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Abstract: Intact molecular ions of the organothiolate-protected nanoparticle Auns(SCH>CH2Ph)+s, including
their isotopic resolution, can be observed at 7391 Da as 1— and 1+ ions in negative and positive mode,
respectively, by MALDI-TOF mass spectrometry when using a tactic of threshold laser pulse intensities
and trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene]malononitrilie (DCTB) as matrix. Previous
MALDI-TOF studies of Au nanoparticles using other matrices have encountered extensive fragmentation
of nanoparticle as well as thiolate ligands. Absence of fragmentation enables precise determination of the
distribution of mixed monolayer compositions on nanoparticles prepared by ligand exchange reactions and
by synthesis using thiol mixtures. Reaction conditions producing mixed monolayers containing only one or
a small number of usefully functional ligands can be readily identified. At increased laser pulse intensity,
the first fragmentation step(s) for the Au.s(SCH.CH2Ph)1g nanoparticle results in losses of AuL units and,

in particular, loss of Aus(SCH>CH2Ph)s.

Introduction

The synthetic and analytical chemistry, catalytic, electronic,
magnetic, and optical properties and reactivity of nanoparticles—
especially their size-dependent properties—have generated and
sustained substantial attention'? since the early 1990s. The
greatest interest has been in sizes near and below 5 nm.
Nanoparticles that exhibit good stability are accessible by
convenient synthetic pathways that offer manipulable flexibility
in composition and, for which analytical tools have provided
some defining compositional information, have been favored
targets in this period of progress. Notable among them, for
semiconductor and metal-based nanomaterials, respectively, are
CdSe nanoparticles, which are often overcoated with Zn sulfide
or (oxide) shells,” ™ and Au nanoparticles stabilized by attached
thiolate monolayers>*® (so-called monolayer-protected clusters,
MPCs).
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This report deals with the latter and, in particular, with a
molecule-like nanoparticle MPC having the formula Aus(SCH,-
CH,Ph);s, as established by electrospray ionization mass spec-
trometry (ESI-MS),? including isotopically resolved® results.
The present work demonstrates that MALDI-TOF mass spec-
trometry can exert for this MPC a level of compositional
definition and versatility similar to ESI-MS. By choice of a
MALDI matrix reputed to assist ionization through electron
transfer properties,* and by using a laser pulse intensity threshold
approach, we have been able to suppress the extensive ligand
and nanoparticle fragmentation typical in previous MALDI-
TOF**~* and laser desorption ionization (LDI)*~ observations,
so as to detect intact Auys(SCH,CH,Ph)g molecular ions.
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Achieving nonfragmenting (soft ionization) conditions makes
it possible to analyze mixtures of nanoparticles having the same
core atom count but with different mixed ligand shell composi-
tions, such as the result from ligand exchange® reactions like

XR'SH + Au,(SCH,CH,Ph),,—
Au,(SCH,CH,Ph),,_ (SR'), + xHSCH,CH,Ph (1)

Exchange reactions are expected (as are nanoparticle syn-
theses from mixtures of thiol ligands) to produce mixtures of
nanoparticles where x varies in (ideally) a Poisson fashion. The
distribution arises from the statistical nature of reactions that
(ideally) occur more or less independently at multiple potential
reaction sites. The actual statistical nature of such ligand
exchanges should of course respond in its details to variations
among the rate constants of reactions at different core sites,
effects of previous exchanges on nearby sites (such as by
changes in steric environments), and to equilibrium constants
of the exchange, among other factors. The Aus(SCH,CH,Ph);g
MPC consists of a Au;; core coated with six —SR—Au—SR—
Au—SR— semi-rings; there are two kinds of —SR ligand sites’
on the semi-rings. While a ligand exchange kinetics study'®
showed a slowing in exchange kinetics after a few ligands were
exchanged, this was a small effect (only ca. 20% in rate). To a
first approximation, the Aus(SCH,CH,Ph);s MPCs have ~18
equally exchangeable sites.

Numerous reasons exist for seeking nanoparticles having
mixed functionality in their ligand coating and for wanting to
know the relative quantities of mixed functionalities. Imbalanced
(average) exchanges® and non-unity exchange equilibrium
constants are known.'® Studies'' in which it is an important
issue whether (or not) a nanoparticle’s mixed monolayer
composition equals the feed ratio of thiol (or other ligand) from
which it was made would profit from the capacity to explicitly
examine this problem. Actual measurements of mixed mono-
layer compositions have relied on methods yielding only
average populations, such as FTIR''® and NMR.'? Future
exploitations of MPC properties that depend on knowing and
ultimately controlling the population of specific functionalities
on a nanoparticle, such as assembling geometrically targeted
nanoassemblies, will rely on more explicit population assess-
ments of functionalized linking sites. This paper shows the
potential of assessing the numbers of such sites with MALDI
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mass spectrometry of Auys(SCH,CH,Ph);3—(SR"), MPCs. Ob-
taining palpable quantities of MPCs within which x is invariant
and determining the spatial distribution of sites over the
nanoparticle core’s surface is a further challenging goal that
others'' have approached in interesting ways.

Transmission electron microscopy (TEM) determination of
nanoparticle physical size in the 1—2 nm diameter range is a
generally unsatisfying experiment because its uncertainties can
be larger than differences in diameters of nanoparticles having
slightly differing atom count numbers.'® This is particularly
acute for Au MPCs with diameters <1.6 nm, the interesting
regime in which molecule-like properties emerge.'> High-
resolution mass spectrometry and X-ray crystallography are
more powerful research tools, and bringing them to bear has
produced important recent progress for Au**'*!> and Pd
nanoparticles.'®

The early history of mass spectrometry of Au nanoparticles
was dominated by laser desorption and MALDI-TOF experi-
ments. Fackler et al.'” applied **>Cf plasma desorption mass
spectrometry to a variety of Au nanoparticles including samples
related to the case of Auss(PPh3);2Cle. Interest in very small
Au clusters based on more effective stabilizing organothiolate
ligand shells grew following synthetic work by Brust et al.'®
and Whetten et al.">* and was promoted by the introduction of
laser ionization desorption (LDI) mass spectrometry by Whetten
et al.' In subsequent work, Whetten,” Reilly,'® and Schaaff*
applied LDI and MALDI-TOF mass spectrometry to the
characterization of several MPCs, notably alkanethiolate and
glutathionate-protected Au nanoparticles. The mass spectra
showed extensive metal core and ligand fragmentation, espe-
cially in LDIL,> and were burdened by consequent uncertainties
in the determined masses of the parent nanoparticles. Nonethe-
less, identifying critical sizes at about 8, 14, 22, and 29 kDa>
provided crucial information to guide further synthesis and
associations of MPC properties with their dimensions. Whetten™
and subsequently Tsukuda et al.>' introduced electrospray
ionization mass spectrometry in studies of very small glu-
tathionate-protected Au clusters. None of these reports attained
isotopic resolution of nanoparticle masses. The first high-
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resolution electrospray results® became available for the specific
case of the stable nanoparticle Auys(SCH,CH,Ph);s. Here, we
expand high-resolution mass spectrometry of that nanoparticle
and its mixed monolayer variants to the MALDI-TOF experiment.

We also note that the Auos(SCH>CH,Ph);s MPC was earlier' >
mis-identified as having a composition Ausg(SCH,CH,Ph)4.
Published information on its electrochemistry,?*” ligand ex-
change kinetics,'® electron hopping dynamics,”** and NIR
luminescence®?? should be taken as referring to the Auos-
(SCH,CH,Ph);§ MPC described here.

Experimental Section

Chemicals. Sinapinic acid (SA), 4'-hydroxyazobenzene-2-car-
boxylic acid (HABA), “Universal Maldi Matrix”, UMM (1:1
mixture of dihydroxybenzoic acid and a-cyano-4-hydroxycinnamic
acid), trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene]-
malononitrile (DCTB), acetonitrile (Fisher, >99.9%), methylene
chloride (Fisher, 99.9%), methanol, hexanethiol (Fluka, >95%),
and phenylethanethiol (Aldrich, 98%) were used as received.
Methoxy pentaethylene glycol thiol (HS-PEGS5) and methoxy
ethylene glycol thiol (HS-PEG1) were synthesized as reported
previously.®?* Au,s(SCH,CH,Ph),g and ligand-exchanged nano-
particles were prepared as reported previously.?

Mass Spectrometry. MALDI-TOF mass spectrometry experi-
ments were performed using either an Applied Biosystems Voyager-
DE Pro or Bruker Ultraflex I laser desorption linear or Reflectron
time-of-flight mass spectrometer equipped with a nitrogen laser (337
nm). The accelerating voltage was held at 25 kV. Mass calibration
was performed using protein standards (see Supporting Information).

MALDI Sample Preparation. The 1—100 mM matrix and
analyte stock solutions were prepared as CH,Cl, solutions and were
mixed in microcentrifuge tubes at matrix/analyte ratios varying from
1:1 to 1000:1; 1-2 uL of this solution was applied to the sample
plate and air-dried.

Results and Discussion

Gold clusters containing 25 atoms (Auys) have been prepared
previously (albeit initially mis-labeled as Auys™ and as Ausg' ).
Numerous studies have characterized the properties of Auys
nanoparticles. Tsukuda®' identified the Aups atom count in
experiments where a variety of kinetically arrested nanoparticles,
stabilized by glutathionate ligands, were prepared and character-
ized by medium resolution ESI-MS. The Aups(glutathionate);g
nanoparticle was subsequently shown to exhibit strong stabili-
ty,>!** including resistance to etching by thiols>> which was
attributed to geometric factors, that is, the completion of a cage
structure around a core.>” Aups(glutathionate)s clusters have
also been prepared by ligand exchange of glutathione onto
phosphine-stabilized Auy; clusters;*® single-crystal X-ray struc-
tural analysis showed a biicosahedral structure for a [Aups-
(PPh3);0(SCyHa+1)sClo]*" product. ™

We will illustrate below that MALDI-TOF procedures that
avoid nanoparticle ligand or core fragmentation are possible but
under quite particular experimental conditions. MALDI-TOF
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Figure 1. (A) Positive MALDI-TOF-MS spectrum (Applied Biosystems
Voyager-DE Pro, in linear mode) of Au,s(SCH,CH,Ph);g with HABA
matrix (gray). (B) Positive MALDI-TOF-MS spectrum (Bruker Ultraflex
I in Reflectron mode) of Au,s(SCH,CH,Ph)g with DCTB matrix (red,
see inset). Inset shows the expansion of isotopic resolution of the
molecular ion peak. Blue spectrum is simulated, and red spectrum is
the experimental data, shifted by 2 mass units.

mass spectrometry of the Au,s(SCH,CH,Ph);s nanoparticle
using a DCTB matrix and high laser pulse power (similar to
previously published MALDI protocols™~) produces spectra
like that shown in Figure 1A. The broad peak centered at ~5
kDa corresponds to the Auys core (4924 Da) from which ligands
have been lost by S—C bond cleavage'® and from which
multiple and successive losses of Au and perhaps S atoms yield
a “fine” structure with ca. 200-220 Da peak spacing. No obvious
peak spacing feature identifiable as ligand loss (137 Da, the
SCH,CH,Ph mass) is evident. Deducing the true molecular ion
mass would require obviously difficult back-tracking on the trail
of successively heavier nanoparticle fragments.

Reilly showed'® that nanoparticle fragmentation in laser
desorption—ionization (LDI) is lessened at lowered laser intensi-
ties, but spectra of unfragmented nanoparticles remained elusive.
We find, on the other hand, that MALDI-TOF in the DCTB
matrix can at greatly reduced laser pulse power produce clean
spectra (Figure 1, bottom curve) with a dominant peak at ~7391
Da. That particular nanoparticle mass has been firmly established
by high-resolution electrospray mass spectrometry” as corre-
sponding to the molecular ion of the Aups(SCH,CH,Ph);s
nanoparticle. The ligands in Figure 1B remain intact on the
nanoparticle core at the lowered laser pulse intensity. The inset
of Figure 1 shows a high-resolution MALDI spectrum of this
region (taken in a reflectron mode), along with a simulated
spectrum. There is a good match between the experimental and
simulated isotopic distribution. There is also a 2 Da off-set
between the experimental and simulated spectra that is ascribed
to limitations in the spectrometer mass calibration, which was
not done concurrently and further relied upon different matrices
for spectra of the gold nanoparticle sample (DCTB) and the
standards (HCCA and sinapinic acid). See Supporting Informa-
tion for a description of the mass calibration procedure. We
nonetheless point to the previous ESI-MS results as having
established a known mass for the Au,s(SCH,CH,Ph);g nano-
particle, which could itself be regarded as an internal standard.

Note that Figure 1B shows a small fragment peak near 6 kDa
with a mass of ~6060 Da that we assign to Auy;(SCH2,CH,Ph)4.
This fragmentation is discussed later along with further details
of the effects of laser pulse intensity and choice of matrix.
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MALDI-TOF Analysis of Mixed Monolayers: Au,s(SCH,-
CH,Ph);5-,(L),. As discussed above, many applications of
nanoparticles may require their protecting or capping layers to
contain one or more discretely identified functionalities. Au
nanoparticles with mixed monolayers can be prepared by several
routes, notably by Brust reaction'® formation of the nanoparticle
in the presence of multiple protecting ligands® or by exchanges
of the ligands on already formed nanoparticles with different
ligands.?® Ligand exchange (place exchange) reactions are
versatile and have allowed preparation of w-functionalized gold
nanoparticles bearing electroactive, chromophore, ionophore,
amino acid, spin labels, and metal-ligand groups.® Ligand
exchange dynamics in homogeneous®® and heterogeneous phase
and substituent effects on ligand exchange'? have been studied.
Assessing the compositions of mixed monolayer Au MPCs
requires methods differentially sensitive to monolayer compo-
nents, which is possible using NMR'>*® and FTIR''® spectros-
copy. These methods yield, however, only average mixed
monolayer compositions and thus do not display differences
between individual nanoparticles in terms of proportions of their
two (or more) monolayer ligand constituents. As discussed in
the Introduction, the statistical nature of ligands binding to (or
exchanging with) entities with multiple sites (the MPC resembles
a many-ligand—metal complex) means that the nanoparticle
products will be a mixture of different mixed monolayer
compositions. In the context of nanoparticle populations pro-
duced in the Brust synthesis and in ligand exchange reactions,
we refer to this as “ligand distributions”. Apart from chromato-
graphically separating nanoparticles with ligand distributions
differing by only one ligand versus another—a feat not yet
demonstrated—no method other than mass spectrometry can
provide such information. It of course is necessary that the
different ligands in the mixed monolayer have adequately
different mass per ligand and, of course crucially, that spectra
of unfragmented nanoparticles are accessible.

The middle spectrum in Figure 2 shows a MALDI-TOF mass
spectrum of Aups(SCH,CH,Ph);s at laser pulse intensities
slightly more than the “threshold” that produce a small amount
of fragmentation as seen by the peak at ~6060 Da. The top
spectrum in Figure 2 corresponds to Auys MPCs that had been
subjected to a 22 h period of ligand exchange with a thiol
(PEGS5-SH; CH3(OCH,CH,)sSH) that is heavier by 130 Da than
the original phenylethanethiolate ligand. Thus, a succession of
peaks at higher mass appear (in the top spectrum), corresponding
to differing numbers of PEGS5-S- ligands that have replaced the
SCH,CH,Ph ligands. Figure 2, bottom mass spectrum, shows
an analogous result for a ligand exchange experiment using a
thiol (PEG1-SH; CH3(OCH,CH,)SH) that is lighter by 46 Da;
again a series of mixed monolayer MPC masses result from
differing numbers of the PEG1-S- ligand becoming incorporated
into the MPC monolayer. The distribution of PEGS5-S- thiolates
on the Auys MPCs in the Figure 2, top mass spectrum, shows
peaks for molecular ions of as many as 12 nanoparticles that
differ by the numbers of exchanged ligands. A smaller number
of exchanged ligands, ~9, can be seen at the left, in the top
spectrum for the Aup; fragment, roughly in line with the
proportion of ligands (~four) lost from that fragment. This
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Figure 2. MALDI-TOF-MS spectra (Applied Biosystems Voyager-DE Pro)
of Aups(SCH>CH,Ph);g (middle curve) in positive linear mode and ligand
exchange products (after 22 h) with PEG5-SH (top curve) and with PEG1-
SH (bottom curve) in negative linear mode. In ligand exchanges, 1 mg of
Auys(SCH2CH,Ph) g was reacted with 100 mol excess of thiol in 200 uL
of CH,Cl, and was purified before analysis.
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Figure 3. MALDI-TOF-MS spectra (Applied Biosystems Voyager-DE Pro)
of Aus(SCH2CH,Ph);g (top curve) in linear mode in DCTB matrix, showing
ligand exchange products with PEG1-SH for zero time (top), 30 min, 90
min, and 12 h. The top spectrum was recorded in positive mode, and the
bottom three spectra were recorded in negative mode. In ligand exchanges,
1 mg of Auys(SCH,CH,Ph)g was reacted with 100 mol excess of thiol in
200 uL of CH,Cl; and purified before analysis.

observation suggests that there is no strong preference for which
kind of ligand became lost through fragmentation. The numbers
of exchanged ligands can be assigned (in Figure 2, upper right)
simply by counting from the original mass; the peak in the
exchange series on the right that is labeled “7”, for example,
corresponds to the formula Au,s(SCH,CH,Ph);(PEG5-S);.
Ligand exchange assignments were discussed in detail in our
ESI-MS report on Au,s(SCH,CH,Ph);g nanoparticles.?

An extension of the above experiment is shown in Figure 3,
where the MPC Au,s(SCH>CH,Ph)g is exchanged with the
PEGI-SH thiol for differing periods of time. The spectral
resolution in this experiment was substantially better than that
in Figure 2, bottom; not only is the progress of the exchange
reaction toward lower masses tracked but also the gradual
increase in the specific number of different exchange products
can be seen. The Aups MPCs exchanged for 30 min show
incorporation of up to ~5 PEG1-S- ligands, whereas exchange
for 12 h results in incorporation of up to ~12 PEG1-S- ligands
with undetectable amounts of unexchanged Au,s(SCH,CH,Ph);s
MPCs remaining (no peak at lower right). The approximate
symmetry of the distributions of exchange reaction products—
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especially at longer times—is consonant with previous observa-
tions that the average (by NMR) exchange rate is roughly
constant'® over serial exchanges (i.e., a roughly uniform rate
constant) for all available exchange sites on any given Aups
nanoparticle. It is worth pointing out that ligand exchange and
ligand modification procedures have typically not considered
the distribution issues shown by Figures 2 and 3.%° As mentioned
in the Introduction, the monolayer composition distributions in
Figure 3 (12 h curve) should (ideally) follow a Poisson
distribution; they do so (comparisons not shown) at least
approximately in the current data. Further study is underway
to elucidate the factors that underpin the observed distributions.

Figure 3 also helps to reveal some finer details of the
fragmentation. Inspection of the small peaks in the mass interval
between the Au,; and Auys nanoparticles reveals low intensity
“ripple” patterns that at longer exchange times systematically
move to lower mass. These peaks are consistent with and are
assigned to small quantities of AuyL;7, AuasLie, and Auxls
fragments that were not easily recognizable in the original (top)
spectrum; that is, the pattern of ligand exchange was useful in
recognizing small quantities of fragment ions. The presence of
these fragments may be meaningful by reflecting that at least,
in one fragmentation pathway, a series of Au;L; moieties can
be lost in a sequence of reactions. As for the Auy;L;4 product,
it is difficult to visualize a one-step loss of a Auyl4 unit from
the AuysLg nanoparticle, given its now-known® crystallographic
content of —SR—Au—SR—Au—SR— semi-rings (which differs
from a prior theoretical prediction’). However, possibly an
intramolecular rearrangement/fragmentation might occur, driven
by the special stability known?’**® for AuyL, units or by an
as-yet unknown special stability of a (gas-phase) AupLi4
composition. The availability of firm structural information’
gives a first opportunity to speculate about the details of metal
nanoparticle mass spectral fragmentation pathways.

Another ligand exchange experiment is illustrated in Figure
4, where Auys5(SCH,CH,Ph)g is reacted with hexanethiol
(HSCO6) for varying times. The ligand mass difference in this
case is only 20 Da per ligand (lighter), and the average mass
steadily moves to lower values as exchange proceeds. The
putative limit of complete exchange is represented by a
separately synthesized Au,s(SC6);3 MPC, which gives a spec-
trum at the expected mass. Acquisition of the spectra in linear
mode results in the broad nature of the Aups(SCH,CH,Ph)g
and Auys(SC6)13 MPCs. The exchange spectra again show that
a wide distribution of mixed monolayer compositions is
produced. The 12 h reaction product contains nanoparticles with
from 3 to 12 new (-SC6) ligands. For such mixed monolayers,
in general, the average number of ligands replaced can be
measured by NMR,*'*3! but the result can be misleading
because the properties and functional reactivities of the nano-
particles with different mixed monolayers can differ. Specifi-
cally, such variations pose a challenge for sophisticated assembly
schemes that require each nanoparticle to have an identical
monolayer composition. In this and Figures 2 and 3, it is also

(29) (a) Xu, X.; Rosi, N. L.; Wang, Y.; Huo, F.; Mirkin, C. A. J. Am.
Chem. Soc. 2006, 128, 9286-9287. (b) Boal, A. K.; Ilhan, F.;
DeRouchey, J. E.; Thurn-Albrecht, T.; Russell, T. P.; Rotello, V. M.
Nature 2000, 404, 746-748. (c) Novak, J. P.; Feldheim, D. L. J. Am.
Chem. Soc. 2000, 122, 3979-3980.

(30) (a) Gies, A. P.; Hercules, D. M.; Gerdon, A. E.; Cliffel, D. E. J. Am.
Chem. Soc. 2007, 129, 1095-1104. (b) Gronbeck, H.; Walter, M.;
Hakkinen, H. J. Am. Chem. Soc. 2006, 128, 10268-10275.

(31) Song, Y.; Huang, T.; Murray, R. W. J. Am. Chem. Soc. 2003, 125,
11694-11701.
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Figure 4. MALDI-TOF-MS spectra (Applied Biosystems Voyager-DE Pro)
of Aups(SCH,CH,Ph);s (top blue curve) in positive linear mode and (bottom
curves) products of ligand exchanges with hexanethiol (C6SH) for 30 min,
150 min, and 12 h showing the distributions of the two ligands in the
exchange products. The (bottom) red curve is that of separately synthesized
Aups(SC6)s, for comparison purposes. In ligand exchanges, 1 mg of
Auys5(SCH,CH,Ph);3 was reacted with 100 mol excess of thiol in 200 uL
of CH,Cl, and purified before analysis.
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Figure 5. MALDI-TOF-MS spectra (Applied Biosystems Voyager-DE Pro)
of Aups(SCH,CH,Ph);g (red curve), Aups(SC6)1g (blue curve), and Aups-
(SCH,CH,Ph)(SC6), (black curve) in positive reflector mode. Au,s(SCH»-
CH2Ph),(SC6), was prepared by Brust reaction using a mixture of 1:1 mol
ratio of phenylethanethiol/hexanethiol in the nanoparticle Brust synthesis.

striking that the mixed monolayer ligand distribution is so broad.
This probably reflects a lack of strong binding preferences
among the particular ligands employed (as noted above), along
with the large number of exchangeable ligands, and indeed is
statistically expected.

Mixed monolayer MPCs can also be made by using mixtures
of thiols in the initial nanoparticle synthesis. If the thiols are
similar, the general expectation has been that the predominant
Au core size produced is largely the same, and the monolayer
composition reflects the reaction feed ratio of the different thiols.
Figure 5 shows an example of preparing Auys MPCs in this
way, using the Brust reaction,'® in a 1:1 mol ratio of phenyl-
ethane and hexane thiols—two structurally modestly dissimilar
thiols. Wide distributions of mixed monolayer compositions are
again produced; the distributions seen in Figures 2—4 are clearly
not peculiar to the ligand exchange process and apply also to
de novo synthesis. Importantly, the result of the 1:1 mol/mol
thiol mixture synthesis reveals a mild preference in the product
for the phenylethanethiolate ligand in the nanoparticle growth
and passivation processes occurring during the Brust reaction.
It has been commonly assumed in the use of this reaction that
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Figure 6. MALDI-TOF-MS spectra (Applied Biosystems Voyager-DE Pro)
of Aups(SCH,CH,Ph);s in DCTB matrix with varying laser intensity
delineating the molecular ions from fragment ions in positive and negative
linear mode. Some spectra here are clipped at the top; see Supporting
Information for complete spectra examples.

the product nanoparticles bear the same proportion of ligands
as the reaction feed ratio. There have been few openings into
more detailed examination of the very complex nucleation/
growth/passivation events in nanoparticle preparation. Analyses
like that of Figure 5 may prove useful for further studies.

Intact Molecular Ions versus Fragment Ions. Preliminary
MALDI-TOF experiments using the DCTB matrix gave spectra
showing extensive fragmentation (like Figure 1, top), poorly
reproducible relative intensities from sample to sample and in
different spectral runs, and differences between positive and
negative modes. Subsequent systematic variation of laser pulse
intensity (in both positive and negative linear modes) gave
results illustrated in Figure 6 (see Figure S-4 for some expanded
images). High laser pulse intensities (top spectra) produced
broad peaks at lowered mass (~5 kDa) corresponding to loss
of ligands upon ionization and fragmenting of gold from the
remnant cores. As the laser pulse intensity is greatly decreased
(red and green curves), the broad fragment peak intensities
diminish and two sharp peaks appear at ~6060 and ~7391 kDa.
Further reductions in laser pulse intensity (blue, purple, brown,
and orange) result in these sharp peaks becoming dominant in
the spectrum. It is important to observe how the relative
intensities of the latter two peaks change with decreasing laser
pulse intensity; the ~6060 Da peak at first dominates, but then
at lower laser intensity, it becomes less prominent and the
~7391 Da ion becomes the most intense ion present. The former
is, thus, revealed as a fragmentation product of the latter. At
the lowest intensity shown (green curve), the spectrum consists
essentially entirely of the ~7391 ion, which as noted above is
the expected molecular ion for the Aups(SCH,CH,Ph);g nano-
particle. At even lower laser pulse intensities, the spectrum
remains unchanged until becoming too weak to be observable
above background noise.

Figure 6 demonstrates clearly that lowering the laser pulse
intensity can lead to observation of a dominant molecular intact
nanoparticle ion with minimal fragmentation, given a good
choice of matrix. Unlike earlier studies that showed a variation
of spectra between initial and subsequent laser pulses,”** we
found that the spectra remain unchanged throughout the
collection of up to 500 laser pulses.

the superiority of DCTB matrix in obtaining molecular ion over fragment
ions.

The above pattern of behavior was seen in both positive and
negative mode MALDI-TOF mass spectrometry of Auys(SCHa-
CH,Ph)s, but there are significant differences between them.
Negative mode spectra are more intense at equivalent laser
power, and at threshold intensities, the residual amount of
fragmentation was much less. It is possible that the higher
intensity obtained in negative mode is due to the inherent 1—
charge of the as-prepared Au MPCs.*??* At intermediate
intensities, more fragmentation was observed in negative mode.
Some of the fragments can be assigned to Auyy(SCH,CH,Ph),7,
AU23(SCH2CH2Ph)16, AUQQ(SCHZCHZP}])IS, and AUQl(SCH2CH2-
Ph)i4, again signifying a preferential loss of multiples of
Au (SCH>CH,Ph); from the intact nanoparticle molecular ion.
At the highest intensities (topmost curves in Figure 6), the
broadened spectra show “fine” structure peaks with regular
spacing, ~197 Da, denoting Au atom losses from a ligand-
denuded core. Additionally, at high laser pulse intensities, broad
higher mass ions were observed at ~9 and ~13 kDa, which
corresponded to larger core size nanoparticles formed in the
Brust reaction synthesis'® that were not completely removed
during purification.

Choice of MALDI Matrix. Much of the success of this study
can be attributed to a choice of MALDI matrix. Spectra of
Au,s(SCH,CH,Ph); g using different matrices (in positive linear
mode) show dramatically different results. Previous choices of
nanoparticle matrices included sinapinic acid (SA), 4'-hydroxy-
azobenzene-2-carboxylic acid (HABA), and “Universal MALDI
Matrix”, UMM (1:1 mixture of dihydroxybenzoic acid and
o-cyano-4-hydroxycinnamic acid), which are commonly used
matrices in biological analysis and are thought to support proton
transfer ionization. Figure 7 shows MALDI-TOF mass spectra
of Aups(SCH,CH,Ph);g in these matrices at lowered laser pulse
intensity and in the frans-2-[3-(4-tert-butylphenyl)-2-methyl-
2-propenylidene]malononitrile (DCTB) matrix used in previous
figures. It is evident that mass spectra in the earlier matrices
are dominated by fragment peaks; even at threshold laser
intensities, none, except DCTB, show significant amounts of
intact molecular ion.

The differences in the results in Figure 7 possibly originate
from differing ionization mechanisms prevalent in the matrices
illustrated. The matrices SA, UMM, and HABA are thought to
promote proton transfer to the analyte or cation adduction.*>?
In biological analyses, these matrices usually result in proto-
nation and consequent cationization. Au nanoparticles with

(32) Knochenmuss, R. Analyst 2006, 131, 966-986.
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nonpolar ligand shells (like Auys(SCH>CH,Ph),s) are, however,
not proton acceptors and are not readily charged by protonation.
As a consequence, previous MALDI matrices have produced
spectra only when the laser pulse intensity was sufficient to
evoke alternative ionization processes such as C—S bond
cleavages.'’

DCTB is reputed to promote electron transfer to/from the
analyte.**** It has been used for MALDI mass spectral
observations of a variety of nonpolar, coordination, and orga-
nometallic compounds™® and is reported to aid both positive
and negative ionization at relatively low laser intensities (com-
pared to other matrices).* Electron transfer in a MALDI matrix
is feasible by ionization (or photoionization*) of a matrix
molecule that has a vertical ionization energy larger than that
of the analyte.*” The experimental IE of DCTB is 8.54 eV,
which is comparable to reported theoretical values of 8.473¢
and 8.22 eV.** While calculated IE values of small gold clusters
(up to 11 atoms) have been reported,®” reliable values corre-
sponding to that of 25 gold atoms are not available. If it is
assumed that the DCTB matrix serves as an electron transfer
agent, the IE of Auys(SCH>CH,Ph),;s must be lower than that
of the matrix. The electrochemistry of Au,s(SCH>CH,Ph);g in
its native form (now thought to be 1—) displays a one-electron
oxidation step*" at a very mild potential of 85 mV versus Ag/
AgCl, so the electron transfer matrix oxidation should be an
efficient process.

An important virtue of an effective MALDI matrix is
dominating photon absorbance so as to more gently dissipate
the release of energy. The relative absorbances (Aypc/AMATRIX)
of the Aups nanoparticle and of the different matrices (at 337
nm) under a typical dilution condition (mole ratio 1:1000 MPC/
matrix) are”® 0.002, 0.004, 0.006, and 0.009 for matrices DCTB,
SA, UMM, and HABA, respectively. These ratios show that
indeed the DCTB matrix is a more efficient optical absorber
compared to the others, but by a modest factor. A larger optical
absorbance may thus to some degree add to the effectiveness
of the DCTB as a nanoparticle MALDI matrix.
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