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Abstract: Hybrid organic-inorganic nanocomposites have attracted considerable attention
because they have the advantages of both conjugated polymers (CPs) and nanocrystals (NCs).
Recent developments in the interfacial engineering of CP-INC organic—inorganic nanocomposites
enabled the formation of an intimate contact between NCs and CPs, facilitating electronic interactions
between these two constituents. To design CP-NC nanocomposites, several approaches have been
introduced, including ligand refluxing, direct grafting methods, direct growth of NCs in proximity
to CPs, and template-guided strategies. In this review, the general reactions of ligand exchange
processes, purification methods, and characterization techniques have been briefly introduced. This is
followed by a highlight of recent advances in the synthesis of hybrid CP-NC nanocomposites and
newly developed inorganic surface treatments, as well as their applications. An outlook for future
directions in this area is also presented.
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1. Introduction

Hybrid organic-inorganic nanocomposites, composed of semiconductor nanocrystals (NCs)
and conjugated polymers (CPs), have garnered significant attention because they offer promising
opportunities for the development of optoelectronic devices, including light-emitting diodes
(LEDs) [1,2], photovoltaic cells [3], sensors [4-6], and tunable lasers [7-9]. The size-dependent physical
and chemical properties of NCs can be easily tailored by tuning their morphology and composition,
paving the way for a wide range of opto-electronic applications [10,11]. CPs have different advantages,
including low weight, flexibility, solution processability, low cost, and large-area production [12,13].
Moreover, organic-inorganic hybrid nanocomposites possess large interfacial areas, which can be
beneficial to obtain high reactivity in solar cells and electrochemical applications [14,15].

In this context, different types of nanocrystals have been incorporated into the CP matrices.
For example, semiconductor NCs (e.g., CdSe and PbS quantum dots (QDs)) have been
mixed with CPs (e.g., poly(3-hexylthiophene) (P3HT) and poly(2,6-bis(3-n-dodecylthiophen-2-yl)-
alt-N-dodecyldithieno[3,2-b:2’,3’-d]pyrrole) (PDTPBT)) for photovoltaic applications [3,16]. However,
simple physical mixing of NCs and CPs often results in micro-scale phase agglomeration, which fails
to fully exploit the large interfacial areas of NCs/CPs [8,17-22]. Moreover, the insulating aliphatic
organic ligands capped on the NC surface hamper the electronic interactions between NCs and CPs.
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To overcome this problem, several approaches have been introduced for constructing
organic—inorganic nanocomposites, including ligand refluxing, direct grafting methods, in situ
growth of NCs in the presence of CPs, and template growth [23-27]. The direct grafting technique
involves ligand refluxing with bifunctional ligands and chemical coupling with end-functionalized
CPs. Pyridine or short-chain amines are generally used to introduce bifunctional ligands onto NC
surfaces. In the in situ growth method, both nucleation and growth are initiated in the presence of CPs,
yielding hybrid CP-NC nanocomposites. However, the precise control of NCs in the presence of CPs
remains challenging.

Conventional ligand refluxing often results in remnants of fatty aliphatic ligands on the
NC surface, despite repeated purification procedures, detrimentally affecting the opto-electronic
performance [28]. To this end, ligand exchange methods have been introduced involving inorganic
ligands, such as molecular metal chalcogenide complexes, chalcogenide ions, and halide ligands [29].
It is a simple yet effective route to completely remove the original insulating organic ligands and
introduce the desired ligands on the NC surface. Compared with conventional ligand exchange
approaches (e.g., pyridine and short-chain amines), ligand exchange using inorganic ligands effectively
displace both covalently bonded ligands (i.e., X-type) and dative-bonded ligands (i.e., L-type) on the
NC surface [29].

This review seeks to summarize the recent progress in the surface treatment of NCs and
the synthesis of organic-inorganic hybrid nanocomposites. The interfacial engineering of NCs,
including purification, characterization, and development of synthetic techniques, has been presented.
Furthermore, the advances in surface treatment, using inorganic ligands for the design of CP-NC
nanocomposites, have been highlighted.

2. Overview of Ligand Exchange

2.1. Ligand Exchange

Ligand exchange is the process of introducing desired ligands on NCs by displacing originally
bound surfactants, considering the adsorption and desorption kinetics. Hence, the reaction rates are key
factors determining the coverage of ligands. The reactions and rates can be described as follows [30]:

Ligand exchange: M + L — ML

ML)

The rate of adsorption : (d[T)ad = kaq[M][L] 1)

AL s = L, @

where M and L are the binding sites on the NC surfaces and the free ligands, respectively. ML refers to
the NC surface sites that bind the ligands. The terms k,; and kg, refer to the adsorption and desorption

The rate of desorption : (

reaction rate constants, respectively. The average surface ligand coverage (¢) can be therefore expressed
as 0 = [ML]/([M] + [ML]). For a given system, the number of total binding sites ([M] + [ML]) is constant.
Equations (1) and (2) can thus be rewritten in terms of the change in the average surface ligand

dfe].
coverage, —:

Adsorption : (%)ad =k,g(1—6)[L] 3)
Desorption : (%)d“ = —kges[0]. 4)

It should be noted that 6 depends on the concentration of ligands, k4, and k.

The reaction rate constants are governed by the chemical nature of the ligands, such as the steric
effects, mobility, and binding ability of the functional groups. The binding mode plays an especially
significant role in the adsorption—desorption reaction. As illustrated in Figure 1, the binding mode



Appl. Sci. 2018, 8, 1376 30f19

of ligands with NC surfaces can be classified into three types, according to the suggested method
by Green et al.: (1) L-type ligands (2) X-type ligands; and (3) Z-type ligands [31]. L-type ligands are
two-electron donors (neutral Lewis bases) and bind to NCs via dative covalent bonding. X-type ligands
donate one electron to NCs (cationic sites) and form covalent bonds. Z-type ligands are two-electron
acceptors (Lewis acids). The nature of the ligands strongly depends on the stoichiometry of the NCs.
The charge neutrality is maintained by balancing the metal cations on NC surfaces with X-type anionic
ligands. Therefore, it is necessary to transfer protons to mediate the ligand exchange. Moreover,
the fact that metal enrichment increases with decreasing nanocrystal size emphasizes the importance
of stoichiometry [32,33].

X-type X-type
terminates lattice bound ion pair

L-type e Z-type

neutral-donor neutral-acceptor
One
M = cationic sites (Cd, Pb, etc.)
E = anionic sites (S, Se, etc.) OM OE
X = X-type ligands (O,CR, Cl, SR, etc.)
L = L-type ligands (PR3, NH,R, etc.)
MX, = Z-type ligands (Cd(O,CR),, CdCl,, Pb(SCN),, etc.)

[XIHB]* = [CII[HPBu.J*, [S)ZTH.NT, [In,Se,J>-2[N,Hs]", etc.

Figure 1. Classification of the bonding nature of ligands. Reprinted with permission from [32].
Copyright 2013, American Chemical Society.

Owen and co-workers demonstrate that the surface metal ions are labile; thus, they can
reversibly bind to and dissociate from NCs by forming carboxylate complexes (M(O,CR);) [32].
NMR characterization revealed that various Lewis bases like tri-n-butylamine, tetrahydrofuran,
N,N-dimethyl-n-butylamine, tri-n-butylphosphine, N,N,N’,N’-tetramethylbutylene-1,4-diamine,
pyridine, N,N,N’,N'-tetramethylethylene-1,2-diamine, n-octylamine can mediate the ligand exchange.
The addition of L-type ligands (e.g., N,N,N’,N'-tetramethylethylene-1,2-diamine (TMEDA)) leads to the
detachment of the original capping ligands, which is oleic acid (OA, X-type). This, however, disrupts
the charge neutrality due to the positive sites on NCs and the anionic ligands and strongly indicates
that the detached carboxylic fragment is formed by TMEDA-bound cadmium carboxylate complexes
displaced for charge neutrality. The potency of displacing Z-type ligands with L-type ligands was
3540 =+ 5% (2.0 M) for primary amines and TMEDA and 95 + 10% (2.0 M) for pyridine and BusP.

The electronic nature, chelation, and steric effect play important roles in determining the ligand
displacement potency. For example, BusP is more effective than tri-n-butylamine (BuzN) and primary
amines are more effective than primary alcohols due to their different electronic properties (for example,
polarizability). The chelating ability of the ligands also strongly influences the ligand displacement
effectiveness. For example, TMEDA, which has a strong chelating ability, is an effective displacement
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reagent than N,N-dimethyl-n-butylamine (Me,NBu), which has a lower chelating ability. Finally,
the steric hindrance of the ligand has a significant impact on its displacement potency.

2.2. Purifications

The synthetic procedures for high-quality NCs frequently rely on an excess of surfactants to
provide enough colloidal stability and to control the morphology [34]. However, the remaining
insulating ligands and by-products generated by the decomposition of reagent compounds have
negative effect on the physical and chemical properties of the as-synthesized NCs [35]. Accordingly,
effective means for eliminating these byproducts and excess insulating ligands are greatly required.
The most common and simple purification method is a precipitation and re-dissolution protocol,
which involves the precipitation of colloidal nanocrystals from the solution by a non-solvent.
Specifically, anti-solvents (i.e., polar solvents) are first added to induce the flocculation of NCs dispersed
in non-polar solvents by increasing the solvent polarity. The supernatant solution, which contains the
by-products and excess surfactants, is then discarded and the purified NCs are re-dispersed in clean
solvents [36]. Toluene or chloroform as the anti-solvent and methanol or acetone as the solvent are the
most commonly used combinations this far [37-39].

An alternative purification technique involving extraction uses immiscible solvents.
Metal complex by-products and excess surfactants are extracted via phase transfer from a non-polar
to a polar solvent, because they are more soluble in the latter. For example, a chloroform/methanol
mixture (1:1 ratio) was used to extract both cadmium oleate and oleic acid from a CdS NCs/octadecene
(ODE) solution [34,40]. The transfer of by-products and excess ligands can be confirmed by Fourier
transform infrared (FTIR) and ultraviolet (UV)-visible (vis) spectroscopy results. For example, Yu et al.
used UV-vis measurements to confirm that the amount of oleic acid in a CdSe NCs/ODE phase
decreased upon stirring with extracting solvents (i.e., 1:1 chloroform /methanol) (Figure 2) [40].
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Figure 2. Absorption spectra for the separation of CdS nanocrystals from cadmium oleate and oleic
acid. Reprinted with permission from [40]. Copyright 2002, John Wiley & Sons.

Recent studies reveal that the use of protic solvents (e.g., methanol) as anti-solvents sometimes
results in the detachment of covalently bound ligands and the introduction of methoxide functionalities
on NC surfaces via proton exchange [41,42]. This adversely influences the optical properties of the
synthesized semiconducting nanocrystals, such as photoluminescence (PL) quenching due to the
formation of mid-gap trapping sites [17,43]. In this context, an aprotic anti-solvent, i.e., acetonitrile,
has been successfully used to prevent the formation of alkoxy functional moieties on NC surfaces [41].
Oleic acid-capped CdSe QDs were subjected to repeated precipitation and resuspension procedures
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with methanol and acetonitrile, respectively. Interestingly, in a another study, 'H NMR observation of
a proton signal from the alkene moiety of oleic acid revealed that the use of acetonitrile as a precipitant
leaves the bound surfactants untouched, while the employment of short-chain alcohols (e.g., methanol,
ethanol, and isopropanol) induced the release of carboxylate ligands (Figure 3a,b) [33]. Notably,
the broadening of this peak corresponds to bound-state ligands (i.e., oleic acid (OA)), while the peak
sharpening indicates free-state ones. Clearly, the precipitation/resuspension with methanol produced
a sharp signal around 5.8 ppm, strongly suggesting that the detachment of OA (free-state ligands)
is due to proton transfer from methanol to OA [33]. In stark contrast, the proton signal remained
broad when acetonitrile was used during the precipitation/resuspension procedure [44], further
confirmed using PL measurements. The emission intensity can be used as evidence for the replacement
of ligands because the loss of OA ligands is strongly correlated with PL quenching (Figure 3c,d).
The photoluminescence spectrum of OA-capped CdSe QDs was recorded after successive purifications
using methanol and acetonitrile. The use of methanol leads to considerable loss of photoluminescence,
suggesting the formation of methoxide moieties on the CdSe QD surface [44]. On the other hand,
the initial photoluminescence was preserved even after repeated purification with acetonitrile [33,41].

(a) —— S ——— (b) S ——
Methanol : "°°‘°;“:;“I’
::cnl w— Step 2
— Step 2 3
4 w— Stcp 3
-~ — Step 3 -~ el
= w— Step 4 E — Step
< <
S S
~ ~

5.9 5.8 5.7 5.6 5.5 54

O __
o

5.9 58 5.7 5.6 5.5

6.0 54
1 & 1 o
H & (ppm) H & (ppm)
() P — (< ) N
Methanol Acetonitrile
"~ w— CdSe | w— CdSe 1
gy w— Step 1 oy w— Step 1
g. — Step 2 S | Step2
& [ == Step3 ] S, [ e Step 3 ]
b a
[=1 [=
= =
(o] Q
Or 1 OFf ]

550 600 650
Wavelength (nm)

550 600 650
Wavelength (nm)

700 700

Figure 3. Alkene region of the proton NMR spectra after precipitation/resuspension with (a) methanol
and (b) acetonitrile.
(c) methanol and (d) acetonitrile. Reprinted with permission from [33]. Copyright 2012, American
Chemical Society.

Photoluminescence characterization of CdSe QDs after purification with

2.3. Characterization

Characterization techniques used thus far to investigate the surface properties of NCs include
X-ray photoelectron spectroscopy [45,46], UV-vis spectroscopy [47], infrared spectroscopy [48],
photoluminescence spectroscopy [49-51], and nuclear magnetic resonance (NMR) spectroscopy [52,53].
To determine the properties of surface ligands or the interfacial properties between organic and
inorganic elements, various characterization techniques must be combined [54]. Among these, NMR
spectroscopy is one of most powerful and common characterization techniques for identifying ligands
on the nanocrystal surface. It can effectively verify the type of ligands by detecting a unique spectral
signature without any destruction of samples. Moreover, it enables discrimination between bound
ligands and free ones by observing the broadened NMR resonance of protons within surface-bound
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species [55]. Based on this broadening effect, one-dimensional (1D) 'H NMR spectroscopy can be
employed to monitor the behavior of ligands on NC surfaces.

The binding nature of carboxylic acid ligands with CdSe QDs has been studied using 'H NMR
measurements in several studies [56-58]. The comparison of the different proton signals from the
free-state OA ligands and purified OA-capped CdSe QDs is shown in Figure 4a,b [59]. The addition of
excess OA ligands to a purified OA-QDs solution resulted in the generation of a new and separate
set of sharp resonance peaks next to those due to bound OA, along with broadening of the alkene
proton resonance peaks (Figure 4c). Intriguingly, the intensity of bound OA ligands remains constant,
indicating that the number of tightly bound OA ligands is not affected despite the addition of excess
OA [56]. This, however, does not mean that there is no adsorption—-desorption reaction. In order
to verify the existence of an equilibrium transfer, deuterated OA (OA(9,10)-dy), i.e., OA that has
its alkene hydrogen replaced by deuterium, was added to OA-CdSe QDs in a toluene-dg solution.
Interestingly, the intensity of the broadened resonance peak at 5.65 ppm, ascribed to the alkene proton
of bound OA, decreased, while the sharpened signal, attributed to free OA, increased (Figure 4d).
The decrease in intensity of the alkene resonance is also proportional to the amount of OA(9,10)-d;
added. These observations indicate that all the bound OA ligands are involved in the exchange [59].
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Figure 4. '"H NMR spectrum of (a) free-state OA and (b) OA-capped CdSe QDs. Change in alkene
resonance upon addition of (c) free OA and (d) deuterated OA. Reprinted with permission from [59].
Copyright 2012, American Chemical Society.

Diffusion-ordered NMR spectroscopy (DOSY) is a useful and powerful tool for distinguishing
between surface-bound and free ligands. It measures the diffusion coefficients of species associated
with proton resonances, determining their hydrodynamic radii (using the Stokes-Einstein relation).
For example, DOSY was used to measure the hydrodynamic radii of free ligands (e.g., OA) and that of
ligands bound to NCs (i.e., OA-CdSe QDs) in an OA /CdSe QDs system. Their estimated values were
0.56 nm and 4.2 nm, respectively, in a THF solvent [32]. Clearly, the hydrodynamic radius is higher for
OA-capped QDs than for free OA. Nuclear Overhauser spectroscopy (NOESY) is also a well-known
technique for assigning 'H NMR signals to free and bound ligands [44]. It measures the enhanced
cross-coupling NMR signals originating from dipole-dipole interactions among protons within the
same molecules when they are immobilized on slowly tumbling objects, such as NCs.

An alternative technique based on radioactive labeling was developed by Doris et al. to effectively
detect ligands in minute amounts. The technique uses tritium (*H) as a radioactive tracer for the
quantification of ligands bound to the QDs [60]. This strategy offers an advantage compared to NMR
characterization in that picomolar-scale detection is feasible due to the high sensitivity of the *H nuclei.
Specifically, H-labeled oleic acids were first prepared via partial reduction of stearolic acid in the
presence of tritium gas; then, OA bound to NCs were replaced with isotopically labeled OA ligands,
yielding 3H-labeled OA-capped QDs (Figure 5a). The *H-labeled OA-capped QDs were used as
starting materials and were subjected to ligand refluxing with various ligands (e.g., trioctylphosphine
(TOP), trioctylphosphine oxide (TOPO), OA, and oleylamine) to quantify and understand ligand
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exchange behaviors. Through the detection of a radioactive species (i.e., *H-labeled OA), a relative
scale of OA displacement strength was established for different ligands (Figure 5b) [60].
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Figure 5. (a) Synthetic route to form 3H-labeled OA ligands; (b) relative OA detachment strengths of the
different ligands. Reprinted with permission from [60]. Copyright 2013, American Chemical Society.

For many applications including LEDs, lasers, and bioimaging, the actual concentration of
the NCs in solution must be determined. Although thermogravimetric methods are often used
to determine the concentration of colloidal nanocrystals, the existence of organic ligands on NC
surface hinders accurate measurement. In addition, such techniques are destructive, making an
in situ characterization impossible. In this regard, absorption spectroscopy is as an excellent and
convenient tool for quantification of semiconducting nanocrystals without damaging the samples.
Furthermore, the size of the semiconducting nanocrystals can be determined based on the quantum
confinement effect.

Several researchers have reported a correlation between the first absorption peak of
semiconducting QDs (e.g., CdS, CdSe, PbTe, PbSe, and CdTe) and their size. Peng et al. summarized
these values and suggested empirical fitting functions [40,46,47]. These equations are only valid in the
size range covered by the data shown in Figure 6 [47]. The optical properties of the semiconducting
quantum dots are summarized in Table 1 [40,47].
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Figure 6. (a) Size curves vs. the first absorption peak position; (b) size-dependent molar absorption
coefficients of nanocrystals at the first excitonic absorption. Reprinted with permission from [47].
Copyright 2003, American Chemical Society.
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Table 1. Optical properties and diameters of CdS, CdSe, and CdTe QDs.

Materials Diameter (nm) Molar Absorption Coefficient
D = —(6.86521 x 1078)A3 + (1.79557 x 10~#) A2 23
cds = :
—(9.2352 x 1072) A + (13.29) e = 21536 (D)
D = (1.6122 x 10~7)A* — (2.6575 x 10 ©)A3 265
cds = ‘
¢ +(1.6242 x 1073)A% — (0.4277)A + (41.57) e = 5857 (D)
_ —7\A3 _ —3) 12
CdTe D = (9.8127 x 10~7)A3 — (1.7147 x 103) A e = 10043 (D)2

+(1.0064)\ — (194.84)

The relationship between molar extinction coefficient (¢) and NC size has been reported by
several groups. It greatly relies on the NC concentration, based on Beer-Lambert’s equation [47].
Therefore, the main obstacle for calculating ¢ has been the difficulty in determining the QD
concentrations [10,46,61]. In the early studies, the extinction coefficient per NC was determined
by measuring the NC concentration, based on precursor mass, assuming that all the precursors are
converted into NCs. However, this inaccurate assumption resulted in discrepancies in the results
and more sophisticated measurement techniques have since been developed, such as inductively
coupled plasma mass spectrometry (ICP-MS) and atomic absorption measurements [62]. For example,
Nozic’s group measured the extinction coefficient of InAs QDs as a function of their size using
ICP-MS [62]. The NC concentration was also accurately determined via standard atomic absorption
measurements. In detail, a purified NC solution was digested by aqua regia and the cadmium
concentration was measured by atomic absorption spectroscopy; this enabled a more accurate
calculation of NC concentration by calculating the number of Cd atoms per NC crystal. It is worth
noting that a purification procedure that removes excess cadmium precursor is extremely important for
accurate determination of NC concentration. In this study, the excess metal precursors were removed
by an extraction method (i.e., methanol and CHClj; extraction, as described above); the extraction was
confirmed using UV-vis measurements.

The value of the extinction coefficient can be further confirmed by controlled etching of the
nanocrystals in a solution with a definite volume [63,64]. This ensures that the etching of NC occurs
homogenously and that the concentration of NCs in the solution is unchanged. The etching of CdSe
and CdTe was achieved by benzoyl peroxide and HCI, respectively [47]. The absolute value of ¢,
measured by the controlled etching methods, was in good agreement with the experimental results.
The value of ¢ at the first absorption peak was found to be independent of the temperature, the nature
of the capping ligands, and the polarity of solvents [47].

2.4. Organic-Inorganic Hybrid Nanocomposites

Ligand exchange through refluxing has been demonstrated to be a simple and effective method to
bind CP ligands to a NC surface. For example, oligomer ligands (e.g., pentathiophene phosphonic acid
and terthiophene phosphonic acid) that have functionalities for anchoring to NC surfaces were tethered
onto the surface of CdSe NCs via ligand refluxing [24,28]. The resulting oligohexylthiophene-capped
CdSe NCs showed excellent solubility in most organic solvents and good miscibility with CPs. Querner et
al. grafted carbodithioate—oligothiophenes onto a CdSe QD surface via ligand exchange for solar cells [65].

Since ligand exchange relies on the kinetics of the adsorption—desorption process, the grafting
density of long-chain CPs on NC surfaces is usually low. To address this entropic penalty, short-chain
bifunctional ligands are introduced on NC surfaces through ligand refluxing, followed by grafting
with the desired CPs [66]. Rationally designed bifunctional ligands (e.g., arylbromide-functionalized
phosphine oxides or thiols) were tethered to the CdSe NC surfaces and then grafted with
end-functionalized P3HT, yielding P3BHT-CdSe NC nanocomposites (Figure 7) [24]. The grafting density
was 250 and 400 P3HT chains per CdSe nanorod (NR) for phosphine oxide- and thiol-functionalities,
respectively. This result is in good agreement with the fact that thiol ligands coordinate more effectively
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than phosphine oxide ligands. Despite the high grafting density, this process involves a two-step
procedure and is thus time-consuming.
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Figure 7. Schematic illustration of ligand exchange and grafting of end-functionalized CPs onto NCs.
Reprinted with permission from [24]. Copyright 2007 American Chemical Society.

To further simplify the process of forming hybrid nanocomposites, the bifunctional ligand-grafted
NCs can be synthesized directly. This dispenses with the need for tedious ligand exchange procedures.
Specifically, a bifunctional ligand, 4-bromobenzyl phosphonic acid (BBPA), which coordinates strongly
with the (0110) and (1120) facets of CdSe NCs was used during the synthesis of CdSe NCs,
yielding BBPA-capped CdSe NCs [25]. It should be noted that BBPA possesses a bromide moiety that
can be used as a chemical coupling site. Subsequently, vinyl- and ethynyl-terminated P3HT were
grafted with the bromide group of BBPA-capped CdSe NRs via Heck coupling and click chemistry,
respectively. These chemically tethered P3HT-CdSe NC nanocomposites not only showed excellent
dispersion in various organic solvents, but also demonstrated improved electronic interactions between
the electron-accepting inorganic NCs (e.g., CdTe tetrapods and CdSe QDs) and the electron-donating
CPs (e.g., P3HT). Photoluminescence measurements show the facilitated charge transport between
these components [26].

Since the use of small fractions of aliphatic ligands is unavoidable, techniques involving direct
growth of NCs in proximity to CPs have been studied. It avoids the use of further treatments
like ligand refluxing as NCs are directly synthesized in the presence of a CP matrix. Dayal et al.
synthesized CdSe NCs in the presence of P3HT by utilizing the steric hindrance from the side chains
of P3HT, yielding a simple mixture of CdSe/P3HT [67]. A binary solvent (i.e., octadecene (ODE) and
1,2,3-trichlorobenzene (TCB)) was used to dissolve both cadmium precursors (i.e., dimethylcadmium)
and P3HT. Subsequently, selenium precursors in trioctylphosphine were injected into the solution to
initiate nucleation and growth.

Liao et al. reported on an in situ growth process of anisotropic CdS NCs in a P3HT matrix [27].
A polar solvent, dimethyl sulfoxide (DMSO), was used to dissolve the cadmium precursors, cadmium
acetate, and 1,2-dichlorobenzene (DCB) was employed to dissolve P3HT. Similarly, injection of sulfur
precursors resulted in intimate contact in the CdS NC/P3HT nanocomposites. Intriguingly, the shape
of the NCs evolved from a spherical dot to an NR-like morphology with increasing cadmium precursor
concentration. A growth mechanism for the formation of NRs was proposed: CdS NRs were grown
along the P3HT backbone upon the anchoring of cadmium cations (Cd?*) on the S atoms of P3HT,
as schematically illustrated in Figure 8 [27]. This is elucidated by FTIR measurements, where the signal
corresponding to the S—C stretching of P3HT shifted after the addition of cadmium acetate into P3HT,
suggesting the formation of intermolecular interactions at the expense of the S-C bond energy.
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-J‘

Growing

Figure 8. Schematic illustration of the growth mechanism of CdS NCs in the presence of P3HT.
Reprinted with permission from [27]. Copyright 2009, American Chemical Society.

However, such direct growth approaches often result in dangling bonds on the surface, which can
act as charge trapping sites. A binary solvent was required to dissolve both metal precursors and
polymers (e.g., DCB for P3HT and DSMO for cadmium acetate). Moreover, the resulting CPs/NCs
mixture may suffer from poor colloidal stability, resulting in agglomeration of NCs in the polymer
matrix because CPs are not chemically tethered onto the NC surface [27,68].

In this respect, an advanced in situ technique to form CP-grafted NCs (i.e., PBHT-CdSe NC
nanocomposites) by capitalizing on judiciously designed CP-grafted metal precursors (i.e., Cd-P3HT
complexes) was introduced by Jung et al. (Figure 9) [23]. Specifically, CP-grafted precursors (i.e.,
Cd-P3HT complexes) were first synthesized via a click reaction between ethynyl-terminated P3HT
and N3-functionalized Cd-phosphonic acid complexes (i.e., Cd-BPA-N3). Finally, a hot injection of
selenium precursors into the Cd-P3HT solution yielded intimately contacted P3HT-grafted CdSe NCs.
The formation of dangling bonds (e.g., Cd?* and Se?~), which is unavoidable in the aforementioned
conventional in situ growth techniques [27,68], can be greatly reduced when P3HT-grafted Cd
complexes are employed. Furthermore, the morphology of the NCs can be controlled to form QDs or
tetrapods by precisely tuning the ratio of cadmium precursors to Cd-P3HT [23].
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Figure 9. Formation of P3HT-CdSe QD nanocomposites via in situ growth. Reprinted with permission
from [23]. Copyright 2016, Royal Society of Chemistry.
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A novel synthetic route to form organic-inorganic hybrid nanocomposites using block copolymer
nanoreactors (i.e., templates) to guide direct in situ growth of NCs with precisely controlled dimensions,
compositions, and architectures was introduced by Lin’s group [69-71]. The synthesized NCs
were permanently linked to the CPs, imparting long-term stability of the resulting CP-grafted NC
hybrid nanocomposites in various organic solvents. An amphiphilic diblock copolymer, composed
of inner hydrophilic and outer hydrophobic blocks, was synthesized from a {3-cyclodextrin core.
The preferential coordination between the functional groups of the inner hydrophilic blocks and the
metal precursors selectively guided the nucleation and growth of NCs. The NCs are thus closely and
permanently tethered to the outer CPs, as depicted in Figure 10 [71].
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Figure 10. Schematic illustration of the formation of hybrid nanocomposites using a template.
Reprinted with permission from [71]. Copyright 2013, Springer Nature.

3. Inorganic Ligand Exchange

Despite repeated purification and ligand refluxing, various researchers have reported that
detachment of covalently bonded ligands (X-type) does not really occur; rather, they remain on
the NC surfaces unless proton transfer is possible [56]. These remaining aliphatic ligands detrimentally
affect the optoelectronic properties when used in various applications including LEDs, lasers, and solar
cells [9]. Thereby, robust techniques are required for complete removal of insulating aliphatic ligands
capped on NCs.

To address this issue, an alternative surface coating method was developed by employing a new
class of surface ligands: hydrazine-based metal chalcogenide complexes (MCC) e.g., N;Hp-MCCs,
(N2H5)45n,Se, (N2Hy4)ZnTe, and NyHoCu7S4 [72,73]. The complexes are prepared by dissolving metal
chalcogenides in NyHy, which possesses a unique solvating and reducing capability. Molecular
metal chalcogenide anions (e.g., SnS4*~, SnySe*, SnTey*~, AsS33~, and MoS,2 ™) solvated in a polar
solvent attach to NC surfaces, replacing the original bulky organic ligands and providing colloidal
stability. MCC-treated NCs were prepared via a simple phase transfer of NCs from the non-polar to
the polar solvent. Specifically, aliphatic-ligand-capped NCs dispersed in a non-polar solvent (e.g.,
hexane) were transferred to a polar solvent containing hydrazine-chalcogenide anions, indicating
successful displacement of the insulating ligands. It is worth noting that MCCs enable stable and
facile electronic interactions between NCs and provides colloidal stabilization by adhering to the NCs.
The zeta potential measurements of the NC surface show excellent dispersion of NCs in a polar solvent
despite the lower steric hindrance of MCCs than the bulky aliphatic ligands. TGA characterization
showed that the 2-10 wt % of MCCs is sufficient to stabilize colloidal NCs in variety of solvents [72].
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Intriguingly, the utilization of NyHjy results in thermal decomposition of N;Hs~MCCs into metal
chalcogenides, which act as an electronic glue. The FTIR peaks attributed to C-H, S-H, and N-H
bonding completely disappeared, demonstrating successful ligand detachment. Indeed, the film
fabricated with MCC-treated NCs (e.g., (N2Hs5),SnySg-capped Au, and (N;Hs),5n;S¢-capped CdSe
NCs) showed improved conductivity when used in field-effect transistors [72].

However, hydrazine is not only highly toxic and unstable, but it also strongly alters the properties
of NCs owing to its strong chemical reactivity. Thus, environmentally benign and air-stable synthetic
routes to form MCC-capped NCs have been developed. These techniques use metal sulfide MCCs such
as NasSnSy, NagSnySg, NazAsSz, (NH4)45nS6, and (NHy)3AsS; instead of hydrazine-MCCs [74,75].
Treatment with these metal sulfide MCCs has been applied to a wide range of NCs, including CdS,
CdSe, CdSe/ZnS, CdTe, PbS, PbTe, Au, and FePt. It should be highlighted that CdSe and PbS QDs
retain their luminescent properties even after repeated ligand exchange, which is in contrast to the
observation after a NoH,-MCCs treatment. FTIR studies demonstrated the successful displacement of
aliphatic ligands with metal sulfide MCCs. The surface coverage of SnS*~ ligands on NCs was ~20.8%,
based on ICP-OES measurements. This approach, however, is not applicable to metal oxides and
dielectrics; thus, more generalized techniques for surface functionalization are necessary. The devices
fabricated with MCC-capped NCs exhibited improved performance when used in QD-sensitized solar
cells (Figure 11) [76].
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Figure 11. Scheme of a CdSe QD-sensitized solar cell (QDSC) and J-V curves for oleylamine, S;~,
and S,032~ -capped CdSe QDs-based QDSCs (FTO is fluorine-doped tin oxide glass). Reprinted with
permission from [76]. Copyright 2017, American Chemical Society.

In this regard, Murray et al. introduced a generalized ligand exchange strategy that can be applied
to metal oxides (e.g., Fe30, and TiO,,), metal alloys (FePt and CoPt3), and dielectrics (NaYFy) [77].
The strategy involves the use of nitrosonium tetrafluoroborate or diazonium tetrafluoroborate
compounds to replace original ligands and introduce BF;~ anions on NC surfaces, thus stabilizing the
NCs in various polar solvents such as N,N-dimethylformamide (DMF), dimethylsulfoxide (DMSO),
and acetonitrile. The reactive nature of NO* with solvated water resulted in the release of a considerable
number of protons, thus facilitating the removal of organic ligands by protonation. It is worth noting
that the failure of detachment of ligands when NaBF,; was used instead of NOBF, or HBF, strongly
suggests the importance of the H* ions. More significantly, the weak binding affinity of BF;~ anions
to the NC surface allows for fully reversible phase transfer of the NC between hydrophobic and
hydrophilic media, enabling a secondary ligand exchange. The immediate phase transfer of NCs from
a polar solvent (e.g., DMF) to a non-polar solvent (e.g., hexane) was observed upon the addition of



Appl. Sci. 2018, 8, 1376 13 of 19

organic ligands such as oleic acid, oleylamine, and tetradecyl phosphonic acid, demonstrating the
complete recovery of surface functionalization, as shown in Figure 12 [77].

MCC ligands bound to the NC surface via bridging of chalcogenides contain foreign metals (e.g.,
Sn, As). The presence of such foreign metals in proximity to the NCs often affects both the chemical
and physical properties. For example, SnySg*~ ligands can participate in redox processes by switching
the oxidation state from Sn!V to Sn'l. In this context, metal-free inorganic ligands such as chalcogenides
and hydrochalcogenides (S*~, HS™, Se?~, HSe—, Te?~, and HTe ), mixed chalcogenides (TeS527),
as well as OH™ and NH; ™, are used in order to minimize the possible influence of foreign metals
on the NC properties [78]. It should be highlighted that the use of metal-containing ligands often
introduces recombination centers. The electron mobility (i) of FET devices fabricated using CdSe
QD-treated metal-free ligands (i.e., (NHy),S stabilized CdSe QDs) was 1 = 0.4 cm? V~!s~1 and the
on—off threshold (Ion /Io) was ~103.
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Figure 12. Schematic illustration of the secondary ligand exchange procedure and the corresponding
FTIR spectra. Reprinted with permission from [77]. Copyright 2009, American Chemical Society.

The electronic coupling among NCs can be enhanced by employing ammonium thiocyanate
(NH4SCN) [79]. The use of ammonium thiocyanate in cadmium chalcogenides (CdS, CdSe, and CdTe)
and lead analogs (PbS, PbSe, and PbTe) yielded NCs-terminated NCs and removed more than 90%
of the organic ligands. It is worth noting that NH4SCN is environmentally benign, available in
kiloton-scale production, and air-stable. Based on the FTIR vibrational characteristics of thiocyanate
(SCN) bound to NC surfaces (PbS, PbSe, CdSe, and CdS), it was found that the identity of the
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metal determines the vibrational frequency of thiocyanate. In detail, the extension of the vibrational
frequency up to 100 cm ! when SCN was bound to various metals, including Au, Ni, Bi, and Fe,
strongly indicates that SCN is chemisorbed, and not physisorbed, onto the NC surface. The devices
fabricated with NCs-treated CdSe QDs show an average mobility (1) of 1.5 + 0.7 cm? V-!s~! and an
on—off threshold (Ion /Iog) of ~10° with a threshold voltage of 7 V, which is comparable to the industry
standard for amorphous Si-based thin-film FETs [79].

The surface chemistry related to inorganic ligands was further expanded to halide (NH4I, NH4Br,
NH4Cl, and even NaCl or KBr) and even pseudohalide (e.g., N3~ or CN™) ligands by Talapin’s
group [80]. These short halide ligands show reduced toxicity, enhanced air/moisture stability,
and higher earth abundance compared to chalcogen-based ligands. The halide anions bind to the
electrophilic NC surface in polar solvents with a high dielectric constant, resulting in an electrostatically
stabilized dispersion. Intriguingly, group VA ligands (azide ligands) work especially well for III-V NCs
(InAs and InP), which show excellent dispersion properties in polar media, as depicted in Figure 13 [80].
The devices fabricated with N3-terminated InAs QDs show mobility (i) of 0.16 cm? V~1s~! and an
on—off threshold (Ion /Io¢) of ~103.

Lin et al. proposed a synthetic strategy for semiconducting organic-inorganic nanocomposites,
with an inorganic ligand treatment (i.e., HBF,) [48]. In detail, the process consisted of two
consecutive effective ligand exchanges (i.e., inorganic ligand treatment and subsequent bifunctional
ligand exchange), followed by click coupling with end-functionalized conjugated polymers (CPs),
as depicted in Figure 14 [48]. In this study, oleic acid-capped CdSe tetrapods were first subjected
to a ligand exchange procedure with HBF,, producing HBF,-treated CdSe tetrapods in NMF
solvent. Subsequently, bifunctional ligands (4-azidobenzoic acid and 5-bromovaleric acid) were
introduced; this was followed by click coupling with ethynyl-terminated P3HT, resulting in PZHT-CdSe
tetrapod nanocomposites. In this technique, effective electronic interactions at the NC-CP interface
promoted interfacial charge transfer. The photovoltaic devices fabricated using PZHT-CdSe tetrapod
nanocomposites showed a PCE of 1.28% with a Jsc of 7.91 m] cm 2, Vo of 0.585 V, and FF of 27.8.
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Figure 13. (a) Digital image of InAs NCs before and after NaNj treatment; (b) TEM image of InAs NCs
capped with N3~; (c) Plot of I/V measurement of N3-capped InAs NCs FET devices. Reprinted with
permission from [80]. Copyright 2014, American Chemical Society.
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Figure 14. (a) Illustration of the formation of P3HT-CdSe tetrapod nanocomposites; (b) current—voltage
plot of hybrid solar cells. Reprinted with permission from [48]. Copyright 2016, Royal Society
of Chemistry.

4. Summary and Outlook

In this review, we first present an overview of the methodologies in the interfacial engineering of
organic—inorganic semiconductor materials based on the ligand exchange approach, direct grafting
technique, in situ growth method, template strategy, and inorganic ligand surface engineering.
In spite of the recent progress in designing semiconductor organic/inorganic nanocomposites,
their performance in opto-electronic applications, such as LEDs, solar cells, and lasers, is still not
satisfactory. The most straightforward and versatile method, the simple ligand exchange, which relies
on adsorption-desorption kinetics to place functional groups on the NC surface, is not effective to
detach covalently bonded ligands, i.e., X-type surfactants. Thereby, direct grafting techniques using
conventional ligand refluxing often results in the existence of insulating ligand residues.

The in situ growth strategy enables a one-pot synthesis of NCs/CPs hybrid nanocomposites.
Interestingly, CP-grafted NCs have been prepared via chemical coupling by in situ growth methods.
It is worth noting that the CPs were grafted onto the NC surface through covalent bonding, resulting
in excellent dispersion properties in organic solvents. Although this approach offers good colloidal
stability as well as close contact between CPs and NCs, tailoring their morphology remains challenging.

Recent advances in surface treatment techniques enable almost complete removal of unwanted
aliphatic insulating ligands. Inorganic ligands, such as molecular metal chalcogenide complexes,
chalcogenide ions, and halide ligands, are generally used. This approach allows us to displace both
covalently bonded ligands (i.e., X-type) and dative bonded ligands (i.e., L-type) on the NC surface,
which was previously unfeasible via the conventional ligand exchange approach (e.g., pyridine and
short-chain amines). It should be highlighted that the atomic-scale size of the inorganic ligands
on the NC surface effectively promotes electronic interactions among NCs, as evidenced by FET
mobility measurements.

Clearly, more significant efforts must be undertaken toward the design and manufacture of hybrid
organic—inorganic nanocomposites, including purification, characterization, and surface treatment.
The inorganic ligand treatment method is an especially active area of exploration for the preparation
of novel opto-electronic building blocks.
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