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The control and understanding of the chemical and physical properties

of quantum dots (QDs) demands detailed surface characterization.

However, probing the immediate interface between the inorganic core

and the ligands is still a major challenge. Here we show that using

cross-polarization magic angle spinning (MAS) NMR, unprecedented

information can be obtained on the surface ligands of Cd3P2 and InP

QDs. The resonances of fragments which are usually challenging to

detect likemethylene ormethyl near the surface, can be observed with

our approach. Moreover, ligands such as hydroxyl and ethoxide which

have so far never been detected at the surface can be unambiguously

identified. This NMR approach is versatile, applicable to any phosphides

and highly sensitive since it remains effective for identifying quantities

as low as a few percent of surface atoms.

Over the last decade, quantum dots –QDs– have emerged as an

important class of materials for applications ranging from elec-

tronics to biomedicine.1 These significant achievements have been

made possible thanks to the development of procedures leading

to nano-objects of controlled-shape, -structure, -composition and

surface chemistry. This latter feature is obviously of key importance

for the synthesis but it is also central for the chemical and physical

properties of individual QDs as well as their ordered-assemblies.

As an important example, the switching from insulating organic

ligands to inorganic ones allows the establishment of conductive

bridges between QDs. This has paved the way for applications

such as LEDs, solar cells, electronic circuits, and photodetectors.2

While the concepts and the principles that have been established

during these works could in principle be applied to a wide variety

of materials, the vast majority of advances have been achieved for

II–VI and IV–VI semiconductors. In contrast to the success story

of these chalcogenides QDs, the chemistry of phosphides QDs

has achieved only limited success to date.2,3 For example, InP

QDs whose chemistry is the most developed, still suffer from

comparably large size distributions (415%) and broad emission

line widths (40–60 nm at FWHM), limited range of diameters and

hence emission wavelengths (mainly 500–600 nm) and lower

fluorescence quantum yields (generally o60%).3

Aiming at overcoming these limitations, significant efforts

have been invested over the last decade into the clarifications of

the mechanisms involved in the synthesis and the stabilization of

the phosphide QDs.3–6 The point of convergence of these works is

the surface of the QDs. In contrast to the now well-known surface

chemistry of the lead and cadmium chalcogenides nanocrystals

(NCs),7 that of phosphide QDs is much less understood and

displays a diversity that does not seem to exist for selenides or

sulfides. For instance, we have previously shown for InP QDs that

POx (with x = 3 and predominantly 4), In2O3, and InOy(OH)3�2y
(y = 0, 1) species exist at the surface.8 The formation of these species

is the direct consequence of the high oxophilicity of these QDs

which react with water existing as a residual impurity in reactants

or solvents or coming from side-reactions of ligands at high

temperature. Given the extraordinary complexity of these phos-

phide QDs surface, the full characterization of the surface ligand

is not an easy task. Among the various spectroscopic tools probing

QDs surface at the molecular scale (as for instance, infrared, and

X-ray photoelectron spectroscopies), nuclear magnetic resonance

(NMR) stands out.7c,9,10 This commonly available technique is

probably the most effective because (i) many ligands display

characteristic spectral features that allow their identification, (ii) it

is nondestructive, easy to set up and it allows an analysis directly

in the native environment, (iii) the free and bound species can be

distinguished, and (iv) the ligand dynamics can be monitored.9,10

Nevertheless, an important and still open challenge for the

characterization of NC/ligand systems, is to obtain a detailed

picture of the QD surface for short ligands11 as could be the case

of hydroxyl8b,12 or alkoxide.10c,11b,13 The observation of moieties

close to the surface of QDs is extremely difficult for two main

reasons: first, the NMR resonances are broadened due to dipolar
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couplings, chemical shift anisotropies, structural disorder and

potential electronic effects of the nanoparticles –NPs– (including

the Knight shift).7c,10,14 Second, the interface represents only a

small proportion of the sample. In this communication, we

describe our solution to this blocking point by using conventional

solid state NMR. Using Cd3P2 and InP QDs as model systems, we

show far-reaching capability for identifying surface fragments or

ligands and in particular, the so far unobserved P–OH fragment.

Moreover, we demonstrate that concentrations as low as a few

percent of surface atoms can be identified using this straight-

forward and easy to set-upmethod. The generality of this approach

to other phosphide QDs is also provided and allow demonstrating

the presence of hydroxyl and ethoxide at the surface of InP QDs.

It has been shown,8,15 that the analysis of surface QDs using

the basic cross-polarization (CP) sequence MAS NMR is of high

interest because it brings complementary information to those

given by solution NMR: the low motion of the surface ligand can

be advantageously used through the CP experiment to enhance

the signals which are typically too broad and too weak to be not

observable in solution. The CP experiment where magnetization

is transferred from a proton nucleus to a spin nucleus of lower

sensitivity (e.g. 13C, 29Si, 31P) relies on heteronuclear dipolar

couplings. This effect is favored by the low motion and, it

decreases fast with distance (inversely proportional to the

cube of the distance). Thus, it can be used as a filter to probe

neighboring fragments. On this basis, we have chosen to imple-

ment a double CP16 also named Forth and Back CP (FBCP)17which

has been recently used for nanoscale silica-based system involving
1H and 29Si nuclei.18 In our case, we utilize two consecutive CP

transfers from the 1H of the ligands to 31P located at the surface of

QDs, followed by CP from 31P to 1H close to the surface, allowing to

probe distance less than 0.5 nm. In addition, we have adapted the

sequence for the general and challenging case of the NPs bearing

mobile alkyl chain ligands, where the end groups of the ligands

display sharp and intense NMR signal. It often prevents the

detection of the broad and weak resonances of groups close to

their surface. The case of phosphide QDs is well-suited for using

the FBCP sequence for the three following reasons: (i) the NMR

active 31P nucleus is a 100% naturally abundant and a sensitive

probe that can be used as a relay for the polarization transfer,

(ii) the 31P nucleus in phosphide QDs possesses long T1 relaxa-

tion time (usually T1(
31P) is between 20 and 200 s)19 that is an

important property for a good elimination of the residual 1H

magnetization, (iii) 31P NMR is very sensitive to its chemical

environment and it allows in this work to cross-check the

validity of the observations made with the FBCP sequence.

In a first step, the potentialities of the FBCP sequence were

tested using Cd3P2QDs as a reference because they have important

advantages as a model system. These QDs can be synthesized at

RT and thus, side-reactions which are known to occur at high

(300 1C) or moderately high (150 1C) temperature are avoided.8,20

In addition, the surface chemistry of these QDs is versatile and can

be modified in order to introduce various ligands and to test the

limits of this method.

First, we studied Cd3P2 QDs stabilized by a mixture of classical

amine and carboxylate ligands namely hexadecylamine (HDA)

and acetate (OAc). The QDs were prepared following a procedure

previously described with octylamine instead of HDA that is

the addition at room temperature of the phosphorus source

P(SiMe3)3 into a solution containing 3 equiv. of Cd(OAc)2 and

7 equiv. of HDA.20 After 2 h and the subsequent work-up,

spheroidal Cd3P2 QDs of 2.4(0.3) nm are obtained. The UV-Vis,

PL spectra, XRD data and TEM picture are provided in Fig. S1

(ESI†). Using the established NMR spectroscopy techniques available

for the QDs analysis (solution and solid-state NMR studies), a first

insight into both the inorganic and organic components can be

gained.8,20 The 31P CP-MAS showed only one sharp signal around

�250 ppm corresponding to 31P in the immediate proximity of the

Cd3P2 NC surface (Fig. S2, ESI†). In the 31P Hahn-echo MAS NMR

spectrum, a broad resonance was observed and shifted at low

frequency (around �270 ppm) because of the presence of a

second component at �286 ppm as shown by the deconvolution

in the Fig. 1a. This latter signal can be assigned to the inner 31P

atoms of the core of Cd3P2 QDs. Both 31P resonances lie in the

high-field range typically found for NPs of metal phosphides8,20

and are consistent with the formation of Cd3P2 as the only

phosphorus-based material. Concerning the composition of the

coordination sphere, 13C CP MAS NMR experiments (Fig. 1b and

Fig. S3, ESI†) show signals corresponding to carbon containing

moieties that are in restricted motions as the ligand on NPs.

The presence of HDA and OAc at the surface is attested by the

resonances of the methylene group located a to the amine func-

tional group (d = 42.3 ppm) and of the acyl (d = 178.6 ppm) together

with its methyl moiety (d = 23.3 ppm). While being much more

sensitive than the NMR of all other nuclei, the up-to-date 1H NMR

methods remain not well-suited for the identification of the

ligands. In the 1H MAS NMR spectrum of the Cd3P2 QDs (bottom

spectrum of Fig. 2), the only resonances clearly visible are located

at d 1.28 and 0.89 ppm and can be assigned respectively to those of

the 14methylenes (i.e. all the CH2 except the closest to the nitrogen

atom) and the methyl moieties of the alkyl chain of HDA.

These resonances are sharp because the high mobility of the

HDA alkyl chain at the methyl terminus strongly reduces the
1H–1H dipolar coupling that usually broaden the 1H NMR signal.

In contrast, the resonances which allow the identification of specific

groups near the surface (methylene a to the amine functional group

and the methyl group of acetate) are too weak to be observable.

Similarly, in solution the 1HNMR spectrum in CDCl3 (Fig. S4, ESI†)

Fig. 1 31P Hahn-echo MAS (blue) NMR spectrum (spinning speed 20 kHz)
compared to simulated spectrum (red) (a) and 13C CP MAS NMR spectrum
(spinning speed 16 kHz) of Cd3P2 QDs stabilized by a mixture of HDA and
OAc (b).
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shows mostly sharp signals for the mobile groups of HDA (central

methylenes at 1.28 ppm andmethyl groups at 0.90 ppm). However

for these small NPs (2.4(0.3) nm), very broad and weak resonances

can be observed for the methylene a to NH2 (2.71 ppm) and the

OAc methyl group (2.01 ppm). Additional information can be

gained with NOESY and DOSY experiments that evidenced

strongly surface-bound OAc species and a mixture of strongly

and weakly-boundHDA species (Fig. S5 and S6, ESI† respectively).

Applying the upgraded FBCP sequence (see ESI†) allows the

enhancement of the protons close to the surface at the expense

of the intensity of the peaks belonging to mobile fragments

(Fig. 2). A new broad signal due to a resonance distribution

centered around 2.1 ppm can indeed be observed and assigned to

the acetate and the methylene a to the amine functional group.

This method, thus, addresses the current failure existing for 1H

MAS NMR, concerning the characterization of restricted motion

fragments in the presence of mobile ones which is the most

frequent situation in ligand-capped metal NC systems.

More interestingly, this method can be used to identify ligands

that have been so far invisible. For this purpose, we have prepared

Cd3P2 QDs displaying few hydroxyl ligands by adding small

amounts of water (see Experimental part). For sake of clarity, these

QDs will be noted Cd3P2–OHQDs. The UV-Vis, PL spectra, XRD data

and TEM picture of Cd3P2–OH NCs are provided in Fig. S7 (ESI†).

Besides the resonances of the phosphides, the 31P Hahn-echo MAS

NMR spectrum displays a small peak which is barely visible at

ca. 3 ppm (Fig. 3). The existence of this peak was confirmed using

the 31P CP MAS NMR experiment (Fig. 3). This resonance is

assigned to oxidized phosphorus.8

The 1H MAS NMR spectrum performed at 20 kHz of the

Cd3P2–OH QDs shows no clear difference with that of Cd3P2 QDs

(Fig. S8, ESI†). However, when applying the FBCP sequence, the

resulting 1H NMR spectrum displays on one hand a broad

resonance around d 2.1 ppm similar to the one observed for the

previous Cd3P2 QDs (methyl of acetate and methylenes located

a and b to the amine functional group). On the other hand, an

additional broad resonance at higher frequencies and in particular,

around 8 ppm is clearly evidenced (Fig. 4). This latter signal is

consistent with the oxidized phosphorus species identified in the
31P CP MAS NMR spectra of Cd3P2–OH QDs. It can be assigned to

the acidic phosphate protons P–O–H of HPO4
2� (or H2PO4

�) moiety

as previously observed with calcium phosphates.21 The broadness

of this resonance can be interpreted as the consequence of different

hydrogen bonded environments and water content. The chemical

shift of hydroxyl is dependent on hydrogen bonding (the stronger

the hydrogen-bond, the higher the chemical shift) and chemical

exchange with surface-adsorbed water.21Moreover, an evaluation of

the amount of OH which is detected can be undertaken: the size of

the QDs (2.3(0.3) nm) implies that around 30% of the P atoms are

located at the surface, this value being also supported by the 31P

Hahn-echo MAS NMR spectrum shown in Fig. 3. Given the

percentage of P–O–H (2% of the total P atoms) which is deter-

mined by integrating the surface of the P–O–H resonance in the
31P Hahn-echo MAS NMR spectrum, we can estimate that 2/30

i.e. ca. only 7% of the P surface atoms are P–O–H. Thus, this

shows that besides being effective for identifying moieties close

to the surface, this method is also highly sensitive. The implica-

tions of the presence of hydroxyl ligand at the surface go beyond

the mere issue of the identification of new ligands: hydroxyl has

been recently shown to play a key role in stabilizing the (111)

facets of PbS NCs. Moreover, it is suspected to be at the origin of

(i) the deterioration of the optical and electrical properties of

PbSe22 and PbS12b QDs-based films and (ii) the InP QDs growth

inhibition.8,5e,6b Last, as small-sized anionic ligand, it plays a

central role to establish charge neutrality that could not be

achieved by sterically hindering fatty carboxylate.12a Thus, this

Fig. 2 Comparison of the 1H MAS NMR and FBCP 1H MAS NMR spectra
(spinning speed 20 kHz) of Cd3P2 QDs stabilized by a mixture of HDA and
OAc, (*: residual toluene, &: grease).

Fig. 3 31P Hahn-echo MAS NMR and 31P CPMAS NMR spectra of Cd3P2–OH
QDs (spinning speed 20 kHz).

Fig. 4 Comparison of the 1H MAS NMR and FBCP 1H MAS NMR spectra
(spinning speed 20 kHz) of Cd3P2–OH QDs (&: grease).
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tool is highly relevant in view of controlling the cation/anion

stoichiometry in QDs as a tool to further manipulate QD

material properties.23

The FBCP sequence used here can be directly applied to other

phosphides QDs like the highly valuable InP QDs.3 In this case, it

allows unraveling so far unknown ligand at the surface of QDs.

These QDs were prepared at 230 1C by adding P(SiMe3)3 into a

solution containing indium(III) tris(amidinate) as indium precursor,

and amixture of HDA and palmitic acid in a 1 : 3 ratio. Similarly to

the previous reports on the synthesis of InP QDs,8,17a the 31P MAS

NMR spectra display several environments for the phosphorus

atoms as evidenced by the resonances at d 28, 2 and �185 ppm

in a 8 : 7 : 85 ratio (Fig. S9a, ESI†). The major one is broad and

intense and lies in the high-field range typically found for

nanoparticulate metal phosphides. The two other resonances

arise from surface oxidation, as evidenced by the significant

increase in intensity in the 31P CP MAS NMR spectrum (Fig. S9b,

ESI†). This phenomenon results from the reaction between the

acid and the amine that yields to the amide formation and the

concomitant in situ water formation.24 This side-reaction is

clearly supported by the 13C CP MAS NMR spectrum (Fig. 5)

which indicates the presence of amide. More importantly, this

spectrum provides the first direct observation of the ethyl moiety

of an ethoxide fragment (d 60.0, 19.1 ppm for the methylene and

the methyl groups respectively) at the QDs’ surface.10c,11b,13

It is important to stress that this so far unidentified ligand is

suspected to play a key role for the isolation and purification

processes of QDs.10c,11b,13 The high intensity in this CP MAS NMR

spectrum clearly shows that this fragment is in restricted motion,

presumably interacting through van der Waals interaction with

others surface ligands. Given the absence of peaks in the OH

region of the IR spectrum (Fig. S10, ESI†), it is probable that the

ethoxide moiety belongs to ethoxide ligand rather than hydrogen-

bonded or trapped ethyl alcohol.10c This ethoxyde ligand probably

forms from the ligand exchange reaction with carboxylate as

previously proposed by Hens et al.11b Last, palmitate completes

the picture of the carbon-containing ligands shell as evidenced by

its distinctive signal at d 180.5 corresponding to the carboxylate

resonance (Fig. 5). The direct 13C MAS NMR is well-suited for

identifying mobile species and the corresponding spectrum shows

residual mesitylene solvent molecules which remain in the sample

(d 136.2 and 126.1 ppm) (Fig. S11, ESI†). This is also evident from

the 1H MAS NMR spectrum (d 6.6 and 2.1 ppm) which displays

in addition to the characteristic resonances of the long chain

palmitate ligands clearly visible at d 1.21 and 0.83 ppm (Fig. 6).

However, when applying the FBCP sequence, the resulting 1HNMR

spectrum shows the resonances of the fragments that are located

close to the surface. Beyond the resonances of the methylenes and

the methyl of palmitate, one can observe new broad peaks at 4.8

and 7.0 ppm (Fig. 6). The first one is consistent with the CH2 of

ethoxide identified using 13C CP MAS NMR. The latter resonance

belongs to more acidic protons and can be assigned, as for Cd3P2
QDs, to the hydroxyl fragments involved in different hydrogen-

bonded environments with water molecules.21

In conclusion, we have described the potentialities of the

conventional solid-state MAS NMR for providing a comprehensive

overview of phosphides QDs. Remarkably, this allows the identifi-

cation of new species that were so far invisible using IR and NMR

spectroscopies because of the broadening of the surface resonances

and of the strong signal of fragments located further from the

surface. Moreover, the upgraded NMR-based approach called 1H

Forth and Back Cross Polarization (FBCP) MAS enables the unpre-

cedented visualization of 1H signals of rigid fragments or ligands at

the surface of phosphides NCs. This is achieved thanks to selective

enhancement of 1Hnuclei at the inorganic surface. This experiment

has been shown to be highly sensitive since very minor species can

be identified (as low as a few percent) and thus, paves the way for

re-examining in detail the surface of NPs and identifying the actual

surface state. We have demonstrated the applicability of this

approach to phosphide NCs and we believe that this approach

can be extended to other NPs incorporating NMR active nuclei

such as metals, metal chalcogenides, pnictogenides or halides.
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