopic and microscopic structure
volution of pcgo.pA(2) With this Gaussian distribution. This is of Cgy-propylamine adduct monolayers on water have been
shown by the dashed curve in Fig.(b2 The contribution studied at various surface densities. At low densitias>(
from the water to the local density was modeled with a~150 A%/ molecule), the monolayer is macroscopically het-
simple error function, located at distaned into the bulk  erogeneous, with the surface consisting of regions covered
and having a widthr, 4. The sum of the two contributions with a uniform solidlike monolayer and regions of bare water
gives the total local electron density, which is shown by thesurface. The compression at these densities only reduces the
solid curve in Fig. 1&b). Finally, the local electron density area of uncovered surface, until the monolayer becomes
was convoluted with the roughnessdue to the thermally macroscopically — uniform  at A~150 A%/molecule.

<p (Z)>/ P water
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