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ABSTRACT: The nanocrystal surface, which acts as an interface between the
semiconductor lattice and the capping ligands, plays a significant role in the
attractive photophysical properties of semiconductor nanocrystals for use in a
wide range of applications. Replacing the long-chain organic ligands with short
inorganic variants improves the conductivity and carrier mobility of nanocrystal-
based devices. However, our current understanding of the interactions between
the inorganic ligands and the nanocrystals is obscure due to the lack of
experiments to directly probe the inorganic ligands. Herein, using two-
dimensional infrared spectroscopy, we show that the variations in the inorganic
ligand dynamics within the heterogeneous nanocrystal ensemble can identify
the diversities in the inorganic ligand−nanocrystal interactions. The ligand
dynamics time scale in SCN− capped CdS nanocrystals identifies three distinct
ligand populations and provides molecular insight into the nanocrystal surface.
Our results demonstrate that the SCN− ligands engage in a dynamic equilibrium
and stabilize the nanocrystals by neutralizing the surface charges through both direct binding and electrostatic interaction.

Semiconductor nanocrystals (NCs) are composed of a
semiconductor lattice whose surface is passivated with

molecular capping ligands. Selection of the capping ligands,
semiconductor material, size, and dimension provides highly
tunable optical and electronic properties of the NCs. These
characteristics make the NCs an emerging class of building
blocks in various optoelectronic, photovoltaic, photocatalytic,
and biodiagnostic applications.1−7 The last few decades have
witnessed advances in controlling the reproducibility of size
and shape dispersity in NC synthesis.8 However, one of the
most defining features of the properties and reactivity of the
NCs is the surface, which acts as an interface between the
semiconductor lattice and the capping ligands.9 Unlike
conventional molecules, heterogeneity exists across the surface
of an individual NC. In addition, a dynamic equilibrium exists
between the ligands bound to the NC surface and the free
ligands in the surrounding media.8,10 Detailed insight into the
heterogeneity in ligand−NC interactions is essential to
improve the current NC-based technologies.
Long-chain organic ligands are usually used for stabilizing

NCs during their preparation. However, replacing the long-
chain ligands with shorter variants improves the conductivity
and carrier mobility, thereby increasing NC-based device
performance.11−14 In the past decade, solution-based ligand
exchange has routinely been used to replace the long-chain
organic ligands with the shorter inorganic variants (e.g.,
halides, pseudohalides, azides, halometalates).15−17 Thiocya-
nate (SCN−) ligand has been recently utilized to prepare
colloidal quantum ink, which showed superior carrier

mobility.15 Despite the importance of the NC surface, the
heterogeneous ligand−NC interactions are poorly understood
due to a lack of molecular-level information.8 1H NMR has
recently been utilized for long-chain organic ligands (acids and
thiolates) to distinguish between surface-bound and freely
diffusing ligands.8,9,18−23 However, 1H NMR cannot be applied
to short inorganic pseudohalide ligands like thiocyanates which
are devoid of hydrogen atoms. The interactions of these short
ligands at the NC surfaces have been qualitatively explained
based on the hard and soft acids and bases (HSAB)
principle.9,16 However, a recent quantum chemical study has
reported that the coordination of the SCN− ligand only partly
follows the HSAB principle, which cannot be generalized to
inorganic solid materials.24 Quantitative information on the
binding modes and the coordination number of inorganic
ligands is required to understand their influence on the NC
properties.
The use of Fourier transform infrared (FTIR) and Raman

spectroscopies has been reported to access purity, ligand
identity, and static coordination environments at the NC
surface.15,21,25 Although most of the ligands (both long chain
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acids and short pseudohalides) have distinct vibrational
signatures, these steady-state vibrational techniques are most
helpful in understanding ligand−NC interactions when used in
complement with other experiments and quantum calculations.
Beyond probing the static coordination environments,
transient IR (TRIR) spectroscopy has been successfully used
for the long-chain oleic acid ligands.26,27 However, no time-
resolved IR studies have been reported on the short inorganic
variants. Among the available time-resolved IR methodologies,
two-dimensional infrared (2D IR) spectroscopy provides a
unique route to obtain an in-depth understanding of the
inorganic ligand−NC interactions. A particular mode of
ligand−NC interaction is manifested as a symmetric peak in
the FTIR spectrum. Due to the inherent heterogeneity in the
NC ensemble, subensembles exist within each absorption
band. These subensembles exchange on specific time scales
(spectral diffusion) depending on the strength of interaction of
the ligand to the NC surface (Figure 1a). The stronger the

ligand−NC interaction, the slower the time scale (Figure 1b).
The changes in the 2D IR line shapes can directly provide the
spectral diffusion time scales and identify the relative strength
of the ligand−NC interaction. Herein, we successfully
demonstrate that the ligand dynamics time scales obtained
from 2D IR spectroscopy in SCN− capped CdS NCs
quantitatively distinguish three distinct inorganic ligand−NC
interactions within the heterogeneous ensemble.
For this work, oleic acid capped CdS NCs (CdS-OA) are

synthesized with minor modifications to previously reported
procedures.28 CdS-OA in hexane is combined with a solution
of ammonium thiocyanate (NH4SCN) in DMF (detailed
procedure in the Supporting Information) to exchange the
organic ligands. After ligand exchange, 1H NMR shows no
characteristic peak for vinyl hydrogen of oleate around 5 to 6
ppm confirming full removal of oleate from the NCs surface
(Figure S1). We choose the short SCN− ligand because of its
ability to form stable solution-phase NCs and its impressive
electron mobility, which is required for optoelectronic
applications.15,29 Moreover, SCN− is a highly sensitive local
vibrational probe of the surface heterogeneity.30,31 Figure 2a
shows that the excitonic features of the CdS NCs were
preserved after ligand exchange. The X-ray diffraction (XRD)
pattern of the SCN− capped CdS (CdS-SCN) was identical to

that of CdS-OA (Figure 2b). HRTEM images of CdS NCs
(Figure S2) before and after ligand exchange exhibit good
crystallinity with well-defined lattice fringes. The size
distributions of the NCs are shown in Figure 2c. In agreement
with the previous literature, the fringe spacing and XRD
correspond to (111), (220), and (311) planes of the zinc blend
structure.32 The XRD pattern reveals (111) to be the
predominant facet.
The FTIR spectrum of the CdS-SCN in DMF shows an

asymmetric peak in the CN stretch (νC̅N) region (Figure 2d)
which could be fitted (Table S1) to two Gaussians centered at
2055 cm−1 (νL̅) and 2072 cm−1 (νH̅). The full width at half-
maximum (fwhm) of the peaks at νL̅ and ν ̅H are 16.5 and 14.6
cm−1, respectively. In the absence of NCs, NH4SCN shows a
symmetric peak at 2055 cm−1 (νF̅) in DMF with a fwhm of
13.5 (Figures 2d). Previous studies of M+SCN− (M = Li+, Na+,
Mg2+) in different solvents reported a blue-shift in νC̅N due to
the formation of contact ion pairs.33−38 Thus, the peaks at ν ̅L
and νH̅ in CdS-SCN can plausibly be assigned to the freely
diffusing ligands and the ligands interacting with the NCs,
respectively. However, these assignments based on peak
positions are speculative. Further, it should be noted that
although the presence of NCs makes the fwhm of the peak at
νL̅ larger by 3 cm−1 than that of the peak at νF̅ (Table S1), the
origin of this broadening cannot be explained from FTIR
results.
We have acquired 2D IR spectra of CdS-SCN at different

time delays (Tw) to obtain a detailed understanding of the
ligand−NC interactions. A typical 2D IR spectrum consists of
a peak pair corresponding to ground-state bleach and
stimulated emission (blue peak, v = 0 to v = 1) and excited-
state absorption (red peak, v = 1 to v = 2) separated by
vibrational anharmonicity. The existence of multiple binding
modes introduces multiple overlapping peak pairs (2D IR) in
the spectra. The 2D IR spectrum shows two peak pairs (Figure
3, left column), with the blue peaks centered at frequencies
corresponding to the FTIR peak positions (νL̅ and νH̅) and the
red peaks shifted along the detection axis by the respective
anharmonicities. The spectral diffusion (within each peak)
lowers the diagonal tilt of the peaks with increasing Tw without
changing the peak positions (white lines in Figure 3). The
spectral diffusion time scales are quantified using center line
slope (CLS) formalism where the inverse of the Tw-dependent
white lines’ slopes are fitted to exponential decays.39 We have
performed additional control experiments and analyses in the
absence of NCs on NH4SCN in DMF (Figure 3, right
column).
The CLS of the peak at νH̅ fits well to a single exponential

decay indicating that the spectral diffusion with this ligand
population happens at a 114 ps time scale (Figure 4a). The
CLS of the peak at νL̅ shows a biexponential decay, consisting
of two decay time scales, 5 and 39 ps (Figure 4a). The faster (5
ps) time scale shows an excellent agreement with that obtained
from the CLS of the peak (νF̅) in the absence of NCs, thereby
confirming the existence of freely diffusing ligands. It is worth
mentioning that the freely diffusing ligands can be paired with
the NH4

+ countercation. A previous study reported a much
faster spectral diffusion in DMF (1 ps), albeit using transition
metal carbonyl as the vibrational probe.40 A future study
involving variation in the cation size/charge density can
provide a clearer picture. Direct binding to the NC surface
should restrict the ligand movement and slow down the
spectral diffusion. Thus, the slowest time scale corresponding

Figure 1. Schematic representations of (a) the exchanging
heterogeneous subensembles (different colors) within a symmetric
frequency distribution (solid black line representing an absorption
band) leading to spectral diffusion and (b) the changes in the spectral
diffusion time scales with variations in ligand−NC interactions.
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to the peak at νH̅ arises due the strongly bound ligands. The

negatively charged SCN− likely binds (making X-type

interaction) to the Cd-rich positively charged (111) surface,

giving rise to this distinct ligand population. The intermediate

time scale of 39 ps for the peak at νL̅ indicates a ligand

population which is neither freely diffusing nor strongly bound

to the NC surface. The ligand interacting weakly with the NCs

would be less restricted than those bound strongly to the NCs

Figure 2. (a) UV−vis absorption spectra, (b) XRD patterns, and (c) particle size distributions obtained from HRTEM analysis of CdS NCs before
(blue) and after (red) ligand exchange. (d) FTIR spectra of the nitrile stretch (νC̅N) of SCN

− in the presence (up) and absence (down) of NCs.

Figure 3. 2D IR spectra of CdS-SCN (left column) and NH4SCN (right column) in DMF at three different waiting times (Tw). Tw increases from
the top to the bottom along each column. FTIR spectra are shown at the respective top panels such that the peak positions of the FTIR and 2D IR
spectra are vertically aligned.

The Journal of Physical Chemistry Letters pubs.acs.org/JPCL Letter

https://doi.org/10.1021/acs.jpclett.2c00493
J. Phys. Chem. Lett. 2022, 13, 3059−3065

3061

https://pubs.acs.org/doi/10.1021/acs.jpclett.2c00493?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.2c00493?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.2c00493?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.2c00493?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.2c00493?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.2c00493?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.2c00493?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.2c00493?fig=fig3&ref=pdf
pubs.acs.org/JPCL?ref=pdf
https://doi.org/10.1021/acs.jpclett.2c00493?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


but would have slower dynamics than that of the freely
diffusing ligands. The absorption of the weakly interacting
ligands at a frequency similar to that of the freely diffusing ones
makes these two ligand populations indistinguishable in the
FTIR spectra. It has been previously reported that free
thiocyanate anions cannot be spectrally distinguished from
solvent separated ion pairs.34,38 The only indication in the
steady-state spectrum was the broadening of the peak at νL̅ as
compared to that at ν ̅F. However, the ligand dynamics time
scales obtained from 2D IR allows us to directly identify the
variations in the ligand populations.
Interestingly, the freely diffusing ligands do not have any

apparent interaction with the NCs, as indicated from the
spectral diffusion time scales. We tried decreasing the ligand
concentration during ligand exchange to remove the freely
diffusing ligands. However, only a partial transfer of the NCs to
the DMF phase was observed, which shows identical
normalized FTIR spectra (Figure S3) irrespective of the ligand
concentration. This result suggests that the free-diffusing
ligands are an integral part of the heterogeneous NC system. A
zeta potential value of −57.6 mV for CdS-SCN indicates that
the ligands can provide electrostatic stabilization to the NCs.
Our results demonstrate that the electrostatically bound
ligands (39 ps time scale) are in dynamic equilibrium with
the freely diffusing ligands (5 ps time scale). Thus, the free

ligands could not be eliminated by reducing the ligand
concentration during ligand exchange.
In addition to the distinct time scale upon binding to the

NCs, the separation between the respective blue and red peaks
(vibrational anharmonicity) for SCN− is known to decrease
with proximity to the cations.41 The estimated anharmonicity
(Table S1) is the lowest for the peak at νH̅, confirming that this
peak arises from strongly bound ligands to the NCs. The
anharmonicities of the weakly bound and the free ligands are
the same, within the experimental error limit. Additional
information is obtained from the amplitudes of the CLS decays
(Figure 4a). Although the CLS value at Tw = 0 should be unity
as no spectral diffusion is possible, it usually decreases from
unity due to the presence of ultrafast homogeneous
fluctuations. A larger decrease from unity at Tw = 0 indicates
a larger homogeneous contribution to the line shape of the IR
peak. It is intriguing to observe that the ultrafast fluctuations
decrease with the increasing strength of ligand−NC
interaction, thereby decreasing the homogeneous contribution
to the IR line shape.
The ratio of the areas of the peaks at νH̅ and νL̅ is estimated

to be 0.1 from the FTIR spectrum of CdS-SCN. In addition,
the amplitudes of the biexponential CLS decay for the peak at
νL̅ show that the weakly bound ligands contribute ∼20% while
the rest comes from the freely diffusing ligands. Combining the
two results, the population ratio of strongly bound
ligands:weakly bound ligands:free ligands is estimated to be
1:2:7. A large fraction of free ligands is needed to stabilize the
NCs as the free ligands are in dynamic equilibrium with both
the strongly bound and the weakly interacting ligands.
Although the IR spectra of CdS-SCN show two peaks arising
from three overlapping transitions, a single peak in 13C NMR15

confirms the presence of a dynamic equilibrium between the
three ligands populations. We therefore estimate a nanosecond
time scale for the exchange process, i.e., faster than the NMR
time scale and slower than picoseconds as no cross peaks from
chemical exchange are seen up to 80 ps in 2D IR.
Although we have identified the strongly bound ligand

population directly from the ligand dynamics time scales, the
ambidentate SCN− can bind to the positively charged (111)
NC surface (X-type interaction) either through the sulfur (S)
or the nitrogen (N) atom. Density functional theory (DFT)
calculations on Cd2+-SCN− ion pairs (see Table S2 for
calculated frequencies) predict a blue-shift in νC̅N for SCN−

interacting with Cd2+ either through the S end or through the
N end. To mimic the experimental condition, additional DFT
calculations have been performed using Quantum-Expresso on
the (111) facet of zinc-blende shaped CdS-NC. For
simplification, a slab model has been used to optimize the
NC structure.42 PBE43 was used as the exchange-correlation
functional, and ultrasoft pseudopotentials44 described the
electron−ion interaction. Two different models considering
the binding nature of SCN− (S-bound and N-bound) have
been constructed, and their optimized structures are presented
in Figure 4b. Small fragments of the slabs were utilized to
calculate the ν ̅CN at the B3LYP/lanl2dz level of calculation with
the Gaussian 16 package.45 The calculated values of νC̅N are
presented in Table S2. A close resemblance of νC̅N for the N-
bound SCN− (2079.36 cm−1) to the (111) surface has been
observed with an experimental band at 2072 cm−1, indicating
that the ligands are bound to the NC surface through the N
atom, making an X type interaction with the (111) facet.

Figure 4. (a) Tw dependent CLS decays of the 2055 and 2072 cm−1

peaks of CdS-SCN are shown in blue and red, respectively. CLS decay
of NH4SCN (2055 cm−1, yellow) has been appended for easy
comparison with the blue decay. The y-axis is shown in log scale for
clear visualization of the number of exponential decays. The inset
represents the normalized CLS decays at 2055 cm−1 in the presence
and absence of NCs. (b) Optimized slab structure of the N-
terminated and S-terminated SCN− capped (111) facet of the CdS
crystal. We set a = b = 8.40 Å, c = 60 Å, and α = β = γ = 90° to
construct the slab with chelating ligands. The vacuum spacing is about
45 Å, and thus the image effect is eliminated. The plane wave basis set
is used with a kinetic energy cutoff of 25 Ry.
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Our results successfully demonstrate that the variations in
the inorganic ligand−NC interactions at the NC surface can be
successfully deciphered from the variations in the ligand
dynamics (Figure 5). A unique spectral diffusion time scale,

associated with any ligand−NC interactions, depends on how
strongly the ligand is interacting with the NC. A stronger
interaction slows down the spectral diffusion such that the
excitation and detection frequencies remain correlated for a
longer time. We have identified three distinct populations of
pseudohalide ligandsstrongly bound, electrostatically inter-
acting, and freely diffusingin the CdS-SCN NCs. These
ligand populations were found to be present in the NC system
in the ratio 1:2:7. Furthermore, control experimental results
indicate a dynamic equilibrium where all the three ligand
populations exchange at nanosecond time scales. Interestingly,
although the freely diffusing ligands do not apparently interact
with NCs, the presence of the dynamic equilibrium between
the various ligand populations make these free ligands an
intrinsic part of the NC system. Results obtained from
quantum chemical calculations show an excellent agreement
with our 2D IR interpretations. In addition, the theoretical
results indicate that the ambidentate SCN− ligand binds
through the N atom, making an X-type interaction with the
NCs. This work demonstrates that 2D IR spectroscopy can
directly provide a detailed molecular-level picture of how small
inorganic ligands stabilize the NCs. In CdS-SCN, the
stabilization of the NCs comes from passivating the surface
charges through direct binding as well as electrostatic
interaction. This study opens up a new avenue to investigate
the interaction of small inorganic ligands with the NCs of
varying shapes, sizes, and semiconductor materials.
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