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Herein, we elucidate the key role of amine surfactants in the controlled anisotropic growth of ZnO

nanoparticles that is achieved under mild conditions by organometallic hydrolysis. The structuring

influence of alkyl substituents on the nitrogen atom of amines is jointly analyzed theoretically by DFT

modeling, and experimentally by multinuclear NMR (1H, 13C and 17O) spectroscopy. We demonstrate that

in initial steps leading to the growth of colloidal ZnO particles, the nature of molecular species that are

involved in the solution strongly depends on the structure of the amine surfactant. By using tertiary,

secondary or primary amines, no or weak adducts between the amine and zinc, or stable adducts, or

adduct oligomers were identified, respectively. Afterwards, following the course of the reaction, the

dynamic behavior of the amines on the grown ZnO nanocrystal surfaces is also strongly correlated with

their structure. We identified that in the presence of tertiary, secondary or primary amines, no significant

[Zn/N] adsorption, or surface adsorption with notable surface mobility, or a very strong adsorption is

achieved, respectively. The last case, primary amines, significantly involves the structuring of a hydrogen

bonding network. Therefore, such surface dynamic behavior has a predominant role in driving the

nanocrystal growth, and orienting the ZnO material final morphology. By forming hydrogen bonds at the

nanoparticle surface during the growth process, primary amines specifically lead to the formation of

nanorods. Conversely, isotropic nanoparticles and aggregates are obtained when secondary and tertiary

amines are used, respectively. These findings shed light on the role of weak surface interactions, herein

H-bonding, that rule the growth of nano-objects and are as such crucial to identify, study, and control

for achieving progress in nanoscience.

Introduction

Metal oxides and ZnO in particular are essential materials in

applications with high societal impact such as solar cells,1,2

opto-electronics,3–5 catalysts6,7 for CO2 hydrogenation to MeOH8

or water splitting,9 tumor chemotherapy,10 H2 gas sensing,11

treatment of nuclear waste effluents,12 or improved wear

protection.13 Many research studies are directed towards the

elaboration of such materials in the form of nanoparticles

which can then bring additional properties (i.e. different from

those of the bulk) such as transparency, higher reactivity, and

increased ease of processing.2,6,8,14

In addition to nanometric sizing, controlling the

morphology of nano-objects is essential since their properties

can be drastically affected by their shape, core and surface

structure.15–19 The use of surfactants is common for synthesis

performed in solution.20–24 Even though their role throughout

the synthesis is roughly known, detailed pathways and precise

mechanisms controlling the morphology of nanoparticles are

not always well understood and fully explained.25 This topical

issue thus deserves special attention to improve current

synthetic procedures.

During the synthesis of nano-objects in solution, surfactants

are generally assumed to play different roles, and can primarily

act as a ligand for the molecular species present in solution.26–28

Themetal precursor may thus bemodied aer its introduction

into the reaction media before the nucleation process. The

surfactants are also seen as a blocking agent (or a surface

stabilizing agent) during the nanocrystal (NC) growth

process.29–38 In this latter case, interactions existing between the

surfactant's functional group and the surface of the growing

object are oen invoked to explain the obtained nal size,

shape, and core/surface structure of the NC. Since most
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surfactants can not only act as ligands for molecular species

present in the reaction medium, but can also coordinate to the

surfaces of growing NCs, understanding their role in real

systems becomes complicated. Clearly, for a better control of

nano-object growth and its structure, all the interactions with

the surfactants should be considered throughout the NC

formation process.37 Still, discerning at each stage of the NC

formation process what is important for their morphology and

structure and what is not, remains elusive, especially with

regard to the dynamic aspects.39

In this context, the use of amines with long fatty chains as

surfactants, such as the archetypal oleylamine,40 is very popular

to achieve good control of the morphology of NCs. The high

boiling point of oleylamine, above 360 �C, allowed using it in

thermolytic reduction processes whether in a “heat up”

approach,41–49 or through the so-called “hot-injection”48–51

technique. Hexadecylamine, dodecylamine and octylamine are

also extensively used under milder conditions for the formation

of metallic, II–VI or III–V semiconductor NCs.33,35,52–57 Primary

amines appear to be effective in controlling the morphology of

NCs but the reasons for this remain unclear. Classically, the

inuence of the length of the amine aliphatic chain on the NC

morphology is considered, but the role of the general structure

of the amine and especially the number of substituents around

the nitrogen atom – i.e. primary vs. secondary or tertiary amine –

was not investigated in detail.19 Herein, based on the controlled

synthesis of ZnO NCs, we achieved the rst comparative study

establishing the different roles played by primary, secondary

and tertiary amine surfactants. These amines of identical

aliphatic chain-lengths were mixed with a zinc precursor to get

ZnO NCs of very different morphologies: either 2D dened

nanorods, or isotropic spherical nanoparticles, or aggregates of

ill-dened shape. In the course of nanoparticle formation, we

analyzed the role of the amines at each step of the synthesis

both experimentally by multinuclear NMR (1H, 13C, 17O)58–64 and

theoretically by DFT modeling, including pertinent surface

dynamics. We evidenced the key role of weak interactions as

a lever for the control of the NC nal morphology, while in the

case of ZnO NCs it is the decisive role of the H-bonding network

during the hydrolytic process in the presence of primary amine

surfactants that results in two dimensional-dened nanorod

formation.

Results and discussion

We prepared ZnO NCs following the method reported by our

group.65 Compared to other recently reported synthesis of

anisotropic ZnO nanoparticles,66–72 this synthesis consists of the

controlled hydrolysis of the dicyclohexyl zinc compound,

[ZnCy2], in the presence of surfactants. Classically, the

precursor and the surfactants are mixed in a vial and two

equivalents of water are added in a homemade reactor allowing

water vapor to diffuse into the reaction medium (see the

Experimental section for details). Until now, parameters such as

temperature,73 the mixing time before hydrolysis,74 the aliphatic

chain length, and the nature and concentration of

reagents57,74–78 were identied as parameters allowing the

control of the morphology of the NCs, and especially their

aspect ratio. In all these studies, the nature of the surfactant

remained the same and corresponded to primary amines. The

effect of the amine structure had not yet been studied. Fig. 1

shows the TEM images and the associated 2D size plots65 of the

ZnONCs obtained following this procedure when dodecylamine

(referred to as C12-NH2 hereaer), N-methyldodecylamine

(referred to as C12-NH(CH3) hereaer), or N,N-dimethyldode-

cylamine, (referred to as C12-N(CH3)2 hereaer) is used as the

surfactant. Surprisingly, the morphology specically depends

on the number of substituents on the amine nitrogen.

Nanorods with a diameter of 5.0 � 0.7 nm and a length of 16

� 7 nm are predominantly obtained when a primary amine is

used, while isotropic NCs of 7.3 � 1.1 nm and aggregates are

obtained for secondary and tertiary amines, respectively (see the

ESI for details and Table S1†). The ZnO nanoparticles obtained

following this synthesis approach adopt a hexagonal structure

as evidenced by PXRD (see the ESI for details and Fig. S1†).

To rationalize these results, we analyzed the role of amines at

all stages of NC synthesis. In the following section, the forma-

tion of a 1 : 1 adduct between the zinc precursor and the amine

is rst described. Then, the composition of the reaction

medium as a function of time is determined and the formation

of amido complexes is shown for primary and secondary

amines. Finally, the interaction of the different amines with the

surface of the NCs is systematically reported.

Adduct formation

Regardless of the alkylamine, mixing of the surfactant and the

zinc precursor leads to the formation of a 1 : 1 adduct as evi-

denced notably through the shis of the 1HNMR signals for the

aliphatic chain (Fig. S2–S4† and Table 1). This is supported by

the change in multiplicity of the proton signal corresponding to

the protons at the a-position relative to nitrogen that rises from

coupling of the protons to both the b-methylene group of the

alkyl chain, and eventually to the amino group protons Ham.

The 1H NMR spectra of the free alkylamine show a triplet signal

which changes for a triplet of triplet and a doublet of triplet for

C12-NH2 and C12-NH(CH3), respectively. This coupling is visible

because of the coordination of the surfactant to the zinc atom

that slows down the exchange phenomena of the labile amino

hydrogen. Changes of the self-diffusion coefficients Dmeasured

by PGSE-NMR spectroscopy also conrm the formation of this

adduct (Fig. S5–S7† and Table 1). Under the same experimental

conditions, the self-diffusion coefficients of the surfactant and

the zinc precursor are signicantly higher than those measured

for the mixtures. Such observations indicate a fast exchange (on

the NMR timescale) between free and coordinated amine

molecules and substantiate the reversible coordination of the

amine to the metal center of the zinc complex. The solutions are

therefore composed of the 1 : 1 adduct in rapid equilibrium

with the free surfactants and [ZnCy2] complex. The association

constants (Ka) for the different amines

[ZnCy2] + amine$ [ZnCy2(amine)] Ka (1)

© 2021 The Author(s). Published by the Royal Society of Chemistry Nanoscale Adv., 2021, 3, 6088–6099 | 6089
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were determined from 1H NMR titration data.79 Ka of 140 (�40),

110 (�20), and 20 (�5) M�1 were estimated for the primary,

secondary, and tertiary amines, respectively. These values

indicate a comparable affinity of primary or secondary amines

for the [ZnCy2] complex and a lower affinity of tertiary amines

for the zinc complex. The amount of adduct present in the

reaction medium is therefore comparable when primary and

secondary amines are used, and much lesser for the tertiary

amine.

Note that equivalent values of the self-diffusion coefficients

are measured regardless of the nature of the amine (i.e. 12.0 �

1010 m2 s�1) as well for the self-diffusion coefficients of the

adducts formed with the primary and secondary amines (i.e. 8.0

� 1010 m2 s�1). The self-diffusion coefficient for the tertiary

amine is equivalent to that of the free amine (i.e. 13.0 � 1010 m2

s�1) which is in agreement with the measured association

constant, one order of magnitude lower than for the primary

and secondary amines. The self-diffusion coefficient is dened

as the weighted sum of the contributions of the free amine in

solution and that involved in the adduct; the identical values

measured for the primary and secondary amines conrm that

the reaction medium before hydrolysis is of the same

Fig. 1 TEM images and associated 2D size plots65 of the ZnO NCs obtained when dodecylamine (C12-NH2) (top), N-methyldodecylamine (C12-

NH(CH3)) (middle), or N,N-dimethyldodecylamine, (C12-N(CH3)2) (bottom) is used as a stabilizing agent.

6090 | Nanoscale Adv., 2021, 3, 6088–6099 © 2021 The Author(s). Published by the Royal Society of Chemistry
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composition with species diffusing in a similar manner

regardless of the amine. There is therefore no diffusion effect of

the species at the origin of the observed difference in

morphology.

The experimental results were corroborated by DFT simula-

tions. The structure and stability of the various [ZnCy2(amine)]

complexes were investigated at the DFT level, using a model

hexyl chain instead of the C12 alkyl chain, in order to reduce the

computational cost. Geometries of the corresponding [ZnCy2(-

C6H13NHxMe2�x)] complexes (x ¼ 0–2), calculated at the PBE-

D3/DGDZVP level in vacuum are shown in Fig. 2.

In order to get as close as possible to the experimental

synthesis conditions, calculations have also been made in

a polarizable continuummedium (PCM). The zinc coordination

sphere remains almost unchanged when taking into account an

octylamine solvent (Table S2†). Zn–N and both Zn–C bonds are

lengthened in the [ZnCy2(C6H13NHxMe2�x)] complex compared

to the complex with the hexylamine. The C–Zn–C angle initially

at 180� in [ZnCy2] decreases upon rotation of the cyclohexyl ring

to accommodate the steric hindrance provided by the methyl

substituent(s) of the amine (Fig. 2).

The nature and strengths of the Zn–C and Zn–N bonds can

be described from both QTAIM and ELF topological analyses

(see the detailed description given in the ESI†). Relevant QTAIM

and ELF descriptors are given in Tables S3 and S4,† respectively.

For the three Zn–amine complexes, the QTAIM description of

the Zn–N bonds is in agreement with dative bonding with

a weak covalence degree (V/G z 1, DI z 0.3). The bond

strength, as indicated by the Espinosa's interaction energy

Eint,
80–82 is of the same order of magnitude regardless of the

amine. Eint is equal to 14.7, 13.8, and 12.0 kcal mol�1 for

primary, secondary, and tertiary amines, respectively. Similarly,

the QTAIM description of the Zn–C bond is very close for all

three complexes and corresponds to a polar covalent bond (V/G

close to 2, DI z 0.8). Eint is also comparable for [ZnCy2(C6H13-

NH2)] (42.0 and 41.5 kcal mol�1) and [ZnCy2(C6H13NHMe)] (42.1

and 41.4 kcal mol�1) and decreases very slightly for the tertiary

amine [ZnCy2(C6H13NMe2)] complex (40.9 and 40.8 kcal mol�1)

possibly because of the steric hindrance. The ELF analysis is in

agreement with the above QTAIM description. The ELF

descriptors of Zn–N (respectively Zn–C) bonds are almost the

same regardless of the amine type. The oxidation state of the

zinc atom is +II. The weak atomic contribution of Zn to the V(N)

ELF basin (lower than 3%) and the weak covariance (jcov. (V(N),

C(Zn))j # 0.08) are in favor of a dative Zn–N bond of weak

covalence degree, while the large atomic contribution of Zn to V

(Zn, C) and the large negative covariance (cov. (V(Zn, C), C(Zn))

z�0.36) are in favor of a polar covalent Zn–C bond comparable

to the one of the [ZnCy2] complex (Fig. S8†). The Zn–C bonds of

the [ZnCy2] fragment are only slightly affected by the amine

coordination and may be described by the similar most repre-

sentative mesomeric forms of about equal weight of the [ZnCy2]

complex (Fig. S9†).83

Table 1 Chemical shift, spin–spin coupling constants J (H,H) and multiplicity, and self-diffusion coefficient values after 1 hour of mixing, D1h, of

surfactant alone and of the surfactant-zinc precursor mixtures

Sample a-CH2 chemical shi (ppm) a-CH2 multiplicity, JHH (Hz) Self-diffusion coefficient, D1h, (�1010 m2 s�1)

[ZnCy2] — — 10.7 � 0.4

C12-NH2 2.55 Triplet 12.0 � 0.3
Jab ¼ 6.6

C12-NH(CH3) 2.45 Triplet 13.0 � 0.3

Jab ¼ 7.1
C12-N(CH3)2 2.18 Triplet 13.0 � 0.3

Jab ¼ 7.3

[ZnCy2] in mixtures — — 10.0 � 0.2

C12-NH2 in mixture 2.39 Triplet of triplet 8.0 � 0.2
Jab ¼ 6.6,

Jaam ¼ 6.8

C12-NH(CH3) in mixture 2.35 Doublet of triplet 8.0 � 0.2

Jb ¼ 6.6,
Jaam ¼ 6.8

C12-N(CH3)2 in mixture 2.18 Triplet 13.0 � 0.2

Jab ¼ 7.3

© 2021 The Author(s). Published by the Royal Society of Chemistry Nanoscale Adv., 2021, 3, 6088–6099 | 6091
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The Gibbs energies (DG) of the formation of [ZnCy2(C6H13-

NHxMe2�x)] complexes (x ¼ 0–2) and the corresponding asso-

ciation constants (K) were then calculated at 298 K at the PBE-

D3/DGDZVP level both in vacuum and in octylamine solvent

medium following eqn (2). The results are reported in Table 2.

[ZnCy2] + C6H13NHxMe2�x$ [ZnCy2(C6H13NHxMe2�x)] (2)

DG ¼ G([ZnCy2(C6H13NHxMe2�x)]) � G([ZnCy2]) �

G(C6H13NHxMe2�x)

DG ¼ �RT log K

K ¼ [ZnCy2(C6H13NHxMe2�x)]/([ZnCy2][C6H13NHxMe2�x])

Regardless of the calculation conditions (i.e. in a vacuum or

in octylamine solvent medium), DG (resp. DG*) values are little

negative or positive but close to zero, except for the dime-

thylhexyl amine for which a signicant positive value of ca.

+4 kcal mol�1 is calculated in octylamine solvent. This suggests

that coordination of the tertiary amine to the zinc atom is not

favorable despite a recognized higher Lewis basicity.84 The

strong steric hindrance induced by the two methyl groups thus

disfavors the coordination; the electronic effects are – according

to the ELF and QTAIM topological analyses of the Zn–N bond

described above – identical regardless of the structure of the

amine. Interestingly, the association constants of the primary

and secondary amines to [ZnCy2] are close to each other,

whatever the reaction medium is, while for the tertiary amine,

the association constant is much lower, in agreement with the

experimental results.

These results conrmed our hypothesis that tertiary amines

have low propensity to form adducts, while primary and

secondary amines do not. For these latter amines, we have

shown here, both experimentally and theoretically, that the

association constants were comparable. Therefore, the differ-

ence found in the NC morphology when using primary and

secondary amine surfactants cannot originate from an initial

difference in coordination to zinc. The reactivity of the zinc–

amine complexes was thus investigated from Fukui indices

condensed on QTAIM and ELF basins.85 For all three Zn–amine

complexes and [ZnCy2], the largest fELF
� (resp. fQTAIM

�) values

are only found for Zn–C bonds (resp. C atomic basins) and are

very similar (Tables S5 and S6†). The Zn–C bonds (resp. C atoms

bound to Zn) appear therefore to be the most sensitive to

Fig. 2 Geometries of [ZnCy2] and [ZnCy2(C6H13NHxMe2�x)] complexes (x ¼ 0–2) calculated at the PBE-D3/DGDZVP level.

Table 2 Gibbs energies of Zn complex formation (DG in kcal mol�1)

and association constants (K in M�1) calculated at 298 K, at the PBE-

D3/DGDZVP level *: PCM calculation in octylamine solvent, (3 ¼ 3.1)

[ZnCy2(C6H13NHxMe2�x)] x ¼ 2 x ¼ 1 x ¼ 0

DG �1.36 �0.95 +1.52
DG* +1.58 +1.21 +4.06

K 9.92 4.97 0.08

K* 0.07 0.13 0.001
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electrophilic attack such as the one occurring in acid–base

reactions with water or amine. The largest fELF
+ values are also

found for Zn–C bonds but fQTAIM
+ values suggest that Zn will be

the most sensitive to nucleophilic attack (Tables S5 and S6†), for

example during the coordination of the amine to [ZnCy2].

Before studying the role of the interaction of amines on the

surface of the NCs, another reaction must therefore be

considered, namely the acid–base reaction between the

precursor and the surfactant that will give rise to amido

complexes for primary or secondary amines only (eqn (3), x ¼

0 or 1).

[ZnCy2] + C6H13NH1+xMe1�x/

[ZnCy(C6H13NHxMe1�x)] + CyH (3)

Acid–base reaction

The acid–base reaction was investigated by computational DFT

studies (PBE-D3/DGDZVP level of calculation). Based on the

reaction Gibbs energies calculated at 298 K, this acid–base

reaction is only slightly more favorable for the secondary amine

than for the primary amine (�11.3 versus �9.7 kcal mol�1,

respectively). This suggests that the acid–base reaction is not

expected to play a key role in the change of the NC morphology

between primary and secondary amines. These results are

consistent with the experimental pKa values that are close for

primary and secondary amines (10.62 and 10.64, respectively);

this parameter thus does not appear relevant to explain the

difference in morphology. However, our modeling does not take

into account the possible formation of oligomers through this

acid–base reaction. Indeed, in a previous study, we showed that

for primary amines, this reaction leads to the formation of

mono and bis-amido complexes that oligomerized over time

and are responsible for the formation of processable gels

through entanglement of the oligomers aer several hours.74 In

the context of the present study, this oligomerization could be

prevented by steric hindrance in the case of the secondary

amine. Multinuclear NMR measurements, describe below, were

therefore performed to conrm such hypothesis.

Consistent with the DFT computational approach, the 1H

NMR spectra as well as the D values for C12-N(CH3)2 and [ZnCy2]

alone (13.0 � 0.3 and 10.7 � 0.4, respectively) or in the mixture

(13.0 � 0.3, 10.0 � 0.2, Table 1) evidence that the [ZnCy2]/C12-

N(CH3)2 mixture consists mostly of free surfactants and the

[ZnCy2] complex. The 1H NMR spectrum recorded aer two

weeks shows no change (Fig. S10c†). In contrast, for C12-

NH(CH3), the
1HNMR spectrum of the mixture exhibits features

similar (i.e. broadening of the signals especially for a-CH2 and

NCH3 resonances, an additional peak at 2.9 ppm with a self-

diffusion coefficient D of 5.7 � 0.4 � 10�10 m2 s�1, Fig. S11†)

to the ones observed over time for C12-NH2 (D of 6.6 and 4.3 �

10�10 m2 s�1)86 that are characteristic of mono and bis-amido

molecular complexes (Fig. S10a and b†). Importantly, by inte-

gration of 1H liquid NMR signals, an amount of roughly 10% of

amido species could be estimated. The reaction mixture is thus

primarily composed of the free [ZnCy2] complex and the C12-

NH(CH3) surfactant. The sharp signal at 1.44 ppm corre-

sponding to evolving cyclohexane molecules from cyclohexyl

protonation is observed in agreement with the acid–base reac-

tion taking place between the amine and the zinc precursor.

Note that this peak is much more important in the case of C12-

NH2 than for C12-NH(CH3) (Fig. S10a and b,† respectively) which

substantiates that the acid–base reaction is more effective for

primary amines and suggests that oligomerization occurs only

in this case.

This result was conrmed by a 13C MAS NMR study

evidencing that no formation of Zn amido oligomers occurs

when [ZnCy2] and 2 equiv. C12-NH(CH3) are mixed (Fig. S12–

S14†). Aer 55 h of mixing, the only change observed in the 13C

INEPT experiment is a small increase of the cyclohexane signal

at 26.2 ppm. Aer 8 days, in addition to a notable increase of the

cyclohexane signal, new 13C INEPT signals appear notably in the

57–59 and 38–44 ppm ranges. These signals are characteristic of

the formation of different molecular species made of mono-

meric and dimeric Zn amido complexes. However, no 13C

CPMAS signal is observable stating that such molecular species

remain small and exhibit high mobility, which assert that they

are not oligomers. Aer 28 days, these signals just slightly

increase and only very weak 13C CPMAS signals could be

detected.

Thus, while both primary and secondary amines lead to Zn

amido complexes, a notable difference is observed between

primary and secondary amines: secondary amines are too

hindered and only primary amines form oligomers. However,

our NMR study showed that such oligomerization takes place

on a timescale of several hours74 and on the other hand, the

preparation of ZnO nanorods requires hydrolysis to be con-

ducted for three days to achieve a maximum aspect ratio. In

order to know whether the oligomers observed with the primary

amines are responsible for the formation of the nanorods, it is

therefore important to know which of the two oligomerization

or hydrolysis has the higher rate.

[ZnCy2] hydrolysis vs. the acid–base reaction

Controlled hydrolysis of [ZnCy2] in the presence of C12-NH2 was

performed using 17O-enriched water (40%). Samples were taken

at different times (between 10 minutes and 6.5 hours) and 1H,

DOSY, 13C, and 17O NMR experiments were conducted. First, 1H

spectra evidenced a decrease of the [ZnCy2] resonances until

their complete disappearance aer a reaction time of about 2 h

(Fig. S15†). The [ZnCy2] starting precursor is completely

consumed aer this time. Concomitantly, the 1H resonances of

C12-NH2 changed, particularly the ones of NH and a-CH2

groups, which shows that the C12-NH2 electronic environment

changes over time. Importantly, broad and weak signals were

detected around 3 ppm, which were superimposed on the ones

previously assigned to mono- and dimeric zinc amido

complexes and zinc amido oligomers (Fig. S16†) exhibit diffu-

sion coefficient values between 5.7 and 4.0 � 10�10 m2 s�1

(Fig. S17†), which is consistent with D values measured for

mono- and dimeric zinc amido complexes but denitely not

with oligomeric species74 (1.3 � 10�10 m2 s�1).

© 2021 The Author(s). Published by the Royal Society of Chemistry Nanoscale Adv., 2021, 3, 6088–6099 | 6093
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13C INEPT and CP MAS experiments conrmed the forma-

tion of the Zn–amido complexes only. Until 2 h, characteristic
13C signals of amido a-CH2 and b-CH2 groups are indeed

observed at 48.1 and 37.5 ppm only in INEPT spectra (Fig. S18†)

but not in the CP MAS ones (Fig. S19†). Aer 2 h, these INEPT

signals disappear and no signal associated with oligomers

shows up in the CP experiment. Finally, aer 7 h, both CP and

INEPT 13C MAS spectra show signals typical of C12-NH2 stabi-

lizing ZnO NCs.87

Fig. 3 shows 17ONMR spectra recorded over time. Aer 10min,

weak and broad signals are observed in the 10–40 ppm range.

Their intensity and resolution increase signicantly for 30 min of

hydrolysis time and signals at 14.6 and 30.0 ppm are clearly

observed. These values can tentatively be assigned to hydroxyl

groups and water molecules within zinc molecular complexes as

they denitely do not correspond to ZnO for which classical 17O

signals are observed between�18 and�30 ppm.88 They cannot be

attributed to Zn–O–Cy species as well, since no correlating 1H

resonance can be detected above 3.5 ppm (Fig. S16†).

Aer 1 h, the new broad resonance observed at�7.3 ppm can

be assigned to various small-sized [Znx+yOx(OH)2y] clusters,

nuclei of future ZnO NCs. Even if the molecular structure of

these clusters has not been specically determined in this work

(crystallization of the cluster with such a long alkyl chain length

is very tricky), a structure with a central Zn2(m4-O)2 core encap-

sulated by the parent RZn[N(CH2)11CH3] moieties as the ones

already reported in the literature for more bulky primary amines

can be considered.89,90 The evolution of the 17O signals over time

conrms this hypothesis: aer 2 h, signals at �13.9 and

�21.0 ppm remained the ones observed for ZnO NCs,87 sug-

gesting the formation of small dispersible ZnO NCs at this early

stage of the reaction. The disappearance of these signals at

longer times is due to the formation of large ZnO NCs that no

longer give observable liquid-state NMR signals. The signal

around 0.0 ppm is characteristic of water molecules interacting

with the ZnO NC surface, in fast exchange between the solution

and the surface of ZnO.87

Overall, the detailed multinuclear NMR analysis established

that the hydrolysis reaction takes precedence over any oligo-

merization process that occurs with primary amine surfactants

in the absence of water. These results suggest that the differ-

ence in morphology is not chiey due to signicant differences

at the early stage of the molecular state between primary and

secondary amines. This prompted us to examine, in more

detail, the interaction and surface dynamics of various alkyl

amines on the ZnO NCs.

Amine interaction with ZnO NCs and surface dynamics

The interaction of amines on the surface of ZnO NCs can be

studied by solid state NMR.87,91 In brief, while DP is not selective

and shows all the species on the NC surface regardless of their

dynamics, CP and INEPT sequences evidence selectively rigid

andmobile species, respectively. Fig. 4 shows the comparison of

the 13C CP, DP and INEPT MAS NMR spectra of ZnO NCs

stabilized by either C12-NH2 (ZnO@C12-NH2, Fig. 4 le) or C12-

NH(CH3) (ZnO@C12-NH(CH3), Fig. 4 right). First of all, INEPT

spectra exhibit similar central CH2 signals for both ZnO@C12-

NH(CH3) and ZnO@C12-NH2 stating that the mobile amine

possesses the same conformation regardless of their structure.

Second, ZnO@C12-NH(CH3) exhibits similar 13C spectra

regardless of the polarization mode which suggests that C12-

NH(CH3) possesses the same conformation regardless of its

dynamics. This is in contrast with the ZnO@C12-NH2 spectra

whose CP and INEPT spectra are very different stating that

mobile and rigid C12-NH2 possess different conformations.

Moreover, sharper CP MAS signals are clearly observed for

ZnO@C12-NH(CH3) NCs than for ZnO@C12-NH2. This impor-

tant result points out to an increase in the chain mobility of the

rigid C12-NH(CH3) compared to the rigid C12-NH2 at the ZnO

surface and suggests weaker interactions of the C12-NH(CH3)

with the ZnO surface than the ones of C12-NH2. Importantly,

a CP J-resolved experiment performed on ZnO@C12-NH2 evi-

denced a bent conformation of C12-NH2 at the ZnO surface

induced by hydrogen bonds.91 Such bent conformation is not

observed for C12-NH(CH3) highlighting the absence of hydrogen

bonds in ZnO@C12-NH(CH3).

Finally, a transferred NOE experiment86 was performed on

ZnO NCs in solution with 1 equiv. of C12-NH2 and 10 equiv. of

C12-NH(CH3) (Fig. S20†). Despite the large excess of secondary

amine introduced, the typical primary amine 1H a-CH2 signal at

Fig. 3 17O NMR spectra (298 K, toluene-d8) of [ZnCy2] mixed with 2

eq. of C12-NH2 after different hydrolysis reaction times.

Fig. 4 13C CP, DP and INEPT MAS NMR spectra (295 K) of ZnO

stabilized with 0.2 eq. of C12-NH2 (left), and with 0.2 eq. of C12-

NH(CH3) (right).
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2.54 ppm is strongly broadened and showed an intense trans-

ferred NOE correlation, which evidences that the presence of

a large 10-fold excess of secondary amine compared to the cor-

responding primary amine does not lead to any sensible decrease

of the quantity of primary amine at the ZnO surface. This clearly

conrms the higher affinity of the primary amine for ZnO.

From a geometrical perspective (Scheme 1), multiple H-

bonding interactions reduce the mobility of primary amines

at the surface of the NC. This additional network mainly local-

izes along the lateral faces of the NCs (le),91,92 and is directly

responsible for the 1D anisotropic growth of ZnO NCs.

Conversely, the secondary amine surfactant does not form such

a hydrogen bonding network, or forms to a much limited extent

(right). It consequently remains mobile over the entire surface

of the NCs, and a formal 3D isotropic growth is expected from

such a situation. In the last system, in ZnO aggregates formed in

the presence of tertiary amine C12-N(CH3)2, the amine much

weakly interacts with the surface of NCs, and it does not

participate to segregate the particles or to orientate any partic-

ular growth. Accordingly, no NOE-Tr signal is observed

(Fig. S21†).86 The precursor colloids formed in solution are not

sufficiently stabilized and therefore aggregate.

Experimental
Materials and reagents

All starting compounds in this work were stored in a MBraun

glove box with an argon system. The zinc precursor [Zn(C6H11)2]

(denoted as [ZnCy2]) was purchased from Nanomeps (http://

www.nanomeps.fr). Secondary amine ligands (N-methyl-

dodecylamine, C12-NH(CH3)) and tertiary amine (N,N-dime-

thyldodecylamine, C12-N(CH3)2) were all purchased from Alfa

Aesar. A primary amine ligand (dodecylamine, C12-NH2) was

purchased from Aldrich and stored in a glove box and used

without any further purications. THF was obtained from an

MBraun puricator. The residual water content of the solvent

was systematically measured by Karl Fischer coulometric titra-

tion by using Metrohm equipment. All mixing processes were

performed in a glove box. Hydrolysis steps were performed

outside such a glove box and performed with a standard

vacuum line under an argon atmosphere.

NMR spectroscopy

Liquid state NMR: 1D and 2D 1H NMR experiments were per-

formed on a Bruker Avance 600 NEO spectrometer that was

equipped with a 5 mm triple resonance inverse Z-gradient

probe. Toluene-d8 was used as solvent. All diffusion measure-

ments were conducted by using the stimulated echo pulse

sequence with bipolar gradient pulses. 1D 17O NMR experi-

ments were performed with a recovery delay of 0.2 s. Ka

measurements were performed from 1H NMR titration by

following chemical shi evolution of [ZnCy2] resonances. The

concentration of [ZnCy2] was kept constant in the presence of

increasing amine concentrations (with concentration ratios

from 0 to about 15 equivalents). Kawas extracted from tting the

evolution of chemical shis with eqn (4)

Dd ¼

dDHG

0:5

�

ð½H�0 þ ½G�0 þ 1=KaÞ �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ð½H�0 þ ½G�0 þ 1=KaÞ
2 � 4½H�0½G�0

q

�

½H�0

0

B

B

@

1

C

C

A

(4)

where [H]0 and [G]0 are the total concentrations of the host

([ZnCy2]) and the guest (amine) and dDHG is the chemical shi

difference between the free host and the host–guest complex

(HG).

Solid-state NMR experiments were performed on a Bruker

Avance III HD 400 spectrometer. Samples were packed into

4 mm zirconia rotors inside a glove box. The rotors were spun at

5 kHz at 293 K. 13C MAS with cross-polarization (CP) was per-

formed with a recycle delay of 2 s and a contact time of 2 ms. 13C

MAS with Insensitive Nuclei Enhanced by Polarization Transfer

(INEPT) were performed with a recycle delay of 3 s.
1H and 13C chemical shis are relative to TMS and 17O is

referenced to water.

Transmission electron microscopy

Samples for TEM analysis were prepared by the slow evaporation

of droplets of colloidal solution deposited on carbon-supported

copper grids. The samples were carefully dried overnight under

a pressure of 5 � 10�5 mbar by using a BOC Edward turbo

Scheme 1 Overview of the proposed model for either the anisotropic or isotropic growth of ZnO depending on the structure of the amines

which are localized on the lateral faces of the NCs, namely primary or secondary amine, respectively. H-bonds formed by primary amine reduced

their mobility while secondary amine remains mobile at the surface of the NC.

© 2021 The Author(s). Published by the Royal Society of Chemistry Nanoscale Adv., 2021, 3, 6088–6099 | 6095
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molecular pump. The TEM experiments were performed on

a JEOL JEM1011 electron microscope operating at 100 kV with

a resolution point of 0.45 nm. Image J soware was used

manually or with a macro in order to extract width and length of

nano-objects in various micrographs. The macro is based on the

PSA macro, available at http://www.code.-google.com/p/psa-

macro. Overlapping nanoparticles are automatically rejected for

the statistical analysis. Nanoparticle size-distribution histograms

were generated by using magnied TEM images. For each

sample, the size-distribution of the particles was determined by

measuring a minimum of 200 particles with image J soware. It

was generally analyzed using 2D plots.

Synthesis

Preparation of [ZnCy2]@C12-NH2, [ZnCy2]@2C12-NH(CH3),

and [ZnCy2]@2C12-N(CH3)2, in d8-toluene colloids for liquid

state NMR measurements. In a glove box, by mixing [ZnCy2]

(57.9 mg, 0.25 mmol) and 2 equivalents of C12-NH2 (92.68 mg,

0.5 mmol) in a 4 mL vial, and shaking gently for few minutes,

a transparent liquid was obtained. For the measurement of

liquid state NMR, around 0.2 mL of this transparent liquid and

0.5 mL of d8-toluene were added into a NMR tube.

Colloids of [ZnCy2]/2C12-NH(CH3)([ZnCy2]: 57.9 mg,

0.25 mmol; C12-NH(CH3): 99.69 mg, 0.5 mmol), [ZnCy2]/2C12-

N(CH3)2([ZnCy2]: 57.9 mg, 0.25 mmol; C12-N(CH3)2: 106.7 mg,

0.5 mmol) in d8-toluene were prepared the same as the [ZnCy2]/

C12-NH2 colloid.

Preparation of ZnO@C12-NH(CH3)/air. In a glove box, C12-

NH(CH3) (49.85 mg, 0.25 mmol) was added to [ZnCy2] (57.9 mg,

0.25 mmol) in a 4 mL vial. By slightly shaking the vial for few

minutes,a transparent liquid was obtained. It was then trans-

ferred out of the glove box for hydrolysis in contact with air for 4

days.

Preparation of ZnO@2C12-NH(CH3)/air. The process is the

same as the case of preparation of ZnO/C12-NH(CH3)/air with an

exception of the equivalent of amine (99.69 mg, 0.5 mmol).

Preparation of ZnO@10C12-NH(CH3)/air. The process is the

same as the case of preparation of ZnO/2C12-NH(CH3)/air with

an exception of the equivalent of amine (498.45 mg, 2.5 mmol).

Preparation of ZnO@2C12-N(CH3)2/air. The process is the

same as the case of preparation of ZnO/2C12-N(CH3)2/air with an

exception of the equivalent of amine (106.7 mg, 0.5 mmol).

Preparation of ZnO@10C12-N(CH3)2/air. The process is the

same as the case of preparation of ZnO/2C12-N(CH3)2/air with an

exception of the equivalent of amine (706.15 mg, 2.5 mmol).

Computational details

Geometries were fully optimized at the PBE-D3/DGDZVP level of

calculation using Gaussian09.93 Vibrational analysis was per-

formed at the same level as the geometry optimization. Solvent

effects of octylamine (3 ¼ 3.1)94 were included using the polar-

izable continuum model (PCM) implemented in Gaussian09.

The inuence of the length of the alkyl chain of the model

amine of C12-NH2 was studied. No signicant difference was

found in the results using either hexylamine (H2NC6H13) or

octylamine (H2NC8H17). The former was therefore selected in

order to reduce the computational cost. However, octylamine

was used as the solvent in PCM calculations, as its required

dielectric constant was known.

Electron Localization Function (ELF)95,96 topological analysis

and Quantum Theory of Atoms in Molecules (QTAIM)97,98 anal-

ysis were performed with the TopMod package.99 ELF maps

were plotted using the Molekel program.100 QTAIM analysis was

also performed with the AIMAll soware.101

Conclusions

In a crucial attempt toward progress in the understanding and

control of the construction of functional nano-objects at the

molecular scale, the present work aims at elucidating the

inherent complexity of solution organometallic mild synthesis of

ZnO NCs. We focused on some of the most widely used surfac-

tants for nanoparticle growth, fatty alkylamines. By keeping the

same aliphatic chain length and varying the structure of the

amine (primary, secondary, or tertiary) the complementary NMR

and DFT analyses allowed us to study the interaction of these

surfactants with the metallic precursor of the ZnO NCs along the

synthetic process. Regardless of the amine structure, a 1 : 1

adduct is originally formed. However, while its association

constant is consistent for related primary and secondary amines,

it is one order of magnitude smaller for the corresponding

tertiary amine. The difference between primary and secondary

amine surfactants comes from the propensity of primary amines

to form zinc-amido oligomers, a reaction which is impeded in the

case of secondary amine because of higher steric hindrance.

However, the reaction rate of such oligomerization was

proved to be much slower than the competitive hydrolysis

reaction generating the NCs, and has a negligible inuence over

NC structuring. We thus demonstrated that the difference in

morphology between ZnO NCs observed as a function of the

amine structure arises from a strong difference in their

dynamics at the surface of the growing NCs. Multiple H-

bonding interactions at the ZnO surface for primary amines,

identied by 13C MAS NMR, leads to reduced mobility of these

amines compared to secondary amines, which remainmobile at

the surface of the NCs in all the dimensions of space.

Our approach in the present study could clearly be extended to

a great number of metal and semi-conducting nanoparticles

stabilized in solution by surfactants such as thiols, carboxylic

acids, phosphines, carbenes, etc. This would provide funda-

mental knowledge towards a rationalized vision of the mild and

controlled synthesis of NCs in solution. Most importantly, we

have shown herein that the efficient and very widespread use of

primary amines in the synthesis of nanoparticles via solution

protocols is attributable to weak interaction hydrogen bonds with

strong inuence on the surface of the growing nanoparticle and

nal morphology and the structure of the end hybrid material.
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