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Abstract

Surface engineering advances of semiconductor quantum dots (QDs) have enabled their
application to molecular labeling, disease diagnostics and tumor imaging. For biological
applications, hydrophobic core/shell QDs are transferred into aqueous solutions through the
incorporation of water-solubility imparting moieties, typically achieved via direct exchange of the
native surface passivating ligands or indirectly through the adsorption of polymers. Although
polymeric encapsulation has gained wide acceptance, there are few reports addressing the
characterization of the adsorbed polymers and existing theoretical analyses are typically based on
simple geometric models. In this work, we experimentally characterize and quantify water-soluble
QDs prepared by adsorption of amphiphilic poly(maleic anhydride-alt-1-tetradecene) (PMAT,
MW~9000) onto commercially available CdSe/CdS/ZnS (CdSe/CdS/ZnS-PMAT). Using x-ray
photoelectron spectroscopy (XPS) we determined that ~15 PMAT molecules are adsorbed onto
each QD and sum frequency generation (SFG) vibrational spectra was utilized to investigate the
mechanism of interaction between PMAT molecules and the QD surface. Importantly, when
employed together, these techniques constitute a platform with which to investigate any polymer-
nanoparticle complex in general.
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Introduction

As nanoparticles (NPs) in general, and semiconductor quantum dots (QDs) in particular,
become an ever-present stalwart in the application of nanotechnology to the biomedical
sciences, there has been an increasing surge in the literature regarding the need for more
accurate analytical characterization of their structure, composition and biological effects [1—
3]. Indeed, over the last decade there have been an increasing number of reports of QDs
application as bright luminescent labels for molecular diagnostics, ultrasensitive in vitro
assays and tumor imaging [4-7]. Comprehensive characterization has become important to
their successful engineering and application [8-10]. The notable characteristics of QDs
include unique optical properties such as size-tunable narrow Gaussian emission line shapes,
broad excitation spectra, robust photo-stability and high quantum yields [11-13]. High-
quality 11-VI CdSe cores with a thin protective overlayer of higher bandgap ZnS[14]
(overall diameter [11] less than 10 nm) are commonly employed. The photo-generated
exciton is confined to the lower bandgap fluorescent core while the surrounding ZnS shell
enhances photoluminescence by confining the exciton and passivating the core; thereby
attenuating photo-oxidation and surface defect effects [12].

A result of the high-temperature organometallic synthetic procedure used to produce
monodisperse nanoparticles is the nanocrystal surface being passivated with a monolayer of
hydrophobic surfactant ligands [15], yielding overall hydrophobic nanoparticles. However,
to serve as biologically relevant probes, QDs must be transferred into aqueous solutions and
often undergo conjugation with biological molecules such as small molecule ligands, nucleic
acids and proteins. The two most widely used methods to achieve phase transfer are to
perform ligand exchange, thereby exchanging native surface molecules with bi-functional
water-solubility imparting ligands [16—20], or polymer encapsulation, wherein a polymer
containing both hydrophobic and hydrophilic groups [15; 21-23] is adsorbed over the native
surface ligands. Since QD optical properties are intimately sensitive to surface physical and
electronic structure, the ligand exchange process can result in a dramatic decrease in
photoluminescence or particle precipitation [24], although it has been shown that
multidentate ligands minimize or eliminate these negative side-effects altogether [20; 25].
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Importantly, polymer adsorption leaves the native ligand layer intact in a hydrocarbon
bilayer thereby leaving the QD photoluminescence unaffected. As such, polymer
encapsulated-nanoparticles have been successfully applied to biological studies using
polyethylene glycol derivatized phospholipids [26], block copolymers [6] and amphiphilic
polyanhydrides [22; 27-29] encapsulating moieties. Afterwards, specific-targeting ability is
gained through the conjugation of bioaffinity ligands such as antibodies or aptamers to the
polymer-coated QDs. Ideally, by optimizing the molecular stoichiometry and orientation of
the encapsulated polymer, improved biocompatibility and reduced non-specific protein
binding to the QDs can be achieved.

A common assumption is that the encapsulating polymers orient so the hydrophobic
domains strongly interact with alkyl chains of the ligands on the QD surfaces and the
hydrophilic groups face outward, rendering the QDs water-soluble. Although polymer
encapsulated QDs have been widely used, there are few detailed experimental studies that
directly quantify and characterize the interaction mechanism of the adsorbed polymer [22;
30; 31]. It should be noted that many theoretical analyses in the literature are typically based
on simple geometric models that presume an interaction mechanism between the polymer
and QD. In this study water soluble QDs are prepared by encapsulating amphiphilic
poly(maleic anhydride-alt-1-tetradecene) (PMAT, MW~9000) around commercially
available CdSe/CdS/ZnS (CdSe/CdS/ZnS-PMAT).

In recent years there has been increased interest in developing methods for characterizing
the surface chemistry of NPs [32], but most of the method development have focused on
XPS analysis of alkyl thiol covered gold NPs [33-35]. These studies represent significant
advances in our ability to quantify NP surface chemistry, however, some of these
approaches cannot be easily extended to the multi-shell configuration of QDs, especially
since the shells in QDs contain high atomic number elements that can have a significant
effect on the photoelectrons emitted from the elements in the NP core [36]. Methods that can
be applied to XPS characterization of QDs include ones previously developed for NP
catalyst characterization [8; 37] or ones such as simulated electron spectra for surface
analysis (SESSA)[38]. However, as XPS measurements are made in ultra-high vacuum the
overlayer thicknesses measured by XPS can differ from the overlayer thicknesses measured
in solution due to hydration of the overlayer [39]. In this study XPS is used to directly
quantify the PMAT/QD ratio. Sum frequency generation (SFG) vibrational spectroscopy,
another powerful technique for characterizing polymer encapsulated NPs [40], is used to
obtain additional information about the ordering and orientation of PMAT on the QD
surface. This combination of techniques serves as a platform that can be extended to directly
characterize any generic polymer/nanoparticle complex.

Materials and Methods

Reagents

Poly(maleic anhydride-alt-1-tetradecene) (PMAT, MW~9000), chloroform, hexane,
methanol and sodium borate were purchased from Sigma-Aldrich (St. Louis, MO) and used
as received. Boric acid was purchased from Fisher Scientific and used as received.
CdSe/CdS/znS (622 nm emission) QDs synthesized by the successive ion layer adsorption
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and reduction (SILAR)[8; 41; 42] method and purified using standard hexane/methanol
extraction [41; 43] were obtained in powder form as a gift from Ocean Nanotech
(Springdale, AR).

PMAT-encapsulation

Hydrophobic CdSe/CdS/ZnS QDs were dissolved in chloroform and mixed with a 250-500
molar excess of PMAT. QD concentration was estimated from absorption measurements as
previously discussed by Peng and coworkers [44]. A few drops of methanol were added to
the chloroform mixture to aid in PMAT dissolution. After thorough mixing for a few
minutes on a vortexer, the chloroform was evaporated under vacuum, yielding CdSe/CdS/
ZnS-PMAT QDs. The resultant residue was resuspended in 50 mM borate buffer (1:1
mixture of sodium borate and boric acid, pH 8.5) for 5 minutes without agitation to allow
base-mediated ring-opening of the anhydride groups to yield highly-negatively charged
carboxylic acid functionalized water-soluble CdSe/CdS/ZnS-PMAT QDs. Afterwards, the
solution was vortexed to fully resuspend the water-soluble QDs. Excess PMAT was
removed by two rounds of ultra-centrifugation at 45,000 rpm for 45-60 minutes using a
Beckman Coulter Ultracentrifuge (Fullerton, CA). The resulting soft pellet (100-150 pL)
was collected each time and resuspended in fresh borate buffer.

Hydrodynamic radius and optical analysis

Nanoparticle hydrodynamic radii were obtained by light scattering analysis performed on a
Malvern Zetasizer NanoZS (Worcestershire, UK). Hydrodynamic size data were obtained
from a number-weighted size distribution analysis and was reported as the standard error of
the mean. A UV-2450 spectrophotometer (Shimadzu, Columbia, MD) and a Fluoromax4
fluorometer (Horiba Jobin Yvon, Edison, NJ) were used to characterize the absorption and
emission spectra of CdSe/CdS/ZnS before and after PMAT encapsulation. True-color
fluorescence images were obtained with an I1X-71 inverted microscope (Olympus, San
Diego, CA), 100x oil-emersion objective (NA 1.40) and a Q-color5 digital color camera
(Olympus) using broad-band near-UV excitation provided by a mercury lamp. A long-pass
dichroic filter (400 nm) and emission filter (420 nm) were used to pass the Stokes-shifted
fluorescence signals (Chroma Technologies, Brattleboro, VT).

Sample preparation for electron microscopy and surface analysis

For transmission electron microscopy (TEM) and XPS analyses CdSe/CdS/ZnS QDs were
dissolved in hexane. For TEM analysis 10-20ul was drop cast onto a TEM grid. For XPS
analyses 20 drops (10ul each) were sequentially dropped onto a clean silicon wafer substrate
every 2 minutes and dried under ambient conditions. Two drops (100ul each) of CdSe/CdS/
ZnS-PMAT QDs in borate buffer were dropped onto a clean silicon wafer substrate for XPS
analyses and dried under vacuum. The samples were stored in a desiccator prior the surface
analysis experiments. For SFG, the QDs were drop cast onto one side of an equilateral
calcium fluoride prism and dried under ambient conditions.
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Transmission Electron Microscopy (TEM)

TEM analysis was carried out at the University of Washington Molecular Analysis Facility
using a FEI Tecnai G2 F20 TWIN 200kV TEM equipped with an EDAX detector. A dilute
solution of QDs in hexane or water was dropped onto a Formvar-coated copper grid and
allowed to dry under ambient conditions. TEM images were obtained with Gatan Digital
Micrograph software. The diameter of the QDs was measured by manually segmenting the
nanoparticles with image processing software, then measuring the areas of 50 QDs using
ImageJ.

X-ray Photoelectron spectroscopy (XPS)

XPS data were acquired with a Surface Science Instruments S-probe spectrometer. This
instrument has a monochromatized Al Ka x-ray source, hemispherical analyzer,
multichannel detector and low-energy electron flood gun for charge neutralization. The x-
ray spot size used for these experiments was approximately 800 um x 800 um. Pressure in
the analytical chamber during spectral acquisition was less than 5 x 1079 Torr. Spectra used
to determine surface elemental compositions were acquired at an analyzer pass energy of
150 eV. The high-resolution C1s spectra were acquired at an analyzer pass energy of 50 eV.
The take-off angle (the angle between the substrate normal and the axis of the analyzer lens)
was 55° for all XPS experiments. This take-off angle is close to the ‘magic’ angle (45°)
which, depending on the particle size, minimizes the effects of surface curvature and
roughness [37; 45]. Three spots on two replicates were analyzed for each sample type.

The ESCA Analysis A program was used to determine peak areas. The binding energy scale
was calibrated by assigning the hydrocarbon peak in C1s high-resolution spectra to a
binding energy of 285.0 eV. Peak fitting of high-resolution C1s spectra was performed using
XPSPEAKA4.1 software.

Sum Frequency Generation (SFG)

SFG vibrational spectra were obtained by overlapping visible and tunable IR laser pulses (25
ps) in time and space. The visible beam with a wavelength of 532 nm was delivered by an
EKSPLA Nd:YAG laser operating at 50 Hz, which was also used to pump an EKSPLA
optical parametric generation/amplification. The difference frequency unit was based on
barium borate and AgGas, crystals to generate tunable IR laser radiation from 1000 — 4000
cm~L. The bandwidth was 1 cm™1 for the visible pump pulses. The IR laser light had a
bandwidth of 1 cm™1 in the C—H stretching region (2800 — 3000 cm™1) and 4 cm~Lin all
other regions. Both beams were focused and had a diameter of less than 1 mm at the sample.
The energy for each beam was 160 pJ per pulse. The SFG signal generated at the sample
was analyzed by filters and a monochromator, detected with a gated photomultiplier tube.
The spectra were collected with 400 shots per data point in 2 or 4 cm™ increments,
depending on the spectral range. The SFG spectra were normalized by a reference SFG
signal generated in a ZnS crystal. The QDs were probed going through the calcium fluoride
prism in a near-total internal reflection geometry.
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Results and Discussion

As indicated in the high resolution TEM images, the CdSe/CdS/ZnS QDs (Figure 1) show
nearly spherical crystalline particles with a narrow size distribution and an average diameter
of 6.9 + 0.6nm. After PMAT encapsulation, the CdSe/CdS/ZnS-PMAT QDs had a
hydrodynamic diameter of 10-13 nm and exhibited ~ 73% of the original fluorescent
intensity. The QDs formed a sharp band when run on 1% agarose gel at 100V for 30 minutes
and moved towards the positive electrode, indicating a monodisperse population of the
negatively-charged particles. Figure 2 shows no difference in the absorbance peak position
and a minor decrease in the photoluminescence spectra after PMAT encapsulation indicating
that this procedure is indeed benign to QDs [22].

The QDs have a thin layer (~1nm) of CdS between the CdSe core and the ZnS shell [8]. The
XPS determined atomic percentages for the CdSe/CdS/ZnS QDs before and after PMAT
encapsulation are given in Table 1. The P2p region contains the P2p3/2 and P2p1/2 peaks as
well as the Se(LoMy4 5M4 5) Auger peak. The S2s region contains the S2s and Se3s peaks.
For calculation of the XPS atomic percentages in Table 2, the contributions of
Se(LaM4 5M4 5) and Se 3s to the P and S spectra were substracted [8].

XPS detected Cd, Se, Zn and S signals from the CdSe/CdS/ZnS core. The XPS Cd/Se and
the S/Zn atomic ratios are greater than 1 (6 and 15, respectively), closely matching a three-
layer structure of CdSe/CdS/ZnS that is produced by SILAR synthetic method [8; 41; 42].
The XPS phosphorous signal is unique marker for the native organic ligands such as TOPO
and phosphonic acids [43]. However, the XPS C/P and O/P atomic ratios are higher than the
expected stoichiometric ratios, 24 for C/P in TOPO and 3 for O/P presented in phosphonic
acids. This difference could to be due to the presence of organic impurities from the solvents
or adsorption of adventitious carbon. The presence of organic impurities might also account
for the detected fluorine signal. Previous work has highlighted that the phosphonic acid
impurities contained in technical grade TOPO are retained on the QD surface [43]. The
initial XPS atomic percentages for the CdSe/CdS/ZnS-PMAT QDs in Table 1 contain B, Na
and Cl signals, which are residual ions/species from the borate buffer solution (NaCl and
B4Na,O5). The encapsulating PMAT layer covers the CdSe/CdS/ZnS QD providing an
effective attenuation of the XPS signals from the QD core elements. As the XPS signal
decreases exponentially with depth from the outermost surface, we have observed a
substantial decrease in the CdSe/CdS/ZnS core elements (Cd, Se, Zn, S, P) and only traces
of Zn, S and P were detected after PMAT encapsulation.

The high resolution XPS C1s spectrum in Figure 3 was fit with peaks at 285.0 eV
(hydrocarbon) and 288.3 eV (anhydride/acid). The measured hydrocarbon to anhydride/acid
ratio of 8.1 is in excellent agreement with the expected theoretical CH,/C=0 ratio of 8 from
the PMAT molecular structure. The XPS C1s high-resolution spectrum suggests that most of
the XPS carbon signal from the CdSe/CdS/ZnSe-PMAT QDs can be attributed to the PMAT
encapsulation layer. This is consistent with detection of only trace amounts of phosphorous
from the organic ligands. The measured XPS O/C atomic ratio (~0.68) is higher than the
O/C stoichiometric ratio (0.22) of the PMAT molecules. This is likely due the presence of
oxygen atoms from the elements associated with the borate buffer that were detected in this
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sample (Na, B, etc). The thickness of the PMAT layer was estimated by a method that was
recently developed by Shard to interpret the XPS data from core-shell nanoparticles [33].
Based on this method the estimated thickness of the encapsulated PMAT is ~2nm indicating
that the overall diameter of the CdSe/CdS/ZnS-PMAT QDs is ~11nm (7nm QD plus twice
the PMAT thickness). This value falls within the mesured hydrodynamic diameter of 10-13
nm, suggesting that PMAT forms a dense layer on the QDs and doesn’t adsorb significant
amounts of water molecules from the surrounding solution.

The initial atomic percentages of the core elements in Table 1 are lower than their actual
percentages due to attenuation effects and eliminating these effects allows more accurate
elemental composition. The QDs in the present study have spherical size that is comparable
to the XPS photoelectron inelastic mean free path. As a result the actual elemental
composition should be corrected by applying following integral [37]:

vV R2—r2gin?9—rcos?
Aq

Rm
[ Jexp[— |- r’sinddrd9 (1)
0

The numeric solution of equation (1) includes the elemental distribution of each element
within the analyzed specimen. The core structure of the QDs assumes that the Cd and Se are
originated from an inner core (where r varies from zero to ~3.5) that is surrounded by the
PMAT layer. Numerical solutions of equation (1) provide the “‘corrected XPS composition’
of the CdSe/CdS/ZnS-PMAT (Table 1). The signals from the shells are too weak to be
included since only traces of S and Zn were detected.

The XPS atomic percentages were used to estimate the number of polymers chain associated
with each QD. The XPS atomic composition represents the average XPS composition of a
single QD, since the measured samples can be considered to be a layer of close-packed,
randomly arranged QDs on a smooth silicon wafer surface [37; 38]. Taking ratios of
corrected atomic percentages in Table 1 provides atomic ratios or the ratios of the number of
atoms (#) in a sample as shown in equation (2).

at%Cd+at%Se #Cd+H#Se
at%C B #C

As noted above, XPS averages over large number of QDs, so the corrected composition in
Table 1 represents that of an average single QD. The number of Cd and Se atoms in one
single QD can be calculated from the dimension of each QD (TEM image in Figure 1). The
properties of the CdSe core are MW cgse)=191.37g/mole and pcdse)= 5.816g/cm3. Using
these parameters provides an estimate of ~ 2000 Cd and Se atoms per CdSe core.
Consideration of a thin CdS layer around of the CdSe core does not have a significant effect
on this quantitative data as both have similar molar volumes, 32.9 and 30.0cm3/mole for
CdSe and CdS, respectively. The (%Cd +%Se)/%C ratio can be calculated from the
corrected data in Table 1, which yields a value of ~8000 carbon atoms surrounding the QD
core. The contribution of the organic ligands to the carbon atomic percentage is neglected
(Figure 3 and Table 1). There are 18 carbon atoms per PMAT monomer and ~30 monomers
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per PMAT polymer (MW (gne monomer) = 310g/mole and the approximate MW (pmaT) =
9000 Da), yielding the estimated PMAT/QD ratio to be ~15.

Colvin and co-workers [22] used thermogravimetric analysis to show that rod-shaped QDs
(5.8nm head width and 8.4nm long) were encapsulated with ~1 poly(maleic anhydride-alt-1-
octaecene) (PMAO, 40,000 MW) per QD. The difference between the two studies may be
explained by a higher coating density of the smaller polymer (PMAT 9000 MW) and the
different shape of the QDs.

Figure 4(i) displays the ppp (sum, visible, IR) polarization SFG C—-H stretching spectrum of
the CdSe/CdS/ZnS QDs. The spectrum shows distinct features that can be assigned to
asymmetric (2963 cm™1) and symmetric (2874 cm™1) stretches as well as a Fermi-resonance
(2937 cm™1) of the ligands CH3 groups [48; 49]. Resonances assigned to the symmetric
(2848 cm™1) and asymmetric (2921cm™1) methylene stretches from the ligands chains are
also observed, but are comparatively weak [48; 49]. The strong methyl stretches and weak
methylene stretches observed in the SFG CH spectrum indicate the ligand chains have a
significant degree of alignment and orientational order, with only a moderate amount of
gauche defects. Disordered groups and centrosymmetric groups do not produce a SFG signal
[50; 51]. Thus, well-ordered and aligned alkyl chains in an all-trans configuration only
exhibit methyl stretches in SFG CH spectra. The extent of the ligands molecular order is
significant in view of the QDs surface geometry shown in Figure 1. Self-assembled
monolayer films on curved surfaces might be expected to exhibit lower molecular alignment
and packing densities compared to flat surfaces due to a decrease in the chain density
moving away from the surface on highly curved surface [52-54]. However, nanoparticles
are not perfectly spherical and should be considered to be polyhedrons with surfaces of low
index crystal planes [1]. If the nanoparticle surface planes are sufficiently large, then surface
ligand ordering on the low-index terraces should be similar to that observed for flat surfaces.
The SFG results suggest this is the case for the CdSe/CdS/ZnS QDs, in agreement with a IR
study by Young et al. who also reported densely packed TOPO chains on CdS QDs [55].
The SFG methylene stretch intensities of the CdSe/CdS/ZnSe-PMAT increase while the
methyl stretch intensities decrease significantly (Figure 4(ii)). This indicates PMAT
encapsulation increases the number of gauche defects and therefore leads to a decrease in
the order of the ligands chains. A CH stretching mode related to the methylene group in the
polymer backbone is also visible in the CdSe/CdS/ZnS-PMAT spectrum near 2900 cm™1,
indicating some degree of order in the PMAT polymer layer.

The CH region analysis is further corroborated by the fingerprint ssp polarization SFG
spectrum. The CdSe/CdS/ZnS spectrum in Figure 5a(i) exhibits a very pronounced
resonance near 1403 cm~1 (8(CH,-P))[49], which can be assigned to deformation vibrations
of the methylene unit located next to the phosphorous atom. In addition, there is a broad
mode around 1040 — 1050 cm™1 that can be assigned to P=0 groups covalently bound to
dielectric surfaces [49], [55; 56]. Unbound R3P=0 resonances would be expected near 1150
cm™1 [49; 55]. The broad shape of the resonance has been attributed to the P=0 group
occupying multiple adsorption sites. CH deformation modes are very weak, but are
detectable near 1200 cm~1 and 1430 cm~1. Again, the presence of the P=0 and §(CH»-P)
modes demonstrates the high degree of orientational order in the organic ligands.
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The SFG spectrum of the CdSe/CdS/ZnS-PMAT QD is almost featureless in the fingerprint
region (Figure 5a(ii)). Only a weak feature from the C—H deformation modes is present.
This implies that the order in the ligands film close to the QD surface (i.e. the P=0 and the
CH>, located next to the P atom) is lost after PMAT encapsulation. This is consistent with
penetration of the PMAT side chains deep into the surface ligand film. The fingerprint
region SFG spectrum acquired with ppp polarization for the CdSe/CdS/ZnS-PMAT (Figure
5b) exhibit a weak C=0 stretching mode near 1728 cm~1 in addition to the C—H bending
vibrations near 1450 cm™1 [55]. The former feature comes from a partially ordered surface
layer of carboxylic groups. Our SFG study of the interaction between the PMAT and the
organic ligands as well as the PMAT orientation are consistent with a model where QDs are
densely coated with the amphiphilic polymer.

Conclusions

The multi-technique results from this study provide a detailed understanding of interaction
between PMAT and the native QD surface ligands after encapsulation. XPS analysis
estimates that ~15 PMAT molecules were adsorbed to each QD forming a 2nm film on their
surfaces. The application of SFG to QDs indicates that the PMAT hydrocarbon chains
penetrated into the surface ligand layer, confirming a common assumption in the literature.
Importantly, this work demonstrates that these techniques and method of analysis are a
versatile platform capable of shedding light on any polymer/nanoparticle complex. The
detailed characterization and analysis methodology holds potential to benefit the
nanoparticle surface engineering and biomedical research fields.
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Highlights

X-ray photoelectron spectroscopy (XPS) was used to quantity the overlayer thickness
(~2nm) of poly(maleic anhydride-alt-1-tetradecene) (PMAT, MW~9000) adsorbed onto
CdSe/CdS/znS quantum dots (QDs). This corresponds to ~15 PMAT molecules adsorbed
onto each QD. Transmission electron microscopy (TEM) was used to determine the
diameter of the QDs (6.9 £ 0.6 nm) prior to PMAT encapsulation. Sum frequency
generation (SFG) vibrational spectra was utilized to investigate the mechanism of
interaction between PMAT molecules and the QD surface. Together these techniques
constitute a powerful platform to investigate any polymer-nanoparticle system.
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Figure 1.
High resolution transmission electron microscopy images of CdSe/CdS/ZnS QDs show

nearly spherical crystalline particles with a narrow size distribution and diameter of ~6.9nm
+0.6nm.
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Figure 2.
Evaluation of optical properties of the CdSe/CdS/ZnS QDs prior to and after PMAT

encapsulation: (a) absorbance of CdSe/CdS/ZnS (b) absorbance of CdSe/CdS/ZnS-PMAT
(c) photoluminescence of CdSe/CdS/ZnS and (d) photoluminescence of CdSe/CdS/ZnS-
PMAT. No difference in the absorbance peak position and a minor decrease in the
photoluminescence intensity are observed.
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Figure 3.
High-resolution XPS C1s spectrum of the CdSe/CdS/ZnS-PMAT QDs fit with peaks at

285.0 eV (hydrocarbon) and 288.3 eV (anhydride/acid).
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SFG CH stretch spectra acquired in ppp (sum, visible, IR) polarization from (i)
CdSe/CdS/ZnS and (ii) CdSe/CdS/ZnS-PMAT. The spectra show that the organic ligands
have a significant degree of orientational order and the PMAT has a more limited degree of

order.
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Figure 5.
(a) Fingerprint region ssp polarization SFG spectra of (i) CdSe/CdS/ZnS and (ii) CdSe/CdS/

ZnS-PMAT. The presence of the P=0 and 8(CH2-P) modes demonstrates the high degree of
orientational order in the organic ligands. This order is lost after PMAT encapsulation due to
the penetration of the PMAT side chains deep into the organic film. (b) Fingerprint region
ppp polarization SFG spectrum of CdSe/CdS/ZnS-PMAT exhibit a C=0 stretching from a
partially ordered surface layer of carboxylic groups
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Table 1

Initial XPS atomic percentages of CdSe/CdS/ZnS and CdSe/CdS/ZnS-PMAT QDs indicate the decrease of the
cores elements after PMAT encapsulation. The initial XPS atomic percentages assume a homogeneous
distribution of elements in the QDs. Corrected XPS atomic percentages, which account for the core-shell-shell
distribution of elements in the QDs, of CdSe/CdS/ZnS-PMAT QDs were used to estimate that ~15 PMAT
molecules were attached to each QD.
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at%
Initial XPS atomic percentages Corrected XPS atomic percentages CdSe/CdS/ZnS-PMAT QDs elements
Element | CdSe/CdS/ZnS | CdSe/CdS/ZnS-PMAT
Cl1ls 83.4+2.1 49.1+2.1 80
O1ls 5.7+0.9 33.2+0.6
Cd 3d 5.6+0.7 1.5+0.1 17
Se 3d 0.9+0.1 0.16+0.01 3
P 2p 0.6+0.1 traces
Zn 2p3 0.08+0.02 traces
S2s 1.2+0.4 traces
F1s 2.5%1.6 -
Na 1s - 5.3£0.3
Cl2p 0.6+0.08
Bls - 9.8+£1.4
Cd/Se 6.2 9.4 5.6
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