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New synthetic hybrid materials and their increasing complexity have placed growing demands

on crystal growth for single-crystal X-ray diffraction analysis. Unfortunately, not all chemical
systems are conducive to the isolation of single crystals for traditional characterization. Here,
small-molecule serial femtosecond crystallography (smSFX) at atomic resolution (0.833 A)

is employed to characterize microcrystalline silver r-alkanethiolates with various alkyl chain
lengths at X-ray free electron laser facilities, resolving long-standing controversies regarding the
atomic connectivity and odd-even effects of layer stacking. sSmSFX provides high-quality crystal
structures directly from the powder of the true unknowns, a capability that is particularly useful
for systems having notoriously small or defective crystals. We present crystal structures of silver
n-butanethiolate (C4), silver r~hexanethiolate (C6), and silver 7-nonanethiolate (C9). We show that
an odd-even effect originates from the orientation of the terminal methyl group and its role in
packing efficiency. We also propose a secondary odd-even effect involving multiple mosaic blocks
in the crystals containing even-numbered chains, identified by selected-area electron diffraction
measurements. We conclude with a discussion of the merits of the synthetic preparation for the
preparation of microdiffraction specimens and compare the long-range order in these crystals to
that of self-assembled monolayers.

Graphical Abstract

Introduction

Metal-organic chalcogenolates (MOChas) are self-assembling coordination polymers of a
metal and an organic source of sulfur, selenium, or tellurium. Recently, compounds in
this family have attracted interest for semiconducting properties, light-matter interactions,
and catalytic activity.1:2:3:4.56.7.8,9.10.11 The sjlver n-alkanethiolates1213.14.15.16 haye
drawn consistent interest as three-dimensional analogs to the well-studied self-assembled
monolayers on silver and gold metal surfaces!” and for their antimicrobial activity.18
However, a lack of single crystal structure because of small crystal sizes is a common
refrain in reports of these and related compounds. Recently, we used small-molecule
serial femtosecond X-ray crystallography (smSFX) to circumvent crystal growth challenges
by performing serial crystallography directly on micro- and nano-crystalline powders in
liquid phase injection media, without dehydration and vacuum exposure. We found linear
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Ag-Ag argentophilic interactions1? in the inorganic layer of silver benzenethiolate with
tetracoordinate sulfur bridging chains.2? We postulated that such argentophilic interactions
were also important in the silver r-alkanethiolates, so we determined to resolve outstanding
questions using the smSFX technique. Following the introduction of high-energy (15-18
keV) data collection at the X-ray free electron laser (XFEL) light sources, Linac Coherent
Light Source (LCLS) and European XFEL (EuXFEL), we developed new computational
methods to reliably determine unit cells and full crystal structures of several silver 7+
alkanethiolates at the standard 0.833 A resolution for chemical crystallography.

In seminal work, Dance et. al. first reported a variety of layered nonmolecular silver
organothiolates.?! More recently, with growing interest in two-dimensional (2D) inorganic
systems, renewed interest in these compounds has emerged with studies of phase behavior
and reports of a high degree of similarity between materials having different alkyl chain
lengths.22:23 Complementary examples of copper, gold, and cadmium r-alkanethiolates and
thiocyanates have been reported.12:24

Although the layered motif of the silver ralkanethiolates is well-accepted, the details of
the structure have been subject to considerable study and speculation. Dance proposed

a reasonable quasihexagonal inorganic lattice for silver benzenethiolate that formed the
starting point for future inquiry,2 and this model was adopted by Fijolek et a/. for the
silver r+butanethiolate.2> A modified form of this model having hexagonally arranged
silver atoms with sulfur in a bridging configuration was later proposed in Bensebaa et
al13 Allen and coworkers reported an odd-even effect in layer thickness where packing
efficiency appears related to whether the alkyl chain in question has an odd or even number
of carbon atoms.?2:23 In addition to disagreement over the atomic connectivities of the
inorganic component, the lattice type, alkyl chain tilt angle, and space group have all been
controversial.

We synthesized silver n-alkanethiolates of varying alkyl chain length (AgS-R; R= CoHg —
C12H2s5) using a method of direct chalcogenation of the silver oxide by the corresponding
n-alkanethiol.26 This approach produces materials ideal for characterization by smSFX,
transmission electron microscopy (TEM), and atomic force microscopy (AFM). We will
present monoclinic crystal structures of silver n-butanethiolate (C4), silver r-hexanethiolate
(C6), and silver r-nonanethiolate (C9) solved using smSFX. Additionally, the C9 example
was collected to a high degree of redundancy. We then use AFM and TEM to evaluate

the molecular organization of the materials. We confirm a combination of high degree of
structural conservation with increasing alkyl chain length. The alkyl chains themselves are
tilted 22° relative to the normal of the inorganic plane, and linear argentophilic interactions
between silver atoms with distances close to the interatomic spacing in silver metal are
observed. These results reveal the atomic scale organization of the material family and
provide insight into the stacking differences for odd- and even-numbered r-alkanethiolate
chains.

JAm Chem Soc. Author manuscript; available in PMC 2025 February 12.
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Results and Discussion

Synthesis and Characterization of the Silver n-Alkanethiolates

The synthetic procedure and products are depicted in Figure 1. Silver n-alkanethiolates are
abbreviated in shorthand by their carbon chain length, CX, where X=2-12, corresponding to
the number of carbons in the alkyl chain. We prepared each CX by conversion of silver (1)
oxide with each respective liquid thiol reagent. Reagent can be supplied neat, or in a small
quantity (~1 mL) of solvent. The reaction is shown in equation 1.

2 RSH () + Ag,0 (s) — 2 AgSR (s) + H,0 (1)

Equation 1:

The reaction (equation 1) is convenient for the preparation of CX microcrystals. The vigor
of the reaction is inversely proportional to the length of the alkyl chain, where short
molecules react quickly, while longer molecules require considerable applications of heat
and additional time. The shortest alkyl chains (C2, C3) produced aggregated products

that proved unsuitable for smSFX. We have collected images of those samples in the
supplemental figure S1. Mid-length (C5-C7) are the most straightforward preparations and
produced usable product in most conditions. Figure 2 presents representative SEM images
of the compounds with carbon chain lengths ranging from 4 to 12. Well-formed crystals
are tabular rectangles and have two relatively straight and parallel edges. Curved edges
are seen most often on the short edges of the rectangles. Crystals are uniformly too-small
for single-crystal XRD but are excellent substrates for imaging, surface probe, and sSmSFX
analyses.

For insight into the decrease in reaction vigor with chain length, we calculated the

standard reaction enthalpy for the range of products C6-C14, and collected the results in
supplemental Figure S2. Conveniently, Levchenko et. al. previously reported the enthalpy of
formation of silver -alkanethiolates as a function of alkyl chain length,16 and the enthalpy
of formation for r-alkanethiols can be estimated by group-contribution models.2” All of

the products we selected for this work have a negative standard reaction enthalpy, but only
slightly for C12. This is consistent with our observations of decreasing reaction vigor with
chain length and provides insight into why the longer chain systems required prolonged
heating and incubation treatments to achieve a complete reaction by this method.

We directed considerable attention to the purity of the CX products and avoided
pulverization of microcrystals during purification. Safety note: Even though they do not
interfere with X-ray sampling in the liquid phase, residual unreacted thiols are odorous

and unpleasant and must be removed before safe handling. Product can be recovered from
excess thiol by filtration, centrifugation, or sedimentation and decanting. Silver (1) oxide

is a crystalline impurity and so can be detected in X-ray diffraction. Example of crystals
contaminated by this impurity is shown in Figures 2C9, 2C11, 2C12, manifesting as the
small dots adhering to the crystals, and a powder X-ray diffraction (PXRD) characterization
of C12 samples with and without silver oxide present is found in supplemental Figure S3.
We obtained high-resolution PXRD data at the Advanced Photon Source (APS) BM-1128

JAm Chem Soc. Author manuscript; available in PMC 2025 February 12.
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and include those results in the supplemental Figure S4. At the time of the smSFX
experiment, we found that residual silver (1) oxide was still contaminating some of the
longer-chain samples (C9-C12) prior to sSmSFX experiments. Serendipitously, the difference
in settling rates of the silver oxide is such that it rapidly deposits from suspension in organic
alcohols and aqueous detergent solutions, enabling purification by decanting after only a
few minutes. We were therefore able to characterize samples by smSFX without damaging
crystals by a laborious separation procedure. This method was resilient, enabling smSFX
even of residues that arrived for beamtime with an insoluble crystalline contaminant.

Surface Structures and Defects of the Silver Alkanethiolates

Atomic force micrographs of the C9-C12 crystals are collected in Figure 3. Well-resolved
step edges of the C12 system are shown in Fig. 3A. Each step edge is on the order of 2.6
nm, corresponding to the thickness of a single layer consisting of two r~alkanethiolate
moieties and the coordinated silver atoms (Fig. 1D). Figure 3B reveals no systematic
differences between crystals of different alkyl chain lengths, other than an increase of

step edge height with alkyl chain length. Aside from the occasional step edges, individual
crystals appear largely featureless. The lack of identifiable domains of molecules in the CX
crystal interfaces is in stark contrast to self-assembled monolayers on gold or silver, wherein
differently tilted groupings of molecules adsorbed on those surfaces have recognizable linear
boundaries. More interesting features are the curvature and roughness of the step edges,
especially near the growth plane.

For context, we briefly consider the domain boundary defects in the standing phases of
r-alkanethiolate self-assembled monolayers (SAMs) on metallic substrates. We limit our
comparison to the standing phase, and not to the lying-down or sitting phases where
interdigitation of the alkyl units is an observed motif.2%:30:31 Although SAMs lack the
multilayering and the fully oxidized metal component of crystalline CX salts, they both
exhibit well-packed alkyl molecules tilted with respect to the attached plane of inorganic
atoms.32 Octadecanethiolate SAMs on Ag{111} have reported tilts of 13° from the
normal.33 and closer to 30° on Au{111}.34:35.36 The azimuthal tilt domain boundaries

are one of the most recognizable features in SAMs and emerge from the relative tilts

of molecular domains that have a different azimuth.3” We found little support for such
molecular domains in our images on the CX crystals. The implication of this observation is
that the crystals are nominally single-domain on a per layer basis and that individual crystals
are considerably uniform in azimuth. This motivated the characterization of the crystals in
the following sections, as we were interested in understanding the molecular scale structure,
connectivity, and their long-range order.

smSFX Data Collection and Processing

X-ray free electron lasers produce a high-flux pulsed X-ray beam via self-amplified
spontaneous emission (SASE). The ultrafast pulse duration (30-50 fs) and the micron
focusing optics at most XFEL facilities make them well-suited for serial femtosecond
crystallography (SFX) of microcrystals. SFX relies on the concept of “diffraction before
destruction” to collect room-temperature diffraction data.38 The XFEL pulse duration is

JAm Chem Soc. Author manuscript; available in PMC 2025 February 12.
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faster than radiation-induced ionization damage, and the high-photon-flux of each pulse can
produce strong diffraction signal from microcrystals.

XFEL measurements result in a dataset of ~10% images where typically 1%-10% of images
contain diffraction spots. SFX data collection of the silver alkanethiolates was performed
at three different experimental beamtimes at LCLS3® and EuXFEL.40 Each experiment
involves a unique set of parameters that place shifting demands on sample delivery.

Table 1 collects experimental parameters at each experiment. Microcrystals were suspended
in a carrier solvent and delivered to the XFEL interaction region by three-dimensionally
printed gas dynamic virtual nozzle (GDVN) liquid jet delivery systems.4142 Depending on
experiment compatibility, crystals were suspended either in organic alcohols (e.g. methanol)
or in a 0.1 wt% aqueous solution of household liquid detergent (Dawn™) at crystallite
concentrations ranging from 1-4 mg/mL.

We collected screening hits on C3, C4, C6, C7, C8, C9, C10, and C12 at the P216
experiment at LCLS at a lower resolution. We obtained atomically resolved structure
solutions on C6 and C9 at the LY65 experiment at LCLS, and subsequently C4 at 3073

at EUXFEL. We were additionally able to obtain preliminary indexing solutions for C7, C8,
C10, and C12, indicating single crystal hits and highly similar unit cell parameters aside
from the long b axis. The aggregates of C3 produced abundant, richly populated hits with
typically uninterpretable patterns consistent with the aggregated polycrystalline particles
observed in Figure S1.

With data collection complete, the individual frames must be indexed. Sparse diffraction
patterns from materials with small unit cells are challenging to derive indexing solutions
from, due to the lack of visible periodicity in single, unrotated patterns. Without periodicity,
Fourier methods typically used in indexing fail.#344 For this reason, we developed an
algorithm for indexing sparse patterns that we used recently, and in this work.4>-20 Here,
however, the 4 lattice is much longer than the lattice vectors from Schriber 2022, which
leads to obvious periodicity. We speculated that this could be enough to lock in a Fourier
indexing solution, but one vector appeared insufficient, and indexing failed. Therefore,

we again used our sparse pattern indexing methods. A complete description of the steps
employed to index and process the datasets is found in the experimental section.

We note that the quality of the indexed C9 data was exceptionally good, yielding a final R1
value of 9.4% for all data within 0.833 A. The dataset is also exceptionally large with 24522
frames indexable by current methods. This afforded a multiplicity of 135x in the outer

shell and 183x overall, making this a valuable dataset for future computational methods
development. We have made the full raw dataset (660k frames) available through CXIDB.

Crystal Structures of C4, C6, C9

Crystallographic parameters for the three solved crystal structures of C4, C6, and C9 are
collected in Table 2. With the exceptions of packing at the molecular interlayer and alkyl
chain length, the structures of the three materials are highly conserved. Cross-sectional
views of the CX crystals are collected in Figure 4. We consider first the layered organization

JAm Chem Soc. Author manuscript; available in PMC 2025 February 12.
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of the material, then the atomic configuration of the inorganic silver and sulfur layer
orientation. Later we will consider the topic of how this terminal group orientation impacts
the interlayer registries.

The monoclinic unit cells contain two antiparallel layers with organic groups projected
between them. In agreement with earlier work, we find the three compounds have similar
short axes and the long axis is increased by the length of the alkyl chains.13 The alkyl

chains are tilted by 22° with respect to the 2D planes constituted by the silver atoms. The
structural models here reveal that molecules are aligned nearly end to end as a consequence
of the antiparallel layers. The implications of the difference are detailed in the section on the
odd-even effect on interlayer stacking, vide infra.

The interesting features of the inorganic layer include the 2D silver layer comprised of
thiolate-bridged 1D argentophilic chains. The inorganic connectivities of the three systems
are conserved with molecule length, depicted in Figure 4. We find nominally linear chains of
silver atoms with short argentophilic interactions at 2.85 A, quite similar to the interatomic
spacing of silver atoms in metallic silver metal.#6:1° The Ag-Ag bonding axis is parallel to
(101), bisecting the aand caxes. The Ag-Ag spacing from chain to chain is at least 3.6 A,
generally considered out of range for Ag-Ag interactions. The silver pattern is reminiscent
of our earlier report of a linear Ag-Ag motif in silver benzenethiolate; here we found the
same nominally linear arrangement of 1D Ag-Ag bonding with longer interchain spacings
and lower sulfur coordination.

Selected Area Electron Diffraction

We next employed selected area electron diffraction (SAED) with a TEM to measure

the orientation of the observed crystals and determine the relationship between molecular
azimuth and crystal habit. Crystals tend to have a preferred orientation on the TEM grid,
conveniently enabling electron diffraction through the methyl-terminated basal plane with
observation down the b axis (<010> zone axis). As shown (Fig. 4a,c,e) the alkyl chains are
inclined 22° to this viewing axis.

Figure 5 depicts bright-field TEM (a-d) and diffraction (e-h) characterization for C9-C12,
respectively. The crystal fast growth direction is aligned to the 4 axis. Because the unit

cell is monoclinic, ais not aligned with a* as noted in the figure. A complete description
of the nomenclature is provided in the supporting information that serves to clarify the
complexities of interpreting SAED results in the context of monoclinic unit cells. The alkyl
chain azimuth (purple arrows, Fig. 4b,c,f) is nearly aligned to a*and -a*in alternating
layers. The azimuth is defined by the vector overlapping the alkyl chain projected onto the
inorganic plane, with measured values of [1 0.24], [1 0 .25] and [1 0 .23] for C4, C6,

and C9. These values imply that the azimuthal projection is closely conserved regardless of
chain length.

The SAED <010> zone axis diffraction patterns are rich with details because of the short
electron wavelength and the flatness of the Ewald sphere. However, there are numerous
unexpected space-group-forbidden reflections observed in the SAED micrographs. For
example, 100 is forbidden in space group P 24/n. These were also observed by Allen and

JAm Chem Soc. Author manuscript; available in PMC 2025 February 12.
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coworkers.23 On examination of individual frames of XFEL data collected down the same
axis, these reflections do not appear with any great frequency.

In the structure factors measured by X-ray diffraction, there are few violations of the
expected absences for P2¢/n (Figure S7). Furthermore, the refinements of all three structures
in £21/n proceeded without difficulty; there was no sign of disorder as would be expected if
the real symmetry were lower. Therefore, the 7~glide extinction violations in the SAED
patterns are an artifact of the electron diffraction experiment. We note that zone axis
diffraction results in many reflections that are near a diffracting condition, which makes
dynamical effects from multiple scattering events more likely to produce intensity in
spacegroup forbidden reflections. This is why off-zone axis data collection methods are
used to collect data for 3D structure determination.*”:48 Ultrathin samples (<10 nm) can be
used to avoid dynamical effects from on-axis ED data collection, but for systems like those
studied here this would constitute only 2-3 unit cells in the & direction and may result in
considerable surface effects. We further note that for simulated patterns, an assumption is
made that the electron beam is perfectly parallel to the zone axis, while in a real experiment
the beam has some divergence, and the sample is not perfectly flat. This can further lead

to the presence of forbidden reflections in the experimental data that are not expected

from the idealized simulated pattern.4® Surface reconstructions could additionally contribute,
although notably the extra reflections are not observed with such great frequency for the
MOChas with an odd number of carbons.

We observe further additional SAED reflections for the even-numbered CX compounds,
exemplified in Figures 5f and 5h. We hypothesize that these reflections are explained either
by reticular twinning or a ¢-axis lattice doubling model, with simulated patterns for both
found in Figure S5. The reflections annotated with white rectangles correspond to the latter
model. The two models are mutually exclusive and potentially testable in the future if
complete 3D diffraction patterns are collected from C10 or C12. A distinction between the
two models is that the twinned case would have alkyl chains oriented differently along
roughly a*and a*’, whereas the c-axis doubling case all alkyl chains would be oriented
along a* which is the same direction in both twin components.

The Odd-Even Effect of Interlayer Stacking

Odd-even effects where alkyl chain length impacts packing and order in self-assembling
systems have been studied in this and related self-assembling systems.>0 Allen and
coworkers showed an odd-even effect of measured layer thicknesses depending on whether
the alkyl chain in question has an even number of carbons or an odd number23 and proposed
a role of the terminal methyl group in defining the registry of the layers. However, the
models did not predict the antiparallel arrangement of the two layers in the unit cell and
therefore predicted the methyl/methyl interface as having opposing angles. The smSFX
crystallography models show an alignment of molecules end-to-end across the interface. We
contrast the C9 from the C4 and C6 structures for insight into the origin of the packing
differences.

The C9 terminal C-C bond is oriented at 40.9° from the inorganic plane, while C4 and C6
are at 31.0 and 32.9 degrees respectively. This modestly steeper angle in the odd-numbered

JAm Chem Soc. Author manuscript; available in PMC 2025 February 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Aleksich et al.

Page 9

case results in more efficient packing where methyl groups are set into the 4-fold hollow of
the next layer. Conversely, in C4 and C6, the methyl groups on one layer are shifted into a
3-fold hollow of the next layer. This difference accounts for the layered thickness deviations
observed in the even- and odd- numbered systems.

We also observe differences in registration of the methyl groups from layer to layer at the
all-organic interfaces, illustrated in Figure 6. We model the methyl groups as hard spheres
having a van der Waals radius of 2.0 A and accented them in different colors to emphasize
the packing arrangements. The two layers are identical and oppositely oriented, but the
methyl positions are well-registered between layers in the C9 example. However, in both
the C4 and C6, the two layers are not well-registered vertically. Figures 6a and 6b show

the complex alignments. AB and CD have uniformity of azimuth and are associated to one
another in position by the inorganic phase of the lattice. The termini are colored to show the
four distinct registries of the methyl termini within a single unit cell (two complete layers).
The relative azimuth is recorded as the colored arrows. On the other hand, the odd-numbered
systems are better-registered, despite the alternating azimuthal orientation.

Such subtle stacking effects have been previously shown to play an important role in

the crystallization of small-molecule systems without strongly directional intermolecular
interactions like hydrogen bonds. For example, Desiraju showed that crystal packing and
stacking sequence of a nonhydrogen-bonded material is often governed by the principle of
close-packing.®® This leads to the realization of alternative structures of higher densities

in closed packed systems.52:23 Some works have highlighted how varying peripheral alkyl
chain length can dramatically affect the self-assembly behavior of materials.>* Ultimately,
consideration of the space group symmetry into which the alkanethiols crystallize, and
understanding the interplay between entropy and geometrical constraints imposed on them
helps in understanding the stacking sequence that they adopt.>®

Conclusions

Atomic resolution smSFX structures provide high-quality structural solutions for
compounds whose syntheses yield predominantly small crystals. We obtained a
representative sample of silver r+alkanethiolates having even and odd numbers of carbon
chains with final resolution at the crystallographic standard of 0.833 A. The C9 sample was
further collected to high multiplicity. The C9 excellent redundancy of this dataset may be
useful for future method development. It would have been preferable to obtain structures
on all samples, especially an additional example having an odd number of carbon units, but
such effort will have to be reserved for future experiments. Our results, including the partial
indexing results of unsolved examples, are consistent with all members of the series being
similar to those complete solutions presented here.

The synthetic direct chalcogenation approach uses exothermic water evolution from the
thiol/oxide reaction as part of the driving force to construct the MOChas. The reaction
vigor was inversely related to the molecular length. This gives us insight into the limitations
of this reaction that can be considered when planning the preparation of more elaborate
systems. The microcrystalline products synthesized by this approach are ideal substrates
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for smSFX experiments because they are air-stable, insoluble, and possess a well-defined
surface chemistry.

The inorganic structure and alkyl tilt is highly conserved across the CX family in agreement
with earlier work. We find short argentophilic interactions acting between the silver atoms
and an alkyl tilt of 22° from the normal of the inorganic plane. The odd-even layer thickness
discrepancy is also resolved by demonstrating different packing registries of layers for
even-numbered chains (C4 and C6) relative to the odd-numbered chain (C9). Critically the
interfacial packing of the layered systems appears sensitive to the orientation of the terminal
methyl unit of the alkyl chain. This has important implications for the planning of MOChas
having derivatized molecular subunits.

In contrast with most SAMs, the AFM images of MOCha crystals showed largely featureless
terraces free of orientational molecular defects and tilt domain boundaries. The interesting
twin or sublattice SAED reflections in the even-numbered cases suggest that there may

be additional subtle diversity among these compounds, and that there are still several
possibilities for domains and disorder in those systems. Care is advised when interpreting
SAED measurements of systems like MOCha because of the emergence of intensity in
reflections that are normally not observed in X-ray diffraction. Further investigation of the
chemistry and geometry of hybrid interfaces is warranted for the future development of more
elaborate and functional systems.

Experimental Section

Materials.

Synthesis.

Silver (1) oxide (= 99%) and r+alkanethiols were used as received from Sigma Aldrich.
Deionized water (18.2 MQ-cm) was dispensed from a Millipore direct-Q 8 UV purification
system, methanol (= 99.8%), ethyl acetate (HPLC grade), and isopropanol (= 99%) were
obtained from Fisher Scientific, anhydrous tetrahydrofuran (=99.8%) was obtained from
Alfa Aesar, acetone (99.9%) was obtained from Sigma Aldrich and toluene (Baker analyzed
ACS reagent) was received from J.T Baker. One-dram vials with polyvinyl lined caps

were obtained from Duran Wheaton Kimble. Samples were incubated in a Fisher Scientific
Isotemp 500 Series oven and isolated in a Thermo Scientific Sorvall ST 8 Centrifuge.

Samples were prepared by adding 50 mg of solid Ag,0 and 2-4 equivalents of the liquid
thiol to a dram vial. A solvent-free synthesis can be utilized. However, the paste-like
consistency of the reaction mixture is inconvenient, and volumetric expansion can cause the
product to become impacted. Solvent addition can be used in small amounts to make the
reaction easier to mix and handle; typically, 1.5 mL solvent was added to the silver oxide
prior to thiol addition. Samples incubate at 75°C in an oven for 72-96 hours. Reactions were
typically unstirred. Safety Notes. Teflon vial closures are recommended to avoid release

of vapors under heating. Overheating closures can cause them to seize against the glass
creating a breakage hazard. Secondary containment of the samples in a larger sealed jar is
aavised to avoid a smelly oven.

JAm Chem Soc. Author manuscript; available in PMC 2025 February 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Aleksich et al.

Page 11

After incubation, product was isolated via several rounds of centrifugation or settling.

The product was stored suspended in isopropanol in a refrigerator. For longer chain

samples, longer incubations were sometimes required. We observed that these samples
would occasionally undergo a long induction period with apparently no reaction, and then go
to completion unexpectedly.

Powder X-ray Diffraction at a lab source and at synchrotron APS 11-BM

Suspensions of product were allowed to dry into powder to perform X-ray diffraction on a
Bruker AXS D2 Phaser and at APS 11-BM. Samples were prepared by loading dry powder
into a 24.6 x 1.0 mm silicon P type zero diffraction plate and were exposed to a copper Ka
radiation source (1.54184 A) at increments of 0.02°.

High resolution synchrotron powder diffraction data were collected using beamline 11-BM
at the Advanced Photon Source (APS), Argonne National Laboratory using an average
wavelength of 0.4581 A. CX Powders were loaded into 0.86 mm diameter Kapton capillary
tubes and exposed to the incident beam for 200s. Discrete detectors covering an angular
range from —6 to 16° 20 are scanned over a 34° 26 range, with data points collected every
0.001° 26 and scan speed of 0.01°/s.

The 11-BM instrument uses x-ray optics with two platinum-striped mirrors and a double-
crystal Si(111) monochromator, where the second crystal has an adjustable sagittal bend.28
lon chambers monitor incident flux. A vertical Huber 480 goniometer, equipped with a
Heidenhain encoder, positions an analyzer system comprised of twelve perfect Si(111)
analyzers and twelve Oxford-Danfysik LaCls scintillators, with a spacing of 2° 20.56
Analyzer orientation can be adjusted individually on two axes. A three-axis translation stage
holds the sample mounting and allows it to be spun, typically at ~5400 RPM (90 Hz). A
Mitsubishi robotic arm is used to mount and dismount samples on the diffractometer.

The diffractometer is controlled via EPICS.5” Data are collected while continually scanning
the diffractometer 26 arm. A mixture of NIST standard reference materials, Si (SRM 640c)
and Al,O3 (SRM 676) is used to calibrate the instrument, where the Si lattice constant
determines the wavelength for each detector. Corrections are applied for detector sensitivity,
20 offset, small differences in wavelength between detectors, and the source intensity, as
noted by the ion chamber before merging the data into a single set of intensities evenly
spaced in 20. 26 positions and d-spacings were gathered by taking the Gaussian regression
of the data via Igor Pro software from Wavemetrics Inc.

smSFX at LCLS

Data collection was performed at the CXI endstation at LCLS3? during experiments
designated P216 and LY65. Microcrystals were suspended in compatible carrier solvents
and delivered to the XFEL interaction region by the GDVN liquid jet sample delivery
system. Aqueous surfactant solution (0.2-0.3% w/v) and water were used as carrier solvents,
determined by their suspending power and compatibility with the GDVN. The focusing He
gas pressure varied from 300 to 400 psi and the liquid flow rate between 30 to 50 z_/min.
Sample concentration varied between 3 mg/mL to 4 mg/mL depending on particle behavior
in the suspension. Thaumatin microcrystals were prepared using a standard protocol®8 and
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delivered to the interaction region as a calibrant for detector panel metrology at LY 65.
Lysozyme microcrystals were prepared using a standard protocol as a calibrant for P216.

Single-shot diffraction patterns were recorded on a JUNGFRAU 4M detector %° positioned
~59 mm and ~160 mm from the interaction region to record low resolution reflections. The
photon energy of the XFEL pulses was ~18 keV (0.686 A) at LY65 and 10.5 keV/(1.18 A)
at P216. The beam size at the interaction region was ~1 4m using beryllium lens focusing
optics. The pulse power and photon energy were characterized by a downstream single-shot
spectrometer®0 at LY65. The repetition rate of the XFEL was 120 Hz, delivering 120 pulses
per second with a pulse duration of ~30 fs and per-pulse energy of ~1-3 mJ. All data
collection was performed in vacuum conditions and under room temperature.

At the high photon energy of the LY65 experiment, the detection efficiency of the
downstream spectrometer was low, and the spectrometer background caused significant
errors in the measured photon energy. Thus, we implemented a new procedure for
background (“pedestal”) subtraction for the downstream spectrometer. We averaged several
thousand dark shots on the spectrometer and subtracted the result from all subsequent
spectra.

smSFX at European XFEL

Data collection was performed at the FXE instrument at the European XFEL 6162
Microcrystals were suspended in compatible carrier solvents and delivered to the X-ray
interaction region by a GDVN-based liquid jet. The nozzle had a liquid aperture OD of

150 zm and a gas orifice of 100 m.83 The focusing He gas pressure varied from 350 to

450 psi (corresponding to a gas flow rate of 20 to 30 mg/min) and the liquid flow rate 100

to 200 z/min. Suspensions with particle concentrations of 1-2 mg/mL were sonicated for
20 minutes in methanol, the selected carrier solvent, and aliquoted directly into the sample
reservoir with no settling time. Because of the 564 kHz intratrain X-ray pulse repetition rate,
EuXFEL requires a higher jet velocity than at LCLS in order to refresh sample volume at
the interaction region between the arrival of each pulse. For example, with an applied liquid
flow rate of 100 uL/min and a Helium flow rate of 30 mg/min, the jet was ~10 um wide

and ~25 m/s fast with a jet length of ~500 um. The exact intra-train pulse rate was 564

kHz, the 4th subharmonic of 2.25 MHz base repetition rate of EUXFEL machine. The pulses
were grouped in trains of 200 pulses with intertrain repetition rate of 10 Hz. We note that
methanol is a better carrier solvent for these materials when high speed jets are necessary.
The aqueous surfactant solution used at prior experiments is well suited for experiments
where jet velocity is not an important parameter. Lysozyme microcrystals were prepared
using a standard protocol and delivered to the interaction region as a calibrant for detector
panel metrology.5

Single-shot diffraction patterns were recorded on the Large Pixel Detector (LPD)5°
positioned ~160 mm and ~500 mm from the interaction region. The photon energy of the
XFEL pulses was ~14.9 keV (0.827 A) and the beam size at the interaction region was
~20 um full width half max. Each pulse had a duration of 50 fs with a per-pulse energy of
~2.2 mJ at the XFEL source or ~0.7 mJ/pulse at the sample as determined by X-ray gas
monitors upstream and downstream from the interaction region, respectively.56 The X-ray
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photon energy was constantly monitored by the HIREX single-shot spectrometer installed
upstream of the sample.8” The XFEL photon flux (ca. 1012 photons/pulse unattenuated) was
attenuated by 10% to 50% depending on detector saturation response. All data collection
was performed in atmospheric conditions and under room temperature with the XFEL beam
entering an unsealed Kapton chamber.

For the LPD detector at EUXFEL, special care was required to identify and mask “hot
pixels” on the detector. We observed that hot pixels often appeared and disappeared on the
scale of minutes. Therefore, a separate mask was generated for every individual sub-run
(~30 seconds of data or ~60k images). This was accomplished by a preliminary run of the
DIALS spotfinder®8 that was used to identify individual pixels producing an unusual number
of hits in the spotfinder. A low threshold of 0.1% hit frequency was applied,; i.e. any pixel
that was detected by the spotfinder in >0.1% of the frames from a sub-run was masked for
subsequent processing.

Data Processing

The structure determination follows steps that have been described previously.20 Briefly, the
following steps are required:

The detector internal metrology (relative positions of panels) was refined against a
separately collected macromolecular dataset using the methods described in Brewster et.
al®9 This step is necessary because the sparse diffraction patterns in smSFX datasets do not
yield enough spot coverage to independently refine the positions of individual panels.

For unit cell determination, the DIALS spotfinder was used to harvest diffraction spots from
a subset of the full data.®8 Typically 5-10 minutes of data collection is enough for this

step. The harvested spots are converted to d-spacings and synthesized into a virtual powder
diffraction pattern as described previously.2? For LPD data collection, these runs were
collected at a longer detector distance to improve the sharpness of the powder pattern. For
Jungfrau 4M data, because of the smaller pixels and higher X-ray energy, a single detector
position with inscribed resolution ~0.8 A was sufficient for both unit cell determination and
structure solution.

When synthesizing virtual powder patterns, we observed that small shifts in the detector
position were common over the course of the experiment. This was especially notable at
EuXFEL, where the detector position was readjusted manually after every distance change.
The quality of powder patterns has a critical dependence on very accurate (~5-10 um)
calibration of the beam center. Therefore, the beam center was adjusted as an integral part
of the powder pattern creation. We identified a single isolated peak in the diffraction pattern
and computed its width as a standard deviation of all individual observations of that peak.
We then performed a grid search in decreasing steps (typically from 2 pixels to 1/32 pixel)
until the peak sharpness was optimized.

After a properly calibrated virtual powder diffraction pattern was prepared, we manually
selected 20-25 d-spacings from the pattern to use for unit cell determination. We
obtained the most consistent results using the commercial crystallography program TOPAS-
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Academic.”0 Often this resulted in several reasonable unit cell proposals. For the closely
related series of unit cells described here, it was trivial to identify the matching cell, but for
a fully unknown sample it is often helpful to attempt cctbx.small_cellindexing of a subset of
the data with several unit cell candidates. The cell with the highest indexing rate is typically
the correct one.

After TOPAS unit cell determination, we proceeded with cctbx.small_cell indexing and
integration as previously described. In the cctbx.xfel.merge scaling and merging step, we
implemented a new weighting scheme for scaling individual frames, where the uncertainties
on individual observations are assigned as 1/(Im2+c(10)2) with &(1,) representing the
uncertainty on the measured net counts in a diffraction peak. This new weighting scheme

is activated by setting scaling.weights=icalc_sigma as a parameter for cctbx.xfel.merge. We
note this weighting scheme is similar to the one used for refinement in ShelXL, where the

weight of an observation is typically 1/(s(L,)* + (ap)*+bp) With p = 1/3 1.2 +2/31.2and a, b
small, user-defined parameters. Our weighting scheme for scaling is a simplified approach
where |, is not considered, ais unity and b is zero.

After merging, the ~0.8 A resolution datasets were solved using ShelXT with the default
settings. Refinement proceeded routinely using ShelXL. We refined an extinction parameter
for all structures (ShelXL instruction EXTI), which is an empirical model for attenuation

of the strongest structure factors. While we do not believe that literal crystallographic
extinction is possible in serial microcrystal diffraction, the refinements with extinction
resulted in more interpretable difference maps, so we argue that this technique is beneficial.
At the end of the refinement process, we repeated the scaling and merging step with the
working model (with isotropic displacement parameters) as a scaling reference as described
previously. In the final refinements, hydrogen atoms were placed in calculated positions with
riding isotropic displacement parameters; all other atoms were refined with unrestrained
anisotropic displacement parameters.41

Scanning Electron Microscopy

SEM images were collected on a Phenom Pro X, with accelerating voltages of 5 keV to 15
keV. Samples were prepared by creating a dilute suspension of the product in isopropanol
and adding 1-2 drops of this suspension directly onto the specimen holder, a glass substrate,
or a PELCO tab adhesive.

Transmission Electron Microscopy

TEM samples were prepared by drop-casting a 4.0 UL droplet of a concentrated isopropanol
solution containing a dispersion of preformed MOCHA microparticles onto the surface of

a lacey-Carbon TEM-grid (Ted Pella, Inc., Redding, CA). The applied droplet was allowed
to completely air-dry on the grid, and then stored briefly in dark, ambient conditions until
being used. Characterization was performed on UConn ThermoFisher (Waltham, MA) Talos
TEM operating at 300 keV with a beam current of 0.277 nA and a dose rate of 0.06 e /AZs.
Diffraction patterns and d-spacing measurements were acquired using a 200 um selected
area diffraction (SAD) aperture using ThermoFisher TIA software. Further specification for
instrument settings can be found in the supporting information.
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Atomic Force Microscopy

Surface topography was measured using a Cypher ES Environmental AFM (Asylum
Research) and an OMCL-C160TS probe (Olympus) in AC mode. Regions with 1x1 um?
dimensions were studied to observe crystal step geometries for individual and multiple
layers of the various C-length specimens. Based on representative topographic images for
each condition considered, the heights of individual crystal layers were extracted from single
and multiple stacked crystal layers.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1:
a) Illustration of the synthetic approach used to prepare alkanethiolates. b) Schematic of

smSFX experiment showing how randomly oriented microcrystals interact with the XFEL
pulse for the collection of partial diffraction frames recorded on the detector (blue). (c) Alkyl
chain lengths studied range from two (2) to twelve (12). d) A space-filling perspective model
of the C9 crystal structure depicting the general organization of the silver r-alkanethiolates.
The silver atoms (blue) are in a nominally 2D layer, coordinated by the sulfur atoms. Note
that alkyl chains are packed end-to-end.
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Figure 2:
Example morphologies of the various silver r-alkanethiolates over the range of chain length

4-12. For this work, C2, C3, and C12 morphologies proved a poor match for smSFX
characterization because of a lack of single microcrystals in the residue. All examples have
nominally similar habits and there are examples of long and short crystals of most in the
series.
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A

Figure 3:
A) Atomic force topography of a C12 crystal terraces with well-defined molecular step

edges and its rendering in 3D. Each terrace presents the methyl terminus of the layers.
Surfaces are largely featureless over many microns with no clear evidence of corrugation,
vacancies, or domain boundaries. B) An assortment of aggregated crystals from C9-C12.
Each is largely featureless on its outermost surface and isolated step edges (as in A) were
rare in these samples.
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Figure 4:
a,c,e) Cross-sectional views of the C4, C6, and C9 smSFX crystal structures down the caxis.

The unit cell dimensions are outlined in black. The 22° tilt of the chains from the surface
normal direction is conserved across all chain lengths. b,d,f) Viewing the crystals down the &
axis (view is towards the crystal basal plane) shows the conservation of azimuthal angle and
its offset from the principal lattice directions. The purple arrows give the relative orientation
of the alkyl chains determined analytically by projecting a vector passing between first and
last pairs of carbon atoms onto the caplane. It is approximately parallel to a*
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Figure 5:
a-d) Brightfield TEM micrographs and schematics depict the orientation of the principal

lattice vectors with the crystal (aand ¢ real space vectors, a*and c* reciprocal space
vectors. aand a*do not align due to monoclinic symmetry). Assignments were made based
on the C9 unit cell. The area in each overlain circle was used for selected-area electron
diffraction measurements. e-h) The SAED patterns were indexed using the C9 unit cell

as a guide. Both allowed and forbidden reflections are observed in the SAED (e.g. 100

is forbidden in space group £2,/n). For C10 and C12 (f and h), additional Bragg spots

are observed that may be explained by reticular twinning, involving a two-fold rotation
about the g axis, generating the blue model with primed axes and Miller index numbering
(supplemental Fig. S5b). Also, white rectangles highlight extremely faint spots that might
indicate c-axis doubling (supplemental Fig. S5¢).
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Figure 6:
The odd-even effect in interfacial packing is attributed to differences in packing efficiency

at the methyl-methyl interface between layers. Packing patterns are visualized by modeling
terminal methyl groups as spheres having a radius of 2 A that are color-coded by sub-layer.
a) Even-numbered alkyl chains in C4 and C6 have a slightly expanded unit cell along the &
axis relative to the b) odd-numbered C9 system, which is slightly contracted. ¢) All atoms
are hidden except the color-coded methyl groups. Van der Waals contact between a given
methyl group and three methyl groups in the next layer creates an effective three-fold hollow
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(eg. the D/A interface, labeled red and black respectively. The next interface is the B/C
interface, labeled purple and blue, respectively. A section of the D/A interface is cut away to
reveal B/C. These two interfaces are non-superimposable and there is a small offset between
the two interfaces reducing registry. The white arrows indicate the gaps opened by shifting
into the 3-fold hollow. d) The methyl groups are well-registered between layers in C9, and
the methyl groups are more centered in a 4-fold hollow. Unit cell dimensions are noted as
black (even) and red (odd) boxes. Arrows are meant to show the tilt of the various molecules
making up each sub-layer.
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Table 1.

Experimental parameters for all three beamtimes. In this table, OD refers to the diameter of the GDVN liquid
exit aperture for P216, LY65, and 3073. EuXFEL repetition rate given as image acquisition rate rather than

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

laser pulse frequency.

Experiment Name P216 LY65 3073
Facility LCLS LCLS EuXFEL
Instrument CXI CXI FXE
Conditions Vacuum Vacuum Atmosphere
Photon Energy (keV/A) 10.5/1.18 ~18.1/0.686 ~15.0/0.827
Beam size (um) ~1 ~1 ~20
Repetition Rate (KHz) 0.12 0.12 2
Detector Distance (mm) ~74.9, 108 ~60, 160 160, 500
Sample Delivery ASU GDVN ASU GDVN DESY GDVN
Carrier solvent  aqueous surfactant  aqueous surfactant methanol
Focusing Gas helium helium helium
GDVN aperture OD (um) 100 100 150
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Crystallographic data on the three alkanethiolates solved via SFX.

Table 2.

Compound C4 Cc6 Cc9
Formula  AgSC4Hgy AgSCgH13  AgSCgH1g
MwW 197.04 225.09 267.17
Space group Piln P24/n P24/n
a(d) 4.458 4.402 4.404
b (A) 30.837 40.308 54.075
c(A) 4.666 4,675 4743
a(®) 90 90 90
B(°) 10198 102.43 103.30
¥ 90 90 90
V (A3 627.5 810.1 1099.2
z 4 4 4
Pealc (@ cm™3) 2.086 1.846 1.614
XFEL source EuXFEL LCLS LCLS
AA) 082656 0.69287 0.69287
T (K) 298 298 298
Amin (A) 0.833 0.833 0.833
p(mm-1) 5.136 2.489 1.847
Frames 3158849 263921 660018
Crystals 26482 3891 24522
Time (min) 26 37 92
Data 1156 1489 2023
Restraints 0 0 0
Parameters 57 74 103
Ry(obs) (%) 10.2 9.6 9.0
R;(all) (%) 12.0 111 9.4
S 1.09 1.09 1.14
Peak, hole (e~ A3) 1.51,-0.98 158,-1.08 3.62,-1.54
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