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(Abstract: Exposure of soft material templates to alternating volatile chemical precursors can produce inorganic\
deposition within the permeable template (e.g. a polymer thin film) in a process akin to atomic layer deposition (ALD).
While such sequential infiltration synthesis (SIS) processes have now been demonstrated for many metal oxides, we
report an SIS process for a transition metal sulfide — CdS. Gas phase dimethyl cadmium and hydrogen sulfide precursors
infiltrated into poly(4-vinylpyridine) thin films result in the 3D-nucleation of clusters consistent with a cubane-type Cd,S,
core that are variably terminated with methyl, thiol and hydroxy capping ligands. First principles models and simulation
of few-atom Cd-based clusters are consistent with electronic and vibrational spectroscopy and grazing-incidence total X-
ray scattering measurements of 3D-cluster-arrays synthesized at 80°C. The direct synthesis of few-atom transition metal
sulfide clusters within polymer thin films will provide a versatile new route to precision architectures for light-absorbing

Kmaterials including solar energy harvesting and conversion applications. )

Introduction

Discrete nanoclusters (NCs) exhibit opto-electronic proper-
ties that are distinct from their corresponding bulk materials.
As with small molecules, NC properties are a function of
atom count, connectivity, and the resulting electronic
structure. In contrast to larger nanoparticles (>>2 nm), NCs
may present surface atom configurations that are otherwise
Inaccessible and/or unstable in bulk material and surfaces.

[*] N.P.Jayaweera, A. R. Bielinski, K. Kim, A. B. F. Martinson
Material Science Division
Argonne National Laboratory
9700 South Cass Avenue, Lemont, lllinois, 60439, United States
E-mail: martinson@anl.gov

S. Havenridge, N. B. Thompson, A. M. Wheaton, P. Sarkar, C. Liu,
K. L. Mulfort

Chemical Science and Engineering Division

Argonne National Laboratory

9700 South Cass Avenue, Lemont, lllinois, 60439, United States

J. M. Hoffman

X-ray Science Division

Argonne National Laboratory

9700 South Cass Avenue, Lemont, lllinois, 60439, United States

R. Pathak, |. W. Elam

Applied Materials Division

Argonne National Laboratory

9700 South Cass Avenue, Lemont, lllinois, 60439, United States

£ © 2025 UChicago Argonne LLC, Operator of Argonne National
Laboratory. Angewandte Chemie International Edition published by
Wiley-VCH GmbH on behalf of GDCh. This is an open access article
under the terms of the Creative Commons Attribution Non-Com-
mercial License, which permits use, distribution and reproduction
in any medium, provided the original work is properly cited and is
not used for commercial purposes.

Angew. Chem. Int. Ed. 2025, 64, €202421259 (1 of 7)
Edition

The unique properties of NCs and the potential for NC
arrays with narrow size distributions to advance the field of
(photo)(electro)catalysis are well documented.™""! For ex-
ample, their homogeneous compositions and surfaces may
allow for novel absorption transitions and afford new
opportunities for efficient charge transfer in solar energy
harvesting applications."**

However, the established routes for solution phase
synthesis of clusters produce clusters with a broad size
distribution and poor surface homogeneity which may
involve additional purification steps to isolate homogeneous
NC populations.'™* Furthermore, the present methods for
the deposition of uniform NC arrays are largely restricted to
quadrupole mass-selected soft landing™ > and the concen-
tration of solution-synthesized NCs into thin films, both of
which have incomplete control and issues with scalability.

Over the past decade, Sequential Infiltration Synthesis
(SIS) has been developed as a route to incorporate metal
oxide materials into soft material templates including a wide
range of polymers.’**J SIS is an adaptation of Atomic Layer
Deposition (ALD), a surface synthesis technique that is now
used prolifically to realize thin film growth with precise
control over the resulting material phase, thickness, and
conformality.”® In SIS, gas-phase metal organic precursor
molecules permeate a soft material to reversibly adduct (or
slowly and irreversibly react) with a polymer matrix. Specific
functional groups present in the polymer matrix can act as
initial adduction sites until introduction of a complementary
precursor that may react to nucleate a small inorganic
cluster with reduced volatility. Additional alternating ex-
posure cycles may result in the nucleation of new clusters
and/or in the growth of existing clusters. The spatial
distribution and concentration of clusters in the polymer
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matrix may be controlled by adjusting nucleation and
growth parameters during the SIS procedure. Further
increasing the materials palette for, and our understanding
of, SIS processes will enhance our ability to create functional
materials with tailored properties.

Numerous groups have investigated cadmium chalcoge-
nide (CdE) clusters using solution phase synthesis methods
and theory calculations.’>™! Solution phase synthesis meth-
ods often lead to broad size distributions, are challenging to
isolate, and suffer from limited stability. Moreover, small
CdE clusters with less than 10 cadmium atoms have been
found to be especially challenging to synthesize and require
air-free reaction conditions.>

In this study, we demonstrate the rapid synthesis of 3D-
arrays of discrete Cd,S, clusters in poly(4-vinylpyridine)
(P4VP) thin films using highly volatile dimethyl cadmium
and hydrogen sulfide precursors. SIS parameters including
precursor exposure, temperature, and the purge time
between exposures are varied to investigate the range of
accessible NC size, surface termination, uniformity, and the
spatial distribution of deposition. Combining experimental
and theoretical techniques, we describe the synthesis of
molecular Cd,S; core cubane type clusters with heteroge-
neous anionic capping ligands that include methyl, thiol and
hydroxyl groups. The clusters are further stabilized by the
presence of neutral capping ligands including pyridine as
provided by the surrounding P4VP polymer matrix. The
new SIS process considerably expands the number of metal
sulfide SIS processes®” and vapor phase synthesis routes to
molecular inorganic clusters.”’

Results and Discussion

Analysis of Cluster Synthesis Pathways by UV/Vis and PL
Spectroscopies

A simple reaction scheme, shown in Scheme 1, is hypothe-
sized to be the first in a sequence of reactions to form Cd,S,
NCs. DFT calculations (see below) suggest that DMCd first
favorably adducts to pyridine on the P4VP backbone before
reacting with H,S in the subsequent exposure to produce a
methylcadmium thiol and release methane.

Multiple exposures of either DMCd or H,S alone were
not sufficient to produce NC absorbance, while nine
complete SIS cycles at 80°C produced intense absorbance
and PL (see Figure S1). Reflection-corrected absorbance
measurements collected with a diffuse reflectance accessory

_Cd. =z CHy
N HsC cd CHs | H,S :
=z SN =
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Scheme 1. P4VP-based cluster nucleation via adduct formation and
subsequent reaction with H,S.
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(DRA) reveal that the resulting deposition has strong
absorbance at 274 nm that steadily increases with the
number of SIS cycles, Figure 1. A normalized overlay of the
absorbance at variable SIS cycle numbers reveals similar
spectral shapes including the 274 nm peak, a shoulder near
350 nm, and a sharp deep-UV peak that steadily decreases
in relatively intensity with greater cycle number. In contrast,
in the absence of a polymer template, alternating exposure
of a solid substrate to the same precursors has been shown
to produce polycrystalline zincblende and wurtzite CdS thin
films from 100 to 300°C."1 Absorbance measurements
readily distinguish the cluster deposition from thin films of
CdS that exhibit band gap absorption from 2.3-2.4 eV (517-
540 nm).

The PL emission of the clusters is centered at 520 nm,
Figure 1c, and is relatively unchanging with increasing SIS
cycle numbers observed in the normalized PL lineshape,
Figure 1d. The consistent PL energy and linewidth further
indicate an increasing density of Cd-based clusters without
significant change in cluster size or structure. Together, the
optical properties suggest that additional SIS cycles increase
the cluster array density without significantly changing the
character of the clusters. Increasing the growth temperature
consistently reduces the absorbance and PL intensity of the
resulting cluster array (Figure S2). The decreased absorb-
ance and PL with higher growth temperature is consistent
with a lower density of clusters that may result from faster
desorption and diffusion of DMCd adducted within the
P4VP polymer film during the DMCd purge step, prior to
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Figure 1. UV/Visible absorbance and photoluminescence (PL) spectra
collected after complete SIS processing (1 to 9 cycles) at 80 °C. a)
Reflection-corrected absorbance further corrected for small differences
in the original polymer thickness b) absorbance normalized at 274 nm
c) PL spectra corrected for small differences in the original polymer
thickness d) PL spectra normalized at 520 nm
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H,S exposure. The spectral line shapes of both absorbance
and PL slowly evolve with increasing temperature, suggest-
ing that the SIS reaction mechanism may also be moderately
sensitive to growth temperature.

Grazing Incidence Total X-ray Scattering (GITXS) Pair
Distribution Function (PDF) Analysis.

The relative size of the Cd-based cluster was obtained
through synchrotron-based total X-ray scattering measure-
ments. In total X-ray scattering, both long-range and short-
range atomic ordering are observed as Bragg diffraction and
diffuse scattering, respectively, which together comprise the
structure function of the measured material. Fourier trans-
formation of the structure function produces the atomic
PDF that describes the probability of finding two atoms
separated by a given distance in real space. These films have
low Cd-based cluster volume percentage (less than 6 atomic
% of Cd according to XPS) relative to the organic polymer
film matrix. This, combined with the low total volume of the
180-nm-thick film, presents a challenge to acquiring trans-
mission scattering data with a sufficient signal-to-noise ratio
for PDF analysis. Performing the data acquisition in grazing-
incidence geometry allows for surface-sensitive data acquis-
ition and significant signal enhancement, allowing for PDF
analysis of the Cd,S, cluster.[*’]

The scattering from the glass substrate and pristine
polymer film were subtracted from the total signal, leaving
only the signal from the Cd,S; cluster data. After Fourier
transformation, the PDF patterns of Cd,S, cluster samples
reveal several consistent real space distances with high
probability, Figure 2 (see Figure S3 for more information).
The most common pairwise interaction observed in all
samples occurs at ~2.5 A a spacing similar to known Cd-S
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Figure 2. X-ray Total Scattering PDF Analysis Pair distribution functions
(PDFs) from grazing-incidence total x-ray scattering for samples with
different numbers of SIS cycles.
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bond lengths.F'*% Even after a single SIS cycle, the 2.5 A
pair correlation distance is observed, despite moderate
signal-to-noise due to low cluster density. Typical Cd—Cd
distances for bulk CdS, quantum dots, and ultra small
nanoparticles are ~4.1 A" The Cd,S, clusters in this
study also show a feature close to 41A. A lack of
prominent pairwise interactions at correlation distances
greater than 7 A suggests the absence of larger clusters or
bulk-like CdS. The experimental radial PDF response may
be further compared to the atom distances observed in
simulated cluster structures optimized by DFT. Through this
analysis, clusters containing more than five Cd atoms can be
excluded from further consideration since pair correlations
longer than ~7 A are not observed experimentally. Exper-
imental pair correlations less than ~7 A also exclude the
possibility of significant volume of bulk CdS, quantum dots,
and ultra small nanoparticles that are expected to show
Bragg diffraction and/or pair correlations >15 A. Simula-
tions of thiol-capped Cd-based clusters with two to five Cd
atoms show the closest agreement to experimental Cd—Cd
pair distances (Figure S4). The average Cd—Cd distance
computed by DFT is approximately 4.1 A for a four-atom
Cd,S, cluster, most closely matching the experiment meas-
urements. It should be noted that the peak around 4.1 A is
broader in the experimental data relative to the simulated
data, implying a distribution of phases instead of a single
precise structure. As a result, it appears that the NC
population has structures of ~4 Cd atoms and may exhibit
some distribution of phases, though this remains consistent
across different SIS cycles and samples.

Three simulated Cd,S, core clusters with diverse capping
ligands (Figure 3) were examined in additional detail. The
feasibility of these potential ligand environments will be
further explored in the XPS and theoretical sections;
however, DFT optimization is used to investigate how NCs’
ligand environment may affect core-atom distances. The
simulated PDF patterns are similar; however, the core of the
four-atom NCs is predicted to slightly decrease as the ligand
is changed from methyl capped to thiol capped to hydroxyl
capped based on DFT calculations.

XPS Depth Analysis

Compositional and chemical information of the P4VP-
embedded Cd,S, clusters was deduced from XPS measure-
ments of samples prepared in an ALD tool that is coupled
to an inert gas glovebox. From the glovebox, the SIS cluster
samples were transported to the XPS load-lock using an air-
free transfer stage. Elemental analysis performed as a
function of Ar-sputtering depth reveals that the average S/
Cd ratio for all SIS cycle number samples is close to 1.5,
Figure 4. A S/Cd ratio of ~1.5 is consistent with a Cd,S, core
with, on average, a 50:50 mixture of thiol and methyl or
hydroxyl termination. (See Figure S5 for more information
on XPS analysis) The distribution of Cd,S, clusters is
hypothesized to be controlled by a complex interplay of
vapor diffusion, precursor-polymer adduction, dissociation,
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Figure 3. DFT optimized structure, PDF simulated patterns and average bond lengths from calculations at the B3LYP-D3/CEP-121G level of theory

for a) methyl capped b) thiol capped c) hydroxyl capped Cd,S, core NCs.
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Figure 4. XPS depth analysis of elemental composition. (top) Atomic percentages of Cadmium, Sulfur, Oxygen and Nitrogen in first 500 s etching
of 1 cycle, 5 cycle and 9 cycle SIS processed samples (bottom) Sulfur to Cadmium atomic ratio of 1 cycle, 5 cycle and 9 cycle SIS processed

samples.

and diffusion out of the polymer prior to reaction with H,S
that, together, control cluster nucleation.

Computationally Informed Growth Mechanism

To aid the identification and characterization of experimen-
tal Cd,S, nanoclusters, DFT was used to optimize nano-
cluster models and analyze the possible growth mechanisms
with and without the polymer. To reduce the number of
possible conformations and sizes, as well as to improve
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mechanistic relevance, the reaction pathway is assumed to
proceed through addition of single Cd(SH)(CH;) or Cd-
(SH), species, Figure 5 and Figure S6, respectively. Compu-
tational studies on the geometry of CdSe NCs, specifically
Cui, et. al’s work that describes the stable high symmetry
conformations of CdSe nanoclusters, also served to narrow
the list of plausible conformations.’™ NCs were additionally
optimized with different ratios of H,S release (see Fig-
ure S6).

A potential mechanism may also be considered by
evaluation of DFT thermodynamics. For example, it is
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Figure 5. Calculated reaction free energy diagram for formation of possible Cd,S, core clusters. NCs at the B3LYP-D3/CEP-121G level of theory at

80°C.

favorable to produce all three terminations of the Cd,S, core
NC at 80°C (e.g. CH;, OH, and SH terminations) from the
Cd(CHs), precursor. However, it is not favorable to produce
OH terminated NC from SH terminated NC. In other words,
the methyl terminated NC is a vital intermediate in the
mechanism. This may lead to heterogeneity, including a
mixture of SH and CH; terminated Cd,S, core NCs in the
polymer matrix. We hypothesize that methyl capped clusters
could further oxidize in the presence of atmospheric water
to form hydroxyl capped cluster forms as illustrated in
Figure 5.

TDDFT calculations also allow calculation of theoretical
absorption spectra for comparison to the experimental
absorption spectra described above, see Figure2. The
simulated absorption spectra for cubic cadmium clusters
with variable ligand termination each exhibit a characteristic
absorption peak near 300 nm, Figure S7. The characteristic
peak is at 286 nm in the methyl terminated NC, but slightly
red shifted (lower energy) in the —SH and —OH terminated
species, to 290 nm and 302 nm, respectively. The computa-
tions provide a reasonable match to the primary experimen-
tal absorption peak at 274 nm, see Figure S7, suggesting only
a slight underestimation of the energy of this transition.
However, the absorption peak in the experimental spectra is
significantly broader than in the simulated spectra, espe-
cially at lower energy. As such, we hypothesize that a
mixture of NCs with different ligand terminations may be
present, with a majority terminated by CH; and SH. The
methyl terminated cluster has the largest HOMO-LUMO
(HL) gap of the three with a value of 4.85 eV, while the thiol
terminated has the smallest HL gap of 3.67 eV. While no
dynamics are modelled explicitly in our calculations, a
smaller HL. gap suggests that the electrons could be more
susceptible to reactions. Therefore, even though the SH NC
has a large formation energy from the CH; NC (Figure 5),
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we hypothesize that the CH; terminated clusters may be less
susceptible to reactions, effectively reducing the concentra-
tion of SH capped NCs.

The primary absorption peak of all simulated cubic
clusters has mixed ligand to metal charge transfer (LMCT)
character. Each has an occupied molecular orbital that has
large p atomic orbital contribution on the sulfurs inside the
cube, as well as a small amount of extra-cluster ligand
character. This transitions into a molecular orbital that is
mostly from d orbitals on the Cd atoms (see Figure S8-S10).
All three NCs are also predicted to exhibit a higher energy
absorption feature where the excitations that produce large
oscillator strengths are close to the experimental peak of
229 nm, the closest being those with SH and OH termina-
tion. The methyl terminated NC has similar transitions in
the high energy range, but they are blue shifted compared to
that of the SH and OH NCs, with the strongest excitation at
a value of 205 nm.

FTIR Characterization of the Clusters

Comparison of the infrared spectrum for a 100 cycle Cd,S,
SIS sample to a P4VP (no SIS) control reveals a new
interaction between the polymer and Cd,S, cluster, Figure 6.
Simulation of the vibrational spectra suggests that the new
peak at 1017 cm™' corresponds to expanding and contracting
in the pyridine ring and Cd—N stretching. The shoulder peak
next to 1615 cm ™ is related to a symmetric stretch between
opposite carbon bonds in the pyridine ring ligand which is
disturbed by the new Cd—N interaction. For simplicity, the
simulation assumes that 100% of pyridine-sites on the
polymer are bound to a Cd,S,-core cluster. However, a
much lower pyridine site occupancy is expected, even after
100 SIS cycles. Therefore, a much smaller perturbation in
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Figure 6. Experimental vs calculated FTIR spectra comparison before
and after SIS processing at 80°C in P4VP matrix. a) Experimental P4VP
and 100 cycle SIS spectra b) DFT calculated P4VP unit and Cd,(SH)s
P4VP one unit adduct at the B3LYP-D3/CEP-121G level of theory. The
grey areas highlight infrared energies where significant intensity
changes are simulated and observed.

the experimental spectra after SIS treatment is expected, as
full coordination of all pyridines is unlikely in the dilute
conditions used for cluster synthesis.

Conclusion

Alternating exposure of a poly(4-vinylpyridine) polymer
thin film to dimethyl cadmium and hydrogen sulfide
precursors incorporates inorganic CdS within the polymer
via a low temperature SIS process. Evidence for few-atom
cadmium sulfide clusters within the polymer thin film
include dramatically blue-shifted optical absorption and a
lack of pair correlations beyond 7 A. Simulated Cd,S, core
cubane type clusters with heterogeneous capping ligands are
most consistent with combined experimental and computa-
tional structure studies. Thermodynamic consideration of
DFT calculations reveal that the formation of methyl-
capped and thiol-capped clusters is possible under inert
atmosphere synthesis conditions. Pyridine functions as a
neutral ligand in the polymer backbone and is hypothesized
to passivate the cluster cores. The facile SIS of transition
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metal sulfide clusters allows excess precursors and by-
products to be quickly eliminated through purging under
low vacuum and avoids the difficult and lengthy purification
procedures needed for the solution phase syntheses of
discrete atom clusters. This route to discrete atom clusters
may enable the synthesis of novel solar energy-absorbing
materials with well-defined structures and unique proper-
ties.
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