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The microscopic structure of Langmuir films of derivatized gold nanoparticles has been studied as
a function of area/particle on the water surface. The molecules A5 consist of gold particles

of mean core diameteD~22 A that have been stabilized by attachment of carboxylic acid
terminated alkylthiols, HS—(C§J;5— COOH. Compression of the film results in a broad plateau of
finite pressure in the surface pressure versus areal/particle isotherm that is consistent with a
first-order monolayer/bilayer transition. X-ray specular reflectivi¢R) and grazing incidence
diffraction show that when first spread at large area/particle, DA particles aggregate two
dimensionally to form hexagonally packed monolayer domains at a nearest-neighbor distance of
a=34 A. The lateral positional correlations associated with the two-dimensi@malhexagonal

order are of short range and extend over only a few interparticle distances; this appears to be a result
of the polydispersity in particle size. Subsequent compression of the film increases the surface
coverage by the monolayer but has little effect on the interparticle distance in the close-packed
domains. The XR and off-specular diffuse scatteri¥0SDS results near the onset of the
monolayer/bilayer coexistence plateau are consistent with complete surface coverage by a laterally
homogeneous monolayer of AH®A particles. On the high-density side of the plateau, the
electron-density profile extracted from XR clearly shows the formation of a bilayer in which the
newly formed second layer on top is slightly less dense than the first layer. In contrast to the case
of the homogeneous monolayer, the XOSDS intensities observed from the bilayer are higher than
the prediction based on the capillary wave model and the assumption of homogeneity, indicating the
presence of lateral density inhomogeneities in the bilayer. According to the results of Bragg rod
measurements, the 2D hexagonal order in the two layers of the bilayer are only partially correlated.
© 2004 American Institute of Physic§DOI: 10.1063/1.1640334

I. INTRODUCTION In the much-studied case of 2D structures involving
Chemically synthesized metallic and semiconductorigand-protected nanoparticles, a variety of different methods
nanoparticles have received a great deal of attention in recefve been developed to form a monolayer on a substrate.
years. Interest in such particles originates from the fact thaMost of the techniques utilize, in one way or another, the
due to their small Sizes' which typ|ca||y range frorl0 to SOlUblllty of these partiCleS in Organic solvents or even in
~100 A, the effects of finite size or “confinement” play an adqueous solutions in some ca8é8 Another common fea-
essential role in determining their electronic, optical, andture is that a monolayer is initially formed at an interface
other physical properties’ Nanoparticles also serve as with liquid, i.e., at a liquid/solid, liquid/vapor, or liquid/
building blocks for new materials and devices, and manyiquid interface. The simplest approach is to deposit nanopar-
studies have been directed toward exploiting their uniqudicles directly from a solution onto a solid substrate, either by
size-dependent properties in practical applications, e.g., iallowing drops to wet and evaporate on the substrate or by
micro- or nanoelectronics, optoelectronics, chemical and biodipping the substrate in the solution to allow nanoparticles to
sensors, and catalysis** One of the challenges in this field self-assemble at the interfatet®!’~1921-33The substrates
of research is to find ways to organize nanoparticles intased include pretreated surfaces that are coated by a self-
microscopically well-defined structures, both three dimen-assembled monolayer of organic molecules and are termi-
sional (3D) and two dimensiona(2D), that are useful for nated with specific end groups:*81%21-2Another approach
some of those applicatiofis®1°-1° is to spread the solution on the water surface to form a Lang-
muir monolayer, which then can be transferred onto a solid

dpresent address: Space Nanotechnology Laboratory, Center for Space F@JbStrat_e by USing_ either Le_mgmUir_Bl_OdgdgL;BO)Moiz
search, Massachusetts Institute of Technology, Cambridge, MA 02139. Langmuir—Schaeffe(i.e., “stamping”) technlque§. el

0021-9606/2004/120(7)/3446/14/$22.00 3446 © 2004 American Institute of Physics

Downloaded 17 Feb 2004 to 128.103.60.225. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp


http://dx.doi.org/10.1063/1.1640334

J. Chem. Phys., Vol. 120, No. 7, 15 February 2004 Monolayer/bilayer transition in Langmuir films 3447

One important advantage of the Langmuir method is the abilassociated with reduction in the metallic character of the
ity to control the surface coverage. It may also be possible tdilm.* They attribute the effect to increased structural disor-
control the interparticle spacing if the initial microscopic der in the collapsed bilayer, which tends to induce localiza-
packing density can be further increased by laterally comtion of electronic state$®*
pressing the film. One of the more complex methods that This paper presents synchrotron x-ray scattering struc-
have been used is based on attractive interactions betweéural studies of Langmuir films of gold nanoparticles that are
colloidal nanoparticles in an aqueous solution and a chargederivatized with carboxylic acid-terminated alkylthiol chains
surfactant monolayer at the solution/air interfd®&-*8ln  HS—(CH,);5—~ COOH (“AuUSHDA” with “ HDA” denoting
this approach, nanoparticles form a monolayer of their owrhexadecanoic acjd These particles differ from the more
just below the surfactant monolayer, and the composite filntcommon AuS@ mentioned above in that instead of the hy-
thus formed is transferred onto a solid support by the LBdrophobic —CH group, the hydrophilic —~COOH group is
method. Finally, more recent studies have explored the forexposed at the periphery. The surface presslijevs area/
mation of nanoparticle monolayers at liquid/liquid particle (A) isotherms of AuSIDA films at room tempera-
interfaces®>*and some of these films have also been transture (25 °C) display clear signatures that are consistent with a
ferred onto solid substraté%>° first-order monolayer/bilayer transition. The microscopic
One of the most commonly studied classes of metallicstructures on both sides of this transition have been probed in
nanoparticles consists of colloidal gold or silver crystallitesdetail using x-ray specular reflectivityxR), grazing inci-
that are nucleated and grown from metallic ions in solutiondence diffraction(GID), and off-specular diffuse scattering
and are stabilized by simultaneous attachments of alkanethiXOSDS techniques.
ols HS—(CH),,—1—CHj (or thiol derivative$ onto their sur- This paper is organized as follows: Section Il describes
face (denoted as “AuS@” or “AgSC n”).3429-37.52-6%,;i.  relevant experimental details, Sec. Ill presents the results of
dence that a 2D assembly of this class of nanoparticles mai}-A isotherm, XR, XOSDS, and GID measurements, and
exhibit an interestingollective behavior under certain con- Sec. IV summarizes the main conclusions.
ditions has been provided by the recent studies of Langmuir
films by Heath and co-workerg:34-375253Their samples Il. EXPERIMENTAL DETAILS
consisted of AuS@ (n=9,12,18) and AgSE (N A Sample and II-A isotherm measurements
=3,5,6,8,10,12) particles with mean metal-core diamefers ) )
ranging from 18 to 80 A. Their TEM images of transferred ~ 1he AuSHDA sample consisted of polydisperse gold
Langmuir-Schaeffer films indicate that in compressed monohanoparticles _denva_nzed with carboxylic amd-te_rmmated
layers AuS@® and AgS@ particles form close-packed struc- Néxadecanethiol chains HS— (&~ COOH. The thiol ter-
tures with local 2D hexagonal ord¥35They also measured MiNUSs is chemically _bonded to the surface of Au nanopar-
the optical response of Ag$Cmonolayers at the air/water t|cle§. The synthetic procedures h_ave been described
: : : reviously®>°6:°861A TEM study by Badia and co-workets
interface as a function of compression or the edge-to-edge'® ously” Study by Badia and co-wo
separations between adjacent Ag cores. Their results showdemonstrated that the synthesis produces polydisperse Au
that compression leads to a sharp and discontinuous drop fgnoparticles of typical mean Au-core diamefrin the
both the linear reflectance and the nonlinear second@Ng€ 20-30 A with a typical standard deviation for the size
harmonic signal when the ratié/D falls below ~20% (or  distribution  of AD~i4__8A (or AD/D=20-30%). As
5<~5 A for D=27 A) 35 They interpreted this as evidence ywll be described further in Sec. lll, t_he X-ray measurements
for a 2D metal/insulator transition, attributing the observed!n the Present study provided three independent measures of

effect to delocalization of electrons caused by sufficient® N the actual AuSIDA sample that we usedi) D,

overlap between electronic wave functions of adjacent 20.5 A, based on the monolayer thickness obtained from

particles®3>3 This interpretation was later supported by XR; (i) D,=22 A, based on the combination of the XR-

measurements of the complex low-frequency imped®ide based electron density in the monolayer and the microscopic
and the complex optical dielectric functibi? for monolay- area/particle extracted from the observed GID peaks; and

ers on water and by the density of states extracted from scarq-") Dgr=23.2 A, based on Bragg-rod measurements. We

ning tunnel microscopéSTM) measurements on transferred assume that the average of these three x-ray-based values,

films 383753 ach of the probed quantities exhibited metallic D = 9D =22=1.4 A, is representative of the mean Au-core
characteristics at sma#h and behaved like an insulator at diameter of the actual sample, whe#® refers to the uncer-
large 8, moreover, the results were reversible with respect tdainty in the mean(to be distinguished from the standard
the degree of compression. deviationAD of the size distribution The average molecu-
The collapse of AuS& and AgS@ monolayers at high 1ar weight(MW) of AuSHDA, which is needed to calculate
surface pressure has also been studied, but to a much les$g¢ number of particles spread on the wafer surface, was
extent. On the basis of their TEM images and the depenestimated as follows. For simplicity, we represent the Au
dencedIl./dT<O0 of the collapse pressuié, on tempera- core by a sphere of diamet&r=22 (+=1.4) A and assume
ture, Heathet al. concluded that collapsed films are more that on the core surface each thiol chain occupies an area of
disordered than the close-packed monold§é?.They as-  Ayio=21.4 A2, which is equal to the value found in self-
sumed that the collapsed film consisted of coexisting monoassembled monolayers of thiols on planar (2il)
layer and bilayer regions. The recent optical study by Hensurfaces*** Such a AuSiDA particle consists of 320
richset al. further showed that the monolayer collapse is alsa(=62) Au atoms and 70 =9) thiol chains, and the corre-
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sponding MW is equal to 83 200 g/male:12 500 g/mole or z
+15%). This value of MW was used to estimate the number
of particles spread from solution onto the suphase surface ir
the Langmuir trough. The area per partiélen the reported
[I-A isotherms is equal to the ratio of the available trough K surface
surface area to this number. From the uncertainty in the MW,
we estimate the uncertainty in the isotherm arfedo be
about SA/A~ £15%.

Details on the Langmuir trough that was used in the
present study have been described previotsf/ A Teflon
trough and a Wilhelmy-type surface pressure balance are er
closed in a sealed aluminum box. For isotherm measure
ments, the box was filled with high-purity,N\yas. For x-ray
measurements, high-purity He gas was used instead in orde
to reduce background scattering from gas in the beam path.
All the measurements to be reported here were carried out at
T=25.0°C. An aqueous solution which was preadjusted to

pH=3 by adding an appropriate amount of HQI T. Baker, 5| the x-ray data reported here, scattered intensities were
ULTREX Il ultra pure regentto pure wateXMilli-Q quality)  measured using a Nal scintillation detector. Two sets of
was used both as the subphase and for flushing of the troughossed Huber slits were placed between the sample and the
prior to spreading of a film. The acidic subphase was chosefetector, one set located =183 mm and the othefde-

to prevent ionization of the carboxylic acid groups. Thetector slitg at S,=657 mm from the sample center. In what

spreading solution was prepared by dissolving a dry samplg|jows, the height and width of slit opening & are de-
of AUSHDA particles in benzenéSigma, HPLC gradethe  noted as @, ,W,).

nominal concentration of the solutions that were used ranged
from 1.45 to 1.66 mg/mL. A film was deposited on the sur- ;. Specular reflectivity and off-specular diffuse
face by spreading a measured volume of the solution, Whic@cattering

ranged from 90 to 13QuL and corresponded to an initial, ) )
g G P In XR, intensityl reflected from the surface at the specu-

as-spread area @>1300 A?/particle. | it e h—0q. —0) | g ;
[I-A isotherms were measured by using two different ar.con ition (8= a,20=0:0,,=0) is measured as a func-

methods. In a stepwise continuous scan, each compressi(rif?n of the incident anglea or wave vector transfer,

step (typically, AA=6.5 A?/particle per stepwas followed ?Zlfj;firn(a) alogg the surr:ac_e normal. The re%orteorll signal isl
by a 15-sec wait, a measurement of surface presdyend  the difference between the intensity measured at the specular

the next compression step. In a relaxation $%af the film  Position (20=0) and the background intensity that was mea-

was allowed to relax after each compression StagA ( sured at E_Oﬁsets ofi20b=i0.25°.;rhe opening of the
— 26 A?/particle per step at each ared, the surface pres- GEtector slits as, was set to ki, W) =(2.5 mm,3.0 mm)

sure was monitored every minute during relaxation until the2nd_corresponded to angular detector resolutionssf

pressure change over 5 min was less than 0.05 dyne/cm, §t0.22f ands(26) =0.26°, orjquivalently, reciprocal-space
solutions ofsg,=0.0185 A*, §q,=0.0019y,, and 59,

which point a final pressure was recorded and the film was® Y

compressed to the next area. For both methods, the barrie:rO'OlSSA ' ) i ,

speed that was used for film compression corresponded to ﬁ ?(O_SDS was me_asgred usmg@&sca_n_ method, in W_h'Ch

compression rate adA/dt=0.65 (A?/particle)/s. For x-ray the incident angler is fixed and intensities scattered in the
S|E|C|dence plane (2=0) are measured as a function of the

experiments, the film was compressed using the stepwi ) "
continuous method, but it was allowed to relax once the tarputput angles. The background intensities were measured at

get area was reached. X-ray measurements were initiatet offsets of 2,==0.3° and subtracted from the signal at

only after the surface pressure had relaxed to the value giv ¢=0. The dd?tec:]or slit setting Oﬂ—%'\gv2):(1'olmm’
by the relaxation isotherm. 3.0 mm) used for thg8 scans corresponded to angular reso-

lutions of §8=0.087° ands5(26)=0.26°. The equivalent

g-space resolutions are given i8g,=0.0185 A and 5q,

=0.0062 A™*, while the g, resolution varied with3 as
X-ray experiments were carried out at the Beamlinegqy:ksin(ﬂ)gﬁz(o_ooez A Yy xsin(B).

X22B of the National Synchrotron Light Source, using the ~ The measured quantity for XOSDS is the normalized

Harvard/BNL liquid surface spectromet®roperated at an intensity differenceAl(a,B)/1,, Wherel, is the incident
x-ray wavelength ol =1.55 A. The relationships between intensity and

the surface(the x-y plane and the scattering anglés, B,

26) are illustrated in Fig. 1. The difference between the scat- Al(e,B)=1(a,B,20=0)

tered and incident wave vectors defines the wave vector 1 _

transfer g=kq,—Ki,. Its three Cartesian components are () (e, +20p) +1 (e, 5,=20p)]). (1)
given by dy=kcos@)sin(20), q,=k[cos{B)cos() The specular reflectivitik(q,) measured in XR is a special
—cos@)], and q,=Kk[sin(a)+sin(B)], wherek=27x/\N. For  case of the above, i.eR(«)=Al(a,B8=a)/ly. In general,

X

FIG. 1. X-ray scattering geometry.

B. X-ray measurements
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the observed intensity is equal to the convolution of the dif- 20f ' ' ' ' y
ferential cross sectioda/d() with an instrumental resolu-
tion function E. For the experimental setups described
above, the size of the detector slit opening is much larger
than the cross sectional arég of the incident beam (0.1

X 0.5 mm). Therefore it is appropriate to taEe=1 inside

the resolution volume ang =0 outside, such that

=R

ebdids

Surface pressure T [dyn/cm]

I(a,ﬁ,Zﬁ)_Jﬁ+d ) 20+d 2y’ 1 do ' 29" . 4
IO - s B 20 ( )A_Od_Q(aaﬁ ’ )1 ( ) 0_,_,‘_,._..ﬁ...,‘,ﬁ..,,‘_ﬁ_,‘,8,.23",'..;.37'&.%‘5‘

where 8. =B+ 5B/2 and 2. =26+ 5(26)/2. An equiva- O et ap

lent expression based on the integration in the reciprocal

space can be obtained by using the approximatigh  FIG. 2. Stepwise continuoutines) and relaxatiortfilled circles isotherms
~ ~d2 2 i on AuHDA films on HCl/water subphasg@H=3) at 25 °C. Points where
~dpd(26)~d?q,, /K sin(@)]. phaseti=3)

A . ._Xx-ray measurements were made are indicated by open circles; anvdhere
In the case of liquid surfaces, the scattering cross section — 1325 A2/particle, A,=1145 A/particle, As=1070 A/particle, A,

is characterized by a power-law behavior of fodw/d(Q) =830 A% particle, andAs=535 A?/particle.

~1/q3, ", where 0< = (kgT/2my)q;<2.5%%° This behav-

ior originates from the two-dimensional nature of the inter- )

face and the presence of capillary waves, which are the@PondingR(q,) based on Eqs1)—(5) to the measured XR
mally excited fluctuations of liquid/gas interfacial heights data. This procedure also allows the extraction of the struc-
h(r,y) against surface tension If the liquid surface is lat- tUre factor|®o(q,)|. Assuming that this factor is known,
erally homogeneous and height fluctuations of all interface&€ theoretical XOSDS cunj@ I («, 8)/1]nmg that would be

are conformal with each othedg/dQ is described well by expected for a homogeneous film can be calculated with no

the following normalized fornf®-72 adjustable parameters and can be compared with the ob-
served intensity\ I (a, 8)/1,. If there exist some thermal or
1 dU) 1 () [@o(a)? 277 [ Gy |7 static surface inhomogeneitiése., lateral density fluctua-
Ao\ dQ hmg~ 1672\ 2) gZsin(a) 02, |Omax ' tions other than those due to capillary waves lateral

©) length scales that are accessible®gcans(100 A—1 um),
then, excess scatteringl/lo—[Al/lg]pmg>0 will be ob-

whereq= 2k sin(a) is the critical wave vector for total re- <.\ oq in off-specular regiorf&’®

flection (for water subphase,q,=0.0218 A™! or a,
=0.154° at\ =1.55 A). The inverse 2/qm.y of the upper Grazing incidence diffraction
cutoff wave vector corresponds to the smallest capillary
wavelength, which is on the order of the nearest-neighbor Al the GID measurements to be reported, including the
distance between molecules on the surface. The structufdiaracterization of Bragg rod$were made by scanning the

factor |®,(q,)|? arises from an average local or “intrinsic” intensities scattered away from the incidence plan@ (2

electron density profild pr_o(z)) across the interface and #0) and near the surface plane{@<5°), as aunction of

can be expressed ‘ds 20 or the lateral wave vectoq,,. The incident angle was
fixed ata=0.12° (< a,=0.154°), corresponding to an illu-
EXC )|2:RT:0(O|Z) 4) minated footprint of extensior-50 mm along the incident

z Re(qy) beam direction. The slit settings used in typical scans were:

(H{,W;)=(8.0mm,2.0mm) at S; and H,,W,)
=(11.5 mm,2.0 mm) &B,. The in-plane resolution was lim-
ited by the horizontal slit widthW, at S; and correspon-
ded to a FWHM (full width at half maximum resolu-
tion of &§(20)=W,/(S,—S;)=0.24° or 6q,,~2kés(20)
=0.017 A~1. Due to the relatively large vertical openiit
of the detector slits, signals scattered ovef=1.0° or

2 & Aq,=0.071 A~ were accepted by the detector.

whereRg(q,) is the Fresnel reflectivity of an ideally flat and
sharp subphase/gas interfa&y._(q,) refers to the reflec-
tivity due to the intrinsic profile{pt-o(z)) that would be
obtained if the capillary waves were absent, i.e{hf(0))
=0. In the limitg,>q., Eq. (4) approaches the well-known
expression based on the Born approximafioff

+= d [(pr=0(2))
Jloc dzd_Z[—

P

efiqzz

|q)0(qz)|2%

IIl. RESULTS AND DISCUSSION

where p.. is the electron density in the bulk subphage, ( A TLA isotherms

=0.334e/ A3 for waten. For small values ofj, that are com-
parable toq., Eq. (4) can be evaluated by using the matrix Representative isotherms obtained from AUHA films
method of the Parratt formalism, which is based on a divi-at 25.0 °C are shown in Fig. 2. Three separate stepwise con-
sion of (pr—¢(z)) into many constant-density slabs and thetinuous scanglines; each from a fresh filjnare plotted to-
application of the exact boundary conditions at each slabgether to demonstrate the reproducibility of the isotherm. A
slab interfacé"® relaxation isotherm is indicated by the filled circles. The only
In the analysis, the intrinsic profilépr_o(2)) is ex-  significant difference between the two types of isotherms is
tracted by constructing a model profile and fitting the correthat at a given area/particl®, the surface pressure in the
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relaxation isotherm is consistently lower than that in the con-
tinuous isotherm. Apart from this difference due to relaxation
effects, the qualitative shape of the isotherms is nearly inde-
pendent of the two different compression methods used, and
the main features in the isotherms occur at almost the same
values ofA.

The isotherms are characterized by the appearance of a
broad plateaulike region of finite surface pressudé (
~5 dyne/cm in the continuous scanghose width is consis-
tent with a first-order monolayer/bilayer transition. At w
~1100 A?/particle (betweerA, andA; in Fig. 2), just to the g
right of this plateau where an initial steep riselinis ob-
served, the entire surface should be coated uniformly by a
close-packed AuSDA monolayer. At A~A;=1070 A%/
particle, the increase il is halted and replaced by the pla-
teau, indicating a collapse of the monolayer and the begin-
ning of a transfer of particles into the third dimension in
some way. Compression across the plateau region leads to
only a very slow increase ifil until a second well-defined
rise is observed arouri~ 600 A?/particle. The fact that the
area/particle values over this second rise are close to half of 0 oz 04
the values observed for the initial rise on the low-density q [}2\-1]
side of the plateau suggests that the AUBA film consists z
primarily of a bilayer atA~600 A?/particle. According to  FIG. 3. Specular reflectivity datésymbols normalized to the Fresnel re-
this interpretation, the plateau region corresponds to coexisflectivity, measured from AUSDA films at pointsA;, A,, Az, andAs in
ence between monolayer and bilayer domains, with the pithe isotherm. The three sets of data takeA@(_H:Q.Y, 7.5,_and 6.9_dyne/
layer fraction increasing with compression. Other Langmuirfcm) are plotted 'together. The data taken at differkraire shifted vertically
: . o or clarity. The lines are the best-f/Rg curves based on box-model aver-
films that undergo a monolayer/bilayer transition, such asge intrinsic profilegpr_o(2))/p.. . ForA,, A,, andAs, the solid line and
those of rodlike polypeptide PBL®, are characterized by the dashed line are from type I and type II profiles, respectively.
very similarly shaped isotherms.

Figure 2 shows some quantitative differences between

the .tWO types Of. isotherms. At large areAx 1.150 all . In Fig. 3. The top three curves showing a nearly identical
particle), the continuous scans show a gradual increaBe 'n_foscillation behavior correspond to monolayers At A, ,
(f“’"? H.NO)’ but the surface pressure dro_ps_ hearly to zero 'Az, and A;. The g, positions of two maxima and a mini-
the film is allowed to relax sufficiently. This is probably due mum evident in eachR/Re curve shift very little between

to incomplete surface coverage at large area and SOIIdIIkﬁ1ese data sets, indicating that the films at these surface den-

stifiness of Au$iDA monolayer i_slands,_ between which sities have roughly the same thickness. The amplitude of the
bare or uncoated surface areas still remain. As expected, (e i 2tion is very large; for exampleR/Rc~60 at q
1 d z

difference inll between the two isotherms grows with com- —0.16 A-1 for the first maximum in the data for the film at

pression across and past the first plateau, indicating CIOS&. This indicates the presence of a surface layer with much

phackir;]g hOf particles over the;e Tigh'denﬁity regimeéé '.A‘I'higher density than that in the bulk subphase, as expected for
though the continuous scans display another steep ri&e In , ;g A films. Although it is difficult to see from the fig-

belloth 450,[6& /partlzl_e,h Suﬁh a;}feature Isd?]aikjsent in the ure, the amplitude for the first maximum at arga (R/Rg
relaxation 1sotherm, which only shows a gra nerease — _4g atg,=0.17 A1) is smaller than foA;. This indicates

over the same region. This seems to indi_cate that the Iaye{hat the average layer density A is lower than atA; and
py-layer growth of the film with compression does no; Con'probably originates from incomplete surface coverage at
tinue beyond the b"aye.“ but either muInIaygr domains .quarge area. The data obtained from the other side of the co-
bulk aggregates are being formed at the highest dens't'e&istence plateau &, where the film is expected to be a
shown n F'g' 2. . N bilayer, are shown on the bottom of Fig. 3. For this area,
As indicated by open circles in Fig. 2, x-ray MeaSUre-ree separate data sets obtainedlIat9.7, 7.5, and 6.9
Tigtsz\Nef Tiiison fg\m_s ﬁt; (’)Al tgrongg5, Whgreﬁl dyne/cm are plotted on top of each other. The reproducibility
B 1, e P e ;. Ag=030,  an 5 of the data evidenced by a good overlap between them dem-

— 2 H H
_53%’& /f article. _(;I’he Xth’] rtetshulti};%'to)‘ef_ldlspusseg beIOWonstrates that the average film structure along the surface
provide strong evidence that the im Indeed un- ~ 4rmal is stable over this range oF It is clear from the

dergoes a compression-induced monolayer/bilayer transitio%uch faster oscillation of thes®/Re. curves that the film at
As must be significantly thicker than the monolayershat
A,, andA;.

Representative reflectivity data obtained from AL3A The quantitative analysis of tH&/Rr data has been car-
films are plotted in terms of the normalized reflectiiRiRg ried out by using “box models” for the average intrinsic

0.6 0.8

B. XR: Structures along surface normal
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profile {pt=o(2)), in which each layer is represented by a
box of thicknesd; and relative densityp;=p;/p... The in-
terfacial diffuseness of the profileor short-range intrinsic
roughness of noncapillary origirbetween adjacent boxeés
andj=i+1 is described by an error function, whose gradi-
ent is a Gaussian with standard deviatieg;; . Theoretical
R/Rg curves based on Eqél)—(5), with the intrinsic struc-
ture factor |®y(q,)|> given by box-model profiles
(p1=0(2)), were fitted to the observed data by using the
known values off, y= vy,,—II (y,,= 72 dyne/cm for water at
25°C), and the detector resolutions. The upper cutoff wave
vector in Eq.(3) was fixed atqq,=0.2 A=, which corre-
sponds to the position of the lowest-order GID peak ob-
served from AuSIDA films (to be discussed laterThis
assignment ofy,,,, is equivalent to setting the shortest cap-
illary wavelength to the size of AUSD A particles. Any cap-
illary modes with even shorter wavelengths, if they are not
completely quenched, are assumed to contribute to the pro-
file roughnessop j; in (pr-o(2)). The separation of their
contribution from the true intrinsic roughness would require
temperature-dependent measuremé&nt&’®

As will be shown below, the average electron density
within the AuSHDA film relative to that of water can be as
high as ¢~5.6. This implies that in the range.
=0.0218 A t<q,< \/anNO-OS A=l the electric fields FIG. 4. Average intrinsic electron-density profilésr_o(2))/p.. extracted
within the layer are evanescent waves and the penetration g}f’m the best fits to th&/R data.(&) AUSHDA monolayer a;, where

. . e solid line is for type-I profile and the dashed one is for type-Il prdfilg.

x rays into the bulk subphase occurs only through tunne“ng\uSHDA bilayer at As, where the dashed lines are from the four-box
across this layer. In such cases, the applicability of the Borfnodel. Panelc) compares the profiles obtained at differént
approximation(BA) requires thatq,>/¢q..”> Therefore,
for the fitting over the lowg, range 0.06:q,<0.3 A™%, the
factor|®(q,)|? was evaluated by employing the Parratt for- uniqueness of extracted density profiles cannot be resolved
malism, where the box-model intrinsic profiler_o(z)) was  here. However, Fig. @) shows only slight differences in
divided into many slabs of thickness 0.1 A. Far, shape between the type-l and type-Il profiles, and the two
>0.3 A~%, the calculation of the fitting curve was switched profiles are characterized by a single layer of similar density
to the one based on the BA expression &y for |®(q,)|2.  and thicknessalso see Table)l
The fitting over these twaj, ranges were done simulta- The intrinsic profiles {pr_g(z)) obtained from the
neously, using exactly the same density profppe_q(2)). monolayer a\;, where the surface coverage should be com-

The best fits to thék/R data are indicated by the lines plete, can be used to estimate the typical size of the Au cores.
(both solid and dashed oner Fig. 3, and the corresponding At A=Aj, the thickness and density parameters of the single
intrinsic profiles(pr_o(z)) are illustrated in Fig. 4. The best- box layer are given by;~14.5 A and¢,~5.6. These two
fit values for the box-model parameters are summarized iparameters provide two independent measures of the mean
Table I. Au-core diameteD. First, approximating the Au core as a

For the monolayers éa=A;, A,, andA;, the use of a uniform sphere of diametdd, the FWHMAz=D/v2 of the
single box in the model profile is sufficient to obtain good density distribution given by the projection of the sphere
fits. However, for each set d®/Rg data, the analysis pro- onto the z axis can be identified with the thicknésgsto
duced two sets of parameters that fit the data equally wellbbtainD,=v2Az=v2l,=20.5 A. Second, the electron den-
For one set of parametefiype |), the intrinsic diffuseness sity within the Au core ispp,= pau/p-= 13.3 (bulk values:
parameterop ;4 for the layer/gas interface is larger than pau=4.46e/ A3 for fcc gold crystal;p,.=0.334e/A* for wa-
op,w1 for the water/layer interfaceo(s 1;>0p w1); for the  ter), whereas the density for the alkyl chains around each
other seftype II), the opposite holdsop 1g<op 1) INFig.  core is roughly on the order of,,=1 (assuming close
3, the fits based on types | and Il are indicated by the soligbacking. According to these numbers and the assumption
and dashed curves, respectively. Figufe) £Zompares the ¢1=F-¢p,+(1—F)- ¢k, a fractionF~0.37 of the sur-
type-l and type-Il intrinsic profiles for the AWBDA mono-  face area can be attributed to the Au cores in the plane
layer atA=A5. From the obtained data, it is not possible to through their centers. As will be shown in Sec. IlID, the
determine which of the two best-fit profiles better representebserved GID patterns indicate that the AUSA particles
the actual profile. This ambiguity probably arises from aform hexagonally packed 2D domains of nearest-neighbor
combination of the limitedy, range of the data and the ab- distancea=34 A. TakingAye,= (v3/2)a?=1000 A?/particle
sence of phase information in the complex numibg(q,), as a measure of the average area/particle at close packing,
as discussed previously by Persfi&ihis question about the the average Au core diameter based dnis equal toD,

2>/,

<pp_

(2)>/s,

<p;_
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TABLE I. Best-fit parameters for the average local electron-density prifite o(z) )/ p.. across the water/AuSDA/gas interface.

One-box model for AuBDA monolayers.

A I Iy Opw1 Op g
[Aéfpart] [dynefcri Type? r=pilp. (Al (A] [A]
1325 0 | 5.090.12 14.44-0.15 2.79:0.14 3.85-0.18
1] 5.02£0.12 14.590.16 3.470.19 3.13:0.12
1145 0.3 | 5.6%30.13 14.31%0.15 3.08:0.14 3.90:0.18
1] 5.57£0.13 14.41+0.15 3.59-0.19 3.37#0.12
1070 2.9 | 5.65:0.15 14.490.17 3.02:0.16 3.95-0.19
Four-box model for a AUBDA bilayer.b 1] 5.58+0.15 14.61*+0.19 3.63:0.22 3.31%0.14
A H Il |2 |3 |4 Op
[A%lpart] [dyne/cn] &1 b2 &3 o [A] [A] [A] [A] (A
535 9.7 5.49 0.69 4.49 0.63 16.44 13.73 13.97 9.37 3.83
+0.11 +0.12 +0.13 +0.13 +0.27 +0.28 +0.31 +0.82 +0.15

aType I: 0p y1<0p1g; type Il: op y1>0p 1 -
bSingle parametes, was used for profile diffuseness at each box interface.

=2(F-Anex/ m)?>=22 A. The good agreement between theappears that during this process, a point is reached where the
two independently determined diamet&rsandD , suggests occupied fraction of the second layer becomes large enough
that they reflect the typical Au core size of the AdSA to hinder a further upward transfer of AH® A particles and
particles. Moreover, it shows that the intrinsic profiles the first layer begins to experience the effect of lateral com-
(p7—o(2)) obtained atA;, A,, andA; are consistent with ~pression. This can be seen from the fact that the first layer of
monolayers of AuSIDA particles. the bilayer is thicker than the monolayer and also from the
The formation of a bilayer on the high-density side of gradual increase ifi for A<~800 A?/particle (see Fig. 2
the coexistence plateau is clearly demonstrated by the intrinfhese observations suggest that compression across the pla-
sic profile{pr—_o(2)) obtained af\s, shown in Fig. 4b). The  teau increases the width of the distribution in the vertical
fitting of the R/Rg data atAs required the use of a four-box positions of Au$IDA particles in the first layer. On the basis
model to construct the nonuniform bilayer profile, but in or- Of this and the less than full coverage of the second layer in
der to minimize the number of fitting parameters, a singlethe bilayer, it seems reasonable to suppose that the bilayer is
parametewrp was used to describe the profile diffuseness ofless likely to be laterally homogeneous than the monolayer.
all the box/box interfaces. The four-box parameters for thisThe surface homogeneity of A A films is considered in
bilayer are listed in Table I, and the corresponding boxes irihe following section.
the model are indicated by the dashed line in Figp) 4The
same bilayer profile is compared with the type-I profiles ofC. XOSDS: Surface homogeneity

the monolayers ah;, Az, andAg in Fig. 4c). _ The results of3 scans measured with the incident angle
The presence of two distinguishable layers in the bilayekived at «=1.0° and 2.0° are summarized in Fig. 5 for an
is evident from the two well-separated maxima in the profile

in Fig. 4(b), indicating that the AuUBDA particles belong to
only one or the other of the layers. Based on the positions of 1072 . . . .

the two peaks, the central planes of the two layers are sepa- 3 e

. 1070 a = 1° (1 ~ 0.65) i
rated by a distance df,=29.0 A along the surface normal.
The fact that the relative density is close to unity 107t | 4
({pr=0)/p~~1) at the minimum between the layers is con-
sistent with the presence of alkyl chains in this interlayer 107° + a=2°(~0) 1
region and the exclusion of Au cores. Figurg)4shows that =R
the first layer of the bilayer, right above the subphase, is E 10 ’
slightly thicker than the monolayers are but its peak density 107 E i
is comparable to that of the monolayer /. The second 1
layer closer to the gas above is, on average, less déyse 107 Monolayer at A, 1
~18%) than the first layer, indicating that this layer on top is - — (A1) (] |

i 07 *hmg ik
the one newly created by lateral compression.
Collectively, these observations can be interpreted as fol- 10710 s s s s

lows: The Au$iDA monolayer achieves a maximum lateral 0 L 2 3 4 S
density sustainable at the low-density end of the coexistence g [deg]

p!ateau(at Az). Subsequent compression across the plateal._JIG. 5. 8 scans ate—1° (circles: [1~0.65 dyne/cm) andv—2° (squares:
displaces more and more AH®A particles out Cff the  11-0.0 dyne/cm) from the AUSDA monolayerat A;. The solid lines are
monolayer up onto the second layer to form a bilayer. Itthe theoretical curves expected for a homogeneous film.
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1072 ; ; ; . rangeB>a=2.0° where both the data and the theory show
low intensities. It can be shown that if the local density

107 pr-o(r) deviates from its lateral averaggr_q(2)), i.e., if
10~ Spr=o(r)=pr=0(r)—(p7=0(2))#0, then the scattering
cross section acquiressecond ternbeyond Eq.(3), which
1078 can be expressed ‘ds
So 107®
< 1 (da’)
1077 A \ldo
AO inhmg
-8 Bil t A
0y TS 1 [go)*1 o BPT=0(D)[?
— LA d3re |q~re |qzh(rxy)—
1070 b o)y 16m° 2] Ag P '
10710 . (6)

0 1

where the local interfacial heighi(r,,) fluctuates with cap-
FIG. 6. B scans atv=1° (circles; [1~7.0 dyne/cm) andv=2° (squares; illary waves. Therefore the observation @ixcess off-
I1~6.4 dyne/cm) from the AUSDA bilayerat As. The solid lines are the ~ specular scattering suggests that some form of lateral density
theoretical curves expected for a homogeneous film. inhomogeneitiedp_o(r) # 0 exist within the bilayer afs.
This result is similar to the case of a PBLG bilayer, for which
the observation of excess off-specular scattering has been

AuSHDA monolayer a#A; and in Fig. 6 for a bilayer aAs. attributed to inhomogeneities in the newly formed second
For each scan, a large peak At « corresponds to the layer’%’® The observation that the AHDA bilayer is less
specular reflection. The surface enhancement peakomogeneous than the monolayer is not too surprising given
(“Yoneda” peak), which is expected to occur g8=a. the high degree of compression that the film underwent prior
(~0.1549, is not very visible in these scans; this is a conse+o its formation and the incomplete coverage of the second
guence of the fact that this peak tends to be suppressed ligyer, as pointed out at the end of the XR section.
the presence of a high-density layer on the surficEhe Qualitatively, a close inspection of all curves in Fig. 6
characterization of off-specular spectra has been limited bghows that the magnitudal(e,B8)/1o—[Al(a,B)/1olhmg
the resolutionsB near the specular peak and by low counting>0 of the excess scattering seems to decrease with increas-
rates at largeB (~5°). In terms of the lateral wave vector ing q,~k(a+ 8). This behavior may be an indication that
transferq,, these limits correspond to a range given by:the laterally inhomogeneous regions are restricted to a cer-
ksin(@op=1.1x10 * A~1<|q,|<1.5x10 2 A" for a tain thickness within the bilayer. Another possibility is the
=1.0° and 2.x10 * A !<|q,|<1.3x10°2A"! for a«  presence of long-wavelength height fluctuatigipsobably
=2.0°. Therefore the lateral density fluctuations beingstatio of AUSHDA particles that are not conformal with
probed by these measurements are only those with lengttapillary fluctuations.
scales in the range 6£100 A—1 um. Another important observation from Fig. 6 is that al-

In Figs. 5 and 6, the solid curves represent the theoreticahough the theoretical curvieAl(a,B8)/1glpmg for a=1.0°
normalized intensity differencAl(a,B)/19]nmg €Xpected oscillates with 3 and has a well-defined minimum &
from the presence of capillary waves and the assumption that0.6° or equivalently, atq,=4.0x10"*A~! and q,
the given film is otherwise laterally homogeneous. For each=0.11 A%, such a dip in intensity is much less apparent in
film, the intrinsic structure factoid®,(q,)|? used in the cal- the actual data. The minimum g;=0.11 A~ arises from
culation is based on the fitting of the specular reflectivitythe factor]®4(q,)|? and corresponds to the first minimum in
data that was obtained from the same film immediately bethe R/Rg data shown for the bilayer in Fig. 3. Note that the
fore the B8 scans. All the other parameters needed for thevalue 7/q,=28 A compares well witH,+1,=30.2 A and
calculation are known, except that,,.=0.2 A~! has been 1,+1;=27.7 A, while all the density differences across the
assumed as in the case of XR. box/box interfaces are roughly of the same order of magni-

Figure 5 shows that in the case of a monolayekatthe  tude[except for the box-4/gas interface; see Table | and Fig.
observed off-specular intensities!(«,8)/1, agree fairly  4(b)]. Therefore the minimum af,=0.11 A~! arises from
well with the expected curvieAl («, 8)/19]nmg- This implies  the condition that x-ray waves scattered off from the
that the off-specular scattering can be attributed almost ersubphase/box-1 and box-1/box-2 interfaces interfere destruc-
tirely to the interfacial height fluctuations due to capillary tively with those from the box-2/box-3 and box-3/box-4 in-
waves and that the close-packed ALUSA monolayer atA;  terfaces, respectively. In other words, this dip in intensity
is laterally homogeneous. This result is analogous to the casgould appear in the off-specular data only if the height fluc-
of a homogeneous PBLG monolayer under a finite surfacéuations of first-layer and second-layer A4BA particles
pressure?’® were well correlated over a lateral distance that is compa-

By contrast, the3-scan data shown in Fig. 6 for a bilayer rable to or larger thaqy’l~2500 A. The strong suppression
at A5 are consistently higher than the homogeneous curvef the minimum in the data therefore suggests reduction of
[Al(e,B)/1o]hmg in the off-specular regions, except for the such conformality between the two layers of the bildifer.

Downloaded 17 Feb 2004 to 128.103.60.225. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



3454 J. Chem. Phys., Vol. 120, No. 7, 15 February 2004 Fukuto et al.

14

(A Irl) ' l ' 10 | A m
’ ——(A,, 8.2)
5
0 (A, 8.2) — ——(A, 4.6) |
12F| = (A4, 4.6) - —g 1k —u—(A3, 1.6)
o (A, 1.6) /o — —e—(A, 1.2)
. (Az, 1.0) 2 % Z ~®. 0
1O | -o-(a,, 0) 4 ¥ } 8§ o1
! " 15 ¢ =
- \ “ . a SmguaEn,
ey / \ x « ....l-.I---l
S _00'09/ / \ \O\QQ > S ] %  Coopno poonon -
' o8 10-0.0.0-0 000 / "-\ 00004 <001 ¥ % “eee,,,. . PO90000Gonon
> : 4' 'n
2 R )
5 an 2 IS A N 0oy,
-— (R E TR LA \ N ©00,00000
s - LT 0.001 90nQ
08 d e 0.2 0.4 0.6 0.8
x o *% N 14 . . .
o? Lo =4 ,/ ‘: \G\U\n s % }g [ Hexagonal, a = 34 A {21} 31
— @ - -
04 [755° J  ‘ooog B S8y Hob W g0 o 123 | 1
;' oq N g2 8r (b) i
S /% e 234 i
...’./ P q \.\. @ g [ 1 1 1 ]
.0 @-9- .9-@ - ~®
02 preeete A et s . 0.2 0.4 06 08
Q o~ 10 : : :
(,oﬁ’O/ \% g w0t (c) :
= 2 ]
o beeoeo 0o I . | ©opoo -~ 10_3 - \C E
0.10 0.15 0.20 0.25 0.30 = 107} Au core .
q [A‘1] o 10tp R=1164 ]
Y = 02 0s 06 08
FIG. 7. Alinear plot of the lowest-order GID peaks from A4BA films at q, A

variousA and Il [dyne/cni, shifted vertically for clarity. The dashed lines

are identical and correspond to the bottommost daf, at FIG. 8. (a) A semilog plot of GID data from AuBDA films at variousA

andIl [dyne/cn, over largem,, range(shifted vertically for clarity, (b) the

number of equivalent points in reciprocal space for a 2D hexagonal lattice
This inference is also consistent with a low degree of laterawith a nearest-neighbor distange=34 A, and (c) calculated molecular
homogeneity for the bilayer. form factor for a uniform sphere of diametBg=23.2 A.

D. GID: In-plane structures Oxy in Fig. 8b), where the indiceghk} are based on the

Representative GID patterns measured from ADR  primitive unit cell. Comparison between FiggaBand 8b)
films at various points in the isotherm are compared over &hows that the three peaklike features in the data are located
small range ofy,, in Fig. 7 (a linear plo} and over a larger  fajrly close to the expected positions of tfed}, {11}, and
range ofq,, in Fig. 8@) (a semilog plok In order to account {ZT} peaks from the 2D hexagonal lattice.
for the fact that the length of the illuminated surface area that general, GID peaks are weaker and more difficult to

IS i//lewedhbydthe Qeter:torotlllecreasgs with '”erlearflﬂgas observe at highem,, because the magnitudes of the molecu-
Nh Oxy, the data |s(§)0tte aqxéx !ntednilty. the data hIar form factor and the Debye—Waller factor decrease with
shown in Figs. 7 and 8 were obtained from scans near t fcreasingg,, . This is likely to be the reason for the absence

surface horizon (€:,<0.074A™). In Fig. 7, all the of further higher-order peaks fay,,>0.6 A~1 in the ob-
dashed lines are identical and correspond to the data from a g P oy~

monolayer atA;. Whether the film is a monolayer or a bi- sg:ve_d GrI]D ;()jatterns. bTthi fact_ that ft{ﬁl} pr)]eak IIS Q'Sferln'

layer, the observed GID pattern is characterized by a stronﬁ ebm t fe &.lta prtl)latt.y ansg;s r(t)Th.t € lre atively large

peak atg,,=0.215 A1, Since the peak is already present at gm €r of reciprocal-iattice points at this va uedy [see

A,, the in-plane structure associated with it must be spontafid- 8b)]. On the other hand, thgl1} and{20} peaks are

neously formed upon spreading of the film. The position ofmuch less clearly V|S|ble_|n the data, even though they occur

this peak is nearly independent Afor II, and hence lateral at lowerq,, than the{21} peak. This can be explained in

compression appears to have very little effect upon the aveterms of the molecular form factéf(q)|* of AUSHDA par-

age inter-particle distance in the laterally ordered domains.ticles, as follows. Most of the contribution {6(q)|* comes
Figure 8a) shows some evidence for the presence offfom the Au cores because of their much higher electron

additional higher-order peaks. The patterns contain a weaensity compared with that of alkyl thiol chains around

peak atq,,~0.56 A~ and possibly another feature around them. It can be shown that if the size polydispersity of Au

Oyy~0.37 A~* that is even weaker. The positions of thesecores is neglected and the core is approximated as a uniform

weak higher-order peaks and the much more intense lowesgphere of radiuR=D/2, the form factor is given by

order peak atly,=0.215 A~* are all consistent with 2D hex- 3 2

agonal packing with a nearest-neighbor distance aof 1T(q)|?=1f(0)|?|—5=3[siNqR)—qRcogqR)]| , (7)

=34 A. The number of equivalent points in the correspond- a°R

ing hexagonal 2D reciprocal lattice is plotted as a function ofwhereq2=q§y+ q§ andf(0) is equal to the total number of
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TABLE Il. Observed positiorG;, and FWHM Adqy, of the lowest-order GID peak based on fits to the form
Oxy! (Gxy) #[ 1+ (dxy— G19)%/o®]* (plus a linear and a constant background térmhere Aq,,=20(2Y”
—1)¥2, An associated lateral correlation lengtfs defined ag=2[Aq,y— 80y,], where the FWHM of they,,
resolution is given bysq,,=0.017 A~%.

A I GlO Aq)(y f
[A?part] [dyne/cmi v [+0.001 A% [%£0.002 A4 [A]
1325 0 1.4-0.2 0.214 0.032 13614
1145 1.0 1.20.2 0.215 0.036 10410
1070 1.6 1.¢0.3 0.215 0.038 948
830 4.6 1113 0.217 0.050 614
535 8.2 1.740.2 0.215 0.042 806

electrons contained in an Au core of radi@s Figure &c) present case, the listed valueséa$hould only be viewed as
plots the ratio|f(q=dyy,q,=0)|%/|f(0)|* for the case oR  estimates.
=Dgr/2=11.6 A, whereDgy is the Au-core diameter ex- For the monolayers af;, A,, and A3, the extracted
tracted from the Bragg-rod measurements to be describegbrrelation length ranges frogr90 to 130 A, which is only
below. It should be noted that the curve has a minimuma few times larger than the nearest-neighbor distaace
arounddy,~ 0.4 A~*. The polydispersity of Au cores should =34 A. Therefore the 2D hexagonal packing of AUSA
smear out this minimum. It is nevertheless clear from thisparticles is only short-range order in the monolayer. It is
plot that the form factor arising from typical sizes of interesting to note that the ratida~3—4 is comparable to
AuSHDA particles should lead to a very low intensity over the ratioD/AD~3-5 between the mean and standard de-
the range ofy,, where the{11} and{20} peaks are located. viation in the distributions of Au core diameters in typical
Based on the above results, the following observation®\uSOn samples? This observation seems to suggest that the
can be made. First, the area occupied by eachHDA&  |imited extent of positional correlations between AUSA
particle in the hexagonally packed domains is equahfg,  particles originates from the polydispersity in their
=(vV3/2)a*=1000 A’/particle. The fairly good agreement sjzes3183450The A-dependent behaviors of the widths of the
between the microscopic aréqe, and the isotherm areld; {10} peaks shown in Fig. 7 anglin Table Il seem to indicate
(=1070 Riparticle; see Fig. Ris consistent with complete  that compression of the monolayer frokg to A, leads to a
surface coverage by a monolayer of close packedHD8  gjight reduction in the degree of lateral order. Another indi-

particles at the onset of the coexistence plateau. Secongation of this is : : . e
. . provided by a slight drop in tH21} peak
from the nearest-neighbor distanceast 34 A and the mean intensity with compression fron, to As.

Au-core diameter oD~22 A (see Sec. Il A the edge-to- . : L
) . . Such a disordering effect of lateral compression is more
edge separation between adjacent Au cores in the close;

packed domains can be estimated to be ab®aia—D clear_ly evident for the film a, (a mid ppint along the
12 A. This spacing is clearly smaller than the lengt20 coexistence plateaufor which the{10} peak is both broader

A) of stretched-out alkylthiol chairfHS—(CH) ;s COOH] and less intense th_an it is for the monplay@ee Fig. 7 and
in the alltrans conformation. This suggests that the close?rable _”)' Anoiher important obse_r\l/a_ltlor_] Is that A, the
packing of AuSHDA particles in the monolayer results in a intensity scattered at Iogxy<0.2 A o5 higher than that of
high degree of interpenetration between thiol chains the monolgyers[see. Fig. &)]. This syggests that some
bundles of chairf€ from adjacent Au cores and/or a highly N€arest-neighbor pairs of AWDA particles are separated
deformed and compressed shape of thiol “shells” around thdY 1ateral distances that are larger ten 34 A. Given that
cores as compared to their colloidal states in solution. ~ the occupied fraction of the second layer should only be
The extent of lateral positional correlations associatedPOut @ half or less on average 4§, the observation of
with the in-plane order can be estimated from the observe§nhanced diffuse scattering at lay, is consistent with the
width of the GID peaks. For this purpose, the FWHM width Presence of AUSDA particles in the second layer. -
Aq,, of the {10} peak atq,,=Gj, has been extracted by After the film is compressed further to form a bilayer at
fitting it to a Lorentzian raised to a power ofwith constant ~ As, the diffuse intensities at low,, drop back to the level
and linear background terms, such that the intensity abovelose to that of the monolayers, which is consistent with a
the background is proportional [(1+(qu_@10)2/02]—1/_ more complete coverage of the second layer. The fact that
The FWHM width Aquzzg(zlfv— 1)¥2 based on this fit- the{10} peak becomes also more intense and sharper than it
ting procedure is listed in Table Il. The table also lists aiS atA,, suggests that due to their increased number some of
lateral correlation lengtht defined as¢=2[Aqy,—d0,,] the second-layer particles now display the same hexagonal
(experimental resolutionsg,,=0.017 A"1). This definiton  packing order that exists in the monolayer. However, Fig. 7
of ¢ is strictly valid only when both the resolution function shows that the peak intensity for the bilayer is still not as
and the line shape of a peak in the GID cross section arbigh as that of the monolayers. This seems to indicate that in
described by Lorentziansv& 1), such that the observed spite of a nearly twofold increase in the number of particles
peak corresponding to the convolution of the two also has @er unit area in going from a monolayer to a bilayer, the
Lorentzian shape. Since this condition does not hold in thewumber of those belonging trdereddomains does not in-
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Monolayer at (A, TM) = (A,, 1.6)
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FIG. 9. Bragg-rod data from the A#ED A monolayerat A; andIl=1.6 dyne/cm. The 3D representation(& and theq,, projection in(c) are semilog plots.

The g,y-0, contour plot in(b) was generated from the data(@®, where the contours of constant intensity represent 25 equally spaced intervals between the
maximum and the minimum in the logarithmically scaled intensity. @herojection in(d) is a linear plot. In(d), the data pointscircles correspond to the

peak values irfic) and the horizontal bars represent the detector acceptemgee0.071 A~ L. The scattering amplitud®; (q,) (solid curvé and the integrated
intensity | ({g,)) (crossescorrespond to the best fit obtained by approximating the Au core with a uniform sphere of difrggte23.2 A.

crease by the same amount. This issue is considered furthéixed width Agq,=0.071 A~ of the detector opening. It is

below. clear that the Bragg rod from the monolayer is centered at
The g, dependence of the inteng&0} peak has been q,=0 and falls off monotonically withg,. For a GID peak

characterized by taking a series qf, scans at different arising from a purely 2D structure, the scattering cross sec-

heights(q,) above the surface. The results for the monolayettion depends o, only through the form factofaside from

at A; are summarized in Fig. 9. Thg-q, contour plot in  the surface enhancement peak3at a, which is negligible

Fig. 9b) was generated from the data shown in Figg)9 in the present cageTherefore, for themonolayer the scat-

where the contours represent 25 equally spaced logarithmiering amplitudeS(qg,) alongq, should be described by the

intensity intervals between the maximum and the minimumfollowing form:

The plot of the data against,, in Fig. 9c) shows that the _ _ 2

center of the peak shifts veyry little with increasidg,), S1(07) = So-[f(Aey=G10.00)* ®)

which is consistent with the behavior of a Bragg rod. TheThe intensityl ((q,)) expected atq,) is given by the inte-

observed peak valugspen circleg are plotted as a function gration ofS(q,) over|q,—(q,)|<Aq,/2. The theoretical in-

of g, in Fig. 9(d), where the horizontal bars represent thetensity|({q,)) based on Eq(8) and the form factor in Eq.
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Bilayer at (A, TN) = (As’ 8.1)
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FIG. 10. Bragg-rod data from a A#HDA bilayerat A; andIl=8.1 dyne/cm. The 3D representation(&@ and theq,, projection in(c) are semilog plots. The
Jxy~d, contour plot in(b) was generated from the data (@, where the contours of constant intensity represent 25 equally spaced intervals between the
maximum and the minimum in the logarithmically scaled intensity. Gherojection in(d) is a linear plot. In(a), the dashed circle on the bottom describes
q=[qu+ g2]*?=0.216 A"1. In (d), the data pointgcircles correspond to the peak values(ir) and the horizontal bars represent the detector acceptance
Aq,=0.071 A", See text for the details on the calculated scattering amplit8désurves and the integrated intensity(q,)) (crosses

(7) has been fitted to the observed Bragg-rod data by varyingbove the surface planéd,)>0). However, diffuse scatter-
the proportionality factoS, and the Au core radiuR The ing at lowq,,<0.2 A~ shows a complicated behavior and

best fit is obtained atR=11.6+0.3A or Dgz=23.2 s no longer characterized by a smooth decay with increasing
+0.6 A, which is another independent measure of the meay. . In fact, a close inspection of Figs. (H)-10(c) suggests
Au core diameteD and corresponds well with the two other

- A T oo A ’ ' that in addition to the strongl0} peak, there is enhanced
valuesD,=20.5A andD =22 A determined earlie(see ¢ se scattering that could be consistent with a “ring” of
Sec. Il A and 1l B. Figure 9d) shows that the data agrees _ ..~ >~ Sp 1 . . .

. . ) radiusq=(q5,+q5)?>~0.2 A~1. This feature is suggestive
fairly well with the best-fitl ({q,)) (crossesand the corre- ‘i Sy . d miaht b indication for th
spondingS;(q,) (solid curve. This agreement demonstrates ©' 1SOtropic scattering and might be an indication for t €
that the observed peak indeed originates from a 2D structuf@'®Sence of small 3D aggregates that are embedded in or
of AuSHDA particles, i.e., from a monolayer. sitting on top of the bilayer. It may also be due to some

The Bragg-rod data obtained from the bilayerdatare ~ degree of interparticle correlations across the two layers of
shown in Fig. 10. Just as in the case of the monolayer, théhe bilayer.
{10} peak remains well centered af,=G, in the region Figure 1@d) shows theq, dependence of the Bragg rod
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that is based on the peak intensities of te scans in Fig.  rod data from the bilayer is consistent with the presence of
10(c). In contrast to the case of the monolayer, the Bragg rodocal 2D hexagonal order within each of the two layers and
from the bilayer appears to display a maximum arogpd also provides evidence for interlayer correlations of such or-
~0.1 A1 Also shown in the figure are several possibleder.

model curves for the scattering amplitusgg,). The dotted

curve S(q,) = S;(q,) is identical to the best-fit curve for the

monolayer shown in Fig. (@). The bilayer would also ex- V. SUMMARY

hibit this behavior, for example, if the in-plane order in the o ) o )
first layer remained the same as in the monolayer and the Langmuir films of gold nanoparticles derivatized with
newly created second layer was completely disordered. Thacid-terminated alkylthiol chaingHS(CH,);sCOOH] on
dashed curveS(q,)=2S,(q,) in Fig. 10d) describes the acidic aqueous subph.aqazl-(=3) have been studied at room
case in which each of the two layers exhibits the same degrégmperature. Thél-A isotherm of the AUBDA Langmuir

of in-plane order as the monolayer but the layers are comfilm exh|b!ts a coexistence plateau. that is cor@stent with a
pletely uncorrelated with each other. Finally, the Curvecompre;smn—mduced monolaye.r/bnayer transition. The mi-
S(9,)=S,c(q,) describes a case of a perfectly correlated®"0SCOpPIC structures of AUEDA f_|Ims ha}ve been probed as
bilayer in which each of the two layers are laterally ordered® function qf area/particle by using various su.rface-sensmve
just like in the monolayer and the particles in the second<T@/ techniques. The_ results_ can be summarized as follows.
layer reside right above the interstitial sites of the hexago- | he €lectron density profiles extracted from the XR mea-
nally packed first-layer particles. It can be shown that wherPUrements are consistent with the formation of an A&\

powder-averaged in two dimensior®,c(q,) is given by monolayer on the low-density side of the coexistence plateau
_ o and a bhilayer on the high-density side. The results of off-
Syc(d,) =[1+2 sirf(g,1142)1S1(ay,), (9)  specular diffuse scattering measurements indicate that a

wherel 1, is the vertical separation between the two |ayers_close—packed monolayer near the onset of the transition is
The factor multiplyingS, in Eq. (9) arises from the two- laterally homogeneous. Unlike the case of the monolayer,
gﬁ-specular intensities scattered from a bilayer are higher

particle basis across the two layers. The shown curv -
S,(q,) has been calculated using the valyg=29.0 A de- than the values predicted from the presence of thermal cap-
h z .

termined by the fitting of the XR datmee Sec. Il B illary fluctuations and the assumption of homogeneity, pro-
It is clear from Fig. 10d) that none of tﬁese extreme Viding evidence for the presence of lateral density inhomo-

cases agree very well with the observed data. However, ju%e.neities within the bilayer. The GID resuI.tS show that upon
as in the data, the curv®, ¢ based on interlayer correlations eing spread on .the surface A4BA particles spon.tane—

displays a maximum arourg,~0.1 A~%. It should also be ously aggregate into a 2D hexagonal structure. with only
noted that if the nearest-neighbor distarm@ossthe two ~ Shortrange order. This structure is characterized by a
layers of the correlated bilayer were equal to the in_plan@earest-nelghbor distance af- 3,4'& that is independent of

separationa—34 A, 1, would be equal tol ,— (%)% the degree of lateral compression. The limited range of Ia't-
—28 A, which is cllosézto the XR-based vaIUng: 293.0)_\. eral order could be a consequence of the polydispersity in

Th b . ind | particle size. The Bragg rod of the lowest-order peak ob-
ese observations suggest a certain degr corréla- - served from a monolayer is consistent with a 2D array of Au

;uons between the short-range 2D hexagonal order in the Wores. Subsequent compression across the coexistence pla-
aye(r)s. he basis of th derati b d .. teau reduces the lateral order within the monolayer. The
h the basis of these considerations, a better escr|pt|0§ragg rod data from the bilayer suggests that some interlayer

of the actual state of the b|Iayer may be a m|xtur-e of bOthcorrelations exist between the lateral order of the two layers.
uncorrelated and correlated regions, such ®(@t,) is de-

; o This study on Au nanoparticles had been motivated

scribed by a superposition betweBpandS, partly by the fact that they are very strong scatters of x rays

S,(0,) =¢1S1(0,) +C2S,c(ay), (10)  due to their very high electron densi_ty. The resu_lts presented

~ show that even though these particles only display short-

wherec, and c, are constants. As an example, the solidange |ateral order in the monolayer, the resulting lowest-

curve S(d) =Sy(dz) in Fig. 10d) shows the case of;  order GID peak is intense enough to be easily observed. If
=0.26 andc,=0.41. The intensity ((q)) [crosses in Fig. some macromolecules can be synthesized such that they bear

10(d)] calculated from this particular form &(q,) roughly Ay nanoparticles inside and their monolayers exhibit inter-
approximates the behavior of the observed Bragg-rod datggiing compression- and/or temperature-dependent 2D phase

The fact thatc, + 2c2=1..1 is close tq unity suggests that the behaviors, then, the Au particles should act as “markers”

number of AuBIDA particlesper unit surface aredhat be-  hat would enable x-ray scattering studies of structural

long to hexagonally ordered domains is similar between th%hanges across order-disorder phase boundaries.
bilayer and the monolayer. Since this number for the bilayer

is twice the numbeper monolayerit is clear that the bilayer

at As consists of two monolayers each of which is less or-, kK NOWLEDGMENTS
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