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ABSTRACT: This Article reports measurements of the intra- and inter-
molecular ordering of tight-binding octylphosphonate ligands on the surface
of colloidal CdSe quantum dots (QDs) within solid state films, and the
dependence of this order on the size of the QDs. The order of the organic
ligands, as probed by vibrational sum frequency generation (SFG) spectros-
copy, decreases as the radius of the QDs decreases; this decrease is correlated
with a decrease in the order of underlying Cd*", as detected by X-ray
photoelectron spectroscopy (XPS) line width measurements, for radii of the
QDs, R > 2.4 nm, and is independent of the disorder of the Cd*" for R <

2.4 nm. We believe that, for R < 2.4, the decreasing order of the ligands with

decreasing size is due to an increase in the curvature of the QD surfaces. Disorder in the Cd*" results from the presence of a shell of
Cd*" —surfactant complexes that form during synthesis, so this work demonstrates the possibility for chemical control over
molecular order within films of colloidal QDs by changing the surfactant mixture.

B INTRODUCTION

This Article describes a study of the correlation between the
intra- and intermolecular order of n-octylphosphonate ligands
bound to CdSe quantum dots (QDs) and (i) the radius, R, of the
QDs, and (ii) the order of the cadmium ions (Cd*") on their
surfaces. The surface chemistry of colloidal QDs has direct
implications for their application in energy conversion devices.'
Within such applications, QDs must exchange charge carriers
(electrons or holes), created either by photoexcitation or by
injection, with proximate QDs, electrodes, or complementary
active materials. The kinetics of interfacial charge transfer in QD-
based materials are governed by the degree of passivation of
charge-trapping surface defects and the height and shape of the
tunneling barriers created by passivating ligands.” " The struc-
tural ordering of the ligands on the QD surfaces is a critical
observable relevant to both of these parameters.'*

We and others'®>~'” have had some success in structurally and
chemically characterizing the QD —ligand interface (in particular,
measuring QD —ligand association constants) in solution, but
these measurements do not directly yield information about the
intermolecular structure of ligand monolayers on QD surfaces
within films; this information is necessary to map ligand ordering
to macroscopic observables such as conductivity. Several groups
have measured the intermolecular order of monolayers of alkyl
ligands within films of metal nanogparticlesls*20 and nanostructu-
red silica® using NMR,"® DSC," and FTIR.!” ! These studies
establish that the principles that apply to cooperative effects
among alkyl ligands on flat surfaces, such as that the driving force
for crystalline packing and formation of all-trans conformations is
proportional to alkyl chain length, also apply to monolayers on
high-curvature surfaces, but that increasing the curvature of the
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substrate induces disordering in the monolayer in the form of
gauche defects.

This study provides an unprecedented view of size-dependent
order of both organic and inorganic components at the QD—
surfactant interfaces of nanocrystals of a compound semicon-
ductor, a system that is chemically more complex than metal
nanoparticles. We apply symmetry-sensitive vibrational sum fre-
quency generation (SFG) to determine the molecular order
within layers of n-octylphosphonate (OPA) ligands on colloidal
CdSe QDs; this order is indicated by the ratio of trans-extended
alkyl chains to chains containing gauche defects. We find that the
degree of order within the OPA layer decreases as the radius of
the QDs decreases from 3.0 to 2.0 nm. Two factors appear to
dictate this order: (i) As the size of the QDs decreases, the curva-
ture of their surfaces increases. This increase leads to an increase
available cone volume for each ligand,22 and a decrease in the
domain size available for packing of the ligands,>® both of which
facilitate the formation of gauche defects. (ii) As the size of the
QDs decreases, the set of geometries and chemical environments
of the underlying surface cadmium ions becomes more hetero-
geneous. We measure this heterogeneity by the line width of the
cadmium peaks within the X-ray photoelectron (XP) spectra of
the QDs. Factor (ii) arises because we synthesize the QDs with a
very common procedure* that uses reagent grade trioctyflgpho-
sphine oxide (TOPO) as the coordinating solvent. We*>*® and
others”” have shown previously that the OPA impurities in
TOPO drive a cadmium enrichment of QD surfaces in the form
of a disordered Cd*" —OPA network around the nanocrystalline
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core (with a ratio Cd/Se = 1:1), and that the degree of cadmium
enrichment, and the Cd/Se ratio, increases as R decreases.

Here, we provide evidence, using a combination of XPS and
SEG, that the disorder in the surface Cd*" is directly attributable
to the presence of this Cd* " —OPA network (factor (ii)) over the
range of R we studied, while the disorder in the surface OPA
ligands is mainly attributable to the Cd** —OPA network (factor
(ii)) for R > ~2.4 nm, and to the change in the curvature of the
QD surfaces (factor (i)) for R < ~2.4 nm.

W EXPERIMENTAL METHODS

Synthesis of CdSe Quantum Dots. We synthesized colloidal
CdSe QDs using the organometallic precursor-based procedure of Qu
et al. with minor modifications.”* We used all reagents and purification
solvents, including trioctylphosphine oxide (TOPO)), trioctylphosphine
(TOP), selenium shot, hexadecylamine (HDA), hexanes, and methanol,
as-received from Aldrich, except cadmium stearate, which we used as-
received from MP Biomedicals, Inc. We added TOPO (1.94 g, 5.02
mmol), HDA (1.94 g, 8.03 mmol), and cadmium stearate (0.112 g, 0.165
mmol) to a dry S0 mL three-neck round-bottom flask and heated the
mixture to 320 °C with stirring under positive nitrogen flow. After the
cadmium stearate completely dissolved to form an optically clear solution,
we rapidly injected trioctylphosphine selenide (TOPSe, 1 mL of 1 M
solution in TOP, prepared and stored in a glovebox). We arrested the
growth of the QDs by cooling the reaction with 10 mL of chloroform
either immediately after TOPSe injection (for the smallest QDs), after
the reaction had cooled to 220 °C (for slightly larger QDs), or after
holding the reaction at 290 °C for several minutes, and then cooling to
220 °C (for the largest QDs).

As mentioned in the Introduction, the purity of the TOPO reagent
determined the degree of cadmium enrichment in the QDs. Use of 90%
TOPO in the procedure described above resulted in QDs with Cd/Se
ratios between 1:1 and 5:1 depending on the radius of the QD. Use of
99% TOPO resulted in QDs with Cd/Se ratios between 1:1 and 1.5:1
over the same range of radii. The purity of the TOPO also affected the
rate of the growth of the QDs in the synthetic reaction mixture. For the
QDs synthesized with 90% TOPO, formation of the largest QDs
(~3.7 nm radius) required growth at 290 °C for 20 min. For QDs
synthesized with 99% TOPO, formation of the QDs with a 3.7 nm radius
required growth at 290 °C for only 4 min.

Purification of QDs. Once the solution cooled to room tempera-
ture, we added 20 mL of methanol and centrifuged the mixture (at
3500 rpm for S min) to precipitate the QDs. We dispersed the resulting
pellet in 10 mL of hexanes and centrifuged again. We collected the
supernatant and allowed it to sit for 24 h in the dark, during which time a
white precipitate (excess cadmium stearate, TOPO, and HDA) formed.
Centrifugation of this suspension produced a white pellet of free ligand,
which we discarded, and a colored supernate that contained the QDs.
Addition of methanol to this supernate (2:1 by volume) and further
centrifugation produced a colored pellet of QDs and colorless supernate
containing excess HDA and TOPO. We discarded the supernate and
redispersed the pellet in chloroform. We repeated the methanol precipi-
tation step, dried the resulting QD pellet with a stream of nitrogen, and
dispersed it in 10 mL of hexanes. We centrifuged the hexanes solution
and collected a very small white pellet of free ligand. We stored the
supernatant in the dark until use. The sample of CdSe QDs produced
with 99% TOPO underwent some precipitation of QDs during the
purification process, which we observed as color in the normally white
ligand pellets.

SFG Spectroscopy. Detailed descriptions of the theoretical and
experimental aspects of sum frequency generation (SFG) are available
elsewhere,®® and our specific optical setup has been described previ-
ously.® Briefly, the current studies were carried out using an 800 nm 120 fs

Figure 1. Transmission electron micrograph of CdSe QDs with a radius
of 2.3 nm; scale bar = 20 nm.

regeneratively amplified Ti:Sapphire system (Hurricane, Spectra-
Physics). The Hurricane system pumps an optical parametric amplifier
(OPA-800CF, Spectra Physics) to produce IR light around 3.4 um with
abandwidth (full width at half-maximum) of ~140 cm ™' The energy of
the incident infrared and visible light fields is measured using an energy
meter (EPM1000-0110L99, Molectron) and is set to 1.2 uJ for the
infrared and to 6 uJ for the visible light fields as these incident energies
produced SFG signals that followed the proper dependence on input
energy. The IR beam passes through an IR waveplate (L/2 CdGa$S,
3.1 4m CA 10 mm, Altechna Co. Ltd.), before being overlapped with the
visible beam and focused onto the surface under investigation, after
which the SFG signal was collected with a 0.5 m spectrograph (Acton
Research) and detected with a CCD camera (Roper Scientific). Follow-
ing the work of Esenturk and Walker,>” we recorded broadband SFG
spectra with four different input IR center frequencies to ensure that all
vibrational modes in the C—H frequency region were probed. The
spectra presented in this work are collected within 1—5 min. The signal
normalization and summing procedures are described in our previous
work.*® The SFG spectra were fit using a custom-written Igor Pro software
procedure that convolutes Lorentzians. This procedure allows for
vibrational modes to be either in or out of phase, that is, 0° or 180°,
and includes a term to account for the relatively small nonresonant
contribution. As in earlier work,® all spectra are referenced to the
2955 cm~ ' C—H symmetric stretch of the methoxy groups in PMMA.
We note that SFG spectra of QDs larger than those studied in this work
contained considerable amounts of background from fluorescence bands.

B RESULTS AND DISCUSSION

Characterization of the CdSe QDs. Figure 1 shows a TEM
image of CdSe QDs with R = 2.3 nm. The standard deviation of R
measured by TEM and the full-width at half-maximum (fwhm)
of optical emission peaks both indicate that the QDs have
diameters with a dispersity of 7—10%. The wavelength of the
first excitonic absorption of the QDs increases from 536 to
602 nm as R increases from 2.0 to 3.0 nm (see the Supporting
Information for absorption and emission spectra). We note that,
due to the cadmium enrichment of some of the QDs, there is a
discrepancy between the radii of the QDs we measure by TEM,
and the radius predicted by the absorption spectra of the QDs;
specifically, the radii we measure for our QDs are consistently
~0.6 nm larger than that predicted by Peng.>*°

Previous™ XPS and *'P NMR studies on CdSe QDs prepared
with the same synthetic and purification procedure used in this
work (with 90% TOPO as the coordinating solvent) show that
these QDs are passivated exclusively by OPA and P'-P'-(di-n-octyl)
pyrophosphonate (PPA), the self-condensation product of
OPA (Chart 1). We confirmed this result for the QDs used in this
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Chart 1. Chemical Structures of the Organic Ligands on the
Surfaces of CdSe QDs Produced with Reagent-Grade (90%)
TOPO
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study (see the Supporting Information). The OPA and PPA
ligands survive the repeated precipitations used to separate the
QDs from excess synthetic reactants because they form multi-
dentate coordinations to Cd*" ions as negatively charged phos-
phonates, whereas the other major surfactants present during the
synthesis, TOPO, TOPSe, and hexadecylamine, coordinate weakly
to Cd*" as neutral molecules via dative bonds and are ultimately
removed from the QDs during the repeated precipitation steps.
XPS: The Ordering of Cd>" on the QD Surface Depends on
the Stoichiometry of the Surface. Figure 2A shows the Cd 3ds,
region within representative XP spectra for two sizes of QDs
(R=2.0 nm and R = 3.1 nm) synthesized with 90% TOPO (and
therefore passivated by a layer of OPA and PPA). The Cd 3ds,
peak for the smaller QDs has a larger binding energy (406.0 eV)
and fwhm (1.67 V) than does the Cd 3ds/, peak for the larger
QDs (BE =405.3 eV, fwhm = 1.16 V). Figure 3A shows that, for
the eight sizes of 90% TOPO QDs we studied (black symbols),
the fwhm of the Cd 3d;/, peak decreases approximately linearly
as the radius of the QDs increases. The linewidths of the Cd 3d;,,
(~412 eV) peaks show the same trend (see the Supporting
Information). Figure 3B (black symbols) plots the same XPS
linewidths versus the Cd/Se ratio, as measured directly with
inductively coupled atomic emission spectroscopy (ICP-AES) or
extrapolated from a calibration of curve of Cd/Se ratio versus R
that we constructed previously with ICP-AES. These data
indicate that, as the radius of the QDs decreases and the degree
of cadmium enrichment of their surfaces increases, the hetero-
geneity of the chemical environments of the Cd*" increases.
Comparing the black symbols in Figure 3A and B does not
clarify whether it is the radius of the QD or the cadmium
enrichment of the QD that is more directly correlated with the
disorder in the Cd*" ions. We therefore synthesized three
samples of QDs using, as a coordinating surfactant, 99% TOPO
rather than 90% TOPO. Using 99% TOPO significantly de-
creases or eliminates the cadmium enrichment on the surfaces of
the QDs because it contains little or none of the OPA impurity;*°
the QDs synthesized with 99% TOPO are stabilized rather by
stearate (the ligand for the Cd*" precursor) and hexadecylamine.”
The red symbols in Figure 3A indicate the XPS linewidths of the
CdSe QDs produced with 99% TOPO. These data do not lie
along the same trendline as the black symbols in Figure 3A; for a
given size, the Cd”** ions in the QDs produced with 99% TOPO
are more ordered than in the QDs produced with 90% TOPO.
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Figure 2. (A) Representative normalized XP spectra of the Cd 3ds,
region for CdSe QDs with R = 2.0 nm and R = 3.1 nm drop-cast onto an
Si/SiO, wafer. (B) Representative SFG spectra, normalized to the
maximum SFG intensity at 2875 cm™ ', of CdSe QDs with R = 2.0 nm
and R = 3.0 nm, spun-cast onto a glass slide, and of a glass slide after
evaporation of the hexane solvent (no QDs, “blank”). Vertical dashed
lines indicate the CHj asymmetric (left) and symmetric (middle)
stretches and the CH, symmetric stretch (right).

The data from the two types of QDs, however, do lie along the
same trendline in Figure 3B, where we plot XPS line width versus
Cd/Se ratio. This result indicates that it is Cd/Se ratio, and not
radius, that is directly correlated with the order of the Cd*™ ions
in these QDs, and that the radius is probably correlated with the
order through Cd/Se ratio. We believe that the mechanism for
the dependence of the XPS line width on Cd/Se ratio is that the
Cd*" —ligand complexes that result in the cadmium enrichment
(Cd>"—OPA in the 90% TOPO QDs and Cd*" —stearate in the
99% TOPO QDs) adhere to the surface of the QDs with many
different geometries and binding motifs. For instance, in the 90%
TOPO QDs, some Cd*" ions bind to both OPA and Se*~, and
some Cd*" bind to surface-bound OPA without forming any
Cd—Se bonds. This variety of binding motifs creates dispersion
in cadmium oxidation states and broadens the corresponding
peaks in the Cd XP spectrum. The more stoichiometric is the
surface of the QDs, the fewer possible binding motifs exist, and
the narrower are the peaks in the Cd XP spectrum.

The blue data points in Figures 3A,B indicate the linewidths of
the Cd 3ds,, peaks of QDs synthesized with 99% TOPO, and
subsequently exposed to ambient conditions (in their hexane
solution) for 3 weeks before deposition of the XPS samples,
during which time the less-passivated QDs precipitated from the
sample. The more-passivated QDs that were left in solution had a

higher average Cd/Se ratio than that of the freshly prepared
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Figure 3. (AB) Linewidth (fwhm) of the Cd 3ds/, peak within XP
spectra of samples of CdSe QDs, synthesized with either 90% TOPO
(black) or 99% TOPO (red, blue), plotted against the radius of the QDs
(A) and the Cd/Se ratio of the QDs (B). The vertical error bars are the
standard deviations of at least four measurements on two spots on each
of two separately prepared samples. The dashed horizontal lines indicate
the line width of the Cd 3ds/,, peak for bulk CdSe. We prepared
the “aged” samples (blue) for XPS as described in the text. (C) Ratio of
the SFG amplitudes, E, of CH; and CH, symmetric stretches from the
ligands on the CdSe QDs, synthesized with either 90% TOPO (black) or
99% TOPO (red), plotted against the Cd/Se ratio and radius (inset) of
the QDs. The vertical error bars are the standard deviations of four
measurements on one sample. The dashed horizontal line indicates the
SEG ratio for OPA ligands spun-cast onto glass slides from hexanes. The
horizontal error bars in (A) are the uncertainty in the radius of the QD
(~=+5%), as measured by the line width of their PL spectra. The
horizontal error bars in (B,C) are the standard deviations of the Cd/Se
ratio, determined by measuring three separately prepared ICP-AES
samples. For data points with no horizontal error bars, we extrapolated
the Cd/Se ratio from a previously constructed calibration curve of Cd/Se
ratio versus R (ref 26).

sample because tightest binding, most stabilizing surfactant
molecules bind preferentially to Cd*" (not Se”). The degree
of disorder in the Cd*" ions in these aged, more cadmium-
enriched 99% TOPO samples (Figure 3A, blue symbols) was
higher than that of the freshly prepared 99% TOPO samples (red
symbols), such that these data points, too, lie along the trendline
when we plot line width versus Cd/Se ratio in Figure 3B. We note
that no such precipitation occurred in the samples of QDs
produced with 90% TOPO, and the XPS linewidths for samples
prepared from freshly synthesized QDs using 90% TOPO are the
same as those for samples prepared from QDs that were stored in
suspensions with their native ligands for several months; see the
Supporting Information.

Our observed trend of increasing order of the Cd*" ions with
increasing radius and decreasing Cd/Se ratio is underscored by a
concurrent decrease in the cadmium binding energy (see the
Supporting Information). The average binding energy decreases
because it is easier to ionize Cd coordinated to Se in the core of
the QD than to ionize cadmium attached to the more electro-
negative O (in the form of Cd—OPA or Cd—PPA) on the surface
of the QD.

SFG: The Density of Gauche Defects in the Ligand Shell
Increases with Decreasing QD Radius. At sufficient surface
coverages, bound alkyl chains will couple to each other via van
der Waals forces (with a stabilization energy of ~2 kJ/mol/CH,
group).”** This stabilization is maximized for trans-extended
alkyl chains, so intermolecular interactions promote the trans-
extended conformation and inhibit the formation of gauche
defects within the monolayer. To assess the extent of intermo-
lecular order within the layer of OPA and PPA ligands coordi-
nated to the QD surface, we determined the ratio of the SFG
signal amplitudes of the symmetric methyl and methylene
stretches [Espg(CH3,SS)/Espg(CH,,SS)] of the alkyl groups
that form the tails of the organic ligands through spectral fitting
of the vibrational coherences. This SFG ratio is a well-established
indicator of the density of gauche defects in alkyl chains because,
as a coherent second order nonlinear spectroscopy, vibrational
SEG is exquisitely sensitive to molecular symmetry.***" A classic
example is the strong SFG signal intensity originating from the
asymmetric and symmetric CH stretches of the terminal methyl
groups of well-ordered alkyl chains on a surface, which dominates
the small or negligible SFG signal intensity originating from the
asymmetric and symmetric CH stretches of the trans-configured
methylene groups.22'31’32 In general, as the alkyl chains become
more disordered, the ratio [Egrg(CHs;,SS)/Esrcg(CH,,SS)]
decreases.”>* 7%

Figure 2B shows representative SEG spectra of two sizes of
CdSe QDs (R =2.0 nm and R = 3.0 nm) spun-cast from hexane
onto a glass slide, normalized to the maximum SFG intensity at
2875 ecm ™, and of a blank glass slide after hexane solvent
evaporation. Figure 3C (black symbols) is a plot of the ratio of
the SFG intensities of the symmetric methylene and symmetric
methyl stretches (indicated with right and center vertical dashed
lines in Figure 2B, respectively) from 90% TOPO CdSe QDs
spun-cast onto a glass slide from hexane versus Cd/Se ratio and
radius (inset). In general, as the QD radius decreases and the Cd/
Se ratio increases, the SFG ratio [Egrpg(CH3,SS)/Egrg(CH,,
SS)] decreases, and thus we conclude that the alkyl chains of the
OPA and PPA ligands become increasingly disordered through
formation of gauche defects. We note that the fractional surface
coverage of phosphorus-containing ligands is approximately
constant over this range of sizes of QDs (see the Supporting
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Figure 4. Schematic diagrams of proposed structures for a small QD with disordered Cd>*—OPA shell (left), and a large QD with a more ordered CdSe
surface that templates an ordered OPA monolayer (right). Within the ligands, gray circles are P atoms. Within the QD, white circles are Se*~, and gray

circles are Cd*™.

Information). For reference, the vibrational SFG spectrum of the
OPA ligand on a plain glass slide (no QDs present, see the
Supporting Information) shows that the SFG signal amplitude
from the methylene groups is dominated by that of the methyl
stretches, which is consistent with the presence of well-ordered
alkyl chains on the glass surface. Decreasing the QD radius also
causes a decrease in the ratio of amplitudes of the asymmetric
methyl stretching band (2940 cm™ ") to the symmetric methy-
lene stretching band (2850 cm ™ '); this trend is consistent with
the interpretation that the alkyl chains of the organic ligands are
less ordered for smaller QDs.

The ratio of SFG amplitudes decreases approximately mono-
tonically when plotted against R (Figure 3C, inset), but its
dependence on Cd/Se ratio appears to have two regimes: for
Cd/Se < 2.6:1 (R > 2.4 nm), the SFG ratio decreases sharply as
the Cd/Se ratio increases, but for Cd/Se > 2.6:1 (R < 2.4 nm),
the SFG ratio has no apparent dependence on Cd/Se ratio. This
result indicates that, for R > 2.4 nm, the disordering of the ligands
is caused primarily by the disordering of the underlying Cd*",
while for R < 2.4 nm, this surface-templated effect saturates, and
the disordering of the ligands is due to another size-dependent
parameter. We suspect that this parameter is the curvature of the
QD surfaces, which can dictate the ligand order as follows: The
curvature of the surface makes a cone volume available to the
alkyl chains to explore a range of possible conformations. This
cone volume increases, on average, with decreasing particle size.
As suggested previously by SFG**** and FTIR*' measurements
on alkyl chains bound to metal nanoparticles and roughened
silica surfaces, intermolecular chain—chain interactions become
less energetically favorable, and gauche defects begin to dominate
the chain configuration as the particle size decreases. Additional
molecular insight into this issue reported by Meulenberg, et al.>*
includes the notion that the average size of available continuous
domains over which ligands can pack into thermodynamically
stable configurations decreases with decreasing nanoparticle size.
We observe that the radius at which the SFG ratio begins to
depend exclusively on the size of the QD (and not its Cd/Se
ratio), ~2.4 nm, is very similar to the radius (2.2 nm) at which
Meulenberg et al. observe that the domain size will begin to affect
ligand ordering on faceted QD surfaces. The new insight presented

here is that, above this critical radius, Cd enrichment creates a
disordered layer that templates, and in fact amplifies, disorder in
the ligands.

The red symbols in Figure 3C (inset) indicate the SFG ratios
measured for samples of 99% TOPO QDs. We cannot use a
direct comparison between the SFG data for 90% and 99%
TOPO QDs to determine the role of cadmium enrichment in
ligand disordering, as we did with the XPS measurements, because
90% TOPO QDs are passivated with OPA (an 8-carbon chain),
and 99% TOPO QDs are passivated primarily with stearate (an
18-carbon chain); longer alkyl chains have more driving force to
order within a film. Nonetheless, a comparison of the two data
sets yields the expected result that, for a given radius, the stearate
ligands on the 99% TOPO QDs were more ordered than the
OPA ligands on the 90% TOPO QDs.

The results from our combined electron and coherent vibra-
tional spectroscopy experiments on a range of sizes of CdSe QDs
suggest that: (i) disorder in the chemical environment of cd**
ions, as detected by XPS, in the 90% TOPO CdSe QDs is due
primarily to the presence of a disordered Cd*"—OPA layer,
which composes an increasing volume fraction of the QDs as
they get smaller, and which is minimized or eliminated when the
QDs are synthesized without OPA (i.e., with 99% TOPO); and
(ii) disorder in the ligand layer, as detected by SFG, is templated
by the disorder of the underlying Cd** layer for R > 2.4 nm and is
probably dictated by the curvature of the QD surfaces for R <
2.4 nm. The latter could be due to either an increase in cone volume
available to each ligand or a decrease in the size of available
domains for ligand packing. Figure 4 shows graphical representa-
tions of the cross sections of our proposed structures for the
smallest (most disordered) and largest (most ordered) QDs. The
cartoons are drawn to scale with respect to the relative ionic radii of Cd**
(95 pm), Se” (198 pm), and P (60 pm) and a C—C bond length of
147 pm. The O are represented as rectangles with lengths of 100 pm to
indicate the potential for multiple, multidentate binding motifs.

B CONCLUSIONS

The combination of XPS and SFG provides a detailed picture
of the molecular mechanisms that control the intra- and
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intermolecular order of organic ligands on the surface of small
colloidal nanocrystals. The influence of both geometric and
surface chemistry-related parameters on molecular order demon-
strates the possibility for chemical control over this order by tuning
the size of the QDs and the surfactant mixture used for their
synthesis. The QD—OPA complex is a model system that is useful
for testing the efficacy of the XPS—SFG strategy for investigating
QD surfaces, and for discovering the operative mechanisms for
ligand disordering in these systems. Importantly, however, the
techniques and strategies we have outlined are applicable to QDs
with conjugated ligands (which are more relevant for producing
high-conductivity nanocrystal films). These strategies will enable
exciting future exploration of the relationship between the inter-
molecular structure of ligands on nanoscopic surfaces and several
properties of nanostructured hybrid materials, possibly including
conductivity, surface passivation, and catalytic activity.

B ASSOCIATED CONTENT

© Supporting Information. Additional experimental de-
tails, ground-state absorption spectra of the QDs, XPS spectra
of the QDs showing the P region, additional line width and
binding energy data, data from control SFG experiments, a plot
of the surface coverage of ligands on QDs, TEM diffraction
patterns, and Figures S1—S7. This material is available free of
charge via the Internet at http://pubs.acs.org.
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