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Tiopronin Gold Nanoparticle Precursor Forms Aurophilic Ring Tetramer

Carrie A. Simpson,’ Christopher L. Farrow,* Peng Tian® Simon J. L. Billinge,*! Brian J. Huffman,’
Kellen M. Harkness,! and David E. Cliffel*

TDepartment of Chemistry, Vanderbilt University, Nashville, Tennessee 37235-1822, United States,
*Department of Applied Physics and Applied Mathematics, Columbia University, New York,

New York 10027, United States, *Department of Physics and Astronomy, Michigan State University,
East Lansing, Michigan 48824, United States, and "Condensed Matter Physics and

Materials Science Department, Brookhaven National Laboratory, Upton,

New York 11973, United States

Received June 7, 2010

In the two step synthesis of thiolate-monolayer protected clusters (MPCs), the first step of the reaction is a mild
reduction of gold(lll) by thiols that generates gold(l) thiolate complexes as intermediates. Using tiopronin (Tio) as the
thiol reductant, the characterization of the intermediate Au,Tio, complex was accomplished with various analytical and
structural techniques. Nuclear magnetic resonance (NMR), elemental analysis, thermogravimetric analysis (TGA),
and matrix-assisted laser desorption/ionization-mass spectrometry (MALDI-MS) were all consistent with a cyclic
gold(l)-thiol tetramer structure, and final structural analysis was gathered through the use of powder diffraction and pair
distribution functions (PDF). Crystallographic data has proved challenging for almost all previous gold(l)-thiolate
complexes. Herein, a novel characterization technique when combined with standard analytical assessment to
elucidate structure without crystallographic data proved invaluable to the study of these complexes. This in conjunction
with other analytical techniques, in particular mass spectrometry, can elucidate a structure when crystallographic data
is unavailable. In addition, luminescent properties provided evidence of aurophilicity within the molecule. The concept
of aurophilicity has been introduced to describe a select group of gold—thiolate structures, which possess unique
characteristics, mainly red photoluminescence and a distinct Au—Au intramolecular distance indicating a weak
metal—metal bond as also evidenced by the structural model of the tetramer. Significant features of both the tetrameric
and the aurophilic properties of the intermediate gold(l) tiopronin complex are retained after borohydride reduction to
form the MPC, including gold(1) tiopronin partial rings as capping motifs, or “staples”, and weak red photoluminescence

y

that extends into the Near Infrared region.

Introduction

Monolayer protected clusters (MPCs) are nanosized materials
which show Potential as sensors, catalysts, and biological
transporters. > Depending upon their size, MPCs may ex-
hibit molecular or bulk metallic properties.'* In all MPC
syntheses size control is paramount, and determination of the
size and composition of the resulting nanoparticle is essential.
MPCs consist of a metallic core and capping ligands which can
be subjected to post-synthesis exchange of various peptides or

functional ligands.>* The ability to modify the particle with
biologically functional ligands makes MPCs very appealing
for transport in vivo.*~

Traditionally, the MPC reaction has been concerned with
the characterization of the final products. According to
Templeton et al.,” the synthetic pathway of MPCs is shown
as a two-step reaction (Scheme 1) in which an intermediate
exists between the initial ligand-gold mixture and the reduc-
tion step. They further state that the details of the two-step
reaction have not been fully dissected.
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More recent work by Jadzinsky et al.'® has provided
crystallography data for MPCs, showing gold MPCs consist
of a metallic core surrounded by, what they term, “staple
structures”, which are primarily composed of gold(I) and sulfur
bonds. These structures have re-emphasized the importance of
Au(I)-thiolate complexes and their relationship to MPC forma-
tion. Much work has been published regarding the character-
ization and features of Au(I)-thiolate complexes.'' 2

Corbierre et al.'" explored preparation of nanoparticles
from various Au(I)-thiolate complexes. In their work, they
constructed various Au(I)-thiolate complexes, reduced them,
and analyzed the resulting particle. Depending upon which
complex was used, a variety of nanoparticles resulted with
varying size and solubility, confirming that Au(I)-thiolate
complexes are rational precursors to nanoparticles. Other
work has confirmed changes within the Au(I)-thiolate com-
plex, specifically pH, show size effects to the resulting
particle,'” and provide more evidence the Au(I)-thiolate
complex is the precursor to nanoparticles. Given these find-
ings, exploration into the structure of these Au(I)-thiolate
complexes is needed to enhance future nanoparticle synthesis
and applications.

Speculation regarding the composition and structure of
these Au()- thlolate complexes was shown as early as 1984,
when Shaw et al.'* hypothesized the complexes were com-
posed of either a straight-chain polymer (Figure la) or a
gold—thiol ring (Figure 1b). Since then some ¢ 5ystallo%raphic
studies have been shown for Au[l]-thiolates.'> '~ **Most
notably are structures showing 12-membered rings,'®
helices,”® and even discrete linear chains.?* The differences
noted are presumably dependent on the choice of thiolate
ligand and various crystallization parameters. Therefore,
crystallographic structure will vary from system to system.
Unfortunately, one thing is clear throughout the literature:
gold[I]-thiolate complexes are difficult to crystallize and often
require months if not years to acquire. This proves proble-
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Figure 1. Proposed structures for precursor molecule. (A) Straight-
chain polymer and (B) gold—thiol ring compound.
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matic for a rapidly growing interest in these structures. For
this reason, more novel analytical methods for structural
characterization of these complexes are needed.

There have been many published works regarding lumi-
nescent AugI) -thiolate comglexes and their gold—gold
interactions.”! Schmidbaur'®*° has introduced the concept
of aurophilicity to describe specific classes of gold com-
pounds. Aurophilicity is characteristic of a certain structural
class of gold compounds in which the gold complexes undergo
intermolecular aggregation via gold—gold contacts of about
3.05 A. If the ligands are sufficiently small, the gold com-
plexes have been shown to form multimolecular structures
such as dimers or strings. Some literature report Au(I)-
thiolate repeating ring structures.'*”'® These structures are
probably attributable to strong Au—Au interactions.'® If a
given complex is known to exhibit aurophilicity, it may be
assumed that the structure correlates to the known structural
characteristics previously published for aurophilic species,
that is, the complex will be a ring with strong Au—Au
interaction, the S—Au bond distance will be about 2.5 A,
and so forth. This could be used in conjunction with other
easily obtainable data to predict a structure without crystal-
lography.

Schmidbaur states that lumlnescence is a strong dlagnostlc
for the aurophilicity phenomena.' 19721 Therefore, if a given
Au(I)-thiolate complex was luminescent, it could be assumed
aurophilicity exists within the structure, and likewise the
structure could be composed of dimers or strings. This
could lead to a novel structural interpretation of a given
gold—thiolate complex if crystallographic data was unavail-
able since luminescence measurements are relatively easily
obtained. Furthermore, if the ligands are sufficiently small,
knowledge of specific bond distances within the complex
could lead to further confirmation of aurophilicity and
therefore, structural interpretation. However, without crys-
tallographic data, another method for bond length acquisi-
tion is needed.

Recently the pair distribution function (PDF) analysis of
diffraction data has been shown to give useful information on
the structure and composition of molecules on the
nanoscale.””** This method allows for the characterization
of nanoscale materials that may be very difficult for tradi-
tional crystallographic measurements or incapable of form-
ing solid crystals. It provides the same data parameters as
crystallography, that is, bond lengths, without having to
produce a crystal. Thus, this method would be ideal for
assessment of the Au(I)-thiolate compounds given the difficulty

Scheme 1. Two-Step Synthesis in Which a Precursor Molecule Is Shown As an Intermediate between Products and Reactants
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in their crystallization. It would further support any lumi-
nescent data gathered to deduce if the complex possessed
aurophilic properties. Furthermore, the bond length data
could be compared to the previous theoretical Au,thiolate,
parameters calculated by Gronbeck et al.?® to further eluci-
date structure.

The previous electrospray ionization mass spectrometry
(ESI-MS) work by our group has hinted at the idea that the
tiopronin monolayer protected cluster (TMPC) precursor
molecule is a Au(I)-thiolate compound.” These compounds
were discovered during electrospray ionization mass spectro-
metry (ESI-MS) runs of a TMPC mixture. These compounds
were hypothesized to be remnants of the precursor molecule
post-reduction; they were also hypothesized to be cyclic in
nature, possessing an Augythiolate, predominant composi-
tion. However, more analytical scrutiny was needed of the
precursor itself to more definitively prove the precursor was
cyclic. While the work in Geis et al.” supports the theoretical
calculations noted in Gronbeck et al.*® for the tetrameric
species, subsequent analytical data can further validate this
claim. Correlation with the predicted bond distances shown
in Gronbeck et al.?® would further support the argument of a
4:4 structure, and is possible with the aid of PDF analysis.
Since crystallization of these complexes has been noted as
being difficult and time-consuming, a systematic analysis of
the precursor for the parameters associated with aurophili-
city would provide extensive structural knowledge. This
combined with the prior mass spectrometry could be used
to elicit a sound, structural interpretation of this widely
scrutinized system without the aid of crystallography.

This work seeks to introduce a new structural method for
characterization of Au(I)-thiolates. It describes the analytical
assessment of the precursor by conventional MPC character-
ization tools: NMR, UV—visible spectroscopy, and thermo-
gravimetric analysis (TGA). The lack of a solid core within
the complex made transmission electron microscopy (TEM)
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invalid for analysis because of resolution limitation. We have
also employed the use of matrix assisted laser desorption
ionization mass spectrometry (MALDI-MS) for a soft tech-
nique to analyze the TMPC precursor.*>*! Further confir-
mation was gathered from luminescent and PDF analysis to
confirm aurophilicity within the precursor molecule; this
combined with MALDI-MS was used to elicit its structure.
We have further explored an acidic pH range and initial gold
composition of the precursor and observed the changes to the
resulting particle.

Experimental Section

Reagents. N-(2-mercaptopropionyl)-glycine (tiopronin) (Sigma),
methanol, acetic acid (Fischer Scientific), a-cyano-4-hydroxycin-
namic acid (o-cyano) (Sigma), acetonitrile, trifluoroacetic acid,
hydrochloric acid, chloroform-d, and DMSO-ds were all used as
received. Tetrachloroauric acid trihydrate was synthesized accord-
ing to the literature® and stored in the freezer at —20 °C. Briefly gold
shot (99.99%) was purchased from precious metal vendors and was
initially converted to HAuCly - 3H,O by boiling Ay in HCI/HNO;
solution. A Millipore Nanopure water purification system was used
to obtain low conductivity (18 MQ) water for analysis.

Synthesis of Precursor. Tiopronin Monolayer Protected Clus-
ter (TMPC) synthesis follows the two-step modified Brust et al.
method*® in which tiopronin (1.2 g, 7 mmol) was added to
tetrachloroauric acid (1 g, 2.6 mmol) and subsequently further
reduced with sodium borohydride (1 g, 26 mmol, 10x excess).
Synthesis of the precursor modifies this procedure by elimina-
tion of the borohydride reduction step. A 3-fold excess of
tiopronin reduced the Au (III) to a gold(I)-tiopronin complex
which was accompanied by a color change from orange-red to
clear. Stirring the solution for 24 h at room temperature
produces a white solid suspended in solution. This solid is
presumably an Au(I)-thiolate complex. The solid was then
removed via filtration and utilized for analysis after a 24 h
drying period.

Nuclear Magnetic Resonance. '"H NMR spectra were recorded
of highly concentrated precursor and TMPC samples (ca. 50 mg/
mL) on a Bruker AC400 MHz NMR spectrometer. Spectra were
collected in DMSO-dg and CDCl;.

Thermogravimetric Analysis. TGA was performed on dried
precursor and TMPC samples (ca. 5—10 mg) with a TGA 1000
instrument under N, flow (60 mL min~"), recording data from
25t0 800 °C at a heating rate of 20 °C min~'. The first step of the
TGA is the loss of water and is subtracted from the overall mass.
The second step is solely due to the loss of organic layer
(tiopronin) while the last step is due to the loss of the staple
structures.'*

MALDI of Precursor. After precipitation from solution using
a 50:50 H,O/MeOH mixture with an addition of 30 mM sodium
chloride (certified A.C.S., Fisher), the sample was dried. A small
quantity of dried precursor complex with a mass of 26.2 mg was
dissolved in 400 uL water and combined with 400 uL of
saturated a-cyano-4-hydroxycinnamic acid (CHCA, Sigma-
Aldrich) in methanol. The sample was sonicated, and a 1 uL
aliquot of the solution was immediately deposited on a stainless
steel plate using the dried droplet method.3* Positive ion mass
spectra were collected using a Voyager DE-STR mass spectro-
meter in reflectron mode.
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Elemental Analysis of Precursor. A sample (ca. 30 mg) of dried
precursor was sent to Columbia Analytics for analysis of carbon,
sulfur, gold, hydrogen, and nitrogen. Oxygen percentage was
calculated by hand.

Powder Diffraction of Precursor. A sample of dried precursor
(ca. 50 mg) was crushed into a fine powder for PDF analysis.
X-ray powder diffraction experiments were carried out on the
precursor at beamline 11-1D-B at the Advanced Photon Source
at Argonne National Laboratory, using the rapid acquisition
PDF method (RaPDF).**> The X-ray energy used was 58.26
KeV, corresponding to a wavelength of 1 =0.2128 A.

The powdered sample of precursor was sealed in 1.0 mm
diameter Kapton tubes. A two-dimensional (2D) image plate
detector (MAR345) was mounted orthogonal to the path of the
beam with a sample to detector distance of 188.592 mm. The
measurements were performed at 80 and 300 K. For each of
them, the exposure time was 30 s, repeated five times and
summed together for a total collection time of 2.5 min per data
set. The 2D data from the image plate were integrated using the
program Fit2D?® to obtain a one-dimensional (1D) intensity
versus Q function, where Q = 4 sin 6/A is the magnitude of the
momentum transfer and 6 is the Bragg angle which is half the
scattering angle. The data were converted from intensity to the
corrected, normalized total scatterin% structure function, S(Q),
according to standard procedures®”*® using the program
PDF getXZ.39 The pair distribution function, G(r), was obtained
by Fourier transformation of the reduced total scattering struc-
ture F(Q) = O(S(Q) — 1) according to eq 1.*°

Ormax
o) = [ "els©-1snorde ()
To minimize the termination effects and noise in the PDF, the
optimal Q,,.x was found to be 16.3 A~

PDF Modeling of Precursor. Structure refinements were
performed using home-written modeling software employing a
real-space®® calculation for crystal models and a Debye equation
approach* for isolated molecule models. The software utilizes
portions of the ObjCryst-+ library.*!

The PDF is calculated directly from a given atomic
arrangement.*®*® A variety of initial configurations are tried,
taking starting models from the literature and guided by the
other characterization measurements. The fitting process itera-
tively changes the positions of the atoms subject to constraints
on bond lengths, angles or atomic positions until the best fit to
the data is obtained. The constraints determine the number of
modeling parameters of the structure configurations. Intermo-
lecular correlations involving the ligand were excluded from the
modeling and are discussed with the results. Atomic vibrations
were modeled as isotropic, with one adjustable atomic displace-
ment parameter (ADP) for each atom type and a single atom-
pair vibrational-correlation term. A scale factor was also
included in the modeling while experimental resolution factors
were excluded.
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ADF Modeling of Precursor. All calculations were performed
with the Amsterdam Density Functional suite (ADF)** using
the gradient-generalized approximation of Becke® and
Perdew.** Relativistic effects were included using the zeroth
order relativistic approximation to the Dirac equation
(ZORA).* All-electron triple-& double polarized (TZ2P) basis
sets included with the ADF suite were employed. The ADF
integration accuracy parameter was set to 5.0 for all calculations
to ensure sufficient accuracy for numerical integrals.

pH Adjustment of Precursor. Dried precursor samples were
suspended in water (pH 7) and subjected to changes in pH via
addition of hydrochloric acid to the desired values of 1, 3, and 5.
Samples were then reduced with sodium borohydride and
analyzed for subsequent changes to the final TMPC product
via UV—vis and TEM.

Addition of HAuCly to Precursor. Additional HAuCl, was
added to the precursor in waterin 5, 10, 15, and 20 mL quantities
of a 5 M solution HAuCl, and subsequently reduced. Resulting
TMPCs were analyzed via TEM.

Transmission Electron Microscopy of TMPCs. The nanopar-
ticles samples were prepared by adding ~1 mg dried particle to
5 mL DI water, sonicating for at least 10 min, and then dropped
for slow evaporation onto ultrathin carbon grids (400 mesh, Ted
Pella, Inc.). Images were obtained with a Phillips CM20T
operating at 200 keV with a calibrated magnification of 414
kx. Results are reported as the mean + the standard deviation
obtained from the negatives using Image] software (NIH,
http://rsb.info.nih.gov/ij/) using sample sizes of at least 50
particles from the TEM grid.

Results and Discussion

"H NMR Spectroscopy. One of the most well-known
methods of characterization for TMPCs is NMR.*®
MPCs produce many definitive characteristics that pro-
vide insight into their structure, specifically line
broadening.***’ The TMPC precursor was collected
and suspended in a solution of DMSO-dg and CDCl;
for NMR analysis and compared to the tiopronin ligand
(Supporting Information, Figure S1).

TMPC spectra show a loss of a sulfur—hydrogen bond
at 2.5 ppm, representative of the ligand-core binding.*®
This loss is also present in the TMPC precursor spectrum
(asterisk), indicative of a sulfur—gold bond within the
molecule. The spectrum itself also shows a coupling
change from a quintet to a quartet (arrows), also indica-
tive of the loss of a sulfur—hydrogen bond.

Interesting to note is the sharpness of the peaks within
the TMPC precursor spectrum. TMPC spectra show
characteristic line-broadening features as a result of T2
relaxation time due to the ligand attachment to the core.*®
This is discussed at length elsewhere but is believed to be
attributable to the slowing down of the rotational (T2)
relaxation times due to the size of the core. It has also been
shown that larger clusters produce broader peaks.*®
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Table 1. Elemental Analysis of TMPC Precursor Molecule”

run I Au: 55.80; S: 8.70; C: 17.50; N: 3.59; O: 11.86; H: 2.55
run IT Au: 55.90; S: N/A; C: 16.90; N: 3.68; O: N/A; H: 2.21
1:1 Au/Tio Au: 54.80; S: 8.93; C: 13.40; N: 3.90; O: 8.90; H: 1.97

“Run I and II are actual analyses; the third row is theoretical
percentages based upon a 1:1 gold/tiopronin structure.

However, broadening is not present within the precursor
spectrum, indicating the lack of a gold core within the
precursor molecule, which implies the core is not formed
before reduction. Rather, the gold—sulfur attachment
occurs in the precursor formation step and packs into a
core structure during the reduction step.

Composition Analysis. Further understanding of the
chemical nature of the precursor was explored through
two methods of compositional analysis: elemental anal-
ysis and TGA. A sample of approximately 50 mg of dried
TMPC precursor sample was given to Columbia Anal-
ytical for elemental analysis of gold, sulfur, carbon,
hydrogen, and nitrogen. Table 1 displays the results
obtained from the duplicate analyses.

From the analyses, an approximate 55% of the mole-
cule was attributable to gold, whereas the other 45% was
attributable to the elemental composition of the tiopronin
ligand: hydrogen, carbon, nitrogen, sulfur, and oxygen.
While care was taken to completely dry the sample before
elemental analysis, it should be noted that methanol and
acetic acid were solvents of crystallization. Solvent en-
trapment has been demonstrated in the isolation of
Au-thiolate nanoparticles in previous studies>*’ using
elemental analysis.The elemental analysis data was con-
sistent with a 1:1 gold/tiopronin ratio, (molecular weight =
359.14 g/mol) and predicted values were calculated, pro-
ducing the third row of the table. For a 1:1 ratio of gold/
tiopronin, approximately 55% would be attributable to
gold whereas the other 45% would be attributable to the
elemental composition of the tiopronin ligand. Further
calculations for the individual elements within the tiopro-
nin ligand produced comparable results to the percen-
tages obtained from the sample. It may, therefore, be
assumed that the TMPC precursor is composed of a 1:1
ratio of gold/tiopronin.

Previous characterizations of the tiopronin monolayer
protected cluster prove that the final molecular composi-
tion is not a 1:1 ratio after reduction.** In fact, there is
always less tiopronin than gold because of the formation
of the core and its inner atoms which are internalized and
barred from attachment to the ligands.** The elemental
analysis of a 1:1 ratio provides evidence that the core is
not present within the precursor molecule, but is rather
formed during reduction.

For correlation to elemental analysis, thermogravimetric
analysis was applied. TGA provides the percentage of
organic within the sample. The results of the TGA analysis
of the precursor are shown in Supporting Information,
Figure S2. Previous work has shown TMPCs decompose
thermally by loss of the organic monolayer and subsequently
leave behind the gold residue.*® Thus, TGA is commonly
used to determine the organic weight of the TMPC. Organic

(49) Terrill, R.; Postlethwaite, T. A.; Chen, C.-H.; Poon, C.-D.; Terzis,
A.; Chen, A.; Hutchison, J. E.; Clark, M. R.; Wignall, G. J. Am. Chem. Soc.
1995, 117, 12537-12548.
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Figure 2. Positive ion MALDI-TOF mass spectrum of tetrameric pre-
cursor Auy(Tio), after crystallization. The numbers in red signify the
number of sodium-coordinations.

loss percentage has been shown to correlate with core size.*®

Application of TGA was used to determine the exact
composition of the TMPC precursor for comparison to
the elemental analysis.

From the spectrum, an organic loss equivalent to
approximately 45% was observed. As was calculated
before, for a ratio of 1:1 gold/tiopronin, the percentage
distribution would be 55% gold, 45% tiopronin. This
approximate percentage is observed from the TGA anal-
ysis, providing further evidence that the precursor mole-
cule is composed of a 1:1 ratio of gold/tiopronin.

Mass Spectrometry of Precursor. Following the work
of Gies et al.,* matrix-assisted laser desorption/ioniza-
tion-mass spectrometry (MALDI-MS) was used for the
characterization of the precursor complex. The relevant
portion of the mass spectrum is shown in Figure 2.

Gold(I)-thiolate complexes are known to behave as
multimeric compounds with an open chain or ring
structure.”® An open chain would be expected to yield
an array of regularly spaced peaks as have been observed
in mass spectra of polymers. However, in this case the
Auy(Tio), ion species is exclusively preferred, with no
other gold—thiolate ions present above the noise thresh-
old (Figure 2, see Supporting Information, Figure S3 for
full spectrum). This result confirms that the precursor
complex is a discrete structure with no variation in the
number of monomer units.

Aurophilicity Measurements of Precursor. Previous
works'?~?! have shown luminescence to be characteristic
of the aurophilicity phenomena. These molecules are
often organized as rings which further form multimole-
cular higher order structures like dimers or strings.'’
These published structures typically are excited round
350 nm and show emission between 600 and 700 nm, or
red emission. If the precursor molecule is luminescent, it
would provide evidence that the structure is most likely a
ring conformation and likewise aurophilic.

It is clear that the precursor emits red under long-wave
UV light (Figure 3). This was the first confirmation of

(50) Shaw, C. F. Chem. Rev. 1999, 99, 2589-2600.
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luminescent properties as well as potential aurophilicity
within the molecule. This is quite close to the observations
of Assefa et al.?! in which they observed an emission at
674 nm for compounds at relative room temperature (250
K). It has been previously shown that the emission energ;/
at 700 nm is correlative to the Au—Au bond distance.
This was demonstrated by two gold tetrameric emission
studies, one by Vogler and Kunkely® lAu4Cl4(piperidine)4]
with Au—Au distance of 3.301 A versus [Au(dtd)zg
Au—Au distance of 3.01 A by Forward and co-workers.’
The emission energy observed by Tzeng et al.>* which was
assigned to the S—Au charge-transfer transition, is also
likely the case with the TMPC tetramer. Future work to
explore the luminescent properties of the precursor are
currently underway as this could provide an explanation
of the fluorescent properties noted in their reduced form.
Asa final confirmation of a ring composition, pair distribu-
tion function (PDF) analysis was applied to the precursor
molecule. PDF data measured at 80 K and 300 K are shown
in Figure 4. The spectra show sharp peaks at low r,
signifying rigid intramolecular correlations. The peaks
past 7 A, are relatively strong, which suggests that gold is
participating in these correlations. The broadness of these
peaks indicates either that the precursor molecule is greater
than 10 A in diameter and is flexible or weakly ordered on
this length scale or that the molecule is smaller and has corre-
lated packing on this length scale. The uniform broadening

Figure 3. Precursor under (a) normal and (b) long-wave UV light.
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of the PDF spectrum with respect to temperature suggests
that the molecules are not large and flexible.

Refinements were performed using isolated molecule
starting models to determine the arrangement of atoms
that contribute to the first four significant PDF peaks
indicated in Figure 4. The starting models are an 8-mem-
ber ring structure and the 7- and 9-member straight-chain
polymer observed by Shaw et al.'* (Figure 1). The model-
ing results are shown in Figure 5. The 9-member straight-
chain polymer structure (Figure 5A) was refined by
adjusting the nearest-neighbor gold—sulfur distances,
sulfur—gold-sulfur angles and isotropic ADPs. The fit
spectrum (Figure 5D) fails to reproduce the third peak
when modeled over the first four peaks of the PDF
(1.8—6.25 A) and introduces spurious peaks over a broad-
er range (1.8—9 A) The misfit of the third peak suggests
that the chain structure does not have the atom-pair
multiplicity indicated at this distance by the data. The
spurious peak indicates that the structure is not compact
enough. Increasing the modeling range to include all
atom-pair distances from the model does not improve
the fit by fitting the peak near 7.5 A, but rather resultsin a
poorer fit overall. The results are qualitatively similar
when considering a 7-member chain, indicating that the
chain model is inconsistent with the PDF data.

By removing an atom from the 9-member chain struc-
ture and bending it into a closed-chain (Figure 5B), the
spurious peaks at large distances are eliminated but the
multicomponent peak that should lie between 5 and 6 Alis
displaced (Figure 5E). The planar 8-member ring struc-
ture (Figure 5C), which relates to Shaw’s ring structure, is
modeled by constraining the closed chain structure such
that all gold—sulfur bonds are the same length, and
allowing three unique bond angles to enforce the sym-
metry shown in the figure. This structure reproduces all
the relevant PDF peaks without introducing spurious
ones (Figure 5F). Together with the results from mass-
spectrometry the PDF results strongly suggest that the
molecular size and configuration are correct in this
model. Allowing this structure to refine out of plane does
not improve the model agreement with the PDF.

We considered two non-planar clusters to further test
the planar 8-member ring model. The butterfly cluster
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Figure 4. PDF spectra of TMPC precursor at 300 K and 80 K. Sharp peaks at 2.4 and 3.3 A are indicative of the gold—sulfur and gold—gold bonds

respectively.
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Figure 5. PDF molecular models of TMPC precursor. (A) Refined 9-member straight-chain polymer model. (B) Refined 8-member closed-chain model.
(C) Refined 8-member ring model. Model bond length values are shown. (D, E, F) PDF fits corresponding to A, B, C, respectively. In the PDF fits the blue
circles are the 80 K data, the solid red line is the calculated PDF of the best-fitting model over the range of r from 1.8—6.25 A, and the dashed red line is the
PDF from the refined model extended out to 9 A. The green line is the difference between the data and fit over the fit range and is offset for clarity.

reported by Fackler and co-workers® has an 8-member
metal—sulfur core that resembles a buckled §-member
ring. The core sulfur—metal distances are comparable to
the first peak position in the PDF, but the metal—metal
distances are in the range 2.7 to 3.0 A, where there are no
PDF peaks. To produce a better fit to the PDF, it was
necessary to increase the metal—metal distances while
preserving the sulfur—metal distances, which bent the
core back toward the planar 8-member ring, recovering
the planar 8-ring model again. Similarly, another non-
planar structure candidate was tried based on a 9-atom
cluster,”® but it gave less satisfactory results than the
8-fold ring and was not supported by the mass spectro-
metry evidence.

For completeness, and to gain insight on the packing of
the molecular units within the precursor, the PDF data
were also modeled using several crystalline structures
suggested in the literature as candidate structures. The
fits of these crystalline models were extended out to 9 A to
include intermolecular correlations and are shown in
Figure 6. The first model is the 12-ring crystal suggested
by LeBlanc and Lock.'® As seen in Figure 6, this model
fits poorly over nearly the entire spectrum. In particular,
the atom-pair distance at 4.66 A suggested by the PDF
does not occur in the 12-ring structure, and refinement of
the ring compensates for this by distorting other regions
of the calculated spectrum. The second model from
Heaven et al.?? is an array of 43-atom clusters with a
suggestive staple-like structure on the surface. As expected
based on the mass-spectrometry results, this structure
also performs poorly, especially at low-r where it com-
pletely fails to reproduce the intramolecular correlations.
This confirms the mass-spectrometry result that only the
precursor ligated species and not gold clusters are present
in these samples. Furthermore, it highlights the fact that
the PDF data can distinguish these cases.
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Figure 6. PDF crystal model fits of TMPC precursor. (A) Fit from
crystallized 12-member ring structure of LeBlanc and Lock.'® (B) Fit from
crystallized cluster model of Heaven et al.?* (C) Fit from double-helix
structure of Bau.?® The blue circles are the 80 K PDF data, the solid red
lineis the calculated PDF of the best-fitting model over the range of r from
1.8 to 9 A, and the dashed red line is the PDF from the refined model
extended out to 12 A. The green line is the difference between the data and
fit over the fit range and is offset for clarity.

The third model is a double-helix suggested by Bau.”
This model is closest to the 8-member ring structure
modeled in Figure 5, since the double-helix can be viewed
as a stack of broken rings. From Figure 6 it is apparent
that this model fits nearly as well as the 8-member ring
structure up to 6.25 A, though it does not fully reproduce
the nearest-neighbor gold—sulfur correlations. The mod-
el captures the intermolecular correlations near 7.5 A very
well. The quality of this fit strongly suggests that the
8-member ring molecular units are stacked one on top of
another. From Figure 4, the correlations in the PDF
disappear by 15 A, which implies that the packing is not
perfect and becomes uncorrelated already by this distance.

The low-frequency oscillatory misfit from the 8-member
ring and double-helix models that is apparent in Figures 5SF
and 6C can be explained by the density of the soft and
disordered ligand molecules that were excluded from the
structure models. They produce broad, low peaks in the
PDF because of the weak ordering. This broad intensity
does not obscure the strong peaks from the gold and
sulfur precursor clusters. It contributes to the calculated
model error but does not significantly affect the refined
atomic positions within the ring. In other words, the
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misfit shown in Figures 5F and 6C is an artifact of the
modeling method and is not structurally significant.

A second modeling effort was made using another
program, ADF, for energy minimization calculations.
The results of the ADF modeling are shown in Figure 7.
From the model, a variation of the previously published
staple structure and the octahedral structure proposed is
observed. The structure is not perfectly symmetrical in
which two “staples” would perfectly align. It, in fact, has a
slight distortion in which the gold atoms “bow” from the
center. The gold—sulfur bond distances are well within the
given range of 2.2—2.6 A in the previous crystallographic
data.'®?° The gold—gold distances are comparable to the
gold—gold distances observed on the outside of the core
in Jadzinsky et al.' in which the range is said to be up to
5.5 A. Further, the extreme similarities of the precursor
structure to the “staple” structures found on the outside
of the particle are of particular interest. While some bond
distances are not equivalent between the same atoms, in
comparison to the PDF modeling, the bond distances are
quite close, most within 0.05 A. The Au—S bond length
for PDF analysis was given as approximately 2.33 A
versus ADF at 2.325 A. Likewise Au—Au distance from
PDF was 3.37 (diagonal) versus ADF at 3.351 A. Finally
Au—Au distance (across ring) PDF = 5.69 A versus 4.746
A ADF. It should also be recognized that the modeling
program assumes molecules within the gas phase; solid
phase packing could lend itself to shorter observed dis-
tances, which would be much closer to the PDF values.

Given the molecular modeling bond length data and
the PDF analysis, the precursor is most likely a ring
compound with strong aurophilicity. The gold gold
bond distance is extremely close to the energy minimum
described in previous works, 1926 which were noted at 3.05 A
and 3.24 A respectlvely While the value of 3.37 A is not at
absolute minimum, it is well within the range of lowest
energy minima, as noted in Schmidbaur. This further
proves the precursor molecule exhibits aurophilicity. This
value is also in strong correlation with previous theoret-
ical calculations for the Auythiolatey in which the pre-
dicted Au—Au bond was noted as 3.24 A . The slight
difference between this value and the theoretical one is
attributable to the choice in ligand. The theoretical
calculations were made with a similar, but slightly larger
ligand, glutathione. Within the work, it is explicitly stated
that bond length will vary because of ligand choice;
presumably there should be differences between their
observations for glutathione and those noted for tiopro-
nin. Nevertheless, the two values are extremely close, and
provide further evidence that the TMPC precursor is
tetrameric in structure. Both glutathione and tiopronin
have some steric bulk to them which influence the stability
of the resulting structures. The higher-r peaks within the
PDF suggest that the precursor molecules are stacked
though proof of this would require more intricate model-
ing and computational calculations.

Modifications to the Precursor Molecule. Many mod-
ifications to MPCs post-synthesis have been shown to
affect particle size and composition.'""'? Specifically, a
change in pH conditions after reduction of glutathione
MPCs has been shown to produce larger particles at low
pH (pH = 5) and smaller particles at high pH (pH = 8).'?
Given the synthesis of the TMPC precursor and that
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Figure 7. ADF molecular model of TMPC precursor. Model bond
length values are shown in bold.

TMPCs themselves are synthesized in acidic conditions
(pH = 1), we felt it was necessary to expand on previous
studies to include the extreme acidic pH range. To our
knowledge, no work has been published showing the
effects of acidic pH on gold—thiolate precursors and the
subsequent effects on the resulting particle.

The UV—uvis results for the pH modifications to the
precursor are shown in the Supporting Information,
Figure S6. The UV—vis spectrum shows an SPR band
present for the particles synthesized from the precursor at
pH 1 and pH 3. The presence of the SPR band signifies
greater size dispersity and the presence of larger particles.
The spectrum does not show an SPR band for the
particles synthesized at pH 5, denoting more monodis-
perse, smaller particles at the higher pH value. The
precursor with no modification did not show an SPR
band, signifying the sample particles were originally small
and monodisperse. This provides evidence that lowering
the pH creates more polydispersity and larger particles.

Further confirmation of this trend was explored with
TEM images of the different pH value particles. Results
from the TEM analysis are shown in Figure 8. The TEM
averages calculated show a descending trend in size with
increasing pH. Also noted from the standard deviation
bars is a decreasing trend in dispersity. This phenomenon
could best be explained by repulsive forces between the
tiopronin ligands. At lower pH values, all sites are proto-
nated, therefore the ligands are neutral. This neutrality
creates minimal repulsion between ligands, allowing for
close association. When the sample is reduced, there will be
areas of large aggregation of precursor, as well as areas of
low aggregation. These disperse areas of aggregation create
a dispersity of particles upon reduction. The areas of large
aggregation will create large particles while areas of small
aggregation will create small particles.

Conversely, at pH 5, some sites may become deproto-
nated, decreasing the repulsive forces between the tiopro-
nin ligands. This slight repulsion causes the ligands to
spread apart, evenly throughout the sample, creating a
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Figure 8. TEM images and average sizes for each pH value. A reverse
correlation is noted with precursor pH and size of the resulting particle
after reduction. Between pH = 3 and pH = 5 the appearance of the SPR
band is eliminated; particles at high precursor pH are smaller in size.

uniform distribution. Once reduced, the particles will be
of uniform size since no aggregates were formed to create
larger particles. The data confirms that reducing the
precursor at a high pH value leads to mono disperse
samples; likewise if larger dispersity and particle size is
warranted, lowering the pH of the precursor before
reduction will produce the desired results. This result
proves extensively interesting given the current method
for TMPC synthesis is performed in acidic conditions. As
a result of these findings, it may be advantageous to raise
the pH of the solution prior to reduction to elicit more
uniform, smaller particles, as is often sought for biologi-
cal applications.

A second study to elicit changes within the particle as a
result of modifying the precursor was also implemented.
Work presented in this paper has suggests that the gold
core is formed during reduction as a result of the breaking
of bonds within the precursor structure. Therefore, the
composition of the TMPC should be limited to the metals
and ligands only within the precursor molecule. To test
this hypothesis, excess gold was added to the solution
containing the precursor molecule. Assuming the struc-
ture of the precursor is not the only determinant in the
composition of the resulting particle, the addition of more
gold after the precursor formation should yield a product
with a larger core. If, however, the components of the
precursor are the limiting factor in the resulting particle
composition, then the addition of excess gold should not
affect core size once reduced.

The results of the UV—vis traces for the addition of
HAuCly after precursor formation clearly show the absence
of a surface plasmon band not only within the precursor
alone with no gold addition but also after gold addition.
From the spectra, one may ascertain that there was no
core growth as a result of the addition of gold to the
precursor solution prior to reduction. Also noticed was
the accumulation of solid gold aggregation post-reduc-
tion within the TMPC solution. If the HAuCl, did not
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interact with the precursor prior or during reduction, the
product solution should contain solid gold aggregates
because of reduction of pure HAuCly, and this was in fact
observed. Samples synthesized with additional HAuCly
contained many gold aggregates, thus saturating the grid
making TEM imaging impossible. Dialysis of the solu-
tions was somewhat ineffective since the molecular weight
cutoff (MWCO) used in TMPC synthesis enabled the
gold aggregates to remain in solution. Nevertheless,
additional Au(IIT) was not able to be successfully added
to the intermediate AuyTios complex create larger MPCs
that were protected from agglomeration.

Conclusion

This work seeks to show alternative structural methods to
crystallization for gold—thiolate complexes through the
characterization of the tiopronin monolayer protected gold
cluster precursor. The analytical results show the precursor is
formed in a 1:1 ratio of gold/ tiopronin and is in fact a 4:4
structure with ring configuration as has been hypothesized
previously by our group.” The PDF modeling strongly
suggests this by showing that 7- and 9-member straight-chain
polymer structures and previously reported crystal structures
cannot account for the observed correlations, whereas the
refined 8-member ring structure does. We further correlate
our structural data to those observed in aurophilicity accounts,
as well as those shown for theoretical Auythiolate, molecules.
Further study of the precursor molecule showed changing the
pH prior to reduction can significantly affect the size and
dispersity of the resulting particle sample (high pH yields
smaller and more uniform sample), and may prove useful in
synthesis. We have also shown preliminary work that the
gold core size is predetermined by the precursor, not by the
amount of gold present in solution at the time of reduction.
Further exploration is currently underway of the precursor
formation and its role in particle synthesis.
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