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ABSTRACT: Copper indium diselenide (CulnSe,) nanocrystals are
a prototypical I-III-VI semiconductor quantum dot material,
typically synthesized in oleylamine (OLAm) as a solvent and capping
ligand, often with the addition of diphenylphosphine (DPP) to
improve the reaction yield. Using 'H nuclear magnetic resonance
spectroscopy, we study the association of OLAm and DPP on
CulnSe, nanocrystals and find that they both behave as tightly
bonded L-type ligands. There is no observable desorption of OLAm
or DPP when a toluene-dg dispersion is heated to 100 °C, and no
ligand exchange occurs when the nanocrystals are exposed to other
L-type species like trioctylphosphine (TOP) or octadecanethiol
(ODT), which can bind as either X-type or L-type. Molecular iodine
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(1), however, is found to readily displace both OLAm and DPP from the nanocrystal surface and facilitate efficient and
complete ligand exchange with either TOP or ODT and appears to behave as a Lewis acid Z-type ligand. We also find that the
X-type ligand, stearic acid, does not bond to the CulnSe, nanocrystals under any circumstances.

B INTRODUCTION

Nanocrystals made of I-III-VI semiconductors, such as
CulnSe,, have been of significant interest in the past
decade.'"* Ligand-capped CulnSe, nanocrystals can be
synthesized as efficient light emitters'”*® or formulated into
inks for fabrication of the light-absorbing layer in photovoltaic
devices (PVs).”'~** Understanding the physical and chemical
relationships between nanocrystals and their organic ligand
shell underlies the development of electronic and optoelec-
tronic devices based on these materials.”* The organic ligands
provide colloidal stability, which has enabled the fabrication of
PVs on unique substrates like paper”® and grooves in plastic™®
that cannot withstand high-temperature processing; however,
the performance of PVs made with CulnSe, nanocrystals
without high-temperature selenization has been limited by
poor charge transport because of the organic ligands in the
film.”"*”*® In the case of PbS nanocrystals, high-performance
PVs have been made by modifying the capping ligand layer
using various ligand exchange processes with thiols, ammo-
nium salts, and halides.”””** In one case, addition of I, to PbS
nanocrystals helped to improve PV device performance.”*
Ligands have been exchanged on CulnSe, nanocrystals for
improved electrical conductivity and photoconductivity in
deposited layers, but ligand exchange has not resulted in
significant improvements in PV performance.26’27’35’36 One
problem is that ligand bonding on CulnSe, nanocrystals has
not been studied to any significant extent.
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For a wide variety of nanocrystals, including CdSe,”’~*'
PbSe,”* metal oxides,"™** CstBr3,45 CuS,*® and CuInSZ,47
ligand bonding has been effectively described by covalent bond
classification (CBC), thus providing fundamental insight into
how ligand exchange proceeds on these nanocrystals.”>*’
Ligands are designated as X-type, L-type, or Z-type, depending
on how many electrons are donated to the nanocrystal—ligand
bond, and ligands can be exchanged only when charge
neutrality is maintained.””*® Amines and phosphines are L-
type, acting as Lewis bases that bond to Lewis acid sites by a
dative bond that donates two electrons to the nanocrystal
surface. Carboxylates are X-type ligands that donate one
electron to the nanocrystal surface to form a covalent bond. Z-
Type ligands act as Lewis acids and coordinate with the
nanocrystal surface by accepting two electrons to form a dative
bond, as in the case of Cd(oleate),.” Typically, ligands must
be of the same type to readily exchange;”” however, charge
neutral L-type and Z-type ligands have also been found to
readily exchange in some cases.”"

Here, we show using 'H nuclear magnetic resonance
(NMR) spectroscopy that the native L-type ligands on
CulnSe, nanocrystals, oleylamine (OLAm) and diphenylphos-
phine (DPP), do not readily exchange with other L-type
ligands, such as trioctylphosphine (TOP), as might be
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expected on the basis of the CBC and the law of mass
action.””***° Similar tight ligand binding has been observed
for amines and thiols on CulnS, nanocrystals.*>*”*” NMR
spectroscopy has been used widely to examine ligand binding
to nanocrystals in a variety of systems.”****** We also show
that the addition of I, to the CulnSe, nanocrystal dispersion
facilitates desorption of OLAm and DPP and enables facile
ligand exchange with TOP. We propose that I, acts as a Z-type
ligand in which the I adatom forms a dative bond with the
nanocrystal surface. This mechanism is consistent with reports
indicating that Z-type and L-type ligands can participate in
facile ligand exchangeﬂ’52 and the observed binding of I, to
CulnSe, surfaces.”” These results support the findings that L-
type and Z-type ligands can participate in facile exchange and
indicate that Z-type ligands can even induce exchange between
two L-type ligands.

B EXPERIMENTAL SECTION

Materials. Copper(I) chloride (CuCl, 99.99%), elemental
selenium powder (Se, 99.99%), anhydrous toluene (99.8%), oleyl-
amine (OLA, >98%), diphenylphosphine (DPP, 98%), octadacane-
thiol (ODT, 98%), stearic acid (StAc 98.5%), and iodine (I, > 99.8%)
were obtained from Sigma-Aldrich. Copper, indium, and selenium
standard solutions for inductively coupled plasma-atomic emission
spectroscopy (ICP-AES) with concentrations of 1 mg/mL and 70%
wt nitric acid were obtained from Sigma-Aldrich. Indium chloride
(InCl;, 99.99%) was obtained from Strem Chemical. Toluene,
ethanol, and deuterated chloroform (chloroform-d) with 0.05% (v/
v) tetramethylsilane (TMS) were obtained from Fisher Scientific.
OLAm was degassed before use by maintaining vacuum under 200
mTorr for 4 h at 110 °C and stored in a nitrogen-filled glovebox. All
other chemicals were used as received.

CulnSe, Nanocrystal Synthesis. CulnSe, nanocrystals were
synthesized using a variation of a previously published method.®" In a
nitrogen-filled glovebox, S mmol (0.49 g) of CuCl, S mmol (1.11 g)
of InCl;, and 50 mL of OLAm were loaded into a three-neck flask.
Selenium (10 mmol, 0.79 g) was dissolved in 10 mL of
diphenylphosphine (DPP). The OLAm-containing flask was trans-
ferred to a Schlenk line and heated to 110 °C for 30 min in vacuum
(200 mTorr) to dissolve the metal salts. The flask was then placed
under a nitrogen atmosphere, and the temperature was increased to
240 °C over 10 min. The DPP/Se solution was injected into the flask
during the temperature ramp at 180 °C. The reaction mixture was
held at 240 °C for 1 h and then allowed to cool to room temperature
by removing the heating mantel. CulnSe, nanocrystals were isolated
from the reaction mixture by precipitation with 20 mL of ethanol
followed by centrifugation (2600 rcf for 10 min). The supernatant was
discarded, and the black precipitate was redispersed in 10 mL of
toluene. The nanocrystals were precipitated again with S mL of
ethanol followed by centrifugation (2600 rcf for 10 min). The
supernatant was discarded, and the nanocrystals were dispersed in
toluene and centrifuged again (2600 rcf for 10 min) to remove poorly
capped particles. The nanocrystal product was dried by rotary
evaporation, transferred into a nitrogen-filled glovebox, and dispersed
in anhydrous toluene to ensure that the nanocrystals were not
oxidized prior to the ligand exchange experiments. This reaction
yielded 1.4 g of dispersible nanocrystal product.

Ligand Exchange. All ligand exchange experiments were
performed in a nitrogen-filled glovebox. A stock solution with 100
mg/mL CulnSe, nanocrystals dispersed in toluene was prepared for
all ligand exchanges. This corresponds to a nanocrystal concentration
of 5 X 107°M and a bound ligand (OLAm) concentration of ~40
mM. A stock solution of 60 mg/mL (0.24 M) I, in toluene was also
prepared. Ligand exchanges were then performed by combining 1.5
mL of the CulnSe, nanocrystal dispersion with 2 mL of additional
free ligand species and the desired amount of I, solution and toluene.
The final exchange solutions included 150 mg of CulnSe,, 2.5 mL of
toluene, 2 mL of free ligand, and various amounts of I,. After the
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ligand exchange, S mL of ethanol was added to the solution to
aggregate the nanocrystals and quench the exchange. The nanocryst-
als were isolated by centrifugation, and the clear supernatant was
discarded. The nanocrystals were redispersed in 1 mL of toluene and
precipitated again by adding 0.5 mL of ethanol and centrifuging. The
supernatant was discarded, and the purified, ligand-treated, nano-
crystals were dispersed in 1 mL of toluene and centrifuged to remove
any poorly capped particles. In a typical ligand exchange with 0.5 mL
of the I, solution (30 mg or 0.12 mmol of I,), nearly complete ligand
exchange occurred with a product yield of 55 wt % for the
nanocrystals retaining their colloidal stability. This corresponds to
approximately four iodine atoms per bound OLAm molecule.®”

Analysis. '"H NMR spectra were measured for nanocrystals
dispersed in deuterated chloroform (chloroform-d) at a concentration
of 50 mg/mL in a 5 mm NMR tube. 'H NMR spectra were recorded
using an Agilent MR 400 spectrometer operating at 400 MHz (9.4 T),
using a 90° pulse width, a 2 s relaxation delay, and 128 scans. Data
were processed using MestReNova software for background
correction and alignment of the residual solvent peak. With in situ
heating, '"H NMR spectra were collected with nanocrystals dispersed
in deuterated toluene (toluene-dg) using 64 scans at each temper-
ature. For the '"H NMR in situ heating experiments, spectra were
acquired as the temperature was increased in 20 °C increments to 100
°C, and then a final measurement was taken after the dispersion had
been cooled back to 25 °C. When I, solutions were added to NMR
samples, a 60 mg/mL (0.24 M) solution of I, in chloroform-d was
prepared and 0.083 mL of this I, solution (5 mg or 0.02 mmol of I,)
was added to 1.0 mL of a 50 mg/mL nanocrystal solution in
chloroform-d.

X-ray diffraction (XRD) data were collected with a Rigaku R-Axis
Spider diffractometer operated at 40 kV and 40 mA using an image-
plate detector with Cu Ka (4 = 1.54 A) radiation. Dried nanocrystal
powder was suspended in a 0.5 mm nylon loop. The samples were
scanned for 10 min while rotating at 2°/s. The two-dimensional
powder diffraction patterns were converted to the reported one-
dimensional XRD patterns with the Rigaku 2DP powder processing
program.

Transmission electron microscopy (TEM) images were digitally
acquired using an FEI Tecnai transmission electron microscope at an
80 kV accelerating voltage. Nanocrystals were prepared for TEM
imaging by drop casting. Nanocrystals were dispersed at a
concentration of 0.125 mg/mL in toluene and evaporated onto a
carbon-coated mesh nickel TEM grid.

X-ray photoelectron spectroscopy (XPS) was performed with a
Kratos XPS instrument using a high-intensity monochromatic Al Ko
X-ray source and a 180° hemispherical electron energy analyzer. The
collected spectra were processed with CasaXPS software. Sample
charging was corrected by shifting the C 1s peaks to a value expected
of hydrocarbons at 284.8 eV. For quantification, baseline subtraction
of the spectra was performed using a Shirley background, and the
peaks were integrated.*™® Each peak area was divided by the
corresponding relative sensitivity factor (RSF) in the Kratos library
and then normalized to yield the surface sensitive sample composition
estimate. Nanocrystals were prepared for XPS by spin coating toluene
(50 mg/mL) dispersions onto a conductive boron-doped silicon wafer
(p = 0—10 Q cm). The samples were loaded onto the sample holder
with conductive copper tape and grounded with conductive carbon
tape to prevent charging.

The elemental composition of the nanocrystals was determined
using ICP-AES on a Varian 710 ICP-AES instrument. Samples were
prepared by dissolving ~5 mg of CulnSe, nanocrystals in 1 mL of
70% (v/v) nitric acid followed by dilution with doubly distilled
deionized water. Three replicates of the measurements were taken,
and the Cu 213.598, In 230.606, and Se 196.026 emission lines were
used because they had the lowest deviation between replicates. The
reported error is the standard deviation of the replicates.
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B RESULTS AND DISCUSSION

CulnSe, nanocrystals with diameters of 8—14 nm were
prepared by heating diphenylphosphine selenide (DPP-Se)
with CuCl and InCl; in OLAm. In this reaction scheme,
OLAm serves as the primary source of ligands, while DPP
serves as a catalyst for nanocrystal synthesis that significantly
improves the yield of the reaction.’ Measurement of the
elemental composition by ICP-AES showed that the nano-
crystals are copper poor (0.8:1.06:2 Cu:In:Se) yet charge
neutral within ICP error with the chalcopyrite crystal structure.
Figure 1 shows 'H NMR spectra of purified nanocrystals in
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Figure 1. '"H NMR spectra of (a) purified CulnSe, nanocrystals
capped with OLAm, (b) CulnSe, nanocrystals with 80% excess
OLAm (0.01 mL of OLAm added per 100 mg of CulnSe,), (c)
CulnSe, nanocrystals with 250% excess OLAm (0.03 mL of OLAm
added per 100 mg of CulnSe,), and (d) pure OLAm in chloroform-d.
(e) Region of panels a—d corresponding to the protons closest to the
nanocrystal’s surface (peak 2), with the top two curves magnified
(10x) for the sake of clarity. (f) Magnification of the spectra in panel
a corresponding to the aromatic hydrogens of DPP § 7.5—8.0 ppm.
The “% excess OLAm” is determined by measuring the amount of
OLAm in the dispersion from the relative NMR signal intensities of
the vinylic hydrogen of OLAm at 6 5.36 ppm and the TMS standard
peak at 6 0 ppm.

chloroform-d. The spectra have broadened methyl 6 0.88 ppm
and methylene 6 1.25 ppm resonances characteristic of OLAm
bound to the CulnSe, nanocrystal surface. Peak broadening in
"H NMR spectra of capping ligands results from the restricted
motion of the molecules, especially those embedded deeper
within the capping ligand layer near the nanocrystal sur-
face.~® Resonances corresponding to the vinylic hydrogens
of OLAm 6 5.36 ppm and the hydrogens neighboring the
double bond 6 2.00 ppm are also observed. Additional sharp
resonances at 6 1.00 ppm, 6 2.67 ppm, and 6 1.43 ppm
corresponding to hydrogens associated with the amine group,
a-hydrogens, and p-hydrogens, respectively, which are
distinctly observed in solutions of free OLAm are not present
in the spectra. These resonances have the most restricted
molecular motion and therefore are not observed in the spectra
of the purlﬁed nanocrystals because of their significant peak
broademng, further indicating that all of the OLAm in the
nanocrystal dispersion is bonded to CulnSe, nanocrystals (see
the Supporting Information for "H NMR spectra of all ligand
species in this study). As shown in Figure 1, the peaks related
to OLAm in the '"H NMR spectra sharpen and become more
intense when OLAm is added to the nanocrystal dispersion.
The 'H NMR spectra in Figure 1 also indicate that DPP is
incorporated into the capping ligand layer. Although the signal
is weaker than the OLAm resonances, broadened resonances
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corresponding to the aromatic hydrogens of DPP & 7.5—8.0
ppm are visible (Figure 1f).

Using an approach similar to that of Hens and co-workers, "’
we examined the ligand dissociation kinetics of OLAm and
DPP on CulnSe, nanocrystals by heating a dispersion of
nanocrystals in toluene-dg in situ and monitoring the 'H NMR
spectra for peak sharpening as evidence of desorption.
Toluene-d; was used as the solvent for these experiments
because it provides a wider temperature window than
chloroform-d does because of its higher boiling point. Figure
2 shows the 'H NMR spectra of a CulnSe, nanocrystal
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Figure 2. In situ "H NMR spectra of CulnSe, nanocrystals heated in
toluene-dg at (a) 27, (b) 40, (c) 60, (d) 80, and (e) 100 °C. (f)
Spectra of the dispersion after it had been cooled back to room
temperature. § indicates the solvent (toluene-d,) signal, and  denotes
an impurity peak consistent with trace amounts of 2-propanol. The
complete NMR spectra are provided in Figure S2.

dispersion heated to 100 °C and then cooled back to room
temperature. As the temperature increases, all of the peaks
narrow from the increased levels of molecular motion of the
ligands. This sharpening is most apparent for the peaks
corresponding to protons near the nanocrystal surface for
which the restricted molecular motion is most extreme. After
the sample had been cooled back to room temperature, the 'H
NMR spectra were identical to the spectra before heating.
These data indicate that the ligands do not desorb at elevated
temperatures in the time frame of the measurement and that
the ligands are strongly bonded. Another confirmation that the
ligands remain bound to the nanocrystals at elevated
temperatures was the lack of any observed precipitation.

An exchange of OLAm and DPP ligands was attempted with
150 mg of nanocrystals dispersed in 1.5 mL of toluene with the
addition of 2 mL (4.5 mmol) of TOP. This corresponds to a
nanocrystal concentration of 1.4 X 107> M and a bound ligand
concentration of ~15 mM. These ligand exchange conditions
correspond to an extreme excess of TOP, with roughly 100
times more free TOP than nanocrystal-bound native OLAm

DOI: 10.1021/acs.chemmater.8b04016
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Figure 3. 'H NMR spectra of CulnSe, nanocrystals dispersed in chloroform-d after various ligand exchange procedures and subsequent
purification. (a) Pure OLAm for reference. (b) Purified CulnSe, nanocrystal dispersion prior to exposure to any exchange solution. (c—e) Purified
CulnSe, nanocrystal dispersions after exposure to excess TOP for 3, 19, and 70 h, respectively. (f—i) Purified CulnSe, nanocrystals after a 10 min
exposure to excess TOP and 0, S, 10, and 20 wt % L, respectively. (k) Regions corresponding to the OLAm double bond in panels b—e overlaid,
indicating no OLAm removal with increased TOP exposure time. (1) Regions corresponding to the OLAm double bond in panels b and f—i
overlaid, indicating that the OLAm is removed during exchanges performed in the presence of I,. (m) Percent yield by mass of dispersible product
plotted against the amount of I, added to the 3 h ligand exchange solution.

and DPP. After exposure to TOP for 3, 19, and 70 h at room
temperature, the nanocrystals were purified with two isolative
precipitation steps and redispersed in chloroform-d to obtain
"H NMR spectra. Panels a—e of Figure 3 show the 'H NMR
spectra. The peaks corresponding to hydrogens located near
the double bond in OLAm at § 2.0 and 5.35 ppm are still
clearly observed with intensities relative to the methyl and
methylene signals that remain relatively unchanged and
independent of exchange time, indicating that OLAm
desorption, and the associated TOP adsorption, has not
occurred to any significant extent. Similarly, a test of ligand
exchange using octadecanethiol (ODT) resulted in no
observable change in the 'H NMR spectra of the nanocrystals,
as shown in panels a and b of Figure 4.

A similar difficulty in achieving complete ligand exchange
has been observed in CulnS, nanocrystals, where native OLAm
ligands are only partially exchanged with thiols.*” X-Type oleic
acid ligands bound to CdSe nanocrystals also exhibit tight
binding behavior and will not spontaneously desorb when
exposed to an excess of phosphonic acid.”® Exchange between
X-type oleic acid and L-type tri-n-butylphosphine can,
however, be facilitated on CdSe nanocrystals when mediated
by chlorotrimethylsilane.”

In the process of attempting a variety of ligand exchanges,
we found that molecular iodine (I,) induces rapid desorption
of OLAm and DPP capping ligands from CulnSe, nanocryst-
als. Figure 5 shows '"H NMR spectra of CulnSe, nanocrystals
exposed to I,. Shortly after (<1 h) the addition of I, to a
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Figure 4. "H NMR spectra of as-synthesized CulnSe, nanocrystals (a)
as synthesized, (b) after a 70 h exposure to ODT at room temperature
without I, and (c) after exposure to ODT at room temperature in the
presence of 20% wt I, for 10 min. The disappearance of the peaks
corresponding to the OLAm double bond at 6 5.36 and 2.00 ppm
corresponding the vinylic hydrogens and hydrogens neighboring the
double bond indicates that OLAm is replaced with ODT on the
nanocrystal surface. ¥ and I denote impurity peaks consistent with
trace amounts of acetone and water, respectively.

dispersion of CulnSe, nanocrystals, the '"H NMR spectra
exhibit sharp peaks at 6 7.5—8.0 ppm corresponding to the
hydrogens associated with the phenyl groups in DPP and &
2.85-2.95 ppm corresponding to the hydrogens neighboring
the amine group of OLAm, indicating that a significant amount
of capping ligands has desorbed from the nanocrystal surface.
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Figure 5. '"H NMR spectra of CulnSe, nanocrystals dispersed in
chloroform-d after exposure to I, indicating the desorption of OLAm
and DPP ligands. (a) Purified CulnSe, nanocrystal dispersion. (b)
CulnSe, nanocrystal dispersion after the addition of 10% wt L,. (c)
Regions of panels a (bottom) and b (top) corresponding to the
aromatic protons in DPP magnified 10 times. (d) Regions of panels a
(bottom) and b (top) corresponding to the protons closest to the
NH, group in OLAm magnified 40 times. § indicates the solvent
signal (chloroform-d).

Consequently, we tried to exchange the OLAm and DPP
capping ligands with TOP and ODT using I, to enhance the
process. Nanocrystals were dispersed in the presence of TOP
and I, or ODT and I,, for 10 min and then recovered, purified,
and dispersed in chloroform-d to obtain the '"H NMR spectra
shown in Figures 3 and 4. Panels f—i of Figure 3 show the 'H
NMR spectra of solutions of nanocrystals dispersed in excess
TOP when exposed to various concentrations of I,. Higher
concentrations of I, led to more complete exchange of OLAm
with TOP, indicated by the disappearance of the resonances
characteristic of OLAm near the double bond at § 5.4 and 2.0
ppm. The exchange with TOP is further indicated by the
increased relative intensity of the methyl-related resonance at §
0.88 ppm, consistent with the greater number of methyl groups
per molecule of TOP than of OLAm. Increasing the I,
concentration too much led to a decrease in the amount of
the dispersible nanocrystal product, as shown in Figure 3m. In
the extreme case, 1:1 addition by weight of I, to CulnSe,
nanocrystals led to the complete degradation of the nano-
crystals to a red solid composed of CulSe;, as shown in the
Supporting Information. Fourier-transform infrared spectros-
copy (FTIR) was also used on the CulnSe, samples exchanged
with I, and TOP to confirm that complete ligand exchange had
occurred. The NH, bend at 1600 cm™ has disappeared from
the FTIR spectra (see Figure S4), confirming that the amines
have been removed from the nanocrystal surface. A similar
exchange procedure was successfully used to exchange OLAm
with ODT, indicated by the 'H NMR spectra in Figure 4. The
resonances characteristic of OLAm near the double bond at §
5.4 and 2.0 ppm are no longer present in the spectra, indicating
that the addition of I, led to the complete ligand exchange of
OLAm for ODT.
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As shown in Figure 6, TEM and XRD of the ligand-
exchanged nanocrystals also show they retain their crystal

20 30 40 50 6020  30__ 40 50 60

20 (Degrees) 20 (Degrees)
Figure 6. (a) TEM image of as-synthesized CulnSe, nanocrystals. (b)
TEM image of the CulnSe, nanocrystals after a TOP and 20% wt I,
ligand exchange. (c) XRD pattern of as-synthesized CulnSe,
nanocrystals. (d) XRD pattern of the CulnSe, nanocrystals after a
TOP and 20% wt I, ligand exchange. PDF 01-073-6321 is used as the
chalcopyrite CulnSe, reference XRD pattern, indicated by red drop
lines.

structure and morphology (histograms of the size distribution
obtained by TEM are available as Supporting Information).
The mode of the size distribution (or peak in the frequency
distribution) is between 8 and 9 nm before and after the ligand
exchange. Before the ligand exchange, the sample contains
several larger nanocrystals with diameters of <20 nm. After the
ligand exchange process, these larger nanocrystals have been
removed and the largest nanocrystals are only 13 nm in
diameter. This is likely due to the relatively poor dispersibility
of the larger nanocrystals and corresponds to the observed
mass loss during the exchange process. We also attempted the
exchange of OLAm and DPP with an X-type ligand, StAc.
Without the addition of I, there is no ligand exchange. When
I, was present, the nanocrystals precipitated, indicating that I,
displaced OLAm and DPP but StAc did not bond to the
nanocrystal surface [see the Supporting Information for the
related '"H NMR spectra (Figure S3)].

Figure 7 shows XPS data of the CulnSe, nanocrystals after I,
was used to induce exchange of OLAm and DPP ligands with
TOP. Even after purification of the nanocrystals by antisolvent
precipitation, there is a significant amount of charge neutral
iodine remaining on the nanocrystal surface. Previous studies
of single-crystal CulnSe, substrates have shown that I, exhibits
dissociative adsorption at room temperature with I adatoms
bonded preferentially to Cu sites.”” The binding energy of the
I 3d §/2 peak (619.3 eV) is also consistent with values
reported for iodine atoms on noble metal surfaces.”””" The Cu
2p, In 3d, and Se 3d XPS peaks all have similar relative
intensity and binding energies before and after ligand
exchange, indicating that no significant change has occurred
to the nanocrystal surface other than the addition of I. Table 1
shows a comparison of the elemental composition of the
nanocrystals before and after ligand exchange. Both XPS and

DOI: 10.1021/acs.chemmater.8b04016
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Figure 7. XPS data for CulnSe, nanocrystals as synthesized (bottom) and after a 20 wt % I, and TOP ligand exchange (top). Each region
corresponds to the following atomic orbitals: (a) Cu 2p, (b) In 3d, (c) Se 3d, and (d) I 3d.

Table 1. Composition of CulnSe, Nanocrystals Determined
by Integrating the XPS Data in Figure 7 and Composition of
CulnSe, Nanocrystals Determined by ICP-AES”

Surface Sensitive CulnSe, Composition Determined by XPS

Cu In Se I
as synthesized 0.69 1.36 2.00 -
exchanged 0.72 1.30 2.00 0.20

Bulk CulnSe, Composition Determined by ICP-AES
Cu In Se
as synthesized 0.80 + 0.01 1.06 + 0.02 2.00 £+ 0.03
exchanged 0.81 = 0.01 1.06 + 0.01 2.00 £ 0.02

“The XPS measurements are more sensitive to the species at the
nanocrystal surface, while ICP-AES measures the total composition in
the sample.

ICP-AES indicate that the CulnSe, nanocrystals are rich in In
and deficient in Cu, which is indicative of Inc,+2V, defect
pairs that have an unusually low formation energy in this class
of materials.””~’° The XPS data indicate that these defect pairs
are more prevalent on the surface on the nanocrystals, which is
also common in CuIIlSe2.76_80 The Cu 2p, In 3d, and Se 3d
spectra and the overall nanocrystal composition measured by
ICP-AES remain unaffected by the ligand exchange, indicating
that the CulnSe, nanocrystal surface composition is not
affected by exposure to I, and the nanocrystals are
stoichiometric and charge neutral, which is also consistent
with dative L-type bonding of OLAm, DPP, TOP, and ODT
and bonding of I, as a charge neutral Z-type ligand."*~>°

B CONCLUSIONS

OLAm and DPP are tightly bonded L-type ligands on CulnSe,
nanocrystals. The addition of I, dislodges both DPP and
OLAm from the nanocrystal surface and chemisorbs as a
charge neutral Z-type ligand. This is an example of the facile
exchange between L-type and Z-type ligands at a nanocrystal
surface. The incorporation of I, into solution ligand exchange
procedures can be used to dislodge the native ligands and
facilitate complete ligand exchange. These results support
previous findings showing facile exchange between Z-type and
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L-type ligands and indicate that the presence of the Z-type
ligand is necessary to facilitate exchange between tightly bound
L-type ligands.
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