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ABSTRACT 

 

Solid-State NMR Analysis of the Surfaces and Interfaces in Nanoscale Materials 

 

By 

 

Mia G. Berrettini 

 

Semiconductor nanocrystals, with unique size-dependent properties, give 

promise for successful innovation of new technologies including solid-state lighting 

and biological labeling.  Therefore, characterization of the surfaces, interfaces and 

associated reconstruction in these materials becomes crucial for an understanding of 

structure-function relationships essential to this development.  In this dissertation, 

powerful solid-state nuclear magnetic resonance (NMR) techniques, such as cross-

polarization magic angle spinning (CPMAS), spin-echo, and two dimensional (2D) 

heteronuclear chemical shift correlation (HETCOR) experiments are utilized to probe 

these various regions in CdSe and InGaP nanocrystals. These experiments reveal 

fundamental structural information, including insight into atomic vacancies, discrete 

particle reconstruction with size, oxidation, passivation, and the nature and molecular 

order of the surface, near surface and core species.  This knowledge gives rise to 

valuable direct correlations of the structural molecular models of reconstruction with 

the physical properties of CdSe and InGaP nanomaterials. 
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Chapter 1.  Introduction. 
 

 

1.1. Overview of Nanocrystal Regions and Reconstruction. 

Nanotechnology is one of the most prominent disciplines in science and 

technology today, bridging the fields of biology, physics, chemistry, and engineering.  

Semiconductor nanocrystals have attracted considerable attention since they offer a 

unique opportunity to observe the evolution of their physical properties with size. 

This has led to applications in a wide range of areas, including solid-state lighting, 

light emitting diodes, and biological labeling.1-10 For a successful development of 

nanotechnology, many key challenges in nanoscience must be tackled and a number 

of fundamental problems must be scientifically explored and solved.  Understanding 

the correlation between the thermodynamic stability and fundamental structural 

properties of nanomaterials, which is influenced by the nanocrystal (NC) type, size, 

and passivating layer, is an important area. Of particular interest is the understanding 

of the surface chemistry, reconstruction and inorganic/organic interface associated 

with the electronic and optical properties in nanoscale materials.11-17

The structure of a nanomaterial can be envisioned as consisting of a core 

inorganic structure reminiscent of a bulk structure, surrounded by a reconstructed 

inorganic surface shell, and capped by an organic passivating layer, reminiscent of a 

self-assembled monolayer .18-22 The impact on the structural attributes of nanocrystals  
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Figure 1.1. Domains of Nanocrystals
(A) Passivating layer, (B) Surface of 
particle, (C) Near-surface of particle, 
(D) Core of particle.
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can be delineated into four distinct regions of the NC (Figure 1.1).  The passivation 

layer, region A, can be envisioned as a three-dimensionally constrained monolayer of 

tightly packed organic amphiphiles that act to thermodynamically stabilize the surface 

through a headgroup-surface interaction,21,22 as well as provide solubility in various 

solvents.  Region B consists of the molecular level interaction between the surface 

atoms and the headgroup of the passivant and the outermost surface sites, which is at 

the inorganic-organic interface.23,24 Region C encompasses the top layer of the 

nanomaterials and one crystallographic plane down that are prone to reconstruction,25-

28 and region D consists of the NC core, which is predicted to be minimally affected 

by surface interactions.  Although particle reconstruction may occur in the core, 

passivant-driven surface reconstruction has recently been suggested to be influential 

to the observed optical properties of CdSe and InP nanomaterials.25-33  

Although the need for a thorough understanding of the surface interfacial 

region has been established, it nevertheless represents the most difficult to analyze 

experimentally, because of the low ratio of surface species relative to core species in 

nanoscale materials.  This leaves the development of a deeper understanding of the 

correlation between optical response and surface reconstruction as a difficult but 

important task.  Many standard spectroscopic techniques, such as photoluminescence, 

X-ray diffraction and transmission electron microscopy (TEM), have provided vital 

information about the optical nature, size, facets, and crystal structure of many types 

of nanomaterials.  However, do to lack of long-range order and small size of the 
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particles, these studies to do not reveal any clear surface structural features or detail.  

Nuclear magnetic resonance (NMR) spectroscopy, however, is highly sensitive to 

local chemical and electronic environment, element-specific, quantitative, and with 

utilization of special pulse techniques, can selectively probe distances and the various 

surfaces and interfaces of the nanocrystal (Figure 1.1).  This gives rise to NMR as an 

invaluable analytical method for observation of reconstruction of nanomaterials.         

                                                                                                             

 

1.2. NMR Pulse Techniques for Selective Analysis of Nanocrystal Regions.   

 

Recent studies using 113Cd have suggested the surface cadmium atoms can be 

clearly distinguished from the core cadmium atoms.34,35 These in depth studies in 

NMR on CdSe and other nanomaterials provide an ideal platform to test predictions 

of structural reconstruction of the different regions in a CdSe nanomaterial. By 

conducting 13C, 1H, 113Cd, and 77Se NMR (for example in CdSe), direct insight into 

regions A, B, and C can be gained, providing further correlating experimental data for 

the development of a model of the passivant layer interactions on the nanocrystal 

surface. Application of cross-polarization magic angle spinning (CPMAS) in the 

solid-state allows the surface to be selectively studied, while other techniques such as 

spin-echo sequences allow the entire nanomaterial to be addressed.34-38 As observed 

in previous studies on layered silicate surfactant mesophases, NMR can provide 

insight into the degree of crystallinity and reconstruction of the material, as well as 
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knowledge of the connectivities of surface atoms through two-dimensional 

techniques.32 

The principal solid-state NMR pulse sequences extremely useful in the study of 

nanomaterials and present in this dissertation are given below Figure 1.2 A-C.  The 

spin-echo (Figure 2.1A) MAS NMR pulse sequence ( /2- - - -acquisition) measures 

all of the nuclei of interest (core and surface) in the isolated particle.  It is beneficial 

for materials with broad NMR peaks and minimizes problems due to rf  bleeding and 

receiver recovery.  It can provide valuable information regarding the structural 

differences within the particles, as well as size-dependent shielding parameters with 

average bandgap energy and ionicity changes of the core lattice.  The spin-echo 

experiment is very important for such nuclei as 113Cd,77Se, 71Ga, and 115In which 

possess short T2 relaxations and broad NMR peaks..   

 The CPMAS NMR pulse sequence is shown in Figure 1.2 B.  It involves a 

proton /2 pulse, spin-locking of the protons, followed by a polarization transfer to 

the nuclei of choice, and detection in this dimension.  In this dissertation, the 

polarization transfer is from the abundant 1H spins on the passivating ligands to the 

spins of the inorganic particle via though space nuclear dipole-dipole interactions.34-36 

These interactions follow a 1/R3 distance dependence allowing only spacially nearby 

species to be measured.  Therefore only atoms at or near the surface of the particle are 

measured, establishing a surface selective analysis.  Also extremely significant with 

the CPMAS pulse technique is the ability to vary the contact time of cross-

polarization which can allow for a depth profile of the material to be established.  
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Figure 1.2. Schematic representations of solid-state NMR
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The 2-dimensional (2D) heteronuclear chemical shift correlation38,39 

(HETCOR) NMR sequence is depicted in Figure 1.2C.  For this technique the 

sequence involves a proton /2 pulse, an evolution period, t1, where all the forces 

acting upon the nuclei are allowed to evolve, cross-polarization to the nuclei of choice 

and detection in this dimension.  By expansion of the spectrum in two dimensions, 

and utilization of the through space distance dependent dipole-dipole interactions, an 

extremely powerful tool for structural elucidation is developed which provides a 

detailed distinction of passivating ligands in close proximity to surface and near 

surface sites as well as spatial determination of interacting surface ligands.   

In this dissertation, solid-state NMR is used to analyze crucial structural 

information regarding the surfaces and interfaces in nanoscale materials.  Through 

specific pulse techniques including spin-echo, CPMAS, and HETCOR, species 

determination, molecular order, surface vacancies, spatial proximities, ionicity 

changes, and structure-function correlations are revealed.  Chapters 2, 3 and 4 

investigate the fundamental structure and nature of the organic surface passivating 

layer, surface and core species, as well as the evolution of these sites with size in 

CdSe nanocrystals.  Chapters 5 and 6 provide detailed studies of the oxidation layer 

and molecular transformation with hydrogen fluoride treatment of InGaP 

nanocrystals.  In both materials, structural models of the various regions of the 

nanocrystal (Figure 1.1), essential to the advancement of nanotechnology, are 

developed.  
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Chapter 2.  NMR Characterization of the Surface Passivation in CdSe 

Nanocrystals 

 

2.1  Introduction.   

Nanocrystals, which are often modeled using a "spherical" approximation, are 

crystalline and faceted. The exposed atoms on the facets dictate the nature of the 

organic passivant interaction and can lead to surface reconstruction following 

passivant binding.  This interaction has been shown to effect important aspects of the 

materials including size, shape, stability, photoluminescence and oxidation.1-8 Also 

important for technological applications, is the ability of the passivant layer to 

provide stability in appropriate solvents as well as possess terminal functionalities 

that allow for selective interactions for fabrication of nanoscale 2- and 3-dimensional 

architectures.8-12  

Due to the significance of the passivation layer and the corresponding 

inorganic/organic interface, investigation into of the nature of the organic ligands on 

the surface of the particles is necessary.  Solution and solid-state 13C and 1H NMR has 

proven an excellent characterization probe for the binding site (chemical shift) and 

freedom of rotation (line width) of the passivant layer in nanocrystals because of the 

sensitivity of the technique to electronic local environment and mobility7,8,13-19.  
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Notably, Sachleben et al. have shown that the T2 in thiols appended to CdS is 

sensitive to the chemical environment of binding13-14 and Pan et al. has indicated 

rapid amine exchange as well as a suggested structural binding motif on the surface of 

Ru particles observable by solution 13C solution NMR7; also, interestingly, Elbaum et 

al. has utilized solid-state 13C NMR to identify a bridging carboxylate passivant on 

the surface of CdS18.   

In this chapter, the passivating layer of single source precursor prepared CdSe 

nanocrystals (CdSe-HDA) is investigated by solution and solid-state 1H and 13C NMR 

experiments to obtain vital information about the nature, binding motif, ligand 

exchange, solubility, and spatial proximities of the corresponding organic ligands.  

Intriguingly, in this material, hexadecylamine (HDA) and thiophenol are found to 

selectively bind on the isolated nanocrystal.  Powerful 2D 13C{1H} heteronuclear 

chemical shift correlation (HETCOR) NMR was utilized to the probe the spatial 

proximities of the two passivants on the surface of CdSe-HDA; in conjuction with 

ligand exchange experiments this study provides direct knowledge of a special 

binding site for thiophenol.   
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2.2  Experimental Section. 

2.2.1  Synthesis of CdSe Nanocrystals (CdSe-HDA).   

CdSe nanocrystals were prepared by a previously published single source 

precursor method.20 Approximately 2.1 g of Li4[Cd10Se4(SC6H5)16] (0.653 mmol) was 

heated in 75 g of n-hexadecylamine (HDA) to 120 °C under argon.  The reaction 

progress was followed by UV-vis absorbance spectroscopy and removal from heat 

when the desired nanocrystal size was reached.  UV-vis experiments were carried out 

on the hot reaction mixture by direct sampling of the reaction mixture (1-5 µL) and 

dilution of the aliquot into 3 mL of chloroform.  The onset of the absorption profile 

was characteristic of the size of the nanocrystals.  After cooling to 50 °C when the 

appropriate size nanocrystal was reached, the CdSe sample was precipitated by the 

addition of approximately 200 mL of methanol and was collected by centrifugation.  

Purification and size selection was accomplished by dissolution in a minimum 

amount of chloroform, re-precipitation by addition of methanol, and centrifugation 

(3×). 

2.2.2  Ligand Exchange with 2,4-Difluorothiophenol.  

 Surface ligand exchange of thiophenol on CdSe-HDA was accomplished by 

the addition of approximately 2 mL of 2,4-difluorothiophenol to 100 mg of CdSe-

HDA.  The mixture was stirred for 5-10 min at 60 °C under argon.  After being 
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cooled to room temperature, approximately 5 mL of methanol was added, and the 

material was collected by centrifugation.  The sample was then dissolved in a 

minimum amount of chloroform and precipitated via the addition of methanol.  This 

washing sequence was repeated three times, followed by a final rinse with methanol 

and being dried overnight under vacuum. 

2.2.3  Preparation of Water Soluble CdSe (CdSe-AET).  

 Surface ligand exchange of the hexadecylamine (HDA) passivant layer on 

CdSe (CdSe-HDA) by 2-aminoethanethiol (AET) was accomplished by dispersing 20 

mg of CdSe-HDA in 0.5 mL of N,N-dimethylformamide (DMF) with light 

sonication.  The hydrochloride salt of AET was added (approximately 200 mg) and 

the suspension was heated in an oil bath at 70 °C for 5 min under N2 with stirring.  

Complete dissolution of the CdSe into the DMF occurs during the ligand exchange 

process.  The product was isolated by precipitation via the addition of methanol and 

the procedure was repeated in order to accomplish complete ligand exchange.  After 

the final precipitation with methanol, the product was washed with methanol (3×), 

and dissolved in D2O.  Minimal insoluble products (<5%), if any, were removed by 

centrifugation.  The ligand exchange yields a water-soluble CdSe-AET material with 

a pH of ~5.5 when dissolved in Nanopure water.  
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2.2.4  NMR.   

Solution NMR experiments were performed at room temperature on a Bruker 500 

MHz Avance spectrometer with a HX double resonance broadband probe operating at 

125.8 and 500.1 MHz for 13C and 1H, respectively.  The 13C experiments were 

performed with a single pulse on 13C while decoupling 1H during acquisition. Typical 

parameters were: acquisition time 0.33 s, recycling delay 10 s, and a 90° pulse length 

of 15.3 s. 

Solid-state magic angle spinning (MAS) NMR experiments were performed at 

room temperature on a Bruker 300 MHz Avance spectrometer with a 4-mm 

broadband MAS probe double tuned to 1H (300.1 MHz) and the X channel to 13C 

(75.5 MHz).  A spinning speed of 12 kHz was used in all experiments.  The MAS 13C 

NMR experiments on CdSe-HDA and ligand-exchanged CdSe-HDA were performed 

under the conditions of two pulse phase modulated (TPPM) 1H decoupling, an 

acquisition time of 24 ms, and a recycling delay of 20 s. 

The 2D 13C{1H} HETCOR experiment was performed with a frequency-

switched Lee-Goldberg (FSLG) irradiation of 85 kHz applied to the 1H spins during 

the t1 evolution period, ramp CP during mixing with a contact time of 6 ms, a TPPM 

1H decoupling during the data acquisition of 20.6 ms, 1280 scans for each t1 point for 

a total of 256 t1 points, a dwell time of 20 s, a recycling delay of 1 s, and a 1H 90 

pulse length of 3µs. 
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The chemical shifts of 1H and 13C were referenced to TMS in all solution and 

solid-state NMR experiments. 

 

2.3  Results and Discussion. 

2.3.1  Surface Passivation of CdSe-HDA.  

 13C NMR measurements on HDA-passivated 2-nm CdSe in solution and the 

solid state are shown in Figure 2.1.  The α-, β-, and γ-carbons in free HDA appear at 

chemical shifts of 42.5, 34.3, and 27.0 ppm, respectively (Figure 2.1A).  The solution 

13C NMR of CdSe-HDA (Figure 2.1B), shows a broadened α-carbon at the identical 

chemical shift position as free HDA.  The β- and γ-carbons are broadened and poorly 

resolved because of overlapping peaks with the methylene carbons between 29 and 32 

ppm.  The observation of an unshifted α -carbon is in contrast to previously published 

work on alkanethiols8 on the surface of CdSe nanocrystals, (discussed in 2.3.4), 

where the chemical shift of the -carbon is shifted downfield by approximately 5 ppm 

from that of free ligand.  This is not surprising because of the differences in -back-

bonding for a thiol versus an amine ligand and the expected weaker interaction with 

the surface for  
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Figure 2.1.  13C NMR spectra of the passivating layer on CdSe-HDA.
(A) 13C spectrum of HDA (*CDCl3) (B) 13C spectrum of 
2 nm CdSe-HDA (*CDCl3). This spectra shows HDA on the surface
of the particle as well as bound and unbound thiophenol.

(C) 13C MAS spectrum of 2 nm CdSe-HDA.  The alpha carbon of HDA is more 
pronounced than in solution and is at the same chemical shift as free HDA. 
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alkylamines relative to the thiol passivant.  In addition to the HDA resonances, two 

broad peaks at 127.2 and 132.9 ppm (Figure 2B) are observed, which can be assigned 

to carbons of thiophenol bound to the surface of the particle.  The narrow peaks 

between 127 and 129 ppm represent a small amount of free thiophenol in solution and 

are indicative of thiophenol being in slow exchange on the NMR time scale. 

In the solid-state, the α-carbon of bound thiophenol (Figure 2.1C) can be more 

clearly distinguished than in solution NMR and appears at ~135 ppm, while the α-

carbon of free thiophenol appears at 130.7 ppm, consistent with the expected shift for 

an α-carbon on a thiol binding to a CdSe surface.  The presence of thiophenol on the 

surface was surprising because of the molar ratio of ~30:1 HDA/thiophenol for a 

typical reaction.  However, it is known that thiols are better back-bonding ligands 

than amines, which suggests that either the thiophenol is a better ligator for CdSe or 

that thiophenol occupies a unique site stabilized under the reaction conditions.  The 

possibility of a unique site for thiophenol is explored by correlation methods in the 

following section, and in more depth in Chapter 2.   Although this data is resulting 

from 2 nm CdSe-HDA, thiophenol and HDA passivation on the isolated nanocrystal, 

as well as the corresponding broadening and shifts of particular carbon peaks is 

evident regardless of the size of the nanocrystal.  These studies included CdSe-HDA 

nanocrystals with diameters ranging from 2-6 nm. 

The broadening of the carbon peaks for thiophenol, as well as α-, β-, and γ-

carbons on HDA in solution NMR (Figure 2.1B), can be attributed to chemical shift 

 20



 

distribution and a decreased T2 relaxation time due to a lack of rotation upon binding 

to the CdSe surface.7,8,21 Chemical shift distribution was concluded as a likely factor 

in the broadening of the peaks due to the asymmetry of the line shape of the 

broadened peaks, although chemical shift anisotropy was concluded to be improbable 

because of identical line shapes of the broadened peaks in the solution and solid-state 

NMR spectra.  As seen in Figure 2.1C, the carbons of thiophenol and the α-carbon of 

HDA become more pronounced in the solid-state than in solution NMR because of 

external averaging by MAS the dipolar interactions from the decreased rotation.  In 

the MAS spectra, the β-, and γ-carbons of HDA are unresolved because of 

instrumental resolution limits giving rise to an overlap with the methylene chain 

carbons.  As can be seen by comparison of the line widths for the carbon atoms in 

solution and solid-state NMR of CdSe-HDA, the rotation in the chain increases as 

you move down the chain toward the methyl group, as evidenced by the observation 

of narrowing lines.  Carbon 15 and the methyl carbon at 22.9 and 14.2 ppm, 

respectively, are similar to the line width of free HDA, indicating that the terminal 

carbons do not experience hindered rotation and therefore are likely rotationally 

disordered with respect to the surface of the nanomaterial.  A loss of signal intensity 

and a broadening for the α-, β-, and γ-13C peaks, which are closest to the NC surface, 

when compared to C15 is predicted for these materials because of rotational 

constraints for the passivants on the nanomaterial surface, as previously observed by 

FT-IR measurements of packing motifs on CdSe surfaces.2,23 Amorphous packing 

could lead to shifts in the NMR position also, but only a small change in the line 
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widths for the α-, β-, and γ-carbons because of the increased rotational freedom of 

amorphously structured surfaces.    

 

2.3.2 Thiophenol and HDA Proximities. 

  The occurrence of both thiophenol and HDA binding in 2-nm CdSe-HDA 

raises the possibility of site or face selective binding on the CdSe surface.  Using 

correlated NMR methods, the passivant site proximities were obtained through the 

use of 2D 13C{1H} HETCOR NMR experiments which provides direct insight into 

the possibilities of these binding motifs.  The 13C{1H} frequency-switched Lee-

Goldberg (FSLG) HETCOR experiment is shown in Figure 2.2, with separately 

measured single pulse 1H MAS on the vertical axis in a traditional and magnified 

view and 13C MAS spectra on the horizontal axis.  The protons on the HDA chain 

appear between -0.8 and 1.8 ppm, and the protons on thiophenol appear between ~5.8 

and 7.4 ppm, as seen from the correlations with their respective carbons in Figure 2.2.  

The amine protons are not seen because of broadening to the baseline from lack of 

rotation.  FSLG HETCOR, which significantly increases homonuclear decoupling in 

the 1H dimension, was chosen for this experiment to increase resolution to clearly 

distinguish the region of the HDA chain that is interacting with thiophenol by the 

correlations of thiophenol to HDA and to eliminate the 1H spin diffusion mechanism. 
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 Figure 2.2. 2D 13 C{ 1 H} HETCOR NMR of 2nm -CdSe HDA.  Separate 
single pulse 1 H MAS (traditional and magnified view), and 13 C MAS 
spectra reside along the vertical and horizontal axes of the con tour plot, 
respectively.  The correlation between thiophenol and HDA indicates 
that thiophenol is interacting with the middle of the HDA chain. 
(Spinning speed, 12 kHz; contact time, 6 ms)
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As seen in Figure 2.2, the correlation from thiophenol protons at 6.8 ppm in 

the 1H dimension to the carbons of HDA at approximately 30 ppm in the 13C 

dimension indicates that thiophenol is strongly interacting with the middle of the 

HDA chain. This information establishes that thiophenol is in close proximity to the 

middle of the HDA chain. On the basis of this observation, it appears the ligands are 

residing on the same face rather than face selective capping of the two species, which 

would presumably give no correlation. There is the possibility if the ligands were on 

neighboring faces and with the proper tilt angles that there could be an interaction 

with the middle of the chain, but this would only be at the intersections leading to the 

observation of a weak correlation. 

2.3.3  Ligand Exchange with 2,4-difluorothiophenol.    

Face-selective capping of thiophenol in the isolated crystal can be disregarded 

from the results of the 2D correlation spectra in Figure 2.2 but the exact nature of the 

site is still not known from these results directly.  More evidence for this positional 

assignment arises from data obtained by 13C MAS of 2-nm CdSe-HDA that has been 

ligand-exchanged with 2,4-difluorothiophenol (Figure 3).  Ligand exchange with 

thiophenol was first attempted and no change in the 13C MAS spectra was noticed; 

therefore, a similar ligand, 2,4-difluorothiophenol, was used for it’s differing 13C 

peaks in the MAS spectra.  Following ligand exchange with 2,4-difluorothiophenol, 

HDA is still present but thiophenol has been completely replaced.  The peaks at 159 

and 162 ppm represent the 2 and 4 carbons with attached fluorines, respectively.   
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Figure 2.3. 13C MAS of 2 nm CdSe-HDA 
in which the thiophenol has been ligand exchanged 

 - with 2,4 difluorothiophenol.   (Spinning speed, 12 kHz)
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Carbons 1, 3, 5, and 6 appear at 138, 102, 110, and 118 ppm, respectively.  To 

our surprise, adding a fluorinated-thiophenol derivative to the material, followed by 

the usual ligand exchange protocol, does not displace the HDA as a strong binding 

ligand would be expected to do; instead, the fluorinated thiophenol only displaces 

bound thiophenol as evidenced by recapping with 2,4-difluorothiophenol (Figure 2.3).  

Therefore, it can be concluded that the presence of thiophenol on the nanocrystal does 

not come from a higher affinity for ligation on CdSe than HDA, most likely due to 

the electron withdrawing properties of the benzene ring diminishing the strong lewis 

base and back-bonding characteristics of simple alkane thiols.  Ligand exchange to 

replace the thiophenol on the surface of CdSe-HDA by HDA and pyridine utilizing 

usual protocols was also attempted.  Interestingly, neither ligand was successful with 

the replacement and led to a conclusion of a special site for thiophenol on the surface 

of the material.    

2.3.4.  Ligand Exchange to produce Water Soluble CdSe (CdSe-AET).  

More insight into the nature of the surface sites on CdSe, as well as the 

strength of bonding of ligators can come from recapping with an alkane thiol.  It is 

well known that alkane thiols are better back-bonding ligands than amines, which 

suggests that these ligands will have a higher affinity for the surface of CdSe.  

Therefore, through standard recapping protocols we expect an alkane thiol  to 

completely recap the surface of the particle; and with this knowledge, the use of a  
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Figure 2.4. 13C NMR of highly water soluble CdSe-AET.
(A) 13C NMR spectrum in D2O of aminoethanethiol (AET).
(B) 13C NMR spectrum in D2O of CdSe-AET.  The peaks observed
at 34.3 and 38.9 ppm in both spectra correspond to the disulfide
of AET.  Solvent impurities are labeled by and asterisk (*).
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amine-functionalized alkane thiol on CdSe-HDA can be utilized to make highly water 

soluble CdSe.   

The hydrochloride salt of 2-aminoethanethiol (AET) is water soluble and was 

therefore chosen as a good model ligand to demonstrate the complete recapping, 

preferential binding moieties, and change in solublility of the nanocrystals from the 

original organic soluble ligands on CdSe-HDA.  Evidence for the complete exchange 

of HDA and thiophenol for AET and the nature of the binding of terminal AET 

moieties to the CdSe surface in AET was analyzed by solution 13C NMR 

spectroscopy (Figure 2.4).  Consistent with a high percentage of ligand exchange of 

HDA by AET on CdSe, no evidence for the 13C peaks corresponding to HDA at 29-

32, 22.9, and 14.2 ppm or between 127-133 ppm for thiophenol, are present in the 

spectrum.  13C NMR analysis ofthe hydrochloride salt of AET dissolved in D2O 

yields a peak at 42.8 ppm corresponding to the carbon alpha to the nitrogen and a 

peak at 22.3 ppm corresponding to the carbon alpha to the sulfur (Figure 2.4A).24 The 

peaks at 34.3 and 38.9 ppm correspond to small amounts of the disulfide of AET 

present in the sample.   

Upon binding to the CdSe surface, the chemical shift of the carbon alpha to 

the nitrogen remains at 42.8 ppm but is broadened from that of free AET.  The carbon 

alpha to the sulfur shifts downfield to 27.3 ppm and displays a broadening greater 

than that of the carbon alpha to the nitrogen (Figure 2.4B).  Preferential binding of the 

thiolate moiety to the CdSe surface without scrambling is supported by the 
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observation of a lack of 4 peaks or sets of carbon peaks in the NMR, expected for a 

system exhibiting both -S and -NH2 binding of the AET at the CdSe surface.  The 

broadening of the peaks can be attributed to a decreased T2 relaxation time attributed 

to a lack of rotation upon binding to the CdSe surface. Broadening of the NMR 

signals for organic amphiphiles bound to surfaces has previously been observed for 

both CdSe and Au nanomaterials in earlier studies.7,21,25 The greater broadening and 

the large shift of the carbon alpha to the sulfur suggest preferential R-S binding to the 

CdSe surface.  Binding of the sulfur to the CdSe instead of the ammonium 

functionality is further supported by the observation of the water solubility, which is 

predicted for a terminal ammonium group interacting with water.   

Solution NMR was chosen for analysis of the organic surface ligands for 

CdSe-AET because it provided direct evidence of disulfide formation of the AET 

ligands from the surface of the particle.  In the 13C spectra of CdSe-AET (Figure 4B), 

a significant amount of the disulfide of AET is present as evidenced by the peaks 34.3 

and 38.9 ppm; this is likely due to instability of the short chain ligand on the surface 

of the particle or photo-oxidation of AET as has been reported for thiols on CdSe 

surfaces.3 Impurities due to DMF at 31.8 and 38.1 ppm and methanol at 49.3 ppm are 

also identified in the spectra arising from the recapping protocol.  The peaks 

corresponding to the disulfide, DMF, and methanol are artificially broadened due to 

data processing from the line-broadening of 50 Hz in order to enhance the broadened 

signals of the bound AET.   
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2.4 Conclusions. 

 Solution and solid-state 13C NMR indicates the interesting presence of 

thiophenol and HDA ligands binding selectively on the surface of lyothermally 

prepared CdSe-HDA.   The freedom of rotation decreases as chemical shift 

distribution of the corresponding carbon increases from movement from the methyl 

carbon to the α-carbon of the HDA chain.  In contrast to thiol ligands, the α-carbon of 

HDA remains at the same position as free ligand.  Exploration into the presence of 

thiophenol on the particle post synthesis was accomplished by recapping with a 2,4-

difluorothiophenol which, interestingly, only replaces thiophenol indicating a special 

site for thiophenol binding.  2D 13C{1H} HETCOR NMR experiments supported this 

hypothesis with direct evidence of close proximities of thiophenol and HDA on the 

surface of the particles ruling out face-selective binding.  This chapter also 

demonstrated utilizing the preferential binding of an alkane thiol over an amine to 

produce highly water soluble particles capped with AET.  This passivating layer 

study indicates the need for exploration into the selenium and cadmium sites in the 

material (Chapter 3) to fully explore the nature of the site of binding of thiophenol on 

the isolated particle. 
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Chapter 3.  NMR Analysis of Surfaces and Interfaces in 2-nm CdSe. 

 

3.1.  Introduction 

 CdSe nanocrystals, which are widely studied in the nanoscience community, 

provide a great model system to investigate the surface structure and interfaces for 

semiconductor nanocrystals, because of the presence of NMR active 113Cd and 77Se.  

As the nanomaterial is reduced in size, the contribution from surface to core species 

changes, leading to a condition where surface reconstruction should be observable by 

solid-state NMR methods, such as spin-echo and cross-polarization magic angle 

spinning (CPMAS) techniques.  For this reason, a 2 nm CdSe-HDA particle was 

chosen in order to enhance our ability for a large surface to volume ratio.   

 In this chapter, 2-nm hexadecylamine-capped CdSe nanocrystals (CdSe-HDA) 

prepared by a single source precursor route1 are studied through solid-state NMR 

experiments to further enhance our knowledge of the appearance of thiophenol and 

HDA passivation in the isolated particle (Chapter 2).  The study also allowed for 

selective analysis of the nature of the internal and surface sites of cadmium and 

selenium, with regards to such important factors as crystallinity and atomic vacancies 

in the materials.  Through analysis solid-state 77Se and 113Cd spin-echo, and CPMAS 

NMR experiments, as well as 113Cd{1H}, and 77Se{1H} 2D heteronuclear chemical 

shift correlation (HETCOR) NMR experiments, a model of the surface and interfaces 

of this material was developed.  
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3.2  Experimental Section. 

3.2.1.  Synthesis of 2-nm CdSe Nanocrystals (CdSe-HDA).  

CdSe nanocrystals were prepared by a previously published single source 

precursor method.1 Approximately 2.1 g of Li4[Cd10Se4(SC6H5)16] (0.653 mmol) was 

heated in 75 g of HDA to 120 C under argon. The reaction progress was followed 

by UV-vis absorbance spectroscopy and removal from heat when the desired 

nanocrystal size of 2-nm was reached.  After cooling to 50°C, the CdSe sample was 

precipitated by the addition of approximately 200 mL of methanol and was collected 

by centrifugation. Purification and size selection was accomplished by dissolution in 

a minimum amount of chloroform, reprecipitation by addition of methanol, and 

centrifugation (3×).  

3.2.2  NMR.   

Solid-state MAS NMR experiments were performed at room temperature on a 

Bruker 300 MHz Avance spectrometer with a 4-mm broadband MAS probe double 

tuned to 1H (300.1 MHz) and the X channel to 77Se (57.2 MHz), or 113Cd (66.6 MHz).  

A spinning speed of 12 kHz was used in all experiments.   

The chemical shifts of 1H, 77Se, and 113Cd were referenced to TMS, 

(NH4)2SeO4 (1040 ppm relative to Se(CH3)2 at 0 ppm), and Cd(ClO4)2, respectively.  
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The 113Cd spin-echo experiment was performed with an acquisition time of 

2.1 ms, a recycling delay of 120 s, and a 90°and 180° pulse length of 4.5 µs and 9 µs, 

respectively. The 77Se spin-echo experiment was performed with an acquisition time 

of 1.6 ms, a recycling delay of 30 s, and a 90°and 180° pulse length of 5.6 µs and 11.2 

µs, respectively.  

The 113Cd and 77Se CPMAS experiments were acquired using TPPM 1H 

decoupling, ramp cross-polarization (CP), an acquisition time of 2.1 ms, a recycling 

delay of 3 s, contact time ranging from 1 to 25 ms, and a 1H 90° pulse length of 3 µs.  

The 2D 113Cd{1H} HETCOR and 2D 77Se{1H} HETCOR experiments were 

acquired using ramp CP, TPPM 1H decoupling, 14 400 scans for each t1 point for a 

total of 64 t1 points, an acquisition time of 1.1 ms, a dwell time of 2 µs, a recycling 

delay of 1 s, a contact time of 12 ms, and a 1H 90  pulse length of 3 µs.  

 

3.3.  Results and Discussion. 

3.3.1.  Cadmium and Selenium Surface Structure.   

Knowledge of the site homogeneity of cadmium and selenium on the surface 

and in the core of the particle can be gained by 113Cd and 77Se NMR experiments, 

including spin-echo and CPMAS.  In Figure 3.1A, the 113Cd spin-echo experiment for 
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CdSe-HDA measures all of the 113Cd in the nanocrystal (core and surface) and was 

chosen because of its pulse sequence ( /2- - - -acquisition) being useful for materials 

with broad NMR peaks.  The pulse sequence minimizes problems due to rf  bleeding 

and receiver recovery.  The 1H-113Cd CPMAS experiment was conducted with contact 

times between 1 and 25 ms; a typical CPMAS spectra for 15 ms contact time is 

shown in Figure 3.1B.  CPMAS measures only cadmium atoms at or near the surface 

of the particle because of polarization transfer from the abundant 1H spins on the 

ligands to the 113Cd spins via nuclear dipole-dipole interaction,2,3 which follows a 

1/R3 distance dependence (normally ~5 Å maximum).  The peak shape and chemical 

shift is consistent throughout the various mixing times, while only the intensity 

changes because of building up of the signal with increasing mixing time, followed 

by a decrease through 1H T1  relaxation.4-6

 The main peak in both the spin-echo experiment and the CPMAS experiment 

is centered at 595 ppm, which is very near the bulk hexagonal CdSe value of 585 ppm 

(Figure 3.2B), suggesting a low level of reconstruction of cadmium in the particle or 

an insensitivity of cadmium to its chemical environment.  Because of the chemical 

shift range of only 87 ppm between bulk and the precursor, [Li]4[Cd10Se4(SC6H5)16] 

(Figure 3.2A), the latter appears to be most likely, which limits the usefulness of 

113Cd NMR for analysis of the reconstruction of cadmium sites.  The broad feature of 

the 113Cd spectra indicate chemical shift distribution and fast relaxation of cadmium 

atoms in the solid state.  The spin-echo peak is broader than the CPMAS peak, which  
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 Figure 3.1. 113Cd spin-echo and CPMAS NMR spectra of 2 nm CdSe-HDA.

(A) 113Cd spin-echo spectrum measures all the cadmium in the particle.
(B) 1H - 113Cd CPMAS spectrum (15 ms contact time, τ) measures the surface
or near-surface cadmium in the particle. Spinning side bands are marked with SS. 

(Spinning speed in A and B, 12 kHz)
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Figure 3.2. (A) 113Cd CPMAS NMR spectrum of the precursor, Li4[Se4Cd10(SPH)16].
The peak at 643 represents cadmium tetrahedrally coordinated to thiophenol.  The 
peaks at 668 and 672 ppm represent axial and equitorial cadmium, respectively, that
are coordinated to selenium and thiophenol; the spinning side bands of these cadmiums
are marked with ss. (B) 113Cd spin-echo NMR spectrum of bulk hexagonal CdSe.
(Spinning speed in A and B, 12kHz)
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arises from the larger distribution of chemical sites in the total particle (core and 

surface) relative to just the Cd sites on or near the surface probed by CPMAS 

spectra.7 Spinning sidebands, appearing at 410 and 775 ppm, are more pronounced in 

the 113Cd CPMAS spectra due to a more uneven electron density surrounding the 

cadmium atoms at the surface in comparison to the tetrahedral coordination 

surrounding the internal cadmium atoms.   

The selenium NMR of the total Se atoms in the nanoparticle (spin-echo) and 

the Se atoms on or near the surface (CPMAS) for 2-nm CdSe-HDA are shown in 

Figure 3.3, with a line width and population analysis generated from a least-squares 

fit of the data in Table 3.1.  Considering the error arising from a combination of 

instrumental and statistical contributions, the predicted error on the Se site shifts, line 

widths, and percentages are ±2 ppm, ±100 Hz, and ±3%, respectively.  This includes 

contributions from signal-to-noise and deconvolution of peaks.  The percentage site 

occupancy error is determined by standard deviation analysis of data from all mixing 

times measured.  The population is corrected for the 1H-77Se cross-relaxation time 

constants, TSeH, which are shown in Table 3.2.  To our knowledge, these are the first 

solid-state 77Se NMR experiments on lyothermally prepared CdSe nanocrystals 

reported in the literature.  In contrast to 113Cd NMR, the 77Se spin-echo spectrum 

(Figure 3.3A) reveals a series of selenium sites at various chemical shifts with 

contributions from both the core and surface selenium atoms.  This is not surprising 

since the sensitivity of the 77Se to the chemical environment is more significant, as 
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 Figure 3.3. 77Se spin-echo and CPMAS NMR spectra of 2 

nm CdSe-HDA. (A) 77Se spin-echo spectrum measures all of the 
selenim in the particle. (B) 1H - 77Se CPMAS spectrum (15 ms 
contact time, τ) measures the surface or near-surface selenium in 
the particle. (Spinning speed in A and B, 12 kHz)  
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Table 3.1.Analysis of the CPMAS 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Se site (ppm)  line width (Hz)  percentage  
-508  1688  16  
-550  1860  10  
-592  1997  14  
-635  2232  55  
-676b 1803  <5  
-710b  1946  <5  

a The population is corrected for the 1H-77Se cross-relaxation time constant TSeH.
b The shoulder at -676 ppm and the less intense peak at -710 ppm are included in the 

deconvolution of the total spectra. However, because of the magnitude of error in measurement
of this peak and estimation of TSeH, no attempt to assign a percentage to the peak has been made. 

77 Se Sites Frequency, Line-Width, and Population Using a Linear 
a Least Squares Fit of the Data at 15 ms Mixing Time
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Figure 3.4. (A) 77Se CPMAS NMR spectrum of the precursor, Li4[Se4Cd10(SPH)16].
(B) 77Se spin-echo NMR spectrum of bulk hexagonal CdSe.
(Spinning speed in A and B, 12kHz)
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seen by a larger chemical shift range of 275 ppm between selenium in bulk CdSe and 

selenium in the precursor (Figure 3.4).  The center of the largest peak in the spin-echo 

spectrum is at -635 ppm (Figure 3.3A) and correlates with the largest peak observed 

in the 1H-77Se CPMAS (Figure 3.3B) spectra.  This suggests that the signal arises 

from selenium at or near the surface of the 2-nm particle, with the spin-echo signature 

reflecting the ~48% of the particle being attributable to surface atoms relative to the 

core atoms in this size regime.8

The presence of five narrow 77Se peaks being observed in the 1H-77Se CPMAS 

spectra (Figure 3.3B), at -508, -550, -592, -635, and -710 ppm is surprising.  This 

observation suggests that the surfaces of the 2-nm particles represent reconstructed 

sites that remain largely ordered in the structure rather than forming an amorphous 

ensemble structure.  If the nanomaterials were amorphous, a single broad peak would 

have been expected.  Repeating this experiment while varying the contact time, τ, 

between 1 and 25 ms, indicates no new features and only intensity changes due to 

building up of the signal with increasing contact time followed by a decrease due to 

T1ρ relaxation.

The nature and position of the five sites can be investigated by the 1H-77Se 

cross-relaxation time constants, TSeH.  The integrated 77Se peak intensities from 1H-

77Se CPMAS were plotted as a function of the contact time, τ.  The proton spin-lattice 

time constant, T1ρ, was determined following a procedure from a previous 

publication.5 The plot was fit to equation 3.19 using nonlinear least-squares analysis 

to determine TSeH.  The fitted plots are shown in Figure 3.5. 
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 Figure 3.5..  The integrated 77Se peak intensities from 

 

 

 

 

1 H -77Se CPMAS were plotted as a function of 
τcontact time, . The plot was fit to equation 1 using a 

nonlinear least squares analysis to determine the  
cross-relaxation time constants, TSeH.
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M(τ) = M0(exp (-τ/T1ρH) – exp(-τ/TSeH))/(1 -TSeH/T1ρH)        (3.1) 

 

The magnitude of TSeH is dependent on the intermolecular distance between 

1H and 77Se centers.  Assuming that the surface seleniums have similar mobility, the 

cross-relaxation time constant has a 1/R6 distance dependence and can be used to 

compare distances.6 The values of TSeH for four out of the five sites of selenium are 

summarized in Table 3.2.   

The plot of intensity versus contact time for the 77Se peak at -710 ppm was not 

fit because of the poor signal-to-noise ratio.  The peaks at -550, -592, and -635 ppm 

all have similar cross-relaxation time constants, with TSeH values of 8.0, 5.9, and 6.4 

ms (Table 3.2), respectively, indicating similar average distances between these Se 

sites and the ligand protons.   

In addition, these Se sites are closer to ligand protons than the Se sites at -508 

ppm, as reflected by the larger TSeH value (13.5 ms) of the latter.  This is consistent 

with the assignment of -508 ppm as an internal Se site (one layer down).  With this 

information, we conclude that the peaks at -550, -592, and -635 ppm all represent 

surface sites.  If we approximate the intensity of the peaks as a measure of the number 

of seleniums in each site (Table 3.1), which is reasonable based on the similar value 

for TSeH for these sites, then the series of peaks from -550 to -635 ppm would 

represent increasing selenium occupation in each site.  Considering the site 
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77Se peak (ppm) TSeH (ms) 

-508 

-550

-592

-635

13.5 ± 0.5

8.0 ± 0.5

5.9 ± 0.5

6.4 ± 0.5

77Se peak (ppm) TSeH (ms) 

-508 

-550

-592

-635

13.5 ± 0.5

8.0 ± 0.5

5.9 ± 0.5

6.4 ± 0.5

 -nm CdSe-HDA 77Se Cross-Relaxation 
TTime Constants, SeH, (milliseconds) 
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occupation and available types of sites on a 2-nm CdSe, we believe that the sites at -

550, -592, and -635 ppm represent selenium occupying a vertex, edge, and facet site 

on the nanoparticle, respectively.  The chemical shift decrease from vertex to facet 

site also supports the assignment because of a facet site most likely being more 

shielded from increased ligand density than a vertex or edge; using the same 

argument, an edge site will be more shielded than a vertex.  From the chemical shift 

of the peak at -710 ppm, a likely assignment for this peak would be a facet site 

reconstructed differently than the peak at -635 ppm.  Taking into account that the 

peak at -508 ppm is at a longer distance from the ligand protons and that its chemical 

shift is closest to the bulk 77Se value of -474 ppm (Figure 3.4A), we conclude that the  

-508 ppm site arises from the tetrahedrally coordinated selenium site one layer down 

from the surface.  The observation of shift in the NMR signatures for the selenium 

sites from bulk supports particle reconstruction both at the surface and within the 2-

nm CdSe nanoparticle. 

 

 

3.3.2  Thiophenol vs HDA Site Occupation.    

As shown in Chapter 2 by investigation of the  13C{1H} frequency-switched 

Lee-Goldberg (FSLG) HETCOR experiment, thiophenol and HDA appear to be 

residing on the same facets in CdSe-HDA.   The lack of face selective binding in 

conjunction with the interesting recapping results (Chapter 2) indicate a special site of 

binding for thiophenol in the material.  Correlated 113Cd{1H}  and 77Se{1H} NMR 
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experiments provide direct evidence of the interaction and site occupation and of the 

thiophenol and HDA ligands with cadmium and selenium surface and near surface 

atoms.    

The 113Cd{1H} HETCOR experiment is shown in Figure 3.6, with separately 

measured single pulse 1H MAS in a traditional and magnified view and 1H-113Cd 

CPMAS spectra on the vertical and horizontal axes, respectively.  There is a 

correlation of the 1H region of HDA between approximately -0.8 to 1.8 ppm, with the 

surface cadmium centered at 595 ppm.  There is also a correlation with the thiophenol 

protons centered at 6.79 ppm to this cadmium peak.  This information provides direct 

proof that the protons on HDA and thiophenol are strongly interacting with the 

surface cadmium, which is consistent with both ligands being bound to cadmiums on 

the surface of the particle. 

The 77Se{1H} HETCOR experiment is shown in Figure 3.7, with separately 

measured single pulse 1H MAS on the vertical axis in a traditional and magnified 

view and 1H-77Se CPMAS spectra on the horizontal axis, respectively.  There are five 

correlation peaks between the methylene chain of HDA and the five selenium sites.  

An amine-selenium bond is unlikely; therefore, we have concluded that these 

correlations signify that the methylene protons of HDA strongly interact with the 

selenium sites, arising from a chain tilt of HDA on nearby cadmium atoms toward the 

surface.  This type of configuration would allow the chain to be in a close proximity 

to selenium as shown in Figure 3.8A, consistent with previous work on CdSe that 
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Figure 3.6.  2D  113Cd{1H} HETCOR NMR of 2nm CdSe-HDA.  
Separate single pulse 1H MAS and 1H-113Cd CPMAS spectra reside 
along the vertical and horizontal axes of the contour plot, 
respectively.  The HETCOR correlations show that the surface 
cadmium are interacting strongly with the HDA methylene chain 
protons and with the protons of thiophenol, consistent with HDA 
and thiophenol bound to cadmium on the surface of the particle.
(Spinning speed, 12 kHz; contact time, 12 ms.)
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indicated a maximum chain tilt toward the surface at small nanocrystal sizes.10 

Unfortunately, because of the length of time for this experiment (504 h), it was not 

possible to repeat the experimental measurements at various mixing times; however, 

we believe spin diffusion is not a significant contribution to the observation because 

of the high spinning speed, different T1ρ values for protons on the HDA chain, and 

that FSLG homonuclear 1H decoupling does not significantly improve 1H resolution 

in the indirect dimension in 13C and 113Cd HETCOR NMR.  There are no correlations 

between the selenium sites and thiophenol, which indicates that the thiophenol 

protons are not in close proximity to selenium, and more importantly, the five 

observed selenium sites in the 2-nm CdSe nanocrystal do not arise from thiophenol 

binding. 

 

3.3.3.  Structural Model.  

The combined experimental results lead to a structural model for the surface of a 2-

nm CdSe as shown in Figure 3.8.  The site occupation of thiophenol on cadmium and 

the information that the thiophenol protons are not in close proximity to any of the 

selenium sites from the 77Se{1H} HETCOR experiment strongly suggests a unique 

cadmium site occupation.  A likely model would be thiophenol filling selenium 

vacancies (Figure 3.8B,C) on the surface of the particle.  In this configuration, the 

protons on thiophenol would not be in close proximity to selenium on the surface of 

the particle as seen in the 77Se{1H} HETCOR experiment (Figure 7).  This type of 

interaction also supports the presence of thiophenol from the reaction and the  
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 Figure 3.7.  2D  77Se{1H} HETCOR NMR of 2nm CdSe-HDA.  Separate 

single pulse 1H MAS and 1H-77Se CPMAS spectra reside along the vertical 
and horizontal axes of the contour plot, respectively.  The HETCOR 
correlations determine that the five separate Se sites are interacting strongly 
with the HDA methylene chain protons consistent with a chain tilt of HDA to 
the surface. (Spinning speed, 12 kHz; contact time, 12 ms.) 
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 Figure 3.8. Structural Model of 2 nm CdSe-HDA (A) Chain tilt of 

HDA to the surface of the particle. (B) Selenium vacancy on the 
surface of a CdSe nanocrystal. (C) A thiophenol molecule filling
a selenium vacancy.
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recapping results since HDA (or pyridine) would not be able to fill a vacancy due to 

bonding restraints.  Therefore, although thiophenol is not a strong ligator and is in a 

small amount in the reaction mixture, it is the only ligand available to fill a selenium 

vacancy.   

 

3.4.  Conclusions. 

A model of the surfaces and interfaces of 2-nm CdSe nanocrystals synthesized 

from a single source precursor method has been constructed by solid-state NMR 

experiments.  This model includes the presence of thiophenol and HDA ligands on 

the surface of the particle characterized by solution and solid-state 13C NMR (Chapter 

2).  It was established through 113Cd{1H} HETCOR NMR that these ligands are 

bound to the surface through bonds to surface cadmium atoms.  77Se CPMAS NMR 

indicates five sites for selenium, which can be correlated to facet, edge, or vertex sites 

and to selenium a layer deep.  This technique also suggests a largely crystalline 

surface with selenium site reconstruction.  77Se{1H} HETCOR NMR establishes the 

close proximity of selenium to the HDA chain, which supports a chain tilt of the 

HDA to the surface of the particle.  This experiment also establishes that thiophenol 

is not in close proximity to the five selenium sites.  The combination of these results 

and various ligand exchange results (Chapter 2) suggest that thiophenol is filling 

selenium vacancies on the surface. 
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Chapter 4.  Size-Dependent Solid-State 77Se NMR Study of CdSe Nanocrystals. 

 

4.1.  Introduction. 

 Semiconductor nanocrystals, which are widely studied by optical 

spectroscopies, exhibit unique size-dependent properties that are strongly influenced 

by reconstruction of the surface and lattice of the material.1-5  Although these studies 

have provided vital information for these materials, the optical excitations are 

delocalized and therefore respond to an average environment of the nanocrystal.  

Solid-state nuclear magnetic spectroscopy (NMR) in contrast, is sensitive to local 

electronic and chemical environments and, by utilizing special pulse sequences, has 

been shown to selectively probe distinct regions of the nanocrystal.6-11  This 

technique therefore provides an extremely powerful and complimentary tool to 

optical spectroscopies for probing the surface, near surface, and core species of 

semiconductor nanocrystals to better understand the distinct size-dependent properties 

of these selective regions in relation to the particle as a whole.  

 In this chapter, a solid-state 77Se NMR study of CdSe nanocrystals ranging in 

size from 2 – 4 nm, prepared by a single-source precursor route12 is reported.   

Through 77Se spin-echo and cross-polarization (CP) magic angle spinning (MAS) 

NMR, selective regions of the nanocrystal were studied  providing  information on 

the differing nature of reconstruction of the surface, near-surface and core sites with 

nanocrystal size.   
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4.2.  Experimental Section.  

  

4.2.1. Synthesis of 77Se enriched CdSe nanocrystals (CdSe-HDA). 

 77Se enriched CdSe nanocrystals were prepared with a modification of a 

previously published single source precursor method.12 Briefly, a 77Se enriched 

precursor, Li4[Cd10
77Se4(SC6H5)16], was synthesized by replacement of elemental Se 

with elemental 77Se, in the reaction.13 The isotopically enriched precursor was used in 

conjuction with unenriched precursor following the literature preparation12 to 

synthesize particles with diameters of 2.5 nm, 2.9 nm, 3.7 nm, and 4 nm CdSe with 

~50 % 77Se enrichment in the material in order to increase the signal to noise ratio in 

the NMR measurements. The 2 nm particles were prepared as previously reported6 

and do not contain 77Se enrichment. 

 

4.2.2. NMR.   

Solid-state MAS NMR experiments were performed at room temperature on a 

Varian 500 MHz wide-bore Unity/Inova spectrometer with a 4-mm broadband MAS 

probe double tuned to 1H (500.1 MHz) and the X channel to 77Se (95.4 MHz).  A 

spinning speed of 14 kHz was used in all experiments.  The chemical shift of 77Se 

was referenced to (NH4)2SeO4 (1040 ppm relative to Se(CH3)2 at 0 ppm).   

The 77Se spin-echo experiments were performed with an acquisition time of 

1.6 ms, a recycling delay of 180 s, and a 90° and 180° pulse length of 3.25 µs and 6.5 

µs, respectively.  The 77Se CPMAS experiments were acquired using TPPM 1H 

 58



 

decoupling, ramp cross-polarization (CP), an acquisition time of 1 ms, a recycling 

delay of 3 s,  contact times ranging 2 to 25 ms, and a 1H 90° pulse length of 4 µs.  

 

 

4.3. Results and Discussion.   

 

4.3.1.  77Se Spin-Echo NMR: Surface and Core Components. 

 The 77Se spin-echo MAS spectra of 2.5 nm, 2.9 nm, 3.7 nm, and 4 nm CdSe-

HDA are shown in Figure 4.1A-D, respectively, with bulk hexagonal CdSe shown in 

Figure 4.1E; the vertical dashed line is added to aid in interpretation of the data. Spin-

echo NMR is useful for broad NMR resonances and probes the 77Se in the entire 

nanocrystal.  Therefore, Figure 4.1 compares the chemical shifts of the core and 

surface components of the nanocrystals.  Inspection of the spectra indicates an 

apparent increasing chemical shift downfield towards the 77Se bulk chemical shift 

value of -473 ppm, as well as a decreasing breadth of the signal with increasing 

nanocrystal size. To investigate these interesting observations, the surface selenium to 

core selenium contributions in these sizes must be taken into account.  The ratio of 

surface atoms to core atoms for a 2 nm, 2.5 nm, 2.9 nm, 3.7 nm and 4 nm CdSe 

particle is ~ 1.0, 0.71, 0.54, 0.37 and 0.35, respectively.14 Therefore, the contribution 

from surface sites to the total 77Se spin-echo measurement largely decreases with 

increase in nanocrystal size.  In order to analyze and attempt quantification of the  
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 Figure 4.1. 77Se spin-echo MAS NMR spectra of (A) 2 nm (B) 2.5 nm
(C) 2.9 nm (D) 3.7 nm and  (D) 4 nm CdSe nanocrystals, 

demonstrating a decreasing broadening and increasing chemical
shift downfield with increasing nanocrystal size.  Bulk CdSe
77Se spin-echo MAS NMR spectrum is shown in (E).  The vertical
dashed line is added to aid in interpretation of the data.
(Spinning speed, 14 kHz)
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surface to core components from the 77Se spin-echo results, the spectra were fit well 

to 2 gaussian peaks utilizing Igor software for 2.5 - 4 nm particles and 3 gaussian 

peaks for the 2 nm particles.  Examples of the core and surface fitted peaks for the 2 – 

4nm CdSe-HDA particles are shown in Figure 4.2A-D.  The downfield component is 

characterized as the core species the upfield component represents surface and near 

surface selenium for 2.5- 4nm CdSe-HDA.   These assignments are supported by of 

the chemical shift of the core species being nearest to the chemical shift of bulk CdSe 

and also due to the ratio of the upfield to downfield peak changing with size.  This 

decreases the apparent broadness of the 77Se signal as the surface component 

contribution decreases with increasing size.  The chemical shift of the surface is 

expected to be furthest away from the bulk value of CdSe as more reconstruction is 

expected in this domain of the material due to strain and ligand effects.  Also 

supporting this assignment is the results of CPMAS experiments (Figure 4.5-4.6), 

which selectively measure surface species, yielding selenium peaks most near the 

surface appearing upfield of selenium one or two monolayers within the particle 

surface.  This assignment was also confirmed from a previous study on 2 nm CdSe-

HDA.6 Therefore, the 77Se spin-echo chemical shifts of  the core components for 2.5 

nm, 2.9 nm, 3.7 nm and 4 nm are -509 ppm, -510 ppm, -506 ppm, and -502 ppm with 

errors of ± 2 ppm taking instrumental drift and deconvolution into consideration.  The 

linewidths of these respective peaks decrease with size from 70 ppm, 47 ppm, 39 

ppm, and 34 ppm.  Due to the extremely small amount of core atoms in the 2 nm size 

regime with ~50 %6,14 of the atoms residing on the surface and poor signal to noise in  
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Figure 4.2. 77Se spin-echo MAS NMR spectra with fitted gaussian peaks 
separating the spectra into surface and core selenium components for  
2 nm (B) 2.5 (C) 2.9 nm (D) 3.7 nm and (E) 4 nm CdSe-
HDA nanocrystals. For B-E the downfield peak represents the 
core components and the upfield peak represents surface components.
Due to the small amount of core selenium in addition to poor S/N, the 2 nm
particle is more difficult to characterize as two distinct regions and has
been fit better to 3 gaussians.  The small peak at -508 ppm is real due to
appearance in the CPMAS spectra (Figure 4.5) and appears most “core” like
as it is most  near the 77Se chemical shift of bulk CdSe.  
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the unenriched 2 nm spin-echo spectrum, the core chemical shift is difficult to 

characterize with this technique.   But, inspection of the CPMAS data (Figure 4.3A) 

and data from a previous publication,6 the small peak at -508 ppm (Figure 4.1A) was 

concluded as real and chosen as the core component due to it’s chemical shift nearest 

of bulk and the distant dependence of the cross-polarization time constant, TSeH 

indicating the species in a sub-surface lattice site.6  The linewidth of 20 ppm was 

taken from the CPMAS data due to the inability to fit the spin-echo for this peak and 

therefore may have much more error associated with it.   

The surface components of the 77Se spin-echo peaks shift downfield with 

increasing size from -568/-623 ppm, -560 ppm, -557 ppm, -544 pm, to -507 ppm (± 2 

ppm) for the series of 2 nm - 4 nm CdSe-HDA.  In analogy to the core components, 

the linewidths of these surface species also decrease with size for 2.5 nm - 4 nm 

particles with values of 70 ppm, 47 ppm, 39 ppm, and 34 ppm.  This decrease in 

linewidth for the surface and core components with decreasing size indicates a 

decreasing chemical shift distribution in the core and surface components with size.  

Interesting, the size distribution of the particles are similar (~5%), and therefore, the 

decrease in chemical shift distribution with size suggests that as the particles grow 

larger, the selenium atoms contributing to the surface and core components become 

more ordered.  This increased order with increasing size can be related to strain 

effects.  With small sized nanocrystals, the surface is largely strained and with small 

numbers of core atoms, there is very little space for overcoming bond-changes and 

other reconstructions from the surface strain.  But, as the particles get larger, surface 
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strain decreases and there is many more atoms internally to overcome any bond 

changes and yields more room for a crystalline ordered core not affected by the 

surface confinement.  Hence, in the larger sizes, a more crystalline ordered surface 

and core can be expected.      

Due to the large amount of surface sites dominating the 2 nm CdSe spin-echo 

spectrum, poor signal to noise, and the inability to fit well to a core and surface 

component, the peak at -568 ppm was chosen for the surface component used in 

plotting from correlating best with the data from the other sizes.  Large amounts of 

surface reconstruction are likely at such small sizes and this site seems most closely 

related structurally and electronically with the surface components probed by spin-

echo in the other sizes studied.  The center of gravity of -623 ppm was also used for 

the 2 nm to give an overall surface component peak.  The experimental ratio from the 

spin-echo spectra calculated from the area of the peaks representing surface and core 

components for 2.5, 2.9, 3.7, and 4 nm CdSe are 1.0, 0.91, 0.32, and 0.55 which differ 

quite significantly with the calculated values with the exception of the 3.7 nm 

particle.  A ratio was not calculated for the 2 nm particle because of the inability to fit 

the spin-echo core component due to poor signal to noise.  The chemical shifts, 

linewidths, experimental and calculated ratios of surface to core atoms from the 77Se 

spin-echo results are summarized in Table 4.1;  spin-echo NMR values for bulk CdSe 

and the precursor, Li4[Cd10Se4(SC6H5)16], as well as the center of gravity of the 77Se 

spin-echo spectra are also included.   
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 Table 4.1.  Summary of 77Se chemical shifts, linewidths, center of gravity and 
calculated and measured surface to core ratios for spin-echo and CPMAS 
15 ms contact time) data for Li4[Cd10Se4(SC6H5)16], 2 nm, 2.5 nm, 2.9 nm,

3.7 nm, 4 nm and bulk CdSe.   (

 

 

 

 

 

 

 

 

77Se Spin-Echo
Chemical Shift

(core 
component)

2.5 nm

2.9 nm

3.7 nm

4 nm

Nanocrystal
Size/

Material

0.38

0.71

0.35

Calculated 
Surface
to Core 
Ratio 

0.55

-509 ± 2 ppm

-510 ± 2 ppm

-506 ± 2 ppm

-502 ± 2 ppm

-560 ± 2 ppm

-557 ± 2 ppm

-544 ± 2 ppm

-507± 2 ppm

77Se Spin-Echo 
Chemical Shift 

(surface component)

Linewidth
(ppm)

Linewidth
(ppm)

39

34

47

70 91

73

84

51 0.55

0.32

0.91

1.0

2 nm -508 ± 2 ppma 20a -568/-623 ± 2ppmb 35b c

Measured
Surface to 
Core Ratio
(spin-echo) 

Bulk CdSe -473 ± 2 ppm 3

1.0

-513 ± 2 ppm

-519 ± 2 ppm

-511 ± 2 ppm

-507± 2 ppm

77Se CPMAS
Chemical Shift 
(near surface

peak)

Linewidth
(ppm)

35

47

64

48

-508± 2 ppm 26

Center of 
Gravity

(spin-echo) 

Center of 
Gravity

(CPMAS) 

-473 ppm

-605 ppm

-570 ppm

-566 ppm

-563 ppm

-553 ppm

Li4[Cd10Se4
(SC6H5)16] 

-748 ± 2 ppm 3 -748 ppm

-623 ppm

-533 ppm

-532 ppm

-515 ppm

-514 ppm

3 -748 ppmd

 

 

 

 

 

a  Due to poor signal to noise in the 2 nm spin-echo spectrum and small amount of core peaks in this 
size regime, this peak was chosen based upon it’s appearance in the CPMAS spectrum and due to it 
being the most “core” like from it’s chemical shift.  The linewidth was taken from the CPMAS data 
due to the inability to fit the spin-echo for this peak.  
b Due to the large amount of surface sites dominating the 2 nm CdSe spin-echo spectrum, the spin-
echo was not able to be fit to 2 peaks, and therefore -568 ppmwas chosen from it’s correlating best 
with the data from the other sizes and -623 ppm (center of gravity) was chosen also for comparison. 
The linewidth is from the -568 ppm peak.
c A ratio was not calculated from the spin-echo because of the inability to fit the spin-echo core 
component due to poor signal to noise.
d All Se sites our equal in the CPMAS.
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The values for the surface to core ratios for the 2.5 nm, 2.9 nm and 4 nm are 

much larger than expected suggesting that particle reconstruction is occurring within 

the particle.  The chemical shift of the core in the sizes studied appearing upfield of 

bulk CdSe suggests a degree of reconstruction in this domain as the Se are more 

shielded in the NC’s than bulk CdSe; but, with the bulk hexagonal crystal structure 

typically adopted in nanocrystalline CdSe sizes above 2 nm as evidenced by X-ray 

diffraction studies,15 the degree of reconstruction in the core can be postulated as less 

than the surface sites.  With this assumption, we are considering the core domain (the 

downfield Gaussian in the spin-echos) as largely unreconstructed and the surface 

component (the upfield Gaussian peak in the spin-echo) as largely reconstructed from 

bulk hexagonal CdSe.  Therefore, this ratio can be an indication to the extent of 

reconstruction (ie bond length, strain, electronic differences, ligand effects) within the 

particle by the more it differs from the calculated values.  Only for the 3.7 nm 

particles, the ratio from the spin-echo is very similar to a calculated value for 

reconstruction occurring only on the surface atoms.  This is very intriguing since we 

have seen a stalling in this single-source precursor synthesis at this size that entails 

dilute conditions and/or increased pressure to overcome.  This could suggest that the 

stalling is the result of a very stable 3.7 nm particle from the very low degree of 

surface reconstruction within the particle.  Inspection of the 2.9 nm particle reveals 

the most differing ratio than expected in the sizes studies suggesting the largest extent 

of particle reconstruction within the selenium sub-lattice of the material in this size 
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regime.  To further investigate this reconstruction within specific domains of the 

surface, 1H-77Se CPMAS experiments were acquired. 

 

 

4.3.2. 77Se CPMAS NMR: Surface and Near Surface Species. 

 

The 1H-77Se CPMAS experiments of the nanocrystals measure only selenium 

atoms at or near the surface of the particle due to polarization transfer from the 

abundant 1H spins on the passivating ligands to the 77Se spins through a nuclear 

dipole-dipole interaction,7,8 which follows a 1/R3 distance dependence.  From a 

previous publication6, it was indicated through 2D 77Se{1H} HETCOR NMR that the 

surface Se in CdSe-HDA are interacting strongly the protons of the HDA chain.  

Therefore, this technique is more surface selective than the spin-echo with only the 

selenium in close spatial proximity to the HDA passivating layer being measured (~1-

2 monolayers deep).   Figure 4.3A-E presents CPMAS NMR spectra of 2 nm, 2.5 nm, 

2.9 nm, 3.7 nm and 4 nm CdSe-HDA nanocrystals.  A cross-polarization contact time 

of 15 ms was chosen from previous work on 2 nm CdSe-HDA which yielded optimal 

signal to noise by utilizing this parameter in the pulse sequence. The dashed vertical 

line and corresponding 77Se spin-echo MAS NMR spectra of the particles (Figure 

4.3A-E) and bulk hexagonal CdSe (Figure 4.3F) is shown in order to aid in 

interpretation of the chemical shift and peak comparisons.   
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Figure 4.3. 77Se spin-echo MAS and 
CPMAS NMR spectra with a
contact time of 15 ms, of (A) 2nm (B) 
2.5 nm (C) 2.9 nm (D) 3.7 nm and  (E) 
4 nm CdSe-HDA nanocrystals, 
demonstrating variations in core, 
surface, and near surface species with 
nanocrystal size. The CPMAS spectra 
consist of upfield surface sites and a 
downfield near surface site. 77Se spin-
echo NMR spectrum of bulk CdSe
appearsin (F).  (Spinning speed, 14 
kHz)
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Interestingly, the CPMAS spectra for the 2.5 - 4 nm CdSe have a significant 

population of Se appearing upfield in relation to the spin-echo spectra.  These 

surface/near selective experiments also appear to be composed of separate 

upfield/surface components and downfield/ core-like components from chemical shift 

and linewidth interpretations.  From the previous work on 2 nm CdSe, the peak at -

508 ppm (Figure 4.3A) is characterized as near surface Se with a suggested 

tetrahedral core-like structure and the upfield components as the most surface from 

the chemical shift and calculation of 1H-77Se cross-relaxation time constants, TSeH.  In 

order to confirm that the downfield peaks in the CPMAS spectra of 2.5 - 4nm CdSe-

HDA are near surface Se in agreement with the 2 nm particles, the cross-relaxation 

time constants, TSeH, were calculated.  An example of deconvolution of a CPMAS 

spectrum and CPMAS build-up curves for 2.9 nm CdSe-HDA are shown in Figures 

4.4-4.5.  These are used for TSeH calculation (Table 4.2) which allows for 

distinguishing a depth determination of the Se sites.   Figure 4 shows the 2.9 nm 

CPMAS spectra with a contact time of 20 ms, fit to 4 gaussians which were utilized 

with varying intensities for a series of cross-polarization contact times from 2-25 ms.  

These integrated 77Se peak intensities from the fits were plotted as a function of the 

contact time, τ, and fit to equation 4.116 using nonlinear least-squares analysis to 

determine TSeH (Figure 4.5).  The proton spin-lattice time constant, T1ρH, was 

determined following a procedure from a previous publication.17 As shown in Table 

2, the upfield deconvoluted peaks at -574 ppm, -614 ppm, and -655 ppm (Figure 4.4), 

have similar TSeH value of 4.8 (±0.5) ms, 5.4 (±0.5) ms and 4.1 (±0.5) ms. The peak at  
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Figure 4.4. Example of a 2.9 nm77Se CPMAS spectrum fit to 4 gaussians.
Measuring the CPMAS at various contact times in order to calculate
the cross-relaxation time constants, TSeH, confirms the most downfield
component as near surface or selenium 1-2 monolayers from the surface. The black
section of the NC image represents this area that is plotted in Figure 4.5-4.7
and correlates with the peak at -519 ppm.  The peaks upfield of this peak.  
correlate with the surface (striped) area of the NC image. (Contact time, 20 ms;
Spinning speed, 14 kHz)
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Figure 4.5. The integrated 77Se peak intensities from 1H-
77Se CPMAS for 2.9 nm CdSe-HDA were plotted as a function
of contact time, t .  The plots were fit to equation 4.1 using a non
linear least squares analysis to determine the cross-relaxation time
constants, TSeH.
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Equation 4.1. M(τ) = M0(exp (-τ/T1ρH) – exp(-τ/TSeH))/(1 -TSeH/T1ρH)        

2.9 nm 77Se CPMAS
Peak (ppm)

TSeH (ms) ± 0.5 ms

-519

-574

-614

-655 4.1

5.4

15.9

4.8

Table 4.2.  2.9 nm CdSe-HDA 1H-77Se cross-
relaxation time constants, TSeH
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-519 ppm, however, differs substantially from the latter with a TSeH value of 15.9 

(±0.5) ms.  This difference can be attributed to stronger 1H-77Se dipole-dipole 

couplings for the upfield sites and hence closer spatial proximity to the protons of the 

passivating layer than the site at -519 ppm in agreement with the previous study on 2 

nm CdSe-HDA.  Therefore, this analysis supports the upfield peaks in the CPMAS 

spectra (Figure 4.3A-E) as surface selenium and the downfield peaks in the CPMAS 

spectra as selenium near the surface (~1-2 monolayers deep).  This is also supported 

by the chemical shift of the near surface peaks being nearest the chemical shift of 

bulk hexagonal CdSe which suggests a tetrahedral symmetry surrounding these 

selenium consistent with the bulk material. 

 A summary of the chemical shift values and corresponding linewidths of this 

deconvoluted near surface peak as well as the center of gravity of the CPMAS spectra 

at (15 ms contact time) is given in Table 4.1.  Interestingly, the chemical shifts of this 

peak increase with size from 508 ppm, -513 ppm, to -519 ppm (± 2 ppm) for 2 nm, 

2.5 nm and 2.9 nm CdSe.  After 2.9 nm, the chemical shift decreases to -511 ppm and 

-508 ppm (± 2 ppm) for 3.7 and 4 nm CdSe.  This phenomenon is in analogy to the 

chemical shift increase followed by a subsequent decrease at 2.9 nm for the 77Se spin-

echo core component.  Analysis of the linewidth of this site also follows the same 

trend with an increase with size from 25 ppm, 36 ppm, to 64 ppm for 2 nm, 2.5 nm 

and 2.9 nm CdSe.  After 2.9 nm, the linewidth decreases to 47 ppm and 48 pppm for 

3.7 and 4 nm CdSe.  In agreement with the spin-echo results, these observations 

suggest a reconstruction in the surface and near surface sites of the material with a 
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maximum reconstruction event occurring near 2.9 nm which will be further 

investigated through nuclear shielding and band-gap exploration in the following 

section.   

Also interesting in the CPMAS spectra is the population differences of surface 

sites with size.  Although exact quantitative values for population comparisons 

between the various CdSe nanocrystals sizes from CPMAS is not possible due to 

possible differences in relaxation, mobility, and chain tilt which could effect the 

cross-polarization efficiency, a general qualitative description can be gained.  

Investigation of the population of upfield surface sites to the downfield near surface 

site in the CPMAS spectra (Figure 3A-E) indicate a general trend of a decreasing 

ratio with increasing size between these selenium species.  As the particles increase in 

size, the ratio of the amount of surface selenium to selenium in a monolayer from the 

surface is expected4 to decrease and therefore this suggests that the population 

differences in these sites are reflected in the CPMAS spectra.     

 

  

4.3.3. 77Se Nuclear Shieding and Band-gap.  

 

 To further investigate this reconstruction phenomenon occuring at 2.9 nm as 

well as the change in the chemical shifts of the materials with size, there is a need for 

exploration into of the contributions to nuclear shielding of the Se nuclei.   According 

to theory the chemical shift reflects the electronic environment of the nuclei and as a 
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general approximation, it is said that deshielding is associated with a decrease in 

electron density giving rise to a larger chemical shift value.  In our system, the core 

component is downfield of the surface component (77Se spin-echo and 77Se CPMAS) 

and is therefore more deshielded or has less electron density than the surface 

component in the particles measured.  The contribution to the observable nuclear 

shielding, σobs, is attributed to three terms as shown in Equation 4.2, where σd is the 

diamagnetic term dominant for nuclei with s-electrons (spherical electronic 

environment), σp is the paramagnetic term linked to non-spherical valence electrons, 

and σ’ is associated with the contributions from atoms other than the one being 

measured.   

 

 

 

Equation 4.2. σobs = σd + σp + σ’

For 77Se, σobs is dominated by σp, which is associated with it’s four 4p-electrons, and 

according to the Ramsey equation (Equation 4.3), is related to three factors, where < 

r-3 >4p is the inverse cube of the radius of the 4p-electrons, ∆E is the mean excitation 

energy, and ΣQ is the charge-density-bond order matrix.18,19 

 

 

 Equation 4.3 . σp ~ < r -3 >4p · ∆E-1 · ΣQ
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In analogy to the work here, Tomaselli10 and Thayer20 et. al have 

demonstrated an an upfield chemical shift with decreasing particle size in InP and 

CdSe and correlated the respective 31P and 77Se chemical shift with the average 

inverse lattice band gap energy.  The overall 31P chemical shift data shows a fairly 

linear relationship while the overall 77Se chemical shift demonstrates some curvature 

in the data extrapolating from the respective bulk compound.  Due to the separation 

of surface and core components in the 77Se spin-echo and the ability to investigate 

selenium in the near surface region with CPMAS, it was possible to examine the 

specific domains of the particle independently.  Figure 4.6 shows the surface and core 

components from the spin-echo results (Table 4.1), and the near surface sites from 

CPMAS (Table 4.1) plotted versus the inverse band-gap energy of the material.  The 

average inverse band-gap energy value in all plots was calculated by the absorption 

spectra of the corresponding size of particle.10,20  The straight lines for the core spin-

echo plot and the near surface CPMAS plot are a linear regression, extrapolated from 

bulk CdSe and fit to the data points excluding the 2.5 nm and 2 nm values.  The 

straight line for the surface component of the spin-echo is a linear regression 

extrapolated from bulk CdSe and fit to the all the sizes but the 2 nm.  For the 2 nm, 

both the center of gravity and the deconvoluted peak at -568 ppm are included as 

surface components due to their closeness to the linear fit and the lack of a definite 

surface/core separation from the small size of the particle.  The sizes left out of the 

linear regressions were done so because of the large deviance from the linear fit.   The 

spin-echo core plot and near surface CPMAS plot both are linear to 2.9 and then  
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Figure 4.6. Plot of the 77Se chemical shift  from the surface and core components 
(spin-echo) and from Se near surface (CPMAS, 15 ms contact time) for 2 nm, 2.5 
nm, 2.9 nm, 3.7 nm, 4 nm and bulk CdSe versus the inverse band-gap energy.  
The straight lines for the core component and near surface data is a linear 
regression, extrapolated from bulk CdSe, and fit to the data points of 4nm, 3.7 
nm, and 2.9 nm particles. The dashed lines are extrapolated from the linear 
regression.  The black area of the inset of the NC indicates the area plotted.  The 
straight line for the surface component is a linear regression, extrapolated from 
bulk CdSe, and fit to the data points of 4 nm, 3.7 nm, 2.9 nm, and 2.5 nm CdSe.  

 

 

 

 

 77



 

deviate from the linear plot with chemical shifts downfield of the regression 

suggesting an electronic similarity between the core and near surface plot.  The 

observation could be expected considering that the sites likely share similar 

environments with selenium tetrahedrally coordinated to cadmium and that the 

CPMAS near surface sites likely contribute to the core component signal in the spin-

echo from the closeness of the chemical shift values.  The surface component has a 

different behavior with only the 2 nm deviation from the linear regression.  The 

nature of the deviation is difficult to assign with the -568 ppm peak appearing 

downfield and the -623 ppm center of gravity peak appearing upfield of the 

regression.   

With respect to the Ramsey equation (Equation 4.3), linearity of the 77Se 

chemical shift values with inverse band-gap implies constant or similar values for < r-

3 >4p and ΣQ.  Therefore, the large deviation from linearity after 2.9 nm for Se 

tetrahedrally coordinated to Cd in the core and near surface sites suggests a 

dominating change in at least one of these factors with nanocrystal size.  As indicated 

by H. Duddeck, only in rare cases is it possible to interpret any of the three factors 

from the Ramsey equation separately as a change in one will likely affect the other.19 

And, in particular, < r-3 >4p and ΣQ are closely connected suggesting the downfield 

chemical shift deviation indicating a lesser amount of electron density around these 

selenium are related to one or both of these factors.  In physical terms, this 

observation could likely be connected to a change in the ionicity as the likely 
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reconstruction event of the CdSe lattice in sizes below 2.9 nm with the cadmium 

atoms tetrahedrally coordinated to the selenium atoms in these sites having a greater 

electronegativity than in the larger sizes and therefore pulling electron density from 

the selenium atoms being measured.  In agreement with our data, this deshielding 

trend of attached atoms and electronegativity has been observed in 77Se NMR.11 With 

this argument, the surface sites do not behave the same with little or no change in    

< r-3 >4p and ΣQ until smaller than 2.5 nm from the linearity of the inverse bandgap 

plot with nanoparticle size.  This seems very likely considering the differing nature of 

the surface selenium which can have dangling bonds and be bound to surface 

cadmium with bound organic passivating ligands.  The effect of ligands donating 

electron density to the surface cadmium atoms could possibly dominate the chemical 

shift of the attached selenium over a change in ionicity of the lattice more likely felt 

within the particle which could maintain the linearity of the plot of chemical versus 

inverse bandgap to smaller sizes.   

In order to better view the change in electron density of the discrete selenium 

sites with size of the CdSe particles, the number of Cd and Se atoms of the material 

was plotted versus the 77Se chemical shift (Figure 4.7).  The precursor, 

Li4[Cd10Se4(SC6H5)16], is also shown in the plot.  The surface sites are the most 

upfield and show a trend of increasing upfield shift with decreasing size indicating an 

increasing electron density on these selenium species as the particles get smaller.  The 

near surface selenium are more deshielded than the surface sites, followed by the  
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Figure 4.7. Plot of the number of Cd and Se in the material versus the 77Se 
chemical shift values from the surface and core components (spin-echo) and 
from Se near surface (CPMAS, 15 ms contact time) for 2 nm, 2.5 nm, 2.9 nm, 3.7 
nm, 4 nm and the NC precursor, Li4[Cd10Se4(SC6H5)16].
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internal selenium, which are the most deshielded.  This is clearly demonstrated in 

Figure 4.7 by the decreasing height of the data points in these sites, signifying a 

decrease in electron density of the corresponding selenium atoms as you move within 

the particle.  This plot also nicely demonstrates the similarity of the electron density 

surrounding selenium in near surface and core selenium with size as both plots have 

chemical shifts that increase upfield (chemical shift values become more negative) 

with a nearly linear trend with decreasing size to 2.9 nm.  After 2.9 nm both plots, 

increase in a downfield direction (chemical shift values become less negative) also 

close to linear with decreasing size from 2.9 nm.   

In order to analyze the overall 77Se chemical shift of the entire particle and the 

entire surface region, neglecting structural variations within these areas, the center of 

gravity of the spin-echo spectra was plotted versus inverse bandgap and number of 

atoms.  A plot of the 77Se center of gravity from the spin-echo spectra and CPMAS 

for the CdSe nanocrystals and bulk CdSe versus the inverse band-gap energy is 

shown in Figure 4.8.  The straight line for the spin-echo is a linear regression fit to the 

data points, extrapolated from bulk CdSe, excluding the 2 nm point. The straight line 

for the CPMAS is a linear regression fit to all the center of gravity data points. The 

dashed lines are extrapolations of the linear regressions.  

The spin-echo center of gravity plot (total particle) fits well to a linear 

regression for all the data but the 2 nm center of gravity.  This is in contrast to the 

deviation of the linear regression fit from the deconvoluted spin-echo spectra (Figure 

4.6) which occurs in sizes < 2.9 nm.  As you reduce the size of the particle, the  
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Figure 4.8. Plot of the 77Se center of gravity from the  spin-echo 
spectra and CPMAS for 2 nm, 2.5 nm, 2.9 nm, 3.7 nm, 4 nm and 
bulk CdSe versus the inverse band-gap energy.  The straight line for 
the spin-echo is a linear regression, extrapolated from bulk CdSe, 
and fit to the data points excluding the 2 nm point. The straight line 
for the CPMAS is a linear regression fit to all the data points. The 
dashed lines are extrapolations of the linear regressions. 
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surface to core ratio gets much larger and therefore the surface components at small 

sizes contribute greatly to the center of gravity indicating a significance of the surface 

to the linearity of (Figure 4.8) overall 77Se chemical shift with inverse bandgap.  This 

linearity also suggests that the overall particle chemical shift has more constant 

average values for < r-3 >4p and ΣQ while considering the 77Se shielding for the entire 

particle.  The 2 nm particle deviates greatly from the linear regression likely due to 

this size having such a large surface to volume ratio;  the chemical shift fits more near 

to the surface center of gravity plot as could be expected for such a size.  The 

CPMAS (15 ms contact time) center of gravity plot representing the overall 

surface/near surface sites (Figure 4.8) fits well to a linear regression for all the data 

points.  This is similar to the deconvoluted spin-echo spectra for surface sites (Figure 

6) which fits well to a linear regression excluding the 2 nm particle.  This suggests, as 

discussed above, a constant or nearly constant average values for < r-3 >4p and ΣQ in 

these sites. 

The number of Cd and Se atoms of the material was plotted versus the 77Se 

center of gravity chemical shift (Figure 4.9) to more easily view the change in overall 

electron density in the whole particle and the overall surface/near surface sites with 

size of the CdSe particles.  The precursor, Li4[Cd10Se4(SC6H5)16], is also shown in the 

plot.  The center of gravity from the CPMAS (surface/near surface sites) are the most 

upfield and show a trend similar to the surface sites from the deconvoluted spin-echo 

with increasing electron density on these selenium species as the particles get smaller.   
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Figure 4.9. Plot of the number of Cd and Se atoms in the material versus the 77Se 
chemical shift values for the center of gravity from  spin-echo and CPMAS( 15 
ms contact time) for 2 nm, 2.5 nm, 2.9 nm, 3.7 nm, 4 nm and the NC precursor, 
Li4[Cd10Se4(SC6H5)16].
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The center of gravity chemical shifts from the spin-echo spectra, representing the 

overall chemical shift of the particles, exhibit more deshielding than the overall 

surface sites (CPMAS center of gravity), demonstrated by the decreased height of 

these data points, excluding the 2 nm point in Figure 4.9. The 2 nm point is slightly 

more upfield for the center of gravity spin-echo than the CPMAS which is likely due 

to the extremely large surface to core ratio and also is difficult to analyze from the 

large amount of noise in the spin-echo spectrum.  Interestingly, the spin-echo center 

of gravity plot demonstrates a trend similar to the surface sites with increasing 

electron density on these selenium species as the particles get smaller.  This is in 

contrast to selective examination of the near surface and core selenium with size 

(Figure 4.7) which increase in chemical shift to 2.9 nm and then decrease.  This 

demonstrates the change in 77Se chemical shift from selective site measurements to 

examining the particle as a whole entity. 

 

4.4.  Conclusions. 

 77Se spin-echo and CPMAS NMR measurements provide vital knowledge of 

distinct surface, near surface and core regions of CdSe-HDA nanocrystals giving 

direct insight into particle reconstruction with size.  At 2.9 nm, CdSe-HDA shows the 

largest degree of reconstruction, as well as the core and near surface surface selenium 

sites reaching a maximum shielding and change in trend of the plot of 77Se chemical 

shift versus inverse bandgap energy.  These observations suggest a special 

reconstruction within the particle at this size.  With examination of the Ramsey 
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equation, this could likely be related to a change in ionicity of the particle lattice.  The 

surface selenium sites behave differently than the core, with increasing shielding with 

decreasing size and following a nearly linear relationship with inverse bandap energy.    
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Chapter 5.  Oxidation Depth Profiling in InGaP Nanocrystals. 

 

5.1.  Introduction.  

 The decreased industrial concern for the toxicity1,2 associated with III-V 

systems compared to Se and Te based II-VI materials has led to an interest in 

developing the chemistry of III-V semiconductor nanocrystals (InP, GaP, InN, GaN) 

and their ternary analogs (i.e InGaP, InAlP, etc).3-11  The surfaces of nanocrystals 

including ligand effects, oxidation, and atomic vacancies are prominent features in 

controlling the physical properties of the nanocrystal, including the 

photoluminescence and stability.6-7,12-17  In CdSe, extensive investigation of the 

surfaces and the influence of the passivant ligand have led to a model which invoke 

surface reconstruction events as a critical manipulator of the physical properties of 

these systems (Chapters 2-4).17-23 Recent efforts in the literature have probed the 

nature of these processes using X-ray Absorption (XAS) and neutron techniques,23-27 

X-ray photoelectron spectroscopy (XPS),6,7,15,28-29 transmission electron microscopy 

(TEM),30,31 and solid-state NMR8,17,32-35 in order to develop an atomistic picture of 

the nanocrystal surface, near-surface, and core atoms.  The lack of knowledge about 

the nature of the surface reconstruction, vacancies, and oxidation process in nanoscale 

materials leads to an inability currently to systematically design desired physical 

properties into these materials, such as commonly carried out for molecular beam 

epitaxial grown quantum well structures. 
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The influence of surface states in InP materials has been investigated in both 

bulk and nanoscale materials.6-11,36-43 In bulk InP wafers, chemical or thermal 

treatment of the materials leads to surface oxidation and reconstruction.36-42 In 

nanocrystalline InP, it has been suggested that the photoluminescence (PL) quantum 

efficiency can be enhanced by wet-chemical etching of the nanoparticle surfaces.5,7,10-

11  Alivisatos et al.6 suggested that a thin oxide layer in lyothermally prepared InP 

nanomaterials may be important for observation of PL. Weller et al.7 carried out 

photoelectron spectroscopy (PES) with synchrotron radiation on trioctylphosphine 

oxide (TOPO) passivated InP and concluded that an oxide layer is present both prior 

to and after etching, attributing the enhanced PL following etching to a reduction of 

phosphorus dangling bonds (vacancies) and improved surface passivation. These 

results clearly identify changes in the surface states following HF etching, but do not 

address the nature of the surface oxide or reconstruction events following chemical 

treatment.  It is well-established that hydrogen fluoride (HF) wet-chemical etching of 

bulk InP wafers results in an self-terminating oxide layer of ~2 nm42 with the 

formation of In2O3, InPO4, and InPO3 at the air-surface interface following exposure 

to air.36-42 Inspection of the work on nanocrystalline InP suggests that the oxidation 

depth is below the native oxide thickness of bulk materials which could potentially be 

due to strain at the interfacial layer.  Assessing the chemical nature of the oxide and 

the changes in the nanomaterial surface are critical to drawing conclusions about the 

PL enhancement observed following chemical treatment of the InP surface.  

Unfortunately, this is a difficult process to achieve using traditional analytical 
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methods due to the low number of atoms in the nanomaterial and the high surface to 

volume ratio for these systems. While previous experimental studies have indicated 

oxidation of the surface of InP nanoparticles occur, a thorough investigation of the 

types, growth, depth, and connectivity of the oxide species has not been conducted.    

 In this chapter, a study on the nature of the oxidation layer in lyothermally 

grown InGaP nanocrystals before and after HF etching using 31P solid-state NMR is 

reported.  Solid-state NMR is a powerful technique for elucidating complex surface 

information such as ligand-crystal bonding arrangements, reconstruction, and 

structural variations.8,17,32-35,43-45  31P 1D and 2D solid-state NMR measurements 

reveal the similarity of the nature of oxidation on HF etched and unetched InGaP 

nanocrystals, including the species of oxidized phosphorus, depth of oxidation and 

spatial proximities.  The similarities in the surfaces following etching suggest that a 

surface reconstruction event with changes in the nature of the vacancies and bonding 

at the surface is triggered by the HF treatment step and may be responsible for the 

enhanced PL, with the oxide layer acting as a high band-gap shell rather than a trap 

center for PL. 

 

5.2.  Experimental Section. 

 

5.2.1.  Synthesis of InGaP Nanocrystals (unetched).  

 InGaP nanocrystals (unetched) were prepared as described previously.3-5 

Briefly, 0.3826 g (1.31 mmol) indium (III) acetate, and 0.0481 g (0.131 mmol) 
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gallium (III) acetylacetonate, were degassed at 120°C in 45.5 g n-hexadecylamine 

(HDA) for approximately 30 minutes.  P(Si(CH3)3)3 (0.63 m, 2.17 mmol) was 

injected via syringe at 120 °C under Ar, and the temperature was ramped to 280 °C 

over ~7 hrs.  The reaction was run ~8 hrs while the size and dispersity was monitored 

by UV-vis absorbance spectroscopy.  The reaction was quenched by cooling to 60 °C, 

followed by collection via the addition of approximately 100 mL of dry methanol and 

centrifugation.  Purification was accomplished by dissolution in a minimum amount 

of dry toluene, re-precipitation by addition of dry methanol, and centrifugation under 

Ar (3×) and dried under a flow of argon overnight.  The unetched HDA passivated 

InGaP particles were spherical, Zn blende 4.5 nm particles and did not exhibit a 

detectable PL (ΦEM < 0.01) The absorbance spectrum and TEM image are shown in 

Figures 5.1 and 5.2, respectively. Transmission electron microscopy (TEM) 

measurements were conducted on a JEOL 2010 microscope operating in bright field 

mode.    

   

5.2.2.  Etching of InGaP Nanocrystals.   

Etched InGaP nanocrystals were prepared by dissolving 10 mg of the un-dried 

nanocrystals from the above reaction in ~35 mL of toluene under ambient conditions.  

The dilute conditions are necessary to ensure a more uniform etching of the particles 

under lower power excitation.  To maintain solubility during etching, hexadecanoic 

acid (~200 mg) was added and the mixture was sonicated to produce an optically  
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Figure 5.1. Absorbance spectra of unetched and HF etched InGaP nanocrystals.
Emission spectrum of etched InGaP nanocrystals (λex = 420 nm).  The unetched
particles do not emit. 
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 Figure 5.2. TEM image of unetched 4.5 nm InGaP nanocrystals.
The poor quality of the TEM image is due to a propensity for beam
damage and sample aggregation.  
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Figure 5.3. TEM image of etched 4.5 nm InGaP nanocrystals.
The poor quality of the TEM image is due to a propensity for
beam damage and sample aggregation. 
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clear solution.  Etching was carried out in an aerated solution by the addition of ~30 

µL of a 5% HF solution in MeOH and excitation using a low-power Hg lamp at 365 

nm for ~3 minutes, followed by precipitation with methanol and centrifugation.  The 

isolated nanomaterials were purified by dissolution in a minimum amount of toluene, 

re-precipitated by addition of methanol, centrifuged (3×), and the solid precipitate 

dried overnight under Ar.  The InGaP nanoparticles are spherical Zn blende 

nanoparticles with a size of 4.5 nm.  A TEM image of the etched particles is shown in 

Figure 5.3. The samples emit after etching with a PL quantum yield of 8% (in dry 

degassed toluene) when excited at 420 nm.  The absorbance and emission spectra are 

shown in Figure 5.1. 

 

5.2.3. NMR.  

 Solid state NMR experiments were carried in a 4mm packed MAS rotor 

containing ~75 mg of materials.  Solid-state 31P MAS NMR experiments were 

performed at room temperature on a Bruker 300 MHz Avance spectrometer with a 4-

mm broadband MAS probe tuned to 121.5 MHz, 300 MHz, and 282.3 MHz for 31P, 

1H, and 19F respectively.  A spinning speed of 12 kHz was used in all experiments and 

the chemical shifts of 31P, 1H, and 19F were referenced to 85% H3PO4, TMS, and 

CFCl3, respectively.  

The 31P single pulse MAS experiments were performed with an acquisition 

time of 2.1 ms, a recycling delay of 30 s, and a 90° pulse of 2.75 µs. The 1H-31P 
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CPMAS experiments were acquired using TPPM 1H decoupling, ramped cross-

polarization (CP), an acquisition time of 2.1 ms, a recycle delay of 3 s, contact time 

ranging from 0.1 to 20 ms, and a 1H 90° pulse length of 5.25 µs.  

The 2D 31P{1H} heteronuclear correlation (HETCOR) experiments were 

performed with a frequency-switched Lee-Goldberg (FSLG)46 irradiation of 85 kHz 

applied to the 1H spins during the t1 evolution period, ramp CP during mixing, a 

TPPM 1H decoupling during the data acquisition of 2.1 ms, a recycling delay of 1 s, 

and a 1H 90° pulse length of 3µs.   

The 2D 31P-{31P} double quantum (DQ) MAS NMR experiments were 

acquired using a rotor-synchronized BABA pulse sequence47 with an excitation time 

of 1.66 ms to reintroduce dipole-dipole couplings. The π/2 radio frequency (rf) pulses 

were set to a length of 4µs. TPPM decoupling was applied during the acquisition and 

the dipole-dipole recoupling periods and States-TPPI was used in t1 for phase 

sensitive detection. Long T1 relaxation times were circumvented by cross polarization 

of 1H magnetization to nearby 31P surface sites so that a recycle delay of 1s was 

sufficient. The 1H radio frequency field of the CP was ramped between 80 and 100% 

of its maximum value. 

The 19F single pulse MAS experiment was performed with an acquisition time 

of 7.3 ms, a recycling delay of 4 s, a 90° pulse of 6 µs and required 160 scans for 

adequate signal to noise due to the small amount of fluorine present.  
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5.3. Results and Discussion. 

5.3.1. Total Phosphorous Site Identification (31P MAS NMR).   

31P MAS single-pulse NMR spectra, which measure all of the 31P in the 

material, of unetched and etched InGaP nanocrystals are shown in Figure 5.3A and 

5.3B, respectively.  31P NMR peaks at 24, 1, -9 (shoulder), and -210 ppm are present 

in both spectra.  The shoulder at -9 ppm is more clearly observable in the inset in 

Figure 5.3.  The peaks were fit by a linear least squares analysis utilizing the Bruker 

software package assuming Gaussian lineshapes.   

Based upon the chemical shift and line width, the 31P peak at -210 ppm is 

assignable to a 31P occupying a tetrahedral lattice site (Td – P site) bound to either In 

or Ga in the Zn blende lattice of the InGaP nanoparticle.  The chemical shift of 31P in 

bulk InP and GaP appears at -14748 and -14249 ppm.  The chemical shift for the 

tetrahedral 31P site in the nanocrystal appears upfield from bulk due to a domination 

of the paramagnetic contribution (σp) to the chemical shielding parameters in the 

material.  The shift in the NMR resonance exhibits an inverse relationship to the 

band-gap energy of the nanoaparticle, and therefore the observed shift can be 

correlated with the size of the nanoparticle.8,50   The breadth of the -210 ppm Td-P site 

(linewidth δ1/2 = 60 ppm) is  
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Figure 5.4. Solid-state 31P single-pulse spectra recorded 
under MAS at 12kHz, indicating 3 distinct phosphorus sites 
at 24, 1 and -210 ppm with a shoulder at -9ppm. (A) 
unetched and  (B) HF etched InGaP nanocrystals. (Spinning 
sidebands are markedwith ss.) The shoulder at -9 ppm is 
more clearly observable in the inset in both spectra. 
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likely due to chemical shift distribution, as well as the indirect exchange interaction 

with the quadropolar indium (S=9/2) and/or gallium (S=3/2) nuclei in close proximity 

to the tetrahedral P lattice site.  Broadening of the S=1/2 31P nuclei due to exchange 

interactions have been reported in bulk InP48 and in InP nanocrystals.8 Significant 

contributions to the broadening from chemical shift anisotropy is excluded due to the 

observation that decreasing the spinning speed from 12 kHz to 5 kHz does not give 

rise to spinning sidebands which suggests an even distribution of electron density 

around the internal phosphorus atoms, as expected for the tetrahedral environment in 

a Zn blende lattice site.    

The observation of three downfield  31P resonances at 24 ppm, 1 ppm, and -9 

ppm  are assignable to oxidized phosphorus sites based upon interpretation of the 

chemical shifts, intensity growth in time with exposure to air, and literature 

supporting the presence of a relatively thick native oxide in bulk,36-42 

nanocrystalline,6-8 and micron sized InP.43  The formation of an oxide is further 

supported by the observation of spinning side bands on the 31P resonances due to the 

asymmetrical electron density about the phosphorus site, as expected due to breaking 

of the Td symmetry of the P site in the Zn blende lattice following oxidation (Figure 

5.4).   This assumption is supported by the observation of a changing numbers of 

spinning side bands that are dependent on the spinning frequency indicative of the 

symmetry breaking about these P centers, which was not observed in the Td site P at -

210 ppm.  This is independent of the etching treatment. 
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 To analyze the differences in the oxide population for unetched and etched 

InGaP samples, the samples 31P spectra were measured immediately after isolation 

and exhibit a relative population of oxidized phosphorus to Td-site phosphorus of 

1:1.15 and 1:1.11, respectively.  To allow a quantitative analysis of the P sites, full T1 

relaxation of the P sites was acquired by using a relaxation delay of 30 s. The 

oxidized phosphorous population was the combined values of integration of the 3 

phosphorus sites (and corresponding spinning sidebands) at 24, 1, and -9 ppm and the 

Td-site P peak integration corresponds to the integrated peak value of the peak at -210 

ppm.   In view of the fact that integration values from 31P MAS NMR experiments 

give an accurate measurement of the relative population of the oxidized phosphorus 

sites to the Td-site phosphorus, this technique was used to monitor the time-dependent 

changes in the population of these sites.   After approximately one month, the 

unetched and etched integration of oxidized phosphorus phosphorus changed to 1: 

0.88 and 1: 0.96, respectively.  Approximately 2 weeks after this, the integration of 

oxidized to internal phosphorus was 1: 0.79 and 1: 0.82 for the unetched and etched 

samples, respectively.  No changes in peak position for the four sites were observed 

over the time period; only the integrated area showed a change for the oxidized to 

unoxidized sites.  This suggests that the oxide thickness approaches a limiting value 

in the nanoparticle corresponding to ~1-2 monolayers using a simple calculation of 

surface to core atoms based upon an InP unit cell.17   

The oxidation ratios represent qualitative arguments.  To accurately assess the 

results of the time-dependent oxidation analysis, sample handling must be taken into 
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consideration. In these experiments, the samples were not exposed continuously to 

air, so oxidation is a slow process. For the initial 31P MAS experiment, the materials 

were taken directly from drying, ground to a fine powder (for stable MAS spinning) 

in air, packed in a rotor and measured.  For the next measurement a month later, the 

samples had been stored under argon but air was present due to sample preparation 

for the measurements.   The lack of controlled O2 concentration does not allow the 

kinetics of the process to be analyzed.  However, it is worth noting that the 

experiments were also repeated on various samples, and in all cases, significant 

oxidation growth was observed and the rate of oxidation was dependent on sample 

handling.   

 The observation of a higher amount of oxidized phosphorous sites following 

wet-chemical etching in air and the time-dependent increase in oxidized P sites is 

expected if the oxidation is occurring primarily at the surface of the nanoparticle, 

since oxidation should proceed as a diffusional process into the core on the InGaP 

surface.  However, the nature of the oxidation process on a nanomaterial must be 

different than bulk, since the native oxide is ~2nm or nearly equivalent to the 

nanoparticle radius, which would predict complete particle oxidation and loss of the 

optical properties with time.  The lack of a significant change in size in the TEM 

spectra (Figures 5.2 and 5.3) or the absorbance spectra (Figure 5.1) for the InP 

nanocrystals suggest that the oxide layer must lie within only the top few monolayers.  

This is further shown by the insignificant shifts in the NMR for the -210 ppm peak 

whose position is dependent on the nanocrystal size.   This suggests the assignment of 
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the Td P sites to the core of the nanoparticle and the oxidized P sites to the outermost 

atoms of the nanocrystals.  The lack of native oxidation thickness in the nanocrystal 

compared to bulk may be due to strain in the surface or differences in the nature of 

the oxide at the surface( ie. In2O3 vs InPOx).36-42  To establish the assignment of the 

phosphorus sites, HETCOR NMR experiments were performed. 

 

5.3.2.  Surface 31P Oxidation Identification by 2D 31P{1H} HETCOR NMR.   

Given that the 31P MAS single-pulse NMR experiments strongly suggest 

oxidation arises at the surface of the InGaP nanocrystal based upon the observed 

chemical shifts, CSA, and integrated peak intensities in time; the use of 2D 31P{1H} 

frequency-switched-Lee-Goldberg (FSLG)  HETCOR NMR (Figure 5.5) was used to 

further confirm the identity of the 31P NMR  peaks at 24, 1, -9, and -210 ppm. 2D 

31P{1H} FSLG HETCOR NMR uses cross polarization (CP) to probe the proximities 

of 1H nuclei on the passivant shell to the 31P nuclei in the InP nanocrystals.  HETCOR 

measurements allow a depth profile of the material due to the distance dependence of 

the cross-polarization employed in the pulse sequence.  The longer a cross 

polarization time, the weaker the dipole-dipole couplings that can be measured and, 

hence, the further the distance between two nuclei that can be detected.  This allows 

31P surface sites which are in close proximity to the protons of the passivating HDA 

ligands to be discreetly identified.   

The 31P{1H} FSLG HETCOR NMR spectra of unetched InGaP, with a 2 ms 

contact time of cross-polarization, is shown in Figure 5.5, with separately measured  
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Figure 5.5. 31P{1H} FSLG HETCOR spectrum of unetched InGaP
nanocrystals recorded under MAS at 12kHz with a cp contact time of 2ms. 
Separate single pulse 31P MAS and 1H MAS spectra reside along the 
horizontal and vertical axis, respectively. The observed strong correlations of 
the 31P peaks at 24 and 1 ppm with the HDA protons confirm an oxidized 
surface in the nanocrystals by establishing a close spatial proximity of the 
passivating layer with oxidized phosphorus sites. 
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single pulse MAS 31P and 1H spectra on the horizontal and vertical axis, respectively, 

to aid in interpretation of the data.  Because the HETCOR spectra are nearly identical 

between unetched and etched InGaP, only the HETCOR data for the unetched InP is 

presented.  The 1H NMR peaks between ~0 and 3 ppm on the vertical axis in Figure 

5.5 corresponds to the protons on the HDA passivating layer.  HDA was confirmed as 

the passivating layer through examination of 13C MAS NMR which indicates the 13C 

resonances of HDA as well as broadened α, β, and γ carbons consistent with 

decreased rotation and chemical shift distribution from binding to the surface of the 

particle (Figure 5.6).  Inspection of the HETCOR spectra indicate strong correlations 

between the 31P resonances at 24 ppm and 1 ppm but not the -210 ppm Td site 

resonance with the protons of the HDA chain centered at 1.6 ppm.  This demonstrates 

the oxidized P sites at 24 and 1 ppm are at surface sites in close spatial proximity to 

the protons on the passivating ligands, while the Td site is occupying internal sites at 

least one monolayer down.  It is difficult to conclude if there is a correlation between 

the HDA protons and the peak at -9 ppm due to the overlapping of the peaks at 1 ppm 

and -9 ppm.  From the correlations present, it is evident that the passivating layer is 

interacting strongly with at least two of the oxide 31P peaks which confirm these are 

surface oxides, rather than core-oxidation or impurities in the sample.  
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Figure 5.6. Solid-state 13C single pulse 
spectra of HDA capped InGaP nanocrystals
recorded under MAS at 12kHz. (A) 
unetched. (B) HF etched.  The α, β, and γ-
carbons of HDA are broadened due to 
binding to the surface of the particle.
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5.3.3.  Oxidation Site Characterization using 31P CPMAS.   

The HETCOR NMR data in combination with the 31P resonance positions 

clearly establishes the formation of an oxide at the nanoparticle surface.  More 

critically, the observation of no significant change between the HF etched and pre-

etched InGaP nanocrystals for either the intensity of the oxidized to unoxidized P 

sites in the 31P MAS or HETCOR data suggests the oxidation thickness and identity is 

identical. Further insight into the nature of the phosphorus sites can be gained by a 

thorough study of the chemical shifts with relation to literature precedence, and the 

1H-31P cross-relaxation time constants, TPH.  Many studies to date have utilized XPS 

to characterize the oxidation species of bulk InP,36-42 where the oxidation species are 

InPO4 and InPO3 on the surface of InP crystals, although In2O3 has also been 

identified.  A chemical review on oxidation of bulk III-V semiconductors by Wilmsen 

et al.40a summarizes the thermal oxidation species of GaP as predominately GaPOx 

with the possibility of Ga2O3 occuring primarily only at high temperatures. From 

these studies on bulk materials, a likely assignment of the phosphorus species at 24 

ppm is PO3.  A study from Bujoli-Doeuff et al.51 strongly supports this with the 

measured 31P chemical shift of 25.6 ppm for Ga(OH)(O3PCH2C6H5).  The resonances 

at 1 and -9 ppm are most likely due to PO4 resonances.  Recently, Kulshreshtha et 

al.52 has measured the 31P NMR chemical shift of bulk GaPO4 at -8.5 ppm, while 

Alivisatos et al.8 has indicated a surface 31PO4 resonance at 5 ppm for 

trioctylphosphine oxide passivated InP quantum dots.  This suggests the P species at 1 

ppm and -9 ppm arise from PO4 species with slight chemical shift differences from 
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the previous sites in literature most likely due to ligand effects and the mixed metal 

(gallium and indium) 31PO4 species expected from the ternary InGaP material.  

Although it is tempting to make the assumption the peaks at 1 ppm and -9 ppm arise 

from segregated InPO4 and GaPO4 species on the surface, further analysis of 1H-31P 

cross-relaxation time constant suggests the chemical shift difference is due to P sites 

at different depths relative to the HDA passivant, with the -9 ppm site occurring 

deeper than the 1 ppm site.   

Further analysis of the nature and depth of oxidation of the phosphorus sites 

can be gained through determination of the 1H-31P cross-relaxation time constants, 

TPH.  The values of the 1H-31P cross-relaxation time constants, TPH, have a 1/R6 

distance dependence and can be used to compare intermolecular distances between 1H 

and 31P nuclei; 53 closer spatial proximities of the protons on the ligands to the 

phosphorus sites gives stronger dipole-dipole couplings and the maximum integrated 

peak intensity for CPMAS will be reached at a shorter contact time yielding lower 

values of TPH. The cross-relaxation time constant can be calculated by measuring 1H-

31P cross-polarization magic-angle spinning (CPMAS) with contact times between 0.1 

and 20 ms.   

31P CPMAS spectra of unetched InGaP nanocrystals with cp contact times of 

2 and 15 ms, demonstrating signal intensity changes with differences in the distant 

dependent 1H-31P contact times are shown in Figure 5.7A and 5.7B. As noted in the 

HETCOR section because similarity of the data, only the spectra for the unetched 

InGaP nanocrystals is shown. 
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Figure 5.7. 31P CPMAS spectra of unetched InGaP nanocrystals with
cp contact times of  (A) 2 ms and (B) 15 ms. demonstrating
variations in signal intensity with increased distant dependent
1H-31P contact times.   
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  Integrated 31P peak intensities from 1H-31P CPMAS were plotted as a 

function of the contact time, τ, and fit to equation 154 using a nonlinear least-squares 

analysis to determine TPH.  

 

 

 (τ) = M0(exp (-τ/T1ρH) – exp(-τ/TPH))/(1 -TPH/T1ρH)        (5.1) M
 

 

The proton spin-lattice relaxation time constants, T1ρH, were determined following a 

procedure from an earlier publication.55 The fitted plots are shown in Figure 5.8 and 

the values are shown in Table 5.1.  The PO3 and PO4 sites at 24 and 1 ppm have 

nearly identical CPMAS build-up curves (Figure 5.8) and the lowest TPH values (260 

± 50 µs and 130 ± 100 µs, respectively) of all the phosphorus sites (Table 5.1).  This 

supports the assumption that these P sites are on the surface of the particle and at 

approximately the same distance from the protons of the HDA chain.  The CPMAS 

curve (Figure 5.8) for the PO4 species at -9 ppm exhibits a slower build up and has a 

higher TPH value of 560 ± 100 µs.  The slower build-up for the same nuclei species 

indicates that the P site at -9 ppm is at a deeper depth relative to the protons on the -

CH2 / -NH2 groups on the HDA chain suggesting oxidation also occurs within the 

particle.  It is important to note, this only suggests near surface oxidization processes 

occurring from self-terminating oxide formation and does not  
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Figure 5.8. The InGaP nanocrystal integrated 31P peak intensities
from 1H-31P CPMAS are plotted as a function of cp contact time, τ. 

This data was fit to equation 5.1 using a least-squares analysis to 
determine the 1H-31P cross-relaxation time constants, TPH displayed in 
Table 5.1.  
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 Table 5.1. InGaP nanocrystal 1H-31P cross-relaxation time constants, TPH,
determined from a least-squares analysis of the data in Figure 5.8, 
indicating varying distances of the passivating ligands form the 4
phosphorous sites.   
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31P
Chemical
Shift

24 ppm

1 ppm

-9 ppm

-210 ppm

Species
Assignment

PO4

PO4

PO3

Td

Position

surface

surface

near
surface

internal

Characterization 
Methods

31P MAS integration in time, bulk InP and GaP oxidation products,36-42

chemical shift correlation with Ga phosphonate materials,51

HETCOR, shortest (same as 1 ppm)TpH value from CPMAS data

31P MAS integration in time, bulk InP and GaP oxidation products36-42

chemical shift correlation with GaPO4 and 31PO4 on InP NCs,52,8

HETCOR, shortest (same as 24 ppm) TpH from CPMAS data

31P MAS chemical shift correlation with InP and GaP,48,49

HETCOR, longest TpH from CPMAS data, optical data

31P MAS integration in time, bulk InP and GaP oxidation products36-42

chemical shift correlation with GaPO4 and 31PO4 on InP NCs,52,8

HETCOR, median TpH from CPMAS data

 

 

 
Table 5.2. Summary of 31P site assignments, positions and corresponding
methods of characterization for HF etched and unetched InGaP Nanocrystals.    
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suggest oxidation is occurring in the core of the particle, since the -210 ppm 

resonance has a significantly longer build up time (TPH value of 3200 ± 500 µs).  This 

indicates that the upfield shift from the 31PO4 peak at 1 ppm is likely from the change 

in electronic environment from the surface PO4 rather than a segregated GaPO4 

species.  The 31P peak identifications and characterization methods are summarized in 

Table 5.2.  

With the characterization of the oxidation sites as PO4 and PO3, integration on 

these 31P species was done to compare the amount of phosphorus in these sites as well 

as their rate of growth.   Interestingly, the rate of growth of PO3 is faster than PO4 in 

the unetched and etched samples, with the etched sample beginning with a slightly 

higher amount of PO4.  Approximately 2 months after synthesis, however, the ratio of 

PO3 to PO4 of 1:6.5 and 1:6.0 is very close for the unetched and etched samples, 

respectively.   

  

5.3.4.  Spatial Proximities of PO4 and PO3 on the Surface.  

 For a deeper structural elucidation of the positions of the PO4 and PO3 sites 

on the surface of the InGaP nanomaterials, 2D dipole-dipole mediated solid-state 

double quantum 31P NMR was employed to explore the spatial proximities of the PO3 

and PO4 sites (Figure 5.9). Since the creation of a double quantum coherence (DQC) 

between two 31P nuclei relies on a sufficiently strong dipole-dipole coupling between 

them, it provides information about through-space 31P-31P proximities. If two  
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Figure 5.9. 2D Double-Quantum 31P{31P} NMR 
spectrum of unetched InGaP nanocrystals recorded under 
MAS at 12 kHz and an excitation time of 1.66 ms, 
indicating spatial proximity of  PO3 and PO4 sites, as 
well as PO4 with other PO4 sites but not between PO3
sites. (The one-dimensional spectrum plotted at the top is 
the sum-projection of the single quantum dimension.)
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phosphorus sites are in close proximity in the material, they will share the same 

double-quantum frequency, which is the sum of the single quantum frequencies of the 

two nuclei involved. Thus, DQCs between the same phosphorus sites appear as so-

called auto peaks on the diagonal of the DQ spectrum, while DQCs of different 

phosphorous sites appear as so-called cross peaks. As before, because of the 

similarity of the data only the unetched spectrum is shown.  

The sum-projection of the single quantum dimension is shown at the top of 

the spectrum.  Since the BABA pulse sequence must be acquired with rotor-

synchronization, the spectral width in the indirect dimension is limited by the 

spinning speed.47 Even at 30 kHz MAS the spectral width would be too small to fit in 

the whole 31P spectrum. Therefore, only the surface 31P sites were investigated, while 

the bulk 31P resonance at  

-210 ppm was eliminated by employing cross-polarization with a contact time of 2 

ms. In this way possible fold over effects of the bulk 31P resonance are prevented. In 

addition, the cross polarization circumvents long 31P T1 relaxation times and allows 

for a much shorter recycle delay.  

Analysis of the spectrum in Figure 5 reveals a close proximity of PO4 and PO3  

species as revealed by the cross peaks at a double quantum frequency of 25 ppm, 

marked with a solid grey connecting line.  Also present, is an auto peak at a DQ 

frequency of 2 ppm, indicating a close spatial proximity of PO4 with other PO4 sites.  

The shoulder at -9 ppm, as observed in the single-pulse experiments (Figure 5.4), is 
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not resolved well enough in the DQ spectrum so that no conclusions can be drawn 

about possible spatial proximities to the other 31P sites. If PO3 sites were in close 

proximity to each other, an auto peak at a double quantum frequency of 48 ppm 

would be expected, which is not observed. Therefore, 2D solid-state double quantum 

31P NMR analysis indicates close spatial proximity of the PO3 and PO4 sites, as well 

as the PO4 with other PO4 sites, but not PO3 with other PO3 sites.  Importantly, this 

suggests that the PO3 sites are not occupying a specific face or step-edge in the 

material. The PO4 species is the predominate oxidation species as seen in the MAS 

spectra, and the PO3 site is most likely a partial oxidation site on the surface, or 

possibly a vertex on the nanocrystal. 

 

5.4.  Conclusions.  

Solid-State NMR experiments provide vital information on the nature of the 

structure and surface oxidation of InGaP nanocrystals.   It is clear from correlation of 

the NMR experiments that oxidation is primarily a surface process and is constrained 

to the top most layers in either etched or unetched samples of the nanoparticle.  This 

suggests that the improved PL behavior following etching is not the result of F ions at 

the surface or removal of the oxide layer.  The observation of identical surface 

oxidized species present in both the etched and unetched samples is surprising in light 

of the work on bulk InP.  Kikuchi et al.36 has indicated through the use of  XPS that 

chemically cleaning InP(100) surfaces in aqueous HF solutions removes the native  
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Figure 5.10. Solid-state 19F single-pulse spectrum of etched InGaP
nanocrystals recorded under MAS at 12 kHz (160 scans) indicating 
small amounts of fluorine bound to the particles post HF etching.  

 

 

 

 

 118



 

oxide layer and leaves behind a surface terminated by fluorine.  The results on the 

nanoparticles suggest HF etching initially removes the oxide present in the unetched 

particles leaving a transient fluoride species.  In fact, 19F NMR (Figure 5.10) of 

etched InGaP nanocrystals following sample isolation indicate the presence of the 

small amounts of fluorine atoms after particle re-oxidation. The 19F peaks in the MAS 

NMR spectrum cannot be adequately assigned without further correlated or time-

dependent NMR measurements.56 This suggests the fluoride ion must be labile 

resulting in re-oxidation of the particle after exposure to air.  Fluoride ion liability is a  

known process for HF etched Si-wafers in the electronics industry.  The re-oxidation 

process may result in a reconstructed surface, which would indicate the reconstruction 

is the more critical process for enhanced PL.   

With this hypothesis, the similarity of the unetched and etched oxidized 

phosphorus peaks at 24, 1, and -9 ppm therefore indicate a propensity of InGaP 

nanocrystals to oxidize to a specific structure.  The surface oxide on etched and 

unetched InGaP nanocrystals is PO3 and PO4 in a ratio of ~1:6 with PO3 growing at a 

slightly higher rate than PO4 over time when exposed to air. The PO4 species is 

present on the surface, as well as within the quantum dot.  The study also supports the 

close proximity of PO4 sites with other PO4 sites as well as PO3, while PO3 is not in 

close proximity to other PO3 sites.  Thus, the PO3 sites must be surrounded by PO4.   

From these results on the phosphorus sites and oxidation, it is apparent that an 

investigation into the gallium and indium sites is necessary for a full understanding of 
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the relation of surface structure and quantum efficiency in HF etched and unetched 

InGaP nanocrystals, which will be discussed further in Chapter 6.56
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Chapter 6.   HF etching and the Surface Structure of InGaP Nanocrystals.  

 

6.1.  Introduction. 

With the development of synthetic protocols that produce high quality III-

V semiconductor nanocrystals1-6 which are being looked to for applications in 

electrical and opto-electrical devices, characterization of the surfaces and 

interfaces in these nanomaterials becomes crucial for development of an 

understanding of structure-property relationships.  Interestingly, hydrogen 

fluoride (HF) etching of III-V semiconductor nanocrystals has been shown to 

greatly improve the quantum efficiency of the material.  In recent years, there 

have been studies investigating the correlation between optical properties and 

molecular structure in pre and post HF etched InP quantum dots,7-12 and various 

models have been suggested; for example, Nozik et al. has suggested through 

analysis of photoluminescence, optically detected magnetic resonance (ODMR) 

studies and electron paramagnetic resonace (EPR)7, 10-11, that HF etching of InP 

nanocrystals fills surface phosphorus vacancies, which dominate unetched 

samples, with fluoride ions as well as replace oxygen in the oxide layer, while 

leaving behind a small amount of phosphorus vacancies in the core.  Utilizing 

surface sensitive photoelectron spectroscopy (PES) technique with synchrotron 

radiation, Weller et al.8, has indicated the removal of unpassivated phosphorus 

atoms from the nanocrystal surface, followed by increased passivation with 
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trioctylphosphine oxide or fluorine from the etching process, as significant in the 

observed increase in quantum efficiency.   

Recent studies have proven 13P solid-state nuclear magnetic resonance 

(NMR) spectroscopy an excellent spectroscopic tool for analyzing surfaces and 

interfaces in InP13 and InGaP14 nanocrystals.  Analysis of hexadecylamine (HDA) 

passivated InGaP nanocrystals has shown identical phosphorus species, 

proximities, and depth of phosphorus oxididation on pre and post HF etched 

materials through 1D and 2D 31P NMR experiments (Chapter 5).  With the 

establishment of indistinguishable phosphorus identities from solid-state NMR 

analysis, investigation into the indium and gallium sites in the unetched and 

etched material is necessary for a better understanding of molecular structure and 

quantum efficiency.    

In this chapter, a solid-state NMR study of pre and post HF etched 

thermally grown HDA passivated InGaP nanocrystals is reported.  Through 71Ga 

and 115In NMR experiments, insight into the nature and position of the gallium 

and indium sites, as well as the associated surface reconstruction from HF 

treatment, was gained.  In conjunction with the previous work on the 

characterization of the phosphorus sites in this material (Chapter 5),14 this study 

strongly suggests the significance of an HF treatment driven surface 

reconstruction to a more ordered environment surrounding the surface atoms with 

the increased quantum efficiency observed in HF etched InGaP nanocrystals.   
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6.2.  Experimental Section. 

 

6.2.1.  Synthesis of InGaP Nanocrystals.   

 InGaP nanocrystals (unetched) were prepared with modifications to 

previously published procedures for InP and InGaP nanocrystals15-17 and as 

reported in Chapter 5.   The unetched HDA passivated InGaP particles were 

spherical, Zn blende 4.5 nm particles and did not exhibit a detectable PL (ΦEM < 

0.01) The absorbance spectrum and TEM image are shown in Figures 5.1 and 5.2 

(Chapter 5). 

 

6.2.2  Etching of InGaP Nanocrystals. 

The etched InGaP nanocrystals were prepared by the addition of a 5 % HF 

MeOH solution with illumination (365 nm) as described in Chapter 5. The etched 

InGaP nanoparticles are spherical Zn blende nanoparticles with a size of 4.5 nm 

and emit with a PL quantum yield of 8% (in dry degassed toluene) when excited 

at 420 nm.  The TEM images and absorbance and emission spectra are shown in 

Figure 5.1 and 5.3 (Chapter 5). 
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6.2.3.  NMR.  

Solid-state 71Ga and 115In MAS NMR experiments were performed at 

room temperature on a Bruker 500 MHz Avance spectrometer with a 4-mm 

broadband MAS probe operating at 152.7 MHz for 71Ga and for 109.6 MHz 115In.  

A spinning speed of 14 kHz was used in all experiments and the chemical shifts 

of 71Ga and 115In were referenced to Ga(NO3)3 and In(NO3)3, respectively. 

The 71Ga spin-echo experiments were performed with an acquisition time 

of 4.2 ms, a recycling delay of 2 s, and a 90° and 180° pulse of 1.6 µs and 3.2 µs, 

respectively.  

The 115In spin-echo experiments were performed with an acquisition time 

of 1.7 ms, a recycling delay of 1 s, and a 90° and 180° pulse of 0.64 µs and 1.28 

µs, respectively.   

 

6.3.  Results and Discussion. 

 

6.3.1. Gallium Occupation and Molecular Order. 

 31P solid-state NMR experiments have provided fundamental information 

on the nature of phosphorus surface oxidation of in thermally grown HDA 

passivated InGaP nanocrystals before and after HF etching (Chapter 5).14 These 

results suggest that the large increase in quantum yield after etching is not likely 

caused from phosphorus oxidation because of the considerable similarity of the 

oxide structure of unetched and HF etched InGaP nanocrystals.  The structure 

 131



 

involves PO3 and PO4 surface species that are in a ratio of ~1:6 with PO4 also 

present sub-surface. The study also supports the close proximity of PO4 sites with 

other PO4 sites as well as PO3, while PO3 is not in close proximity to other PO3 

sites.  From this information, a need for a study of the gallium and indium sites 

becomes evident for a more complete understanding of the relation of surface 

structure and quantum efficiency in HF etched and unetched InGaP nanocrystals.  

Solid-state NMR experiments of 71Ga and 115In were acquired in order to 

investigate any structural changes within these sites with HF etching.   

71Ga spin-echo NMR spectra, of unetched and HF etched HDA passivated 

InGaP nanocrystals are shown in Figure 6.1A and 6.1B, respectively; this NMR 

technique is beneficial for broad peaks and probes the entire the nanocrystal 

(surface and core).  The site occupation of gallium atoms in the particles is 

unknown and therefore probing the entire nanocrystal is necessary. The unetched 

InGaP nanocrystals had a weak 71Ga NMR signal during measurement and 

therefore, a large numbers of scans (216,096 scans for 75 mg of sample) were 

necessary for adequate signal to noise in the spectrum (Figure 6.1A).  The largest 

peak centered at 300 ppm with a linewidth δ1/2 = 170 ppm corresponds closely to 

the chemical shift for bulk GaP (Figure 6.2) of 302 ppm (δ1/2 = 3 ppm) allowing 

for the assignment of this peak as gallium tetrahedrally coordinated to phosphorus 

as determined from the zinc blende cubic structure of GaP and InGaP; although, 

the depth of the gallium atoms in the nanocrystal are still unknown from this  
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 Figure 6.1. Solid-state 71Ga spin-echo MAS 
NMR spectra of InGaP nanocrystals
demonstrating a change in the population and 
increase in order of the Ga sites of the particle 
after HF etching (A) unetched (216,096 scans; 75 
mg) (B) HF etched (81088 scans; 64 mg). 
(Spinning speed, 14 kHz)
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Figure 6.2. 71Ga spin-echo MAS NMR spectra of bulk GaP.
(Spinning speed, 14 kHz) 
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determination as they could reside in the core or only one layer down from the 

oxidized surface with this coordination.  The upfield components have a large 

peak centered at approximately 25 ppm, with possibly a small shoulder peak at -

200 ppm, although the signal to noise makes this difficult to decipher.  With 

known PO4 and PO3 oxidation on the surface of the particle as well as PO4 

oxidation in the near surface region of the particle (Chapter 5),14 a likely 

assignment of the large upfield component at 25 ppm is gallium atoms at the 

oxidized surface and near surface which can be supported by investigation of 71Ga 

NMR chemical shifts of gallium based phosphonate hybrid materials.  For 

example, Bujoli et al.18 measures the 71Ga NMR chemical shifts of 

Ga(OH)(O3PCH3), and Ga(OH)(O3PCH2C6H5) at -13 ppm ± 10 ppm and 10 ppm 

± 10 ppm, respectively, which corresponds well to the chemical shift of the 

upfield component at 25 ppm for gallium bound to oxidized phosphorus species in 

the particles.  Although phosphorus oxidation is known from investigation of 31P 

NMR experiments,14 this technique does not give information on oxidation in the 

form of Ga2O3.  A chemical review on oxidation of bulk III-V semiconductors by 

Wilmsen et al. summarizes the thermal oxidation species of GaP as predominately 

GaPOx with the possibility of Ga2O3, mostly at high temperatures.19 With this 

information and the 71Ga NMR chemical shifts of 40 ppm and 200 ppm20 reported 

for gallium in tetrahedral and octahedral sites, respectively, for β-Ga2O3, the 

possibility of a Ga2O3 species on the InGaP particles cannot be ruled out.  Hence, 

the broad upfield 71Ga signal centered at 25 ppm could have overlapping peaks of 
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both gallium oxidation species. Due to the large signal to noise, the peak at -200 

ppm is difficult to clearly determine as a resonance; but, it appears in the HF 

etched spectrum (Figure 6.1B) also, suggesting a valid 71Ga NMR resonance.  

Taking into account the upfield chemical shift, a likely assignment is some type of 

a reconstructed gallium site which is also bound to an oxidized phosphorus 

species.  Some possibilities include gallium in a vertex or edge site on the surface 

of the particle because of the small population in this particular peak.   

 With HF treatment on the unetched particles, a slight decrease in surface 

atoms may be expected with etching and therefore a weaker 71Ga NMR signal 

than observed in the unetched particles could be expected.  But, intriguingly, a 

dramatically stronger signal was observed (Figure 6.1B) in HF etched InGaP 

nanocrystals; even with a smaller sample size of the etched InGaP sample (75mg 

for etched vs. 64 mg for unetched), which also decreases signal intensity, the 

etched sample had similar signal to noise of the unetched sample with 

approximately a third number of scans (81,088 vs. 216096 scans) in the 71Ga spin-

echo NMR experiments.  The peak corresponding to the gallium tetrahedrally 

coordinated to phosphorus appears at 305 ppm with a smaller linewidth (δ1/2 = 

130 ppm) than the unetched sample suggesting a change in this sight.  The upfield 

region associated with oxidized phosphorus bound gallium and gallium oxide 

sites, is significantly different than in the unetched spectrum.  There is a large 

peak centered at -40 ppm with a smaller overlapping peak at 120 ppm.  As well as 
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having differing chemical shifts, these upfield peaks appear sharper, suggesting 

less chemical shift distribution and more order.  Also, the gallium population ratio 

of the upfield region to the bulk-like peak is much greater in than in the unetched 

sample.  With the appearance of the two peaks at -40 ppm and 120 ppm, and 

taking into consideration the chemical shifts of gallium phosphonates18 and 

Ga2O3
20 and the population differences with more gallium expected to be in the 

form of GaPOx,19 a likely characterization of the these peaks gallium bound to the 

oxidized phosphorus species present (PO4 and PO3) and Ga2O3, respectively. The 

smaller broad peak remains in the etched spectrum also with a very slight shift to 

-210 ppm.    

In order to fully interpret these 71Ga NMR results including signal 

intensity change with etching, an in depth look at quadrupolar nuclei interactions, 

such as 71Ga (spin 3/2), had to be explored.  Unlike spin ½ systems, these nuclei 

possess a spheroidal distribution of nuclear charge which is described by the 

nuclear electric quadrupole moment, eQ, that is an intrinsic property of the 

nucleus, and is the same regardless of the molecular environment.  However, the 

quadrupolar nucleus is affected by the interaction with the electric field gradient 

(spatial changes in electric field) caused by surrounding atoms.  Thus, in sites 

where a substantial electric field gradient is present, this quadrupolar interaction 

becomes significant and can broaden the signal of these nuclei so greatly that the 

spins just appear as broad humps in the baseline which become “invisible” with 

any baseline distortion;  but, with an increasing spherical or undistorted 
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environment of charge from the surrounding molecular environment, the electric 

field gradients can cancel each other, giving a smaller interaction and smaller 

electric field gradient felt at the nucleus;  these “invisible” spins become less 

broad with this increasing spherical or “ordered” environment of charge about the 

nuclear site and can become detected in the NMR spectra.21  Therefore, this 

indicates in the InGaP nanocrystal system that HF etching drives an ordered 

reconstruction of the surface.  The 71Ga quadrupole interactions decrease with the 

more spherical environment from surface reconstruction resulting in more order in 

the surface and therefore, the “invisible” gallium sites which were broadened 

beyond detection in the unetched particles become visible and we get a stronger 

signal in a much shorter amount of time.   

As HF etching is a surface treatment, only the surface or near surface 

atoms should be affected by the removal of atoms and the associated 

reconstruction.  Therefore, with the significant change in the peaks in the upfield 

region of the 71Ga spin-echo spectra with etching, this supports the 

characterization of these peaks as gallium coordinated to the oxidized surface or 

near surface.  The peak associated with bulk GaP coordination (~300 ppm) is 

more difficult to verify as a surface site or near surface as the change in this sight 

is not as great with etching; although, the decrease in the linewidth suggests a 

decrease in chemical shift distribution which would support this being a near 

surface site which is affected by the surface reconstruction with etching.  

Additional experiments, including spin counting and Rotational-Echo DOuble 
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Resonance (REDOR) at a higher field, are underway to measure the increase in 

71Ga measured with etching in each site as well as the relative distance of the 

gallium sites to the surface ligands in order to confirm their identities.  

 

6.3.2.  Indium Occupation.  

Investigation into the indium sites of the material was accomplished by 

measuring 115In spin-echo NMR spectra, of unetched and HF etched HDA 

passivated InGaP nanocrystals, shown in Figure 6.3A and 6.3B, respectively.  

Both spectra stretch over a large chemical shift range (~ -250-1100ppm) and do 

not show distinctly separated peaks as in the gallium spectra (Figure 1).  This is 

likely due to a large chemical shift distribution and a relative lesser sensitivity of 

the 115In nuclei chemical shift to environment than 71Ga.  Although, as with the 

gallium spectra, it is apparent in the 115In spectra that a stronger signal was 

observed (Figure 6.3B) with less scans and a smaller sample size (unetched: 

128,000 scans, 75 mg; HF etched: 96,640 scans, 64 mg), suggesting a decrease in 

the quadrupolar interactions from an ordered reconstruction of the surface and 

near surface following HF treatment indicating the presence of some indium in 

this region.  The largest peak centered at 780 ppm in both spectra, corresponds 

closely to the chemical shift for bulk InP (δ = 787 ppm; Figure 6.4) allowing for 

the assignment of this peak as indium tetrahedrally coordinated to phosphorus as 

determined from the crystal structure of InP and InGaP.  There is a shoulder peak  
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Figure 6.3. 115In spin-echo MAS NMR spectra of
InGaP nanocrystals indicating more order in the
In sites after HF etching.(A) Unetched (128,000 
scans; 75 mg) (B) HF etched (96,640 scans; 64 mg) 
(Spinning speed, 14 kHz)
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Figure 6.4. 115In spin-echo MAS NMR spectra of 
bulk InP.  (Spinning speed, 14 kHz)
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downfield of this appearing at ~890 ppm in both spectra, which is difficult to 

characterize but could possibly be a reconstructed indium site near the oxidation/core 

interface still tetrahedrally coordinated to phosphorus from the chemical shift.   The 

upfield components of both spectra appear as shoulder peaks at approximately 610, 

500, and 420 ppm, with a very broad component at ~250 ppm; with the 115In NMR 

chemical shift for indium containing beta zeolites (SiO2/In2O3) reported at 236 ppm22 

and the upfield portion in the 71Ga spin-echo NMR spectra (Figure 6.1) corresponding 

to surface sites, it is likely that the upfield components of the 115In spectra (Figure 

6.3) correspond to surface or near surface indium. Wilmsen et al. indicates the 

thermal oxidation species of bulk InP as predominately InPOx (likely a phosphate) 

and In2O3
19 suggesting that both species are possible in our system.  Accurate spin 

counting and REDOR NMR experiments are underway at higher fields to fully 

explore these possibilities.    

 

6.4.  Conclusions. 

The results of 71Ga spin-echo NMR experiments suggest that gallium 

atoms reside on the surface and near surface of colloidally-prepared HDA 

passivated InGaP nanocrystals.  Characterization of the gallium sites include 

gallium tetrahedrally coordinated to phosphorus atoms, gallium bound to the 

oxidized phosphorus species present (PO4 and PO3) and gallium likely in the form 

of Ga2O3; an additional minor site with a small population of gallium is also 

present which is most likely a reconstructed edge or vertex gallium.  71Ga spin-
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echo NMR comparison of unetched and HF etched particles reveal more order in 

the gallium sites after etching as detected from a decrease in quadrupole 

interactions, suggesting HF treatment drives an ordered reconstruction of the 

surface.  Intriguingly, HF has been found to promote crystallization of organic 

amine templated indium phosphate phases.23 Analysis of 115In NMR also suggests 

more order in indium surface sites post etching as well, although the results are 

not as pronounce as the 71Ga results.  A large chemical shift distribution and a 

decreased sensitivity of chemical shift to electronic environment are present for 

the 115In NMR data.  Approximately 6 indium sites can be detected with the most 

upfield region likely representing indium bound to the oxidized phosphorus 

species and in the form of In2O3 at the surface or near surface.  Investigation of 

the indium, gallium, and phosphorus14 sites in HDA passivated InGaP 

nanocrystals reveal the largest structural difference observed by solid-state NMR 

of HF etched and unetched particles is the increased order in the surface sites post 

etching which is likely a significant factor in the increase in quantum yield with 

HF etching. 
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