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We investigated the “interdigitated double layer” strategy, with the objective to transfer to water 

hydrophobic photoluminescent ZnO nanocrystals (Ncs) stabilized by a hydrophobic ligand (octylamine). 

This strategy relies on the formation of a double layer around the Ncs by interdigitation of an added 10 

surfactant within the alkyl chains of the pristine ligand. Various surfactants were evaluated and 

surprisingly, transfer could only be achieved with a limited choice of molecular structures. Among them, 

the family of glycolic acid ethoxylate ethers surfactant yielded transfers up to 60%. The molecular 

organization of the organic coating in water was characterized using dynamic light scattering, 

photoluminescence and NMR (including DOSY and NOESY). Our results suggest that the success of this 15 

transfer strategy depends on a subtle interplay of interactions between the added surfactant, the ligand and 

the surface of the Nc. The ZnO Ncs exhibit a strong luminescence in water.  

Introduction 

 The recent development of nanoparticles (Nps) with 

photoluminescent properties has opened new perspectives in the 20 

field of sensing and imaging technologies. Intense research 

activity is devoted to the elaboration of new luminescent semi-

conducting nanocrystals (quantum dots, QD). Various physical 

and chemical procedures were proposed, enabling access to a 

large variety of materials. The chemical methods appear to be of 25 

particular interest since they offer the potential of facile scale-up 

and occur at lower temperatures than physical methods. Some 

materials may be synthesized either in water or in organic solvent 

but so far, better shape control and higher crystallinity are 

obtained in organic solvents.1 30 

 The most studied luminescent nanomaterials are QD such as 

CdSe, CdTe, InP or InAs. Indeed, they combine the advantages of 

high quantum yields (QY) and narrow emission band.1,2 

However, the release of severely toxic ions from these materials 

is a serious disadvantage for their use for in vivo imaging. 35 

Particularly, cadmium is one of the most toxic metals known to 

man with major health consequences.3 Therefore, there is a need 

to develop luminescent nanocrystals (Ncs) with improved 

compatibility with living systems. In this context, attention is 

paid to ZnO semiconducting Ncs as an alternative material 40 

compatible with living organisms, even though they still offer 

relatively poor QY and a lack of control of their optical 

properties.4-6  

 We have previously evidenced the interest of organometallic 

complexes for the preparation of metal oxide Nps of controlled 45 

size and shape.7-9 Particularly, luminescent ZnO Ncs were 

synthesized by a very simple organometallic procedure operated 

at room temperature.10,11 In this procedure, the very exothermic 

reaction of an organometallic precursor with water produces 

crystalline zinc oxide. Crystal growth is controlled by ligands, 50 

typically an alkyl amine or a mixture of alkyl amine and fatty 

acids. This synthesis yields well-crystallized Nps whose size 

(typically 2-4 nm) can be varied by tuning the reaction 

conditions. Nanorods can also be obtained.12 These luminescent 

Ncs appear to be good candidates for applications such as 55 

imaging due to their thermodynamic and air stabilities. However, 

the general drawback of the organometallic procedures is that 

they yield hydrophobic Ncs coated with a layer of alkyl ligands. 

Thus, a prerequisite for biomedical or other water-based 

applications is to modify the original hydrophobic layer for a 60 

hydrophilic one. 

The most common strategy to convert hydrophobic Nps to 

hydrophilic ones consists in the displacement of the original 

ligand by hydrophilic compounds. Best results are obtained using 

hydrophilic ligands with multiple and strong binding, such as 65 

polyelectrolytes (or oligomers).13-17 Encapsulation of the 

hydrophobic Nps within a polymer or silica shell is also an 

attractive method, which may provide protection against chemical 

degradation.18, 19 However, these methods involve a strong 

alteration of the Np surface which often results in the alteration of 70 

their optical properties.20-23 An alternative strategy was proposed, 

based on the encapsulation of the NPs within surfactant 

aggregates.24-31 This strategy was successfully applied to QD 
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without changing their optical properties.26, 27 It is generally 

accepted that the added surfactant interacts with the pristine 

ligands via non specific Van der Waals interactions, suggesting 

that this strategy could universally apply to all types of 

hydrophobic Nps and surfactants. For example, Yang and 5 

coworkers demonstrated that CdTe Ncs coated with the double 

chain DODAB (dimethyldioctadecylammonium bromide) were 

efficiently transferred into water, using surfactants with various 

lengths and head groups.32 Some authors stated that the 

hydrophobic Nps are merely embedded within micelles of the 10 

added surfactant without perturbing the micellar structure,27 while 

others evoked the formation of an interdigitated double layer 

between the alkyl chain of the surfactant and the alkyl ligands.24, 

31 However, to date, there has been no investigation of the 

molecular organization of the hydrophilic coating. 15 

In an effort to produce functional Nps both water-soluble and of 

high quality, we have recently proposed the use of polyethylene 

glycol (PEG) based ligands directly in the organometallic 

synthesis. Indeed, PEG is soluble in all types of polar solvent, 

including THF, dichloromethane and water yielding multi-soluble 20 

metal and metal oxide Nps in a one step procedure.33, 34 Here, we 

report an alternative strategy, based on the addition of a new 

surfactant to ZnO Ncs pre-formed in the presence of octylamine. 

Single chain surfactants with various non-ionic, anionic or 

cationic polar groups were evaluated, and we observed that the 25 

transfer could be obtained only with long chain alkyl ether of 

glycolic acid. An insight of the molecular organization of the 

organic coating was provided using dynamic light scattering, 

photoluminescence and NMR (DOSY, NOESY) measurements. 

The optical properties (absorbance and luminescence) of the Ncs 30 

after transfer to water were compared to the ones of the pristine 

ZnO Ncs in organic solvent. Importantly, the Ncs could be 

transferred to a buffer –an essential step to envisage any 

biological application– and observed using a wide field 

fluorescence microscope. 35 

Results and discussion. 

The hydrophobic ZnO Ncs were synthesized using octylamine 

(OA) as a stabilizing agent, following a well established 

procedure (Figure 1).10 The synthesis is achieved at room 

temperature, taking advantage of the very exothermic reaction of 40 

water with the organometallic zinc precursor, bis-cyclohexyl 

zinc, [Zn(Cy)2]. Briefly, OA was mixed with [Zn(Cy)2] 

(OA/Zn=1), typically in THF, toluene or dichloromethane, under 

an inert atmosphere. Water was then introduced in the vessel, 

either in a controlled way or simply by opening the vessel to the 45 

air. Interestingly, cyclohexyl evaporates easily during the 

synthesis or on solvent removal and no other by-products are 

formed. Therefore, OA is the only organic moiety present in 

solution. Well-crystallized ZnO Nps of about 3-4 nm were 

obtained. Nanorods can also be obtained in pure OA. Typical 50 

TEM pictures of the isotropic Ncs and of nanorods are displayed 

Figure 1. Two main broad emission bands are observed in the 

visible range: one (blue) centered at 440 nm ( 2.82 eV) for an 

excitation ranging from 360 to 420 nm ( 3.45 to 2.95 eV) and the 

second one, (yellow) centered at 580 nm ( 2.14 eV) for an 55 

excitation range of 280 to 360 nm ( 4.43 to 3.45 eV), 

respectively (Figure 1). The emission properties of these 

nanocrystals were previously described in details by Kahn et 

al.35The yellow luminescence of ZnO Ncs is frequently reported 

in the literature and results from oxygen vacancies in the 60 

crystalline structure.36 The presence of a second emission at 

higher energies was also observed, but at various wavelengths 

and its origin is still debated.37-40 We demonstrated that the 

observed blue emission is due to an electronic density increase at 

the surface of the Ncs through the electron pair provided by the 65 

amine ligand.41, 42 It is therefore of paramount importance to keep 

the amine ligands at the NP surface to maintain their attractive 

optical properties. Thus, the so-called “interdigitated double 

layer” strategy was preferred. In most reported procedures, the 

new surfactant is added to an organic solution of the Nps, which 70 

are further precipitated and recovered as a powder. The resulting 

double-layer coated Nps are hydrophilic.26, 27, 43 However, 

precipitated Nps do not always readily redisperse. In order to 

avoid the precipitation step, we decided to transfer the Ncs via the 

emulsion formation approach.32 Typically, a small volume (ca. 75 

1/10) of a concentrated solution of the ZnO Ncs in 

dichloromethane was added to an aqueous solution of the 

surfactant. The mixture was vigorously stirred in order to form an 

emulsion and the flask left uncovered to allow for the evaporation 

of the dichloromethane. After evaporation of the organic solvent, 80 

a small amount of insoluble material adsorbed on the wall of the 

vials was observed. The amount of Ncs solubilized in the aqueous 

phase was evaluated from measurements of the absorbance (see 

supp Info).  

Influence of the molecular structure of the surfactant on the 85 

transfer process. 

Following the "interdigitated double layer” strategy, a series of 

anionic and cationic surfactants, all with an alkyl chain length of 

ca. 12 carbon atoms were evaluated, namely: N-dodecyl 

pyridinium chloride, lauric acid, lauryl sodium sulfate, 90 

polyoxyethylene lauryl ether (C12E4) and Lauryl-5 (Figure 2). 

Only Lauryl-5 led to a transparent water solution after the transfer 

procedure. The absorbance spectra display moreover a clear 

evidence of the presence of ZnO Ncs in the water solution. 

However, the other surfactants yielded more or less turbid 95 

aqueous phases with no significant absorbance related to ZnO 

Ncs. These results clearly demonstrate that not any surfactant 

could efficiently transfer the ZnO/OA Ncs in water, contrasting 

with the proposed mechanism of the "interdigitated double layer” 

method hypothesizing the formation of an interdigitated double 100 

layer via non specific Van der Waals interactions. In addition, the 

presence of micelles in the aqueous solution does not necessarily 

enable the transfer, since the Ncs were not transferred into a 

C12E4 solution at a concentration (3 mmoles.L-1) largely

exceeding the CMC (  0.1 mmoles.L-1). 105 

The molecular structure of the polar part of the surfactant 

obviously played a predominant role, suggesting a specific 

interaction of the surfactant either with OA or with the ZnO Nc 

surface. Importantly, we have previously demonstrated by NMR 

spectroscopy that a large fraction of the capping OA is in fast 110 

exchange between the liquid phase and the Ncs surface while 

another is strongly bonded (at the NMR time scale).44 Similar 

observations were reported by different groups for CdSe QD 

synthesized in the presence of TOP or TOPO ligands.45, 46 

Surfactant adsorption can involve various mechanisms such as 115 

Page 2 of 10

Jo
u

rn
al

 o
f 

M
at

er
ia

ls
 C

h
em

is
tr

y 
A

cc
ep

te
d

 M
an

u
sc

ri
p

t

http://dx.doi.org/10.1039/c2jm32201c


covalent, electrostatic, hydrogen bonding with the surface groups 

or Van der Waals interactions between hydrophobic chains.27, 47 

Entropic effects arising from the desolvation of the surface or of 

the polar group of the surfactant also have to be considered.48 On 

large surfaces (e.g. porous silica) several regime of adsorption 5 

including individual molecules, patches of laterally interacting 

molecules and hemi-micelles and bicontinuous double layer are 

observed, depending on the surfactant and on its concentration.49, 

50 However little is known in the case of adsorption on 

nanoparticles. Metal oxide surfaces are generally charged in 10 

water, the sign and extent of charging being controlled mainly by 

the adsorption of H+ or OH- ions on amphoteric sites. The 

isoelectric point of ZnO in water is reached at ca. pH=9.51 In the 

present case, we observed that neither the anionic (SDS) nor the 

cationic (C12PyCl) surfactants enabled an efficient transfer, 15 

indicating that pure electrostatic interaction is not the main 

driving force. Poly(oxyethylene) groups were reported to link the 

surface of metal oxide via hydrogen bonds.52 However transfer 

with C12E4 was not successful in our case. Interestingly, a 

carboxyl function or oxyethylene groups alone (respectively in 20 

lauric acid and C12E4) did not enable the transfer whereas the 

combination of both did (Lauryl-5). This suggests that the acid 

function lowers the pH value at the Nc surface, displacing the Zn-

OH/Zn-O- surface equilibrium toward the -OH form, thus 

favoring hydrogen bonding with the oxyethylene groups of the 25 

surfactant. The formation of an ion pair between octylamine and 

acidic surfactants has also to be considered, however this should 

lead to a stabilizing effect both for Lauric acid and Lauryl-5. 

 These results led us to examine more surfactants with 

ethoxylated glycolic acid head groups (see Figure 3b for the 30 

molecular structures). After the transfer procedures using 3 mM 

solutions of Lauryl-2, Lauryl-5 and Lauryl-10, all the aqueous 

phases were somewhat turbid and were filtrated. Measurement of 

the absorbance showed that the ZnO Ncs were successfully 

transferred to water (~30%) when Lauryl-2 and Lauryl-5 were 35 

used (Figure 3a). In contrast, almost no transfer occurred when 

using Lauryl-10. This can be attributed to the higher solubility of 

Lauryl-10 in water compared to the ones of Lauryl-2 and Lauryl-

5. This higher solubility necessarily decreases the tendency of

Lauryl-10 to adsorb at the solid/liquid interface. In addition, 40 

ethoxylated surfactants have the tendency to adsorb with the 

ethoxy groups parallel to the surface, so that the maximum 

concentration adsorption decreases linearly with the number of 

ethoxy groups.50 The influence of the solubility of the surfactant 

can also be investigated by comparing surfactants with a similar 45 

polar group but different alkyl chains. In this context, we selected 

an oleyl based surfactant (i.e. Oleyl-10) for comparison with 

Lauryl-10. The oleyl chain was chosen to avoid the low melting 

point temperature of longer chain surfactants (Figure 3). 

Interestingly, the aqueous ZnO solutions obtained using Oleyl-10 50 

were transparent and did not require to be filtrated. In addition, 

more than 60% of the Nps were transferred to water, which 

compares with the best results reported so far.53 Importantly, 

ZnO/OA nanorods synthesized using a slightly modified 

procedure (see experimental section) were also successfully 55 

transfered (supporting info, Figure S2), indicating no significant 

influence of the shape.  

To summarize, the choice of the surfactant structure and 

particularly of its polar part appears of crucial importance. 

Particularly, the combination of both a carboxyl and ethoxyl 60 

groups in the surfactant structure enables an efficient transfer. 

These results suggest that a specific interaction between the 

surfactant head group and the ZnO Ncs surface is involved in the 

building up of the organic corona surrounding the Ncs.  

65 

Characterization of the organic coating by DLS, 
zeta potential measurements, and NMR 
spectroscopy.  

In the following, all transfer experiments were achieved using 

Oleyl-10, which gave the best results in terms of transfer 70 

efficiency. After transfer, the pH value is typically in the range 

6.5-7. No significant change in their absorbance could be 

observed during the first three weeks when the solutions were 

stored at 10 °C in the dark. After this period, the Nps started 

dissolving (ESI, Figure S3). Interestingly, no troubling or 75 

precipitation was observed when NaCl was added up to 

0.2 moles.L-1 which compares to physiological conditions. This 

observation clearly indicated that the Nps were colloidally stable 

in conditions where electrostatic stabilization is shielded (ESI, 

Figure S4).28 This certainly results from the steric stabilization 80 

provided by the ethylene oxide groups in the polar head of Oleyl-

10. TEM observations of the ZnO Ncs before and after transfer

were conducted (Figure 4). In water, the presence of patches of

organic material reduced the contrast, but the morphology of the

ZnO Ncs (diameter 4.5 ±1.5 nm) is not significantly modified. 85 

Dynamic light scattering (DLS), zeta potential measurements, 

and NMR spectroscopy were used to probe the organic coating of 

the Ncs.54 The values of the hydrodynamic diameters and zeta 

potentials were respectively Dh = 10.7 nm and ζ = 12.3 mV for 

ZnO/OA in dichloromethane and Dh = 14.1 nm and ζ = -40.3 mV 90 

for ZnO/OA/Oleyl-10 in water. These results are consistent with 

the building up of a double layer with a strong negative net 

charge. 

 A first set of NMR experiments was performed either on the 

ligand alone (i.e. OA or Oleyl-10 in water) or on mixtures of the 95 

ligands (i.e. both OA and Oleyl-10 in water) in the absence of 

ZnO Ncs. Figure 5 shows the relevant 1H NMR resonances of a) 

a 8 mM OA water solution, b) a 2 mM Oleyl-10 water solution 

and c) a mixture of OA (8 mM) and of Oleyl-10 (2 mM). The full 

spectra are reported in ESI, Figure S6. The signal corresponding 100 

to the protons in the alpha ( -CH2) and beta ( -CH2) positions of 

the amine group were significantly affected by the presence of 

Oleyl-10, shifting from 2.61 ppm to 2.86 ppm and from 1.41 to 

1.57 ppm, respectively. In contrast, no clear change was observed 

for the Oleyl-10 resonances (modification of the resonance values 105 

lower than 5 Hz). The observed shifts in OA resonances may 

have two origins: (i) the formation of an ammonium carboxylate, 

and/or (ii) the insertion of OA molecules within Oleyl-10 

aggregates. Since OA is in excess compared to Oleyl-10 (4 eq.), 

the presence of a single set of resonance signals most probably 110 

correspond to a fast equilibrium (at the NMR time scale) between 

free OA and OA in interaction with Oleyl-10. 

 The diffusion coefficients of OA and Oleyl-10 were measured 

by DOSY (diffusion ordered spectroscopy). When one moiety 

exists under states with different dynamics (e.g. monomeric, 115 
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adsorbed onto particle surface and within micelles) and if the 

equilibrium between some of these states is fast compared to the 

NMR time scale, then the observed diffusion coefficient is an 

averaged value, weighted by the molar fractions of the different 

states.55 For instance, in the case of a micellar solution with a 5 

“rapid” monomer–micelle equilibrium the observed diffusion 

coefficient (D) is equal to D = xmon Dmon+xmicDmic, where x and D 

correspond to the molecular fractions and the diffusion 

coefficients, and the indices “mon” and “mic” refer to the 

monomeric surfactant and the surfactant within micelles, 10 

respectively. If the equilibrium is “slow”, then two different 

diffusion coefficients corresponding to the monomer and micelle 

states are observed. DOSY measurements of aqueous solutions of 

OA (8 mM) or Oleyl-10 (2 mM) yielded only one diffusion 

coefficient for each species, respectively 4.9 ± 0.2 x 10-10 m2/s 15 

and 0.37 ± 0.03 x 10-10 m2/s. The value obtained for Oleyl-10 

clearly indicates that, at this concentration, the solution is mainly 

composed of micelles. The value obtained for OA, is one order of 

magnitude larger, and compares to monomeric species. For 

comparison, the self-diffusion coefficient of monomeric OA is 20 

expected to be ca. 8.9 x 10-10 m2/s in water taking into account the 

self-diffusion coefficient of monomeric OA in toluene (16.6 ± 0.2 

x 10-10 m2/s) and the difference of viscosities between toluene and 

water (0.57 mPa.s and 1 mPa.s, respectively at 22°C). This 

suggests that the majority of OA is under monomeric form, in fast 25 

equilibrium with a limited amount of micelles. For the OA/Oleyl-

10 mixture, the diffusion coefficients of OA and Oleyl-10 are 3.7 

± 0.3 x 10-10 m2/s and 0.39 ± 0.04 x 10-10 m2/s, respectively. The 

diffusion coefficient of Oleyl-10 was almost unmodified whereas 

the diffusion coefficient of OA slightly decreased. This 30 

observation suggested an interaction between OA and the Oleyl-

10 micelles, but could also result from the formation of 

ammonium carboxylate ion pairs in solution between OA and 

Oleyl-10. DOSY experiments were also achieved at pH 12 

(forbidding the formation of an ammonium carboxylate) and 35 

yielded similar diffusion coefficient values (i.e. 3.8 ± 0.3 x 10-10 

m2/s and 0.38 ± 0.04 x 10-10 m2/s for OA and Oleyl-10, 

respectively) confirming that the slowing down of OA diffusion, 

was not related to the formation of an ion pair. When ZnO Ncs 

synthesized in the presence of 8 mM of OA were transferred to 40 

D2O using 2 mM of Oleyl-10, the 1H NMR spectra of this

solution (Figure 5d) evidenced resonance shifts and broadening 

of the -CH2 and -CH2 OA signals (26 Hz and 11 Hz, 

respectively) compared to the ones obtained for the same ligand 

mixture but in the absence of ZnO Ncs (vide intra). On the other 45 

hand, no significant modification of the Oleyl-10 resonances was 

detected in the presence of the ZnO/OA Ncs. When the 

concentration of Oleyl-10 decreased from 2 to 0.5 mM, 

sharpening of the -CH2 and -CH2 OA signals were observed 

but no significant chemical shift were detected (ESI, Figure S7). 50 

Regardless of the sample, the diffusion coefficient of Oleyl-10 

remained constant and equal to the one measured in solutions of 

Oleyl-10 alone (DOleyl-10 = 0.39 ± 0.04 x 10-10 m2/s).56 The

diffusion coefficient of OA, slightly increased when the 

concentrations of Oleyl-10 decreases (DOA = 4.4 ± 0.3 x 10-10, 4.855 

± 0.3 x 10-10 and 5.0 ± 0.3 x 10-10 m2/s for 2, 1 and 0.5 mM Oleyl-

10, respectively). These values were slightly higher than the one 

measured for the same mixture but in the absence of ZnO Ncs 

(DOA = 3.8 ± 0.3 x 10-10 m2/s) but remained smaller than the one

of the OA micellar solution (DOA = 4.9 ± 0.2 x 10-10 m2/s).60 

Altogether, these DOSY experiments indicate that OA is highly 

dynamic and is in fast exchange between a slow motion state (i.e. 

micelles and/or OA on the Np surface) and a monomer state. The 

fraction of OA in the slow state increased with the concentration 

of Oleyl-10, suggesting the formation of mixed aggregates of OA 65 

and Oleyl-10. Conversely, the low diffusion coefficients 

measured for Oleyl-10 show that in all samples only a negligible 

fraction of Oleyl-10 molecules were in the monomeric state.  

 NOESY experiments showed negative NOE for OA and Oleyl-

10 regardless of the sample containing ZnO (Figure 6). In the 70 

case of Oleyl-10, this is not surprising as the diffusion coefficient 

indicated that Oleyl-10 acted as a large molecule. On the other 

hand, OA showed also negative NOEs even though its diffusion 

coefficient was ten times faster than the one of Oleyl-10. Such 

large negative NOEs were measured recently for the pristine ZnO 75 

Ncs in the presence of OA in toluene.44 They were attributed to 

transferred NOEs in conditions of fast exchange between OA 

with slow motion at the surface of the ZnO Ncs and OA 

monomer with fast motions.54 Furthermore, the NOE cross peaks 

of OA have stronger amplitudes than the ones of Oleyl-10 (about 80 

5 times for 2mM Oleyl-10). This observation indicates a 

preferential interaction of OA for the ZnO Nps. Indeed, if OA 

were preferentially interacting with Oleyl-10 aggregates, OA 

should have NOEs with amplitude equal or even weaker than the 

Oleyl-10 ones. This result is confirmed by the absence of 85 

negative NOE for mixtures of OA and Oleyl-10 in D2O 

(observation of zero quantum artifact54) in the absence of ZnO 

Ncs (Figure 6). The NOE cross peak between protons in alpha 

and beta positions of the amine group integrated for 0.04, 0.06 

and 0.36 compare to the diagonal peak of alpha protons set to 1, 90 

with 0.5, 1 and 2 mM Oleyl-10, respectively. The increase of 

negative NOE amplitude with the concentration of Oleyl-10 

shows a stronger interaction of OA with the ZnO Ncs as the 

concentration of Oleyl-10 increases. No clear signature of 

intermolecular NOE between OA and Oleyl-10 could be 95 

observed. However, the strong superposition of the proton signals 

of methylene and methyl from the alkyl chains of OA and of 

Oleyl-10 could make them difficult to observe.  

  DOSY and NOESY experiments performed for the same 

ZnO/OA/Oleyl-10 system at pH 12 exhibited very similar results, 100 

namely : i) a slow diffusion coefficient value for Oleyl-10 (0.37 ± 

0.04 x 10-10 m2/s), ii) a relatively fast diffusion coefficient for 

OA, slightly increasing with decreasing the concentration of 

Oleyl-10 (DOA = 3.3 ± 0.3 x 10-10, 3.5 ± 0.3 x 10-10 and 4.2 ± 0.3

x 10-10 m2/s for 2, 1 and 0.5 mM of Oleyl-10, respectively), iii) 105 

negative NOEs are observed for both OA and Oleyl-10 with a 

stronger amplitude for OA (Transferred NOEs ; ESI, Figure S8). 

 Both the decrease in the diffusion coefficient of OA and the 

increase of negative NOE amplitude with increasing the 

concentration of Oleyl-10 suggest a synergistic effect of OA and 110 

Oleyl-10 promoting the adsorption of OA (and possibly of Oleyl-

10) at the ZnO Ncs surface. It has been reported that surfactant

adsorption can be either enhanced or decreased using mixtures of

oppositely charged surfactants, depending on the surface charge

and on the surfactants propensity to form mixed micelles.57 Since115 

ZnO Ncs and OA are positively charged, and Oleyl-10 negatively
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charged, co-adsorption of Oleyl-10 with OA on the nanocrystal 

surfaces reduces the overall surface charge, thus allowing more 

OA to adsorb. 

 Altogether, DLS, zeta potential and NMR measurements 

strongly suggest that the transfer of the ZnO Ncs occurs via the 5 

formation of an interdigitated double layer. The localization of 

OA and Oleyl-10 within the double layer remains difficult to 

determine. ATR and FT-IR spectra were also recorded but were 

not informative since no significant difference was observed 

between mixtures of OA and Oleyl-10 and the ZnO/OA/Oleyl-10 10 

solution after transfer. However, the negative overall surface 

charge suggests that the outer layer contains predominantly 

Oleyl-10. The presence of transferred NOE for OA demonstrates 

that a fraction of the OA is less mobile than Oleyl-10, which is 

attributed to OA molecules in strong interaction with the Np 15 

surface. Such results are in agreement with the optical properties 

recorded in water (vide intra). Previous study on ZnO NPs 

stabilized only by the amine ligands has shown that the 

transferred NOEs are not due to an exchange involving the 

ligands directly coordinated at the NP surface (first shell) but to 20 

an exchange between a second ligand shell surrounding the NPs 

and the mobile ligands in solution.54 The first ligand shell (i.e. the 

one corresponding to the ligands directly adsorbed on the NPs) is 

not well characterized at this stage. This first shell involved only 

a small amount of molecules (only few percent58) that probably 25 

encounter broadening effects making them difficult to observe or 

to differentiate from the slowly mobile Oleyl-10 molecules 

(signal superposition). The first shell can be composed of 

strongly bonded OA54 but coordination of carboxylate at the ZnO 

Ncs surface was also evidenced previously. 59 Consequently, the 30 

first ligand shell of the ZnO/OA/Oleyl-10 system in water can 

also potentially contain Oleyl-10 molecules grafted on its surface. 

Optical properties of the ZnO Ncs after their transfer to 

water. Figure 7a displays a comparison of the optical properties 35 

(absorbance and emission) before and after transfer. The 

absorbance spectra of the aqueous solution were normalized to 

take into account the loss of Ncs during transfer. The 

normalization factor (x 2.1) was chosen so that the steep increase 

in absorbance between 3.28 eV (378 nm) and 3.54 eV (350 nm) 40 

was the same for the aqueous and the dichloromethane solutions. 

Even though the aqueous samples looked transparent by naked 

eyes (Figure 7b), some scattering was observed in the UV range 

of the spectra. The normalization factor is however little 

influenced by light scattering. Importantly, the overall profiles 45 

and particularly the onset of absorbance of ZnO Ncs (376 nm, 

3.30eV) were not modified by the transfer procedure. At high 

energies however, the discrepancy between both spectra is more 

pronounced, due to an increase of light scattering in the UV 

domain. 50 

The nanocrystals were strongly luminescent in water (Figure 7c-

d). Compared to the pristine Ncs, both the QY and the relative 

intensity of the blue and yellow emissions were modified. The 

spectra recorded for λexc = 360 nm (3.44 eV) are displayed Figure 

7b (for other excitation wavelengths, see ESI Figure S5). In order 55 

to compare the organic and aqueous solution emissions, the 

spectra of the aqueous solutions were multiplied by the same 

factor as for the absorption spectra. The QY of the pristine ZnO 

nanocrystals in dichloromethane was ca. 15% for excitations 

within the range 320-360 nm (3.44-3.87 eV), where only yellow 60 

light is emitted. It appeared that the QY associated to the yellow 

band was enhanced (by a factor up to 1.6) in water regardless the 

excitation wavelength. The behaviour of the blue emission was 

more complex. In the low energy excitation range (420-365 nm, 

2.95-3.4-eV), the QY associated with the blue emission was 65 

slightly inhibited in water. However, whereas the blue emission 

promptly disappeared for excitation energies higher than 3.4 eV 

(365 nm) for the pristine ZnO Ncs in dichloromethane, it was 

present in water up to 3.87 eV (λexc = 320 nm). Based on previous 

experiments showing the role of amine ligands on the blue 70 

emission,60 we propose that this behaviour is related to 

differences in the coordination strength and/or amount of the 

amine bound to the ZnO surface in water and in 

dicholoromethane. The luminescence properties remained stable 

under UV irradiation for several hours. Importantly, the Ncs 75 

could be transferred to a buffer –an essential step to envisage any 

biological application– and observed using a wide field 

fluorescence microscope (Figure 7d). 

Conclusion. 80 

Hydrophobic ZnO Ncs were efficiently transferred to water using 

the “interdigitated double layer” strategy. We demonstrated that 

the practical implementation of this strategy is not as 

straightforward as it is usually pictured and that only a few 

surfactants selected from the family of glycolic acid ether 85 

ethoxylates were indeed efficient. Using a complementary set of 

techniques including DLS and NMR spectroscopy, we 

demonstrated that the stabilization of the ZnO Ncs involves the 

formation of an organic layer comprising the pristine ligand 

(octylamine) and the glycolic acid based surfactants. In addition, 90 

a specific interaction between the surfactant and the nanoparticle 

surface is most likely involved. The water soluble Ncs exhibited 

good colloidal stability and strong photoluminescence, enabling 

prospects for use as cheap and safe photoluminescent labels. 

Further work is underway to extend this strategy to other oxides 95 

stabilized with alkylamine ligands such as magnetic iron oxide 

nanoparticles.  

Experimental section. 

Material. THF was purchased from Aldrich and purified by 

distillation before use as solvent for the synthesis of the ZnO Ncs. 100 

The THF used to solubilise the Ncs after the synthesis was not 

distillated. All surfactants used were purchased from Sigma or 

Aldrich and used without further purification. Commercial names 

of the ethoxylated surfactants are: Brij 30 (Sigma; C12E4), 

glycolic acid lauryl ether (Aldrich; Mn=360; 460 and 690); 105 

glycolic acid ethoxylate oleyl ether (Aldrich; Mn=700).   

Synthetic Procedures. Synthesis of the Zn precursor and of the 

ZnO nanocrystals were performed as described in ref 61. A THF 

solution containing (57.9 mg, 0.25 mmoles) of biscyclohexyl zinc 

and 1eq. of octylamine was first prepared from freshly distilled 110 

THF in a glove box under argon. After extraction from the glove 

box, the solution was exposed to ambient moisture by opening 

the Schlenk tube. A powder is obtained after solvent evaporation, 

which readily dispersed into organic solvents such as 

dichloromethane. 115 
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Transfer toward water.  To the powder sample resulting from 

the synthesis, 10 mL of dicholoromethane was added and the 

sample was stirred to yield a transparent solution. Then, 250µL of 

this solution was added to 2mL of water, forming an emulsion 

that was vigorously stirred. The vial was then open to air under 5 

gentle stir until evaporation of the dichloromethane was 

completed. The aqueous solutions were not filtrated prior to 

optical measurements, unless otherwise stated. It was verified 

using NMR that after evaporation the organic solvent was only 

present as traces (C< 0.2 mM). For determination of the yield of 10 

transfer see ESI. 

TEM and optical characterization. TEM experiments were 

prepared by slow evaporation of droplets of colloidal solution of 

the different samples deposited on carbon supported copper grids. 

The experiments were performed on a JEOL 1011 operating at 15 

100 kV. All optical measurements were achieved using quartz 

cells of optical pathway 1 cm. Emission spectra were recorded 

using a Jobin–Yvon spectrofluorometer. Normalized absorbance 

spectra (fig 5) were obtained by introducing a multiplication 

factor (x2.3 to the data in water) to adjust the absorbance values 20 

at 360 nm. Ncs diluted in Tris buffer were observed through a 

Zeiss Plan Apochromat 63x/1.40 Oil objective on an Zeiss 

Axioplan 2 microscope, using an X CITE 120 light source 

containing a mercury vapor short arc lamp (excitation filter 

365/10, emission filter HQ595lp). Images were collected by a 25 

Cascade II 512 EM-CCD camera (Roper Scientific). 

NMR. For NMR samples the transfer procedure was achieved 

using D2O solutions of surfactants. The pH was not controlled or 

was adjusted to pH~12 by addition of small volumes of a solution 

of NaOH in D2O.  1D and 2D 1H NMR experiments were 30 

recorded on a Bruker Avance 500 spectrometer equipped with a 5 

mm triple resonance inverse Z-gradient probe. All chemical shifts 

are relative to TMS. All diffusion measurements were made using 

the stimulated echo pulse sequence with bipolar gradient pulses. 

The 2D NOESY measurements were done with a mixing time of 35 

100 ms. 
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Figure 1: Summary of the main features of the hydrophobic 
ZnO/OA Ncs used in this study.  Top: Reaction scheme of the 
decomposition of the organometallic precursor. Left: TEM 5 

pictures of the nanocrystals (isotropic Ncs and nanorods). Right:  
Absorbance spectra of isotropic Ncs in dichloromethane and 
pictures of same solutions under UV irradiation at 280 and 
380 nm. 

10 

Name Abbrev. Mn 
(g.mole-1) 

CMCa 
(mmoles.L-1) 

n 

N-dodecylpyridinium chloride 

CH3(CH2)11NC5H5
+, Cl-

C12PyCl 284 8-10 0 

Sodium Lauryl Sulfate  

CH3(CH2)11OSO3
-, Na+ 

SDS 288 8.3 0 

Lauric acic     

CH3(CH2)10COOH 

C12Ac 200 7.1b 0 

Polyoxyethylene lauryl ether 

C12H25(OCH2CH2)4OH 

C12E4 362 0.09-0.1 4 

Glycolic acid ethoxylate oleyl 
ether     

CH3(CH2)5-7C=C(CH2)8 

O(CH2CH2O)nCH2COOH 

Oleyl-10 700 0.028 c 9.3 

 Glycolic acid ethoxylate lauryl 

ether 

 CH3(CH2)11-

13O(CH2CH2O)nCH2COOH 

Lauryl-2 360 >0.1 d 2.3 

Lauryl-5 460 >0.1 d 4.6 

Lauryl-

10 

690 >0.1 d 9.8 

Table 1 : The surfactants investigated in this study. 

 Mn : weight, number average; n : average number  of oxyethylene 

groups. Approximative values from ref, 62 the indicated range correspond 15 

to values obtained by different authors and/or methods. bCMC of Lauric 

acid.63 cFrom ref64. dThe CMC of the glycolic acid ethoxylate lauryl ether 

surfactants were not available from the literature, but are expected to be 

slightly larger than the one of C12E4. 

20 

25 

Figure 2 : Absorbance measurements of the aqueous phases after the 
transfer procedure using C12 surfactants.  (o) C12PyCl; (□) lauric acid; (+) 

C12E4; (♦) SDS; (…)Lauryl-5.  Surfactant concentration: 3mM. 

30 

35 

Figure 3 :  Absorbance of the aqueous phase after transfer using Lauryl 
alkyl ethoxylate surfactants with 2, 5 and 10 oxyethylene groups and 

Oleyl-10. Surfactant concentration: 3mM.  

40 

Figure 4 : TEM micrographs and size histograms of ZnO@OA Ncs (1eq) in 
dichloromethane (left) and after transfer to water (right) using 1mM 

Oleyl-10. Scale bar : 100 nm. The mean diameter is evaluated by fitting 
the histogram with a Gaussian curve. The first value correspond to the 
center of the peak whereas the second one corresponds to twice the 45 

standard deviation of the Gaussian distribution or approximately 0.849 
the width of the peak at half-height. 
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5 

Figure 5 :  
1
H NMR spectra in D2O at 293K of OA at 8 mM (a);

Oleyl-10 at 2 mM (b); a mixture of OA (8mM) and Oleyl-10 
(2mM) (c); and ZnO/OA Nps with 2 mM of Oleyl-10 (d). Only 10 

selected areas are shown for clarity. From left to right, 
resonances of  alkene groups of Oleyl-10, of ethylene oxide 
groups of Oleyl-10, of methylene in alpha position of the amine 

head group of OA ( -CH2; #) and of other methylenes of OA and 

Oleyl-10. #: -CH2 of OA; Full 
1
H spectra are shown in ESI, Figure 15 

S6. 

20 

25 

Figure 6: NOESY spectra (mixing time 100ms) in D2O at 293K of 
ZnO/OA Nps with 2 mM of Oleyl-10 (left) and a mixture of OA 
(8mM) and Oleyl-10 (2mM) (right). Arrows indicate NOE cross 
peaks between the α-CH2 and β-CH2 protons of OA. Boxes 30 

hightlight NOE cross peaks between protons of ethylene oxide 
and methylenes groups of Oleyl-10. 
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Figure 7 : (a) Absorbance and emission spectra of ZnO Ncs in 
dichloromethane and after transfer to water using Oleyl-10, 3 
mM. Red line: Spectra in dichloromethane. Blue line: spectra in 
water after transfer. (b) Photograph of the transparent ZnO Ncs 50 

aqueous solution after transfer. (c) Photograph of the ZnO Ncs 
aqueous solution under irradiation at exc = 360 nm. (d) 
Fluorescence microscopy image of ZnO Ncs in an aqueous buffer 
solution (Tris). 
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Transfer of Hydrophobic ZnO 

Nanocrystals to Water:  an 

Investigation of the Transfer 

Mechanism and Luminescent 

Properties 
5 

An anionic surfactant with an ethylene oxide spacer displays an 

unexpected ability to transfer fluorescent hydrophobic ZnO 

nanocrystals to water. The chemical composition of the organic 

interface and the optical properties of the water soluble 

nanocrystals were characterized. 10 
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