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ABSTRACT

INTERROGATING REACTIONS OF GOLD NANOCLUSTERS: INSIGHTS INTO

CATALYSIS AND THE BRUST-SCHIFFRIN SYNTHESIS

Over the past several decades, interest in the synthesis and behavior of atomically precise gold
nanoclusters has gained substantial momentum. Herein, both catalytic behavior and synthetic
mechanisms are explored using techniques more typically applied to organic chemistry. In the case
of catalysis, Aes(SR)xghas emerged as a well-studied model system. In an effort to investigate
their potential as intact, homogeneous, unsupported catalysts, we have discovereg((BRAu
clusters are not stable in oxidizing conditions reported for catalytic styrene oxidation. Further
investigation suggests that the active catalytic species is an Au(l) species resulting from oxidative
decomposition of the starting gold cluster. Equally important to chemical behavior is an
understanding of the reaction dynamics during the synthesis of atomically precise clusters.
Because the Brust-Schiffrin method is the standard procedure by which gold nanoclusters are
synthesized, the role of oxygen in it has been investigated for both organic and aqueous systems.
In either case, it is clear obtaining the desired product depends on a radically mediated etching
step. These results give new insight into how the Brust-Schiffrin method might be modified to

further synthesis of uniquely interesting nanocluster systems.
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CHAPTER 1 AN INTRODUCTION TO GOLD NANOPARTICLES AND CLUSTERS

1.1 Synopsis

Since the introduction of the Brust-Schiffrin synthesis in 1994nd the later fully solved
crystal structure$® gold nanoclusters have been an active area of inquiry in nanoscience.
Nanoclusters are distinct from nanoparticles in several important ways, and have been reported as
catalysts for organic reactions. The mechanism of the Brust-Schiffrin synthesis, however, remains
somewhat mysterious. Herein these important factors are discussed in detail to provide context for
the work that follows.

1.2 Gold Nanoparticles vs. Gold Nanoclusters

Metal-containing species can best be thought of as existing on a continuum with small,
monometallic complexes at one end and bulk metals at the other. Between these two extremes a
variety of species are known: multimetallic cage complexes, nanoclusters, nanoparticles,
mesoscale nanomaterials, etc. The body of this work concerns the synthesis and behavior of
thiolated gold nanoclusters, which are distinct from larger nanopatrticles in several ways.

Generally speaking, nanopatrticles are defined by their size and dispersity (e.g. 5 nm £ 1 nm),
with the explicit chemical formula of any particle being unknown. In contrast, gold nanoclusters
(AUNCs) are molecules with known formulae (eAu2s(SRhs, Auss(SRpa, AuioASR)as,
Au144(SR)0).51° Additionally, unlike larger gold nanoparticles, nanoclusters have molecular
electronic transitions rather than surface plasmbBsie to these unique structural and electronic

properties, gold nanoclusters have been widely investigated for a variety of applitaions.



1.3 Background for AUNC Catalysis
The work in the following chapters first investigates the catalytic performance 6fSR)s

nanoclusters for the oxidation of styrene, as shown in Figure 1.1.

Au;5(SR)4g Me

TBHP, ACN or PhMe (o]

X 75°C,1-24 hr - o + o .,
R = n-Hex, n-Oct,
CH,CH,Ph

Figure 1.1. Styrene oxidation by Au/TBHP

With a wealth of Auds-catalyzed organic reactions in the literature, further understanding of
their performance & mechanistic details seemed worthwhffeThe styrene oxidation reaction
was chosen owing to the ease of identifying the products & evaluating reaction outcomes. We
were initially surprised by the poor performance of the literature conditions, and the finding that
the decomposition products are the active catalysts. However, given the heavily oxidizing reaction
conditions and lack of other control experiments in the literature, perhaps we should have
anticipated these results.

In relation to catalytic performance, the oxidative stability obsf8R)s clusters ligated by
organo-soluble thiolates is often based on experiments using aqugluatdl a solution of
clusters in toluené&:?® Given the poor solubility of aqueous® in toluene, these experiments
do not give conditions analogous to those in catalytic reactions. The use of a soluble oxidant such
astert-butyl hydroperoxide (TBHP) is necessary to give reliable results in oxidative decomposition
experiments. As such, work relying solely onGAtoluene experiments to claim oxidative
stability for AUNCs should be discounted.

A further discussion of the merits of pursuing catalysis with AuNCs is warranted here,
considering the implications for the field. AUNCs, with or without adsorption on a supporting

substrate, have been reported as efficacious catalysts for a number of reactions including reduction



of nitro groups”?® the above styrene oxidatiéhand several others that have been recently
reviewed!® In each case, however, the synthetic chemist has any number of more attractive
options3°

Figure 1.2 summarizes the severity of this issue, showing the reaction conditions for AUNC-
based reactions above the reaction arrow, and the alternative means below each product. Every
reaction listed in Figure 1.2 is performed regularly by practicing synthetic chemisisyile
variety of substrates, and most have been for some time. The alternative methods shown are more
selective than the AUNC conditions, cheaper, better yielding, and do not involve the synthesis of
AuUNCs to access the pre-catalyst. It seems that many of the researchers insistent upon using

AuNCs in catalytic reactions are, perhaps, unaware of the well-established organic literature.

H Me
(o]
0, and/or TBHP - 0+ . 0
Aups(SR)y (cat.)

4

Ozonolysis m-CPBA Wacker oxidation
H 0 (o]
o]
OH 2 = o + OH + o]
Auas/CNT (cat.) or
Pd1AU24l‘C NT (Cat.)
TEMPO/bleach Jones oxidation Fisher esterification
OH

Auz5(SR)qg {cat.),
Me Hy(1atm) X Me

Luche reduction
CBS reduction (asymmetric)

1

NO, NH;
NaBH,
Auys(SGlg
OH OH
PdIC, H,

Figure 1.2. AUNC catalysis with alternative methods



While some examples of AUNCs proving useful in catalytic reactions &xisbst provide
little, if any, synthetic utility. Furthermore, experimental investigations are lacking, with several
authors claiming DFT calculations “prove” the catalytic importance of the intact cluster.2?: 22 26. 32-
34 One hopes that as the field matures the quality of these investigations improves, or they are left
behind entirely for more productive areas of inquiry.
1.4 The Brust-Schiffrin Synthesis

Despite lack of catalytic utility, AUNCs still hold promise across many applicatfdhs>4

A predictable, understood synthesis is therefore important to accessing clusters of desired size.

H*AuCl, (aq) + (n-Oct),N*Br- (org) + 3RSH Step1 o (n-Oct}4,N*AuX, (org) + 3RSH (org) + HX (aq)

Step 2 ‘BH etchin
2EPL (AuSR), + RSSR + (n-Oct),N* + 4X" + 3H* W Au,(SR)y ﬁ" Auy (SR)y

Figure 1.3. Brust-Schiffrin reaction scheme

The various known sizes of thiolated gold nanoclusters are most often synthesized by variations
on a method first reported by Brust in 1994.

This synthesis is comprised of four distinct steps, as shown in Figure 1.3. First, a gold salt,
most often HAuC#3H2O, is dissolved in water, then phase-transferred to an organic solvent
(toluene in the initial report) by tetraoctylammonium bromide (TOAB). The aqueous layer is then
removed, and the desired thiol is then added, forming an Au(l)-thiolate species with the excess
thiol serving to reduce Au(lll) to Au(l), giving a disulfide as the byproduct. After Au(lll)dess
completely reduced to Au(l), a cold aqueous solution of NaBldded, giving a fast reduction
to a polydisperse mixture of Au particles & clusters. The reaction is then allowed to proceed until
a thermodynamically stable cluster size is reached. A 1995 follow-up, also by Brust, omits the first
step and dissolves the gold salt directly in a TOAB solution in organic sélBynadijusting
reaction parameters such as solvent composition, equivalents of thiol to Au, equivalents of NaBH

to Au, and reaction time the reaction can be tuned to give a variety of clustéf-$iZise work



contained herein focuses on the synthesis ofs(8R)xs and AuoASR)s, the former in both

organic and aqueous solvents, as well-defined systems for understanding mechanistic aspects of
the Brust-Schiffrin method.

1.5 Background of M echanistic I nvestigationsinto the Brust-Schiffrin Method

Fortunately, we are far from the first group with an interest in understanding the Brust-Schiffrin
method. It is easiest to present these earlier investigations in accordance with each of the steps
presented in Figure 1.3. In the case of the two-phase method, Kumar has recently investigated the
way in which TOAB catalyzes transfer of the Au(lll) salt into the organic pPfagéhile in the
monophasic synthesis complexation of the TOAB to Au(lll) is the only route for solubilizing the
salt in the organic phagethe two-phase synthesis could in principle proceed through either
complexation or the formation of inverse micefé2 Through a variety of techniques including
'H NMR, small-angle X-ray scattering (SAXS), and light scattering, Kumar convincingly
demonstrates that reverse micelle formation is critical for phase transfer in the two-phase Brust-
Schiffrin method.

The next critical step in the synthesis is formation of the Au(l)-thiolate precursor. Lennox and
coworkers have thoroughly investigated this proé&®y titrating in thiol and monitoring the
reduction of Au(lll) to Au(l) by UV/Visible spectroscopy, Lennox shows that the reduction is
complete after addition of two equivalents of thiol to Au are added. This result demonstrates that
in the two-phase Brust-Schiffrin synthesis the previously assumed M(l)-thiolate polymer is not an
intermediate species. However, this result holds only for synthesis in non-polar solvents such as
toluene. In single-phase synthesis performed in more polar solvents such as THF, or in protic
solvents like water, methanol, or ethanol, it is possible that polymeric species do serve as
precursors to cluster & particle formation. Lennox notes this, as it is consistent with results

previously reported’®!



The last procedural step in the Brust-Schiffrin synthesis, whether in a one or two-phase process
is addition of the NaBkHreductant. Although procedurally a single step, it is best viewed as two
distinct mechanistic steps: 1) an initial reduction to polydisperse AuNPs and 2) an etching step
that converts the polydisperse precursors to the desired nanocluster. The initial reduction step has
been evaluated from a theoretical perspective by Aikens.

By examining the addition of 1-4 electrons to various 1:1 complexes of formu{8@ltk)m
(n = 3-7, m = 3-7%2 Aikens investigated the dissociation"8CHs; from Au and electron-driven
Au-Au bond formation. Addition of a single electron to each of the complexes investigated led to
slight structural changes, but no dissociation of thiolate anions. Additionally, in the gas phase
simulations initially employed, three electrons are required to cause dissociation of the gold-
thiolate complexes. However, rather than the Au(0) required for particle formatiandanionic
gold-thiolate complexes are formed. This holds for both cyclic and acyclic gold-thiolate precursor
examined. Models using explicit solvent, in this case water and toluene, indicate that dissociation
can occur with addition of two or three electrons depending on the exact nature of the precursor
species examined. The dissociation products remaiam&uanionic gold-thiolate complexes, and
as such single electron processes seem unlikely to be involved in the mechanism as Au would have
to be oxidized somehow under the highly reductive reaction conditions to give Au(0) and form
particles.

By contrast, modeling the addition of hydride from NaBHts common mode of reduction
being a hydride donor will cause release of HSGHand the formation of an A¥u bond,
depending on the angle of approach. Once the firsf&wond has formed, the resulting cyclic
complexes can dimerize to give larger Au clusters. This gives a reasonable picture for initial

particle growth.



An overall mechanism involving continuous nucleation and growth was recently proposed by
Kumar® While this work does present compelling evidence for continuous nucleation and growth
in the formation of Au colloids during the Brust-Schiffrin synthesis, the authors specifically
exclude any investigation into magic-number clusters from their work. Because of this, a
comprehensive understanding of AUNC formation under Brust-Schiffrin conditions is lacking.

The observation that the Brust-Schiffrin synthesis fails under anaerobic atmosphere was
unexplained prior to our work as reported in chapters 3 and 4. Murray forwarded a hypothesis
invoking decomposition of the THF solvent, but offered no experimental evidewdeh this in
mind we undertook a series of experiments to isolate and understand the oxygen-dependent step
in the Brust-Schiffrin synthesis. Chapters 3 and 4 explain our results in detail, but we were able to

develop a fairly comprehensive picture of oxygen’s role in the synthesis.



REFERENCES

1. Brust, M.; Walker, M.; Bethell, D.; Schiffrin, D. J.; Whyman, R. Synthesis of thiol-
derivatised gold nanopatrticles in a two-phase liquid-liquid syste@hem. Soc., Chem. Commun.
1994, 801-802.

2. Brust, M.; Fink, J.; Bethell, D.; Schiffrin, D. J.; Kiely, C. Synthesis and reactions of
functionalized gold nanopatrticles. Chem. Soc., Chem. Commi@05, 1655-6.

3. Heaven, M. W.; Dass, A.; White, P. S.; Holt, K. M.; Murray, R. W. Crystal Structure of
the Gold Nanoparticle [N(C8H17)4][Au25(SCH2CH2Ph)1B]JAm. Chem. So2008, 130, 3754-

3755.

4, Crasto, D.; Barcaro, G.; Stener, M.; Sementa, L.; Fortunelli, A.; Dass, A. Au24(SAdm)16
nanomolecules: X-ray crystal Structure, theoretical analysis, adaptability of adamantane ligands
to form Au23(SAdm)16 and Au25(SAdm)16, and its relation to Au25(SR)18m. Chem. Soc.
2014, 136, 14933-14940.

5. Das, A.; Li, T.; Li, G.; Nobusada, K.; Zeng, C.; Rosi, N. L.; Jin, R. Crystal structure and
electronic properties of a thiolate-protected Au24 nanoclustaroscale2014, 6, 6458-6462.

6. Jadzinsky, P. D.; Calero, G.; Ackerson, C. J.; Bushnell, D. A.; Kornberg, R. D. Structure
of a thiol monolayer-protected gold ganoparticle at 1.1 A resoluSicience007, 318 430-433.

7. Parker, J. F.; Fields-Zinna, C. A.; Murray, R. W. The Story of a Monodisperse Gold
Nanoparticle: Au25L18Acc. Chem. Re2010, 43, 1289-1296.

8. Donkers, R. L.; Lee, D.; Murray, R. W. Synthesis and isolation of the molecule-like cluster

Au38(PhCH2CH2S)24.angmuir2004, 20, 1945-1952.



9. Lopez-Acevedo, O.; Akola, J.; Whetten, R. L.; Gronbeck, H.; Hakkinen, H. Structure and
Bonding in the Ubiquitous Icosahedral Metallic Gold Cluster Aul44(SR)68hys. Chem. C
2009, 113 5035-5038.

10. Qian, H.; Jin, R. Ambient synthesis of Aul44(SR)60 nanoclusters in metdmeoh.
Mater.2011, 23, 2209-2217.

11.  Walter, M.; Akola, J.; Lopez-Acevedo, O.; Jadzinsky, P. D.; Calero, G.; Ackerson, C. J.;
Whetten, R. L.; Gronbeck, H.; Hakkinen, H. A unified view of ligand-protected gold clusters as
superatom complexeBroc. Natl. Acad. Sci. U. S. 2008, 105 9157-9162.

12. Bowman, M.-C.; Ballard, T. E.; Ackerson, C. J.; Feldheim, D. L.; Margolis, D. M.;
Melander, C. Inhibition of HIV fusion with multivalent gold nanoparticlésAm. Chem. Soc.
2008, 130, 6896-6897.

13. Wong, O. A.; Hansen, R. J.; Ni, T. W.; Heinecke, C. L.; Compel, W. S.; Gustafson, D. L.;
Ackerson, C. J. Structure-activity relationships for biodistribution, pharmacokinetics, and
excretion of atomically precise nanoclusters in a murine mbideloscale?013, 5, 10525-10533.

14. Heinecke, C. L.; Ackerson, C. J. Preparation of gold nanocluster bioconjugates for electron
microscopyMethods. Mol. Biol2013, 950, 293-311.

15. Salorinne, K.; Malola, S.; Wong, O. A.; Rithner, C. D.; Chen, X.; Ackerson, C. J.;
Hakkinen, H. Conformation and dynamics of the ligand shell of a water-soluble Aul02
nanoparticleNat. Commun2016, 7, 10401.

16. Li, G.; Jin, R. Atomically Precise Gold Nanoclusters as New Model CatalgstsChem.
Res.2013, 46, 1749-1758.

17. Landman, U.; Yoon, B.; Zhang, C.; Heiz, U.; Arenz, M. Factors in gold nanocatalysis:

oxidation of CO in the non-scalable size regiihep. Catal.2007, 44, 145-158.



18. Zhu, Y.; Qian, H.; Jin, R. An Atomic-Level Strategy for Unraveling Gold Nanocatalysis
from the Perspective of Aun(SR)m Nanoclust&isem. Eur. J2010, 16, 11455-11462.

19. Andreiadis, E. S.; Vitale, M. R.; Mezailles, N.; Le Goff, X.; Le Floch, P.; Toullec, P. Y.;
Michelet, V. Chiral undecagold clusters: synthesis, characterization and investigation in catalysis.
Dalton Trans 2010, 39, 10608-10616.

20. Liu, J.; Krishna, K. S.; Losovyj, Y. B.; Chattopadhyay, S.; Lozova, N.; Miller, J. T.; Spivey,
J. J.; Kumar, C. S. S. R. Ligand-Stabilized and Atomically Precise Gold Nanocluster Catalysis: A
Case Study for Correlating Fundamental Electronic Properties with Caté@lsis.. Eur. J2013,

19, 10201-10208.

21. Yang, H.; Wang, Y.; Lei, J.; Shi, L.; Wu, X.; Makinen, V.; Lin, S.; Tang, Z.; He, J.;
Hakkinen, H., et al. Ligand-Stabilized Aul3Cux (x = 2, 4, 8) Bimetallic Nanoclusters: Ligand
Engineering to Control the Exposure of Metal SilesAm. Chem. So2013, 135 9568-9571.

22. Li, G.; Jiang, D.-e.; Kumar, S.; Chen, Y.; Jin, R. Size Dependence of Atomically Precise
Gold Nanoclusters in Chemoselective Hydrogenation and Active Site Strus@ieCatal2014,
2463-2469.

23.  Yamazoe, S.; Koyasu, K.; Tsukuda, T. Nonscalable Oxidation Catalysis of Gold Clusters.
Acc. Chem. Re2014, 47, 816-824.

24. Lavenn, C.; Demessence, A.; Tuel, A. Atomically well-defined Au25(SR)17/18
nanoclusters deposited on silica supports for the aerobic epoxidation of trans-stlatie.
Today2014, 235, 72-78.

25. Jung, J.; Kang, S.; Han, Y.-K. Ligand effects on the stability of thiol-stabilized gold

nanoclusters: Au25(SR)18-, Au38(SR)24, and Aul02(SRyadoscale2012, 4, 4206-4210.

10



26. Jin, R. Atomically precise metal nanoclusters: stable sizes and optical properties.
Nanoscal€015, 7, 1549-1565.

27. Shivhare, A.; Ambrose, S. J.; Zhang, H.; Purves, R. W.; Scott, R. W. J. Stable and
recyclable Au25 clusters for the reduction of 4-nitrophe@Gbkem. Commur2013, 49, 276-278.

28. Li, G.; Zeng, C.; Jin, R. Thermally Robust Au99(SPh)42 Nanoclusters for Chemoselective
Hydrogenation of Nitrobenzaldehyde Derivatives in WaleAm. Chem. So2014, 136, 3673-

3679.

29. Lin, S.; Pei, Y. Mechanistic Insight into the Styrene-Selective Oxidation on Subnanometer
Gadd Clusters (Aul6-Au20, Au27, Au28, Au30, and Au32-Au35): A Density Functional Theory
Study.J. Phys. Chem. @014, 118, 20346-20356.

30. Kurti, L.; Czako, B.Strategic Applications of Named Reactions in Organic Synthesis
Elsevier Academic Press: Boston, 2005; p 864.

31. Chakraborty, S.; Babanova, S.; Rocha, R. C.; Desireddy, A.; Artyushkova, K.; Boncella,
A. E.; Atanassov, P.; Martinez, J. S. A Hybrid DNA-Templated Gold Nanocluster For Enhanced
Enzymatic Reduction of Oxyged. Am. Chem. So2015, 137, 11678-11687.

32. Zhu, Y.; Qian, H.; Drake, B. A.; Jin, R. Atomically Precise Au25(SR)18 Nanoparticles as
Catalysts for the Selective Hydrogenation of a,f-Unsaturated Ketones and Aldehydésgew.
Chem. Int. Ed2010, 49, 1295-1298.

33. Xu, Q.; Kumar, S.; Jin, S.; Qian, H.; Zhu, M.; Jin, R. Chiral 38-gold-atom nanoclusters.
Synthesis and chiroptical properti€&mall2014, 10, 1008-1014.

34. Deng, H.; Wang, S.; Jin, S.; Yang, S.; Xu, Y.; Liu, L.; Xiang, J.; Hu, D.; Zhu, M. Active

metal (cadmium) doping enhanced the stability of inert metal (gold) nanocluster under O2

11



atmosphere and the catalysis activity of benzyl alcohol oxidaBofd Bull. (Berlin, Ger.R015,

48 161-167.

35. Bresee, J.; Maier, K. E.; Melander, C.; Feldheim, D. L. Identification of antibiotics using
small molecule variable ligand display on gold nanoparti€égm. Commur010, 46, 7516-

7518.

36. Bresee, J.; Maier, K. E.; Boncella, A. E.; Melander, C.; Feldheim, D. L. Growth inhibition
of Staphylococcus aureus by mixed monolayer gold nanopartries|2011, 7, 2027-2031.

37. Gifford, J. C.; Bresee, J.; Carter, C. J.; Wang, G.; Melander, R. J.; Melander, C.; Feldheim,
D. L. Thiol-modified gold nanoparticles for the inhibition of Mycobacterium smegnt@iem.
Commun2014, 50, 15860-15863.

38. Bresee, J.; Bond, C. M.; Worthington, R. J.; Smith, C. A.; Gifford, J. C.; Simpson, C. A,;
Carter, C. J.; Wang, G.; Hartman, J.; Osbaugh, N. A., et al. Nanoscale structure-activity
relationships, mode of action, and biocompatibility of gold nanoparticle antibidtidsn. Chem.
Soc.2014, 136, 5295-5300.

39. Huang, C.-C.; Chiang, C.-K.; Lin, Z.-H.; Lee, K.-H.; Chang, H.-T. Bioconjugated Gold
Nanodots and Nanoparticles for Protein Assays Based on Photoluminescence Quémething.
Chem 2008, 80, 1497-1504.

40. Bassu, M.; Strambini, M. L.; Barillaro, G.; Fuso, F. Light emission from silicon/gold
nanoparticle systemappl. Phys. Lett2010, 97, 143113/1-143113/3.

41.  Wou, Z.; Jin, R. On the Ligand's Role in the Fluorescence of Gold NanoclisteosL ett.

2010, 10, 2568-2573.

12



42.  Arachchige, I. U.; Szymanski, P. L.; lvanov, S Efectrochemical routes to luminescent
gold nanoclustersPresented at the National Meeting of the American Chemical Society, 2010;
INOR-985.

43. Zheng, J.; Zhou, C.; Yu, M.; Liu, J. Different sized luminescent gold nanopatrticles.
Nanoscal€2012, 4, 4073-4083.

44, Hutchings, G. J.; Brust, M.; Schmidbaur, H. Gold-an introductory perspeéchee. Soc.
Rev.2008, 37, 1759-1765.

45. Dass, A.; Holt, K.; Parker, J. F.; Feldberg, S. W.; Murray, R. W. Mass Spectrometrically
Detected Statistical Aspects of Ligand Populations in Mixed Monolayer Au25L18 Nanoparticles.
J. Phys. Chem. €008, 112, 20276-20283.

46. Toikkanen, O.; Ruiz, V.; Ronnholm, G.; Kalkkinen, N.; Liljeroth, P.; Quinn, B. M.
Synthesis and Stability of Monolayer-Protected Au38 Clusteré&im. Chem. So008, 130,
11049-11055.

47. Lennox, R. B.; Goulet, P. J.; Milette, J.; Kassam, A.; Laferriere, M.; Fuller, E.; Reven, L.
G. Perspectives on gold nanoparticle synthesis and stabilizattmesented at the 2010;
MATNANO-5.

48. Zhao, P.; Li, N.; Astruc, D. State of the art in gold nanoparticle syntisisd. Chem.
Rev.2013, 257, 638-665.

49. Wang, T.; Jiao, Y.; Chai, Q.; Yu, X. Gold Nanoparticles: Synthesis and Biological
Applications.Nano LIFE2015, 5, 1542007.

50. Perala, S. R. K.; Kumar, S. On the Mechanism of Phase Transfer Catalysis in Brust-

Schiffrin Synthesis of Metal Nanoparticlésangmuir2013, 29, 14756-14762.

13



51. Hostetler, M. J.; Wingate, J. E.; Zhong, C.-J.; Harris, J. E.; Vachet, R. W.; Clark, M. R.;
Londono, J. D.; Green, S. J.; Stokes, J. J.; Wignall, G. D., et al. Alkanethiolate Gold Cluster
Molecules with Core Diameters from 1.4 to 5.2 Nanometers: Core and Monolayer Properties as a
Function of Core Sizd.angmuir1998, 14, 17-30.

52. Goulet, P. J. G.; Lennox, R. B. New insights into Brust—Schiffrin metal manoparticle
synthesisJ. Am. Chem. So2010, 132 9582-9584.

53. Li, Y.; Zaluzhna, O.; Tong, Y. Y. J. Critical role of water and the structure of inverse
micelles in the Brust-Schiffrin synthesis of metal nanopartitlasgmuir2011, 27, 7366-7370.

54. Li, Y.; Zaluzhna, O.; Xu, B.; Gao, Y.; Modest, J. M.; Tong, Y. Y. J. Mechanistic insights
into the Brust-Schiffrin two-phase synthesis of organo-chalcogenate-protected metal
nanoparticles]. Am. Chem. So2011, 133 2092-2095.

55. Li, Y.; Zaluzhna, O.; Xu, B.; Gao, Y.; Modest, J. M.; Tong, Y. Y. J. Mechanistic Insights
into the Brust-Schiffrin Two-Phase Synthesis of Organo-chalcogenate-Protected Metal
Nanoparticles [Erratum to document cited in CA154:2696814Am. Chem. So2012, 134, 6498.

56. Li, Y.; Zaluzhna, O.; Zangmeister, C. D.; Allison, T. C.; Tong, Y. J. Different Mechanisms
Govern the Two-Phase Brust-Schiffrin Dialkylditelluride Syntheses of Ag and Au Nanopatrticles.
J. Am. Chem. So2012, 134, 1990-1992.

57.  Wu, Z.; Suhan, J.; Jin, R.Mater. Chem2009, 19, 622.

58.  Al-Sa’ady, A. K. H.; McAuliffe, C. A.; Parish, R. V.; Sandbank, J. A. Inorg. Synth1985,

23, 191.

59. Schaaff, T. G.; Knight, G.; Shafigullin, M. N.; Borkman, R. F.; Whetten, R. Bhys.

Chem. B1998, 102 10643.

14



60. Susha, A. S.; Ringler, M.; Ohlinger, A.; Paderi, M.; LiPira, N.; Carotenuto, G.; Rogach, A.
L.; Feldmann, JChem. Mater2008, 20, 6169.

61. Reilly, S. M.; Krick, T.; Dass, Al. Phys. Chem. €010, 114, 741.

62. Barngrover, B. M.; Aikens, C. M. Electron and Hydride Addition to Gold(l) Thiolate
Oligomers: Implications for Gold-Thiolate Nanoparticle Growth Mechanism&hys. Chem.

Lett. 2011, 2, 990-994.

63.  These calculations were done at the BP86/TZP level of theory.

64. Perala, S. R. K.; Kumar, S. On the Mechanism of Metal Nanoparticle Synthesis in the
Brust-Schiffrin MethodLangmuir2013, 29, 9863-9873.

65. Parker, J. F.; Weaver, J. E. F.; McCallum, F.; Fields-Zinna, C. A.; Murray, R. W. Synthesis
of monodisperse [Oct4N+][Au25(SR)18-] nanoparticles, with some mechanistic observations.

Langmuir2010, 26, 13650-13654.

15



CHAPTER 2: DECOMPOSITION ORu2s5(SRys CLUSTERS IN A CATALYTIC
CONTEXT*

2.1 Synopsis

Gold nanoparticle catalysis of chemical transformations has emerged as a subject of intense
interest over the past decade. In particulags@R)shas emerged as a model catalyst. In an effort
to investigate their potential as intact, homogeneous, unsupported catalysts, we have discovered
that Aws(SR)s clusters are not stable in oxidizing conditions reported for catalytic styrene
oxidation. Further investigation suggests that the active catalytic species is an Au(l) species
resulting from oxidative decomposition of the starting gold cluster. This conclusion appears
independent of R-group on thiolate-ligatedb&BR)ig clusters.
2.2 Introduction

Due in part to the noble nature of bulk gold, the advent of gold based catalytic transformations
is recent?The work of Hutchings and Haruta established selective oxidation of hydrocarbons and
low-temperature CO oxidation by supported gold clusters and nanopattidlesriety of other
reactions catalysed by ligated gold nanoclusters are also recently investigated, with both phosphine
and thiolate protected clusters proposed as catalytic spasisspported catalysis, the ligands
are often removed by calcinatién.

Of all ligated clusters, the As(SR)gnanocluster stands out as a widely studied model system
for catalysis Since its initial discoverythe Aws(SR)iscluster has been synthesized with an array
of R groups, including saturated alkanes, aromatic species (e.g. 4-mercaptobenzoic acid, 4-

bromothiophenol), phenylethane (R = £HH.Ph), and small polypeptides like glutathione, with

" The work presented herein is publishedCimemical Communication§imothy A. Dreier’s contributions include
experimental design, data gathering & interpretation, and preparation oathesenpt.Chem. Commur015, 51,
12401243. © 2014 Royal Society of Chemistry.
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syntheses reproduced in many 18b3Au2s(SR)s clusters are isolable and stable in 3 different
charge states: -1, 0, and +1 with crystal structures for each represented in the lifetatbire.

Auzs(SR)sclusters calcinated on support are reported for the 1,2-reductigfrohsaturated
ketones, reduction of aryl nitro groups, and oxidation of alk&ridd? Au.s(SR)s clusters
adsorbed on support without calcination are reported as effective catalysts for styrene cXidation.
In addition, there are scattered reports of homogeneous catalysis using Auis@R)s
clusters?#2°

We report here an initial reinvestigation of homogeneous catalysis WiiSR)s clusters,
stemming from our longstanding interest in the properties of small gold cltisteomogeneous
catalysis often offers a distinct benefit with respect to product selectivity, and affords the
opportunity to take advantage the unique properties ef(8R)s clusters without the practical
and conceptual complexity introduced by support and calcination.
2.3 Results and Discussion

We began our investigation by examining oxidative cleavage of styrene (Figure 2.1). This
model reaction was selected for several reasons: it has been reported by multiple research groups,
the starting materials are inexpensive, and the product mixtures are well-suited for quantitative

analysis by gas chromatograghy?® 32

Auy5(SR)qg Me

TBHP, ACN or PhMe o
X 75°C,1-24 hr - o , o,

R = n-Hex, n-Oct,

CH,CH,Ph

Figure 2.1. Styrene Oxidation

We found that while we could reproduce the catalytic products previously regaute(ER )is
clusters are not stable to oxidizing reaction conditions similar to those reportedbijulither
investigation suggests that the active catalytic species is an Au(l) species that results from

oxidative decomposition of A(SR)s. This conclusion is supported by comparison of catalytic

17



activity of Aws(SR)s, the Au-thiol polymer precursor, and A¢{SR)sdecomposition products.
Kinetic catalyst poisoning experiments also suggest a mononuclear gold species as the active
catalyst, and X-ray photoelectron spectroscopy (XPS) data also point toward a mononuclear Au(l)
species.

We began our investigation into the catalytic behaviour of homogeneeeSRYs clusters
by replicating results previously reported? Figure 2.2 shows the GC trace from this initial
experiment, with the expected product peaks indicated. After 24 h at 75 °C in, Gld@bserve
product distributions similar to those previously reported, although at lower conversion. During
the course of these early experiments, we observed little or no difference in conversion between 6
and 24 hours reaction time, and also no differences between reactions run under ambient visible
light or in the darkness.

To establish cluster lifetime under the oxidative reaction conditiaygically employing 167
equivalents of t-butylhydrogenperoxide (TBHP) to Au25(SR)18 clustez exposed the clusters
to TBHP (167 equiv. to Au25) at 37 °C and monitored the resulting mixture by ultraviolet/visible

spectroscopy.

280x10° -

240

200

2.405: styrene
P 2,931 benzaldehyde
‘| 3.167: decane
3.731: styrene oxide

‘ 3.994: acetophenone

160

response

120 -

o | (-

w: | I

24 2.6 28 3.0 32 3.4 3.6 3.8 4.0 4.2
retention time

Figure 2.2. Styrene Oxidation by Ag(Sn-Oct)s Decane
peak results from TBHP being used as a 5.5 M solution
decane.
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Figure 2.2 shows decomposition of A(ER)s as judged by the disappearance of the
characteristic absorbance peaks of the cluster. An absorbance peak at 400 nm is one characteristic
of [Auzs(SR)g]® spectra; this and all other distinctive features disappear within 5 minutes even at
the reduced temperature. Decomposition occurs before significant conversion to product is seen,
even at elevated temperature (Appendix A, Figure A.79). This result led us to consider the
possibility that the active catalytic species in styrene oxidation was not the cluster itself, but rather
oxidative decomposition products of A(SR)s. Oxidative decomposition of Au clusters by®4
and iodine have been reported previodéf},and as such decomposition by a similarly strong

oxidant, TBHP, is unsurprising.

0.700 -

0.675 -

0.650 -

Absorbance @ 400 nm

0.625 -

Absorbance (norm)

0.600 -

0.575 -

o o o o o o o o o o o o
< @ I © =} < © N © =] <
— — ~ ~N o~ ™ ™ < ~

Time (sec)

Figure 2.3. Oxidative decomposition of [A(SCHCH:Ph)s]°

To interrogate the active Au species in this catalytic styrene oxidation, independent of their
origin, we compared catalysis by initially intact AiBR)s, Auxs(SR)soxidatively decomposed
prior to use as a catalyst, and the At%IR oligomers or polymers that are a precursor to

Auzs5(SR)s during its synthesis. To decompose thes$R)s before the catalytic reaction we
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added TBHP to a solution of Ad(SR)s, heated for 10 minutes at 75 °C, allowed the reaction to
cool to room temperature, added styrene, and reheated to 75 °C.

As can be seen in Table 2.1 (entries 3 and 6), oxidatively decomposing#E s cluster
before beginning the catalytic reaction results in a more active catalyst. We observedfaldhre
increase in conversion to benzaldehyde at 1 h withs(R&ET)s.> Further studies using n-

hexanethiol and n-octanethiol ligated clusters gave similar results (Table 2.1, eritfies 7

Table 2.1. Cluster, polymer and decomposition products

%Conversion to

Entry Starting gold species Solvent PhCHO (1 hr)

1 [Auy5(PET)4g]° PhMe 2.30 (0.14)
22 Au-(PET) polymer PhMe 10.5 (3.72)
30 decomposed [Auys(PET)q5]° PhMe 6.79 (1.18)
4 [Auzs(PET)44]° ACN 0.33 (0.15)
57 Au-(PET) polymer ACN 1.51 (0.37)
6> decomposed [Auy5(PET) 5" ACN 1.34 (0.03)
74 Au-(Sn-Hex) polymer PhMe 10.5 (2.55)
8b decomposed [Au,s(Sn-Hex)g]° PhMe 13.0 (0.96)
99 Au-(Sn-Hex) polymer ACN 4.19 (1.28)
10° decomposed [Au25(Sn-Hex)1s]° ACN 1.28 (0.04)
1 [Auzs(Sn-Oct);5]° PhMe 10.5 (2.07)
129 Au-(Sn-Oct) polymer PhMe 9.88 (3.42)
13% decomposed [Au,s(Sn-Oct),5]° PhMe 9.79 (1.41)
14 [Auys(Sn-Oct) ] ACN 4.72 (0.79)
15° Au-(Sn-Oct) polymer ACN 2.22 (0.51)
162 decomposed [Au25(Sn-Oct)18]° ACN 1.27 (0.07)

Reaction Conditions: 25 mol% Au in PhMe (0.078 M), 0.15
mmol styrene and 0.275 mmol TBHP at 75 °C for Polymer
synthesized as described in AppediX@lusters were
decomposed as described in the text, detailed procedure ir
Appendix A.

To further probe if the cluster was necessary for oxidative cleavage of styrene, we tested the
Auzs(SR)gprecursors in the reaction. Table 2.1 (entries 2, 5, 7, 9, 125usthows the results of
these experiments. As can be seen, theSRupolymeric precursor gave similar results to the
oxidatively decomposed As(SR)scluster. At 1 h of reaction time we observed benzaldehyde as
the sole product under each set of reaction conditions tested above. Table 2.1, entry 14 used the

anionic rather than neutral charge state of the starting cluster to examine if this leffeéetron
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overall catalytic behaviour. As can be seen, it did not. Taken together these results thdica
intact Aws(SR)s clusters are not necessary for the oxidative cleavage of alkenes, and that
mononuclear Au species are likely the active catalyst.

Further support for this conclusion comes from kinetic poisoning experiments. Kinetic
poisoning is commonly used to differentiate between mononuclear metal species and small clusters
as the active cataly3t>® Experiments of this sort have been quite informative in other catalytic
gold reaction$/3® and we surmised that kinetic poisoning would be equally useful here. In
general, if a monometallic species is the active catalyst, it is expected that one or more equivalents
of poison will be required to fully inhibit the catalytic reaction. If a polymetallic species is the
active catalyst, it is expected that less than one equivalent of poison will be required. The structure
of Auzs(SR)s shows 12 Au atoms on the surface with thiolate ligands. Of these, two have
significant solvent exposure and four others are solvent exposed to some?d&hrsawe expect
that any Aus(SR)scluster should have two highly active sites for catalysis, although up to six
may be possiblé: 24

Therefore, if the intact clusters are the active catalytic species less than one equivalent of
poison per gold atom should substantially decrease the reaction rate. However, if a mononuclear
Au species is the active catalyst, at least one equivalent of poison per gold atom should be required
to substantially attenuate catalysis. This follows methodology established by Finke for
differentiation of nanocluster catalysis from homogeneous, mononuclear catalysis in other
systems®: 39

We conducted poisoning experiments using diphenylphosphinoferrocene (dppf) and
triphenylphosphine (PBjas poisons. These compounds were chosen as based on our observation

that Au(PPB)CI was not a competent catalyst for styrene oxidation (Appendix A, Figures A.87
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and A.88). Additionally, triphenylphosphine has been previously used to poison gold-catalyzed
reactions’® We hypothesized that dppf, being bidentate and having a large bite angle, would
sequester any Au(l) species without leaving any free coordination sites. Triphenylphosphine was
used for comparison in the event that free iron from decomposition of dppf muddied the results of
those experiments.

Table 2.2 shows the results of our kinetic poisoning investigation. As can be seen from entries
1 and 2, addition of small amounts of phosphine gives a result similar to that from the decomposed
cluster (Table 2.1, entry)3In order to observe meaningful reductions in rate, 10 equivalents of
poison per Au atom were required, corresponding to 250 equivalents per it cluster.
We were concerned; however, that consumption of the oxidant by oxidation of the phosphine could

be a confounding factor in our results.

Table 2.2. Kinetic poisoning results

Equiv Equiv to Conversion to

Entry Poison to Au Auys(PET)4g PhCHO (%)
1@ dppf? 0.040 1.00 8.35 (1.70)

28 dppf 2.00 50.0 7.99 (1.93)

3@ dppf 10.0 250.0 3.03 (0.73)

4° PPhj3 0.040 1.00 7.37

5¢ PPh, 2.00 50.0 3.38

6° PPhy 10.0 250.0 0.22

7° N/A 0.00 0.00 18.8

8° NHC 0.040 1.00 17.9

9¢ NHC 2.00 50.0 3.51

10°¢ NHC 10.0 250.0 0.00

Entries 1-6 run for 1 h in PhMe (0.078 M), with 1 mol%
[Auzs(PET)g]®, and 0.157 mmol styrene at 75 °C. Entries
10 run for 75 min in CHGI(0.078 M), with 1 mol%
[Auzs(PET)gl 2, and 0.135 mmol styrene at 75 °C. NHC i
not soluble in PhMé&Average of 3 runs, standard error in
paretheses@DiphenylphosphinoferrocenéSingle run,
shown for comparison.

Further poisoning studies were conducted with 1,3-dimethylbenzimidazolium iodide. Addition

of base to this precursor gives an N-heterocyclic carbene (NHC), which binds gold with high
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affinity and cannot be oxidized by the oxiddhAs can be seen in Table 2.2 (entried®, 250
equivalents of poison to cluster were also required to halt catalysis in this case. These results, taken
together, are highly indicative of a mononuclear gold species as the active catalyst.

To further probe the structure of the active catalyst, we undertook XPS of bothet{ieEhs
precursor polymer and the oxidative decomposition products P& T)s. The precursor and
oxidative decomposition products show the Aw.4feak at 84.8 eV and 85.6 eV, respectively.
These are consistent with Au(l) species previously reported in the litetattréddMR of the
decomposition product suffers interference from the Au nucleus and is of low quality. However,
COSY spectra of the decomposition product show no signals off of the diagonal, indicating no
through-space interactions. These data, when evaluated as a whole, indicate th#tidla®
species are likely the active catalyst in this reaction. Spectra are presented in Appendix A.

In addition to our data, there are similar reports of Au(l) catalysed oxidative cleavage of
alkenes using mononuclear Au(l) species. In 2006, Shi and co-workers reported using AuCl and

an organic ligand to cleave a number of alkenes, generally with high yields (Figufé 2.4

AuCl (5 mol %)
Ligand (5 Mol %)

x TBHP, H,0,90°C Xo
56% yield

Figure 2.4 Oxidation of styrene by Au(l) - Shi 2006

Although their reaction was optimized using agueous conditions, they report comparable
results using PhMe as the solvent (reference 43, Table 1, entries 4 and 5). These results show that
oxidative alkene cleavage with mononuclear gold species and TBHP is possible under a variety of
reaction conditions, further implicating mononuclear gold species in those reactions previously

reported for Ags(SR)s.
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We also conducted some decomposition experiments with(@R)s clusters adsorbed on
silica gel support without calcination. These experiments are presented in Appendix A starting on
page 158. While not dispositive, results show that supported clusters decompose when exposed to
TBHP and elevated temperature.

2.4 Conclusion

Interest in the chemical reactivity of thiolate-protected gold nanoclusters has grown
substantially in the last several yeded our findings raise an important question about the
potential for such applications. While our results are silent on calcinate(GR)scatalysts, it is
clear that unsupported Ad(SR)s clusters are unstable under oxidative reaction conditions
previously reported.

Despite the remarkable stability of A(SR)snanoclusters, questions remain regarding their
viability as homogeneous catalystsThe nature of the true catalytic species is an important
consideration in reaction development, especially within the realm of atomically defined
nanoclusters> * While these species have immense potential owing to their aforementioned
stability and unique electronic properties, that potential can only be fully realized by exploiting
reactions wherein the clusters themselves are likely to survive.

Herein we have presented evidence that not only arg¢2R)sclusters unstable to oxidations
with TBHP, but also that the Athiol cluster precursor and cluster decomposition products are
equally effective in the oxidation of styrene. Even at temperatures significantly lower than that of
the reaction, TBHP completely decomposessf&R)s before notable product appearance is
observed. Further, kinetic poisoning experiments have shown that far more than one equivalent of
poison per gold atom is required to observe any meaningful reduction in reactiomiditating

that the active catalytic species is likely not the intact cluster. Lastly, XPS studies show that the
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Au species present after decomposition and before cluster formation are Au(l), which indicates
that Au(l) thiolates are likely the active catalyst in this reaction.

Furthermore, our results using acetonitrile as solvent indicate that unsuppost€8Rg
clusters are not stable to these reaction conditions even when used as a heterogeneous suspension.
In light of our findings, recent literature reports may need to be re-evafuated.

Overall, our data support the conclusion that mononuclear Au(l) species are the active catalyst

in the oxidative cleavage of styrene.
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CHAPTER 3 RADICALS IN THE ETCHING OF GOLD SURFACES BY THIOLATES IN
ORGANIC SOLVENT

3.1 Synopsis

Etching of gold with excess thiol ligand is used in both synthesis and analysis of gold particles.
Mechanistically, the process of etching gold with excess thiol is opaque. Previous studies have
obliquely considered the role of oxygen in thiolate etching of gold. Herein, we show that oxygen
or a radical initator is a necessary component for efficient etching of gold by thiolates. Attenuation
of the etching process by radical scavengers in the presence of oxygen, and the restoration of
activity by radical initiators under inert atmosphere, strongly implicate the oxygen radical. These
data led us to propose an atomistic mechanism in which the oxygen radical initiates the etching
process.
3.2 Introduction

Thiolate-protected gold nanoparticles, owing to their remarkable stability, are of interest for
both fundamental and applied resedr€tSynthesis of many ‘atomically precise’ nanoclusters
incorporates an etching step in which excess thiolate ligand converts larger particles into smaller
and more thermodynamically stable ofAddternatively, larger nanoparticles may be etched using
excess thiof:® Syntheses incorporating an etching step, alternatively described as size focusing or
digestive ripening, are recently shown to give high yield of many clusters includia@@R)4,**
12 AUZO(SR)16’13—15 AU23(SR)16,1618 AU24(SR)20,14’ 1922 Auas(SR)Lg,23 AU28(SR)ZO,8’ 2426
Auszs(SR24,2%° Ausg(SRP4,313° Auso(SRP4,3%%" Aues(SR):4, Augg(SRN2,% Au144SR)0,*°

Aussy(SR)-80,** and AusoSR)-120 through tuning of the synthetic conditiottsin addition,

* The work presented herein is publishedAngewandte Chemie International Editiofiimothy A. Dreier’s
contributions include all experimental design, data gathering & analysimgal of the radical etching mechanism,
and preparation of the manuscrifgihgew. Chemie. Int. EA015, 54, 9249-9252. © 2015 WILEY-VCH Verlag GmbH
& Co.
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etching is successful in production of alloys of these clusters, includingP&®R)s*>*
Au24Pt(SR)s,* and Auas-Agx(SRX0.***’ Other examples have been reviewed recéfitly.
Etching-type mechanisms also presumably underlie many digestive ripening transformations of
noble metal nanoparticlé$.Furthermore, etching is sometimes used to liberate ligands for
downstream analysis.

Despite widespread adoption, the mechanism of thiol-induced etching is obscure, even after
theoretical and experimental investigatfdr?®®® The literature on magic number gold nanocluster
(AuNC) synthesis suggests an overall reaction as shown in Figure 3.1, highlighting the importance

of etching in arriving at the final product.

H*AuCly (aq) + (n-Oct),N*Br- (org) + 3RSH Sﬁ&» (n-Oct)yN"AuX," (org) + 3RSH (org) + HX (aq)

Step 2 BH, etching
—— (AuSR), + RSSR + (n-Oct),N* + 4X" + 3H* Step 3 Au,(SR)y W Auy (SR)y

Figure 3.1. Brust synthesis of Au-thiolate clusters

Consistent with Figure 3.1 are recent works showing that larger particles are formed as
intermediates before the final synthetic product is formed feg.RuBimilarly, etching protocols
can convert Aghto Auss or Awgs, as well as Aw to Aus7 and Aussto a variety of smaller
clusters®’: 3% 5%6 Qverall, the literature suggests that most synthesis of precisely defined thiolate-
protected metal and metal-alloy nanoclusters include a final step in which initially formed
polydisperse AYSR), nanoparticles are etched to precisely define@d-#(5R)y-n) nanoclusters
in a mechanistically obscure process.

Gold nanoparticle syntheses are typically performed under ambient atmosphere. We and others
observed in, a preliminary way, that synthesis and etching optimized under ambient atmosphere
do not work well when performed under inert atmosphere? Intrigued by this observation and
the mechanistic obscurity of the process, we endeavoured to clarify the role of oxygen in gold

nanocluster etching. We chose to examine role of oxygen in the etching of large (colloidal) gold
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nanoparticles, as well as the role of oxygen in the etching based synthesis. dh Aach case,
we observed oxygen was critical for reaction progress.
3.3 Results and Discussion

The colloidal particles we investigated are 5-nm diameter phosphatidylcholine (PC)-coated Au
nanoparticles (PC-AuNPs). These were synthesized by a previously reported procedure, yielding
products with a characteristic plasmon resonance at 528 Btohing of these colloids proceeded
in a calculated 500-fold excessmshexanethiol to gold atoms in methylene chloride. The progress
of etching was determined optically by monitoring the surface plasmon resonance peak. As the
particles shrink during etching, the surface plasmon becomes less prothitféht.

Figure 3.2 shows the results of etching of colloidal gold in excdssxanethiol. The black
triangle trace and red square trace depict thiol etching of gold in the presence and absgnce of O
respectively. The @atmosphere was maintained with ankf@lloon, although similar results are
observed if the reaction is performed in a vessel open to atmosphere. This result shows clearly that
without O, the etching of colloidal particles stalls, whereas in the presencetbé@tching can
proceed until the nanoparticles are largely converted to gold(l)-thiolate polymer products.

Since Q can serve as a radical initiator, we hypothesized that etching may proceed through a
radical based mechanism. To test this, we attempted the etching experiment in toluene (a radical
scavenger, Figure 3.2, blue circle trace). The reactions were sealed and monitored oues¢he c

of 90 min. Etching in toluene is minimalcomparable to etching in oxygen-free £ip.

34



-3 0.90
= _
~N
+ 0.80 —
St -
= 0.70
8 0.60 —
g _— PhMe - 0, atm
» | CH)CI, - Ar atm
< 0.40 4 CH,Cl, - 0, atm
o A 1:1 2-methyl-2-butene:CH,Cl; - O, atm
" IIIII|IIIIIIIIl[IlIIIIIII|IIIIIIII||lllIIIIIl]IIIIIIIII|IIIIIIIII|IIII[IIII]IIIIIII|I|IIII|
0 10 20 30 40 50 60 70 80 90
Time (min)

Figure 3.2. Etching of PC-coated AuNPs in organic solvent

Correspondingly, including a radical scavenger, 2-methyl-2-butene, as a co-solvent with
methylene chloride inhibits etching (Figure 3.2, green triangle trace). In aggregate, tiaese da
suggest that etching of colloidal gold nanopatrticles by thiolates proceeds through a radical-based
mechanism. To determine if our findings are specific to the colloidal system or generalizable to all
thiol etching of gold, we examined the well-developed etching base¢lséathesis in closer
detail® We first by investigated whether the Au-thiolate polymer formation (Figure 3.1, step 2)
depends on the presence of oxygen. The oligomer / polymer was synthesized by mixing
HAuCl43H20 in THF with 1.12 equiv of TOAB, followed by addition of phenylethanethiol (PET)
in THF through a syringe. We attempted this synthesis under both ambient atmosphere, and with
degassed components under argon atmosphere.

Success of Au(l)-PET oligomer formation in this case was determined by examination of
resultingH and3CNMR spectra. These spectra were distinct from the starting materials, and
identical (Appendix B, Figures B.16 and B)18indicating that oxygen is not involved in the

formation of Au(l)-PET oligomers/polymers.
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We next determined the-Qlependence of the simultaneous reduction and etching steps of
Auxs(SR)g synthesis (Figure 3.1, step 4) All solvents were degassed by 3 cycles of
freeze/pump/thaw with an argon atmosphere maintained during the course of the reaction. Success
of Auzs(SR)s formation was determined by production of a product with a linear optical spectrum
consistent with its distinctive spectrum (Appendix B, Figure B.10). When oxygen is excluded from
the reduction/etching step, the reaction fails to producg(8R)s (Table 3.1 Entry 6, Appendix
B, Figure B.13) consistent with a previous repdrhe resulting spectrum of this reduction/etching
step is featureless indicating particles larger thas But too small to be plasmonic (Appendix B

Figure B.13.

Table 3.1. Effect of additives & atmosphere on Asynthesis

Entry Atmosphere Additive EquivtoAu Equivto NaBH; %Yield Au,5(PET)g

1 ambient none N/A N/A 60.0
2 ambient BHT @ 10.1 1.00 49.3
3 ambient BHT 20.2 2.00 10.6
4 ambient BHT 30.2 3.00 7.00
5 ambient BHT 40.3 4.00 7.45
6 argon® none N/A N/A 0.00
7 argon AIBN¢ 1.00 0.250 40.9

Yields based on Au atom?38,5-di-tert-butyl-4-hydroxytoluendall
solutions degassed by 3 cycles of freeze/pump/thaw,
“azobisisobutyronitrile

To test if the radical nature of oxygen is key to the reduction/etching step, we added a radical
initiator to the anaerobic synthesis. The particular radical initiator, azobisisobutyronitrile (AIBN,
a common initiator in radical polymerizations) was added just prior to the addition ofsNaBH
the previously described anaerobic reaction. Consistent with our hypothesis, this reaction gave
Auxs(PET)gin 40.9% vyield (Table 3.1, Entry 7), consistent with yields typical in aerobic synthesis

of Auzs(SR)s.> 6364
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Conversely, we found that inclusion of a radical scavenger in the aerobic synthesis diminished
product yield. We added varying amounts of 3,5-di-tert-butyl-4-hydroxytoluene (BHT, alradica
inhibitor) to the reaction under ambient conditions, again just prior to addition of N&B&
observed that BHT in excess of borohydride substantially reduced the reaction yield(@bhle
3.1, entries 2-5). Notably, 3 and 4 equivalents of BHT to Nag@tries 4 and 5, respectively)
gave very nearly the same result. This may be due to saturation of the THF with BHT.

The overall synthesis of thiolate-protected gold nanopatrticle synthesis, as depicted in Figure
3.1, proceeds in four steps. Following formation of an oligomer (steps 1 & 2), AUNPs are formed
from the oligomer via reduction by sodium borohydride (step 3). This initial mixture of
polydisperse nanoparticles is then etched to the final product (step 4). Theoretical study of thiolate
protected nanoparticle synthesis so-far focuses on the initial grdWifhis previous theoretical
work suggests that initial growth from the oligomeric species (Figure 3.1, step 3) proceeds by a
hydride transfer from NaBHto Au(l) to give the large and polydisperse AuNPs reported by
Dass>°. The mechanism of etching (Figure 3.1, stepwhich is key to arriving at a magic number
cluster— is presently obscure.

We propose that the etching of AUNPs into more focused size distributions is the oxygen
dependent portion of the synthesis, and that it is the radical character of oxygen that is important.
In Figure 3.3, we propose a radical-based mechanism for etching of AuNPs. After formation of
large AuNPs from NaBHreduction of the Au(l)-thiolate oligomer, disulfide formed in the initial

step of the synthesis and excess NaB#nain in solution. We propose that borohydride reduces
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the disulfide to the free thiol, from which the @dical abstracts a proton to give a thiyl radical

(1) and HOO.
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Figure 3.3. Proposed radical etching mechanis
The thiyl radical then homolytically cleaves a sulfur-gold bond on the surface of the initial

AUNC to expose core Au (0). This newly exposed Au(0) is oxidized by the peroxy radical formed
in the first step, to give a new solvent-exposed Au (1) a®mHomolytic cleavage of an Au-Au
bond givess, in which another equivalent of thiol is now attached to the cluster. Breaking of the
Au-S bond in5 liberates an Au-thiolate monomer and gives another surface-exposed Au (I).
Formation of a new Au-S bond givésin which one layer of Au has been removed from the
starting cluster. This cycle can repeat, etching all AUNPs in a preparation to thermodynmically

stable magic number AuNCs.
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In addition to the radical initiation and scavenging experiments, we performed spin-trapping
EPR (ESR) spectroscopy using DMP@s the spin trap. The ESR spectrum (Appendix B, Figure
B.21) is consistent with an Au radical as depicted,irthis offers further evidence for our
mechanistic proposal.

Omission of @ makes the mechanism in schethanpossible. Correspondingly, the large,
insoluble products observed by Murray would be the expected result of inert synthesis where
etching cannot proce€dAIBN can initiate formation of the needed thiyl radical, intercepting the
mechanism proposed in Figure 3.3 (Appendix B, Figure B.20).

3.4 Conclusion

Overall our data strongly suggest that the necessity for oxygen in both thiol-etching of colloidal
gold and in Brust-type syntheses of AuNCs arises from thdi@dical. Although molecular
oxygen has been shown to react with thiols to give thiyl radiéalsp the best of our knowledge
this is the first systematic investigation into the role of oxygen and other radicals in AuUNC
synthesis with thiols. While radicals are known to etch AuNPs under Fenton-like confitions,
scheme? represents the first proposed atomistic mechanism for thiolate etching of AUNPs so far
as we are aware.

Full understanding of this process may allow for better control of reaction outcomes, i.e. size
control of particles via changes to the reaction atmosphere. Better control over reproducibility, size
and dispersity in these processes will allow for a deeper investigation into the size-dependent

properties of Magic Number AuNCs, which in turn will broaden the scope of their applications.
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CHAPTER 4 OXYGEN’S ROLE IN AQUEOUS GOLD CLUSTER SYNTHESIS

4.1 Synopsis

The presence of oxygen in thiolate-protected gold nanoparticle synthesis influences product
distribution. Oxygen’s diradical nature underlies this effect, and oxygen can be replaced with
radical initiators in the synthesis of organosoluble gold nanoclusters. The roledh®synthesis
of water-soluble clusters such asi8(p-MBA)a4, Auxs(SR)s, as well as the thiol etching of
water-soluble colloidal gold particles is not yet established. Herein it is shown that radicals, either
from O, or from radical initiators such as 4-hydroxy-TEMPO are necessary components for
synthesis of water-soluble thiolate-protected gold nanoclusters, as well as the etching of agueous
colloidal gold by thiols. Furthermore, air-free synthetic routes to water-soluble gold nanoclusters
Au10(SRus and Aus(SR)s are described. Overall, the understanding of the role of radicals in the
synthesis of water-soluble gold clusters will allow standardization of often difficult to reproduce
syntheses that attract increasing attention for biological applications.
4.2 Introduction

Water-soluble gold nanoparticles are used or investigated in bio-imaging, drug adjuvant, and
antimicrobial application$® The bioavailability, biocompatibility, and cytotoxicity of water-
soluble gold particles is extensively investigated14 In contrast to clusters soluble in organic
solvents (e.g. Ats(SCHCH2Ph)s, Auzg(SCHCH2Ph)4, Aui14(SCHCH2Ph)o, etc.) the synthesi

of atomically precise water-soluble clusters, is not as well develdgew?.3¢3’

" The work presented herein is published indbernal of Physical Chemistry. Timothy A. Dreier’s contributions
include experimental design, data gathering & interpretation, and preparatieménuscriptl. Phys. Chem. C
2016, 120, 28288-28294.
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Gold and silver clusters ligated by water-soluble thiols (e.g. 4-mercaptobenzojo-Ei3d))
are synthetically well establishé&*? While the synthesis is remarkably tunable giving, for
instance, As(SR)s, AuioAp-MBA) 44, and Au44p-MBA) e, it is exceptionally sensitive to minor
procedural changes. For example, the established synthesisoplidated by 4-mercaptobenzoic
acid, AuoAp-MBA)as4, varies with slight changes in ambient atmosphere, supplier of
HAuUCIs- 3HO starting material, NaBHquality, and solvent compositidfi** The difficulty in
synthesis means that, on a practical basis, investigatiomei pVIBA) 44 is limited compared to
Auzs and Auas3® 38 “ While somewhat more robust, the synthesis obsAprotected by
glutathione, Aus(SG)s, also presents practical challende®

We have investigated many routes for improved synthesis of water-soluble cfdstefs. >
4956 Here we report an attempt to better understand the role of oxygen and radicals in the synthesis
of water-soluble clusters. Our recent investigation of radical processes involved in the formation
of organic-soluble Ats(SR)s revealed that the etching or size-focusing process involved in the
last step in the Brust-Schiffrin method is oxygen dependeidditionally, we found no oxygen
dependence for either the Au(l)-SR oligo/polymer formation or the initial growth steps in the
generally accepted reaction scheth®. Herein, we evaluate the role of oxygen and radical
initiators in aqueous solvent mixtures, and if that could be exploited to further our synthetic goals.
4.3 Results

We tested the role of oxygen in thiol-based etching commercially available 5 nm AuNPs
protected by tannic acid in water. Figure 4.1 shows that the 5 nm nanopatrticles initially etch in the
presence of thioglycolic acid (1000 equiv to Au). When air or argon atmospheres are present, the
concentration of 5 nm AuNPs stabilizes after an hour. As can be seen under an oxygen atmosphere
etching continues over the course of the experiment. When the etching experiment was conducted

for 24 hrs (1440 min) under Ar and @mospheres, the concentration of AUNPs remained stable
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in the former case, while diminishing to approximately 50% of its initial value in the latter. These

results are broadly consistent with our prior study of phosphatidylcholine-protected AuNPSs in
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Figure 4.1. Etching of colloidal AuNPs usit
thioglycolic acid in water. Average of three rt
error bars showing standard error. Y-axis is
AuNP concentration athntas a percentage
concentration abt Full details in Appendix C.

organic solvents’

Considering the notable similarity to our previously reported resutte (supra), we
hypothesized that the diradical naturé®©f underlies the observation. Inspired by the problem of
reproducible synthesis of Aa(pPMBA)as,14 32 38.44.49.54. 8@ undertook a series of experiments
to explore the role of atmospheric composition onoAp-MBA) 44 synthesis. Figure 4.2 shows
that when NaBh reduction is performed under oxygen-containing atmosphere (Figure 4.2, lanes
4-9), significant Auop-MBA) 4sis produced, as judged by electrophoretic mobility relative to the
standard AwpMBA)44 synthesis. Exclusion of oxygen during NaBkeduction (Figure 4,2
lanes 1-3) stops Aw(p-MBA) 44 synthesis, producing much larger products. In each experiment

we separated the initial formation of the Au(l)-pMBA oligo/polymer from the subsequent/NaBH
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reduction step. As can be seen, only exclusion of oxygen from the reduction step results in a change
in the reaction’s behavior. Overall, this result is consistent with our previous results for the

synthesis of Aps(SR)sin organic solvents and the earlier observations of Mi#ray.

Polymer Formation |~ Ar 0, Air Ar O, Air Ar 0O, Air =
Reduction Ar Ar Ar 0, 0, 0, Air Air Air -
Lane Number 1 2 3 4 5 6 7 8 9 10

Jfatm—

Figure4.2. Effect of atmosphere on Ads synthesis. Crossover experiments showing the eff
oxygenated vs inert atmosphere on the synthesis of:fatMBA) 4. Lanes 4-9 show that t
reduction step requires oxygen. Lane 10 is appZstandard for reference.

We hypothesized that the oxygen may be replaced with a radical initiator in the water-soluble
Brust-type synthesis. We screened several radical initiators in an attempt to synthegige Au
MBA) ssunder inert atmosphere (i.e., more carefully controlled conditions than typical). Figure 4.3
sunmarizes the products that result from inclusion of differing amounts of 4 different radical
initiators. The molar equivalents of radical initiator are shown on the x-axis, with the ratio of
distance travelled to Aw(p-MBA)a4 standard on the y-axis. Values of 1.0 indicate perfect
alignment with Audoxp-MBA) 44.

Figure 4.3 shows that Oxone, 4-hydroxy-TEMPO, and sodium persulfate delivered products

with electrophoretic mobility similar to that of Adip-MBA)44 under the reaction conditions.
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Figure 4.3. Radical initiators in A, synthesis. Effect o
changing radical initiator concentration on product

mobility in PAGE compared to Ag{p-MBA) 44 standard
All reactions were performed under inert atmosphere

degassed solvents.

Azobiscyanovaleric acid (ABCVA), chosen for its structural similarity to the 2,2°-
azobisisobutryonitrile (AIBN), effective in our prior wotk,only gave quite large particles as
judged by their electrophoretic mobility even in large excess to Au. Curiously, in the cases of
Oxone, and sodium persulfate large excesses of initiator resulted in the formation of larger
products as judged by electrophoretic mobility. Interestingly, 4-hydroxy-TEMPO exhibited
similar behavior, but more than 0.5 equivalents to Au atoms favors larger products. This may be
best understood by viewing etching and growth as simultaneous, competing processes, and could
result from additional radical initiator allowing enough gold surface exposure to favor growth.

Our results are entirely empirical, and with judicious screening it may be possible to find
initiators that favor products of specific sizes. The full experimental details and PAGE gels for
each of these experiments is available in Appendix C.

MALDI-Mass spec validates our assignments made on the basis of gel electrophoretic

mobility. As can be seen in Figure 4.4, the radically initiated conditions deliver a product with a
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similar mass and envelope shape, with both spectra consistent with the MALDI-MS reported by

Kornberg previously®

— Au,(p-MBA),, A
e I

— 4-hydroxy-TEMPO (0.5 equiv to Au)

~ v +« v 1 v v v @ | =& —w— v )
10000 15000 20000 25000 30000
m/z

Figure 4.4. MALDI spectrum of AuoAp-MBA) 44
(top) and results of using 0.5 equiv. of 4-hydroxy-
TEMPO to Au under air-free conditions.

It should be noted that the position of the radically initiated envelope is at M/Z of 20502, while
the Auo2 standard is centered about 21139. This difference in mean mass is likely attributable to
slight differences in actual product distribution, owing to the difficulty in separating A&om
other clusters of similar sizé* 383% 83Even after repeated fractional precipitation and gel
purification, Auop-MBA) 44 often contains impurities with 103 or 104 Au atoms. The MALDI-
MS sample for the 4-hydroxy-TEMPO reaction was not purified beyond an initial precipitation,
and as such is likely to contain a higher proportion of impurities such @saAd Auoe. Taken
together with the identical electrophoretic mobility, these data indicate that a radical initiation
strategy is viable for the synthesis of 1¢p-MBA) 44.

The p-MBA ligand is unusual in gold nanocluster synthesis. In the case of most ligands,
increasing ligand concentration results in the formation of smaller products, presumably by

favoring etching over growt: 48 However, in the case pEMBA, increasing concentration of
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ligand tends toward larger produé¢®aiVe hypothesized that the thiyl radical formed frofIBA

may be stable enough to inhibit the etching of particles, leading to the seemingly paradoxical result.
Under this hypothesis, increasing radical concentration initiation would result in higher
concentrations ofp-MBA giving smaller products. We performed a screen peMBA
concentration using 500 mg Oxone in each experiment (Appendix C, Figure C.44). Results suggest
that even in air-free, radical initiation conditions increased concentratipiM&A gives larger
particles. This indicates that the originMBA’s unusual behavior is separate from the etching
mechanism.

Having demonstrated that AsAp-MBA) 44 can be synthesized under air-free conditions we
sought to understand if our prior method for the air-free synthesis 8{SRks using radical
initiation would translate to aqueous Asystems’ The two ligands used most commonly for the
synthesis of water soluble Agare glutathione (GSH) and captopril (Ca3tf?"® We began our
investigation into the Aas system using captopril as the ligand. We first performed a screen of
radical initiators, taking inspiration from our prior work and the results from the{tMBA) 44
system evaluated above. Figure dtiows the results of these experiments. 4-hydroxy-TEMPO

and azobiscyanovaleric acid (ABCVA) resulted in formation obs&laptys. Similar to the

T — Air Free Synthesis
—— Ammonium Persulfate
= Sodium Persulfate
Standard Synthesis
= 4-Hydroxy-TEMPQO
— ABCVA

N—

Figure 4.5. Evaluation of radical initiators for Air-free
synthesis of Aps(Capt)s.

absorbance (arbitrary)
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Au10(p-MBA) 44 synthesis conditions, other radical initiators or oxygen sources gave no yield of
the desired product.

To complete our evaluation of radical initiation as a strategy for air-free synthesis, we used a
subset of radical initiators in the synthesis 0pA8G)s under inert conditions. Rather than repeat
the entire screen with all of the on-hand initiators, we used those which had given promising results
in either the Auo(p-MBA)440r Auxs(Capt)s experiments. Figure 4.6 shows the optical spectra
from these experiments. As can be seen in each case the optical spectra match those of the known

Auzs(SG)s compound?

Oxone Monpersulfate
— ABCVA
——4-Hydroxy-TEMPO

absorbance (arbitrary)

T T T T T T T T T T T T T 1
400 450 500 550 600 850 700 750
Wavelength (nm)

Figure 4.6. Evaluation of radical initiators for synthesis
Auzs(SG)s under air-free conditions.

4.4 Discussion

For many years in nanoparticle synthesis, etching (also called size-focusing or digestive
ripening) was used as a strategy for shape and size control of inorganic nanopaftilessious
reports often note that oxygen plays a role in this process, although the exact role is’68scure.

In some cases, notably by Xia, oxygen is added expli€&itBxygen may also be necessary in the

core-size conversion syntheses of nanoclusters reported b{¥ass.
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Previously we showed radicals as a necessary component for etching in organic solvent. Here
we show the general necessity of oxygen in aqueous etching of gold nanoparticles by thioglycolic
acid. As can be seen in Figure 4.1, the oxygen and air atmospheres show similar curves for the
first 85 minutes of the experiment. After this period etching in air stalls, whereas etching under
oxygen atmosphere continues. Over the course of a 24 h experiment, the concentration of AUNPs
under argon atmosphere remains constant after 90 minutes, but etching continues in an oxygen
environment. The initial etching under argon is likely due to the difficulty of entirely degrassing
solutions of AuNPs. For instance, if solutions of AUNPs were sparged with argon longer than c.a.
5 min, the solutions would turn purple, indicating growth of the particles. This agglomeration is
caused by the physical disturbance of the solution, rather than by any interaction of the Ar directly
with the nanoparticles. Sparging with oxygen for prolonged periods in an attempt to ensure
consistent @concentration in the solution for our experiments gave rapid destruction of the 5 nm
AuUNPs, as indicated by the solutions turning from red to colorless. This is attributable to the
particles being directly oxidized by oxygen to Au(l) species which are colorless in solution.
Because the particles are protected by tannic acid, rather than thiolates, the surface is fairly easy
to exposé® Once the etching was allowed to proceed for 24 hours a large divergence in outcome
could be observed (Figure 4.1, 1440 min). It should be noted that the error on the 24 h experiment
is much larger than on any other observations, this is likely due to differences in dissolved oxygen
content due to the considerations noted above. These results are consistent with our prior
observations, and indicate that the likely mechanism of oxygen involvement is the same between
agueous and organic systems of 5 nm AuNPs.

Our results from the synthesesfafiop-MBA) 44 under inert conditions, while consistent with

our previous results, do not wholly solve the problem of synthetic variability. We were able to
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synthesize a limited amount Blu10Ap-MBA) 44 using 4-hydroxy-TEMPO or sodium persulfate
under inert atmosphere (Figure 4.3), but these reactions remained inconsistent and poorly behaved,
without the concomitant increase in yield that would justify the increased procedural complexity.
However, the results do indicate that with further optimization, consistent synthésisogp-

MBA) 44 under inert conditions should be possible, allowing for its further use as a chemical and
biological tool** 4 8Figure 4.2 does indicate one intriguing possibility, however. If the precursor
formation step is run under argon, but the reduction is performed under air (Figure 4.2, lane 7) the
product mixture appears to have much lower dispersity. While we have no concrete explanation
for this, it is possible that, much like the results from Figure 4.3, there is an optimal O
concentration for Awp-MBA) 44 formation, which is achieved at slightly lower than atmospheric
oxygen content, which arises from degassing the initial precursor formation step. Given the large
body of literature surrounding precursor influence on nanocluster forn?&ffo’®° it is also
possible that the atmospheric change influences the nature of precursor involved, favoring
formation of AuioAp-MBA) 44 sized particles. It may be possible to use this strategy to cleanly
form Au1op-MBA) 44 without addition of too much procedural complexity, despite the difficulties

of degassing aqueous solutions.

Our results with water-soluble A4(SR)g are much more promising. Using several radical
initiators, it is possible to produce reasonable amounts g{@&R)s ligated by either captopril or
glutathione. Coupled with our results from organic-solubles¢@R)s,°’ this appears to be a
general feature of the A#{SR)s synthesis. Much progress has been made in synthesizing
quantum-confined Au clusters over the past several deéades? °®* however each advance

has thus far been fundamentally limited that the ligand be stable to air and the highly reducing
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reaction environment. This work opens the possibility to synthesize clusters containing more air-
sensitive moieties.

A further, and perhaps more intriguing possibility to the nanoparticle community, is the
potential to directly synthesize noncanonical charge states of quantum-confined Au clusters. Work
in our lab has interrogated the effect of changing charge state on the structural, magnetic, and
electronic properties of Au clustets® A fundamental challenge to this work is the difficulty in
accessing the (+1) charge state obs8R)s, which can only be generated by electrochemical
methods® With a general strategy for the air-free synthesis of thiolated Au clusters now available,
a new area of chemical space should be open for exploration.

4.5 Conclusion

Since the advent of the Brust synthesis, the role of oxygen in its performance has been noted,
but until recently was mechanistically obscure. In our previous work we demonstrated that it is
likely the diradical nature of £xhat underlies the need for oxygen in the synthesis using organic
solvents. Given the results presented above, it is likely that the same process is operative: oxygen
allows for the formation of a thiyl radical, which can etch the gold surfadere we extend the
work to address water-soluble synthesis ofioXp-MBA) 4, Auxs(Capt)s, and Aus(SGhs in
agueous solvent. By using radical initatiors under inert atmosphere, we have synthesized each of
these clusters under argon atmosphere. This opens up new possibilities for the entitesteddl
air-sensitive ligands, direct synthesis of unstable charge states, and a new variable by which
synthesis can be optimized. With a new method by which thiolate Au cluster synthesis can be
modified, and the additional mechanistic insight brought about by our work, we may soon enter a

new golden age of cluster synthesis.
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CHAPTER 5: ALLOY CLUSTER SYNTHESIS

5.1 Synopsis

Recently many alloy clusters containing gold and at least one heterometal (e.d, Ag,) P
have been synthesized. Commonly, this is done through either co-reduction of the heterometal salt
along with the Au-thiolate precursor or by metal atom exchange with a heterometal precursor and
intact Aws(SR)s. However, the reported alloy clusters have only thus far incorporated metals with
full d-orbitals. Herein we report our efforts toward incorporation of open d-orbital heterometals
into Au-thiolate clusters.

5.2 Introduction

Over the past decade, as the structures of AUNCs have been solved, interest in forming new
structures has greatly expanded. In particular, synthesis and evaluation of heterometallic clusters
has been an area of active inquity.However, as far as we are aware, all published reports of
heterometallic Au clusters involve late transition metals with closed d-shells. We have recently
begun an inquiry into incorporating metals with vacant d-orbitals into AuNCs. Owing to the
expected interesting electronic and structural properties of such alloy cfustersgpect this to
be a fruitful area going forward.

Unfortunately, our efforts have, to this point, provided a fairly comprehensive picture of those
strategies which will fail. Our synthetic strategy has largely taken the same approaches as other
alloy cluster syntheses involving Pd, Pt, Ag, Cu, Cd, an&¥4.has become clear, however, that
alternate strategies will be required to achieve long-term success on this project. This chapter is,
therefore, organized by which metal we have attempted to dope into the Au cluster. In each case
the experimental procedure is indexed to a particular notebook page, and the spectra follow the

experimental procedure. These data are presented in a manner akin to a laboratory notebook, with
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each procedure identified by the notebook in which it appears. This approach serves to make
reference back to the original source material simple for any future members of the Ackerson lab
pursuing this or a similar project.

In the cases of Fe, Mn, and Co, co-reduction strategies in organic solvents have universally
failed to give anything other than A{ISR)s or colloidal gold products. This may be due to the
redox properties of the relevant salts. In the case of Fe, the reduction of Fe(lll) to Fe(ll) is favorable
by 0.77 V (vs SHE), but further reduction of Fe(I)Reg0) or direct reduction of Fe(lll) to Fe(0)
are unfavorable by 0.41 and 0.04 V, respectively. Similarly, reducing Mn(ll) to Mn(0) is
unfavorable by 1.18 V, and reduction of Co(ll) to Co(0) is unfavorable by 0.29 V. By contrast,
reduction of [AuCl]" to Au(l) (in the form of [AuCl] is favorable by 0.926 V, and further
reduction to Au(0) favorable by 1.15%/What this means synthetically is that the standard Brust
procedure used to synthesize>fand AusxMx with coinage metal dopants may not contain a
reductant strong enough to get early transition metals into the correct oxidation state for cluster
formation.

In Auxs(SR)s, the 13 Au atoms comprising the icosahedral core are formally Au(0), while
those in the semirings are Au(l). In order for a dopant metal atom to occupy the icosahedral core,
it seems reasonable that it would also be formally in the (0) oxidation state, having only metal-
metal bonds. As such, while the thiol to disulfide oxidation is sufficient to reduce Au(lll) to Au(l)
and NaBH4 is strong enough to further reduce Au(l) to Au(0), initiating growth, these mild
reductants may leave early transition metal salts in their native oxidation state.

Another strategy we have employed is separate synthesis of M-thiolate precursors and
introduction of those into the Asisynthesis once the Au-thiolate is fully formed, followed by

reduction. These procedures have also failed to give the desired result, either forpa{S&R R
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or larger Au particles. This could again be due to a redox issue, if the metal-thiolates are formed
as simple ligand exchange products rather than the metal being reduced by the thiolate. If the
metal-thiolate cannot be reduced by sodium borohydride and participate in nucleai8RAel

would be the expected product. Additionally, it may be necessary that the heterometal be
incorporated into the same thiolate polymer as the Au atoms, meaning that phase-segregated
mixtures of Au/M thiolates will not form alloy clusters regardless of redox chemistry. As there is
little if any mechanistic data for the alldgrming co-reduction reactions in the literature, this
analysis is largely speculative.

We have also attempted co-reduction syntheses with Ir, Rh, Ru, and Re as the dopant metals.
These reactions have met with the same fate as those with earlier transition metals. In the case of
Re, it is still likely that unfavorable redox chemistry is again the likely cufphit. Rh, and Ru,
however, all have favorable potentials for reduction to their (0) oxidation gid¢es(iprd. These
metals, then, in principle should be amenable to co-reduction with Au to form alloy clusters, but
these products have not been observed. In these cases, there is the possibility that the products
have been formed in small amount, then destroyed by the reaction conditions over time. It may be
possible to synthesize Ir, Ru, and Rh-doped Au clusters via co-reduction with fine-tuning of the
reaction conditions.

When co-reduction approaches hit a dead-end, we began examining metal exchange reactions
using both metal salts and metal-thiolate complexes. In each case the desired product did not form,
with the reactions either returning starting material or decomposing the clusters. Details of each of
these experiments can be found below. Given that metal exchange has been successful in other
cases? !’ it may be possible to again optimize reaction conditions to give the desired products.

While we have so far tried many approaches of this kind, the work is by no means exhaustive.
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In sum, co-reduction strategies with early transition metals seem unlikely to be viable as a
strategy for the formation of alloy clusters. It may be possible to make co-reduction effective, but
it will require use of more powerful reductants than are typically employed in the Brust-Schiffrin
synthesis. Metal exchange may be a more viable strategy, but empirical screening to identify the
optimal conditions will be required.

5.2 General Experimental Procedures

All reactions were performed with commercially purchased starting materials used without
further purification. UV/Visible spectra were collected on a ThermoFisher Nanodrop UV/Vis
spectrophotometer. Data were exported to XML files, imported into Microsoft Excel, and
analyzed. Spectra appearing in this chapter were generated using OriginPro software. All
normalized UV/Vis spectra were normalized such that absorbance of the sample at 300 nm is equal
to 1. MALDI-MS were collected on a Bruker Microflex MALDI-TOF instrument operating in
linear mode, using a protein calibrant. Clusters for MALDI were prepared in DCTB matrix in
CH:Cly, the calibrant was prepared in a sinapinic acid matrix in water. Mass spectra were exported
from Bruker’s FlexAnalysis package as ASCII text files, then analyzed in MMass. Mass spectra
appearing in this chapter were directly exported from MMass.

5.3 Attemptsto Synthesize Au/Mn Alloy Clusters

Td-002-103

HAuCIl43H20 (100 mg, 0.254 mmol, 1.00 equiv) was dissolved in a solution of TOAB (155.6
mg, 0.284 mmol, 1.12 equiv) in 7 mL of THF. After the solution was homogeneous, 2-
phenylethanethiol (179.6 pL, 1.34 mmol, 5.28 equiv) was added and the solution was stirred at
room temperature until colorless. At this point Mn(@A4H>0 (6.22 mg, 0.0254 mmol, 0.100
equiv) was added, followed immediately by an ice cold solution of NgB&9 mg, 2.56 mmol,

10.08 equiv) in 2.5 mL of water was added in one portion. The reaction was allowed to stir at room
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temperature for 48 hrs, the aqueous layer was removed, and the products were precipitated by the
addition of methanol to the organic layer. The organic MeOH/THF phase was centrifuged to isolate
the precipitate, which was then washed with methanol to remove excess thiol. Products were

purified by size-exclusion chromatography in toluene, and the fractions were analyzed by
UV/Visible spectroscopy.
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Td-002-105

HAuCls3H20 (100 mg, 0.254 mmol, 1.00 equiv) was dissolved in a solution of TOAB (155.6
mg, 0.284 mmol, 1.12 equiv) in 7 mL of THF. After the solution was homogeneous, 2-
phenylethanethiol (179.6 pL, 1.34 mmol, 5.28 equiv) was added and the solution was stirred at
room temperature until colorless. The solution was then concentrated and the solid was washed
three times with 15 mL portions of MeOH to remove excess thiol. The solids were then
resuspended in 7 mL THF. At this point Mn(OAdH20 (6.22 mg, 0.0254 mmol, 0.100 equiv)
was added, followed immediately by an ice cold solution of NaBH4 (96.9 mg, 2.56 mmol, 10.08
equiv) in 2.5 mL of water was added in one portion. After addition of reductant, 2-
phenylethanethiol (77 pL, 0.580 mmol, 2.28 equiv) were added and the reaction was allowed to
stir at room temperature for 48 hrs. The aqueous layer was removed, and the products were
precipitated by the addition of methanol to the organic layer. The organic MeOH/THF phase was
centrifuged to isolate the precipitate, which was then washed with methanol to remove excess
thiol. Products were purified by size-exclusion chromatography in toluene, and the fractions were

analyzed by UV/Visible spectroscopy.
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Td-002-107

HAuCls3H20 (100 mg, 0.254 mmol, 1.00 equiv) was dissolved in a solution of TOAB (155.6
mg, 0.284 mmol, 1.12 equiv) in 7 mL of THF. To this solution Mn(OAc)2+4H20 (6.22 mg, 0.0254
mmol, 0.100 equiv) was added and the reaction was allowed to until homogeneous. 2-
phenylethanethiol (179.6 pL, 1.34 mmol, 5.28 equiv) was added and the solution was stirred at
room temperature until colorless. An ice cold solution of NaB#6.9 mg, 2.56 mmol, 10.08
equiv) in 2.5 mL of water was added in one portion. The reaction was allowed to stir at room
temperature for approximately 3 hrs and then the aqueous layer was removed. The products were
precipitated by the addition of methanol to the organic layer. The organic MeOH/THF phase was
centrifuged to isolate the precipitate, which was then washed with methanol to remove excess
thiol. Products were purified by size-exclusion chromatography in toluene, and the fractions were

analyzed by UV/Visible spectroscopy.
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Td-002-114

HAuCIl43H20 (100 mg, 0.254 mmol, 1.00 equiv) was dissolved in a solution of TOAB (155.6
mg, 0.284 mmol, 1.12 equiv) in 7 mL of THF. To this solution Mn(Q&d).0 (31.3 mg, 0.127
mmol, 0.500 equiv) was added and the reaction was allowed to until homogeneous. 2-
phenylethanethiol (178 uL, 1.34 mmol, 5.28 equiv) was added and the solution was stirred at
room temperature until colorless. An ice cold solution of NaB3¥6.9 mg, 2.56 mmol, 10.08
equiv) in 2.5 mL of water was added in one portion. The reaction was allowed to stir at room
temperature for approximately 3 hrs and then the aqueous layer was removed. The products were
precipitated by the addition of methanol to the organic layer. The organic MeOH/THF phase was
centrifuged to isolate the precipitate, which was then washed with methanol to remove excess
thiol. Products were purified by size-exclusion chromatography in toluene, and the fractions were

analyzed by UV/Visible spectroscopy.
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Td-002-118

HAuCls3H20 (100 mg, 0.254 mmol, 1.00 equiv) was dissolved in a solution of TOAB (155.6
mg, 0.284 mmol, 1.12 equiv) in 7 mL of THF. After the solution was homogeneous, 2-
phenylethanethiol (179.6 pL, 1.34 mmol, 5.28 equiv) was added and the solution was stirred at
room temperature until colorless. At this point Mn(OA¢H-0O (6.22 mg, 0.0254 mmol, 0.100
equiv) was added, followed immediately by an ice cold solution of NgdB&9 mg, 2.56 mmol,

10.08 equiv) in 2.5 mL of water was added in one portion. The reaction was allowed to stir at
room temperature for 24 hrs, the aqueous layer was removed, and the products were precipitated
by the addition of methanol to the organic layer. The organic MeOH/THF phase was centrifuged
to isolate the precipitate, which was then washed with methanol to remove excess thiol. Products

were purified by size-exclusion chromatography in toluene, and the fractions were analyzed by

UV/Visible spectroscopy.
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Td-002-123

HAuCls3H20 (100 mg, 0.254 mmol, 1.00 equiv) was dissolved in a solution of TOAB (155.6
mg, 0.284 mmol, 1.12 equiv) in 7 mL of THF. To this solution Mn(QA&)20 (31.3 mg, 0.127
mmol, 0.500 equiv) was added and the reaction was allowed to until homogeneous. 2-
phenylethanethiol (179.6 pL, 1.34 mmol, 5.28 equiv) was added and the solution was stirred at
room temperature until colorless. An ice cold solution of NaB#6.9 mg, 2.56 mmol, 10.08
equiv) in 2.5 mL of water was added in one portion. The reaction was allowed to stir at room
temperature for approximately 24 hrs and then the aqueous layer was removed. The products were
precipitated by the addition of methanol to the organic layer. The organic MeOH/THF phase was
centrifuged to isolate the precipitate, which was then washed with methanol to remove excess
thiol. Products were purified by size-exclusion chromatography in toluene, and the fractions were

analyzed by UV/Visible spectroscopy.
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Td-002-1348

[Auos(PET)s] TOA (24 mg, 0.003 mol, 1.00 equiv) were dissolved in 8 mL acetonitrile, then
an aqueous solution of Mn(OA&}H20 (3.00 uL, 0.003 mmol, 1.00 equiv) was added. The
reaction was allowed to stir for 90 minutes, and thehe&ylethanethiol (10 uL, 0.0746 mmol,
24.8 equiv) in 300 pL acetonitrile was added while the solution was vigorously stirred. The

precipitate was collected & analyzed. Recovered starting material.
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Td-002-136

HAuCls3H20 (100 mg, 0.254 mmol, 1.00 equiv) was dissolved in a solution of TOAB (155.6
mg, 0.284 mmol, 1.12 equiv) in 7 mL of THF. To this was added Mn(&4€20 (62.3 mg, 0.254
mmol, 1.00 equiv). After the solutiowas homogeneous, ethanethiol (96.7 uL, 1.34 mmol, 5.28
equiv) was added and the solution was stirred at room temperature until colorless. At this point an
ice cold solution of NaBK(96.9 mg, 2.56 mmol, 10.08 equiv) in 2.5 mL of water was added in
one portion. The reaction was allowed to stir at room temperature for 48 hrs, the aqueous layer
was removed, and the products were precipitated by the addition of methanol to the organic layer.
The organic MeOH/THF phase was centrifuged to isolate the precipitate, which was then washed
with methanol to remove excess thiol. Gave exclusively large, insoluble particles.

Td-002-138°

HAuCI43H20 (100 mg, 0.254 mmol, 1.00 equiv) was dissolved in 30 mL MeOH, and 2-
phenylethanethiol (179.6 pL, 1.34 mmol, 5.28 equiv) was added in one portion. Reaction was
stirred at room temperature for ~30 minutes, and the resultant precipitate was collected by

centrifugation and washed with MeOH (20 mL portions, 3x) to remove excess thie{(Mn)1s
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was dissolved in 4 mL Ci€l, to give an &M solution. 10.7 mg Au(l)-thiolate was dissolved in

6 mL PhMe and added to the M(DAC)16 solution in one portion. This was then stirred at room
temperature overnight. The resulting reaction was filtered to remove large precipitates then
purified by size-exclusion chromatography in PhMe to give an orange product. Repeated
crystallization gave orange crystals which did not defract and then decomposed upon further
attempts to purify and recrystallize.
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Td-002-139

To a solution of Mn(OAer4H20 (62.3 mg, 0.254 mmol, 1.00 equiv) in 7 mL MeOH, 2-
phenylethanethiol (179.6 uL, 1.34 mmol, 5.28 equiv) was added at room temperature. The reaction
was stirred for ~1 hr, then dried under vacuum. Resulting product was washed with 3 portions of
PhMe (20 mL each) to remove excess thiol, and then redissolved in MeOH to a concentration of
1 Min Mn.

A solution of [Aws(SCHCH2Ph)g] TOA™ (52 mg, 0.0066 mmol, 1.00 equiv) in THF (5 mL)
was prepared, and to this Mn-thiolate was added 164 M in MeOH, 0.164 mmol, 25 equiv).
Reaction was allowed to stir at room temperature overnight, then evaluated by UV/Vis. Gave

exclusively decomposition of the starting material.
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Figure 5.31. Normalized spectrum of the
crude product.

Td-002-141

HAuCls3H20 (100 mg, 0.254 mmol, 1.00 equiv) was dissolved in a solution of TOAB (155.6
mg, 0.284 mmol, 1.12 equiv) in 7 mL of THF. After the solution was homogeneous, 2-
phenylethanethiol (179.6 puL, 1.34 mmol, 5.28 equiv) was added and the solution was stirred at
room temperature until colorless. At this point, M®Ac)ie (58.2 mg, 0.0212 mmol, 0.0833

equiv) was added and the reaction was stirred until homogeneous. At this point an ice solution of
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NaBH: (96.9 mg, 2.56 mmol, 10.08 equiv) in 2.5 mL of water was added in one portion and the

reaction was stirred overnight then separated on SEC.
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Figure 5.32. Normalized absorbance of the
only isoloble product, corresponds with Au

Td-003-5- Synthesis of manganese thiolate

Mn(OAc)#4H20 (122.5 mg, 0.525 mmol, 1.00 equiv) was dissolved in 2.5 mL nanopure
water, and 2.5 mL EtOH was added. A second solution of 2-phenylethanethiol (0.300 mL, 2.24
mmol, 4.27 equiv) in 3.05 mL EtOH with 4& (1.00 mL, 7.17 mmol, 13.7 equiv) was prepared.
The solutions were combined and stirred vigorously at room temperature for 30 minutes. After
stirring the reaction mixture was centrifuged to collect the precipitate. The supernatant was
discarded, and the pellet was washed several times with EtOH to remove excess thiol. The resulting
manganese-thiolate was carried into the next step without further purification.

Td-003-10

10 mg [Auws(SCHCH.Ph)[TOA" dissolved in 10 mL PhMe. 10 mg Mn-PET thiolate added
as a powder and the reaction was stirred at room temperature for 3 hrs. The solids were removed,

and the product was precipitated from the supernatant by addition of MeOH followed by
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centrifugation. The resulting pellet was dissolved in minimal PhMe and purified by size-exclusion

chromatography.
Manganese

1.0
E
-L% 0.5+

0.0+————— s T !

300 400 500 600 700
wavelength (nm)
Figure 5.33. Normalized spectrum of the
product. Appears to be low concentratiorpf\t
Td-003-49

10 mg Mn(OAc)*4H20 were dissolved in 1 mL EtOH and 1.5 2-phenylethanethiol were
added. This was allowed to stir for 10 minutes at room temperature, and then added to a solution
of 10 mg [Aus(SCHCH2Ph)JTOA"in 10 mL PhMe. Reaction stirred 2 hrs at room temperature.
Reaction was then transferred to a centrifuge tube, and the precipitate was removed. The
supernatant was placed in a 50 mL centrifuge tube, diluted to 50 mL with MeOH, and centrifuged
to isolate the precipitate. The resulting pellet was dissolved in 1 mL PhMe and separated by size-
exclusion chromatography. Resulting product spectra below, appears to bé&a-fioluster of

indeterminate composition which could not be crystallized.
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Figure 5.34. Normalized spectrum of the
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Td-003-95

HAuCls3H20 (100 mg, 0.254 mmol, 1.00 equiv) was dissolved in 7 mL THF along with
TOAB (311.2 mg, 0.570 mmol, 2.24 equiv). This was followed by the addition of Mn¢&ARD
(62.3 mg, 0.254 mmol, 1.00 equiv). This mixture was allowed to stir for 10 min until homogeneous
then 2-phenylethanethiole (180, 1.34 mmol, 5.30 equiv) was added and the reaction was stirred
for 2 hrs at room temperature. NaBH4 (97 mg, 2.56 mmol, 10.08 equiv) dissolved in 2.5 mL cold
nanopure water was added in one portion and the reaction was stirred overnight at room
temperature. The aqueous layer was removed, and the products precipitated from THF by dilution
to 50 mL with MeOH then collected by centrifugation. The resulting pellet was dissolved in

minimal PhMe and purified by size-exclusion chromatography.
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Figure 5.37. Normalized spectra of SEC
fractions 2-5
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Td-003-101

42.5 mg [Aus(SCHCH2Ph)ITOA"was dissolved in 5 mL Ci€l>. 3.3 mg of Mn(COBr was
added as a powder and the reaction was stirred overnight at room temperature. Resulted in cluster
decomposition.
5.4 Attemptsto Synthesize Au/Fe Alloy Clusters

Td-003-4— Synthesis of iron thiolate

FeCk (81.1 mg, 0.500 mmol, 1.00 equiv) was dissolved in 2.5 mL nanopure water, and 2.5 mL
EtOH was added. A second solution of 2-phenylethanethiol (0.300 mL, 2.24 mmol, 4.27 equiv) in
3.05 mL EtOH with BN (1.00 mL, 7.17 mmol, 13.7 equiv) was prepared. The solutions were
combined and stirred vigorously at room temperature for 30 minutes. After stirring the reaction
mixture was centrifuged to collect the precipitate. The supernatant was discarded, andtthe pelle
was washed several times with EtOH to remove excess thiol. The resulting iron-thiolate was
carried into the next step without further purification.

Td-003-9

10 mg [Aws(SCHCH2Ph)[TOA™ dissolved in 10 mL PhMe. 10 mg Fe-PET thiolate added as
a powder and the reaction was stirred at room temperature for 3 hrs. The solids were removed, and
the product was precipitated from the supernatant by addition of MeOH followed by
centrifugation. The resulting pellet was dissolved in minimal PhME and purified by size-exclusion
chromatography. Gave decomposition of2Aas indicated by the featureless spectrum of the

resulting product.
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Figure5.44. Normalized UV/Visible
spectrum of the product.

Td-003-31

Two separate solutions of TOAB (78 mg, 0.284 mmol, 1.12 equiv) dissolved in 3.5 mL THF
were prepared. To the first solution HAUGH>0 (100 mg, 0.254 mmol, 1.00 equiv) was added.
To the other, FeGIl(41.2 mg, 0.254 mmol, 1.00 equiv) was added. 2-phenyethanethiol180
1.34 mmol, 5.28 equiv) was added to each solution and they were stirred at room temperature until
the Au solution was colorless. The two solutions where then combined, stirred for 5 min, and
reduced with NaBk (97 mg, 2.56 mmol, 10.08 equiv) dissolved in 2.5 mL cold nanopure water.
The reaction was stirred overnight, the products precipitated with MeOH, collected by
centrifugation, and separated by size-exclusion chromatography. Gave exclusively

Auzs(SCHCH:Ph)s.
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Figure 5.45. Normalized spectra of SEC
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Td-003-32

10 mg [Aws(SCHCH.Ph)JTOA" was dissolved in 10 mL of PhMe. 10 mg of Fe@has
dissolved in 1 mL EtOH. The ethanol solution of Fe@las added to the solution of
[Au2s(SCHCH2Ph)[TOA™ and the reaction was stirred for 2 hrs at room temperature. Returned

starting material as evidenced by MALDI.
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Figure 5.48. MALDI Mass Spectrum,
7399.4172, 7066.6134, 6733.2704, 6399.26
M/Z

Td-003-33

10 mg Fed were dissolved in 1 mL EtOH and 2% 2-phenylethanethiol were added. This
was allowed to stir for 10 minutes at room temperature, and then added to a solution of 10 mg
[Au2s(SCH.CH2Ph)ITOA"in 10 mL PhMe. Reaction stirred 2 hrs at room temperature. Reaction
was then transferred to a centrifuge tube, and the precipitate was removed. The supernatant was
placed in a 50 mL centrifuge tube, diluted to 50 mL with MeOH, and centrifuged to isolate the
precipitate. The resulting pellet was dissolved in 1 mL PhMe and separated by size-exclusion
chromatography. Resulting product spectra below, appears to be Aupprtiuster of

indeterminate composition which could not be crystallized.
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Td-003-103°

HAuCI43H20 (212 mg, 0.538 mmol, 1.00 equiv) was dissolved in 15 mL THF along with
TOAB (464 mg, 0.849 mmol, 1.58 equiv). This mixture was allowed to stir for 10 min until
homogeneous then 2-phenylethanethiol (5%3 4.13 mmol, 7.67 equiv) was added and the
reaction was stirred for 15 min at room temperature. This was followed by the addition of FeCl
(27.1 mg, 0.214 mmol, 0.397 equiv) as a solution in 5 mL THF. NaB¥4 mg, 6.98 mmol,

12.97 equiv) dissolved in 5 mL cold nanopure water was added in one portion and the reaction
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was stirred overnight at room temperature. The aqueous layer was removed, and the products
precipitated from THF by dilution to 50 mL with MeOH then collected by centrifugation. The
initial purple reaction mixture turns brown upon standing in MeOH for several minutes. The
isolated pellet was redissolved in minimal PhMe then purified by size-exclusion chromatography.
Gave a mixture of several clusters which could not be separated and decomposed upon repeated

attempts to recrystallize.
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Figure 5.51. Normalized spectra of the crude
product and the supernatant from precipitatic
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Figure 5.54. MALDI Mass Spectrum of SEC
combined fractions. 8144.5319, 7884.8850,
7625.4824, 7521.3998, 7371.0205 M/Z

Td-003-106

HAuCls3H20 (212 mg, 0.538 mmol, 1.00 equiv) was dissolved in 15 mL THF along with
TOAB (464 mg, 0.849 mmol, 1.58 equiv). This mixture was allowed to stir for 10 min until
homogeneous then 2-phenylethanethiol (%3 4.13 mmol, 7.67 equiv) was added and the
reaction was stirred for 15 min at room temperature. This was followed by the addition of

Fe(OAc) (37.2 mg, 0.214 mmol, 0.397 equiv) as a solution in 5 mL THF. NdB6# mg, 6.98
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mmol, 12.97 equiv) dissolved in 5 mL cold nanopure water was added in one portion and the
reaction was stirred overnight at room temperature. The aqueous layer was removed, and the
products precipitated from THF by dilution to 50 mL with MeOH then collected by centrifugation.
The initial purple reaction mixture turns brown upon standing in MeOH for several minutes. The
isolated pellet was redissolved in minimal PhMe then purified by size-exclusion chromatography.

Gave a mixture of several clusters, which when separated decomposed upon attempts to crystallize.
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Figure 5.55. Normalized spectrum of the
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Figure 5.58. Maldi Mass Spectrum of SEC
fraction 14, 7370.7362, 6059.5939 M/Z

5.5 Attemptsto Synthesize Au/Co

Td-003-3- Synthesis of cobalt thiolate

CoCke6H20 (119 mg, 0.500 mmol, 1.00 equiv) was dissolved in 2.38 mL nanopure water, and
2.5 mL EtOH was added. A second solution of 2-phenylethanethiol (0.286 mL, 2.14 mmol, 4.27
equiv) in 3.5 mL EtOH with BN (0.953 mL, 6.84 mmol, 13.7 equiv) was prepared. The solutions
were combined and stirred vigorously at room temperature for 30 minutes. After stirring the

reaction mixture was centrifuged to collect the precipitate. The supernatant was discarded, and the
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pellet was washed several times with EtOH to remove excess thiol. The resulting cobalt-thiolate
was carried into the next step without further purification.

Td-003-8

10 mg [Aus(SCHCH2Ph)ITOA™ dissolved in 10 mL PhMe. 10 mg Co-PET thiolate added as
a powder and the reaction was stirred at room temperature for 3 hrs. The solids were removed, and
the product was precipitated from the supernatant by addition of MeOH followed by
centrifugation. The resulting pellet was dissolved in minimal PhME and purified by size-exclusion

chromatography. Returned only Au
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Figure5.59. Normalized spectrum of the
crude reaction. Low concentration of Au
can be seen.

Td-003-109

HAuCI43H20 (212 mg, 0.538 mmol, 1.00 equiv) was dissolved in 15 mL THF along with
TOAB (464 mg, 0.849 mmol, 1.58 equiv). This mixture was allowed to stir for 10 min until
homogeneous then 2-phenylethanethiol (5%3 4.13 mmol, 7.67 equiv) was added and the
reaction was stirred for 15 min at room temperature. This was followed by the addition of
CoCb+6H20 (27.8 mg, 0.214 mmol, 0.397 equiv) as a solution in 5 mL THF. NdB&6# mg,

6.98 mmol, 12.97 equiv) dissolved in 5 mL cold nanopure water was added in one portion and the
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reaction was stirred overnight at room temperature. The aqueous layer was removed, and the
products precipitated from THF by dilution to 50 mL with MeOH then collected by centrifugation.
The initial purple reaction mixture turns brown upon standing in MeOH for several minutes. The
isolated pellet was redissolved in minimal PhMe then purified by size-exclusion chromatography.
Gave only Auys.

Td-003-116

HAuCI43H20 (212 mg, 0.538 mmol, 1.00 equiv) was placed in a mortar and pestle, to which
CoChk+6H20 (60.4 mg, 0.254 mmol, 1.00 equiv) and TOAB (347.2 mg, 0.635 mmol, 2.5 equiv)
were added. The mixture was ground until homogeneously mixed, turning green/blue in the
process. 2-phenylethanethiol (180, 1.34 mmol, 5.38 equiv) were added and the mixture was
ground manually for 10 minutes until the metal salts had formed a solution in the minimal amount
of PET. NaBH (96.9 mg, 2.56 mmol, 10.08 equiv) was added and the paste was ground for a
further 10 minutes. 7 mL THF was then added and the reaction mixture was dissolved into solution.
The products were then precipitated by addition of MeOH to the THF, and isolated by
centrifugation. The resulting pellet was redissolved in minimal PhMe and purified by size-
exclusion chromatography. The isolated product decomposed upon attempts to isolate it from

PhMe after column.
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Td-003-119

HAuCI43H20 (1.00 g, 2.54 mmol, 1.00 equiv), Ce®H-O (60.4 mg, 0.254 mmol, 1.00
equiv) and TOAB (347.2 mg, 0.635 mmol, 2.5 equiv) were dissolved in 136 mL THF. The solution
was allowed to stir at room temperature for 15 minutes and 2-phenylethanethiol (1.43 mL, 10.58
mmol, 4.17 equiv) was added. The reaction was stirred for approximately 2.5 hrs at room
temperature and NaBiL.54 g, 40.7 mmol, 16.02 equiv) as a solution in 20 mL ice cold nanopure
water was added all in one portion. The reaction turned dark, and was allowed to stir at room
temperature for 3 hrs. The aqueous phase was removed, and the organic phase concentrated, with
the solids being redissolved in minin@H2Cl.. To the redissolved solids, MeOH was added, and
the resulting precipitate was isolated by centrifugation. The product was then redissolved in PhMe
and purified by size-exclusion chromatography. This gave ond(8GHCH2Ph)s.
5.6 Attemptsto Synthesize Au/Rh Alloy Clusters

Td-002-144

HAuCIl43H20 (100 mg, 0.254 mmol, 1.00 equiv) was dissolved in a solution of TOAB (157.0
mg, 0.287 mmol, 1.13 equiv) in 7 mL THF. To this R8O (6.6 mg, 0.0254 mmol, 0.100
equiv) was added and the reaction stirred for 5 min. After this time, 2-phenylethanethiol (180.1
puL, 1.35 mmol, 5.31 equiv) was added and the reaction was stirred at room temperature until
colorless. At this point an ice solution of NaB{96.9 mg, 2.56 mmol, 10.08 equiv) in 2.5 mL of
water was added in one portion and the reaction was stirred overnight and separated by SEC. Gave
exclusively Aus.

Td-002-145A — Synthesis of rhodium thiolate

RhCkeH20 (270.1 mg, 1.05 mmol, 1.00 equiv) was dissolved in 5 mL EtOH. A second solution
of 2-phenylethanethiol (0.600 mL, 4.48 mmol, 4.27 equiv) in 7 mL EtOH wi & mL, 14.34

mmol, 13.7 equiv) was prepared. The solutions were combined and stirred vigorously at room
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temperature for 30 minutes. After stirring the reaction mixture was centrifuged to collect the
precipitate. The supernatant was discarded, and the pellet was washed several times with EtOH to
remove excess thiol. The resulting rhodium-thiolate was carried into the next step without further
purification.

Td-002-146 A

Rhthiolate (10 mg) was added to a solution of 10 mMgpECH2CH2Ph)] TOA™ in 10 mL
PhMe. The reaction was stirred for two hours at room temperature, then the reaction was
centrifuged and the supernatant collected. The supernatant was concentrated under vacuum, and
the resulting solid was washed with MeOH, and the product extracted from the resultant solid
using a 1:6 mixture of CKI,/ACN.
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Figure 5.63. Normalized spectrum, shows
that reaction gave only Al

5.7 Attemptsto Synthesize Au/Re Alloy Clusters

Td-003-2—- Synthesis of rhenium thiolate

Rek (250 mg, 0.440 mmol, 1.00 equiv) was dissolved in 2.10 mL nanopure water, and 2.0 mL
of EtOH was added. A second solution of 2-phenylethanethiol (0.251 mL, 1.88 mmol, 4.27 equiv)

in 3.5 mL EtOH with EN (0.838 mL, 6.01 mmol, 13.7 equiv) was prepared. The solutions were
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combined and stirred vigorously at room temperature for 30 minutes. After stirring the reaction
mixture was centrifuged to collect the precipitate. The supernatant was discarded, andtthe pelle
was washed several times with EtOH to remove excess thiol. The resulting rhenium-thiolate was
carried into the next step without further purification.

Td-002-145 B- Synthesis of rhenium thiolate

Rek (250.0 mg, 0.440 mmol, 1.00 equiv) was dissolved in 2 mL EtOH. A second solution of
2-phenylethanethiol (0.251 mL, 1.88 mmol, 4.27 equiv) in 3 mL EtOH wiN E1.838 mL, 6.01
mmol, 13.7 equiv) was prepared. The solutions were combined and stirred vigorously at room
temperature for 30 minutes. After stirring the reaction mixture was centrifuged to collect the
precipitate. The supernatant was discarded, and the pellet was washed several times with EtOH to
remove excess thiol. The resulting rhenium-thiolate was carried into the next step without further
purification.

Td-002-146 B

Re-thiolate (10 mg) was added to a solution of 10 mg§ESCH2CH2Ph)] TOA" in 10 mL
PhMe. The reaction was stirred for two hours at room temperature, then the reaction was
centrifuged and the supernatant collected. The supernatant was concentrated under vacuum, and
the resulting solid was washed with MeOH, and the product extracted from the resultant solid

using a 1:6 mixture of CKCIo/ACN. This resulted in large, but not plasmonic products.
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Figure 5.64. Normalized spectrum of
product.

Td-003-7

10 mg [Aws(SCHCH2Ph)ITOA™ dissolved in 10 mL PhMe. 10 mg Re-PET thiolate added as
a powder and the reaction was stirred at room temperature for 3 hrs. The solids were removed, and
the product was precipitated from the supernatant by addition of MeOH followed by

centrifugation. Resulted in cluster decomposition.
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Figure 5.65. Normalized spectrum of the
product.
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5.8 Attemptsto Synthesize Au/lr Alloy Clusters

Td-002-145 C- Synthesis of iridium thiolate

IrClz+1.5H20 (171 mg, 0.525 mmol, 1.00 equiv) was dissolved in 2.5 mL EtOH. A second
solution of 2-phenylethanethiol (0.300 mL, 2.24 mmol, 4.27 equiv) in 3.5 mL EtOH waith Et
(2.00 mL, 7.17 mmol, 13.7 equiv) was prepared. The solutions were combined and stirred
vigorously at room temperature for 30 minutes. After stirring the reaction mixture was centrifuged
to collect the precipitate. The supernatant was discarded, and the pellet was washed several times
with EtOH to remove excess thiol. The resulting iridium-thiolate was carried into the next step
without further purification.

Td-003-1- Synthesis of iridium thiolate.

IrCl3+1.5H20 (171 mg, 0.525 mmol, 1.00 equiv) was dissolved in 2.5 mL nanopure water, and
2.5 mL EtOH was added. A second solution of 2-phenylethanethiol (0.300 mL, 2.24 mmol, 4.27
equiv) in 3.0 mL EtOH with BN (1.00 mL, 7.17 mmol, 13.7 equiv) was prepared. The solutions
were combined and stirred vigorously at room temperature for 30 minutes. After stirring the
reaction mixture was centrifuged to collect the precipitate. The supernatant was discarded, and the
pellet was washed several times with EtOH to remove excess thiol. The resulting iridium-thiolate
was carried into the next step without further purification.

Td-003-40

10 mg IrCk1.5H>0 were dissolved in 1 mL EtOH and gb 2-phenylethanethiol were added.

This was allowed to stir for 10 minutes at room temperature, and then added to a solution of 10
mg [Aus(SCHCH2Ph)JTOA" in 10 mL PhMe. Reaction stirred 2 hrs at room temperature.
Reaction was then transferred to a centrifuge tube, and the precipitate was removed. The
supernatant was placed in a 50 mL centrifuge tube, diluted to 50 mL with MeOH, and centrifuged

to isolate the precipitate. The resulting pellet was dissolved in 1 mL PhMe and separated by size-

113



exclusion chromatography. Resulting product spectra below, appears to bé&a-ficluster of

indeterminate composition which could not be crystallized.
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Figure5.67. MALDI Mass Spectrum,
7392.7895, 7060.2606 M/Z

Td-002-146 C
Ir-thiolate (10 mg) was added to a solution of 10 mMgpECH2CH2Ph)] TOA" in 10 mL
PhMe. The reaction was stirred for two hours at room temperature, then the reaction was

centrifuged and the supernatant collected. The supernatant was concentrated under vacuum, and
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the resulting solid was washed with MeOH, and the product extracted from the resultant solid

using a 1:6 mixture of C¥I./ACN. Returned Ags.
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Figure 5.68. Normalized spectrum of
product.

5.9 Conclusion

The above experiments illustrate the difficulty in synthesizing alloy clusters of approximately
25 metal atoms containing gold and transition metals with open d-orbitals. Over the course of
many months and numerous attempts, we were able to make none of the desired clusters, although
some reaction conditions showed promise. However, these experiments were not particularly well-
behaved and tended to give different product mixtures upon repetition or increases in scale. Given
the unfavorable redox chemistry involved, co-reduction strategies seem the least promising
approach. Going forward this project may require new synthetic strategies involving extension of

other work from the Ackerson laboratdfy.
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APPENDIX A: SUPPLEMENTAL TO CHAPTER 2

A.1 Synthesis of [Auzs(SCH2CH2Ph)1g]®

To a 500 mL roundbottom flask equipped with a magnetic stirbar HAUEGIO (>49%, 1.00
g, 2.54 mmol, 1.00 equiv) was added to 70.6 mL of dry tetrahydrofuran and stirred at ambient
temperature to give an orange solution. To this tetwatylammonium bromide (1.55 g, 2.82
mmol, 1.12 equiv) was added and the reaction was stirred for 10 minutes. After 10 minutes of
stirring phenylethanethiol (1.80 mL, 13.41 mmol, 5.28 equiv) was added all in one portion. The
resultant dark orange solution was stirred for 1.5 hrs at room temperature until the solution was
clear. When the solution was no longer colored, sodium borohydride (0.969 g, 25.60 mmol, 10.08
equiv) dissolved in 24 mL of nanopure water was chilled to 0 °C and then added to the gold
solution in three portions over the course of five minutes. The resulting dark brown solution was
covered with a plastic cap and allowed to stir at ambient temperature for 48 hrs.

After 48 hrs, 50 mL of PhMe was added, the reaction was poured into a separatory funnel, and
the agueous layer was removed. The organic phase was concentvaiaeband azeotroped with
three 25 mL portions of PhMe to remove residual water. The resultant residue was washed three
times with 10 mL portions of MeOH, then dissolved in 2CH and purified by flash
chromatography on silica gel (20% to 50% i in hexanes) to give 171.2 mg of the desired
product as a nearly black solid. UV/Vis spectrum consistent with literature reports.

[Auzs(Sn-Hex)g®, and [Auws(Sn-Octhg]® were synthesized via the same procedure.

[Au2s(SCHCH:Ph)g] ! was prepared as above, with omission of flash chromatography.



A.2 Synthesis of N-heterocyclic carbene (NHC) catalyst poison

K2oCO3
Mel e
H H3CCN II: |e
N reflux
—_—
> ) ?
N 28 % yield N @

Me
Figure A.1. NHC Synthesis

Synthesis adapted from literature repdrBriefly: To a round bottom flask, Acetonitrile
(ACN, 10 mL) was added, followed by benzimidazole (1.004 g, 8.5 mmol, 1 equiv)&©k.K
Mel (2.1 mL, 33.7 mmol, 4 equiv) was added, the flask was fitted with a condenser, and heated to
reflux overnight. Volatile components were remoiredaccug and the residue repeatedly washed
with CH.Cl2. Recrystallization from EtOAc gave pure product (0.645 g, 285 yield) whose NMR
spectra were consistent with literature reports.
A.3 Oxidative Cleavage Starting from Cluster, using PhM e as solvent

[Au2s(SCHCHPh)g]® was prepared as a stock solution (11.61 mg/mL) in PhMe and used
immediately. To a flame-dried 2-dram vial equipped with a stir bar, 1 mL of
[Au2s(SCHCHPh)g]° stock solution (1 mol% cluster) was added, followed by an additional 1
mL of PhMe, 17.98 uL styrene (0.157 mmol, 1 equiv) and TBHP (50 pL, 5.5 M in decane, 0.275
mmol, 1.75 equiv). The vessel was then sealed and heated to 75 °C in a sand bath attached to a
variac. 50 pL aliquots were taken at the times noted and analyzed by the GC/MS methods outlined
below. Experiments with [A(Sn-Hexhg]® and [Aws(Sn-Octhg]® were performed similarly, also
with 1 mol % loading of cluster.
A.4 Oxidative Cleavage Starting from Cluster, using ACN as solvent

[Au2s(SCHCH:Ph)g]°® was prepared as a stock solution (5.7 mg/mL) in THF and used
immediately. To a flame-dried 2-dram vial equipped with a stir bar, 2.03 mL of

[Au2s(SCHCH:Ph)g]° stock solution (1 mol% cluster) was added, and the solvent was removed
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in vacuo.This was followed by an addition of 2 mL of ACN, 17.98 uL styrene (0.157 mmol, 1

equiv) and TBHP (50 uL, 5.5 M in decane, 0.275 mmol, 1.75 equiv). The vessel was then sealed

and heated to 75 °C in a sand bath attached to a variac. 50 pL aliquots were taken at the times

noted and analyzed by the GC/MS methods outlined below. Experiments witiGitiex)]°

and [Aws(Sn-Oct)ig]® were performed similarly, also with 1 mol % loading of cluster.

A.5 Oxidative Cleavage using cluster decomposition products (PhMe as solvent):
[Auzs(SCHCH:Ph)s]® was prepared as a stock solution (11.61 mg/mL) in PhMe and used

immediately. To a flame-dried 2-dram vial equipped with a stir bar, 1 mL of

[Au2s(SCHCH:Ph)s]° stock solution (1 mol% cluster) was added followed by an additional 1 mL

PhMe. To this solution TBHP (50 uL, 5.5 M in decane, 1.75 equiv to styrene) was added, and the

vessel was sealed then heated to 75 °C for 10 minutes. After heating the vessel was allowed to

cool to room temperature and 17.98 pL styrene (0.157 mmol, 1 equiv) was added. The vessel was

then sealed and heated to 75 °C foralwhich time a 50 pL aliquot was taken. The reaction result

was then analyzed by GC/MS as described below.

A.6 Oxidative Cleavage using cluster decomposition products (ACN as solvent):
[Auzs(SCHCH:Ph)s]® was prepared as a stock solution (5.7 mg/mL) in THF and used

immediately. To a flame-dried 2-dram vial equipped with a stir bar, 2.03 mL of

[Au2s(SCHCH:Ph)g]° stock solution (1 mol% cluster, 25 mol % Au atoms) was added, and the

solvent removeth vacuo This was followed by addition of 2 mL ACN. To this suspension, TBHP

(50 pL, 5.5 M in decane, 1.75 equiv to styrene) was added, and the vessel was sealed then heated

to 75 °C for 10 minutes. After heating, the vessel was allowed to cool to room temperature and

17.98 pL styrene (0.157 mmol, 1 equiv) was added. The vessel was then sealed and heated to 75

°C for 1 hat which time a 50 uL aliquot was taken. The reaction result was then analyzed by
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GC/MS as described below. Experiments with J#&8n-Hexhg® and [Aws(Sn-Oct)is]® were
performed similarly, also with 1 mol % loading of cluster (25 mol % Au atoms).
A.7 Oxidative Cleavage using cluster precursors (PhM e as solvent):

To a flame-dried 2 dr vial equipped with stir bar were added HABE1O (1 mol% Au, 0.618
mg, 0.00157) mmol), 2 mL PhMe, and@ctuNBr (0.963 mg, 1.12 equiv to Au, 0.00175 mmol).
This solution was allowed to stir for several minutes at ambient temperature until homogeneous.
When the solution was homogeneous, 2phenylethanethiol (1.18 pL, 5.28 equiv to Au, 0.00829
mmol) was added and the reaction was allowed to stir at ambient temperature until the orange
solution turned clear. Once the solutwas clear, styrene (17.98 uL 0.157 mmol, 1 equiv) was
added followed by TBHP (50 pL, 5.5 M in decane, 1.75 equiv to styrene). The vessel was sealed
and heated to 75 °C for lahwhich time a 50 uL aliquot was taken. The reaction result was then
analyzed by GC/MS as described below. Experiments withs(8norHexhs® and [Aws(Sn-
Octhg]® were performed similarly.
A.8 Oxidative Cleavage using cluster precursors (ACN as solvent):

To a flame-dried 2 dr vial equipped with stir bar were added HABEO (1 mol% Au, 0.618
mg, 0.00157) mmol), 2 mL THF, and-QOctuNBr (0.963 mg, 1.12 equiv to Au, 0.00175 mmol).
This solution was allowed to stir for several minutes at ambient temperature until homogeneous.
When the solution was homogeneous, 2phenylethanethid (L., 5.28 equiv to Au, 0.00829
mmol) was added and the reaction was allowed to stir at ambient temperature until the orange
solution turned clear. Once the solution was clear the solvent was remaorgglioand replaced
with 2 mL ACN, then styrene (1L 0.157 mmol, 1 equiv) was added followed by TBHP (50
ulL, 5.5 M in decane, 1.75 equiv to styrene). The vessel was sealed and heated to 75 °C for 1 h at

which time a 50 pL aliquot was taken. The reaction result was then analyzed by GC/MS as
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described below. Experiments with [A(Sn-Hex)ig]® and [Aws(Sn-Octhg)® were performed
similarly.
A.9 Kinetic Poisoning Experiments with Phosphines

All kinetic poisoning experiments using phosphine poisons were performed with the same
general procedure as follows. [A(PET)g]°(0.00157 mmol, 11.6 mg) was dissolved in 2 mL dry
PhMe at room temperature in a 2-dram vial fitted with a Teflon-lined cap and magnetic stir bar.
To this the selected poison was added, and the vessel was stirred at room temperature for 5 minutes.
After this short incubation period, styrene (0.157 mmol, 18 pL) and TBHP (5.5 M in decane, 50
ML) were added, and the vessel was heated to 75 °C for 60 minutes then analyzed by GC/MS as
described below.
A.10 Kinetic Poisoning Experimentswith 1,3-dimethylbenzimidazolium iodide (NHC)

All poisoning experiments with the NHC poison were performed with the same general
procedure. [Aps(PET)g ™ [TOA]* (10.6 mg, 0.00135 mmol) was dissolved in 2 mL CHal
room temperature in a 2-dram vial fitted with a magnetic stir bar and Teflon-lined cap. 1,3-
dimethylbenzimidazolium iodide and an equimolar amount of triethylamine were added, and the
solution was allowed to stir for 5 min at room temperature. After this brief period, styrene (0.135
mmol, 15.5 pL) was aitd followed by TBHP (5.5 M in decane, 0.236 mmol, 43 uL). The vessel
was sealed and heated to 75 °C for 75 minutes then analyzed by GC/MS as described below.
A.11 GC/M S Data Collection

All gas chromatograph mass spectroscopy (GC/MS) data were collected on an Agilent 6890
GC equipped with an agilent 5973N MSD as the detector and fitted with an Agilent 7683
autoinjector. GC experiments were run using a Phenomenex Zebron ZB-5HT Inferno column (30
m, 0.25 mm ID, 0.25 um film thickness) using He as the carrier gas and a 0.2 pL injection with a

1:50 split. Injection temperature was 275 °C, with a 320 °C transfer line. Method began at 100 °C
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and ramped at 10 °C per minute to 210 °C then held for 2 minutes, a 2 minute solvent delay was
used in order to preserve the MSD, this gave a total run time of 15 minutes with 13 minutes of data
collection. Decane present in all cases results from TBHP being added as a solution in decane.
A.12 GC/M S Data Analysis

GC traces were exported as CSV files using Agilent ChemStation, then recreated in Microsoft
Excel 2007. GC Integrations were calculated using Agilent ChemStation, then exported and
worked-up in Microsoft Excel. Product concentrations were calculated using external 2- or 3-point
calibration curves for each substance. Calibration curves were constructed using known samples
of product and starting material from commercial vendors, with samples prepared via serial
dilution. Trendline was constructed using the built-in linear regression analysis in Microsoft Excel
and manually setting the intercept to 0. It should be noted that Figure 1 in the main body was
constructed in Igor. In the case of experiments withsBls, Sampling was performed as follows:
At the indicated reaction time the vessel was allowed to cool to roonertentp and a 50 puL
aliquot was taken using a calibrated micropipette. This aliquot was diluted by addition of 1000 pL
of HPLC grade acetonitrile to give a total GC sample volume of 1050 pL. Concentrations of the
GC samples were calculated using the previously constructed calibration curves for each
compound, which allowed for calculation of the reaction concentration. All calculations were done
in Microsoft Excel. Conversions are shown as a percentage of the starting amount of styrene (0.157
mmol). Conversions are reported as an average of three runs, plus or minus the standard error
where N = 3, for Aes(PET xgexperiments. Conversions for experiments withsfgn-Hex)s and
Au25Sn0Oct18 were calculated similarly unless otherwise noted.

Representative GC traces are shown starting on page 125. Area data for each run follow the

representative trace immediately in each case.
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A.13 UV/VIS Data Collection

All UV/VIS spectra were collected on a Thermo Fisher NanoDrop 2000c spectrophotometer
using its native software. All spectra were exported as Excel files and then reconstructed using
Microsoft Excel 2007. All spectra were trimmed to show 300 nm to 800 nm wavelengths for
clarity. No further processing was required. It should be noted that Figure 2.4 in the main body
was constructed in Igor. Spectra begin on page 156.
A.14 Oxidative Decay of [Auzs(SCH2CH2Ph)1s]° Observed by UV/VIS

11.61 mg (0.00157 mmol) [As(SCHCH.Ph)g® was dissolved in 2 mL PhMe at room
temperature. To this 50 pL TBHP was added and the solution was shaken to mix. A 50 pL aliquot
was taken, diluted to 1 mL using additional PhMe, and placed in a cuvette. The instrument was set
to heat the holder to 37 °C. Spectra were taken at regular intervals until characteristic absorbance
for [Au2s(SCH.CH:Ph)g]® was no longer detected (Fig. 2.3, Chapter 2, raw data presented below).
A.15 X-ray Photoelectron Spectroscopy (XPS)

A PHI 5800 system was used to measure X-ray photoelectron spectra. Samples were dissolved
in CDCk and spotted onto a high purity aluminum substrate. Charge was referenced to adventitious

Cls at 284.4 eV
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A.16 Gas Chromatograms
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Figure A.5. GC/MS, Chapter 2, Table 2.1, Entry 1, run 1
Table A.1. GC/MS Data Chapter 2, Table 2.1, Entry 1, run 1

Header= Peak R.T. First Max Last PK TY Height Area Pct Max Pct Total Compound
1= 1 2.236 23 33 37 BV 3 5197 77992 2.01 1.305

2= 2 2405 60 69 86 PV 239897 3888266 100 65.045 styrene

3= 3 2.927 168 180 190 BvV3 20355 383601 9.87 6.417 benzaldehyde
4= 4 3.171 216 232 245 PV 47223 712071 1831 11.912 decane

5= 5 9439 1541 1565 1578 BV7 3695 109514 2.82 1.832

6= 6 13.8 2467 2492 2494 PV8 12844 411311 1058 6.881

7= 7 13.82 2494 2496 2518 VV7 11620 395032 10.16 6.608
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Table A.2. GC/MS Data Chapter 2, Table 2.1, Entry 1, run 2

Header= Peak R.T.

1=

Table A.3. GC/MS Data Chapter 2, Table 2.1, Entry 1, run 3

Header= Peak R.T.
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Figure A.6. GC/MS, Chapter 2, Table 2.1, Entry 2, run 1
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Table A.4. GC/MS Data, Chapter 2, Table 2.1, Entry 2, run 1

Peak R.T. First Max Last PK TY Height Area Pct Max Pct Total Goumd
2.184 16 22 27 PV 20120 232200 0.5 0.265

2.222 27 30 36 W 11685 135356 0.29 0.154

2.35350 58 72 PV 4327172 46906220 100 53.499 styrene
2424 72 73 81 W6 5967 101358 0.22 0.116

2.645 114 120 131PV6 4260 79675 0.17 0.091

2.87 161 168 201PV 490575 778371216.59 8.878 benzaldehy:
3.035 201 203 212W9 6727 134749 0.29 0.154

3.12 212 221 234VV 684529 8270378 17.63 9.433 decane

co~NO Ol WN P

Table A.5. GC/MS Data, Chapter 2, Table 2.1, Entry 2, run 2

Peak R.T. First Max Last PK TY Height Area Pct Max Pct Total Comgou

1 2.184 16 22 27 W 10242 111061 0.52 0.224

2 222227 30 35 W2 6409 68338 0.32 0.138

3 2.306 46 48 49 PV2 1620 8411 0.04 0.017

4 235349 58 77 W 1977294 21518729 100 43.404 styrene

5 2447 77 78 86 VW8 1739 32255 0.15 0.065

6 2.875 157 169 19CPV 178547 319747114.86 6.449  benzaldehy
7 2.983 190 192 193wV 2 4640 33455 0.16 0.067

8 2.997 193 195 197VWW3 4244 44199 0.21 0.089

9 3.016 197 199 201VvVv3 4075 36997 0.17 0.075

10 3.12 212 221 23tVWV 356363 421336619.58 8.499  decane

Table A.6. GC/MS Data, Chapter 2, Table 2.1, Entry 2, run 3

Peak R.T. First Max Last PK TY Height Area Pct Max Pct Total Goumd
2184 17 22 27 PV2 9850 124184 0.5 0.257

2.222 27 30 42 VW3 6840 89696 0.36 0.186

2.35349 58 75 PV 2259938 24603341 100 50.935 styrene
2443 75 77 80 W4 3273 46110 0.19 0.095

2.875 162 169 197wV 144651 2719007 11.05 5.629 benzaldehy:
3.012 197 198 200wV 2 3592 28326 0.12 0.059

3.04 200 204 211VV 10 3653 84045 0.34 0.174

3.12 214 221 228VWV 390776 460645018.72 9.536 decane

00O ~NO Ol WN P
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Figure A.7. GC/MS, Chapter 2, Table 2.1, Entry 3, run 1

Table A.7. GC/MS Data, Chapter 2, Table 2.1, Entry 3, run 1

Peak R.T.

1

2
3
4

First Max Last PK TY Height
224 19 34 39 BV2
240960 70 90 PV
2.931 172 181 213PV 2
3.171 221 232 245BV

5487
373839
29204
75782

Area Pct Max Pct Total Compou

91589 1.3

1.007

7018473 100 77.193 styrene

705729 10.06
1276316 18.19

Table A.8. GC/MS Data, Chapter 2, Table 2.1, Entry 3, run 2

Peak R.T.

© 00O NO Ol WDN B

2.235
2.405
2.931
3.171
5.221
5.419
6.218

First Max Last PK TY Height Area

23

58

171
223
652
703
868

33

69

181
232
668
710
880

50 BV4
84 BV?2
200 W 3
251 W

678 W4
719 PV 4
906 BV 2

14.645 2640 2672 2674V 6
14.659 2674 2675 2683/V 6

11548 227972 3.52
349558 6474269 100 58.288 styrene

43529 942286 14.55
170789 277537%2.87

4001
3424
9801
6031
4571
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73000 1.13
57239 0.88
290775 4.49
175186 2.71
91265 1.41

7.762  benzaldehy
14.038 decane

Pct Max Pct Total Comgou

2.052

8.483  benzaldehy
24.987 decane
0.657

0.515

2.618

1.577

0.822



Table A.9. GC/MS Data, Chapter 2, Table 2.1, Entry 3, run 3

Peak R.T. First Max Last PK TY Height Area Pct Max Pct Total Compou
1 224 25 34 39 PV3 4828 66923 0.92 0.725

2 2.405 53 69 86 BV 401090 7296355 100 79.061 styrene

3 2.932 166 181 201PV4 36485 795022 10.9 8.615  benzaldehy
4  3.171 222 232 243BV2 66585 107046114.67 11.599 decane

350000
325000
300000
275000
250000

B 225000

g 200000
2 175000
£ 150000
125000
100000
75000
50000
25000

0

2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
Retention Time (min)

Figure A.8. GC/MS, Chapter 2, Table 2.1, Entry 4, run 1

Table A.10. GC/MS, Chapter 2, Table 2.1, Entry 4, run 1

Peak R.T. First Max Last PK TY Height Area  Pct Max Pct Total Coungl
1 240560 69 84 rBB2 314003 591420 100 84.479 styrene

2 2.932 173 181 189rBB5 3275 6627 1.12 0.947  benzaldehy
3 3.171 222 232 243rBB 62470 10203517.25 14.575 decane

Table A.11. GC/MS, Chapter 2, Table 2.1, Entry 4, run 2

Peak R.T. First Max Last PK TY Height Area Pct Max Pct Total Coungl
1 240559 69 86 BV 2910575E+06 100 84.022 styrene

2 2.936 165 182 19CBV6 4701 83721 1.57 1.32 benzaldehyc
3 3.171 222 232 254PB2 58161 92990317.45 14.658 decane
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Table A.12. GC/MS, Chapter 2, Table 2.1, Entry 4, run 3

Peak R.T. First Max Last PK TY Height Area PctMax Pct Total Coungl
1 241 59 70 83 PV 3122746E+06 100 83.277 styrene

2 2.932 171 181 192PV6 4317 1014321.72 1.43 benzaldehyc
3 3.171 224 232 248BV2 66276 1E+06 18.36 15.293 decane
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Figure A.9. GC/MS, Chapter 2, Table 2.1, Entry 5, run 1
Table A.13. GC/MS, Chapter 2, Table 2.1, Entry 5, run 1

Peak R.T. First Max Last PK TY Height Area Pct Max Pct Total compour

1 2.353 50 58 80PV 2151470 23261966 10067.484 styrene

2 288161 170 186vV 3 23216 491051 2.11  1.425 benzaldehy
3 2.965 186 188 193wV 5 2228 23772 0.1 0.069

4 3.12 212 221 228V 330662 3845897 16.53 11.157 decane

Table A.14. GC/MS, Chapter 2, Table 2.1, Entry 5, run 2

Peak R.T. First Max Last PK TY Height Area Pct Max Pct Total Comgou
1 2189 19 23 25PV 5 1728 18742 0.05 0.033
2 2.353 50 58 70PV 3881427 40454478 10071.663 styrene
3 2414 70 71 78VV 5 5866 84905 0.21 0.15
4 2457 78 80 82VV 3 3209 32349 0.08 0.057
5 2.645 115 120 12V 7 2182 42199 0.1 0.075
6 2.875 160 169 183V 54801 974348 2.41 1.726 benzaldehy
7 296 185 187 193vV 6 2642 39270 0.1 0.07
8 3.035 197 203 208vV 9 2462 43617 0.11  0.077
9 3.115 212 220 231wV 460383 5334305 13.19  9.449 decane
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Table A.15. GC/MS, Chapter 2, Table 2.1, Entry 5, run 3

Peak R.T. First Max Last PK TY Height Area Pct Max Pct Total @oumd

1 2184 19 22 29PV 9 1733 22142 0.06 0.043

2 2.353 51 58 79VV 3781486 40017897 10077.955 styrene

3 2461 79 81 99vVv 2818 92261 0.23 0.18

4 2.649 114 121 125PV 9 2294 40564 0.1 0.079

5 2.88 162 170 19/V 3 22861 503570 1.26  0.981 benzaldehy
6 3.04 200 204 212V 9 2198 33461 0.08 0.065

7 3.115 212 220 231IvV 470468 5504748 13.76 10.723 decane
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Figure A.10. GC/MS, Chapter 2, Table 2.1, Entry 6, run 1
Table A.16. GC/MS, Chapter 2, Table 2.1, Entry 6, run 1

Peak R.T. First Max Last PK TY Height Area Pct Max Pct Total Comgou
1 2264 25 39 57 PV 2670858 52982297 100 79.186  styrene

2 2.363 57 60 65 W7 5533 110064 0.21 0.164

3 2391 65 66 81 W7 4799 118737 0.22 0.177

4 2.607 109 112 114 V4 2755 26871 0.05 0.04

5 2.781 138 149 161 VV 6 19802 601889 1.14 0.9 benzaldehyc
6 2.847 161 163 169 W7 4748 93541 0.18 0.14

7 2913 174 177 180 WV 4 4272 51899 0.1 0.078

8 2.936 180 182 185 WV 4 4154 48160 0.09 0.072

9 2.997 185 195 208 wW 439299 782258314.76  11.691 decane
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Table A.17. GC/MS, Chapter 2, Table 2.1, Entry 6, run 2

Peak R.T. First Max Last PK TY Height Area

1 2.17 17 19 21 PV 3 1877 11205 0.02
2 2.188 21 23 24 V2 2614 12623 0.02
3 2264 24 39 65 PV 2655142 52501757 100
4 2.395 65 67 73 VV 6 4449 77651 0.15
5 2433 73 75 83 vV 8 3597 70059 0.13
6 2551 98 100 108 VV 8 2794 45003 0.09
7 2.631 115 117 119 WV 3 2992 22411 0.04
8 2.659 119 123 125 VW5 2689 27851 0.05
9 2.781 138 149 158 VW5 18739 554504 1.06
10 2.828 158 159 169 VvV 9 6607 144206 0.27
11 2.88 169 170 175 VWV 5 3931 60084 0.11
12 2913 175 177 179 w3 4279 42584 0.08
13 2.997 183 195 210 W 461229 8161281 15.54

Table A.18. GC/MS, Chapter 2, Table 2.1, Entry 6, run 3

Peak R.T. First Max Last PK TY Height Area
1 2.17 15 19 22 PV 6 1807 14967 0.03
2 2193 22 24 25 WV 2 1774 8144 0.01
3 2.264 28 39 59 W 2787766 55412852 100
4 2.367 59 61 72 W 5186 138228 0.25
5 2593 107 109 111 WV 3 2675 19710 0.04
6 2682 126 128 130 VWV 3 2276 8264 0.01
7 2781 135 149 159 VV 3 20901 589330 1.06
8 2.833 159 160 164 W 4 5845 75563 0.14
9 2.861 164 166 169 WV 4 4072 48141 0.09
10 3.002 185 196 206 \%\Y% 433891 7752282 13.99
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Figure A.11. GC/MS, Chapter 2, Table 2.1, Entry 7, run .
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Pct Max Pct Total Comgou

0.017
0.019
78.092
0.115
0.104
0.067
0.033
0.041
0.825
0.214
0.089
0.063
12.139 decane

styrene

benzaldehyt

Pct Max Pct Total Comgou

0.021
0.011
76.119
0.19

0.027
0.011
0.81

0.104
0.066
10.649 decane

styrene

benzaldehyc



Table A.19. GC/MS, Chapter 2, Table 2.1, Entry 7, run 1

Peak R.T.

2.184
2.221
2.353
2.649
2.87

3.026

3.115

~NOoO O WN PR

First

16
26
43
112
159
199
213

Max

22
30
58
121
168
201
220

Last

26
36
82
126
199
210
235

PK TY Height Area
PV 12098 141731 0.49
A% 9227 102220 0.35
PV 2732831 29193255 100
V9 2233 38737 0.13
PV 338161 5218907 17.88
V9 3809 106258 0.36
wW 535091 6318739 21.64

Table A.20. GC/MS, Chapter 2, Table 2.1, Entry 7, run 2

Peak R.T.
2.184
2.222
2.353
2.414
2.64
2.87
2.988
3.04

3.115

© 00 ~NO O, WDNPRP

First

17
26
51
70
112
156
192
199
211

Max

22
30
58
71
119
168
193
204
220

Last

26
34
70
78
133
192
199
211
233

PK TY Height Area
PV 2 16205 165540 0.38
WV 2 10638 110297 0.25
PV 4211840 44115783 100
VV 6 4479 66975 0.15
VV 6 2133 50643 0.11
PV 408939 6053340 13.72
VV 6 5005 92693 0.21
VW10 4557 109469 0.25
wW 572830 6712821 15.22

Table A.21. GC/MS, Chapter 2, Table 2.1, Entry 7, run 3

PK TY Height Area
PV 11676 119282 0.39
wW 7324 88840 0.29
PV 2937245 30728404 100
W 5 3240 38384 0.12
VWV 6 2140 27794 0.09
PV 140390 23921797.78
w9 2853 83777 0.27
W 453065 5289672 17.21

Peak R.T. First Max Last
1 2.184 16 22 26

2 2.226 26 31 47

3 2.353 47 58 73

4 2428 73 74 79

5 2.645 115 120 124
6 2.875 161 169 196
7 3.035 196 203 209
8 3.119 209 221 232
Table A.22. GC/MS, Chapter 2, Table 2.1, Entry 8, run 1
Peak R.T. First Max Last
1 2104 3 5 20

2 2.264 20 39 51

3 2.33 51 53 61

4 2.377 61 63 73

5 2.546 93 99 110
6 2.616 110 114 122
7 2772 137 147 164
8 2.861 164 166 175
9 2913 175 177 179
10 3.002 188 196 210

PK TY Height Area
BV 3 7888 134971 0.26
PV 2569855 51185507 100
\AVA®) 7197 118741 0.23
VW10 3536 98037 0.19
PV 32404 446130 0.87
A% 2948 60816 0.12
A% 249871 5320609 10.39
AVAVA] 7225 165199 0.32
AVAVAKC] 4229 42167 0.08
A% 461859 8529192 16.66
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Pct Max Pct Total @oumd

0.267
0.192
54.939
0.073
9.821
0.2
11.891

styrene
benzaldehy

decane

Pct Max Pct Total Comgou

0.247
0.164
65.765
0.1
0.075
9.024
0.138
0.163
10.007

styrene

benzaldehy

decane

Pct Max Pct Total @oumd

0.25
0.186
64.354
0.08
0.058
5.01
0.175
11.078 decane

styrene

benzaldehyc

Pct Max Pct Total Comgou

0.163
61.857
0.143
0.118
0.539
0.073
6.43
0.2
0.051
10.307

styrene

benzaldehy

decane



Table A.23. GC/MS, Chapter 2, Table 2.1, Entry 8, run 2

Peak R.T.
2.137
2.193
2.264
2.353
2.391
2.461
2.518
2.546
2.602
2.771
2.922
2.945
3.002

©O© 00N O1lh WN B

B R R
W N Rk O

Table A.24. GC/MS, Chapter 2,

Peak R.T.
2.104
2.137
2.264
2.377
2.546
2.612
2.706
2.772
2.922
3.002

©O© 00N Ol h WN PP

[
o

First

3
22
25
56
63
79
89
94
109
136
176
182
188

First

3

9
26
61
90
110
131
137
175
186

Max

12
24
39
58
66
81
93
99
111
147
179
184
196

Max

5
12
39
63
99
113
133
147
179
196

Last

22
25
56
63
79
86
94
109
125
176
182
188
210

Last
9
19
61
73
110
121
137
175
186
207

PK TY Height
BV 3 6592
PV2 1753
\AY 2693422
VV 6 5123
VV 6 3561
VV 6 2651
VV 3 2846
W 27651
W 3167
\AY 213366
WV 5 5594
VWV 4 4565
\AY 469906

Table 2.1, Entry 8, run

PK TY Height

BV 10928
PV 2 9560
PV 2688363
W 4120
PV 33374
VV 10 3303
W4 1946
W2 292219
VV 10 4963
W 446144

136

Area
55708 0.1
9480 0.02

53524015 100
87011 0.16
116800 0.22
36096 0.07
21222 0.04
401205 0.75
97775 0.18

4798402 8.96
79857 0.15
58594 0.11
8607105 16.08

3

Area
82315 0.15
124896 0.23

53225948 100
89673 0.17
498555 0.94
75734 0.14
19121 0.04
6221462 11.69
110111 0.21
8183483 15.37

Pct Max Pct Total Comgou

0.07
0.012
66.931
0.109
0.146
0.045
0.027
0.502
0.122
6 benzaldehyc
0.1

0.073

10.763 decane

styrene

Pct Max Pct Total Comgou

0.104
0.158
67.283
0.113
0.63
0.096
0.024
7.865
0.139
10.345 decane

styrene

benzaldehy
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Figure A.12. GC/MS, Chapter 2, Table 2.1, Entry 8, run
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Figure A.13. GC/MS, Chapter 2, Table 2.1, Entry 9, run 1
Table A.25. GC/MS, Chapter 2, Table 2.1, Entry 9, run 1

Peak R.T. First Max Last PK TY Height Area Pct Max Pct Total Compou

1 2.353 46 58 82 PV 1727070 18620125 100 64.618 styrene

2 2.875 160 169 196 PV 129899 2238299 12.02 7.768 benzaldehy
3 3.007 196 197 205 W5 2222 48522 0.26 0.168

4 3.12 213 221 235 A% 290257 3440661 18.48 11.94  decane
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Table A.26. GC/MS, Chapter 2, Table 2.1, Entry 9, run 2

Peak R.T. First Max Last PK TY Height Area

1 2.353 50 58 76 PV 1771038 18885597 100
2 2.447 76 78 87 VV 6 2345 40746 0.22
3 2.88 157 170 192 PV 31687 717527 3.8
4 2.988 192 193 195 WV 2 2160 17910 0.09
5 3.12 210 221 239 wW 248684 2929061 15.51

Table A.27. GC/MS, Chapter 2, Table 2.1, Entry 9, run 3

Peak R.T. First Max Last PK TY Height Area

1 2.353 50 58 74 PV 4045479 42748920 100
2 2438 74 76 85 VV 9 2927 55046 0.13

3 2.64 115 119 120 PV 4 1531 10567 0.02

4 2.649 120 121 125 W4 1792 12689 0.03

5 2.87 156 168 195 PV 149547 24941635.83

6 3.035 195 203 211 wW 2720 72571 0.17

7 3.115 211 220 236 A% 649833 7658284 17.91
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Figure A.14. GC/MS, Chapter 2, Table 2.1, Entry 10, run 1
Table A.28. GCMS, Chapter 2, Table 2.1, Entry 10, run 1

Peak R.T. First Max Last PK TY Height Area

1 2.264 28 39 60 W 2714719 53590404 100
2 2.372 60 62 79 W 4231 135816 0.25
3 2546 92 99 104 wW 2661 46346 0.09
4 2776 137 148 159 PV 6 16768 523291 0.98
5 2.837 159 161 175 WV 6 5075 173400 0.32
6 2922 175 179 187 WV 6 3309 84506 0.16
7 2.997 187 195 218 A% 401921 711572113.28
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Pct Max Pct Total Compou

69.664  styrene
0.15

2.647 benzaldehyc
0.066

10.805 decane

Pct Max Pct Total @oomd

70.05
0.09

0.017
0.021
4,087
0.119
12.549 decane

styrene

benzaldehyt

Pct Max Pct Total @oomd

80.253
0.203
0.069
0.784
0.26
0.127
10.656 decane

styrene

benzaldehyt



Table A.29. GCMS, Chapter 2, Table 2.1, Entry 10, run 2

Peak

© 00 ~NO O~ WN PP

[
)

R.T. First Max Last PK TY Height Area Pct Max Pct Total Comgou

2264 25 39 57 PV 2652919 52854683 100 77.461  styrene
2.372 57 62 66 VV 8 5913 121068 0.23 0.177

2.395 66 67 69 WV 2 4515 32680 0.06 0.048

2414 69 71 76 VV 6 4146 59321 0.11 0.087

2461 79 81 94 VV 6 2926 82033 0.16 0.12

2.621 108 115 117 VV 8 3022 57191 0.11 0.084

2706 130 133 138 wW7 2577 34112 0.06 0.05

2781 138 149 163 VV 8 15844 562870 1.06 0.825 benzaldehy
2.856 163 165 171 W7 4954 92350 0.17 0.135

2894 171 173 177 VV 5 3816 51243 0.1 0.075

3.002 187 196 223 \AY 412445 7543231 14.27 11.055 decane

Table A.30. GCMS, Chapter 2, Table 2.1, Entry 10, run 3

Peak

© oo ~NOO O WNPRE

5000000

4750000 -

4500000
4250000

4000000 -

3750000

3500000 -

= 3250000

L] 4
5 2000000

£ 2750000

& 2500000 -
€ 2250000 -

2000000

1750000 -

1500000

1250000 -

1000000

750000

500000

250000

0

R.T. First Max Last PK TY Height Area Pct Max Pct Total Comgou

2.146 10 14 16 PV 5 2233 22292 0.04 0.033
2212 22 28 29 PV 6 2196 28949 0.05 0.043
2.264 29 39 54 \'A% 2678815 53245455 100 79.672  styrene
2.344 54 56 60 W5 6076 91214 0.17 0.136
2.372 60 62 70 VV 8 5772 126194 0.24 0.189
2532 92 96 101 w7 3554 63646 0.12 0.095

2.588 106 108 110 W3 3195 26644 0.05 0.04

2.616 110 114 119 VV 8 3550 66178 0.12 0.099

2.72 134 136 138 W 3 2558 18615 0.03 0.028

2.781 138 149 164 w7 15855 575554 1.08 0.861  benzaldehy
2.861 164 166 172 WV 6 4754 83157 0.16 0.124

2.997 188 195 214 V2 363643 6536684 12.28 9.781  decane
3.204 236 239 246 VV 8 2797 48949 0.09 0.073

|

2

3 4 5 6 7 8 9 10 11 12 13 14 15 16
retention time (min)

Figure A.15. GCMS, Chapter 2, Table 2.1, Entry 11, run 1
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Table A.31. GCMS, Chapter 2, Table 2.1, Entry 11, run 1

Peak

OOk WDN PP

R.T.
2.184
2.222
2.353
2.875
3.04
3.12

First

16
27
51
161
202
208

Max

22
30
58
169
204
221

Last

27
40
89
202
208
227

PK TY
PV
VV 2
PV
PV
VV 5
\'AY

Area
99236 0.52
62189 0.33

Height
9186
5672

1797519 18904902 100

161205 2836727 15.01
2011 41262 0.22
315915 3659637 19.36

Table A.32. GCMS, Chapter 2, Table 2.1, Entry 11, run 2

Peak

O ~NO O, WDNPE

R.T.
2.184
2.221
2.353
2.452
2.649
2.87
3.04
3.115

First

17
26
47
77
116
161
199
213

Max

22
30
58
79
121
168
204
220

Last

26
36
77
81
126
199
213
244

PK TY
PV
\AY
PV
VV 3
VV 8
\AY
VV 9
\AY

Height  Area

18202 196186 0.39
12456 137866 0.27
4744829 50570569 100
2656 21853 0.04
2848 39077 0.08
377208 585477411.58
5296 135986 0.27
757620 915607918.11

Table A.33. GCMS, Chapter 2, Table 2.1, Entry 11, run 3

Peak

© 00 ~NO Ok WNPR

=
o

R.T.
2.183
2.221
2.353
2.503
2.644
2.87
2.959
2.978
3.039
3.119

First

16
26
49
87
116
160
186
190
199
213

Max

22
30
58
90
120
168
187
191
204
221

Last

26
41
87
96
126
186
190
199
210
228

PK TY
PV
\AY
A%
w7
VV 8
PV
VWV 3
VV 6
VV 6
\AY

140

Height Area

18767 199433 0.39
12003 143935 0.28
4827430 51465768 100
2542 24460 0.05
3043 36927 0.07
337537 4968411 9.65
6251 52841 0.1
5094 96971 0.19
3860 81717 0.16

680033 8083639 15.71

Pct Max Pct Total @oomd

0.263

0.165

50.151  styrene
7.525 benzaldehy
0.109

9.708  decane

Pct Max Pct Total @oomd

0.239
0.168
61.493
0.027
0.048
7.119
0.165
11.134 decane

styrene

benzaldehy

Pct Max Pct Total Comgou

0.241
0.174
62.082
0.03
0.045
5.993
0.064
0.117
0.099
9.751

styrene

benzaldehy

decane
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Figure A.16. GCMS, Chapter 2, Table 2.1, Entry 12, run 1

Table A.34. GCMS, Chapter 2, Table 2.1, Entry 12, run 1

Peak

~NOoO O WN PR

R.T.
2.184
2.221
2.353
2.645
2.87
3.044
3.115

First

14
26
49
117
159
199
210

Max Last
22 26
30 38
58 85
120 125
168 199
205 210
220 226

PK TY Height Area
PV 17347 188337 0.34
A% 11611 135591 0.25
PV 5178168 54780856 100
VV 6 3832 48107 0.09
PV 489941 7211747 13.16
VW10 3968 87491 0.16
wW 845319 9847312 17.98

Table A.35. GCMS, Chapter 2, Table 2.1, Entry 12, run 2

Peak

O ~NO O WNPE

R.T.
2.184
2.226
2.353
2.645
2.875
2.978
3.002
3.119

First

16
26
50
118
159
189
194
212

Max Last
22 26
31 44
58 77
120 123
169 189
191 194
196 199
221 227

PK TY Height Area
PV 8783 100520 0.63
WV 2 5992 85802 0.54
PV 1509562 15995103 100
W3 1673 13495 0.08
W 146171 2410120 15.07
WV 3 3544 43892 0.27
W3 2865 29941 0.19
W 313916 3639699 22.76
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Pct Max Pct Total @oumd

0.223
0.161
64.933
0.057
8.548
0.104
11.672 decane

styrene

benzaldehy

Pct Max Pct Total @oomd

0.328
0.28
52.205
0.044
7.866
0.143
0.098
11.879 decane

styrene

benzaldehy



Table A.36. GCMS, Chapter 2, Table 2.1, Entry 12, run 3

Peak R.T. First Max Last PK TY Height Area

1 2.184 18 22 27 W 10894 116403 0.54

2 2221 27 30 36 VV 3 8047 85232 04

3 2.353 50 58 75 W 2036109 21421360 100
4 2.654 115 122 124 PV 7 1575 16518 0.08

5 2.875 155 169 198 W 194646 3231200 15.08
6 3.016 198 199 201 WV 2 2771 24037 0.11

7 3.03 201 202 211 W7 2846 58314 0.27

8 3.119 211 221 227 W 408747 4757267 22.21

2750000
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2250000 -

2000000

1750000

1500000 -
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retention time (min)

0

Figure A.17. GCMS, Chapter 2, Table 2.1, Entry 13, run 1
Table A.37. GCMS, Chapter 2, Table 2.1, Entry 13, run 1

Peak R.T. First Max Last PK TY Height Area

1 2.198 22 25 27 PV 4 1705 11808 0.02

2 2264 27 39 59 wW 2478853 49379806 100
3 2.362 59 60 72 W 3179 90946 0.18

4 2.616 110 114 116 VW5 2904 21911 0.04

5 2771 137 147 164 wW 167952 3625267 7.34

6 2.87 164 168 175 w7 8195 182392 0.37

7 2931 175 181 185 VvV 9 4471 102158 0.21

8 3.002 185 196 209 A% 456455 8234494 16.68
9 3.148 225 227 230 WV 3 2835 30876 0.06

10 3.213 239 241 250 VW10 2525 43896 0.09
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Pct Max Pct Total @oomd

0.313
0.229
57.524
0.044
8.677
0.065
0.157
12.775 decane

styrene

benzaldehy

Pct Max Pct Total Comgou

0.016
66.835
0.123
0.03
4,907
0.247
0.138
11.145 decane
0.042

0.059

styrene

benzaldehyt



Table A.48. GCMS, Chapter 2, Table 2.1, Entry 13, run 2

Peak

© 0 ~NO O~ WN P

[
N P O

R.T.
2.264
2.395
2.461
2.513
2.555
2.612
2.649
2.696
2,772
2.875
2.931
3.002

First

19
65
78
88
95
107
116
128
138
162
175
186

Max

39
67
81
92
101
113
121
131
147
169
181
196

Last

65
74

83

95

107
116
128
138
162
175
186
206

PK TY Height Area

BV 2495530 50035601 100
vV 8 2917 46859 0.09
w4 2526 24205 0.05
PV 6 2406 25556 0.05
VV 6 2383 47999 0.1
PV 8 3091 44039 0.09
vV 8 2360 51526 0.1
vV 8 2366 31408 0.06
W 164961 36442747.28
VV 6 10325 278570 0.56
VV 10 5058 121020 0.24
W 442045 8127017 16.24

Table A.49. GCMS, Chapter 2, Table 2.1, Entry 13, run 3

Peak

© 00 ~NO Ok, WNPR

[ SN
W N RO

R.T.
2.264
2.344
2.381
2.405
2471
2.546
2.635
2711
2,772
2.856
2.885
2.932
3.002

First

28
55
63
67
80
98
112
132
137
163
170
179
184

Max

39
56
64
69
83
99
118
134
147
165
171
181
196

Last

55
63
67
76
84
108
123
137
163
170
179
184
213

PK TY Height Area

PV 2493287 49118050 100
VW6 4528 74639 0.15
VV 3 3698 35054 0.07
vV 8 3545 55737 0.11
PV3 2366 13328 0.03
V9 2470 35856 0.07
VV10 2853 47621 0.1
VV 4 1605 16559 0.03
W 262531 546390511.12
VV 6 8530 142878 0.29
VV 8 6136 128505 0.26
VW4 4870 55217 0.11
W 456332 8373553 17.05
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Pct Max Pct Total Comgou

67.54 styrene
0.063

0.033

0.034

0.065

0.059

0.07

0.042

4.919 benzaldehyt
0.376

0.163

10.97 decane

Pct Max Pct Total Comgou

63.711 styrene
0.097

0.045

0.072

0.017

0.047

0.062

0.021

7.087 benzaldehy
0.185

0.167

0.072

10.861 decane
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Figure A.18. GCMS, Chapter 2, Table 2.1, Entry 14, run 1

Table A.50. GCMS, Chapter 2, Table 2.1, Entry 14, run 1

Peak

©O© 00 ~NOO UL WN P

NNNRPRRRRRERRPRPR
NEFEPOOWOW~NOOUUMWNERO

R.T.
2.386
2.899
2.974
3.124
3.961
4.027
4.041
4.878
5.174
5.372
5.442
5.494
9.439
10.803
12.745
12.778
12.961
14.363
14.466
14.499
14.645
14.823

First
60
162
189
212
392
409
416
577
652
688
708
724
1559
1848
2250
2272
2309
2588
2632
2640
2667
2708

Max
65
174
190
222
400
414
417
595
658
700
715
726
1565
1855
2268
2275
2314
2612
2634
2641
2672
2710

Last
68
189
198
232
409
416
430
598
665
708
724
729
1575
1857
2272
2280
2324
2632
2640
2649
2674
2712

PK TY Height
VV 5 1939
PV 124466
VW4 4439
VV 8 3736
w7 4141
WV 3 3379
vV 2 3646
w7 2129
VWV 5 6829
PV4 6063
vV 2 3218
VvV 3 958
VV 5 2049
PV 4 1000
PV6 2477
VV 3 2101
V9 1891
VW5 23458
VV 5 4886
w7 3107
W 4 2275
PV 3 1226

144

Area
31340
2343644
84482
135988
92195
45545
63440
64901
128606
122841
67767
5886
43362
13900
50483
31824
42563
1477875
79651
68667
30389
5899

Pct Max
1.34
100
3.6
5.8
3.93
1.94
2.71
2.77
5.49
5.24
2.89
0.25
1.85
0.59

2.15 1

1.36
1.82
63.06
3.4
2.93
13
0.25

Pct Total Compou
0.62
46.58 benzaldehyd
1.68
2.7
1.83
0.91
1.26
1.29
2.56
2.44
1.35
0.12
0.86
0.28

0.63
0.85
29.37
1.58
1.37
0.6
0.12



Table A.51. GCMS, Chapter 2, Table 2.1, Entry 14, run 2

Peak

© 00 ~NO UL WNPE

PR R R RRE R PR
No o~ WNR O

R.T.
2.903
3.011
3.19
4.046
4.874
5.174
5.372
5.442
5.49
5.627
9.439
10.798
12.736
12.769
13.182
14.358
14.377

First
165
197
232
411
583
650
692
709
720
730
1558
1848
2245
2268
2352
2588
2613

Max
175
198
236
418
594
658
700
715
725
733
1565
1854
2266
2273
2361
2611
2615

Last
197
201
245
423
596
667
709
720
730
736
1569
1867
2268
2288
2363
2613
2637

PK TY Height
PV 2 57950
WV 2 1772
w7 2142
VV 6 2015
PV6 870
PV6 4226
PV7 4926
VV 5 2724
VV 4 1582
W 3 1421
PV 7 1477
VV 2 2852
VWV 6 2462
V9 2963
PV 4 1316
PV 4 20768
VV 3 19415

Area

17071
37380
35831
18631
90288
106551
47865
26935
15151
22906
77386
67566
101526
13666
654827
570682

Table A.52. GCMS, Chapter 2, Table 2.1, Entry 14, run 3

Peak

©O© 00 ~NOO UL WN P

B R R R R
A WN RO

R.T.
2.372
2.903
3.007
3.124
3.957
4.027
5.17
5.381
5.438
5.49
12.74
12.957
13.789
13.817

First
55
161
194
212
393
409
647
694
709
723
2262
2303
2475
2493

Max
62
175
197
222
399
414
657
702
714
725
2267
2313
2490
2496

Last
64
194
212
229
409
420
665
709
723
731
2276
2315
2493
2503

PK TY Height
VV 3 1692
PV 116552
VvV 9 2785
VV 9 3053
PV6 3776
PvV4 2286
PV7 4953
PV6 4906
VV 6 3428
VWV 4 1933
PV 4 1653
VWV 6 2212
Pve 2177
w7 1896
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Pct Max Pct Total Compou
1246573 100

1.37
3

2.87
1.49
7.24
8.55
3.84
2.16
1.22
1.84
6.21
5.42
8.14
11
52.53
45.78

39.56 benzaldehyd
0.54
1.19

1.14
0.59
2.87
3.38
1.52
0.86
0.48
0.73
2.46
2.14
3.22
0.43
20.78
18.11

Pct Max Pct Total Comgdou

Area
20305 0.92
2204828 100.00
97927 4.44
98835 4.48
82794 3.76
33615 1.52
86121 3.91
95848 4.35
67801 3.08
22616 1.03
37005 1.68
47537 2.16
38397 1.74
30546 1.39

0.69
74.38 benzaldehy
3.30
3.33
2.79
1.13
291
3.23
2.29
0.76
1.25
1.60
1.30
1.03
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Figure A.19. GCMS, Chapter 2, Table 2.1, Entry 15, run 1
Table A.53. GCMS, Chapter 2, Table 2.1, Entry 15, run 1

Peak R.T. First Max Last PK TY Height Area Pct Max Pct Total Compou

1 2.353 48 58 75 PV 2446968 25948127100.00 69.52  styrene

2 2.442 75 77 81 w4 2523 29007 0.11 0.08

3 2.875 158 169 186 wW 43626 822038 3.17 2.20 benzaldehy«

4 3.119 212 221 227 wW 340606 3982716 15.35 10.67  decane
Table A.54. GCMS, Chapter 2, Table 2.1, Entry 15, run 2

Peak R.T. First Max Last PK TY Height Area Pct Max Pct Total Compou

1 2.353 50 58 84 PV 1836244 1974884200.00 72.11  styrene

2 2.649 116 121 123 PV 5 1662 19603 0.10 0.07

3 2.88 161 170 186 VV 2 33395 668205 3.38 2.44 benzaldehyc

4 2.965 186 188 199 VV 8 2369 55540 0.28 0.20

5 3.12 212 221 227 wW 293832 337833017.11 12.34  decane
Table A.55. GCMS, Chapter 2, Table 2.1, Entry 15, run 3

Peak R.T. First Max Last PK TY Height Area Pct Max Pct Total Compou

1 2353 51 58 77 PV 1129925 1194451200.00 58.61 = styrene

2 2.875 156 169 189 PV 80200 1397722 11.70 6.86 benzaldehy

3 2.979 189 191 195 VW4 2883 36934 0.31 0.18

4 3.12 214 221 232 A% 222380 256601821.48 12.59  decane
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Figure A.20. GCMS, Chapter 2, Table 2.1, Entry 16, run 1

Table A.56. GCMS, Chapter 2, Table 2.1, Entry 16, run 1

Peak

0o ~NOoO UL WDN P

R.T.
2.264
2.377
2.541
2.607
2.781
2.847
2.861
3.002

First

27
61
96
106
137
162
165
186

Max Last
39 61
63 78
98 106
112 116
149 162
163 165
166 175
196 206

PK
PV
wW
PV 9
W9
VW5
WV 2
W9
W

Table A.57. GCMS, Chapter 2, Table 2.1, Entry 16, run 2

Peak

©O© oo ~NOO UL WN P

[EEg
()

R.T.
2.165
2.264
2.367
2.438
2.48
2.701
2.781
2.847
2.866
2.913
3.002

First

13
23
59
74
83
130
135
162
166
174
186

Max Last
18 23
39 59
61 74
76 83
85 88
132 135
149 162
163 166
167 174
177 179
196 205

PK
PV 9
PV
A%
VV 8
W 4
W 4
W 3
WV 3
W7
W 4
wW

TY Height Area Pct Max Pct Total @oumd
2617122 5214215000.00  78.37 styrene
4153 125921 0.24 0.19
2837 35983 0.07 0.05
2975 37685 0.07 0.06
17144 535108 1.03 0.80 benzaldehyc
4744 25147 0.05 0.04
4508 92679 0.18 0.14
440684 7920399 15.19 11.91 decane

TY Height Area Pct Max Pct Total Comgou
2416 30590 0.06 0.05
2390454 4795522@00.00 76.97  styrene
4656 164048 0.34 0.26
3535 62136 0.13 0.10
3481 34760 0.07 0.056
2420 21073 0.04 0.03
15659 510063 1.06 0.82 benzaldehyc
5005 48708 0.10 0.08
4143 87181 0.18 0.14
4062 46716 0.10 0.08
405837 7340111 15.31 11.78 decane
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Table A.58. GCMS, Chapter 2, Table 2.1, Entry 16, run 3

Peak

©O© 00 ~NOO O WN P

PR R R R R
oM WNEREO

3250000

3000000 -

2750000

2500000

2250000

E
£ 2000000 -

1000000

750000
500000
250000

0

Peak

2

R.T. First Max Last PK TY Height Area Pct Max Pct Total Compou
2.188 21 23 26 PV 4 1746 12352 0.02 0.02
2.212 26 28 29 WV 2 2131 10223 0.02 0.02
2264 29 39 56 \A% 2567751 51101512 100.00  75.58 styrene
2.348 56 57 58 \AY 4927 35512 0.07 0.05
2.362 58 60 62 W 3 4597 37656 0.07 0.056
2.395 66 67 71 W 4 4778 42351 0.08 0.06
2.428 71 74 79 VV 6 3717 48064 0.09 0.07
2518 90 93 94 V3 2805 18328 0.04 0.03
2546 94 99 101 WV 6 2800 40056 0.08 0.06
2.565 101 103 108 VV6 2776 32486 0.06 0.05
2.607 108 112 119 PV10 2387 51160 0.10 0.08
2.645 119 120 124 W4 2142 23691 0.05 0.04
2.781 137 149 164 VV6 18026 608936 1.19 0.90 benzaldehyd
2.866 164 167 176 VW6 4912 123932 0.24 0.18
2.931 176 181 185 Vwv8 4635 86582 0.17 0.128
3.002 185 196 207 W 470117 8438877 16.51 12.481decane
| e - i A
3 5 6 7 8 10 12 14 15 16
retention time (min)
Figure A.21. GCMS, Chapter 2, Table 2.2, Entry 1, run 1
Table A.59. GCMS, Chapter 2, Table 2.2, Entry 1, run 1
R.T. First Max Last PK TY Height Area Pct Max Pct Total Compou
2184 14 22 27 PV 3 11448 151845 0.45 0.32
2222 27 30 35 WV 2 8203 91184 0.27 0.19
2353 47 58 81 PV 2898902 33515377200.00  69.62 styrene
2.87 160 168 187 \AY 155683 2442984 7.29 5.07 benzaldehyc
3.12 208 221 229 wW 495641 610241318.21 12.676 decane

a b~ WN P
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Table A.60. GCMS, Chapter 2, Table 2.2, Entry 1, run 2

Peak

OOl WN PP

R.T.
2.184
2.221
2.353
2.87
2.969
3.115

First

16
26
48
160
188
211

Max

22
30
58
168
189
220

Last

26
36
74
188
196
230

PK TY Height Area Pct Max Pct Total @oumd
PV 18402 209909 0.43 0.30
A% 11244 129063 0.27 0.18
wW 4553683 4864321900.00 69.45  styrene
PV 365564 4979181 10.24 7.11 benzaldehyt
VWV 6 2724 38082 0.08 0.054
BV 758591 8954335 18.41 12.79 decane

Table A.61. GCMS, Chapter 2, Table 2.2, Entry 1, run 3

Peak

Ul WN P

2250000

2000000

1750000

1250000

response (au)

1000000

750000

500000

250000 -

0

1500000 -

PK TY Height Area Pct Max Pct Total @oumd
PV 2 12312 169018 0.50 0.33
WV 4 7896 99256 0.29 0.20
PV 2949011 3403367300.00 67.26  styrene
PV 210651 343618010.10 6.79 benzaldehyt
VWV 6 4417 81309 0.24 0.161
wW 478075 5659218 16.63 11.19 decane

2

R.T. First Max Last

2.184 13 22 26

2222 26 30 36

2.353 45 58 75

2.87 161 168 191

2983 191 192 200

3.12 210 221 231

3 4 5 7 8 10 12 13 14 15 16

retention time (min)

Figure A.22. GCMS, Chapter 2, Table 2.2, Entry 2, run 1

Table A.62. GCMS, Chapter 2, Table 2.2, Entry 2, run 1

Peak
1
2
3

R.T.
2.353
2.87
3.12

First
49
160
213

Max
58
168
221

Last
68
180
231

PK TY Height Area Pct Max Pct Total Coungl
BB 2178343 2411356300.00 @ 75.24  styrene
BB 212679 298880112.39 9.33 benzaldehy
BB 427130 4948288 20.52 15.44  decane
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Table A.63. GCMS, Chapter 2, Table 2.2, Entry 2, run 2

Peak R.T. First Max Last PK TY Height Area Pct Max Pct Total Coungl
1 2.353 50 58 71 BB 3927503 43594597100.00 @ 77.12 styrene
2 2.87 160 168 183 BB 372788 5090263 11.68 9.00 benzaldehy
3 3.115 213 220 229 BB 670936 7846106 18.00 13.88 decane
Table A.64. GCMS, Chapter 2, Table 2.2, Entry 2, run 3
Peak R.T. First Max Last PK TY Height Area Pct Max Pct Total Coungl
1 2.353 50 58 71 BB 3570418 39247387100.00 82.43  styrene
2 2.87 160 168 179 BB 167994 23114315.89 4.86 benzaldehyt
3 3.12 214 221 231 BB 515740 605199315.42 12.71 decane
2250000
2000000
1750000
.5.1500000 T
‘2.1250000
ngOODﬂﬂ
750000
500000
250000
A
0 (- ¥ ; . . % A
2 3 4 5 6 7 8 10 11 12 13 14 15 16

retention time (min)

Figure A.23. GCMS, Chapter 2, Table 2.2, Entry 3, run 2
Table A.65. GCMS, Chapter 2, Table 2.2, Entry 3, run 1

Peak R.T. First Max Last PK TY Height Area Pct Max Pct Total Comgou
1 2.353 43 58 83 BV 2011808 2190828400.00 56.60  styrene

2 2.87 162 168 185 PB 53489 839361 3.83 2.17 benzaldehyc
3 3.12 211 221 235 PV 446832 5115981 23.35 13.22 decane

4 3.524 302 307 321 w4 16182 344840 1.57 0.89

5 5.363 681 698 703 PV6 8148 78256 0.36 0.202

6 12.778 2259 2275 2296 PV5 22115 894590 4.08 2.31

7 13.051 2303 2333 2336 PV7 36667 1680706 7.67 4.34

8 13.07 2336 2337 2364 VV6 34033 1248943 5.70 3.23

9 14.363 2584 2612 2638 PV2 107467 6027939 27.51 15.57

10 14.786 2689 2702 2715 PV 2 19875 566813 2.59 1.46
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Table A.66. GCMS, Chapter 2, Table 2.2, Entry 3, run 2

Peak R.T. First Max Last PK TY Height Area Pct Max Pct Total Compou

1 2.184 18 22 26 BV 14068 157917 0.41 0.25

2 2.353 50 58 72 PV 3371951 38701411 100.00  59.94 styrene
3 2.87 160 168 188 PV 127232 1918437 4.96 2.97 benzaldehyd:
4 3.119 213 221 236 PV 587321 7088420 18.32 10.98 decane
5 3.524 302 307 330 W2 21113 457570 1.18 0.709

6 5.381 689 702 717 PV 4 64881 2622082 6.78 4.06

7 5.461 717 719 725 W3 29789 542923 1.40 0.84

8 5.508 725 729 742 W2 22818 500298 1.29 0.78

9 10.441 1773 1778 1785 VW2 6359 129581 0.33 0.20

10 12.778 2248 2275 2297 PV 4 28466 1070832 2.77 1.66

11 13.027 2297 2328 2330 PV5 64805 2513093 6.49 3.89

12 13.055 2330 2334 2345 W9 61896 2208079 5.71 3.42

13 13.112 2345 2346 2375 W9 31485 1046425 2.70 1.62

14 14.353 2587 2610 2635 PV3 83699 4932398 12.74 7.64

15 14.786 2691 2702 2715 PV2 26772 681243 1.76 1.055

Table A.67. GCMS, Chapter 2, Table 2.2, Entry 3, run 3

Peak R.T. First Max Last PK TY Height Area Pct Max Pct Total Comgdou

1 2.353 48 58 81 BV 2201348 25209847100.00 51.29 styrene
2 2.87 145 168 187 PV 75133 1179982 4.68 2.40 benzaldehyt
3 3.12 208 221 234 PV 394866 4804855 19.06 9.78 decane
4 5381 682 702 716 PV 2 66390 2344743 9.30 4.77

5 5461 716 719 725 W 3 22806 494449 1.96 1.006

6 5508 725 729 738 W 4 16940 343272 1.36 0.70

7 10.314 1720 1751 1784 BVS8 67534 6651613 26.38 13.53

8 10.474 1784 1785 1789 W4 20706 236506 0.94 0.48

9 10.498 1789 1790 1801 w4 11784 217962 0.86 0.44

10 12.773 2246 2274 2286 PV4 22087 992143 3.94 2.02

11 13.041 2298 2331 2353 W7 40141 3538146 14.03 7.20

12 13.154 2353 2355 2379 W7 13084 459976 1.82 0.94

13 14.363 2582 2612 2646 PV4 32304 2038652 8.09 4.15

14 14.786 2692 2702 2713 PV2 24280 636138 2.52 1.29

151



2250000 -

2000000

1750000 -

1500000 -

1250000

response (au)

1000000

750000

500000

250000 -

|

2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
retention time {min)

0

Figure A.24. GCMS, Chapter 2, Table 2.2, Entry 4
Table A.68. GCMS, Chapter 2, Table 2.2, Entry 4

Peak R.T. First Max Last PK TY Height Area Pct Max Pct Total Compou

1 2377 45 63 94 BV 1996117 3826347@00.00 75.05  styrene

2 2.899 159 174 201 A\ 140864 3196631 8.35 6.27 benzaldehyc
3 3.134 214 224 247 wW 430846 7322505 19.14 14.36  decane

4 14.24 2556 2586 2614 BV4 31483 2202867 5.76 4.32
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Figure A.25. GCMS, Chapter 2, Table 2.2, Entry 5
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Table A.69. GCMS, Chapter 2, Table 2.2, Entry 5

Peak

OOl WN PP

5000000

4750000 -

4500000
4250000

4000000 -

3750000
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S 3250000

@ 3
< 3000000

£ 2750000

& 2500000 -
€ 2250000 -

2000000

1750000

1500000

1250000 -

1000000

750000

500000

250000

0

Peak

© 00 ~NOO O WN P

e
g wN RO

R.T. First Max Last PK TY Height Area Pct Max Pct Total @oumd
2.207 16 27 31 PV3 9615 196594 0.01 0.00

2245 31 35 43 VW4 5893 107874 0.00 0.00

2377 53 63 85 W 2030502 38804771.00 0.80 styrene
2.903 160 175 204 PV 58776 1431985 0.04 0.03 benzaldehyc
3.059 204 208 211 WV 4 1498 16862 0.00 0.000

3.134 216 224 234 wW 433121 72302470.19 0.15 decane

2 3 4 5 6 7 8 9 10 11 12 14 15 16
retention time (min)
Figure A.26. GCMS, Chapter 2, Table 2.2, Entry 6
Table A.70. GCMS, Chapter 2, Table 2.2, Entry 6

R.T. First Max Last PK TY Height Area Pct Max Pct Total Compou
2.184 12 22 27 \AY 18481 201737 0.39 0.21
2222 27 30 36 VV 3 11300 134714 0.26 0.14
2353 51 58 75 PV 4767616 51749344 100.00  53.48 styrene
2443 75 77 85 V9 5767 82428 0.16 0.09
2565 101 103 112 PV10 2907 48244 0.09 0.050
2.626 112 116 119 PV6 2420 31083 0.06 0.03
2.649 119 121 125 VW5 2712 31438 0.06 0.03
2.809 152 155 158 PV5 4065 32472 0.06 0.03
2.828 158 159 163 W4 2562 24271 0.05 0.03

2.866 163 167 170 VW6 6683 96009 0.19 0.10

2.899 170 174 177 W5 10008 134129 0.26 0.14 benzaldehyd
2917 177 178 187 W9 6909 141714 0.27 0.15

2.988 191 193 195 W3 4627 44395 0.09 0.05

3.007 195 197 200 W4 4270 44851 0.09 0.05

3.035 200 203 208 W7 4459 65094 0.13 0.067

3.115 208 220 235 W 689160 8284837 16.01 8.562 decane

[N
D
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Figure A.27. GCMS, Chapter 2, Table 2.2, Entry 7
TableA.71. GCMS, Chapter 2, Table 2.2, Entry 7

Peak R.T. First Max Last PK TY Height Area Pct Max Pct Total Compou

1 2.123 3 9 25 BV 3 13808 256389 0.45 0.35

2 2.278 25 42 68 PV 2666195 57246531 100.00  77.83 styrene
3 2.405 68 69 76 W7 4208 66374 0.12 0.09

4 2.522 91 94 103 W9 4158 70822 0.12 0.10

5 2.659 114 123 133 W4 17578 369137 0.64 0.502

6 2.781 139 149 171 W 455094 6991334 12.21 9.51 benzaldehyd
7 2.889 171 172 184 W9 4977 120192 0.21 0.16

8 3.007 184 197 207 W 153152 3281935 5.73 4.46 decane
9 3.228 242 244 250 W4 2712 36586 0.06 0.05

10 3.557 302 314 332 PV2 43240 913614 1.60 1.24

11 3.646 332 333 335 W2 2468 21245 0.04 0.03

12 3.731 347 351 355 W7 3356 60529 0.11 0.08

13 3.82 361 370 378 VW5 23153 460427 0.80 0.63

14 3.886 378 384 393 W2 20268 460671 0.80 0.63

15 3.957 393 399 406 W4 15327 336409 0.59 0.457

16 4.366 475 486 492 VW6 3065 83377 0.15 0.113

17 4.709 549 559 561 VW6 3171 48011 0.08 0.065

18 4.732 561 564 569 VW5 3344 60632 0.11 0.082

19 5.019 617 625 632 W2 22130 372492 0.65 0.506

20 5.076 632 637 647 VW3 8285 187156 0.33 0.254
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Figure A.28. GCMS, Chapter 2, Table 2.2, Entry 8
Table A.72. GCMS, Chapter 2, Table 2.2, Entry 8

Peak R.T. First Max Last PK TY Height Area Pct Max

1 2278 23 42 74 BB 2486548 5565050900.00 @ 82.60
2 2781 130 149 149 PB 439121 6689447 12.02 9.93
3 3.002 180 196 196 BV 2 156940 34353836.17 5.10
2 3.548 298 312 312 BB 94156 1597552 2.87 2.37
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Figure A.29. GCMS, Chapter 2, Table 2.2, Entry 9

155

Pct Total Compou

styrene
benzaldehy
decane



Table A.73. GCMS, Chapter 2, Table 2.2, Entry 9

Peak R.T. First Max Last PK TY Height Area Pct Max Pct Total @oomd
1 227830 42 55 PV 2482553.00 53007330.00 100 38.144  styrene

2 234955 57 65 VW9 7713.00 131938.00 0.25 0.095

3 251884 93 105 W 45023.00 822419.00 1.55 0.592

4 2,659 114 123 132 W 9605.00 232574.00 0.44 0.167

5 2781132 149 166 PV 70869.00 1308172.0002.47 0.941  benzaldehyt
6 3.007 184 197 207 W 1759293.00 37246971.000.27 26.803 decane

75 10.24 1724 1736 17738V 904103 18458030 34.82 13.282 NHC
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Figure A.30. GCMS, Chapter 2, Table 2.2, Entry 10
Table A.74. GCMS, Chapter 2, Table 2.2, Entry 10

Peak R.T. First Max Last PK TY Height Area Pct Max Pct Total Comgou
1 227829 42 56 PV 2756448.00 58868972 57.41 2496  Styrene
2 235356 58 61 VV3 3532.00 40343 0.04 0.017

3 252783 95 106 VW3 11196.00 253148 0.25 0.107

4 2645115 120 134 VW3 3684.00 90481 0.09 0.038

5 2753134 143 160 PV7 7976.000 243904 0.24 0.103

6 2.856 160 165 174 VW7 2508.00 57967 0.06 0.025

7 2.936 174 182 187 PV9 2327 49415 0.05 0.021

8 3.002 187 196 206 WV 1521700 32515026 31.71 13.786 Decane
9 3.063 206 209 220 VW2 13883 324857 0.32 0.138

67 10.25 1726 1737 1770/V 5705138 1.03E+08 100 43.477 NHC
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A.17 GCM S Calibration Curves

Calibration curves for benzaldehyde are presented below. It should be noted that on 6/23/2014
the filament in the GCMS used for these experiments was replaced, spectra gathered before that
date use the first calibration curve, spectra gathered after that date use the second. First calibration
curve applies to Table 2.1 Entries 1, 3, and 4. Second curve applies to all other entries in Tables

2.1 and 2.2.

Areavs Concentration (Benzaldehyde) - Prior to 6/23/2014
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y=47,617,787.50x
R*=1.00
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Peak Al
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0 02 0.4 06 08 1 12 14 16
Sample Concentration (mg/mL)

slope =47,617,787.50

Figure A.75. GCMS Calibration Curve 1
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Figure A.76. GCMS Calibration Curve 2

A.18 UV/Visible Spectra

1507

Normalized Absorbance - [Au,|PET),]° decomposition with TBHP @ 37 °C
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Figure A.77. Normalized UV/Vis, Chapter 2, Figure 2.3
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Absorbance (arbitrary scale) - [Au,4(PET),;]° decomposition with TBHP @ 37 °C
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Figure A.78. Arbitrary scale UV/Vis, Chapter 2, Figure 2.3

[Au,5(S"Hex),g]° + Styrene & TBHP in CHCI; (UV/VIS Spectrum)

—— Starting Material

ALTBHP Addition

Absorbance {au)

—— 10min at RT

Sminat 75

'
Fid

wavelength (nm)

Figure A.79. Initial decomposition experiment

Figure A.79 shows results of the initial decomposition experiment. 11.6 mg of($Au
Hex)g]® was disstved in 2 mL chloroform. To this 18 uL of styrene followed by 50 pL TBHP
was added, and the solution was stirred for 30 seconds. A 50 uL aliquot was taken, diluted to 1
mL with chloroform, and evaluated by UV/VIS. The solution was then allowed to stir for 10

minutes at room temperature then evaluated similarly. In a separate experiment 11.6 mg of
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[Auzs(Sn-Hex)g]® was dissolved in 2 mL chloroform. To this 18 uL of styrene followed by 50 puL
TBHP was added, and the solution heated to 75 °C for 5 minutes, then evaluated by UV as before.
The results were then plotted on the same axes.

[Au,5(Sn-Oct),]* in chloroform exposed to 167 equiv TBHP

Starting Au Cluster

absorbance fau}

——10min @ rt

e 1 = & = 2 = & = s o @
= i & e i 2 ] a3 ] 2 = =

=

350
3754
400

o
=

wavelength (am)

Figure A.80. Decomposition of Octanethiol protected-Au

A.19 Decomposition of Supported Clusters

Absorbance of [Au,s(SnHex),5]? on silica gel support upon exposure to TBHP - Chloroform as
Solvent, 167 equiv TBHP, room temperature
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Figure A.81. Decomposition of Ags adsorbed on silica gel
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Supported catalyst was prepared by stirring starting cluster in DCM with silica gel for 24 hrs,
then concentratingn vaccuo Supported material was not calcinated. UV spectrum was obtained
by suspending supported catalyst in chloroform before addition of TBHP. No styrene was added
to this decomposition reaction.

[Au,5(PET),5]° on silica support, decomposition by TBHP (167 equiv) in
chloroform

s Starting Au Cluster
10m@rt

——G0m@ 75C

—Jdh@75C

Absorbance fau)

Wavelength [nm)

Figure A.82. Decomposition of Ags adsorbed on silica

Supported catalyst was prepared by stirring starting cluster in DCM with silica gel for 24 hrs,
then concentratingn vaccuo Supported material was not calcinated. UV spectrum was obtained
by dissolving supported catalyst in chloroform before addition of TBHP. No styrene was added to
the decomposition experiment.

A.20 Catalysisin Ambient Lighting vs Darkness

General ProcedureThese experiments were performed as described above. All reactions were
done in chloroform. Those done with exclusion of light were wrapped in aluminum foil. GC traces

of experimental results provided below.
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[Au,s(5°Oct) 5], Unsupported, Ambient Light, GC Trace
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Figure A.83. Unsupported catalyst under ambient lighting

[Au,5(5"0ct) 5], Unsupported, Dark, GC Trace
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Figure A.84. Unsupported catalyst in darkness
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Figure A.85. Supported catalyst under ambient lighting
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Figure A.86. Supported catalyst in darkness
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A.21 Au(PPh3)Cl as Au sourcefor catalysis

PPh;AuCl+ Styrene Oxidation Conditions, GC Trace
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Figure A.87. Au(PPh)CI as Au source for catalysis

{PPh )AuCl + HS"Hex +Styrene Ox Conditions
3

Response (au)
=
2
2

— 60 min

N

|'\
~1L5 . A

2 3 a 5 s - ® s " 11 " 13 14

15

Retention time (min)

Figure A.88. Au(PPh)CI as Au source, with hexanethiol ligand added

In the course of our initial investigation into the active catalyst, we attempted to ugeiEPh
to catalyze the oxidation of styrene under consideration. This experiment was carried out using 25
mol % catalyst loading on 0.157 mmol styrene, using the procedure described above for the cluster

precursor. The last two peaks in this GC trace are triphenylphosphine and triphenylphosphine
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oxide. Minimal conversion was observed at 1 hr in either case (with or without the inclusion of
thiol). This led us to conclude that phosphines may make for reasonable catalyst poisons in this
reaction.
A.22 NMR Spectra

'H NMR spectra were acquired on a Varian 400 MR (at 400 MHz), and are reported relative

to SiMe (5 0.00)

3td-001-decomp-0_PROTON_{

o o o o o o
S w [=2] ~ =] w0
Lovwebnn bbbl bbb bl by

Normalized Intensity

03] Mo2(s)
E ferd
= 0
3 2
024 M1(m) -
e — © I
L2283
013 5233
E L,_J o o j
0 ) ) e
1.74 2.00
= U
9 8 7 6 3 2 1 o]

4
Chemical Shift (ppm)

Figure A.89. 'H NMR of Aus(PET)s + TBHP decomposition product
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APPENDIX B: SUPPLEMENTARY TO CHAPTER 3

B.1 General Methods

All chemicals were obtained from commercial suppliers and used without further purification
unless otherwise noted. UV/Vis spectra were collected on an HP 8452A Diode Array
Spectrophotometer. Data were analyzed using Microsoft Excel, with calibrationscurve
constructed using the built-in linear regression functithNMR spectra were acquired on a
Varian 400 MR (at 400 MHz), and are reported relative to ${®16.00). *3*C NMR spectra were
acquired on a Varian 400 MR (at 400 MHz), and are reported relative ta §iN€0). Flash
chromatography was performed with SiliFlash P60 silica gel (230-400 mesh) purchased from
Silicycle. Electron paramagnetic resonance (EPR) spectra were obtained using a continuous-wave
X-band Bruker EMX 200U instrument outfitted with a liquid nitrogen cryostat. Compounds were
dissolved in a 1:1 mixture of dichloromethane and 1,2-dichloroethane to form a glass at low
temperature.

B.2 Synthesis of Phosphatidyl Choline (PC)-Coated 5 nm Au particles

This procedure was adapted fr@hem. Commur2008, 3013-3015. A solution of PC (0.064
g, 0.084 mmol, 1 equiv) in 10 mL GHI> was added to an aqueous solution of HAUGI029g,

0.084 mmol, 1 equiv) in 5 mL of nanopure water. Mixture was stirred rapidly to form an emulsion,
and a freshly prepared solution of NaB(0.016 g, 0.42 mmol, 5 equiv) in 5 mL nanopure water

was added dropwise at room temperature. The reaction was stirred for 1 h at ambient temperature,
then stored overnight at 4 °C. Both solvents were removed by rotary evaporation, and the resultant
solid was re-dissolved in a minimal volume of £, and washed with water (2 x 5 mL).
Remaining solvent was removed by rotary evaporation and the product was dried under vacuum

overnight. Resultant purple solid shows optical properties consistent with the previous report.
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B.3 Etching of Organic Soluble5 nm gold colloidsin Oz atmosphere (CH2Cl2 solvent)

A suspension of 5 nm colloidal gold, synthesized as noted below, i€1€E mL, 0.40 mg
Au/ mL) was placed in an air-free cuvette. This solution was sparged for approximately 2 minutes
with pure oxygen, and the cuvette was sealed. Separately a solution-6fex$0.296 mL, 1.00
mmol, 500 equiv to Au) in 0.704 mL of GBI, was made and sparged for approximately 90 sec
with oxygen, the cuvette was opened under a constant stream of oxygen, the hexane thiol solution
was added in one portion and the cuvette was sealed. The cuvette sidearm was fitted with an
oxygen balloon and the valve was opened slightly to maintain 1 atm oxygen pressure in the head
space. The cuvette was placed in the spectrophotometer and a UV/Vis spectrum was collected
every 5 min for a period of 1.5 hr. Spectra were exported to Excel and evaluated therein.

B.4 Etching of Organic Soluble 5 nm gold colloidsin Oz atmosphere (PhM e solvent)

A suspension of 5 nm colloidal gold, synthesized as described above, in PhMe (1 mL, 0.40 mg
Au/ mL) was placed in an air-free cuvette. This solution was sparged for approximately 2 minutes
with pure oxygen, and the cuvette was sealed. Separately a solution-6fe®$0.296 mL, 1.00
mmol, 500 equiv to Au) in 0.704 mL of PhMe was made and sparged for approximately 90 sec
with oxygen, the cuvette was opened under a constant stream of oxygen, the hexane thiol solution
was added in one portion and the cuvette was sealed. The cuvette sidearm was fitted with an
oxygen balloon and the valve was opened slightly to maintain 1 atm oxygen pressure in the head
space. The cuvette was placed in the spectrophotometer and a UV/Vis spectrum was collected
every 5 min for a period of 1.5 hr. Spectra were exported to Excel and evaluated therein.

B.5 Etching of Organic Soluble 5 nm gold colloidsin Ar atmospher e (CH2Cl2 solvent)

A suspension of 5 nm colloidal gold, synthesized as noted above @l Q8 mL, 0.40 mg

Au/ mL) was placed in a 2-dram vial and degassed via freeze/pump/thaw (3 cycles). Tiois solut

was then transferred to an air-free cuvette that was previously purged with argon. The cgvette wa
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then sealed. Separately a solution ohHEx (0.296 mL, 1.00 mmol, 500 equiv to Au) in 0.704

mL of CHCIl> was made and degassed via freeze/pump/thaw (3 cycles), the cuvette was opened
under a constant stream of argon, the hexane thiol solution was added in one portion and the cuvette
was sealed. The cuvette was placed in the spectrophotometer and a UV/Vis spectrum was collected
every 5 min for a period of 1.5 hr. Spectra were exported to Excel and evaluated therein.

B.6 Etching of Organic Soluble 5 nm gold colloidsin Oz atmosphere (CH2Cl2/2-M e-2-
butene solvent)

A suspension of 5 nm colloidal gold, synthesized as noted below, 4€1€¢@.704 mL, 0.40
mg Au / mL) was placed in an air-free cuvette. This solution was sparged for approximately 2
minutes with pure oxygen, and the cuvette was sealed. Separately a solutiomtd&X®.296
mL, 1.00 mmol, 500 equiv to Au) in 0.704 mL 2-methyl-2-butene was sparged for approximately
2 minutes with pure oxygen in a sealed 2-dram vial. The cuvette was opened under a constant
stream of oxygen, and this solution was added via pipette. The cuvette was sealed, the sidearm was
fitted with an oxygen balloon, and the valve was opened slightly to maintain 1 atm of oxygen
pressure over the course of the experiment. The cuvette was placed in the spectrophotometer and
a UV/Vis spectrum was collected every 5 min for a period of 1.5 hr. Spectra were exported to
Excel and evaluated therein.
B.7 Synthesis of Auzs(PET)1s

Auzs was synthesized by a modified Brust-Schiffrin method. Briefly: A solution of
tetraoctylammonium bromide (TOAB, 155 mg, 0.282 mmol, 1.12 equiv) in THF (7 mL) was
prepared with stirring in a 50 mL round bottom flask open to the ambient atmosphere. To this
HAuCls3H20 (100 mg, 0.254 mmol, 1.00 equiv) was added, and the reaction was stirred until
homogeneous. Upon complete dissolution of the gold salt, phenylethane thiol was added (232 L,

1.341 mmol, 5.28 equiv) and the reaction was allowed to stir at room temperature under ambient
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atmosphere until clear (typically 3-4 hours). When the solution was clear,/NN8BI mg, 2.56
mmol, 10.1 equiv) was dissolved in nanopure water (2.5 mL) and chilled to 0 °C by freezing in
liquid nitrogen then allowing to thaw. This was added all in one portion to the clear Au solution.
Upon addition the solution turned from clear to nearly black. This was allowed to stir at room
temperature, loosely covered with a cap to prevent evaporation of the solvent, for 48 hrs. After this
time, the reaction was transferred to a separatory funnel and the layers were separated. The organic
phase was evaporated to near dryness and the concentrate was dissolved in a minimal amount of
CHCl>. This was divided into 5 mL portions in 50 mL conical centrifuge vials, and each was filled
with MeOH then spun at 4000 rpm for 10 min at 4 °C. The supernatant was discarded, the vial was
refilled with MeOH, sonicated until suspended, then placed in the centrifuge again. This step was
repeated twice, and the pellets were allowed to dry. Pellets were then dissolved in mini@ial CH
and purified by flash chromatography (gradient 20%-50%GTHn Hexanes). Product UV/VIS
spectrum comports with literature for Aun the neutral charge state.
B.8 Attempted synthesis of Auzs(PET)isunder inert atmosphere

As previously reported by Murréyattempting the Brust synthesis of Awnder inert
conditions does not deliver the desired product. The inert atmosphere procedure is as follows. To
a 50 mL round bottom flask equipped with a magnetic stir bar, tetraoctylammonium bromide
(TOAB, 155 mg, 0.282 mmol, 1.12 equiv) and THF (7 mL) were added and stirred until a
homogeneous solution formed. HAUGH-0 (100 mg, 0.254 mmol, 1.00 equiv) was then added,
and allowed to stir until the dark orange solution was homogeneous. The flask was then fitted with
a septum and the solution was degassed by freeze/pump/thaw (3 cycles) then back-filled with
argon. In a separate 2-dram vial, phenylethane thiol (PET, 232 pL, 1.341 mmol, 5.28 equiv) was
dissolved in 1 mL of THF and also degassed by 3 cycles of freeze/pump/thaw, then back-filled

with argon. The PET solution was transferred by a purged needle to the Au solution and this was
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allowed to stir until clear (typically 3-4 hours). A 2-dram vial containing solid Na@®#6.9 mg,

2.56 mmol, 10.1 equiv) was placed under vacuum for several minutes then back-filled with argon.
Separately, a 50 mL round bottom flask containing ~25 mL of nanopure water was fitted with a
septum and a vent needle, and then sparged with argon for approximately 1 hr and left under an
argon atmosphere. When the Au solution was clear, 2.5 mL of the sparged nanopure water was
added via syringe to the 2-dram vial containing solid Ne&tdl the vial was chilled to 0 °C by
freezing in liquid nitrogen then thawing. This solution was then added to the Au solution via
syringe and the reaction was allowed to stir 48 hrs under an inert atmosphere at ambient
temperature. After 48 hrs stirring the reaction was worked-up as described above, but not purified
by flash chromatograph. UV/VIS of the crude product does not show characteristic peaks,for Au

as expected.

B.9 UV/VisData—5nm PC-AuNP

PC-coated 5 nm AuNP, Oxygen Atmosphere, 1000x Hexane thiol, in PhMe - 1

FigureB.1. Etching of 5 nm AuNP in Toluene Run 1
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PC-coated 5 nm AuNP, Oxygen At here, 1000x H thiol, in PhMe- 2
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Figure B.2. Etching of 5 nm AuNP in Toluene Run 2

PC-coated 5 nm AuNP, Oxygen At here, 1000x H thiol,inPhMe- 3
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Figure B.3. Etching of 5 nm AuNP in Toluene Run 3
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PC Coated - 5 nm AuNP - Etch 1000x HSn-Hex - DCM solv, Oxygen atm - 1
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Figure B.4. Etching of 5 nm AuNP in DCM, £atm, Run 1

PC Coated - 5 nm AuNP - Etch 1000x HSn-Hex - DCM solv, Oxygen atm - 2
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Figure B.5. Etching of 5 nm AuNP in DCM, £atm, Run 2
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PC Coated - 5 nm AuNP - Etch 1000x HSn-Hex - DCM solv, Oxygen atm - 3
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Figure B.6. Etching of 5 nm AuNP in DCM, £atm, Run 3

PC Coated - 5 nm AuNP - Etch 1000x HSn-Hex - DCM/2-Me-2-Bu, Oxygenatm- 1
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Figure B.7. Etching of 5 nm AuNP in DCM/2-methyl-2-butene; &m, Run 1
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PC Coated - 5 nm AuNP - Etch 1000x HSn-Hex - DCM/2-Me-2-Bu, Oxygen atm- 2
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Figure B.8. Etching of 5 nm AuNP in DCM/2-methyl-2-butene; &m, Run 2

PC Coated - 5 nm AuNP - Etch 1000x HSn-Hex - DCM/2-Me-2-Bu, Oxygen atm- 3
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Figure B.9. Etching of 5 nm AuNP in DCM/2-methyl-2-butene; &m, Run 3
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TableB.1. Compiled 5 nm AuNP Etching Data

time (min) time (s) DCM Ox Avg DCM Ox StdErr DCM Ar Avg DCM Ar Stderr Ox 2Me-2Bu Avg Ox 2Me-2Bu StdErr Ox PhMe Avg Ox PhMe StErr

Table B.2. Absorbance Data 5 nm AuNP in DCM/(3), Oz atm

time
(min)
0
5
10
15
20
25
30
35
40
45
50
55
60
65
70
75
80
85
90

0

5
10
15
20
25
30
35
40
45
50
55
60
65
70
75
80
85
920

0
300
600
900

1200
1500
1800
2100
2400
2700
3000
3300
3600
3900
4200
4500
4800
5100
5400

time
(sec)
0
300
600
900
1200
1500
1800
2100
2400
2700
3000
3300
3600
3900
4200
4500
4800
5100
5400

1

0 1

0.969696419  0.009115544 0.950741488
0.917497341  0.015437524 0.942256766
0.868351819  0.022416621 0.935478749
0.818779987 0.02573818 0.929761849
0.77007368  0.029429529 0.922578549
0.72148828  0.032546483 0.925859898
0.676085821  0.034708726 0.924501836
0.630648751  0.035549075 0.928794085
0.586939256  0.035593827 0.923214388
0.541764958  0.036512811 0.923717972
0.501669403  0.035648281 0.92311181
0.464430662  0.033470543 0.921454679
0.430235456  0.031695091 0.921653482
0.400526023  0.029265282 0.922593889
0.375254445  0.026318401 0.918966847
0.351868845  0.022085194 0.924881908
0.332582914  0.019615102 0.913801698
0.315562587  0.016491375 0.910184688

0
0.019433154
0.017614019
0.016554808
0.016550222
0.014889951
0.018491059
0.016277015
0.020697084
0.021758337
0.025522439
0.026614196
0.030154689

0.02665579
0.025095368
0.0274998
0.023178259
0.0238933
0.023442385

Ox DCM Ox DCM Ox DCM
@526-1 @526-2 @526-3

1
0.986414
0.905084
0.847156
0.795275
0.743767
0.692819
0.642878
0.594468
0.553038

0.50642
0.466669
0.43136
0.399
0.370446
0.346932
0.327971
0.311287
0.296805

1

1

0.955039 0.967637
0.899222 0.948186
0.844736 0.913163
0.790872 0.870194
0.737628 0.828826
0.685213 0.786433
0.639897 0.745482
0.595735 0.701743

0.549679

0.6581

0.504097 0.614778
0.465377 0.572962

0.430562

0.53137

0.398083 0.493623
0.372083 0.459049
0.350992 0.427839
0.331647 0.395988
0.314698 0.371764
0.301446 0.348436
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1
0.931419391
0.899187592
0.867306167
0.842142578
0.818026744
0.801253666

0.77811246
0.762032503

0.74722265
0.734553049
0.724700189
0.710400736
0.701577766
0.686392467
0.667910679
0.657098055

0.65187734
0.644216242

0
0.016440007
0.017140564
0.019455608
0.021272944
0.020077154
0.023923334
0.026565411
0.029021817
0.031617182
0.032833508
0.034024267
0.036335878
0.040311889
0.040383786
0.045973533
0.048067827
0.050580386
0.053838211

1
0.999446543
1.014159616
1.013086116

1.00337886
0.983799238
0.977733874
0.974402256
0.976037114
0.965194244
0.964811106
0.960051909
0.968400588
0.968076639
0.957366087
0.950726383
0.947001988

0.95109057
0.935182761

0
0.002833184
0.005801966
0.005083276
0.008428211
0.020061856
0.024307164
0.025529255
0.025295863
0.026658177
0.027440995
0.029628431
0.023820366
0.026968599
0.022395933
0.026577279
0.023737312
0.024952159
0.028450727



Table B.3. Absorbance Data 5 nm AuNP in DCM/{g), Ar atm

time time Ar DCM Ar DCM Ar DCM

(min)  (sec) @®526-1 @526-2 @526-3
0 0 1 1 1
5 300 0.912457 0.964082 0.975685
10 600 0.908308 0.951083 0.967379
15 900 0.903036 0.945976 0.957425
20 1200 0.896988 0.942135 0.950163
25 1500 0.8928 0.937745 0.93719
30 1800 0.890629 0.933736 0.953215
35 2100 0.894002 0.929895 0.949608
40 2400 0.89125 0.93247 0.962663
45 2700 0.882759 0.929557 0.957327
50 3000 0.875703 0.932723 0.962728
55 3300 0.872562 0.933947 0.962826
60 3600 0.864343 0.933229 0.966792
65 3900 0.871903 0.929937 0.96312
70 4200 0.876905 0.927447 0.96343
75 4500 0.871787 0.918077 0.967037
80 4800 0.88303 0.928544 0.963071
85 5100 0.868685 0.92272 0.95
90 5400 0.865661 0.919723  0.94517

Table B.4. Absorbance Data 5 nm AuNP in Toluengtf}f, O, am

time time

. Ox PhMe @526-1 Ox PhMe @526-2 Ox PhMe @526 - 3
(min) (sec)
0 0 1 1 1
5 300 0.996458715 1.005110044 0.996770871
10 600 1.002626453 1.021034368 1.018818027
15 900 1.023047866 1.009863574 1.006346909
20 1200 1.019181963 0.99039787 1.000556746
25 1500 1.023903677 0.964823882 0.962670156
30 1800 1.02402172 0.941721728 0.967458174
35 2100 1.025408723 0.946903076 0.95089497
40 2400 1.025526766 0.942197081 0.960387495
45 2700 1.018473706 0.940271902 0.936837124
50 3000 1.019683645 0.936492846 0.938256827
55 3300 1.018473706 0.922256025 0.939425994
60 3600 1.014696335 0.935518372 0.954987056
65 3900 1.009059789 0.917217284 0.977952844
70 4200 0.998022782 0.920758663 0.953316817
75 4500 1.001977218 0.912891572 0.937310358
80 4800 0.992681343 0.912962875 0.935361746
85 5100 1 0.918049151 0.935222559
90 5400 0.984565897 0.886010363 0.934972023
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Table B.5. Absorbance Data 5 nm AuNP in DCM/2-methyl-2-buténi), O, atm

time time Ox DCM/2Me2Bu Ox DCM/2Me2Bu Ox DCM/2Me2Bu

(min) (sec) @526-1 @526 -2 @526 -3
0 0 1 1 1
5 300 0.95899953 0.933131691 0.902126952

10 600 0.921408418 0.910684103 0.865470256
15 900 0.890694804 0.882543071 0.828680625
20 1200 0.864948272 0.861845032 0.79963443
25 1500 0.831677639 0.843904753 0.77849784
30 1800 0.817246649 0.832310293 0.754204055
35 2100 0.789795439 0.81715743 0.727384513
40 2400 0.774688455 0.804762328 0.706646726
45 2700 0.759375735 0.794887762 0.687404453
50 3000 0.741711733 0.787504077 0.674443337
55 3300 0.735039972 0.777777778 0.661282818
60 3600 0.718022572 0.769178306 0.644001329
65 3900 0.710351517 0.766598464 0.627783317
70 4200 0.682430049 0.758236219 0.618511133
75 4500 0.642634611 0.757109391 0.603988036
80 4800 0.620003527 0.752453815 0.598836823
85 5100 0.62182577 0.750556 0.583250249
90 5400 0.600723019 0.751267681 0.580658026

B.10 UV/Vis Data— Auzs
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Figure B.10. Chapter 3, Table 3.1, Control, UV/Vis
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Figure B.11. Chapter 3, Table 3.1, Ambient + BHT, UV/Vis
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Figure B.12. Chapter 3, Table 3.1, Argon+AIBN, UV/Vis
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Figure B.13. Chapter 3, Table 3.1, Argon Control, UV/Vis
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B.11 NMR Spectra
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FigureB.16. '*H NMR Spectrum, Au-thiolate polymer made under ambient atmosphere

13C NMR (101 MHz, CHLOROFORM-d) & ppm 75.86 - 77.84 (m, 38 C)
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Figure B.17. 13C NMR Spectrum, Au-thiolate polymer made under ambient atmosphere
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Figure B.18. *H NMR Spectrum, Au-thiolate generated under inert atmosphere
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Figure B.19. 13C NMR Spectrum, Au-thiolate generated under inert atmosphere
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B.12 Proposed AlBN-initiated etching mechanism
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Figure B.20. Proposed AIBN-initated etching mechanism
B.13 ESR Method & Spectrum

ESR Reaction Procedure

The Aws(PET)s synthesis was undertaken as described above on a 100 mg scale. After
addition of the aqueous sodium borohydride solution, the reaction was allowed to reduce for 3.5
hrs at which point an aliquot (25% of the organic reaction volume, 1.75 mL) was removed. To this
aliquot 0.148 mL of DMPO were added, and the mixture was stirred for 15 minutes at room
temperature to allow radical trapping to occur. MeOH was then added to a total volume of 15 mL

and in soluble Au-thiol oligomers were removed via centrifugation. The supernatant was
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concentrated under vacuum and the residue dissolved in 0.800 mL :CLCHCH2CH-CI. Upon

solvent addition, more oligomer precipitated, and the sample was filtered into an NMR tube.
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FigureB.21. EPR spectrum of DMPO adduct recorded at 108 K in 1:4CQBHCICH.CH.CI. A
full field scan was performed which did not indicate any other responses.
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APPENDIX C: SUPPLEMENTARY TO CHAPTER 4

C.1 General Procedures

UV/Vis spectra were collected on an HP 8452A Diode Array Spectrophotometer in the case of
colloidal nanoparticle etching and on a ThermoFisher NanoDrop spectrophotometer in all other
cases, except where otherwise noted. Data were analyzed using Microsoft Excel, with calibration
curves constructed using the built-in linear regression function. Spectra were constructed from the
raw data in either OriginLab for the main text or Excel for the Supplementary Information.
Polyacrylamide Gel Electropheresis was performed on 20% Acrylamide (19:1
acrylamide:bisacrylamide) gel at 125V for 3 hrs in TBE (1X) buffer except where otherwise noted.
Water was degassed by placing in a sealed vessel and sparging for 24-48 hours with Ar.
Anyhydrous, degassed methanol was purchased packed under nitrogen in a SureSeal from Sigma-
Aldrich. Air-free experiments were performed using standard Schlenk techniques. All materials
were purchased from commercial suppliers and used without further purification. 5 nm AuNPs
from Ted Pella were used in the etching experiments (Product number: 82150-5).
C.2 Synthesis of Auioz(p-MBA)aa

HAuCls- 3HO (100 mg, 0.254 mmol, 1.00 equiv) was dissolved in 27.5 mL nanopure water in
a 250 mL round-bottom flask equipped with a magnetic stir bar. To this a solutjosraf
mercaptobenzoic acigp{MBA, 119.8 mg, 0.762 mmol, 3.00 equiv) and NaOH (116.6 mg, 2.92
mmol, 11.48 equiv) in 9 mL nanopure water was added at room temperature, followed immediately
by 37.5 mL of methanol. The reaction was allowed to stir at room temperature for 1 hr, over the
course of which the solution turned from dark orange to light yellow/orange. After 1 hr, powdered
NaBH: (10.4 mg, 0.275 mmol, 1.08 equiv) were added as a solid. Upon addition reaction turned

black, accompanied by substantial outgassing. Reaction was stirred overnight after addition of
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sodium borohydride (c.a. 12-18 hrs), then poured into a 500 mL Erlenmeyer flask. Reaction was
then diluted to ~400 mL total volume by addition of MeOH, followed by addition of ~25 mL 5 M
agueous NEDACc. This reaction mixture was split equally into to 50 mL conical centrifuge tubes,
with each tube diluted to a total volume of 50 mL using MeOH. Resulting solids were isolated by
centrifugation (4000 rpm, 10 minutes, 4 °C) and the supernatant was discarded. The precipitate
was then redissolved in a minimal amount of 2 M aqueousgO®¥d and combined into two 50

mL conical centrifuge tubs. Each tube was diluted to 50 mL total solvent volume with MeOH and
resulting solids were again isolated by centrifugation. Product was then dissolved in minimal 1:1
water:glycerol and purified by PAGE under conditions described above. Isolated bands were
crushed & soaked from the gel, filtered, then lyophilized to yieldhAp-MBA) 44. Yield based on

Au atoms typically < 30%3

C.3 Synthesis of Auzs(Capt)is

Procedure largely adapted from the literature, but is described briefl§ here.

HAuCI4- 3H0 (78.7 mg, 0.25 mmol, 1.00 equiv) was dissolved in 10 mL MeOH along with
tetraoctylammonium bromide (TOAB, 126.8 mg, 0.23 mmol, 0.92 equiv) in a 250 mL round
bottom flask under ambient atmosphere. The resulting red solution was allowed to stir for 20 min
atroom temperature to ensure complete dissolution of the starting material. A solution of captopril
(217.2 mg, 1.00 mmol, 4.00 equiv) in 5 mL MeOH was added in one portion, resulting in a white
precipitate almost immediately upon addition. This suspension was stirred a further 30 minutes at
room temperature. After this time, a solution of NaBF5.6 mg, 2.00 mmol, 8 equiv) in 5 mL
cold, nanopure water was added in one portion. The reaction turned black immediately upon
addition of sodium borohydride, and this black reaction mixture was allowed to stir at room
temperature overnight (typically 8-12 hours). The crude reaction mixture was then centrifuged

(4000 rpm, 10 minutes, 4 °C) and the supernatant was isolated. Supernatant was then concentrated
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to approximately half of its volume, placed in a 50 mL conical centrifuge tube, and diluted to 50
mL total volume with EtOH. Resulting precipitate was again collected by centrifugation, then
washed with several portions of EtOH. Resulting product spectra comported with the literature
optical spectrd.Spectra shown below. Yield typically 40% based on Au atoms.
C.4 Synthesis of Auzs(SG)1s

HAuCI4- 3HO (100 mg, 0.254 mmol, 1 equiv) were added to a 250 mL round bottom flask
under ambient atmosphere and dissolved in 50 mL MeOH with stirring. After complete dissolution
of Au salt, the vessel was cooled in an ice bath and glutathione (GSH, 312.24 mg, 1.016 mmol, 4
equiv) was added as a solid. The solution immediately turned from deep red to light yellow and a
white suspension resulted. This suspension was allowed to stir at 0 °C for approximately 30
minutes until it was colorless and homogeneous. NaBK.6 mg, 2.50 mmol, 9.84 equiv)
dissolved in 12.5 mL ice cold nanopure water was added all in one portion, causing the reaction
mixture to immediately turn black and vigorously outgas. Reaction was allowed to stir a further
hour at 0 °C, then diluted to a total reaction volume of 100 mL using methanol. Reaction was then
split into two 50 mL conical centrifuge tubes and the precipitate was isolated by centrifugation
(4000 rpm, 10 minutes, 4 °C). Resulting black solid was dried under vacuum and purified by PAGE
using 22% acrylamide gel (19:1 acrylamide/bisacrylamide) in TBE buffer at 125 V. Isolated
orange band was crushed and soaked out of the gel, filtered, then lyophilized Aoig{&&5 s
as an orange solid.
C.5 Airfree Attempts at Synthesis of Auio2(p-MBA)a4

HAuCI4- 3HO (100 mg, 0.254 mmol, 1 equiv) was placed in a 250 mL round bottom flask
equipped with a magnetic stir bar. Vessel was sealed with a septum and evacuated for at least 10
minutes. Flask was then backfilled with Ar and 27.5 mL of degassed, nanopure water were added

by syringe. In a separate 50 mL round bottom flask, NaOH (116.6 mg, 2.92 mmol, 11.48 equiv)
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andp-MBA (119.8 mg, 0.762 mmol, 3.00 equiv) were placed under Ar atmosphere similarly. To
the solid NaOH &p-MBA 9 mL of degassed, nanopure water were added by syringe. The flask
was shaken until all solids were in solution, and the resulting p&8BA solution was transferred

to the aqueous Au solution. After addition@MBA, 37.5 mL of degassed, anhydrous MeOH
were added by syringe. The resulting solution was allowed to stir at ambient temperature for
approximately 1 hr. NaBH10.6 mg, 0.279 mmol, 1.10 equiv) was added as a powder while the
vessel was maintained under a constant stream of argon. After addition of sodium borohydride
reaction was allowed to stir at room temperature overnight (12-18 hrs). The airfree synthesis
resulted in large colloids after the workup described in the standard synthesis.

C.6 General Procedurefor Radical Initiated Synthesis of Auioz(p-MBA )44

Except where otherwise noted, the procedure for air-fregx8ynthesis was followed. Radical
initiators were added contemporaneously with sodium borohydride as solids. Gel images of the
resulting products can be found below in the PAGE section of the ESI. Where noted, in order to
achieve clearer gel images, crude products were fractionally precipitated according taarproce
first reported by Kornberg, briefly described belbw.

Fractional precipitation: Pellets from the work-up described above in the standaxd Au
synthesis were fractionally precipitated prior to evaluation by PAGE. The pellets were dissolved
into a total volume of 18.8 mL nanopure water, followed by addition of 1.2 mL 5 M aqueous
NH4OH to give a total overall concentration of 0.12 M JTHH. This 50 mL volume was then
centrifuged to give a pellet (0) and the resulting supernatant was split into to 25 mL portions.
Sufficient MeOH was added to a total volume of 50 mL and sufficient 5 M agueau@HNWas
added to give ~ 0.12 M solutions in BBH. These fractions were again centrifuged to yield pellets
(1) and this second splitting & dilution step was repeated until the supernatant was colorless. Each

resulting pellet was then dissolved in 1:1 glycerol:water and evaluated on PAGE.
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C.7 Radical Initiators Used for Auioz(p-MBA)as Synthesis
4-hydroxy-TEMPO: 0, 0.5, 1.0 and 4.0 equiv to Au
Azobiscyanovaleric acid (ABCVA): 0, 0.5, 1.0, and 4.0 equiv to Au
Sodum Persulfate (Na25208): 0, 0.5, 1.0, and 4.0 equiv to Au
Oxone: 0, 0.04, 0.40, 2.0, and 4.0 equiv to Au (calculated based on 1.6% oxygen content)
C.8Inert Atmosphere Polymer Formation

Inert Atmosphere- In a 250 mL round-bottom flask, roughly 200 mL of nanopure water was
degassed via freeze/pump/thaw (3 cycles) then back-filled to.drgarseparate 250 mL round-
bottom flask, the same volume of methanol was degassed via freeze/pump/thaw (3 cycles) and
back-filled to argon. In a third 250 mL round-bottom flask fitted with a septum and equipped with
a stir bar HAuGJ- 3H0 (0.209 g, 0.50 mmol) was placed under inert atmosphere by placing the
flask under vacuum for 10 min then back-filling with argon. To the flask containing HAKO
19.0 mL of the degassed nanopure water was added via syringe and the vessel was stirred at room
temperature. In a 100 mL round-bottom flagknmercaptobenzoic acid (0.292 g, 1.89 mmol) was
suspended in 18.43 mL of degassed nanopure water. To this suspension 10 M NaOH (0.57 mL,
5.70 mmol) was added and the flask was again freeze/pump/thawed (3 cycles) then back-filled to
inert atmosphere. An additional 51.5 mL of degassed nanopure water was added to the Au solution
via syringe, followed by addition of thp-MBA solution via syringe. This was followed
immediately after by addition of 75 mL degassed MeOH, also by syringe. The solution was
allowed to stir at room temperature for approximately 1 hr until the solution color changed from
dark to light orange before proceeding to the next step.
C.9 Oxygen Atmosphere Polymer For mation

In a 250 mL round-bottom flask, roughly 200 mL of nanopure water was oxygenated by

sparging for 30 minutes, this was then sealed with a septum and equipped with an oxygen-filled
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balloon to maintain the oxygen environment. In a separate 250 mL round-bottom flask, roughly
the same volume of methanol was oxygenated by sparging for 30 minutes, this was then sealed
with a septum and equipped with an oxygen balloon to maintain the atmosplaetierd 250 mL
round-bottom flask fitted with a septum and equipped with a stir bar HARKBD (0.209 g, 0.50
mmol) was placed under oxygen atmosphere by placing the flask under vacuum for 10 min then
back-filling with oxygen, then fitted with an oxygen balloon to maintain the atmosphere. To this
flask 19.0 mL of the oxygenated nanopure water were added by syringe. In a 100 mL round-bottom
flask, p-mercaptobenzoic acid (0.292 g, 1.89 mmol) was suspended in 18.43 mL of oxygenated
nanopure water. To this suspension 10 M NaOH (0.57 mL, 5.70 mmol) was added and the flask
was again freeze/pump/thawed (3 cycles) then back-filled to inert atmosphere. An additional 51.5
mL of oxygenated nanopure water was added to the Au solution via syringe, followed by addition
of the p-MBA solution via syringe. This was followed immediately after by addition of 75 mL
oxygenated MeOH, also by syringe. The solution was allowed to stir at room temperature for
approximately 1 hr until the solution color changed from dark to light orange before proceeding to
the next step.
C.10 Ambient Atmosphere Polymer For mation

To form the polymer under ambient atmosphere the standard synthesis described above was
followed.
C.11 Crossover Experiments

After 1 hr stirring at room temperature each of the polymers resulting from syntheses described
above were divided into four portions of equal volume. One portion was concentrated to solid by
lyophylization. The remaining portions were carried on to the borohydride reduction as described

below.
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Ar polymer— Ar reduction: To the portion of the polymer synthesized under Ar which was left
in the inert-atmosphere round-bottom flagkilverized solid NaBK(5.2 mg, 0.14 mmol, 1.1
equiv.) was added all at once as a constant stream of argon ran into the flask. The reaction turned
a very dark brown or black immediately, and was allowed to stir at room temperature overnight
under inert atmosphere. After stirring over night the reaction was worked-up as described in the
Auioz synthesis above.

Ar polymer— Oz reduction: A portion of the Ar-synthesized polymer was removed from the
250 mL round-bottom flask via syringe (this amounted to 25% of the total reaction volume) and
placed in 100 mL round-bottom flask which had been purged to an oxygen atmosphere by
evacuating under vacuum and back-filling with oxygen, then equipped with a stir bar. The reaction
was allowed to stir under oxygen atmosphere for 15 minutes prior to addition of reductant. To this
portion of the reaction, pulverized solid NaB#H.2 mg, 0.14 mmol, 1.1 equiv.) was added all at
once as a constant stream of oxygen ran into the flask. The vessel was then sealed, fitted with an
oxygen balloon, and allowed to stir overnight under an oxygen atmosphere. After overnight
stirring, the reaction was worked up as described above. It should be noted that the reaction turned
black upon addition of reductant.

Ar polymer— ambient reduction: A portion of the Ar-synthesized polymer was removed from
the 250 mL round-bottom flask and placed in a 125 mL erlenmeyer that was open to the ambient
atmosphere. This was allowed to stir for 15 minutes under ambient atmosphere prior to addition
of reductant. To this pulverized solid NaB{3.2 mg, 0.14 mmol, 1.1 equiv.) was added all at
once. The reaction turned black upon borohydride addition, and was allowed to stir open to the

ambient atmosphere overnight, then worked-up as described above.
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Oz polymer - Q reduction:To the portion of the polymer synthesized undgnBich was left
in the inert-atmosphere round-bottom flagkilverized solid NaBK(5.2 mg, 0.14 mmol, 1.1
equiv.) was added all at once as a constant stream of oxygen ran into the flask. Tdretreaetl
a very dark brown or black immediately, and was allowed to stir at room temperature overnight
under an oxygen atmosphere. After stirring over-night the reaction was worked-up as di@scribe
the Auo2 synthesis above.

O polymer— Ar reduction: A portion of the &synthesized polymer was removed from the
250 mL round-bottom flask via syringe (this amounted to 25% of the total reaction volume) and
placed in 100 mL round-bottom flask which had been purged to an argon atmosphere by
evacuating under vacuum and back-filling with argon, then equipped with a stir bar. The reaction
was then sparged for 10 minutes to remove oxygen from solution. To this portion of the reaction,
pulverized solid NaBkl(5.2 mg, 0.14 mmol, 1.1 equiv.) was added all at once as a constant stream
of argon ran into the flask. The vessel was then sealed, and allowed to stir over-night under an
inert atmosphere. After overnight stirring, the reaction was worked up as described above. It should
be noted that the reaction turned black upon addition of reductant.

Oz polymer— ambient reduction: A portion of thex@ynthesized polymer was removed from
the 250 mL round-bottom flask via syringe (this amounted to 25% of the total reaction volume)
and placed in 125 mL Erlenmeyer flask which was open to the ambient atmosphere and equipped
with a stir bar. This reaction was allowed to stir for 15 minutes prior to addition of the reductant.
To this portion of the reaction, pulverized solid Nasi2 mg, 0.14 mmol, 1.1 equiv.) was added
all at once and the reaction was allowed to stir overnight under an inert atmosphere. Aftehbvernig
stirring, the reaction was worked up as described above. It should be noted that the reaction turned

black upon addition of reductant.
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C.12 Airfree Synthesis of Auzs(Capt)is

Procedure broadly similar to the A(Capths synthesis as described above, modified as
follows. HAuUCL- 3H0 (78.7 mg, 0.25 mmol, 1.00 equiv) and TOAB (126.8 mg, 0.23 mmol, 0.92
equiv) were added to a 250 mL RBF equipped with a magnetic stir bar, sealed with a septum, and
evacuated using a hi-vacuum pump for at least 10 minutes. The flask was then back-filled with
Argon. To this flask, 50 mL anhydrous & degassed methanol (purchased from Sigma-Aldrich in a
SureSeal) was added via syringe. The resulting red solution was allowed to stir for 20 min at room
temperature to ensure complete dissolution of the starting material. Captopril (217.2 mg, 1.00
mmol, 4.00 equiv) was added to a separate 25 mL RBF and degassed similarly to the gold salt
above. 5 mL degassed MeOH was added in one portion via syringe and the suspension was
sonicated to dissolve the captopril. The resulting captopril solution was added to the solution of
gold via cannula. This resulted, almost immediately, in formation of a white precipitate. This
suspension was stirred for a further 30 minutes at room temperatures N&B83-ng, 2.00 mmol,
8 equiv) was added to another 25 mL RBF and degassed similarly. Borohydride was then dissolved
in 5 mL degassed water, chilled to 0 °C, and added to the gold-captopril suspension via syringe.
The reaction turned black immediately upon addition of sodium borohydride, and this black
reaction mixture was allowed to stir at room temperature overnight (typically 8-12 hours). The
crude reaction mixture was then centrifuged (4000 rpm, 10 minutes, 4 °C) and the supernatant was
isolated. Supernatant was then concentrated to approximately half of its volume, placed in a 50
mL conical centrifuge tube, and diluted to 50 mL total volume with EtOH. Resulting precipitate
was again collected by centrifugation, then washed with several portions of EtOH. Resulting

product spectra comported with the literature optical spectra.
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C.13 Airfree Synthesis of Auzs(SG)1s

HAuCIs- 3HO (100 mg, 0.254 mmol, 1 equiv) was added to a 250 mL round bottom flask
equipped with magnetic stir bar and the flask was evacuated, then back-filled to argon atmosphere.
25 mL anhydrous & degassed MeOH was added via syringe and the solution was stirred. In a
separate RBF glutathione (GSH, 312.24 mg, 1.016 mmol, 4 equiv) was placed under argon
atmosphere, then dissolved in 25 mL degassed MeOH. The gold solution was chilled to 0 °C in an
ice bath and the GSH solution was added via cannula. The solution immediately turned from deep
red to light yellow and a white suspension resulted. This suspension was allowed to stir at 0 °C for
approximately 30 minutes until it was colorless and homogeneous. N8&ld mg, 2.50 mmol,
9.84 equiv) was placed in a separate RBF, similarly placed under Ar atmosphere, and dissolved in
12.5 mL ice cold nanopure degassed water. The resulting Ne@ttion was added to the Au-
SG solution via syringe, causing the reaction mixture to immediately turn black and vigorously
outgas. Reaction was allowed to stir a further hour at 0 °C, then diluted to a total reaction volume
of 100 mL using methanol. Reaction was then split into two 50 mL conical centrifuge tubes and
the precipitate was isolated by centrifugation (4000 rpm, 10 minutes, 4 °C). Resulting black solid
was dried under vacuum and purified by PAGE using 22% acrylamide gel (19:1
acrylamide/bisacrylamide) in TBE buffer at 125 V. Isolated orange band was crushed and soaked
out of the gel, filtered, then lyophilized.
C.14 Radical Initiatorsfor Auzs(Capt)is Synthesis

In each case the procedure above for airfree synthesis was followed, with thieiméchtar
added as a solution in water contemporaneously with sodium borohydride. In those cases,
borohydride was dissolved in 2.5 mL degassed water, and the radical initiator was dissolved in 2.5

mL degassed water to maintain a constant reaction volume.
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Table C.1. Radical Initiators in Aps(Capt)s Synthesis

entry initiator mmol amt equiv

1 4-hydroxy-TEMPO 0.2 345mg 1

2 ABCVA 0.2 56.1mg 1

3 Ammonium 0.2 456mg 1
Persulfate

4 Oxone (1.6% @ 0.773(Qy 1.54g 3.87(Q)

5 Sodium 0.2 314mg 1
Percarbonate

6 Sodium Persulfate 0.2 476mg 1

4-Hydroxy-TEMPO: Gave desired product
Azobiscyanovaleric acid (ABCVA): gave desired product
Ammonium Persulfate: gave featureless optical spectrum
Oxone: returned an orange solid that was largely insoluble
Sodium Percarbonate: gave plasmonic particles
Sodium Persulfate: gave featureless optical spectrum
C.15 Radical Initiatorsfor Auzs(SG)1s Synthesis

Similar to the radical initiation procedure for the captopril-ligated clusters, the radical initiator
was added at the same time as the borohydride. In each case the radical initiator was dissolved in
6.25 mL of degassed water after being placed under argon as described above. Sodiumdsrohyd
was dissolved in 6.25 mL degassed water as described above, and the two solutions were added
simultaneously to the gold-glutathione polymer by syringe.

Table C.2. Radical Initiators used for As(SG)s Synthesis

entry initiator mmol amt equiv

1 4-Hydroxy-TEMPO 0.2 345mg 1

2 ABCVA 0.2 56.1mg 1

g Owone 615mg 1
monopersulfate

4 Oxone TBA salt 500 mg
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4-Hydroxy-TEMPO: Gave At(SGs
ABCVA: Gave Aus(SGhs
Oxone monopersulfate: AfSGhs
Oxone TBA: Did not give desired product
C.16 Etching of 5 nm Aqueous AUNP in O2 Atmosphere

A suspension of 5 nm colloidal gold in water (1 mL, 0.05 mg Au / mL) was placed in an air
free cuvette. This solution was sparged for 10 s with pure oxygen, and the cuvette was sealed.
Separately a solution of thioglycolic acid (17.4 uL, 0.253 mmol, 1000 equiv to Au) in 1 mL of
nanopure water was made and sparged for 10 s with oxygen, the cuvette was opened under a
constant stream of oxygen, and the thioglycolic acid solution was added in one portion and the
cuvette was sealed. The cuvette sidearm was fitted with an oxygen balloon and the valve was
opened slightly to maintain 1 atm oxygen pressure in the head space. The cuvette was placed in
the spectrophotometer and a UV/Vis spectrum was collected every 5 min for a period of 1.5 hr.
Spectra were exported to Excel and evaluated therein.
C.17 Etching of 5 nm Aqueous AUNP in Ar Atmosphere

A suspension of 5 nm colloidal gold in water (1 mL, 0.05 mg Au / mL) was placed in a 2-dram
vial and deoxygenated by sparging with argon for 5 minutes. Separately, a solution of thioglycolic
acid (17.4 pL, 0.253 mmol, 1000 equiv to Au) in 1 mL of nanopure water was freeze/pump/thawed
(3 x) then backfilled to Ar. An airfree cuvette was purged with Ar for 10 minutes, and with a
constant stream of argon the Au suspension was transferred, followed by addition of the
thioglycolic acid solution. The cuvette was placed in the spectrophotometer and a UV/Vis
spectrum was collected every 5 min for a period of 1 hr. Spectra were exported to Excel and

evaluated therein.

196



C.18 MALDI Spectra
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Figure C.1. Auio2 Synthesis Inert atmosphere with 4-Hydroxy-TEMPO as initiator MALDI
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Figure C.2. AuioAp-MBA) 24MALDI Spectrum
C.19 UV/Vis Spectra— Colloidal AUNP

UV/Vis spectra were collected on an HP 8452A Diode Array Spectrophotometer in the case of
colloidal nanoparticle etching and on a ThermoFisher NanoDrop spectrophotometer in all other

cases. Data were analyzed using Microsoft Excel, with calibration curves constructed using the
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built-in linear regression function. Etching of colloidal particles under oxygen atmosphere gave
large error across the entire experiment upon first go, and as such was rerun with the data being
collected on an Ocean Optics USB4000 Vis/NIR spectrophotometer using an Ocean Optics DT-
MINI-2-GS light source. Those spectra were collected using a 40 ms integration time, @veragin

30 scans per spectrum, taken automatically every 5 minutes using OceanView software.

Oxygen Etching - 5 nm Au
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Figure C.3. Etching of Aqueous AuNP under@mosphere run 1 used in Chapter 4 Figure 4.1

Oxygen Etching - 5 nm Au
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Figure C.4. Etching of Aqueous AuNP under@mosphere run 2 used in Chapter 4 Figure 4.1
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Oxygen Etching - 5 nm Au
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Figure C.5. Etching of Aqueous AuNP under@tmosphere run 3 used in Chapter 3 Figure 4.1
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Oxygen Etching - 5 nm Au
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Figure C.7. Etching of Aqueous AuNP under@tmosphere, not used in Chapter 4 Figure 4.1
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Figure C.8. Etching of Aqueous AuNP under @tmosphere, not used in Chapter 4 Figure 4.1
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Argon Etching - 5 nm Au - Run 1 UV/Vis
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Figure C.9. Etching of Aqueous AuNP under Ar atmosphere, run 1 Chapter 4 Figure 4.1

Argon Etching - 5 nm Au - Run 2 UV/Vis
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Figure C.10. Etching of Aqueous AuNP under Ar atmosphere, run 2 Chapter 4 Figure 4.1
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Argon Etching - 5 nm Au - Run 3 UV/Vis
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Figure C.11. Etching of Aqueous AuNP under Ar atmosphere, run 3 Chapter 4 Figure 4.1

Ambient Etching - 5 nm AuNP - Run 1

Figure C.12. Etching of Aqueous AuNP under ambient atmosphere, run 1 Chapter 4 Figure 4.1
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Ambient Etching - 5 nm AuNP - Run 2

Figure C.13. Etching of Aqueous AuNP under ambient atmosphere, run 2 Chapter 4 Figure 4.1

Ambient Etching - 5 nm AuNP - Run 3
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Figure C.14. Etching of Aqueous AuNP under ambient atmosphere, run 3 Chapter 4 Figure 4.1
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C.20 Calibration Curvesfor Aqueous5nm AuNP

absorbance as function of concentration, 5 nm commercial Au particles
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Figure C.15. 5 nm AuNP Calibration, HP 8452A Diode Array Spectrophotometer
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Figure C.16. 5 nm AuNP Calibration, Ocean Optics USB4000
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C.21 Tablesof Etching Data for 5 nm AuNPs
Table C.3. 518 nm Absorbance (Ambient & Argon atm)

time (min) Ar-r2 Ar-r3 Amb-rl Amb-r2 Amb - r

0 0.4102 0.4316 0.32243 0.26954 0.29
5 0.4026 0.4165 0.30107 0.2519 0.27
10 0.4009 0.4149 0.29493 0.2481 0.27.
15 0.400Z 0.4131 0.29331 0.24499 0.2
20 0.398Z2 0.4111 0.29275 0.24397 0.26:
25 0.3995 0.4087 0.29113 0.24342 0.26
30 0.3956 0.4068 0.28977 0.24272 0.26
35 0.3935 0.4073 0.28947 0.24124 0.26
40 0.3954 0.4044 0.28898 0.24114 0.26.
45 0.3955 0.4066 0.28887 0.24066 0.26.
50 0.3981 0.4054 0.28846 0.23856 0.26:
55 0.3974 0.4056 0.28759 0.23992 0.26.
60 0.396¢ 0.4039 0.28836 0.23944 0.26.
65 0.3964 0.4039 0.28729 0.23912 0.26.
70 0.3955 0.4054 0.28738 0.23881 0.26
75 0.39¢ 0.4032 0.28738 0.23812 0.26:
80 0.3971 0.4007 0.2873 0.23851 0.26:
85 0.39686 0.3996 0.28776 0.23803 0.26!
90 0.3942 0.3987 0.28727 0.23863 0.26
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Table C.4. 518 nm Absorbance (Initial Oxygen Atm not used in Main Text Fig 1)
time (min) O2-r1 O2-r2 O2-1r3

0 0.4006 0.479 0.42C
5 0.3907 0.4471 0.41¢
10 0.3845 0.4534 0.42
15 0.36 0.4369 0.40¢
20 0.3776 0.4251 0.40¢
25 0.373 0.415 0.4cC
30 0.3695 0.4056 0.39¢
35 0.3674 0.3958 0.39¢
40 0.3647 0.3861 0.39¢
45 0.3604 0.3753  0.3¢
50 0.3608 0.3611 0.39¢
55 0.3574 0.3564 0.39:
60 0.3548 0.3563 0.39(
65 0.3501 0.3524 0.39:
70 0.3472 0.3489 0.38
75 0.3426 0.3435 0.38t
80 0.3384 0.3427 0.38°
85 0.3363 0.3436 0.38°
90 0.3322 0.3453 0.38¢

Table C.5. 24 hr Etching Experiments (Ar &£D

02 Ar
Run1l-1t0 0.3181 0.42¢
Runl-t24 hr 0.1343 0.3
Run 2 -1t0 0.3149 0.44¢
Run 2 -t24 hr 0.1815 0.40!
Run 3 - 10 0.3161 0.38:
Run3-t24 hr 0.2149 0.33!

C.22 Etching of 5 nm AuNP using Ocean Optics USB4000

As mentioned above, these experiments were re-run owing to the large error in the first set of
oxygen etching experiments. However, owing to the HP 8452A having broken beyond repair
between the initial experiments and the manuscript submission, we used a recently purchased
Ocean Optics USB 4000 spectrophotometer. OceanView software, provided with the instrument,

was used to build (via an included wizard) a simple absorbance experiment. Spectra were collected
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every 5 minutes for 90 minutes, then again at 24 hrs (1440 min) for each run. The instrument was
set at an integration time of 40 ms and 30 scans were averaged per spectrum. Concentrations were
again determined using an external calibration curve, shown above. As can be seen from the
spectra, some change in the plasmon peak is evident. In order to account for this, we used the
difference between the initial maximum at 518 nm and the 600 nm absorbance. This was done for
both the calibration and etching experiments. Raw data for these experiments is presented below.

Table C.6. Etching of 5 nm AuNP, USB4000, run 1

time 600.106 nm 518.418 nm DIFF

0 0.1574 0.3649 0.20:
5 0.1694 0.3604 0.1¢
10 0.1717 0.3597 0.1¢
15 0.174 0.3583 0.184
20 0.1747 0.355 0.18C
25 0.1757 0.3547 0.17
30 0.1753 0.3523 0.17
35 0.1758& 0.3558 0.1
40 0.1777 0.3513 0.17:
45 0.177 0.3519 0.174
50 0.1774 0.3503 0.172
55 0.1774 0.3507 0.17:
60 0.1771 0.35156 0.17¢
65 0.1781 0.3509 0.17Z
70 0.1772 0.3493 0.172
75 0.180z 0.3514 0.171
80 0.179& 0.3484 0.16¢
85 0.1786 0.3472 0.16¢
90 0.1794 0.343 0.16¢&

1440 0.2595 0.3023 0.04Z
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Table C.7. Etching of 5 nm AuNP, USB4000, run 2

time 518.418 nm 600.106 nm DIFF

0 0.3965 0.1856 0.21(
5 0.3846 0.1945 0.19(
10 0.3885 0.1974 0.191
15 0.3849 0.1994 0.18¢
20 0.388 0.1993 0.18¢
25 0.3833 0.1996 0.18¢
30 0.3845 0.2001 0.18¢
35 0.3852 0.2008 0.18¢
40 0.3821 0.1998 0.18-
45 0.3818& 0.2003 0.181
50 0.3805 0.1999 0.18C
55 0.3785 0.2009 0.177
60 0.3789 0.2018 0.177
65 0.3757 0.2019 0.17¢
70 0.3788& 0.2017 0.177
75 0.3772 0.20156 0.17¢
80 0.3662 0.1918 0.17¢
85 0.371 0.192 0.17
90 0.3664 0.1931 0.17¢
1440 0.3399 0.229 0.11C

Table C.8. Etching of 5 nm AuNP, USB4000, run 3

time 518.418 nm 600.106 rm DIFF

0 0.3472 0.1508 0.19¢
5 0.3381 0.1584 0.17¢
10 0.334 0.1592 0.174
15 0.3348& 0.1596 0.17¢
20 0.3336 0.1592 0.17¢
25 0.3325 0.1589 0.17:
30 0.3336 0.1615 0.17-
35 0.331 0.1594 0.171
40 0.3288& 0.1594 0.16¢
45 0.3317 0.1584 0.17:
50 0.3282 0.1593 0.16¢
55 0.3259 0.1585 0.167
60 0.3246 0.1589 0.16%
65 0.3262 0.159 0.167
70 0.3255 0.1603 0.16%
75 0.3281 0.159 0.16¢
80 0.3278& 0.1596 0.16¢
85 0.3265 0.1607 0.16%
90 0.3236 0.1582 0.16¢

1440 0.3022 0.1709 0.131
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C.23 Auzs(Capt)is UV/Vis Spectra
Normalized spectra have been adjusted such that absorbance at 400 nm =1
On each of Figure C.17C.30, the x-axis is wavelength in nanometers and the y-axis is absorbance

in absorbance units.
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Figure C.17. UV/Vis of Auzs(Capt)s synthesized under standard conditions
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Figure C.18. UV/Vis of Auzs(Captyssynthesis under Ar without radical initiator
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Airfree + 4-hydroxy-TEMPO (raw)
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Figure C.19. UV/Vis of Auzs(Capt)s synthesis, Ar atm using 4-hydroxy-TEMPO as initiator
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Figure C.20. UV/Vis of Auzs(Capt)s synthesis, Ar atm using ABCVA as initiator
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Airfree + Ammonium Persulfate (raw)
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Figure C.21. UV/Vis of Auzs(Capt)s synthesis, Ar atm using ammonium persulfate as initiator
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Figure C.22. UV/Vis of Auzs(Capt)s synthesis, Ar atm using sodium persulfate as initiator
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Air Free + Sodium Percarbonate (raw)
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Figure C.23. UV/Vis of Auzs(Capt)s synthesis, Ar atm using sodium percarbonate as initiator
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Figure C.24. Normalized UV/Vis of Aus(Capt)s synthesis under standard conditions
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Figure C.25. Normalized UV/Vis of Aus(Capt)s synthesis under Ar atm without radical
initiator
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Figure C.26. Normalized UV/Vis of Aus(Capt)s synthesis under Ar atm with 4-hydroxy-
TEMPO as initiator
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Normalized ABCVA
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Figure C.27. Normalized UV/Vis of Aus(Capt)s synthesis under Ar atm with ABCVA as
initiator
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Figure C.28. Normalized UV/Vis of Aus(Capt)s synthesis under Ar atm with ammonium
persulfate as initiator
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Figure C.29. Normalized UV/Vis of Aus(Capt)s synthesis under Ar atm with sodium
percarbonate as initiator
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Figure C.30. Normalized UV/Vis of Aus(Capt)s synthesis under Ar atm with sodium persulfate
as initiator

C.24 Auzs(SG)1s UV/Vis Spectra
In the case of normalized spectra, each has been adjusted such that absorbance at 400 nm is
equal to 1. On each figure in this section, the x-axis is wavelength in nanometers and the y-axis is

absorbance in absorbance units.
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Figure C.31. UV/Vis of Auzs(SG)s synthesis under Ar atm with 4-hydroxy-TEMPO as initiator
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Figure C.32. UV/Vis of Auzs(SG)s synthesis under Ar atm with ABCVA as initiator
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Figure C.33. UV/Vis of Auxs(SG)s synthesis under Ar atm with oxone monopersulfate as
initiator
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Figure C.34. Normalized UV/Vis of Aus(SG)s synthesis under Ar atm with 4-hydroxy-
TEMPO as initiator
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Figure C.35. Normalized UV/Vis of Aus(SG)s synthesis under Ar atm with ABCVA as
initiator
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Figure C.36. UV/Vis of Auxs(SG)s synthesis under Ar atm with oxone monopersulfate as
initiator

C.25 Construction of Chapter 4, Figure 4.3
Each of the gel images below were opened in ImageJ. Using the included ruler, a measurement
distance was defined in Image J, and this calibration was used to determine the travel distance of

the centroid of the band in each lane which was farthest from the baseline. This distance was then
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compared to the travel distance of tha#standard, which was measured in the same way. These
ratios were entered into OriginLab and then used to construct Figure 4.3.
C.26 Gel Imagesfor Chapter 4, Figure4.3

Each lane is the pellet that was isolated from a particular fractionation step. In the ABCVA,
first TEMPO-containing gel, and the Oxone gel each of the lanes is of a reaction mixture after
workup but without further purification. In the later sodium persulfate and TEMPO experiments
the products were purified by fractional precipitation owing to the difficulty of seeing the results

in the crude reaction mixture. Each lane’s sample is the pellet from the indicated precipitation step

(1, 2, etc) redispersed in 1:1: water/glycerol.

Figure C.37. Initiation of Auo2 Synthesis under Ar atm with ABCVA
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Figure C.38. Initiation of Auio2 synthesis under Ar atm with 4-hydroxy-TEMPO and sodium
persulfate

Figure C.39. Initiation of Auio2 Ssynthesis under Ar atm with 0.50 equiv sodium persulfate
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Figure C.40. Initiation of Auo2 synthesis under Ar atm with 1.00 equiv sodium persulfate

Figure C.41. Initiation of Auo2 synthesis under Ar atm with 1.00 equiv 4-hydroxy-TEMPO
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Figure C.42. Initiation of Auo2 synthesis under Ar atm with 0.50 equiv 4-hydroxy-TEMPO

Figure C.43. Initiation of Auo2 synthesis under Ar atm with Oxone
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Figure C.44. Initiation of Auo2 synthesis under Ar atm with Oxone, varying equiMBA to
Au

Figure C.45. Variation ofp-MBA equiv to Au under ambient atmosphere
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Figure C.46. Varying NaBH, equiv to Au under inert atmosphere using Oxone as radical
initiator

C.27 Gel Imagesfor Chapter 4, Figure 4.2

Polymer Formation| Ar | O, | Air | Ar | O, | Air | Ar | O, | Air | -
Reduction Ar | Ar | Ar | O, | O, | O, | Air | Air | Air | -
Lane Number 1123|4567 |8]|9]10

Figure C.47. Uncropped image for Chapter 4, Figure 4.2
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Figure C.48. Uncropped, unadjusted, raw gel image for Chapter 4, Figure 4.2

C.28 Preliminary Crossover Experiment
Procedure for this experiment is the same as above. The gel conditions, however, vary from
the standard reported. This gel was run using a 20% acrylamide gel in TBE buffer at a voltage of

110V for 2 hrs.

Figure C.49. Initial crossover experiment, not shown in Chapter 4
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