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Modern x-ray reflectivity story:
starts with Jens Als-Nielsen & Peter Pershan

1985: Jens and Peter at the D4 
beamline (Doris, HASYLAB) 
running Tascom software on a 
PDP-11.  These were the 
earliest early days in the field 
with studies on liquid crystal 
and water surfaces.
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• 1985: (Harvard U) while a post-doc with 
Peter Pershan and George Whitesides
were interested in using XR to study 
Thiols on Au (deposited on Mica)? 

• Difficult due to strong Au scattering. 
• Chose to study silanes (OTS) 

monolayers on glass (actually SiO2/Si), 
a system discovered by Jacob Sagiv
(Weizmann Institute)

• Ellipsometry had been the tool of choice
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Ian Tidswell, Physics  
(business world)

Steve Wasserman, 
Chenistry (long career in 
protein crystallography)

Harvard Graduate students in 
Physics and Chemistry 

Transition to solid surfaces, studies at X22B at NSLS 
- 1985-1989



Historical: Origin of the term self-assembly

4

New Scientist story in 1983 
about the silane work of the 
Sagiv Group, predates 
Harvard groups work on 
thiols on Gold. 
“Self-assembly” term was 
coined by the journal



Seminal XR Paper
on Silane (OTS) 
monolayers on SiO2/Si
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X-ray specular reflectivity has been used to characterize the structure of silicon —silicon-oxide
surfaces coated with chemisorbed hydrocarbon monolayer films (alkylsiloxanes). Using synchrotron
radiation the reflectivity was followed over 9 orders of magnitude, from grazing incidence to an in-

o —]cident angle of / =6.5', or q =(4m /A )sin(P) =0.8 A, allowing a spatial resolution of features ap-
0

proximately n. /0. 8=4.0 A along the surface normal. Analysis was performed by fitting the data to
reflectivities calculated from models of the surface electron density and by calculating Patterson
functions directly from the data. Although the measured reflectivities could be equally well de-
scribed by different sets of model parameters, the electron densities calculated from these different
parameters were remarkably alike. Inspection of the electron densities allowed identification of a

0
layer of Si02 (=17-A thick), a layer of head-group region where the alkylsiloxane adsorbs to the
Si02, and the hydrocarbon layer. Fitting the data also required that the various interfaces have
different widths. The fact that the same local hydrocarbon density of 0.85 g/cm' was observed for
both fully formed and partially formed monolayers with alkane chains of varying length excluded a
model in which the partially formed monolayer was made up of separated islands of well-formed
monolayers. Measurements before and after chemical reaction of a monolayer in which the alkyl
chain was terminated by an olefinic group demonstrated the ability to use x-ray reflectivity to
characterize chemical changes. The effects of radiation damage on these types of measurements are
described.

INTRODUCTION

Although Compton demonstrated the phenomena of
small-angle x-ray specular reflectivity by 1922,' we are
not aware of any serious attempts to use the technique to
characterize material surfaces before Parratt's measure-
ments on copper surfaces in 1954. Unfortunately his
work was seriously limited by both the low brilliance [i.e.,
photons/(sec mm rnrad 0.1% bA. /A, )] of the x-ray
beams that were available at that time as well as by the
difficulty in obtaining a sufficiently smooth surface. Im-
proved surface preparation techniques and modern exper-
imental methods have permitted study of a broad range
of surfaces using conventional or rotating anode x-ray
sources. Examples include studies of mercury and
liquid-metal surfaces, of both coated and uncoated
solid substrates, and of surfactant monolayers on the
surface of water. ' The use of high-brilliance synchrot-
ron radiation by Als-Nielsen, Christensen, and Pershan
to study specular reflectivity from the surface of the
nematic liquid-crystal 4-cyano-4'-n-octyloxybiphenol
(8OCB) greatly enhanced the utility of x-ray specular
reflection as a probe of interface and surface structure by
increasing the range of accessible scattering angles. "

Since then, a number of studies on surface of liquid crys-
tals, ' ' microemulsions, simple liquids, ' insoluble
monolayers on water, and metallic single crys-
tals ' have followed. In most cases the methods by
which the reflectivity was analyzed to obtain structural
information were relatively simple. While these pro-
cedures are adequate for many surfaces, they were not
adequate for the more complex surfaces to be discussed
here.
In this paper we will describe measurements of x-ray

reflectivity from silicon wafers coated with various alkyl-
siloxanes (i.e., alkylsilanes, R(CH2)„Si03, covalently
bonded to the silicon wafer surface by oxygen-silicon
bonds at the head of the chain with R being one of sever-
val moeities) using the technique of self-assembly.
Specular reflectivity from the air —hydrocarbon,
hydrocarbon —silicon-oxide, and the silicon-oxide—
crystalline-silicon interfaces interferes to produce a corn-
bined reflectivity that is strongly dependent on the angle
of incidence and the surface structure. By comparing
calculated reflectivities from different models and by
comparing the models with Patterson functions calculat-
ed directly from the data, we believe that we have been
able to establish both the uniqueness and the confidence
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[(1.2) XO. 38] =0.06 if interfacial widths were neglected.
The fact that this prediction is approximately an order of
magnitude larger than the observed ratio implies that the
different interfaces have different widths. Closer exam-
ination of the reflectivity also reveals that minima at
larger angles do not occur at positions that are integral
multiples of the positions of the smallest-angle minimum.
All of these features can be understood in terms of a
more complex three-layer model that will be described in
detail below.

Uncoated silicon sample

Evidence of an experimental problem with surface con-
tamination of the uncoated silicon sample during the x-
ray measurements can be seen in the data in Fig. 1. At
large scattering vectors, alternate points were measured
in scans taken approximately 60 min apart and, as can be
seen, the points from the two different scans are offset
from one another. We believe this is due to the continu-
ous build up of a contamination layer on the sample. At
the time of the measurement this layer was probably
about 5 A thick; however, the progressive shifting of the
minimum to lower angles in data taken a few hours later
confirmed the build up of contaminants on the surface.
Some of the contamination is probably caused by the
presence of organic materials or water in the helium flow-
ing through the sample cell during the experiment since
there was a significantly slower build up on samples left
exposed to air for a similar length of time. No such prob-
lem was observed with the lower-energy alkylsiloxane-
coated surfaces.
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FIG. 4. Reflectivity and analysis of an alkylsiloxane mono-
layer containing an 18-carbon chain using one-, two-, and
three-layer models. The data are shown after normalization to
the silicon Fresnel reflectivity, and hence the y axis represents
~4~2. (a) shows the one-layer model fit to the data at low q.
This model accurately fitting only the first minimum; the two-

o —]
layer fit (b) is quite accurate out to about 0.45 A and qualita-
tively predicts the peak and dip positions at larger angles. The
three-layer model I',c) reasonably fits the data over the entire
range. The best fit parameters for the different models are given
in Table I in the N = 1, 2, and 3'+' columns.

Detailed analysis

qD;=gqL
j=1

(13)

where qj =(q —q, )' and q„ is the critical wave vector
for the jth layer. In principle, a similar correction is re-
quired for the Gaussian term. The corrections are, how-
ever, small and were neglected.

C18 alkyl chain monolayer

Figure 4 shows the data for the C18-coated silicon
wafer in the form of R (q)/RF(q). The solid lines display
a set of fits for models with 1, 2, and 3 layers, respective-
ly, i.e., N= 1, 2, and 3 in Eq. (12). The parameters of
these fits are given in the columns labeled N =1, 2, and3'+' in Table I. The N =1 and 2 models are obviously
inadequate. In addition, for the N =2 model the fitting
algorithm was unable to fix either the width of the

Detailed analysis of the alkylsiloxane surface electron
density was carried out by least-squares fitting of the data
to a version of the N-layer model for 4(q) that was
corrected for the effects of refraction. The correction in-
volved replacing the I qD; I in the factor

t'qD, —q e, +—t/2I2 2

e 'e

of Eq. (12) by

Z(s) =— f dq~@(q)l'e

t I (dptz))(dptz+z))d (14)

calculated from the data for R(q)/RF(q)=~4(q)~ in
Fig. 4. The solid line in Fig. 5 was calculated directly
from the data by correcting the critical angle to cor-

silicon —silicon-oxide interface (trot) or the thickness of
the silicon oxide layer (L t ). The values of these parame-
ters appearing in Table I for N =2 were chosen such that
the maxima and minima in the model were at approxi-
mately the same positions as in the data, and the depth of
the second minimum was also approximately correct.
Given the obvious inadequacies, confidence limits for the
parameters of these models are not particularly meaning-
ful.
The motivation for the layer L] comes from the well-

known fact that on exposure to 02, crystalline silicon
forms a relatively stable oxide layer that is about 10—20
A thick. In addition, it is dificult to see how a hydro-
carbon layer on its own could give rise to the nonintegral
positions of the high-angle minima. A more compelling
case specific to the present data are the results for the
Patterson function (Fig. 5)

One-layer 
(small q)

One-layer 
(all q)

Three-layers 
(all q)
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0
Since the structure at s=40 A is still present (albeit
smeared out) it cannot be attributed to a "truncation ar-
tifact. "
The N=3'+' model that was used to construct the

solid line in Fig. 4(c) is obtained by adding a third layer
(interface in Table I) in the immediate vicinity of the
silicon-oxide —hydrocarbon interface. The reduced y for
this fit, using the 95 data points above 0.1 A, is approx-
imately 80 when weighted by Poisson statistics, as corn-
pared to a g of approximately 800 for the two-layer fit
and 2000 for the one-layer fit for the same points. In
view of the facts that (i) the measured refiectivity spans
eight or nine orders of magnitude, and (ii) in some cases
the statistical weight due to Poisson statistics is less than
O. l%%uo, values of g of the order of 80 could arise from
small systematic errors in either the measured signal or
the model. In any event, the N=3'+' model does ac-
count for all of the main features of the data quite well.
The main differences between the electron densities of the
N =3'+' model and the N =2 model occur at the
silicon-oxide-hydrocarbon interface, with the properties
of the other interfaces remaining essentially unchanged.
However, the width of the silicon-silicon-oxide interface
could still not be determined from the existing data set,
the minimum value of g being obtained for an
infinitesimally small value for the width of this interface.
The fits were carried out with O.p] arbitrarily set equal to

0
1 A, the other parameters being relatively independent of
the precise value. Similarly, since the data were taken
only to q &0.8 A ', the results for the fine structure of
the silicon-oxide —alkane interface are not unique. The
solid line in Fig. 4(c) is the best fit for the X=3'+ ' model
when p2&po. The confidence limits listed in Table I for
these parameters, as well as the possible variations in the
model (i.e., uniqueness) for the silicon-oxide-alkane in-
terface, will be discussed below. Figures 6(a)-6(c) display
the electron density as a function of distance from the
surface for the N =1, 2, and 3'+' models used to calcu-
late the R (q)/RF(q) in Fig. 4. Figure 6(d) illustrates that
there are only small quantitative differences between the
electron densities for the three models by superposing the
three offset curves in Figs. 6(a)-6(c).
In order to assess the confidence limits for the N =3'+'

parameters, a set of fits was carried out in which the elec-
tron density associated with the interface p2 was con-
strained to different values and all other parameters in
the model, except for the width of the silicon-silicon-
oxide interface oo] were allowed to vary. Since most of
the parameters are tightly coupled, this procedure is
necessary to estimate the range of the density p2 allowed
by the data with this model. Figures 7(b) and 7(c) display
the results for what we subjectively consider to be values
of p2 surrounding the local minimum in y at p2=1.25
that yield borderline acceptable reflectivity fits. These
correspond to values of y that are approximately 25%
larger than the minimum. The N =3'+' fit that generat-
ed the minimum y, Fig. 4(c), is shown again for compar-
ison in Fig. 7(a). The parameters obtained from these fits
are listed in Table I as N =3'+" and 3'+ '. Similarly, the
confidence limits in Table I are arbitrarily set at the
values that increase g by approximately 25%%uo, the fits be-

ing completed by the same procedure as used to obtain
Figs. 7(b) and 7(c).
In order to illustrate the significance of these varia-

tions, the real-space electron density for all the three
N =3'+' models are displayed in Figs. 8(a)—8(c) with all
of the interface widths set to be zero, and in Figs.
8(e)—8(g) with the appropriate interface widths. Note
that the very high peak density that appears for the
second layer in the 3'+" column is misleading since this
layer is also very thin. The width of the two interfaces
for this layer are similar, resulting in two smeared steps
in dp/dz, of opposite signs, which almost exactly cancel
to give the profile shown in Fig. 8(f). Also, the sharp
feature in Fig. 8(g) could be smeared out with no appre-
ciable change to the fit quality.
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FIG. 6. Real-space profiles of the model surface electron den-
sity from the parameters used to obtain fits in Fig. 4. (a)—(c)
show the model profiles for the N = 1 (. ~ ~ ), N =2 (———),
and N =3 ( ) fits. (d) shows the three profiles overlapping
for comparison. The hydrocarbon —air interface and hydrocar-
bon density and length are similar in all the fits, the only region
with significant variation being the silicon-oxide —hydrocarbon
region. The constructions shown in the three top figures illus-
trate a graphical technique, which is discussed in the text, for
determining the thickness of the hydrocarbon region from these
measured densities. The lengths shown as the solid arrows in
(a)—(c) are given in Table I. The dashed line in (d) shows the
length of 23.6 A measured directly from the position of the first
minimum in the data shown in Fig. 4.
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FIG. 6. Real-space profiles of the model surface electron den-
sity from the parameters used to obtain fits in Fig. 4. (a)—(c)
show the model profiles for the N = 1 (. ~ ~ ), N =2 (———),
and N =3 ( ) fits. (d) shows the three profiles overlapping
for comparison. The hydrocarbon —air interface and hydrocar-
bon density and length are similar in all the fits, the only region
with significant variation being the silicon-oxide —hydrocarbon
region. The constructions shown in the three top figures illus-
trate a graphical technique, which is discussed in the text, for
determining the thickness of the hydrocarbon region from these
measured densities. The lengths shown as the solid arrows in
(a)—(c) are given in Table I. The dashed line in (d) shows the
length of 23.6 A measured directly from the position of the first
minimum in the data shown in Fig. 4.
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FIG. 6. Real-space profiles of the model surface electron den-
sity from the parameters used to obtain fits in Fig. 4. (a)—(c)
show the model profiles for the N = 1 (. ~ ~ ), N =2 (———),
and N =3 ( ) fits. (d) shows the three profiles overlapping
for comparison. The hydrocarbon —air interface and hydrocar-
bon density and length are similar in all the fits, the only region
with significant variation being the silicon-oxide —hydrocarbon
region. The constructions shown in the three top figures illus-
trate a graphical technique, which is discussed in the text, for
determining the thickness of the hydrocarbon region from these
measured densities. The lengths shown as the solid arrows in
(a)—(c) are given in Table I. The dashed line in (d) shows the
length of 23.6 A measured directly from the position of the first
minimum in the data shown in Fig. 4.
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electron densities for the three models by superposing the
three offset curves in Figs. 6(a)-6(c).
In order to assess the confidence limits for the N =3'+'

parameters, a set of fits was carried out in which the elec-
tron density associated with the interface p2 was con-
strained to different values and all other parameters in
the model, except for the width of the silicon-silicon-
oxide interface oo] were allowed to vary. Since most of
the parameters are tightly coupled, this procedure is
necessary to estimate the range of the density p2 allowed
by the data with this model. Figures 7(b) and 7(c) display
the results for what we subjectively consider to be values
of p2 surrounding the local minimum in y at p2=1.25
that yield borderline acceptable reflectivity fits. These
correspond to values of y that are approximately 25%
larger than the minimum. The N =3'+' fit that generat-
ed the minimum y, Fig. 4(c), is shown again for compar-
ison in Fig. 7(a). The parameters obtained from these fits
are listed in Table I as N =3'+" and 3'+ '. Similarly, the
confidence limits in Table I are arbitrarily set at the
values that increase g by approximately 25%%uo, the fits be-

ing completed by the same procedure as used to obtain
Figs. 7(b) and 7(c).
In order to illustrate the significance of these varia-

tions, the real-space electron density for all the three
N =3'+' models are displayed in Figs. 8(a)—8(c) with all
of the interface widths set to be zero, and in Figs.
8(e)—8(g) with the appropriate interface widths. Note
that the very high peak density that appears for the
second layer in the 3'+" column is misleading since this
layer is also very thin. The width of the two interfaces
for this layer are similar, resulting in two smeared steps
in dp/dz, of opposite signs, which almost exactly cancel
to give the profile shown in Fig. 8(f). Also, the sharp
feature in Fig. 8(g) could be smeared out with no appre-
ciable change to the fit quality.
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FIG. 6. Real-space profiles of the model surface electron den-
sity from the parameters used to obtain fits in Fig. 4. (a)—(c)
show the model profiles for the N = 1 (. ~ ~ ), N =2 (———),
and N =3 ( ) fits. (d) shows the three profiles overlapping
for comparison. The hydrocarbon —air interface and hydrocar-
bon density and length are similar in all the fits, the only region
with significant variation being the silicon-oxide —hydrocarbon
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trate a graphical technique, which is discussed in the text, for
determining the thickness of the hydrocarbon region from these
measured densities. The lengths shown as the solid arrows in
(a)—(c) are given in Table I. The dashed line in (d) shows the
length of 23.6 A measured directly from the position of the first
minimum in the data shown in Fig. 4.
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0
Since the structure at s=40 A is still present (albeit
smeared out) it cannot be attributed to a "truncation ar-
tifact. "
The N=3'+' model that was used to construct the

solid line in Fig. 4(c) is obtained by adding a third layer
(interface in Table I) in the immediate vicinity of the
silicon-oxide —hydrocarbon interface. The reduced y for
this fit, using the 95 data points above 0.1 A, is approx-
imately 80 when weighted by Poisson statistics, as corn-
pared to a g of approximately 800 for the two-layer fit
and 2000 for the one-layer fit for the same points. In
view of the facts that (i) the measured refiectivity spans
eight or nine orders of magnitude, and (ii) in some cases
the statistical weight due to Poisson statistics is less than
O. l%%uo, values of g of the order of 80 could arise from
small systematic errors in either the measured signal or
the model. In any event, the N=3'+' model does ac-
count for all of the main features of the data quite well.
The main differences between the electron densities of the
N =3'+' model and the N =2 model occur at the
silicon-oxide-hydrocarbon interface, with the properties
of the other interfaces remaining essentially unchanged.
However, the width of the silicon-silicon-oxide interface
could still not be determined from the existing data set,
the minimum value of g being obtained for an
infinitesimally small value for the width of this interface.
The fits were carried out with O.p] arbitrarily set equal to

0
1 A, the other parameters being relatively independent of
the precise value. Similarly, since the data were taken
only to q &0.8 A ', the results for the fine structure of
the silicon-oxide —alkane interface are not unique. The
solid line in Fig. 4(c) is the best fit for the X=3'+ ' model
when p2&po. The confidence limits listed in Table I for
these parameters, as well as the possible variations in the
model (i.e., uniqueness) for the silicon-oxide-alkane in-
terface, will be discussed below. Figures 6(a)-6(c) display
the electron density as a function of distance from the
surface for the N =1, 2, and 3'+' models used to calcu-
late the R (q)/RF(q) in Fig. 4. Figure 6(d) illustrates that
there are only small quantitative differences between the
electron densities for the three models by superposing the
three offset curves in Figs. 6(a)-6(c).
In order to assess the confidence limits for the N =3'+'

parameters, a set of fits was carried out in which the elec-
tron density associated with the interface p2 was con-
strained to different values and all other parameters in
the model, except for the width of the silicon-silicon-
oxide interface oo] were allowed to vary. Since most of
the parameters are tightly coupled, this procedure is
necessary to estimate the range of the density p2 allowed
by the data with this model. Figures 7(b) and 7(c) display
the results for what we subjectively consider to be values
of p2 surrounding the local minimum in y at p2=1.25
that yield borderline acceptable reflectivity fits. These
correspond to values of y that are approximately 25%
larger than the minimum. The N =3'+' fit that generat-
ed the minimum y, Fig. 4(c), is shown again for compar-
ison in Fig. 7(a). The parameters obtained from these fits
are listed in Table I as N =3'+" and 3'+ '. Similarly, the
confidence limits in Table I are arbitrarily set at the
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ing completed by the same procedure as used to obtain
Figs. 7(b) and 7(c).
In order to illustrate the significance of these varia-

tions, the real-space electron density for all the three
N =3'+' models are displayed in Figs. 8(a)—8(c) with all
of the interface widths set to be zero, and in Figs.
8(e)—8(g) with the appropriate interface widths. Note
that the very high peak density that appears for the
second layer in the 3'+" column is misleading since this
layer is also very thin. The width of the two interfaces
for this layer are similar, resulting in two smeared steps
in dp/dz, of opposite signs, which almost exactly cancel
to give the profile shown in Fig. 8(f). Also, the sharp
feature in Fig. 8(g) could be smeared out with no appre-
ciable change to the fit quality.
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FIG. 6. Real-space profiles of the model surface electron den-
sity from the parameters used to obtain fits in Fig. 4. (a)—(c)
show the model profiles for the N = 1 (. ~ ~ ), N =2 (———),
and N =3 ( ) fits. (d) shows the three profiles overlapping
for comparison. The hydrocarbon —air interface and hydrocar-
bon density and length are similar in all the fits, the only region
with significant variation being the silicon-oxide —hydrocarbon
region. The constructions shown in the three top figures illus-
trate a graphical technique, which is discussed in the text, for
determining the thickness of the hydrocarbon region from these
measured densities. The lengths shown as the solid arrows in
(a)—(c) are given in Table I. The dashed line in (d) shows the
length of 23.6 A measured directly from the position of the first
minimum in the data shown in Fig. 4.
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that the very high peak density that appears for the
second layer in the 3'+" column is misleading since this
layer is also very thin. The width of the two interfaces
for this layer are similar, resulting in two smeared steps
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FIG. 6. Real-space profiles of the model surface electron den-
sity from the parameters used to obtain fits in Fig. 4. (a)—(c)
show the model profiles for the N = 1 (. ~ ~ ), N =2 (———),
and N =3 ( ) fits. (d) shows the three profiles overlapping
for comparison. The hydrocarbon —air interface and hydrocar-
bon density and length are similar in all the fits, the only region
with significant variation being the silicon-oxide —hydrocarbon
region. The constructions shown in the three top figures illus-
trate a graphical technique, which is discussed in the text, for
determining the thickness of the hydrocarbon region from these
measured densities. The lengths shown as the solid arrows in
(a)—(c) are given in Table I. The dashed line in (d) shows the
length of 23.6 A measured directly from the position of the first
minimum in the data shown in Fig. 4.

• Box model fits
• Three layers required
• Best fit parameters
• SiO2 layer 13 Å ✓
• SiO2 density 96% of Si ✓
• Head-group layer 7 Å ??
• CH2 layer 21 Å ✓

21 Å/17CH2
= 1.24 Å/ CH2 ✓

• CH2 density 43% of Si
0.31 e/ Å3✓

Why is the head-group 
layer so thick ?? 
Is this the correct model?
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The Structure of Self-Assembled Monolayers of Alkylsiloxanes
on Silicon: A Comparison of Results from Ellipsometry and

Low-Angle X-ray Reflectivity
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Abstract: The thicknesses of C10-C18 alkylsiloxane monolayers on silicon-silicon dioxide substrates have been measured
with ellipsometry and low-angle X-ray reflection. Although, for any given sample, thicknesses measured by the two methods
agree to within experimental error, ellipsometric measurements are systematically larger by approximately 2 Á. This difference
may result from variations in the sensitivity of the two techniques to the structure of the interface between silicon dioxide
and the alkylsiloxane monolayer. The X-ray reflectivity measurements provide evidence that these organic monolayers do
not build up as island structures and demonstrate that the approximate area projected by each alkyl group in the plane of
the monolayer is ~21 ± 3 Á2 **. Preliminary studies indicate that this technique can be used to follow the changes in the structure
of a monolayer which result from chemical transformations. The influence of damage that is induced by X-ray radiation on
these measurements is discussed.

This paper describes the use of ellipsometry and low-angle X-ray
reflectivity to characterize monolayers prepared by reaction of
alkyltrichlorosilanes with the surface silanol groups of silicon
bearing a hydrated native oxide. Our primary objective was to
compare estimates of the thicknesses of these films obtained by
using these two techniques. Ellipsometry has been employed
extensively for the measurement of the thicknesses of thin organic
films.1"5 X-ray reflectivity is just beginning to be used for this
purpose.6"11 Agreement between ellipsometry and X-ray re-

flectivity would help to validate both techniques. A secondary
objective was to examine the structural order of these self-as-
sembled alkylsiloxane monolayers. As part of this work, we have
attempted to generate monolayers that have a variation in electron
density along the normal to the substrate surface. The intensity
of the X-rays reflected from such samples is sensitive to this type
of change in electron density.6·12 The determination of the electron
distribution in films ostensibly having variations in electron density
along the z axis would provide one direct measure of order in these

systems.
Previous studies have attempted to verify the accuracy of el-

lipsometry in determining the thicknesses of organic monolayers.
For Langmuir-Blodgett monolayers, estimates of thickness by
ellipsometry, isotopic labeling,13·14 and surface pressures15 are in
agreement. These experiments depended, however, on comparisons
of complete and partial monolayers and demonstrated only that
the thickness of a monolayer as measured by ellipsometry cor-
relates with the number of molecules per unit area in that mon-

olayer and their length. We have reached a similar conclusion
when correlating the ellipsometric thicknesses of monolayers
prepared from a homologous series of alkyltrichlorosilanes with
the relative intensities of carbon and silicon observed in X-ray
photoelectron spectroscopy (XPS).16 This conclusion has also
been reached in related experiments that utilized monolayers of
alkyl thiols adsorbed on gold films.17

Against the background of these earlier studies, we had two
reasons to conduct a comparison of results from ellipsometry and
X-ray reflection. First, these previous studies did not directly
measure the thickness of the monolayers. Second, they examined
Langmuir-Blodgett, rather than self-assembled, monolayers.

The self-assembled monolayers used in this work were prepared
by placing a silicon-silicon dioxide (Si/Si02) substrate in a solution

f Department of Chemistry, Harvard University.
* Division of Applied Sciences and Department of Physics, Harvard

University.
5 Department of Physics, Brookhaven National Laboratory.

containing an alkyltrichlorosilane (RSiCl3).18 The Si-Cl bonds
react with silanol groups19 and adsorbed water20 present on the
surface of the silicon dioxide and form a network of Si-O-Si bonds
of undefined structure.21 The resulting monolayers are bound
covalently to the substrate and are stable. XPS reveals that no
chlorine remains in them.16 The density of surface silanol groups
on the native oxide is only ~ 1 per 20 Á2.22,23 This density is

approximately equal to the surface density of R groups within
the monolayer (see below). The remaining Si-Cl bonds of the
RSiCl3 groups apparently react with water24 and form Si-O-Si
and/or Si-OH moieties.

Ellipsometry and low-angle X-ray reflection are both optical
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C18OH monolayers on SiO2/Si
in equilibrium with its vapor (new oxide model required)

J Haddad, et al., JPCC 31, 17648 (2015)

the SiO2 surface to >100 °C, confirming Zisman’s observation
of an unusually high thermal stability. Using a simple
thermodynamical model,27 we show here that the head-
group−substrate bonding energy is ∼40% lower than that
found on sapphire, suggesting that the substrate’s order and the
near-epitaxy play an important role in the SAM’s bonding,
ordering, and stability.

■ EXPERIMENTAL SECTION
Piranha-cleaned, ultrapolished Si(100) substrates37 were
mounted onto a vacuum chuck, then lowered by a micrometer
to touch a reservoir of molten alkanol for ∼10 min. Both
reservoir and substrate were held at the same, but
independently controlled, temperature in a closed cell.
Octadecanol (Aldrich, >99% purity) was used as received.
X-ray reflectivity (XRR)36,38 was used to measure the surface-

normal structure. Measurements were carried out using 72.5,
25, and 32 keV X-rays, respectively, at ID15A (ESRF, France),
LISA diffractometer at P08 (PETRA III, DESY, Germany), and
X22A (NSLS, USA). XRR measures R(qz), the reflected
intensity fraction of an X-ray beam of wavelength λ incident on
the interface at a grazing angle α, yielding a surface-normal
scattering vector qz = (4π/λ)sin α.
Grazing incidence diffraction (GID) was used to measure the

lateral structure of the monolayer. Here α is set below the
critical angle for total external reflection, αc, and the detector
rotated out of the reflection plane by 2θ to measure the
scattered intensity vs qr ≈ (4π/λ)sin (2θ/2). Soller slits
provided a Gaussian resolution of Δqr = 0.019 Å−1. The intense
bulk alkanol scattering, which masks the weak surface signal,
excludes such measurements for the wet sample (buried
interface).
A vertically aligned linear position-sensitive detector

measured the intensity’s qz distribution, the Bragg rod (BR),
at each qr. Note that while both XRR and BR measure the
scattered intensity’s qz-distribution, and thus explore the
surface-normal structure, the BR intensity is significant only
at the GID peaks’ positions. The GID and BR measurements
were carried out at X22B (NSLS, BNL) at 8.16 keV.

■ RESULTS
Surface-Normal Structure. Two sample configurations

(Figure 1(a,b)) were utilized: substrate in contact with the
liquid (denoted “wet”) and lifted off it (“dry”). For the latter,
the ∼2 mm gap still allowed a good exchange of molecules by
vapor transport. Samples coated by vapor transport, without
first touching the liquid, yielded similar results, albeit with a
slightly lower SAM coverage. For both geometries X-ray
reflectivity (XRR) was used to determine the surface-normal
structure. Figure 1(c) shows the normalized dry XRR, R/RF,
where RF is the Fresnel XRR of an ideally smooth and abrupt
silicon/air interface. The observed Kiessig-like fringes38 are
primarily due to interference of rays reflected from the top and
bottom of the monolayer. Their presence even at 100 °C
proves the monolayer’s persistence to the highest measured
temperatures. Their period, Δqz ≈ 0.27 Å−1 at 63 °C, yields an
estimated layer thickness d = 2π/(Δqz) ≈ 23.3 Å, in good
agreement with the fully extended length of a C18OH
molecule, l ≈ 24 Å, implying extended, surface-normal
molecules. At T ≈ 71 °C a ∼20% increase in Δqz suggests a
corresponding decrease in d with a concomitantly larger in-

plane spacing. These observations along with the details of the
transition between the two surface phases are discussed below.
To quantify the details of the interface-normal (z) structure,

the electron density profile, ρ(z), was modeled36,38 by a stack of
three slabs, each of an adjustable thickness, di, and density, ρi,
supported on bulk silicon of ρSi = 0.71 e/Å3. The slabs
represent, in ascending z order, (i = 1) a low-density Si/SiO2
interface layer, (i = 2) the SiO2 layer, and (i = 3) the C18OH
monolayer. A Gaussian roughness of width σi is assumed at
each interface. R(qz) calculated from this model through the
Master Formula36,38 is then fitted to the measured R(qz) to
yield the model-defining parameter values. The present
substrate model is motivated by our recent study,21 showing
the presence of a thin, low-density, Si/SiO2 interface layer, and
the need to account for this layer to achieve physically
meaningful parameter values. The dashed purple line in Figure
1(c) demonstrates that the widely used Tidswell model,22 that
incorporates a step change in the density at the Si/SiO2
interface but not the low density interface layer used here,
yields a poor fit at the large qz values now measurable at
modern synchrotron sources.
The fits by the model above, shown in solid lines in Figure

1(c), provide a near-perfect description of the measured R/RF
curves over the entire temperature range. The corresponding
ρ(z)s are shown in Figure 1(d), with the inset clearly
demonstrating a transition to a thinner layer, accompanying
the disordering transition mentioned above. To minimize the
number of fit parameters, we used in all fits for the Si/SiO2

Figure 1. (a) Wet and (b) dry interface configurations. (c) Fresnel-
normalized, measured dry X-ray reflectivities (symbols) and their
model fits with (solid lines) and without (dashed line) the low density
layer at the Si/SiO2 interface. (d) Fit-corresponding density profiles
with (solid lines) and without (dashed line) interfacial roughness.
Inset: magnified density at the monolayer/vapor interface region
below (blue) and above (red) the surface chain melting transition.
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• SiO2 layer 10 Å thick
• Density depletion between Si & SiO2
• Same model works at all temperatures
• Perfect in frozen & stretched liquid states

SiO2 step model

Modelling:
3 layer model (dip, oxide, SAM)
Fit: Only SAM parameters

𝑻 < 𝟔𝟗°𝑪
Surface Frozen Phase
→ Upright molecules
→ Rotator phase packing

𝑻 > 𝟔𝟗°𝑪
Stretched liquid
→ Reduction of thickness
→ Reduction of density
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New oxide model

J Haddad, et al., JPCC 31, 17648 (2015)



C18OH monolayers on SiO2/Si
in equilibrium with its melt

J Haddad, et al., JPCC 31, 17648 (2015)

SiO2 step model
FAILS!!

Modelling:
3 layer model (dip, oxide, SAM)
Parameters same as vapor except for
region between the SAM & melt
Fit: depletion region

𝑻 < 𝟔𝟗°𝑪
Surface Frozen Phase
→ Upright molecules
→ Rotator phase packing

𝑻 > 𝟔𝟗°𝑪
Stretched liquid
→ Reduction of thickness
→ Reduction of density

sapphire sapphire 

Contrast is from the density depletion region Conclusion: Same density depletion oxide model works 
when in contact with the melt
à increases confidence in the depletion oxide model

Silicon Silicon
phase transition
fully reversible

T



How does the improved oxide 
model work for OTS on SiO2/Si?

H.G. Steinruck et al., Langmuir 
31, 11774-11780 (2015)

• 3 slab model

• Oxide depletion (10 Å thick oxide)

Physically motivated headgroup

• Model works for all chain length

• Fits work to much larger q than the

step density oxide model
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Following extensive tests with numerous different
models, we found that the discrepancy between this
model and experiment could be fully eliminated by
including an electron depletion layer at the Si/SiO2

interface, as illustrated in Figure 1b. This fit (line, 2.4
in Figure 2a and corresponding F in Figure 2b) gives
doxide = 10.7 Å, alongwith a physically acceptable oxide
roughness of 2.1 Å. The presence of the depletion layer
is also responsible for a more subtle effect. The close-
spaced interfaces of this layer give rise to a long-period
modulation of the RRF. Over the qz range measurable
here, this modulation provides an increasing-intensity
envelope to the amplitude of the shorter-period RRF
modulation originating in the two interfaces of the
oxide layer. This rising-intensity envelope is responsi-
ble for the enhancement of the qz ≈ 0.5 Å!1 shallow
peak and the RRF rise in 2.4 after the dip as compared
to 2.3, thus achieving a better fit in 2.4. The measured
RRF is now well reproduced by this model over the
entire qz range, thus enhancing the confidence in the
corresponding density profile derived (2.4 in Figure 2b).
The inclusion of a depletion layer at the Si/SiO2

interface in the model discussed above is also moti-
vated by experimental studies showing the presence
of various oxidation states of silicon at the Si/SiO2

interface,30!32 in part due to dangling bonds11 and
hydrogen,9 resulting from the mismatch in bond den-
sity between Si and SiO2. Furthermore, theoretical
studies also predict an interfacial layer with reduced
density,33 attributed inter alia to voids at the Si/SiO2

interface in the Si!O!Si bridge bonds model.34

As we have shown in previous studies, for very
thin layers,17,29,35,36 such as the depletion layer at the
Si/SiO2 interface, it is not possible to refine d and F
independently in a fit. The fit is sensitive only to their
product. Hence in the fits we used a fixed d = 1.5 Å
for the transition layer. From this, and the fitted F,
we calculated that the depletion is equivalent to∼6!8
missing electrons in the electron density profile per
unit Si cell area (5.43 Å " 5.43 Å). This corresponds to
one missing oxygen atomwhose bonds remain hydro-
gen passivated. The number of missing electrons
matches well the value approximated from the model
of Morita et al.,9 showing the existence of hydrogen-
terminated silicon atoms and voids above the Si!O!Si
bridge bonds at the Si/SiO2 interface.

34 The fit-refined
oxide thickness, dSiO2

= 10.7 Å, also agrees well with
literature values for the thickness of the native oxide of
silicon determined by X-ray photoelectron spectroscopy.9

In the following, we show how the inclusion of the
transition oxide region provides for a much improved
interpretation of our XRR measurements for OTS self-
assembled monolayers prepared on the native SiO2

layer of a silicon substrate, illustrated in Figure 1c.
TheOTSmonolayerwas prepared by awell-established
procedure38!40 using a BCH/OTS solution under
ambient atmosphere. Whereas other solvents, such

as toluene, hexane, and cyclohexane can be success-
fully used,41 an ultradry environment42 provides lower
coverage monolayers. In Figure 3, we show our XRR
results for the OTS monolayer (symbols) along with fits
using four different density profiles (colored lines).
In Tidswell's model16 (line, 3.1 in Figure 3a, and corre-
sponding density profile in Figure 3b), the oxide is
described by a lower density slab and the OTS mono-
layer is described by two slabs, one for the headgroups
and one for the alkyl tails. Thismodel provides a poor fit
at high qz. Further, the Si/SiO2 interface is unphyiscally
sharp, of width ∼0 Å, and the headgroup layer thick-
ness of 7.2 Å is much larger than the expected 3.4 Å
Si!O!Si bond length.43 Inclusion of the depletion layer
at the Si/SiO2 interface solves the first two problems
and yields an excellent agreement with the measured
RRF (3.2), however at the cost of an 8.3 Å headgroup
thickness, even thicker and more unphysical than the
previous fit (see the corresponding density profile in
Figure 3b). As we have shown recently,44 the larger qz
range now accessible for XRR measurements supports
a more detailed and higher-resolution modeling of the
OTS headgroups. Here we split the single headgroup's
slab into two: a low-density slab adjacent to the native
oxide, representing the sparse bonds of the OTS's Si
atoms to the native oxide's oxygens, and a high-density
one, representing the Si!O!Si cross-links of the OTS
molecules. As 3.3 and the corresponding density profile
in Figure 3b show, using this more detailed model
for the OTS monolayer with the Tidswell model for
the Si/SiO2 still provides a poor fit. However, inclusion of
the depletion layer at the Si/SiO2 interface (3.4 and
corresponding density profile in Figure 3b) yields a near
perfect fit over the full, extended qz range measured,
as well as physically acceptable best-fit parameter

Figure 3. (a) Measured, Fresnel-normalized X-ray reflectiv-
ity (symbols) from a silicon-supported OTS monolayer
carried out at beamline ID10,37 ESRF, with λ = 0.590 Å along
withfits (lines) to four differentmodels discussed in the text.
(b) Surface-normal electron density profiles corresponding
to the respective fits in (a), with (solid lines) and without
(dashed lines) surface roughness. Areal coloring conforms
to that in Figure 1. The blue corresponds to Tidswell's OTS
headgroup model.16
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Conclusion: Further  
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How else can we test the oxide model?

H.G. Steinruck et al., ACS Nano 12, 12676 (2014)

• Can not be tested on clean substrates in air
organics build up with time

• Can be tested at the liquid/solid interface
using bicyclohexyl (BCH) as the organic liquid

Sapphire

Silicon
Silicon

Silicon

Silicon
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Following extensive tests with numerous different
models, we found that the discrepancy between this
model and experiment could be fully eliminated by
including an electron depletion layer at the Si/SiO2

interface, as illustrated in Figure 1b. This fit (line, 2.4
in Figure 2a and corresponding F in Figure 2b) gives
doxide = 10.7 Å, alongwith a physically acceptable oxide
roughness of 2.1 Å. The presence of the depletion layer
is also responsible for a more subtle effect. The close-
spaced interfaces of this layer give rise to a long-period
modulation of the RRF. Over the qz range measurable
here, this modulation provides an increasing-intensity
envelope to the amplitude of the shorter-period RRF
modulation originating in the two interfaces of the
oxide layer. This rising-intensity envelope is responsi-
ble for the enhancement of the qz ≈ 0.5 Å!1 shallow
peak and the RRF rise in 2.4 after the dip as compared
to 2.3, thus achieving a better fit in 2.4. The measured
RRF is now well reproduced by this model over the
entire qz range, thus enhancing the confidence in the
corresponding density profile derived (2.4 in Figure 2b).
The inclusion of a depletion layer at the Si/SiO2

interface in the model discussed above is also moti-
vated by experimental studies showing the presence
of various oxidation states of silicon at the Si/SiO2

interface,30!32 in part due to dangling bonds11 and
hydrogen,9 resulting from the mismatch in bond den-
sity between Si and SiO2. Furthermore, theoretical
studies also predict an interfacial layer with reduced
density,33 attributed inter alia to voids at the Si/SiO2

interface in the Si!O!Si bridge bonds model.34

As we have shown in previous studies, for very
thin layers,17,29,35,36 such as the depletion layer at the
Si/SiO2 interface, it is not possible to refine d and F
independently in a fit. The fit is sensitive only to their
product. Hence in the fits we used a fixed d = 1.5 Å
for the transition layer. From this, and the fitted F,
we calculated that the depletion is equivalent to∼6!8
missing electrons in the electron density profile per
unit Si cell area (5.43 Å " 5.43 Å). This corresponds to
one missing oxygen atomwhose bonds remain hydro-
gen passivated. The number of missing electrons
matches well the value approximated from the model
of Morita et al.,9 showing the existence of hydrogen-
terminated silicon atoms and voids above the Si!O!Si
bridge bonds at the Si/SiO2 interface.

34 The fit-refined
oxide thickness, dSiO2

= 10.7 Å, also agrees well with
literature values for the thickness of the native oxide of
silicon determined by X-ray photoelectron spectroscopy.9

In the following, we show how the inclusion of the
transition oxide region provides for a much improved
interpretation of our XRR measurements for OTS self-
assembled monolayers prepared on the native SiO2

layer of a silicon substrate, illustrated in Figure 1c.
TheOTSmonolayerwas prepared by awell-established
procedure38!40 using a BCH/OTS solution under
ambient atmosphere. Whereas other solvents, such

as toluene, hexane, and cyclohexane can be success-
fully used,41 an ultradry environment42 provides lower
coverage monolayers. In Figure 3, we show our XRR
results for the OTS monolayer (symbols) along with fits
using four different density profiles (colored lines).
In Tidswell's model16 (line, 3.1 in Figure 3a, and corre-
sponding density profile in Figure 3b), the oxide is
described by a lower density slab and the OTS mono-
layer is described by two slabs, one for the headgroups
and one for the alkyl tails. Thismodel provides a poor fit
at high qz. Further, the Si/SiO2 interface is unphyiscally
sharp, of width ∼0 Å, and the headgroup layer thick-
ness of 7.2 Å is much larger than the expected 3.4 Å
Si!O!Si bond length.43 Inclusion of the depletion layer
at the Si/SiO2 interface solves the first two problems
and yields an excellent agreement with the measured
RRF (3.2), however at the cost of an 8.3 Å headgroup
thickness, even thicker and more unphysical than the
previous fit (see the corresponding density profile in
Figure 3b). As we have shown recently,44 the larger qz
range now accessible for XRR measurements supports
a more detailed and higher-resolution modeling of the
OTS headgroups. Here we split the single headgroup's
slab into two: a low-density slab adjacent to the native
oxide, representing the sparse bonds of the OTS's Si
atoms to the native oxide's oxygens, and a high-density
one, representing the Si!O!Si cross-links of the OTS
molecules. As 3.3 and the corresponding density profile
in Figure 3b show, using this more detailed model
for the OTS monolayer with the Tidswell model for
the Si/SiO2 still provides a poor fit. However, inclusion of
the depletion layer at the Si/SiO2 interface (3.4 and
corresponding density profile in Figure 3b) yields a near
perfect fit over the full, extended qz range measured,
as well as physically acceptable best-fit parameter

Figure 3. (a) Measured, Fresnel-normalized X-ray reflectiv-
ity (symbols) from a silicon-supported OTS monolayer
carried out at beamline ID10,37 ESRF, with λ = 0.590 Å along
withfits (lines) to four differentmodels discussed in the text.
(b) Surface-normal electron density profiles corresponding
to the respective fits in (a), with (solid lines) and without
(dashed lines) surface roughness. Areal coloring conforms
to that in Figure 1. The blue corresponds to Tidswell's OTS
headgroup model.16
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Native Silicon 
Oxide Summary

Experimental Evidence
Depletion Si oxide model works well for

1. OTS on SiO2/SI[1]

2. C18OH on SiO2/SI (vapor & liquid)[2]

3. Simple liquids[3]

Three times is the charm!!
(new oxide model replaces well cited 1989 model)

Physical motivation
• Si and SiO2: Bond density mismatch

• Various oxidation states [4]

→Dangling bonds, hydrogen

• Theory: Low density region [5]

• ~ 6 – 8 missing e- per unit cell area

• Not sensitive to depletion thickness

[4] Braun et al., Surf. Sci 180, 279 (1987).
[5] Tu et al., PRL 84, 4393 (2000).

[1]  H..G. Steinruck et al., Langmuir 31, 11774-11780 (2015)
[2] J Haddad, et al., JPCC 31, 17648 (2015)
[3] H.G. Steinruck et al., ACS Nano 12, 12676 (2014)

1989 step 
oxide model

2014 depletion 
oxide model✓

Can the surface oxide be observed with neutrons?

Significant since Silicon wafers are used 
for lots of XR and NR studies



Surface Freezing
simple alkanes (vapor interface)

12

becomes flexible and bonds may be excited into gauche con-
formations, rendering the molecule nonlinear and aplanar.
In addition to the usual liquid and crystalline phase, the

bulk alkanes exhibit a sequence of intermediate plastic crys-
talline phases known as rotator phases @1–5,15–17#. The ro-
tator phases are crystals with three-dimensional ~3D! long-
range positional order of their centers of mass, but no long-
range order in the rotational degree of freedom of a molecule
about its long axis. Short-range order in these correlations
does exist, and increases as temperature is reduced. Five ro-
tator phases have been identified in the bulk alkanes distin-
guished by the lattice distortion (d), tilt magnitude (u), and
direction (f) @17#. The distortion is defined as the difference
from unity of the ratio of the minor to major axis of an
ellipse drawn through the six ‘‘nearest’’ neighbors when
viewed along the axis of the chains. The rotator phases of
interest in this study are those which occur at the highest
temperature, immediately below T f . The rotator phase with
the highest symmetry is the RII phase in which the molecules
are pointing along the layer normal and are, on average,
packed hexagonally. Thus, d50 in this phase, which is the
highest temperature bulk rotator phase for carbon numbers
22<n<25. At lower temperatures ~reached via a first order
transition! the RI phase occurs. The in-plane RI structure is
distorted hexagonal ~orthorhombic!. For n,22, the alkanes
melt directly from the RI phase, without going through the
RII phase. However, the RII phase is easily induced in binary
mixtures of shorter chain lengths @2#. For n>26, the highest
temperature rotator phase is the RIV phase where the mol-
ecules are tilted toward next-nearest neighbors by an angle
u . The distortion d in this phase is finite, but small, and is
considered a secondary effect, induced by coupling between
u and d . The tilt magnitude in the RIV phase increases with
increasing chain length above n526. The rotator phases can
be distinguished from the crystal phases by the area per mol-
ecule ~as viewed along the chain axis!, which is ;19.5 Å2
in the rotator phases and ;18.5 Å2 in the crystal phases.

As we shall see below, alkane surface monolayers for
n<30 adopt a structure similar to that of the RII bulk phase,
while for n.30 they resemble the tilted bulk phases. The
surface-frozen and liquid surface structures are shown in Fig.
2.

B. Surface freezing

It has long been realized that dimensionality has a pro-
found influence on the phase behavior of matter, and, hence,
the phase sequences of thin films and surfaces were expected
@18#, and found experimentally @19#, to differ from those of
the 3D bulk. Both theory and experiment show that with very
few exceptions it is the less ordered surface phase which
coexists with the more ordered bulk phase, i.e., the surface
melts at a lower temperature than the bulk. This phenom-
enon, called surface melting, has been discovered in almost
all solids studied @19#. This is easy to rationalize since the
surface molecules are generally less constrained than those in
the bulk and possess, therefore, a higher entropy. A much
less common, and less understood phenomenon is surface
freezing, where an ordered surface layer coexists with a dis-
ordered bulk liquid. This effect has been observed so far
only in liquid crystals @12,14,20#, where, however, smectic
surface layers are observed to grow on the vapor-nematic or
the vapor-isotropic liquid interfaces, and hexatic @21,22# and
crystalline-B @23# phases were observed at the surfaces of
free-standing smectic films. However, no true crystalline sur-
face phase was ever observed over a disordered ~nematic or
isotropic! bulk. It has been speculated that these rare phe-
nomena are related to the chainlike geometry of the mol-
ecules, or to their hydrocarbon tails. Thus, investigation of
the surface phase behavior of the simplest linear hydrocar-
bons, namely, normal alkanes, may shed some light on simi-
lar phenomena in the much more complicated liquid crystal
molecules. However, allowance must be made for the sig-
nificant geometric and chemical differences between alkanes
and liquid crystals. Alkanes are simple, uniform molecules,
interacting almost exclusively via van der Waals interac-
tions. They are flexible at higher temperatures and rigid at
lower temperatures. By contrast, liquid crystal molecules are
composed of a permanently rigid core to which hydrocarbon
tails are attached and have rather complex interactions, re-
flected in their rich phase diagram even above their crystal-
line phases.

FIG. 2. ~a! The x-rays reflected specularly from the vapor-liquid
interface of n-alkanes at high enough temperatures, at which the
molecules are flexible. ~b! The surface crystalline layer of
n-alkanes below surface freezing temperatures, but still above the
bulk freezing point.

FIG. 1. ~a! The structure of the n-alkane molecule. ~b! The bond
conformations and structural parameters, showing the positions for
trans (t) and gauche (g) conformations. The corresponding energy
has two local minima for the g positions and a global one for the
t .
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How does XR at a single q change with temperature?

Formation of a single layer

Agrees with the temperature range from 
surface tension measurements
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Small density depletion 
CH3 groups less dense

X. Z. Wu, E. B. Sirota, S. K. 
Sinha, B. M. Ocko, and M. 
Deutsch , PRL 70, 958  (1993)

CH3(CH18)CH3



Methyl Region Depletion (alkanes and lipids)

Service Corp., Bohemia, NY) was used with graphite monochromator
and Bicron Nal scintillator-photomultiplier detector (Blake Industries,
Inc., Scotch Plains, NJ) to record the diffraction patterns from the
samples. The sample was mounted on a Huber 511.1 four circle
goniometer (Blake Industries, Inc.) which provided precision angular
control. The intrinsic resolution width of diffraction peaks with this
configuration is 0.01 A-'. All experiments were performed at T 20 ±

20C. The integrated intensities of the low-angle lamellar reflections
were obtained by several methods of computer integration. The differ-
ences between methods involved different choices of baselines. Baseline
curves were constructed with a computer graphics program or obtained
from the scattering data of capillary tubes containing water and no lipid.
Also, the integrated intensities were obtained either by numerical
integration or by fitting the diffraction peaks with Gaussian lineshapes.
The differences from these various integration procedures were smaller
than the variations from one sample to another. The integrated intensi-
ties were multiplied by the Lorentz-polarization correction factor, which
is - h2, to yield I(h). To obtain structure factors, F(h), the square root of
I(h) was taken and the phases (±) of Torbet and Wilkins (9) were

used.
The strip model represents the electron density p*(x) versus distance

x from the center of the bilayer as a sequence of strips, each with a
constant density pi and width xi. Two different strip models were utilized
in this paper. A four-strip model, to be called the 4S model, represents
each of the four parts of the bilayer (terminal methyl, methylene,
headgroup, and interlamellar water) as a single strip; a five-strip model,
to be called the 5S model, represents the headgroup by two strips instead
of one strip as in the 4S model. Each strip has a width and electron
density, but the sum of strip widths must add to D/2, so the model is
specified by 2N - 1 parameters. The structure factors F(h) have a

simple analytic form (16).
The hybrid models introduced and developed in this paper contain

features of both the strip model and the Gaussian model introduced by
Mitsui (8). The interlamellar water region and the methylene regions of
the bilayer are first approximated as constant density regions (strips). In
the headgroup region a gap proportional to the width of the headgroup is
left between these strips which is bridged by a bridging function that was
chosen to be half the period of a sine function with amplitude equal to
the difference in electron densities of the water and methylene regions.
(See right-hand side of Fig. 1.) The headgroup regions and the terminal
methyl region are represented by Gaussians which are superimposed on

the bridged strip functions. Hybrid models therefore represent the
electron density p*(x) as a function that is continuous and has a

continuous first derivative. Two specific hybrid models were considered
in this study. For the 1G hybrid model each of the two headgroups is
represented by one Gaussian function. For the 2G hybrid model each of
the two headgroups is represented by two Gaussians. A 2G hybrid model
electron density profile is depicted in Fig. 1. The number of parameters
required to specify the hybrid models is the sum of three for each
headgroup Gaussian (position XH;, amplitude CHi, and width OHj), two
for the terminal methyl Gaussian (amplitude CHI and width OHi) and one

each for the electron density of the fluid region (p4) and the methylene
region (PCH2). The constant methylene baseline extends from 0 to XHI -

OHI and the constant water baseline extends from XH2 + aH2 to D/2. The
mathematical definitions of the hybrid models and the functional form
of the structure factors F(h) are given in detail (23).

Nonlinear least-squares fitting of strip and hybrid model electron
density profiles to the measured low-angle intensity data I(h) was

performed. The best fit to the data is defined to be that given by the
electron density model parameter set p that minimizes the sum of the
square of the residuals, R2(h; p):

H

R2(h; p) = L w(h) [I(h; ohs) - I(h; p)]2, (4)
h-i

pO(x)

FIGURE 1 Electron density profile p*(x) as a function of distance x
from the center of the bilayer for a 2G hybrid model is depicted on the
left-hand side for half a bilayer. The right side depicts the constituent
parts of the profile.

where the sum is from 1 to H, the highest lamellar diffraction order
observed. The weighting function w(h) is equal to 1 /o-2h, where ah are the
experimental uncertainties for the intensities. Fits to the data of Torbet
and Wilkins (9) used equal weights w(h) for all h.

RESULTS

Lamellar low-angle diffraction from the gel phase of
DPPC was recorded and orders h = 1 to 5 and the 7th
order were observed as shown in Fig. 2 for a representa-
tive experiment. The peak widths are the resolution width

le

co

0

x

0.0 0.2 0.4
X (A)

0.6 0.8

FIGURE 2 Relative scattering intensity I(X) versus reciprocal space
distance X of G phase DPPC at 20 ± 20C. The body of the figure shows
the seven orders of low-angle lamellar diffraction recorded in a typical
experiment; the inset shows the wide-angle diffraction pattern. Notice
the use of a logarithmic scale for the body of the figure which
exaggerates the apparent width of the peaks and the baseline features
but emphasizes the dynamic range of the data.

Wiener et al. Structure of Gel Phase DPPC

............... '" .... ....... ...........

I.. .. ..... .. I., .. ..... .. 1,

I

I P CH2

Wiener et al. Structure of Gel Phase DPPC 317

[1] A. F. Craievich, I. Denicolo, and J. Doucet, Phys. Rev. B 30, 4782 (1984). 
[2] M. C. Wiener, R. M. Suter, and J. F. Nagle, Biophys. J. 55, 315 (1989). 

Bulk Rotator Alkane Phases (Doucet) Lipid Bilayers (Nagle)

Measure of the integrated depletion   
Γ= δD x (ρavg- ρdep)

Good agreement with
alkanes
lipids
frozen SAM monolayers (C18OH/SiO2/Si)
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cept small regions between the terminal groups of the
molecules which constitute layer voids.
The intensities of the Bragg reflections at small angles

are only functions of the size and shape of the interface
regions or layer voids. The layer voids may be character-
ized by the difference b,q(z) =rl, —rl(z), where i)(z) is the
average electron density in a plane parallel to the inter-
face, at a distance z from the center of gravity of the b,rl
function. The integral and the second moment of Ere(z)
define two parameters:

ir= f b,rl(z)dz (1)

d, =L—Lkcos|t . (8)

From the geometry of the molecule it is easy to check that
Lk is equal to (n —.1)X 1.273 A plus a small contribution
of the terminal methyls which is of the order of 1.2 A
leading to Lk=(n X1.273) A as it has been assumed in
Ref. 6.
The long lattice spacings L are approximately constant

within the domain of stability of the crystal and rotator
phases of each paraffin, but a discontinuity is observed at
the transition temperature. The spacing of the rotator
phase L(R) is slightly higher than that of the crystal
phase L(C).
In order to obtain the parameter d, of the rotator

phase, we assuine a homogeneous dilatation of the system.
This assumption leads to Lk(R) values (rotator phase)
which can be obtained from Lk(C) of the crystal phase by
Lk(R)=[L(R)/L(C)]Lk(C). Thus the d, (R) parameters
can also be determined from Eq. (8).
An alternative assumption is the invariance of the chain

length at the phase transition. In this case d, (R )
=L(R) Lk, wh—ere Lk=n X1.273 A. This assumption
implies that the increase in L at the phase transition re-
flects only an increase in d, .
The average local thickness d,„ofthe layer is obtained

from Eqs. (1) and (7). They lead to

and

0 =—f z b,il(z)dz . (2)

The scattering intensities in absolute units Ii of the reflec-
tions 00l are associated with the structure factor Bi by

Il +l2 (3)

where Bi is defined by

f goal(z)ezwi(IIL)zdz
L being the spacing of the layer lattice planes [see Fig.
1(a)]. An appropriate extrapolation to the origin of the re-
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from Eq. (2):

S
8&—a o

s=0
cr =d, /12If (v 12crl/L) «1 for all the observed 00/ reflections,

Bl, have a parabolic dependence on I:

Bi a 4m ~ o —(—l/L—)
or

D, =v 12o =d, .
If this condition is not fulfilled a least-square fitting of
the experimental intensities, Il, to a higher-degree polyno-
mial (with even powers of I), is needed to obtain a. and o.
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where d, is the thickness of the void layers and e/d, is a
correction due to the contribution to the electron density
in the voids from the methyl terminal groups. e is given
by

ds dav& tds = dav=ot

d av
d$

e=(2/S)cos@,
where S is the cross section per chain and P is the tilting
angle of the molecule.
The thickness d, can be estimated using the spacing L

and the molecular length Lk along which the electronic
density is constant and equal to g, . We then have

s av t

FIG. 1. (a) Schematic g(z) function for perfect crystals,
schematic hg(z) functions for (b) perfect crystals, (c) crystals
with only rigid-body longitudinal molecular motion, and (d)
crystals containing molecules with conformational defects.
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Electron Depletion at SAM/liquid interface
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Electron Depletion always occur because of the low 
electron density methyl terminal groups

Water/OTS

Water/OTE

Γ= δD x (ρavg- ρdep)
Effective # of depleted carbon atoms
~1 missing carbon atoms”
CH3 volume nearly twice that of a CH2

δD (ρavg- ρdep)

Conclusion: Electron depletion at SAM 
water interface is not water depletion, 
primarily from the bulky methyl groups
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Molecular Dynamics (MD) simulations 
for the electron density at three 
alkane/water interfaces. As confirmed by 
X-ray Reflectivity measurements, the 
electron density profile is independent of 
alkane chain length and the interface can 
be explained by pure capillary-wave theory 
An upper limit is placed on the interfacial 
depletion layer (dashed lines)
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where σCW is the CW-induced roughness, γ is the interfacial
tension, σ0 accounts for any nonthermal intrinsic interfacial
roughness [22], and qmin and qmax are the CW lower
and upper wave vector cutoffs [6,21]. In the experiments
qmin ¼ qzΔβ=2 is set by the spectrometer resolution [24],
where Δβ is the angular acceptance of the detector and
qmax ¼ π=r0 is approximated using the smallest molecular
dimension (r0 ¼ 2.5 Å) [6]. For the simulations qmin ¼
2π=Lbox is set by the simulation box size, Lbox.
A key enabling feature of the present measurements is

the use of all-glass sample cells, composed of an inner cup
(40–50 mm diam) residing concentrically within a taller
outer cup (60–70 mm diam) and contained in a sealed,
temperature controlled environment. The inner cup is first
filled to its rim with ultrapure water. The outer cell is then
filled with purified oils (passed through activated basic
alumina columns) to a few mm above the water surface.
Thus, the liquids contact only glass throughout the
experiment. Well-established hot piranha glass cleaning
procedures were employed [25]. No equivalent cleaning
procedure is possible for the mylar, polycarbonate, and
stainless steel materials used as cell components in the
previous studies [5]. Further, it is well established that the
x rays damage plastics through polymer bond breaking
and oxidation, yielding soluble contaminants which may
segregate to the liquid-liquid interface.
The XR measurements were carried out for C12 and C16

at ID15A (ESRF, France) and for C6 at 9ID (APS, USA),
respectively [24], at 25" 2 °C with beam heights of
∼5 μm. The background was measured and subtracted
using standard procedures [21] and involved rotating the
detector horizontally from the specular position by an angle
just greater than the resolution width in both in-plane
directions, taking the average of the two values as the
background.
In Fig. 1(a) we show the measured RðqzÞ=RFðqzÞ for

C16, C12, and C6 as open symbols where each data set
shows a highly linear dependence of ln½RðqzÞ=RFðqzÞ& on
q2z . These results are in very good agreement with the CW
model prediction of an ideally flat and abrupt interface,
broadened by Gaussian roughness, but otherwise structure-
less. This calculation uses the instrumental resolution, qmin

of 8.6 × 10−4, 1.7 × 10−4, and 8.4 × 10−5 Å−1, for C6, C12,
and C16, respectively, evaluated at qz ¼ 0.4 Å−1 [24,26].
Moreover, Eq. (1) fits yield σ of 3.38" 0.30, 3.41" 0.15,

and 3.54" 0.20 Å for C6, C12, and C16, respectively, all
close to their corresponding σCW values of 3.06, 3.31, and
3.41Å. This good agreement suggests that σ0 ≈ 0 Å. Indeed,
plots of Eq. (1) with fixed σ ¼ σCW [Fig. 1(a), solid lines]
agree well with the measured data, over the full 0 ≤ q2z ≤
0.2 Å−2 range measured, and without any adjustable param-
eters. However, for C12 a noticeable deviation from
experiment is observed already for σ0 ¼

ffiffiffi
2

p
σair0 ¼ 1.56 Å

(short-dashed line), a value obtained as an upper limit by

adding in quadrature the σ0 of the water and of the alkane
interfaces, assuming for both the same σair0 ¼ 1.1 Å, mea-
sured for long-chain alkane-melt–air interfaces [22].
Thus, for a CW-broadened monotonic interfacial EDP,
experiment clearly limits the nonthermal contribution to
σ0 ≲ 1.5 Å. The discrepancy with the previous comprehen-
siveXRstudy ofCn-water interfaces [6] is clear even for their
smaller q range (q2z ≤ 0.07 − 0.12 Å−2). Their analysis
yields σ0 increasing with n, reaching 4.43 Å for n ¼ 16
and they attribute the σ0 to the molecules’ radius of gyration.
Whereas the analysis above is consistent with a

CW-determined monotonic-EDP interface, it neglects the
possibility of an interfacial electron depletion layer. For a
thin layer of thickness D and density ρD, XR is insensitive
to the specific values of D and ρD, and only sensitive to the
z-integrated electron depletion, Γ ¼ D × Δρ, where Δρ is
the density difference between ρD and the average of water
(ρw) and alkane (ρa) [17,18]. Including a depletion layer in
the model and choosing a limiting ρD ¼ 0e=Å3 modifies
Eq. (1) to

FIG. 1. (a) Fresnel-normalized reflectivity R=RF for alkane
(Cn)-water interfaces: measured (symbols), calculated (no-fit)
CW theory prediction (RCW=RF), for σ0 ¼ 0 and D ¼ 0
(solid lines), showing good agreement, and the same with
σ0 ¼

ffiffiffi
2

p
ð1.1 ÅÞ ¼ 1.56 Å (short-dashed line for C12). The best

fits of previous measurements [6] (long-dashed lines) show
reduced q2z range and systematic deviations from CW theory.
MD simulations along with CW corrections are shown for
DMD ¼ 0.5 Å (dot-dashed lines). (b) C12-water R=RCW: mea-
sured (symbols), and calculated (lines) for combinations of σ0
and D. See text for discussion.
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roughness [22], and qmin and qmax are the CW lower
and upper wave vector cutoffs [6,21]. In the experiments
qmin ¼ qzΔβ=2 is set by the spectrometer resolution [24],
where Δβ is the angular acceptance of the detector and
qmax ¼ π=r0 is approximated using the smallest molecular
dimension (r0 ¼ 2.5 Å) [6]. For the simulations qmin ¼
2π=Lbox is set by the simulation box size, Lbox.
A key enabling feature of the present measurements is
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(40–50 mm diam) residing concentrically within a taller
outer cup (60–70 mm diam) and contained in a sealed,
temperature controlled environment. The inner cup is first
filled to its rim with ultrapure water. The outer cell is then
filled with purified oils (passed through activated basic
alumina columns) to a few mm above the water surface.
Thus, the liquids contact only glass throughout the
experiment. Well-established hot piranha glass cleaning
procedures were employed [25]. No equivalent cleaning
procedure is possible for the mylar, polycarbonate, and
stainless steel materials used as cell components in the
previous studies [5]. Further, it is well established that the
x rays damage plastics through polymer bond breaking
and oxidation, yielding soluble contaminants which may
segregate to the liquid-liquid interface.
The XR measurements were carried out for C12 and C16

at ID15A (ESRF, France) and for C6 at 9ID (APS, USA),
respectively [24], at 25" 2 °C with beam heights of
∼5 μm. The background was measured and subtracted
using standard procedures [21] and involved rotating the
detector horizontally from the specular position by an angle
just greater than the resolution width in both in-plane
directions, taking the average of the two values as the
background.
In Fig. 1(a) we show the measured RðqzÞ=RFðqzÞ for

C16, C12, and C6 as open symbols where each data set
shows a highly linear dependence of ln½RðqzÞ=RFðqzÞ& on
q2z . These results are in very good agreement with the CW
model prediction of an ideally flat and abrupt interface,
broadened by Gaussian roughness, but otherwise structure-
less. This calculation uses the instrumental resolution, qmin

of 8.6 × 10−4, 1.7 × 10−4, and 8.4 × 10−5 Å−1, for C6, C12,
and C16, respectively, evaluated at qz ¼ 0.4 Å−1 [24,26].
Moreover, Eq. (1) fits yield σ of 3.38" 0.30, 3.41" 0.15,

and 3.54" 0.20 Å for C6, C12, and C16, respectively, all
close to their corresponding σCW values of 3.06, 3.31, and
3.41Å. This good agreement suggests that σ0 ≈ 0 Å. Indeed,
plots of Eq. (1) with fixed σ ¼ σCW [Fig. 1(a), solid lines]
agree well with the measured data, over the full 0 ≤ q2z ≤
0.2 Å−2 range measured, and without any adjustable param-
eters. However, for C12 a noticeable deviation from
experiment is observed already for σ0 ¼

ffiffiffi
2

p
σair0 ¼ 1.56 Å

(short-dashed line), a value obtained as an upper limit by

adding in quadrature the σ0 of the water and of the alkane
interfaces, assuming for both the same σair0 ¼ 1.1 Å, mea-
sured for long-chain alkane-melt–air interfaces [22].
Thus, for a CW-broadened monotonic interfacial EDP,
experiment clearly limits the nonthermal contribution to
σ0 ≲ 1.5 Å. The discrepancy with the previous comprehen-
siveXRstudy ofCn-water interfaces [6] is clear even for their
smaller q range (q2z ≤ 0.07 − 0.12 Å−2). Their analysis
yields σ0 increasing with n, reaching 4.43 Å for n ¼ 16
and they attribute the σ0 to the molecules’ radius of gyration.
Whereas the analysis above is consistent with a

CW-determined monotonic-EDP interface, it neglects the
possibility of an interfacial electron depletion layer. For a
thin layer of thickness D and density ρD, XR is insensitive
to the specific values of D and ρD, and only sensitive to the
z-integrated electron depletion, Γ ¼ D × Δρ, where Δρ is
the density difference between ρD and the average of water
(ρw) and alkane (ρa) [17,18]. Including a depletion layer in
the model and choosing a limiting ρD ¼ 0e=Å3 modifies
Eq. (1) to

FIG. 1. (a) Fresnel-normalized reflectivity R=RF for alkane
(Cn)-water interfaces: measured (symbols), calculated (no-fit)
CW theory prediction (RCW=RF), for σ0 ¼ 0 and D ¼ 0
(solid lines), showing good agreement, and the same with
σ0 ¼

ffiffiffi
2

p
ð1.1 ÅÞ ¼ 1.56 Å (short-dashed line for C12). The best

fits of previous measurements [6] (long-dashed lines) show
reduced q2z range and systematic deviations from CW theory.
MD simulations along with CW corrections are shown for
DMD ¼ 0.5 Å (dot-dashed lines). (b) C12-water R=RCW: mea-
sured (symbols), and calculated (lines) for combinations of σ0
and D. See text for discussion.
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ξ ¼ ðl × nBULKC Þ−1
2, where l ¼ 1.529 Å is the C-C bond

length and nBULKC is the C monomer bulk density [6].
The molecular orientation [Figs. 3(c)–3(d)] is calculated

from the gyration tensor for each molecule, G ¼P
i;jðri − rjÞðri − rjÞT=ð2N2Þ. i, j runs over all N atoms

of the molecule, with ri denoting atom i’s position.
Diagonalizing G is equivalent to fitting an ellipsoid to the
molecule’s shape.G’s eigenvectors, labeled k ¼ 1, 2, 3 for the
largest, medium, and smallest eigenvalues, are the directions
of the molecule’s principal axes [Fig. 3(c)]. The order
parameter is calculated as SkðzÞ ¼ h3cos2θk − 1i=2, where
θk is the angle between the kth eigenvector and the vector
ðx; y; zÞ ¼ ð0; 0; 1Þ, and h…i indicates an average over all
molecules at position z. Sk ¼ 1 corresponds to an orientation
perpendicular to the interface, whereas Sk ¼−0.5
corresponds to orientation parallel. Figure 3(d) shows that
for all Cn the interface-adjacent molecules have their longest
axis interface parallel, and their shortest axismostly interface
normal. The alignment is more pronounced for longer
alkanes.The interface-adjacent densityoscillationsdiscussed
above are likely caused by this strong interface-parallel
molecular layering that also explains their periods’ chain

length independence. The short length scale of the oscilla-
tions resulting from the parallel orientation also explains that
no molecular structure is visible in the XR profiles, and that
the interfacial width is independent of the chain length,
contrary to previous reports [6]. A chain-length-dependent σ
would be expected for other alkane orientations.
Despite the interface-parallel molecular alignment, the

relative CH3 density at the interface is enhanced [Fig. 3(e)].
The relative density of species i is niðzÞ=ΣjnjðzÞ, with
ni;jðzÞ being the number density of CH3 groups or H atoms,
and the sum running over all carbon groups (for CH3), or
over all atoms (for H). The CH3 densities [dashed red lines
in Fig. 3(e)] exhibit a roughly twofold increase in the
interfacial region. This, in turn, increases the relative
hydrogen content in the density-depleted interfacial layer
[solid blue lines in Fig. 3(e)]. However, this effect is small,
indicating that the ρðz ¼ 0Þ dip in Fig. 3(b) is due to
heavier-atom depletion rather than hydrogen enrichment.
The width, σwater, of the simulated water electron density

profiles is a measure of the CW roughness over the
simulation’s box size. Excellent fits (not shown) are obtained
for C6, C12, and C16 with σwater ¼ 1.32 $ 0.04 Å, which
is considerably smoother than the calculated CW value
σCW ¼ 1.8 Å calculated using the molecular size of water,
r0 ¼ 2.5 Å, and Lbox. Agreement between the CW model
and simulations is obtained with r0 ¼ 10 Å, suggesting that
the shortest wavelength capillary mode may be influenced
by the bending rigidity of the elongated alkane chains
lying parallel to the interface.
To compare the simulated XR, RsðqzÞ, with experiment,

we first correct the simulated ρðzÞ for the CW spectrum
cutoff by the simulation box size. ρðzÞ is thus convoluted
with a Gaussian of width σCW calculated from Eq. (2)
with qmax ¼ 2π=Lbox. This accounts for the CW modes
between 2π=Lbox and the resolution-determined qmin,
since these CW modes are not accounted for by the
simulation. RsðqzÞ is calculated from this corrected ρðzÞ
using the Born approximation [21], RsðqzÞ=RFðqzÞ ¼
jðρw − ρaÞ−1

R
½dρðzÞ=dz& expð−iqzzÞdzj2.

For all three chain lengths, using the simulated ρðzÞ with
its depletion layer width of DMD ¼ 0.5 Å, RsðqzÞ=RFðqzÞ
is higher [see dot-dashed lines in Fig. 1(a)] than both the
measured reflectivity and the CW prediction. We note that
excellent agreement of the simulations with the measured
reflectivity can be obtained by either artificially reducingD
found in the simulations, DMD ¼ 0.5 Å to zero for all
alkanes, or by incorporating ad hoc an additional non-
thermal roughness σ0, not exhibited by the simulations. For
example, for C12, to reach a good simulation-experiment
agreement in Fig. 1(a) requires increasing σ to 3.9 Å
from the CW value of 3.3 Å. This, in turn, requires
σ0 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðσ2 − σ2CWÞ

p
¼ 2.1 Å, greater than the upper limit

of
ffiffiffi
2

p
ð1.1 ÅÞ ¼ 1.56 Å discussed above. There is no

apparent justification for this increased broadening within
the MD simulation since the capillary correction should

(a) (c)

(b)

(d)

(e)

FIG. 3. (a) The mass density with the Gibbs dividing surfaces
(black dashed lines). (b) The electron density ρðzÞ. (c) A snapshot
of a C16 molecule together with its three principal axes. (d) The
order parameter Sk. (e) The relative densities of CH3 and H.
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length and nBULKC is the C monomer bulk density [6].
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molecule’s shape.G’s eigenvectors, labeled k ¼ 1, 2, 3 for the
largest, medium, and smallest eigenvalues, are the directions
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parameter is calculated as SkðzÞ ¼ h3cos2θk − 1i=2, where
θk is the angle between the kth eigenvector and the vector
ðx; y; zÞ ¼ ð0; 0; 1Þ, and h…i indicates an average over all
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corresponds to orientation parallel. Figure 3(d) shows that
for all Cn the interface-adjacent molecules have their longest
axis interface parallel, and their shortest axismostly interface
normal. The alignment is more pronounced for longer
alkanes.The interface-adjacent densityoscillationsdiscussed
above are likely caused by this strong interface-parallel
molecular layering that also explains their periods’ chain

length independence. The short length scale of the oscilla-
tions resulting from the parallel orientation also explains that
no molecular structure is visible in the XR profiles, and that
the interfacial width is independent of the chain length,
contrary to previous reports [6]. A chain-length-dependent σ
would be expected for other alkane orientations.
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relative CH3 density at the interface is enhanced [Fig. 3(e)].
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ni;jðzÞ being the number density of CH3 groups or H atoms,
and the sum running over all carbon groups (for CH3), or
over all atoms (for H). The CH3 densities [dashed red lines
in Fig. 3(e)] exhibit a roughly twofold increase in the
interfacial region. This, in turn, increases the relative
hydrogen content in the density-depleted interfacial layer
[solid blue lines in Fig. 3(e)]. However, this effect is small,
indicating that the ρðz ¼ 0Þ dip in Fig. 3(b) is due to
heavier-atom depletion rather than hydrogen enrichment.
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simulation’s box size. Excellent fits (not shown) are obtained
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σCW ¼ 1.8 Å calculated using the molecular size of water,
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To compare the simulated XR, RsðqzÞ, with experiment,
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with a Gaussian of width σCW calculated from Eq. (2)
with qmax ¼ 2π=Lbox. This accounts for the CW modes
between 2π=Lbox and the resolution-determined qmin,
since these CW modes are not accounted for by the
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using the Born approximation [21], RsðqzÞ=RFðqzÞ ¼
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is higher [see dot-dashed lines in Fig. 1(a)] than both the
measured reflectivity and the CW prediction. We note that
excellent agreement of the simulations with the measured
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found in the simulations, DMD ¼ 0.5 Å to zero for all
alkanes, or by incorporating ad hoc an additional non-
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interfacial region. This, in turn, increases the relative
hydrogen content in the density-depleted interfacial layer
[solid blue lines in Fig. 3(e)]. However, this effect is small,
indicating that the ρðz ¼ 0Þ dip in Fig. 3(b) is due to
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agreement in Fig. 1(a) requires increasing σ to 3.9 Å
from the CW value of 3.3 Å. This, in turn, requires
σ0 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðσ2 − σ2CWÞ

p
¼ 2.1 Å, greater than the upper limit

of
ffiffiffi
2

p
ð1.1 ÅÞ ¼ 1.56 Å discussed above. There is no

apparent justification for this increased broadening within
the MD simulation since the capillary correction should

(a) (c)

(b)

(d)

(e)

FIG. 3. (a) The mass density with the Gibbs dividing surfaces
(black dashed lines). (b) The electron density ρðzÞ. (c) A snapshot
of a C16 molecule together with its three principal axes. (d) The
order parameter Sk. (e) The relative densities of CH3 and H.
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Scientific Achievement
X-ray reflectivity (XR) and molecular 
dynamics (MD) simulations confirm that 
the nanoscale structure of liquid alkane-
water interfaces can be explained by 
capillary wave theory with a very small 
depletion layer.  
No preferential ordering of CH3 units

Significance and Impact
Understanding alkane-water interfaces, 
the simplest hydrophobic-hydrophilic 
interfaces, is of fundamental 
importance.
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experiments qmin = qz∆β/2 is set by the spectrometer
resolution[24] where ∆β is the angular acceptance of the
detector and qmax = π/r0 is approximated using the
smallest molecular dimension (r0 = 2.5 Å)[6]. For the
simulations qmin = 2π/Lbox is set by the simulation box
size, Lbox.
A key enabling feature of the present measurements is

the use of all-glass sample cells, composed of an inner cup
(40-50 mm in diameter) residing concentrically within a
taller outer cup (60-70 mm in diameter) and contained
in a sealed, temperature controlled environment. The
inner cup is first filled to its rim with ultra-clean wa-
ter. The outer cell is then filled with purified oils (passed
through activated basic alumina columns) to a few mm
above the water surface. Thus, the liquids contact only
glass throughout the experiment. Well-established hot
piranha glass cleaning procedures were employed[25]. No
equivalent cleaning procedure is possible for the mylar,
polycarbonate and stainless steel materials used as cell
components in the previous studies[5]. Further it is well
established that the x-rays damage plastics through poly-
mer bond breaking and oxidation, yielding soluble con-
taminants which may segregate to the liquid/liquid in-
terface.
The XR measurements were carried out for C12 and

C16 at ID15A (ESRF, France) and for C6 at 9ID (APS,
USA), respectively[24] at 25± 2 ◦C with beam heights of
∼ 5µm. The background was measured and subtracted
using standard procedures[21] and involved rotating the
detector horizontally from the specular position by an
angle just greater than the resolution width in both in-
plane directions, taking the average of the two values as
the background.
In Fig. 1(a) we show the measured R(qz)/RF (qz) for

C16, C12, and C6 as open symbols where each data set
shows a highly linear dependence of ln[R(qz)/RF (qz)] on
q2z . These results are in very good agreement with the
CW model prediction of an ideally flat and abrupt in-
terface, broadened by Gaussian roughness, but otherwise
structureless. This calculation uses the instrumental res-
olution, qmin of 8.6×10−4, 1.7 ×10−4, and 8.4 ×10−5

Å−1, for C6, C12, and C16, respectively, evaluated at
qz = 0.4 Å−1[24, 26].
Moreover, Eq. 1 fits yield σ of 3.38± 0.30, 3.41± 0.15,

and 3.54 ± 0.20 Å for C6, C12, and C16, respectively,
all close to their corresponding σCW values of 3.06, 3.31,
and 3.41 Å. This good agreement suggests that σ0 ≈ 0 Å.
Indeed, plots of Eq. 1 with fixed σ = σCW (Fig. 1(a),
solid lines) agree well with the measured data, over the

full 0 ≤ q2z ≤ 0.2 Å
−2

range measured, and without
any adjustable parameters. However, a noticeable de-
viation from experiment is observed already for σ0 =√
2σair

0 = 1.56Å (short-dashed line), a value obtained as
an upper limit by adding in quadrature the σ0 of the
water and of the alkane interfaces, assuming for both

FIG. 1. (a) Fresnel-normalized reflectivity R/RF for
alkane(Cn)-water interfaces: measured (symbols), calculated
(no-fit) CW theory prediction (RCW /RF ), for σ0 = 0 and
D = 0 (solid lines), showing good agreement, and the same
with σ0 =

√

2(1.1 Å) = 1.56 Å (short-dashed line for C12).
The best fits of previous measurements [6] (long-dashed lines)
show reduced q2z-range and systematic deviations from CW
theory. MD simulations along with CW corrections are shown
for DMD = 0.5 Å (dot-dashed lines). (b) C12-water R/RCW :
measured (symbols), and calculated (lines) for combinations
of σ0 and D. See text for discussion.

the same σair
0 = 1.1 Å, measured for long-chain alkane-

melt/air interfaces [22]. Thus, for a CW-broadened
monotonic interfacial EDP, experiment clearly limits the
non-thermal contribution to σ0 ! 1.5 Å. The discrep-
ancy with the previous comprehensive XR study of Cn-
water interfaces [6] is clear even for their smaller q-range
(q2z ≤ 0.07− 0.12 Å−2). Their analysis yields σ0 increas-
ing with n, reaching 4.43 Å for n = 16 and they attribute
the σ0 to the molecules’ radius of gyration.
Whereas the analysis above is consistent with a CW-

determined monotonic-EDP interface, it neglects the pos-
sibility of an interfacial electron depletion layer. For a
thin layer of thickness D and density ρD, XR is insensi-
tive to the specific values of D and ρD, and only sensi-
tive to the z-integrated electron depletion, Γ = D ×∆ρ,
where ∆ρ is the density difference between ρD and the
average of water (ρw) and alkane (ρa) [17, 18]. Including
a depletion layer in the model and choosing a limiting
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simulations qmin = 2π/Lbox is set by the simulation box
size, Lbox.
A key enabling feature of the present measurements is

the use of all-glass sample cells, composed of an inner cup
(40-50 mm in diameter) residing concentrically within a
taller outer cup (60-70 mm in diameter) and contained
in a sealed, temperature controlled environment. The
inner cup is first filled to its rim with ultra-clean wa-
ter. The outer cell is then filled with purified oils (passed
through activated basic alumina columns) to a few mm
above the water surface. Thus, the liquids contact only
glass throughout the experiment. Well-established hot
piranha glass cleaning procedures were employed[25]. No
equivalent cleaning procedure is possible for the mylar,
polycarbonate and stainless steel materials used as cell
components in the previous studies[5]. Further it is well
established that the x-rays damage plastics through poly-
mer bond breaking and oxidation, yielding soluble con-
taminants which may segregate to the liquid/liquid in-
terface.
The XR measurements were carried out for C12 and

C16 at ID15A (ESRF, France) and for C6 at 9ID (APS,
USA), respectively[24] at 25± 2 ◦C with beam heights of
∼ 5µm. The background was measured and subtracted
using standard procedures[21] and involved rotating the
detector horizontally from the specular position by an
angle just greater than the resolution width in both in-
plane directions, taking the average of the two values as
the background.
In Fig. 1(a) we show the measured R(qz)/RF (qz) for

C16, C12, and C6 as open symbols where each data set
shows a highly linear dependence of ln[R(qz)/RF (qz)] on
q2z . These results are in very good agreement with the
CW model prediction of an ideally flat and abrupt in-
terface, broadened by Gaussian roughness, but otherwise
structureless. This calculation uses the instrumental res-
olution, qmin of 8.6×10−4, 1.7 ×10−4, and 8.4 ×10−5
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and 3.54 ± 0.20 Å for C6, C12, and C16, respectively,
all close to their corresponding σCW values of 3.06, 3.31,
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Indeed, plots of Eq. 1 with fixed σ = σCW (Fig. 1(a),
solid lines) agree well with the measured data, over the

full 0 ≤ q2z ≤ 0.2 Å
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tive to the specific values of D and ρD, and only sensi-
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ρD = 0 e/Å3 modifies Eq. 1 to:

RD/RF = exp[−(σqz)
2]
[

1 + 4ε sin2(Dqz/2)
]

, (3)

where ε = ρwρa/(ρw − ρa)2 . At 25◦C, ε = 6.9, 15.6
and 19.2 for the water interface with C6, C12, and C16,
respectively. Accordingly, the impact of a depletion layer
on the measured reflectivity is expected to increase with
the chain length. RD/RF is well approximated by Eq. 1
with

σ2 = σ2
CW + σ2

0 − εD2, (4)

demonstrating that increasing σ0 reduces RD/RF while
increasingD increasesRD/RF ; see Fig 1(b). This mutual
cancelation makes it difficult to distinguish EDPs having
a thin (D > 0) and rough (σ0 > 0) depletion layer from
EDPs having a sharp (σ0 = 0) water/oil interface and
no depletion layer (D = 0), corresponding to the CW
model with only a single, sharp interface at the oil/water
interface.
Typical χ2 maps for C12 (Fig. 2(a)), for a mesh of σ (or

σ0, with calculated σCW ) andD [15, 17, 18], demonstrate
the severe limits imposed by the data on the maximal
D and σ0. Statistical analysis [27, 28] yields the best-
fit Dbf = 0.46 ± 0.46 Å and σbf

0 = 1.9+1.3
−1.9 Å, and the

68% confidence level contour (Fig. 2(a)), corresponding
to the conventional one-variable 1-standard-deviation.
Whereas Dbf is in good agreement with our simulations
(see below), σbf

0 much exceeds σair
0 = 1.1 Å found for

the alkane-air interface [22]. We note that for D = 0 we
obtain 0 < σ0 = 0.9 Å < σair

0 . Importantly, the Dbf =
0.46 Å and the corresponding best-fit Γbf = 0.136 e/Å2

are much lower than those of SAM-water interfaces [18,

29]: 1.8 Å ≤ D ≤ 3.8 Å and 0.30 e/Å
2 ≤ Γ ≤ 0.67e/Å

2
.

Fig. 2(b) shows several different model EDP profiles
after including the effects of CW induced broadening.
Note that the CW EDP with no depletion (red-dashed
line) overlaps almost everywhere the EDPs with a deple-
tion of Γ = 0.136 e/Å2 (D = 0.46 Å for ρD = 0) and
σ0 =1.9 Å (black and blue-dashed lines). Thus, not only
is the quality of the fits similar for EDPs with D = 0 and
0.46 Å as demonstrated by Figs. 2(a), but their EDPs
are identical after inclusion of σ0 for the latter case. We
also note that the near-overlap between the two curves
(blue and black) with the same value of Γ and different
values of D provides further justification for Eq. 3.
Our MD simulations (gromacs), done in the NPT

ensemble at 300 K, employ spc/e [30] and opls-aa [31]
force fields for the water and Cn, respectively. We obtain
bulk mass densities mbulk

i = 645±1, 741±2, 764±2 and
1000± 1 kg/m3 for C6, C12, C16 and H2O, and oil-water
interfacial tensions, calculated from the anisotropy of the
pressure tensors, γi = 51±2, 54±2 and 54±2 mN/m, for
C6, C12 and C16. These values are within 1.5% (mbulk

i )
and 1% (γi) of their respective experimental values[6],

FIG. 2. (a) χ2/χ2
min maps for two-parameter models (σ, D)

and (σ0, D) for C12 that includes a depletion layer, where the
χ2
min position is shown by the black dot; σ for σCW = 3.31 Å

and σ0 = 0, 1.1 Å (horizontal lines), and 68% confidence
level contour (dashed lines). (b) C12-water interface EDPs
for (D, ρD) with various parameter combinations. The den-
sity profile is insensitive to the depth of the depletion for the
same Γ (black and blue-dashed). The same depletion, with
σ0 = 0, provides a noticeably narrower profile (purple). The
CW prediction with σ0 = 0 (red-dashed) yields a profile sim-
ilar to those for Γ = 0.136 e/Å2 and σ0 = 1.9 Å.

demonstrating the simulations’ quality. The simulations
box size, Lbox was either 40 Å(C12) or 35 Å(C6 and C16).
The simulated mass density profiles m(z) (Fig. 3(a))

were used to calculate the positions of the Gibbs dividing
surfaces as zgdsi = zj +

∫ zi
zj
(1 − mi(z)/mbulk

i )dz, where

i, j = w (water) or a (alkane), and zi,j - positions in the
bulk of the respective liquids. From these, we obtain a
depletion layer width asDMD = zgdsa −zgdsw = 0.5±0.04 Å
for all Cn, yielding ΓMD = 0.148 e/Å2. These results are
in good agreement with previous simulations using polar-
izable force fields [19], and with the experiment-derived
Dbf and Γbf presented above.
The electron density profiles (Fig. 3(b)) are calcu-

lated as ρ(z) =
∑

i αini(z) where ni(z) and αi are the
number-density and atomic number of atom i. For all
Cn, ρ(z) exhibits a dip at the interface, and clear oscilla-
tions on the alkane side with a Cn-independent period of

Fitting: Adding a depletion 
depth increases roughness
more that CWM, not physical
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Part 2: Recently commissioned liquids 
interface instrument at NSLS II

Open Platform & Liquid 
Scattering (OPLS)



World class instrument:
Beam shared with SMI SAXS-WAXS
Open platform design for high versatility
Recycle existing hardware 
Single crystal deflector design
capable 2-crystal deflector upgrade
Limitation: must fit in existing hutch with nearby wall

Methods: x-ray reflectivity, grazing angle fluorescence, grazing incident small & large angle incident scattering

Liquids sample environments/conditions: Langmuir troughs, liquid metals UHV chambers, small 
liquid/liquid and liquid vapor chambers, low vibrations (both passive and active), appropriate ventilation, sample 
weights up to 200 kg

Processing sample environments/conditions: Roll-to-Roll Processing, additive manufacturing, vapor 
phase deposition: require complementary characterization.

Beam characteristics: ~10 µm vertical, 8-24 keV, high intensity, ~1012/sec

OPLS Instrument Perspective
Open Platform & Liquid Surfaces

 

 
Fig. 3.4:  CAD layout (top) of 12-ID and 3D rendering (bottom) of SMI hutches. 

3.3 Optical Components Overview 
The optical design principles for PLS include (1) separate the canted beams on the floor, (2) 
separate horizontal and vertical focusing, and (3) optimize beam at the sample and detector 
points.  The SMI hardware is on the floor and their IRR is expected in mid October, 2016. 
 
A flexible focusing scheme is needed due to beam heating effects and different focusing options. 
First, the PLS energy range of 6 to 24 keV varies the heat load and therefore the curvature of the 
DCM first crystal.  Some applications require the micro-beam and others require low beam 
divergence.  The PLS primary optics will allow focusing at either the sample or detector 
positions, as shown in Fig. 5. The addition of CRLs  (discussed in detail below) and focusing at 
the SSA position will allow for a vertical microbeam at the sample position.  Note that horizontal 
CRLs do not add much value (not included in the present design) since the increased horizontal 
divergence would not be well-matched to the Darwin width of the deflecting crystals 
 
Photon delivery begins with white beam components: a fixed area mask (FAM) integrated with 
the bremsstrahlung collimator to create a differential pumping unit; white beam slits; DCM; white 
beam / bremsstrahlung stop; first x-ray beam position monitor (XBPM1).   The position of these 
components is specified in the SMI design.  Note that PLS DCM design must allow the SMI 
beam to pass through.  The PLS mirrors will be contained in the exisitng SMI vacuum enclosures 
which have provisions for these additional mirrors. 
 



2011: SMI NEXT Project (shared beamline) approved. Includes liquids surface instrument in front hutch.
SMI plan incorporated a double crystal deflector. liquid surface aspects curtailed in 2015. Hutch completed.

NSLS Liquid Surfaces Historical Context

2016: PLS canted proposal: Expanded scope to include processing. Approved, not funded. Mark Schlossman
played key role. Canted beamline remains part of the long term NSLS II vision. Start date is uncertain.
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the bremsstrahlung collimator to create a differential pumping unit; white beam slits; DCM; white 
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components is specified in the SMI design.  Note that PLS DCM design must allow the SMI 
beam to pass through.  The PLS mirrors will be contained in the exisitng SMI vacuum enclosures 
which have provisions for these additional mirrors. 
 

2017-2021: OPLS development project at SMI, shares beam time using existing front hutch completed with 
SMI project. Enhanced equipment from shuttered beamlines (APS/9ID) used. Covid has been a challenge. 

1986-2014: Long history at BNL, liquid surface x-ray science pioneered at 
X22B, with Prof Peter Pershan, many seminal papers with Moshe Deutsch.

ANL/APS/CMC (9ID) 
Liquid Spectrometer 
1999-2015

2021: OPLS enters General User Opera>ons

OPLS hutch



SMI optics

(~50m) at the sample position, small vertical size 
required for small grazing angles

Liquid 
sample

Vertical focus In ES1

Horizontal focus In ES2 (~60 m)

Knife edge scan

FWHM=31 µm

1mm

• Predicted optics, 14 µm 
FWHM vertical, 
measurement x2

• Bimorphs have imperfections 
or not ideally calibrated 
(room for improvement)



Crystal Deflector, Incident Flight Path & Diagnostics

BEAM 
ABSORBER

Ge(111) 
crystal

deflector

FAST SHUTTER
(NIOBIUM BLADE)

 

 

CHRYSTAL 
BEAM 

VISUALIZATION 

ABSORBERS 

FAST 
SHUTTER 

DIAMOND 
BPM GAS CELL 

SLITS 

Incident arm support rail

Slit Diamond BPM

Diamond 
monitor

or 2nd DBPM

Absorber bar

Ion 
chamber

Beam visualization

Ion 
chamber

Rick Greene (master tech.)
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5. Recommended signal assignments 
Following the definition for “square” bpm geometry in EPICS quadEM, the quadrants are named A-D. 

This is consistent with view of the BPM from downstream, with the bias electrode facing upstream. 

 

Consequently, the nominal mounting at the beamline will be with the case “ears” on the upstream side 

(cover and cable clamp removed in the photo below facing downstream), and the cables running 

downward.  

 

Labeling the bias electrode “V”, the cables (from left to right as viewed from downstream, or 

equivalently in order of increasing x) will be assigned in this order: 

A D V C B 

When these cables are connected to an Accu-Glass Coax-D (or any other) feedthrough, the conductor 

pins are assigned in the same order (1=A, 2=D, 3=V, 4=C, 5=B). The Accu-Glass 5-pin feedthrough has 

“Pin 5” physically offset from the others in order to prevent accidentally connecting them in reverse 

order, as shown in the Accu-Glass product figure below.  

 

Diamond Beam 
Position Monitor 

(DBPM)



Instrument Tracking at 16.1keV
Deflection crystal rocking 

curves for 0°<𝛼<4°

Tracking errors are ~10% of rocking curve FWHM 
Confirms Huber circles meet specifications

𝛼(°)

θ
circle 

𝜒 circle

𝜒 and θ circles 
must be 
perpendicular to 
incident beam.

+/- 0.0002°

well aligned

same position at all 𝛼.geo_ihgeo_sh
𝛼

L1

L2
Incident slit

Liquid surface

Δ
ge
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ih

(m
m

)

𝛼(°)

Plot shows +/- 2µm over range of interest (100ppm)
much small than the beam (meets spec)

~ 0.005° FWHM



E = 9.66keV

Large trough
100 mm

Small trough

~35 mm, Required for 
expensive samples

More precise tracking 
required for smaller samples

Commissioning- Water Reflectivity, variable trough sizes

Guillaume 
Freychet (SMI 
scientist)

Honghu Zhang
CFN Post-doc

Maria Torres Arango
(CMS/SMI scientist)

LAMBDA 250K, 
GaAS

L56r Lçí6 Ç'r
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a DESY spinoffco.o"", 6$ÒLarge Area lledlplr!l Based DetectorArray

Sensor
Sensor thickness
Pixel size
Detector layout (l module)
No of Pixels
Dynamic range
Energy range
Adjustable threshold range
Frame rate
Readout time
Point spread function
External trigger / gate
Software interface
Cooling
Dimensions (L*H*W
Weight
max countrate with correcdon (10% dev)

LAMBDA sensors: Photoelectric absorption
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24 bits maximum (dependent on readout mode)
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3.3V TTL

Tango server or open-source hardware library available
Air cooling
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Speclficatlons arc sublect to change wlthout notlce

The LAMBDA pixel detector is available with different sensor layers for
different X-ray energy ranges. For hard X-ray detection, the GaAs and
CdTe LAMBDA systems replace the standard silicon sensor layer in
LAMBDA. This provides high quantum effìciency at hþh X-ray energies
(75% at 40keV for GaAs, and 75% at 80keV for CdTe), while retaining all
other specifìcations.
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Water Reflectivity (automatic attenuation)
Large trough 100 mmEach attenuator is ~10

50µm vertical slit

two attenuators 
remain at largest q

Smooth monitor 
factor supports 
excellent tracking
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OPLS has entered General User Operations
mostly science commissioning

• ~30% of the SMI beamtime, shared with the SWAXS station.
• Summer 2021 cycle

4 Science commissioning proposals were assigned time
4 other proposals already in the system (some will get fall time)
Remote operations, few onsite users and staffing are challenging

• Working Langmuir Trough expected in the fall
• PLS independent and canted (100%): Remains part of the long term 

NSLS II vision. Start date uncertain. 
• Over subscription is helpful. Contact me if you are considering 

applying for beamtime.
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Table 1-2. Energies of x-ray emission lines (continued). 

Element Kαααα1 Kαααα2 Kββββ1 Lαααα1 Lαααα2 Lββββ1 Lββββ2 Lγγγγ1 Mαααα1 
22  Ti 4,510.84 4,504.86 4,931.81 452.2 452.2 458.4    
23  V 4,952.20 4,944.64 5,427.29 511.3 511.3 519.2    
24  Cr 5,414.72 5,405.509 5,946.71 572.8 572.8 582.8    
25  Mn 5,898.75 5,887.65 6,490.45 637.4 637.4 648.8    
26  Fe 6,403.84 6,390.84 7,057.98 705.0 705.0 718.5    
27  Co 6,930.32 6,915.30 7,649.43 776.2 776.2 791.4    
28  Ni 7,478.15 7,460.89 8,264.66 851.5 851.5 868.8    
29  Cu 8,047.78 8,027.83 8,905.29 929.7 929.7 949.8    
30  Zn 8,638.86 8,615.78 9,572.0 1,011.7 1,011.7 1,034.7    
31  Ga 9,251.74 9,224.82 10,264.2 1,097.92 1,097.92 1,124.8    
32  Ge 9,886.42 9,855.32 10,982.1 1,188.00 1,188.00 1,218.5    
33  As 10,543.72 10,507.99 11,726.2 1,282.0 1,282.0 1,317.0    
34  Se 11,222.4 11,181.4 12,495.9 1,379.10 1,379.10 1,419.23    
35  Br 11,924.2 11,877.6 13,291.4 1,480.43 1,480.43 1,525.90    
36  Kr 12,649 12,598 14,112 1,586.0 1,586.0 1,636.6    
37  Rb 13,395.3 13,335.8 14,961.3 1,694.13 1,692.56 1,752.17    
38  Sr 14,165 14,097.9 15,835.7 1,806.56 1,804.74 1,871.72    
39  Y 14,958.4 14,882.9 16,737.8 1,922.56 1,920.47 1,995.84    
40  Zr 15,775.1 15,690.9 17,667.8 2,042.36 2,039.9 2,124.4 2,219.4 2,302.7  

Table 1-2. Energies of x-ray emission lines (continued). 

Element Kαααα1 Kαααα2 Kββββ1 Lαααα1 Lαααα2 Lββββ1 Lββββ2 Lγγγγ1 Mαααα1 
22  Ti 4,510.84 4,504.86 4,931.81 452.2 452.2 458.4    
23  V 4,952.20 4,944.64 5,427.29 511.3 511.3 519.2    
24  Cr 5,414.72 5,405.509 5,946.71 572.8 572.8 582.8    
25  Mn 5,898.75 5,887.65 6,490.45 637.4 637.4 648.8    
26  Fe 6,403.84 6,390.84 7,057.98 705.0 705.0 718.5    
27  Co 6,930.32 6,915.30 7,649.43 776.2 776.2 791.4    
28  Ni 7,478.15 7,460.89 8,264.66 851.5 851.5 868.8    
29  Cu 8,047.78 8,027.83 8,905.29 929.7 929.7 949.8    
30  Zn 8,638.86 8,615.78 9,572.0 1,011.7 1,011.7 1,034.7    
31  Ga 9,251.74 9,224.82 10,264.2 1,097.92 1,097.92 1,124.8    
32  Ge 9,886.42 9,855.32 10,982.1 1,188.00 1,188.00 1,218.5    
33  As 10,543.72 10,507.99 11,726.2 1,282.0 1,282.0 1,317.0    
34  Se 11,222.4 11,181.4 12,495.9 1,379.10 1,379.10 1,419.23    
35  Br 11,924.2 11,877.6 13,291.4 1,480.43 1,480.43 1,525.90    
36  Kr 12,649 12,598 14,112 1,586.0 1,586.0 1,636.6    
37  Rb 13,395.3 13,335.8 14,961.3 1,694.13 1,692.56 1,752.17    
38  Sr 14,165 14,097.9 15,835.7 1,806.56 1,804.74 1,871.72    
39  Y 14,958.4 14,882.9 16,737.8 1,922.56 1,920.47 1,995.84    
40  Zr 15,775.1 15,690.9 17,667.8 2,042.36 2,039.9 2,124.4 2,219.4 2,302.7  

 
41  Nb 16,615.1 16,521.0 18,622.5 2,165.89 2,163.0 2,257.4 2,367.0 2,461.8  
42  Mo 17,479.34 17,374.3 19,608.3 2,293.16 2,289.85 2,394.81 2,518.3 2,623.5  
43  Tc 18,367.1 18,250.8 20,619 2,424 2,420 2,538 2,674 2,792 
44  Ru 19,279.2 19,150.4 21,656.8 2,558.55 2,554.31 2,683.23 2,836.0 2,964.5  
45  Rh 20,216.1 20,073.7 22,723.6 2,696.74 2,692.05 2,834.41 3,001.3 3,143.8  
46  Pd 21,177.1 21,020.1 23,818.7 2,838.61 2,833.29 2,990.22 3,171.79 3,328.7  
47 Ag 22,162.92 21,990.3 24,942.4 2,984.31 2,978.21 3,150.94 3,347.81 3,519.59  
48  Cd 23,173.6 22,984.1 26,095.5 3,133.73 3,126.91 3,316.57 3,528.12 3,716.86  
49  In 24,209.7 24,002.0 27,275.9 3,286.94 3,279.29 3,487.21 3,713.81 3,920.81  
50  Sn 25,271.3 25,044.0 28,486.0 3,443.98 3,435.42 3,662.80 3,904.86 4,131.12  
51  Sb 26,359.1 26,110.8 29,725.6 3,604.72 3,595.32 3,843.57 4,100.78 4,347.79  
52  Te 27,472.3 27,201.7 30,995.7 3,769.33 3,758.8 4,029.58 4,301.7 4,570.9  
53  I 28,612.0 28,317.2 32,294.7 3,937.65 3,926.04 4,220.72 4,507.5 4,800.9  
54  Xe 29,779 29,458 33,624 4,109.9 — — — — 
55  Cs 30,972.8 30,625.1 34,986.9 4,286.5 4,272.2 4,619.8 4,935.9 5,280.4  
56  Ba 32,193.6 31,817.1 36,378.2 4,466.26 4,450.90 4,827.53 5,156.5 5,531.1  
57  La 33,441.8 33,034.1 37,801.0 4,650.97 4,634.23 5,042.1 5,383.5 5,788.5 833 
58  Ce 34,719.7 34,278.9 39,257.3 4,840.2 4,823.0 5,262.2 5,613.4 6,052 883 
59  Pr 36,026.3 35,550.2 40,748.2 5,033.7 5,013.5 5,488.9 5,850 6,322.1 929 
60  Nd 37,361.0 36,847.4 42,271.3 5,230.4 5,207.7 5,721.6 6,089.4 6,602.1 978 
61  Pm 38,724.7 38,171.2 43,826 5,432.5 5,407.8 5,961 6,339 6,892 — 
62  Sm 40,118.1 39,522.4 45,413 5,636.1 5,609.0 6,205.1 6,586 7,178 1,081 
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Table 1-2. Energies of x-ray emission lines (continued). 

Element Kαααα1 Kαααα2 Kββββ1 Lαααα1 Lαααα2 Lββββ1 Lββββ2 Lγγγγ1 Mαααα1 
22  Ti 4,510.84 4,504.86 4,931.81 452.2 452.2 458.4    
23  V 4,952.20 4,944.64 5,427.29 511.3 511.3 519.2    
24  Cr 5,414.72 5,405.509 5,946.71 572.8 572.8 582.8    
25  Mn 5,898.75 5,887.65 6,490.45 637.4 637.4 648.8    
26  Fe 6,403.84 6,390.84 7,057.98 705.0 705.0 718.5    
27  Co 6,930.32 6,915.30 7,649.43 776.2 776.2 791.4    
28  Ni 7,478.15 7,460.89 8,264.66 851.5 851.5 868.8    
29  Cu 8,047.78 8,027.83 8,905.29 929.7 929.7 949.8    
30  Zn 8,638.86 8,615.78 9,572.0 1,011.7 1,011.7 1,034.7    
31  Ga 9,251.74 9,224.82 10,264.2 1,097.92 1,097.92 1,124.8    
32  Ge 9,886.42 9,855.32 10,982.1 1,188.00 1,188.00 1,218.5    
33  As 10,543.72 10,507.99 11,726.2 1,282.0 1,282.0 1,317.0    
34  Se 11,222.4 11,181.4 12,495.9 1,379.10 1,379.10 1,419.23    
35  Br 11,924.2 11,877.6 13,291.4 1,480.43 1,480.43 1,525.90    
36  Kr 12,649 12,598 14,112 1,586.0 1,586.0 1,636.6    
37  Rb 13,395.3 13,335.8 14,961.3 1,694.13 1,692.56 1,752.17    
38  Sr 14,165 14,097.9 15,835.7 1,806.56 1,804.74 1,871.72    
39  Y 14,958.4 14,882.9 16,737.8 1,922.56 1,920.47 1,995.84    
40  Zr 15,775.1 15,690.9 17,667.8 2,042.36 2,039.9 2,124.4 2,219.4 2,302.7  

Table 1-2. Energies of x-ray emission lines (continued). 

Element Kαααα1 Kαααα2 Kββββ1 Lαααα1 Lαααα2 Lββββ1 Lββββ2 Lγγγγ1 Mαααα1 
22  Ti 4,510.84 4,504.86 4,931.81 452.2 452.2 458.4    
23  V 4,952.20 4,944.64 5,427.29 511.3 511.3 519.2    
24  Cr 5,414.72 5,405.509 5,946.71 572.8 572.8 582.8    
25  Mn 5,898.75 5,887.65 6,490.45 637.4 637.4 648.8    
26  Fe 6,403.84 6,390.84 7,057.98 705.0 705.0 718.5    
27  Co 6,930.32 6,915.30 7,649.43 776.2 776.2 791.4    
28  Ni 7,478.15 7,460.89 8,264.66 851.5 851.5 868.8    
29  Cu 8,047.78 8,027.83 8,905.29 929.7 929.7 949.8    
30  Zn 8,638.86 8,615.78 9,572.0 1,011.7 1,011.7 1,034.7    
31  Ga 9,251.74 9,224.82 10,264.2 1,097.92 1,097.92 1,124.8    
32  Ge 9,886.42 9,855.32 10,982.1 1,188.00 1,188.00 1,218.5    
33  As 10,543.72 10,507.99 11,726.2 1,282.0 1,282.0 1,317.0    
34  Se 11,222.4 11,181.4 12,495.9 1,379.10 1,379.10 1,419.23    
35  Br 11,924.2 11,877.6 13,291.4 1,480.43 1,480.43 1,525.90    
36  Kr 12,649 12,598 14,112 1,586.0 1,586.0 1,636.6    
37  Rb 13,395.3 13,335.8 14,961.3 1,694.13 1,692.56 1,752.17    
38  Sr 14,165 14,097.9 15,835.7 1,806.56 1,804.74 1,871.72    
39  Y 14,958.4 14,882.9 16,737.8 1,922.56 1,920.47 1,995.84    
40  Zr 15,775.1 15,690.9 17,667.8 2,042.36 2,039.9 2,124.4 2,219.4 2,302.7  
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Fig. 4 A schematic of 2D self-assembly and crystallization of PEG-AuNPs at liquid-vapor interface induced by K2CO3 (a) side view and (b) top view.
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Fig. 5 Phase diagram as functions of concentrations of K2CO3 and total PEG-AuNPs in the system of (a) PEG6k-AuNPs, (b) PEG800-AuNPs. The
presumptive surface density of PEG-AuNPs (number of NPs/surface area) is provided on the right axes. The symbols (circles, triangles and squares)
are presented as sample conditions measured by GISAXS and XRR. The Gibbs monolayer consists of 2D gas-like (uncorrelated), 2D liquid (short
range ordering, SRO) and 2D superlattice (long range ordering, LRO) phases at various conditions. 2D superlattice phase becomes unstable and form
visible precipitates (3D solid) above 1 M K2CO3 as confirmed by SAXS. The crosshatching area below the critical surface density Gc indicates that the
interfaces could not be fully covered by PEG-AuNPs if all the PEG-AuNPs had migrated to the interfaces. The Gc is calculated as 1/(Rh + DRh)2, where
Rh and DRh are the mean and spread of hydrodynamic radii of PEG-AuNPs, respectively. Note: The phase boundaries are by no means exact and they
are surmised based on the limited datasets.
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GISAXS at OPLS: PEG-AuNPs (Vaknin Group)
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Fig. 1 K2CO3 induced 2D superlattices of PEG6k-AuNPs at the vapor-liquid interface. (a) GISAXS patterns as functions of Qxy and Qz for aqueous
solutions of 5 nM PEG6k-AuNPs in the absence of salts and in the presence of 500 mM K2CO3. Intensities are displayed on logarithmic scales. (b)
Horizontal linecut profiles along Qxy direction at Qz = 0.020 Å�1 integrated over Qz range 5 ⇥10

�3 Å�1 in the GISAXS 2D patterns for Gibbs monolayers
of PEG6k-AuNPs in the absence of salts (circles) and in the presence of 500 mM K2CO3 (squares). Solid lines are guides to the eyes. The arrows point
to the calculated positions of higher orders Bragg reflections based on the the fundamental diffraction peak of a 2D hexagonal lattice. The plots are
vertically shifted for clarity. (c) The extracted structure factor, S(Qxy), profile at low Qxy range (0.02–0.1Å�1) for the Gibbs monolayer of PEG6k-AuNPs
mixed with 500 mM K2CO3. The peak positions ratios with respect to the fundamental diffraction peak of 1 :

p
3 :

p
4 :

p
7 :

p
9... reveals a hexagonal

packing of nanoparticles with corresponding diffraction indices (10), (11), (20), (21), (30) and higher-order Bragg reflections.

in Fig. S2) and structure factor.24,27 The extracted structure fac-
tor at the low Qz range (0.02–0.1Å�1) is plotted in Fig. 1c. The
diffraction peak-positions ratios with respect to the fundamental
peak (Q1 = 0.0225 Å�1) satisfy Qi/Q1 ⇡ 1 :

p
3 :

p
4 :

p
7 :

p
9...

(i = 1–9) revealing the formation of a long-range ordered 2D
hexagonal superlattice of AuNPs with an inter-particle distance
of aL = 4p/(

p
3Q1) = 322 Å, where the corresponding diffraction

peaks are indexed as (10), (11), (20), (21), (30) and higher-
order Bragg reflections. This demonstrates that K2CO3 plays a
crucial role in promoting interfacial self-assembly and crystal-
lization of PEG6k-AuNPs. Recently, single-stranded DNA func-
tionalized AuNPs (ssDNA-AuNPs) have been found to form a
Gibbs monolayer and crystallize as hexagonal superlattices at
the vapor-liquid interface.22–24 Here, the PEG6k-AuNP/K2CO3 ex-
hibits much higher crystalline quality exemplified by nine Bragg
reflections. Below, we describe the evolution of PEG6k-AuNP su-
perlattices systematically by regulating K2CO3 or PEG-AuNP con-
centrations.

The GISAXS patterns in Fig. 2a for aqueous solutions of 5 nM
PEG6k-AuNPs mixed in varying amounts of K2CO3 in the range of
0.05 � 1 M indicate an in-plane structural transformations from
uncorrelated to short-range ordering, and eventually to long-
range hexagonal order at threshold concentration of about 5 mM
K2CO3. Furthermore, the linecut profiles in Fig. 2b show that the
hexagonal inter-particle distance decreases with the increase of
salt concentration, as evidenced by gradual peaks-positions shift
to higher Qxy values. This demonstrates that K2CO3 is capable
of tuning the 2D hexagonal superlattice at the vapor-liquid inter-
face such that the lattice constant aL takes values in the range
aL = 245 � 388 Å under the current tested conditions (see more
details in Table 1). For concentrations 5 � 500 mM K2CO3, the
diffraction peaks are extremely sharp with a peak full-width-
at half maximum (FWHM) of the (10) reflection (FWHM(10) ⇡
0.0003�0.0006 Å�1) that is comparable to the instrumental reso-
lution (⇡ 0.0003 Å�1), suggesting that the estimated crystalline
size is on the micrometer scale, significantly larger than that
found in 2D superlattices formed by ssDNA-AuNPs.22,24 At the

highest K2CO3 concentration (1 M) the FWHM(10) ⇡ 0.0019 Å�1

with a 2D crystalline size on the order of 3.4 ⇥10
3 Å, which is still

superior than that found in ssDNA-AuNPs superlattices.22,24 This
trend suggests that higher K2CO3 concentrations, while promot-
ing the formation of denser packing of AuNPs, induce defects in
the superlattices and tend to decrease the crystalline size (Table
1).

In addition to its dependence on K2CO3 concentration, the self-
assembly depends on the PEG6k-AuNP concentration, as shown
in Fig. S3 at a fixed K2CO3 500 mM at various concentrations
of PEG6k-AuNPs (0.05 � 10 nM). The GISAXS patterns as well as
the corresponding linecut profiles in Fig. S3b show that short-
range hexagonal order emerges at 0.25 � 0.5 nM PEG6k-AuNPs,
and at higher concentrations long-range order of micrometer size
2D crystallines sets in with aL = 338±4 Å and aL = 309±3 Å at 2.5
and 10 nM, respectively (see Table 1). Qualitatively, the effect of
nanoparticle concentration on monolayer density and compress-
ibility can be understood via the Gibbs adsorption. Increasing
the nanoparticle concentration in the bulk leads to an increase
of nanoparticle surface density and the corresponding increase of
surface pressure, originating from the entropy and inter-particle
interaction, similar to the soft crystallization of ssDNA-AuNPs.8

AuNPs functionalized with a shorter chain PEG (MW = 800)
show similar 2D superlattices under similar conditions to those
used for PEG6k-AuNPs discussed above. GISAXS patterns in Fig.
S4 show the evolution of the self-assembly and crystallization of
a fixed concentration PEG800-AuNPs and varying the amount of
K2CO3 in solution, and Fig. S5 shows the development at a fixed
500 mM K2CO3 for various PEG800-AuNPs concentrations. Com-
pared to PEG6k-AuNPs, the diffractions peaks of PEG800-AuNPs
shift to larger Qxy values, evidence for closer packing as expected
for a shorter and smaller dynamical radius of PEG800-AuNPs (See
Fig. S7). We note that crystallization of PEG800-AuNPs is ob-
served only for high concentrations of K2CO3 and PEG-AuNPs,
i.e., aL = 149 ± 1 Å at 1 M K2CO3 and 5 nM PEG800-AuNPs, and
aL = 158±1 Å at 500 mM K2CO3 and 10 nM PEG800-AuNPs.

To determine the density profile of the crystalline film across

+PVSOBM�/BNF
�<ZFBS>
�<WPM�>
 1–16 | 3

Indicates hexagonal structure

Follows results from H Zhang et al. Nanoscale (2017); JPCC (2017)



Modified Kibron G4 Langmuir Trough

Kibron G4 Trough

• Modified Kibron G4 Trough (arrived). 
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• Enclosure is in the design phase.
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