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ABSTRACT: Most synthetic routes to high-quality nanocrystals with tunable
morphologies predominantly employ long hydro-carbon molecules as ligands, which
are detrimental for electronic and catalytic applications. Here, a rule is found that the
adsorption energy of an organic ligand is related to its carbon-chain length. Using the
density functional theory method, the adsorption energies of some commonly used
ligand molecules with different carbon-chain lengths are calculated, including
carboxylate, hydroxyl, and amine molecules adsorbed on metal or metal oxide crystal
surface. The results indicate that the adsorption energy of the ligand molecule with a
long carbon chain is weaker than that of a smaller molecule with same functional
group. This rule provides a theoretical support for a new kind of ligand exchange
method in which large organic ligand molecules can be exchanged by small molecules
with same functional group to improve the catalytic properties.
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■ INTRODUCTION
Applications of colloidal nanocrystals (NCs) with controlled
shapes and sizes have been accompanied in many areas by a
rapid increase in high-technical requirements, such as photo-
electronics,1−3 catalysis,4−6 electronics,7,8 magnetics,9,10 bio-
technology,11,12 and surface-enhanced Raman spectrosco-
py.13,14 In the shape-controlled synthetic routes for NCs,
long hydrocarbon molecules (C8 to C18) with a coordinating
headgroup, such as −COOH, −NH2, and −CH2OH, are
generally required as ligands, which sterically stabilize NCs in
nonpolar or hydrophobic solvents as well as play a key role in
the shape control and self-assembly of NCs.15,16 However, the
presence of such bulky capping molecules is deleterious for NC
applications because they can block chemicals or light from
accessing the surfaces of NCs.17−22 As confirmed by trans-
mission electron microscopy (TEM) analysis in previous
report, the longer alkyl chain led to a denser ligand shell on
the NC surface and thus has effect on the penetrating of
chemicals.23

In the past, much attention and effort have been devoted to
the development of effective strategies that remove or exchange
the ligand to reduce the inhibiting function of ligand to the
catalytic properties. Thermal and oxidative approaches for
removing the ligands, including the treatments with heat/
calcination,24 plasma,25 high-temperature hydrogen,26 UV−
ozone,27 and acid,28 are not constantly effective because NCs
become unstable at high temperature and oxidative condition.29

For example, with the treatment of reflux hot water, poly(vinyl
acetate) ligand on Au NC can be officially removed, while the
size of NC slightly increased.17 In a more recent report, the
surface of Pd NC was poisoned by CO when poly(vinyl
propylene) ligand was removed with UV−ozone, even though
its morphology was maintained.27

The approach of ligand exchange in which the ligands are
replaced with specifically designed species has drawn wide
interests.30,31 For example, Joanna Kolny-Olesiak and co-
workers investigated the multiple ligand exchange process
between oleic acid and pyridine on CdSe NC surface using
nuclear magnetic resonance method.32 Through ligand
exchange, the NCs can be transferred from nonpolar solvent
to polar solution, and their surface exposure also can be
enhanced.18 However, in the previous study, the ligand was
exchanged by a new molecule with different and stronger
adsorbent functional group, such as thiols,21,33,34 hydrazine,8

phenyldithiocarbamate (PTC),35 BF4·NO,
18 metal chalcoge-

nides,19,36 and metal-free chalcogenides.37 Although the
solubility in polar solution and surface exposure of NC were
enhanced after ligand exchange, the new ligand molecules with
different and stronger adsorbent functional groups were more
difficult to be removed in the application stage. Furthermore,
the original surface states will be destroyed by the new and
different adsorbed functional groups, such as surface sulfuration
by thiol groups.
In our previous study, we tried a new ligand exchange

method in which the butylamine (BAm) molecule was used to
exchange oleylamine (OAm) ligand.4,38,39 Different from
previously reported ligand exchange, the exchanged ligand
and exchanging ligand have the same functional group, namely,
the amine group. After treatment, the catalytic properties of
NCs were obviously activated. However, the theoretical rule
behind this novel experimental phenomenon still has not been
disclosed. Here, using the density functional theory (DFT)
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calculation, we find the adsorption of BAm molecules on metal
NCs is stronger than that of the OAm molecules. This result
can explain thermodynamically why the OAm ligands can be
exchanged by BAm molecules. Furthermore, through a great
deal of calculation, we find a universal and important rule. The
adsorption energy of organic ligand is related to its carbon-
chain length. For the organic ligand molecules with same
functional group, the smaller molecule has stronger adsorption
energy than the larger molecule. On the basis of this rule, a new
kind of ligand exchange can be proposed in which the small
organic molecules with same functional group can be used to
exchange the large molecules with long carbon-chains.
Compared with traditional ligand exchange method, this new
kind of ligand exchange method has a great merit: after ligand
exchange, the new ligands have the same functional group with
original ligand. Thus, the morphology of NCs can be well-
maintained, and the surface structure cannot be destroyed by
the ligand exchange.

■ RESULTS AND DISCUSSION
Amine molecules with long carbon chains are very commonly
used ligands in the synthesis of metal colloid NCs. The
adsorption energies of amine molecules with different carbon-
chain lengths adsorbed on metal surface are first calculated
using the DFT method. The calculation process is similar to
our previous report.16 The structures of both metal crystal with
periodical boundary and amine molecules are optimized before
they are brought together. Then, the whole structure of amine
molecules adsorbing on metal surface are fully optimized using
the DFT method (details in Supporting Information). In this
system, the carbon-chain lengths of amine molecules change
from one carbon atom (C1) to 16 carbon atoms (C16). Figure 1

shows the representative optimized configurations of amine
molecules with different lengths of carbon chains (numbers of
carbon atoms (Nc) are 1, 8, and 16) adsorbed on Au (100)
facet.
Figure 2 shows the electron density distribution when the

amine molecules adsorbed on Au (100) facet. The amine group

adsorbs exclusively with a single metal atom at a top site on the
metal surface via nitrogen atom. No other binding is found on
all of the high-symmetry sites between the amine molecule and
Au surface. This interaction structure between amine group and
Au surface can be rationalized by the electron density
distribution in the electron clouds formed between amine
group and Au atom (Figure 2a−c). The center-slice maps of
the electron density distribution (Figure 2d−f) show that Au
atom connects N atoms along the top direction of the C−N−
H2 tetrahedron to form the maximum electron cloud overlap.
The maximum coordination number of N atom is four, so the
structure is the optimized configuration for the amine group
adsorption on noble metal surface. With the carbon-chain
length of the amine molecules increasing, the isosurface with a
value of 0.3 electrons/Å3 between N and Au atoms becomes
narrow gradually (Figure 2a−c). The center-slice maps (Figure
2d−f) show that the electron densities between the N and Au
atoms are decreased with the increase of the length of the
carbon chains, accordingly. Simultaneously, the distance
between the N and Au atoms increases from 2.31 to 2.33 Å
and 2.36 Å as the carbon-chain length increases from 1 to 8 and
16 carbon atoms, respectively.
The adsorption energies (Ea) of amine molecules with

different carbon-chain lengths adsorbed on the Au (100) facet
(Figure 3a) show that the increase of carbon atoms in the

Figure 1. Optimized configurations of amine molecules adsorbed on
Au (100) surface with different carbon-chain length in a periodic cell
using DFT method. The carbon atoms (Nc) in the carbon chains
increase from 1 to 16.

Figure 2. Distributions of electron density when amine molecules with
different length of carbon chains adsorbed on Au (100) surface. The
carbon-chain lengths are (a, b) 1, (c, d) 8, and (e, f) 16 carbon atoms.
(a, c, e) The isosurfaces of electron density with value of 0.3 electrons/
Å3. (b, d, f) The center slices of electron density distributions.
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carbon chain (Nc) weakens the adsorption of molecules on the
metal surface. Using the same DFT calculation method, the
adsorptions of amine molecules on other metal surface, such as
Ag (100) and Pd (100) planes, were also calculated. The
configurations of amine molecules adsorbed on Ag (100) and
Pd (100) facets are very similar to those on Au (100). As Figure
3a shows, the absolute value of adsorption energies (|Ea|) of
amine molecules on Ag (100) and Pd (100) facets decreases
gradually when the carbon-chain length (Nc) of amine
molecules increases from one to 16. On the Pd (100) surface,
the deviation of data is more obvious than that on Ag and Au
surfaces, especially at Nc= 5 and 10 data points. The
relationship between adsorption energy and carbon-chain
length of amine molecules was further studied on different
crystal facets. The configurations of amine molecules adsorbing
on (100), (110), and (111), three low-index facets of Pt metal
crystal, are similar to those on Au (100) facet. The amine group
adsorbs exclusively with a single metal atom at a top site on the
metal surface via its nitrogen atom. As shown in Supporting
Information, Figure S1, on the Pt (100), (110), and (111)
facets, the adsorption of amine molecules also becomes weaker
with the increase of carbon-chain length.
Usually, the NCs are synthesized and applied in solution

systems. Thus, the adsorption energies of amine molecules on
Au (100) surface in three solution systems, namely, hexane,
acetone, and ethanol solutions, are calculated using DFT
method. As shown in Supporting Information, Figure S2, in the
acetone solution, the configurations and electron density
distributions of amine molecules adsorbed on Au (100) surface
are similar to those in a vacuum system (Figure 2). The
difference is the distance between N and Au atoms: it is a little
less than that in the vacuum system. For example, the distance
is changed from 2.31 to 2.27 Å for the methylamine adsorbed

on the Au (100) surface. Supporting Information, Figure S3
shows the same with that in vacuum system; in hexane, acetone,
and ethanol solutions, the adsorptions of amine molecules
become stronger with metal surface when the carbon-chain
lengths decrease from 16 to one carbon atom.
The relationship between adsorption energies and carbon-

chain lengths of organic ligand molecules is further widely
studied in other systems, not limited to pure metal surfaces and
amine molecules. On the alloy crystal surfaces, such as Pt3Cu,
Pt3Pd, and PtPd (100) facets, the adsorptions of amine
molecules are calculated. As shown in Supporting Information,
Figure S4a, on the (100) facet of Pt3Cu alloy, Pt atoms show a
stronger adsorption toward amine molecules than Cu atoms.
For the Pt3Pd (100) and PtPd (100) facets, the adsorption of
amine molecules on Pd atom are stronger than that on Pt atom
(Supporting Information, Figure S4b). As with the previous
result, the absolute value of adsorption energies of amine
molecules gradually decrease with the number of carbon atoms
in carbon chain (Nc) increasing from one to 16 (Supporting
Information, Figure S5). Besides alloy surfaces, the metal-oxide
surface, such as Cu2O (100) facet, is also investigated as the
substrate for amine molecules adsorption. In addition, the
adsorptions of other organic ligands with different functional
groups, such as carboxylate ion group (RCOO−) and hydroxyl
group (RCH2OH), are also calculated. Similarly, with these
systems, including the carboxylate ion group (RCOO−) on Pt
(100) surface, the amine group (RCH2NH2) on cuprous oxide
(Cu2O) (100) surface, and the hydroxyl group (RCH2OH) on
Cu2O (100) surface, as shown in Figure 3b, the adsorption
energies of ligand molecules with different functional groups on
different inorganic crystal surfaces show the same trend: the
smaller molecules with the same functional group exhibit
stronger adsorption energy than the larger molecules with
longer carbon chains.
Double (CC) and triple (CC) carbon bonds always

exist in carbon chains of organic ligands, such as OAm
molecule. The adsorption energies were calculated when one of
the single bonds (C−C) in the hexadecylamine carbon chain
was replaced by a double (CC) or triple (CC) bond, as
shown in Supporting Information, Figure S6. The absolute
value of adsorption energy decreases dramatically when the first
C−C bond near the amine group is replaced by a CC or C
C bond but has no obvious change when the other C−C bonds
are replaced. This result indicates that the CC or CC
bonds have no obvious effects on the adsorption energy of
amine molecules except when it is the first bond near the amine
group.
All of the calculated systems support the same result that for

the organic ligand with same functional group, the adsorption
of a smaller molecule is stronger than that of a larger molecule.
This universal and important rule has wide application in
chemical synthesis and surface treatment of colloid NCs. Using
this rule, a new kind of ligand exchange method can be
proposed in the surface treatment of colloid NCs. Usually, in
shape-controlled synthetic routes, the surface of the obtained
NCs is densely covered by large organic molecules with long
carbon chains. When the NC is applied in a polar solution, the
long carbon chains of the organic ligand will be repelled by the
polar solution and will thickly wrap the surface of NC (Figure
4b). Thus, the chemicals in the solution are blocked from
accessing the surface of NC, resulting in greatly depressing
catalysis or the sensing properties of NCs. According to this
universal rule obtained from our calculation, the organic ligands

Figure 3. DFT-calculated adsorption energies of (a) amine molecules
on Pd, Au, and Ag (100) surfaces, and (b) various organic ligand
molecules with −COO− group adsorbed on Pt (100) surface
(−COO−−Pt), −CH2NH2 group adsorbed on Cu2O (100) surface
(−CH2NH2−Cu2O), and −CH2OH group adsorbed on Cu2O (100)
surface (−CH2OH-Cu2O).
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with long carbon chain can be exchanged by corresponding
small molecules with same functional group in thermodynami-
cally favored ways, as shown in Figure 4a. Different than
previous ligand exchange method, using this new kind of ligand
exchange, the replacing molecules have the same functional
group as those of the replaced molecules. After ligand exchange,
the smaller adsorbed ligand molecules are soluble in polar
solutions and thus can more easily be removed from the surface
through dissolving into polar solutions due to their consistency
with solutions (Figure 4c). During this kind of ligand exchange,
the surface structures and morphology of NCs will not be
changed by the new ligands because they have the same
functional groups as the original ligand.
The insets of Figure 4b,c show the dispersion probability of

Pt black in polar and nonpolar solutions when the Pt NPs in
the Pt black were wrapped by OAm or BAm ligand. The Pt
black adsorbed with OAm or BAm ligand was put into a bottle
with 2 mL of water and 2 mL of hexane. After shaking for 2 min
and then putting stable for 5 min, as shown in the insets of
Figure 4b, the OAm-capped Pt black cannot be dispersed in
water solution. By contrast, the BAm-capped Pt black can be
well-dispersed in water solution (inset of Figure 4c). OAm and
BAm have the same functional group, namely, the amine group,
and just the lengths of carbon chains are different. OAm is one
of the most commonly used ligands in the synthesis of NCs
using organic method. On the basis of the universal rule we
found in this paper, the OAm ligand, which has a long carbon
chain, can be automatically exchanged by BAm ligand, which
has a shorter carbon chain. After ligand exchange, the catalytic
or sensing properties of NCs in polar solutions, such as water
solution, should be greatly enhanced. In the following, the
Pt3Pd cubic NCs synthesized using OAm ligand are used to
investigate the validity of this new kind of facile ligand exchange
method.
Following Yang group’s method, OAm-stabilized Pt3Pd NC

is synthesized in an organic solution.40 As Supporting
Information, Figure S7 shows, the obtained cubic Pt3Pd NCs
with edge length of 13.9 nm are bound by (100) facets. To be

used as electrochemical catalyst, the Pt3Pd NCs are loaded on
the carbon black. The new kind of ligand exchange method
proposed in this paper is used to treat the carbon black-
supported Pt3Pd NCs. The catalyst is dispersed in BAm
solution with stirring for 3 d. The infrared (IR) spectra of the
Pt3Pd NCs before and after the ligand exchange are shown in
Supporting Information, Figure S8. After ligand exchange, the
change in the IR spectra was evident at the section from 600 to
1800 cm−1 (Supporting Information, Figure S8b). The IR
spectra before ligand exchange were typically due to the
adsorbed OAm molecules on the Pt3Pd NC surface. The peaks
at 1388 and 880 cm−1 can be attributed to the CC bond and
its adjacent C−H bond, respectively. These peaks almost
disappeared after ligand exchange, indicating that most of the
adsorbed OAm molecules on the Pt3Pd NCs were replaced by
BAm molecules (because BAm molecules do not have CC
bonds). Simultaneously, the spectrum peaks originally located
at 1090 and 1059 cm−1 were shifted to 1168, 1102, and 1029
cm−1 after ligand exchange. These peaks can be attributed to
the C−N bonds in amine molecules when they adsorb with
metal NCs. There are two kinds of atoms on the (100) surface
of Pt3Pd NCs, namely, Pt and Pd. So, the IR spectrum for C−N
bond shows two peaks when the amine molecules adsorbed
with different atoms. After ligand exchange, the BAm ligand
shows stronger adsorption energy; thus, the IR spectrum peaks
for C−N bond were shifted to high level. The TEM images of
the cubic Pt3Pd NCs before and after ligand exchange are
shown in Supporting Information, Figure S9, which indicates
that the size and morphology of the NCs were well-maintained
after the treatment.
Using measurement method similar to that of our previous

report,41 the electrocatalytic properties of Pt3Pd NCs before
and after ligand exchange for methanol oxidation reaction
(MOR) were studied, as shown in Figure 5. The electro-
chemical active surface areas (ECSAs) of the cubic Pt3Pd NCs
were calculated by measuring the hydrogen adsorption from the
cyclic voltammetry (CV) curves (Figure 5a). Before ligand
exchange, the ECSA of Pt3Pd NCs is only 10.4 m2/g, which is
much lower than the theoretically calculated surface area of the
NCs (22.6 m2/g) on the bases of their shape and size. After
ligand exchange, the ECSA increased to 18.6 m2/g, which is
closer to the theoretical value. Considering the loading of the
NCs on carbon black, part of the surface is covered by carbon
black, and almost all of the NCs surface are clearly exposed
after ligand exchange. Figure 5b shows electrocatalytic activity
of the cubic Pt3Pd NCs before and after ligand exchange for the
MOR. Before ligand exchange, the activity of 5 μg of Pt3Pd
NCs catalyst is only 0.13 mA at the peak potential (0.58 V).
After ligand exchange, the activity greatly increases to 0.97 mA
at the peak potential (0.59 V) for the same amount of Pt3Pd
NCs catalyst under the same measurement conditions. This
value is approximately 7.5 times higher than that before ligand
exchange.
Before ligand exchange treatment, the surface of cubic Pt3Pd

NCs is adsorbed by OAm ligand, which is insoluble in water
solution. Because of the inconsistency of OAm molecules in
water, the carbon chains of OAm molecules will tightly wrap
the surface of Pt3Pd NCs to prevent the access of hydrogen (for
CV) or methanol (for MOR) during the catalytic measurement.
After ligand exchange, the OAm is replaced by BAm, which is
soluble in water solution and has a short carbon chain. During
the CV measurement, the BAm molecules will desorb from the
surface of Pt3Pd NCs to be dissolved in the aqueous solution or

Figure 4. Schematic images of (a) ligand exchange between molecules
with long and short carbon chains, (b) before and (c) after ligand
exchange the NC states in aqueous solution. (b, inset) and (c, inset)
Photographs of colloidal dispersions of amine-capped Pt blacks,
showing that the BAm-capped Pt NCs are dispersed in the bottom
water layer, and the OAm-capped Pt NCs are dispersed in the upper
hexane layer.
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be oxidized under high potential. Thus, the NC surface is
cleaned, and its catalytic properties are greatly improved.

■ CONCLUSIONS
In summary, through using the DFT method to calculate the
adsorption energies of organic ligand molecules with different
carbon-chain lengths on metal or metal oxide crystal surface, a
universal and important rule is found that small molecules have
stronger adsorption energies than large molecules although
they have the same functional group. On the basis of this rule, a
new kind of ligand exchange is developed as the surface
treatment method for colloid NCs: the large ligand molecules
with long carbon chains can be replaced by the small molecules
with the same functional group automatically in a thermody-
namically favorable way. This new kind of treatment method
will not change or destroy the original morphology and surface
structure of the NCs because of the same functional groups
possessed by the ligand molecules before and after ligand
exchange. After ligand exchange, the smaller ligand molecules
are soluble in polar solutions and thus can be more easily
removed, inducing the increase of the catalytic properties of the
NCs.
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