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Surface chemistry dictates the optoelectronic properties of semiconductor quantum dots (QDs). Tailoring
these properties relies on the meticulous selection of surface ligands for efficient passivation. While long-
chain organic ligands boast a well-understood passivation mechanism, the intricacies of short inorganic
ionic ligands remain largely unexplored. This study sheds light on the surface-passivation mechanism of
short inorganic ligands, particularly focusing on SCN™ ions on CdSe QDs. Employing steady-state and
time-resolved infrared spectroscopic techniques, we elucidated the surface-ligand interactions and
coordination modes of SCN™-capped CdSe QDs. Comparative analysis with studies on CdS QDs unveils
intriguing insights into the coordination behavior and passivation efficacy of SCN™ ions on Cd?* rich QD
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surfaces. Our results reveal the requirement of both surface-bound (strong binding) and weakly-interact-
ing interfacial SCN™ ions for effective CdSe QD passivation. Beyond fostering a deeper understanding of
surface-ligand interactions and highlighting the importance of a comprehensive exploration of ligand
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Introduction

Colloidal quantum dots (QDs) have captured significant inter-
est due to their unique electronic and optical properties,
which can be tailored for specific applications through precise
control over material selection, size, shape, and surface
ligands.”™ The high surface-to-volume ratio of QDs renders
their properties susceptible to the nature of the surface.”®
Surface-passivating ligands play a critical role in determining
the QD quality, stability, and overall physical and chemical
properties.”

Among various QDs, cadmium selenide (CdSe) stands out
for its size-tunable properties. However, long-chain organic
ligands, commonly used during synthesis for nucleation and
growth control (e.g., oleic acid), act as insulators, preventing
close proximity of QDs and limiting their device potential.®®
Ligand exchange strategies with shorter inorganic ligands have
emerged as a promising approach for overcoming this limit-
ation. These shorter ligands influence carrier mobility by alter-

“Physical and Materials Chemistry Division, National Chemical Laboratory
(CSIR-NCL), Dr. Homi Bhabha Road, Pune - 411008, India.

E-mail: s.bagchi@ncl.res.in

bDepartment of Chemistry, Indian Institute of Technology Delhi, Hauz Khas, New
Delhi 110016, India

“Academy of Scientific and Innovative Research (AcSIR), Ghaziabad - 201002, India

1 Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d4nr01507j

14922 | Nanoscale, 2024, 16, 14922-14931

chemistries, this study holds implications for optimizing QD performance across diverse applications.

ing the inter-QD dielectric environment and tunneling dis-
tance."® Mobility increases significantly with decreasing ligand
length, highlighting the advantage of short inorganic ligands
like thiocyanate (SCN™) for enhancing electronic coupling between
adjacent QDs, a crucial factor for device fabrication.>* ™

Recent studies have demonstrated the effectiveness of thio-
cyanate (SCN™) anions as short capping ligands to improve
device performance.>'* While extensive research using 'H
NMR spectroscopy has elucidated the interaction between
oleic acid and CdSe QDs,>'®™° the lack of hydrogen atoms in
SCN™ ions prevents the use of this technique. This presents a
significant challenge in understanding how SCN™ stabilizes
QDs in solution, a crucial aspect for optimizing device
performance.

In contrast to "H NMR, SCN™ exhibits a distinct spectro-
scopic signature in the mid-IR region due to its nitrile (C=N)
stretching. This stretching is sensitive to the local environment
and features a high extinction coefficient. The C=N stretching
has been widely used as a spectroscopic reporter to probe the
interaction of SCN~ with condensed-phase media, bio-
molecules, and materials, including QDs."**°* For example,
in a previous study on QDs, Kagan and coworkers reported two
SCN™ populations (directly bound and freely diffusing) for
SCN™-capped CdSe QDs.>

Our recent work on SCN™-capped CdS QDs employed FTIR
and time-resolved vibrational spectroscopy to identify the
ligand populations required for surface passivation." We
observed correlations between the ligand fluctuation dynamics

This journal is © The Royal Society of Chemistry 2024
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timescales and the strengths of the surface-ligand inter-
actions. This revealed three distinct ligand populations:
directly bound, weakly bound, and freely diffusing. Theoretical
calculations further predicted that directly bound ligands bind
to the Cd*" rich (111) facet. Since Cd*" is the preferred binding
facet for SCN™ in both CdS and CdSe QDs, a thorough investi-
gation of SCN™-capped CdSe QDs is crucial to understanding
the binding nature and the coordination modes of the ligands.

This work utilizes FTIR and two-dimensional infrared (2D
IR) spectroscopic techniques to reveal the surface passivation
mechanism of SCN -capped CdSe QDs. We compare the
surface-ligand interactions observed here with those previously
reported for CdS QDs." Our findings reveal remarkable simi-
larities between the two systems suggesting a potentially uni-
versal binding mechanism for SCN™ on CdX (X = S and Se)
QDs. Our results suggest the need for both direct surface
binding and interfacial ligands for the effective passivation of
CdX.

Furthermore, the presence of interfacial ions not directly
bound to the QD facet suggests the formation of a double
layer. While the concept of double layer formation (electro-
static interaction) for small inorganic QD ligands has been
proposed in the literature,'*'*?*?% no experimental evidence
has been presented to date. Our findings provide the experi-
mental evidence of double layer formation for surface-ligand
interactions in SCN™-capped CdSe and CdS QDs.

Experimental

Chemicals

Cadmium oxide (CdO 99.5%), trioctylphosphine oxide (TOPO
99%), trioctylphosphine (TOP 90%), 1-octadecene (ODE 90%),
oleic acid (OA 90%), selenium powder mesh (99.99%), octade-
cylamine (ODA >95%), toluene, hexane, methanol, acetone
and chloro propanethiol (CPT) were used.

SCN™-capped CdSe nanocrystal synthesis

At first, CdSe QDs were synthesized, which were further used
to prepare SCN -capped CdSe QDs via ligand exchange. For
the synthesis of CdSe QDs, 1 mmol CdO and 4 mmol OA were
added to 14 mL of ODE in a 50 mL four-necked round bottom
flask. Initially, the reaction mixture was degassed at room
temperature for 5 min and then the temperature was increased
to 120 °C under vacuum and degassed for 30 min. After that,
under an inert atmosphere the temperature was raised to
240 °C while maintaining constant stirring until a clear solu-
tion was obtained. The temperature of the solution was then
brought to 90 °C, followed by the addition of ODA (1.5 g) and
TOPO (1 g) to the solution and heated again to 280 °C with
continuous stirring under an inert atmosphere. At this temp-
erature the TOP-Se solution (0.4 M, 2.5 mL) was injected
swiftly into the Cd-oleate solution The temperature fell down
to 268 °C and the reaction was allowed to proceed at 270 °C
until the desired size of the nanocrystals was achieved. The
QDs were purified by phase separation with a 1:1 mixture of
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hexane and methanol to remove unreacted precursors. The
QDs were precipitated by adding acetone followed by centrifu-
gation and finally redispersed in hexane.***

The ligand exchange procedure, following the method
reported by Kagan et al.®> with some modifications, involved
preparing a 1 mL solution of 130 mM NH,SCN in acetone.
This solution was added dropwise to 0.5 mL of a dispersion of
as-synthesized CdSe quantum dots in hexane (15-20 mg ml ™)
until precipitation occurred. The resulting solution underwent
centrifugation for 3 minutes at 4000 rpm. The supernatant was
then discarded, and the resulting quantum dots were washed
with acetone. Finally, the CdSe quantum dots were dried and
dispersed in 0.5 mL of DMF with 0.5 pl of CPT. The SCN™-
capped CdSe was utilized for spectroscopic studies.

Material characterization

Optical absorption measurements were conducted using a
Shimadzu UV-vis-IR (UV-3600 Plus) spectrophotometer. High-
resolution images of the quantum dots were obtained using a
high-resolution transmission electron microscope (HRTEM,
JEOL JEM 2200FES). Powder X-ray diffraction (PXRD) patterns
were collected using a Bruker D8 Advance diffractometer in
the Bragg-Brentano geometry and operated with Cu Ka
radiation.

Quantum calculations

To replicate the experimental conditions, plane-wave density
functional theory (DFT) calculations were carried out using
Quantum Espresso on the (111) facet of zinc blende-shaped
CdSe QDs.* For simplicity, a slab model was used to optimize
the QD structure. The PBE exchange-correlation functional
was employed, with ultrasoft pseudopotentials describing the
electron-ion interactions.>**> To calculate the C=N stretching
frequency, small fragments of the slab were analyzed at the
B3LYP/lan12dz level using the Gaussian 16 package.*®

IR spectroscopy

IR absorption spectra were recorded at room temperature
using a Bruker Vertex 70 FTIR spectrometer. Each sample
involved loading approximately 90 pl of the sample solution
into a demountable cell comprising two windows (CaF,, 3 mm
thickness) separated by a mylar spacer of 100 pm thickness.
The same sample cell was employed for 2D IR experiments.

2D IR spectroscopy

The 2D IR spectra were acquired using a pulse shaper-based
2D IR spectrometer developed by PhaseTech Spectroscopy,
Inc., USA. A detailed description of the setup employed in this
study has been provided elsewhere.?” In brief, mid-IR pulses,
centered at ~2070 cm™", were generated with an approximately
~60 fs pulse width. A beam splitter was used to split the mid
IR pulse into a strong pump (80%) beam and a weak probe
(20%) beam. A germanium acoustic-optic modulator (AOM)
based pulse shaper was used to generate two pump pulses
with a delay interval of r from a single strong pump pulse. The
spatially and temporarily overlapped pump and probe pulses
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were directed toward the sample using parabolic mirrors. A
motorized delay stage was used to set the pump and probe
delay (T.,). Each 2D IR spectrum was acquired by scanning 7 at
a fixed Ty. The signal was collected using a monochromator
(Princeton Instruments) and detected on a nitrogen-cooled
64-pixel HgCdTe (MCT) IR array (InfraRed Associates) detector.
The final 2D IR spectra were constructed by Fourier-transform-
ing the experimental data along the axis. Generally, a 2D IR
spectrum is a plot of the initial frequencies versus the final fre-
quencies. The 2D IR experiments were conducted using the
same solutions used for FTIR in the same sample cell.

The waiting time dependence of the 2D IR lineshapes was
analyzed employing the center line slope (CLS) method, and
the CLS decays were fitted to multi-exponential decay func-
tions.*® While calculating the CLS from the central part of the
peak is standard practice for single or non-overlapping spectral
bands, spectral overlap can cause potential distortion in the
spectrum, leading to significant errors in the calculated CLS
timescales. For overlapping bands, it has been shown that CLS
can still be accurately calculated separately from the individual
peaks if the CLS is calculated to the blue of the peak center for
the high-frequency spectral band and to the red of the peak
center for the low-frequency spectral band.*® Through 2D IR
spectral simulations, we identified the spectral regions for
each of the overlapping peaks that provide the lowest error
(<5%) in the calculated CLS.

Results and discussion

Fig. 1a illustrates the UV-vis spectra of oleate-passivated CdSe
QDs dispersed in hexane (prior to ligand exchange) and SCN™-
capped CdSe QDs in dimethylformamide (DMF) solution (fol-
lowing ligand exchange). Notably, the characteristic excitonic
peaks of the CdSe QDs remained unchanged after ligand
exchange. The X-ray diffraction (XRD) pattern of the SCN™-
capped CdSe QDs closely resembled that of the oleate-capped
ones (Fig. 1b), with prominent peaks at angles (26) 24.9°,
41.5°, and 49.2° corresponding to the (111), (220), and (311)
planes of the zinc blende structure, consistent with prior litera-
ture findings.*>*! This analysis confirms the preservation of
crystallinity and the predominance of (111) facets in the QDs
before and after ligand exchange. The XRD pattern was slightly
noisier after the exchange process because the recovered
sample was smaller. Fig. 1c presents a high-resolution trans-
mission electron microscopy (HRTEM) image of CdSe QDs
before ligand exchange. The size distribution is shown in
Fig. 1d. As the UV-vis spectrum barely changes before and
after exchange, the particle size is expected to remain the
same.

We obtained the FTIR spectrum of the C=N stretching for
the SCN™-capped CdSe QD colloidal solution in DMF (Fig. 2a).
Notably, the C=N stretching spectrum exhibits an asymmetric
band, manifesting a shoulder on the high-frequency side,
indicative of a blue shift. The spectrum was fitted to two
Gaussians centered at 2056 cm ™" (peak A, FWHM = 15.5 cm ™)
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and 2072 cm™" (peak B, FWHM = 11.4 cm™"). To ascertain the
C=N stretching peak of free SCN™ in DMF in the absence of
QDs, we recorded the FTIR spectrum of NH,SCN dissolved in
DMF (Fig. 2b). This spectrum revealed a symmetric peak at
2056 cm™" (peak A, FWHM = 13 cm'). Although a peak at
2056 cm ™" is observed in both the presence and absence of the
QDs, the peak exhibits a larger FWHM in the presence of QDs.
Our FTIR results in the presence of QDs align well with the
previously reported C=N stretching spectrum of SCN™-capped
CdSe QDs in DMSO.> While the solvent change from DMSO to
DMF slightly affects the peak positions, the overall spectral
shape with two overlapping peaks remains consistent. In the
previous report, the high-frequency peak in DMSO was
assigned to the ionically bound SCN™ ions at the positively
charged sites (111 facet) on the CdSe surface, while the low-fre-
quency peak was assigned to the free SCN~ ions.
Interestingly, identical C=N stretching peak positions were
reported for a different SCN -capped QD (CdS) colloidal solu-
tion in DMF."

An approximately 3 cm ™" increase in the FWHM of the peak
at 2056 cm™' was observed in the presence of QDs, compared
to that observed in the absence of QDs, for both CdSe and CdS
QDs. Plane-wave DFT calculations were performed to optimize
the structure of the SCN™-bound CdSe crystal (Fig. 2c).
Frequency calculations of CdSe QDs estimated the C=N
stretching frequency of the nitrogen-bound SCN™ to the Cd**
rich (111) facet of the quantum dot to be ~2083 em". This
result is consistent with the plane-wave DFT calculations on
CdS QDs, which show a frequency of 2079.3 cm™"." The close
similarity of the estimated C=N stretching frequencies and
the comparable high-frequency peak positions between CdS
and CdSe QDs indicate that the 2072 em™" peak in CdSe QDs
arises from the SCN™ bound to the (111) facet, directly through
the nitrogen atom. Previous literature has also attributed the
SCN™ peak at ~2072 cm™' to N-bound coordination to Ag
nanoparticles.*?

The FTIR spectra of SCN™-capped CdSe QDs reveal the pres-
ence of two distinct SCN™ populations, previously identified as
bound and free ligands.”> However, despite exhibiting nearly
identical lineshape and peak positions in the FTIR, recent
time-resolved IR studies on SCN™-capped CdS QDs unveiled
the necessity for three distinct SCN~ populations (directly
bound, weakly bound, and free anions) to effectively passivate
the CdS QD surface." This observation prompted us to investi-
gate whether the surface passivation mechanism observed in
SCN™-capped CdSe QDs mirrors that of SCN™-capped CdS
QDs. We conducted additional time-resolved IR studies to elu-
cidate any similarities or differences in the surface passivation
mechanisms between the two systems.

We used 2D IR spectroscopy to investigate the interaction
between SCN™ ligand CdSe QDs. 2D IR spectra were recorded
for both free SCN™ and SCN™-capped CdSe quantum dot col-
loidal solution in DMF at various time delays (7,,) (Fig. 3). A
typical 2D IR spectrum, corresponding to a single peak in the
FTIR spectrum, comprises a peak pair, originating from v = 0
tov =1 (blue) and v = 1 to v = 2 (red) coherences. The differ-
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Fig. 1 (a) UV-vis absorption spectra of oleate-capped CdSe QD colloidal solution in hexane and thiocyanate SCN™-capped CdSe QD colloidal solu-
tion in DMF. (b) Diffraction patterns of QDs before and after ligand exchange revealing identical crystallinity. (c) HRTEM image of CdSe QDs before
ligand exchange. (d) Particle size distributions with peaks at around ~3 nm are obtained from the HRTEM analysis of CdSe QDs.

ence in the peak positions along the detection frequency
(x-axis) represents the anharmonicity of the vibrational mode.
At early time delays, the peak pairs are elongated due to a
strong correlation between excitation and detection frequen-
cies. As Ty, increases, the correlation weakens, and the peak
shapes become broader until they are circular, indicating a
complete loss of correlations.

The FTIR spectrum (Fig. 2a) of the SCN™-capped CdSe QDs
in DMF exhibits two peaks. Consequently, the corresponding
2D IR spectra consist of 2 peak pairs (marked as A and B).
Peak pair A corresponds to the FTIR peak at 2056 cm™ " and
peak pair B corresponds to the FTIR peak at 2072 cm™.
Established analysis methods, such as center line slope
(CLS)*® or nodal line slope (NLS)*? analysis, provides T,,-depen-
dent changes in peak shapes. Through 2D IR spectral simu-

This journal is © The Royal Society of Chemistry 2024

lations, we identified the spectral regions for each of the over-
lapping peaks such that the CLS values and their time depen-
dence are devoid of any potential distortions that may arise
from the overlap of the two spectral bands (Fig. S2 and S37).
This allows us to extract the underlying fluctuation timescales
for each FTIR peak through frequency-frequency correlation
functions (FFCF).

The analysis of peak pairs A and B is shown in Fig. 4. Both
peaks exhibit a fast time constant of ~ 1 ps. Additionally, peak
A shows a bi-exponential decay with two time-constants of
4.9 ps and 60 ps, while peak B shows another timescale with a
time constant of 120 ps (see the ESI}). In the absence of QDs
(bulk DMF), the FFCF extracted from freely diffusing SCN™
ions (peak A’) in bulk DMF also shows an ~1 ps timescale
dynamics and further decays rapidly at a timescale of ~6.8 ps.

Nanoscale, 2024, 16, 14922-14931 | 14925
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Fig. 2 (a) The FTIR spectrum of the C=N stretching for SCN™-capped CdSe QD colloidal solution in DMF shows two overlapping transitions (A and
B). (b) The FTIR spectrum of the C=N stretching for SCN~ in the absence of QDs shows a single symmetric peak (A’). (c) The optimized slab structure

of the nitrogen terminated SCN™-capped (111) facet of the CdSe crystal.
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Fig. 3 2D IR spectra of NH4SCN (left column) and CdSe-SCN (right
column) in DMF at three different waiting times (T,,). T,, increases from
the top to the bottom along each column.

This timescale reflects the solvent fluctuations around the free
SCN™ ion. Prior studies have proposed various timescales for
DMF fluctuations (1-10 ps).*** This suggests that free SCN~
ions in bulk DMF experience very rapid fluctuations in their
vibrational frequencies.

When SCN™ interacts with another species, its frequency
fluctuations should slow down. The strength of the interaction
determines the extent of the slowdown. Peak B, with the
slowest timescale, corresponds to SCN™ directly bound to the
(111) facet of the CdSe QDs. This direct attachment likely
creates the strongest interaction between the QDs and the
SCN™ ligands, resulting in the slowest fluctuation timescale.
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Fig. 4 T,-dependent CLS of the 2072 cm™ peak in SCN™-capped
CdSe QDs corresponding to the bound ligands (green) shows the
slowest decay and that of the 2056 cm™ peak corresponding to the free
ions (blue) in the absence of QDs shows the fastest decay. The CLS
decay of the 2056 cm™ peak in the presence of CdSe QDs shows a bi-
exponential decay.

The observed timescale of ~120 ps for bound SCN™ ions on
the CdSe (111) facet is slightly slower than that reported for
SCN™-capped CdS QDs." This suggests a subtle difference in
the surface-ligand interaction between CdSe and CdS QDs,
despite both involving the Cd** rich (111) facet. Similar obser-
vations have been reported for the binding energies of oleic
acid bound to the surface of these two QDs.*®

The dynamics of small anionic ligands contribute negligi-
bly to their own spectral diffusion.?” This raises the question:
how are surface-SCN™ interactions related to the slowing down
of SCN™ FFCF decay timescales? Solvent molecules in contact
with or near the interface exhibit different dynamical pro-
perties. The structural dynamics of the solvent molecules

This journal is © The Royal Society of Chemistry 2024
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become faster as they move away from the interface, causing
the SCN™ frequency fluctuation to become faster with increas-
ing distance from the QD surface.*® Additionally, the proximity
of bulky, slowly moving QDs compared to small solvent mole-
cules further slows the fluctuation timescale near the QD
surface.

Thus, the fluctuation timescales of the ligands serve as
indicators of surface-ligand interactions. In simpler terms,
stronger interactions lead to slower timescales. Interestingly,
in addition to the fast timescale of ~1 ps, peak A exhibits two
distinct time constants. In general, a multiexponential decay
of CLS is attributed to different types of motions in the sur-
rounding environment happening at different timescales.
However, one of these timescales matches with the time con-
stant obtained for peak A’ in the absence of QDs. Since the
peak position is the same for peak A and peak A’, an
additional timescale likely indicates the presence of two
different SCN™ populations within peak A. One population
exhibits the timescale of free SCN~ ions in bulk DMF
(~4.9 ps). The other population shows a timescale of about
~60 ps, which is in between that of free ligands and those
directly bound to the QD surface. This intermediate timescale
implies that these SCN™ ions are neither in the bulk nor
directly bound to the QD surface.

SCN™ ions can interact with either NH," counter-cations or
the QD surface in the colloidal solution. The possibility of
NH," slowing down the fluctuation dynamics can be excluded
because the cation was present even in the absence of QDs,
where an ultrafast fluctuation timescale of 6.8 ps was observed.
Therefore, the significant retardation (~ten-fold) in fluctuation
dynamics is attributed to the interactions between the ligands
and the QD surface. The timescale of 60 ps suggests that these
ions are not directly bound to the Cd*" rich (111) facet. Since
anions like SCN™ typically exhibit X-type ligand behavior, they
are unlikely to interact with the neutral facets of the QDs.*’

The intermediate timescale of 60 ps may suggest a weaker
interaction between the ligands and the Cd** rich (111) facet.
In other words, the SCN™ ions are not directly attached to the
QD surface but reside in the nearby interfacial region. This
weaker interaction is evident when compared to the timescales
of the directly bound ligands. Interestingly, recent studies on
thin films with cationic head groups found that negatively
charged ligands, like SCN~, move much slower near the
interface.”>>" The sluggishness extends to a typical correlation
length of a few nanometers, where the fluctuation dynamics of
SCN™ is faster than that at the surface but slower than that in
the bulk solution. This effect declines exponentially, and the
SCN™ ions behave similarly to those in the bulk solvent before
the interfacial region.® We hypothesize that a similar
phenomenon occurs in the CdSe QDs. The intermediate time-
scale indicates weakly-bound SCN~ close to the interface,
which explains the considerable slowdown compared to bulk
dynamics. This interface effect is well established for other
charged surfaces, as oppositely charged ions near the charged
metal surface tend to form double layers.> The close corre-
spondence between the FTIR peak positions and fluctuation

This journal is © The Royal Society of Chemistry 2024

View Article Online

Paper

timescales in CdS and CdSe QDs strongly suggests a similar
surface passivation mechanism in both cases.

The observation of ~1 ps timescale for all the populations
can be attributed to their exposure to the solvent. For non-
hydrogen bonded environments, the fast ~1 ps decay has been
previously ascribed to the fluctuations of the first solvation
shell. Since each population has some degree of solvent
exposure, they all exhibit dynamics on an ~1 ps timescale.
While FTIR identifies two populations, 2D IR spectroscopy
unveils a more nuanced picture with three separate timescales,
indicating three distinct populations. The peak at 2056 cm™*
(peak A) in the presence of QDs, although appearing as a
single peak in the FTIR spectrum, has contributions from two
distinct populations: weakly-bound interfacial ligands and
freely diffusing ligands. This distinction becomes clear when
examining the FFCF decays from 2D IR spectra. A closer look
at peak A (compared to peak A’ without QDs) indicates that
only the high-frequency side of the peak broadens when QDs
are present (Fig. 5). The FTIR data tell us that any interaction
of the SCN™ ligands with the QD surface causes a blue shift in
the C=N stretching frequencies. The stronger the interaction,
the larger the blue shift, with the strongly bound ligands
showing the largest blue shift. Since only the high-frequency
side of peak A broadens with QDs, this confirms that some
SCN™ ions are weakly interacting with the QD surface.

Plane-wave DFT calculations for CdSe QDs indicate that
SCN™ adsorbs on the (111) surface in a perpendicular orien-
tation, with the coordinating nitrogen atom of the bound
ligand approximately ~2.3 A away from the QD surface. This
finding is consistent with the previously reported results for
CdS QDs." Additionally, this result aligns well with the existing

Normalized Absorbance

- -

2040 2060 2080
Wavenumber (cm™)

........ .

2020

2100

Fig. 5 The C=N stretching peak of free SCN™ in the absence of CdSe
QDs (peak A’) has been overlaid with the Gaussian fit of the peak at
2056 cm™ in the presence of QDs (peak A). The two spectra overlap
well on the low-frequency side. In the presence of QDs, the Gaussian fit
shows a broadening on the high-frequency side.
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reports on ligand bound CdSe QDs as the distance falls within
the reported range (from 2.28 A to 2.76 A) for various ligands
on the CdSe surface.’® The predicted interaction energy for the
bound SCN™ ligand is slightly smaller for CdSe QDs than that
for CdS QDs, but lies within the reported range of adsorption
energies for CdSe QDs.” These similarities between CdS and
CdSe further strengthen the notion of a similar surface passi-
vation mechanism in these QDs, providing additional vali-
dation for our claims based on FTIR and time-resolved IR
results.

Our study offers valuable insights into the surface chem-
istry of SCN™-capped QDs, enhancing our understanding of
their behavior in colloidal solutions. These findings have sig-
nificant implications for the design and optimization of QD-
based materials. By elucidating the different surface-ligand
interactions, our research can provide a fundamental basis for
developing more efficient optoelectronic devices and advanced
biomedical imaging technologies. The detailed characteriz-
ation of SCN™ ligand interactions with QD surfaces will help in
tailoring surface modifications to improve the stability, per-
formance, and functionality of QD materials in various
applications.

Conclusion

In conclusion, our comprehensive analysis of the FTIR and 2D
IR spectra of SCN™-capped CdSe QD colloidal solutions in
DMF has provided valuable insights into the surface-ligand
interactions and the dynamics of SCN™ ions. The FTIR spectra
revealed two distinct peaks (A and B) associated with C=N
stretching vibrations, with peak A showing a shoulder indica-
tive of a blue shift. A comparison with the FTIR spectra of free
SCN™ in DMF highlighted differences in the peak width,
suggesting an influence of QDs on ligand dynamics.

Further investigation using 2D IR spectroscopy elucidated
the dynamics of SCN™ ions over time delays (7y,), revealing
intricate details about their interactions with the QD surface.
The analysis revealed distinct populations of SCN™ ions, with
peak A exhibiting two time constants, suggesting the presence
of weakly-bound and freely diffusing ligands in addition to
directly bound ones.

Our findings suggest that the slowdown in fluctuation
dynamics observed in the presence of QDs is primarily attribu-
ted to interactions between the ligands and the Cd*" rich (111)
facet of the QDs. The intermediate timescale of 60 ps indicates
weaker interactions compared to directly bound ligands, poss-
ibly occurring in the interfacial region.

We have previously reported similar results for CdS QDs.
The similarities between our observations of CdSe QDs and
previous studies on CdS QDs support the existence of a
common surface passivation mechanism across different types
of QDs. This is further corroborated by plane-wave DFT calcu-
lations, which suggest similar ligand orientations for SCN™ on
both CdSe and CdS QDs. Although the trends in the results
remain consistent for CdS and CdSe QDs, subtle differences
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are observed, particularly in the ligand dynamics timescales.
Such subtle differences are not evident from the FTIR results.

These small differences in dynamics suggest subtle vari-
ations in the surface-ligand interactions when changing from
S to Se. However, as the binding occurs on the Cd**-rich (111)
facet, the overall passivation mechanism remains similar,
albeit with minor differences in the extent of interactions. Our
combined results from CdS and CdSe QDs indicate that a
double layer formation of ions is necessary to stabilize the Cd-
based QDs.

In the future, it would be interesting to see what happens
when the cation is changed from Cd** to any other cation.
Moreover, understanding the relationship between the type of
cation and the correlation length of the interfacial effect will
provide deeper insights into the surface chemistry of QDs.
Overall, our study provides valuable insights into the surface
chemistry of SCN"-capped QDs and contributes to a better
understanding of their behavior in colloidal solutions. These
findings have implications for the design and optimization of
QD-based materials for various applications, including opto-
electronic devices and biomedical imaging.
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