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M
olecular thiolated gold nanoclus-
ters contain a distinct number of
core gold atoms and protecting

thiolate ligands and possess extraordinary

stability making them accessible to wide

ranging applications.1,2 Au25(SCH2CH2Ph)18

is the most studied nanocluster3 because of

its stability4 and relative ease in obtaining

pure nanocluster by solvent fractionation.

Au25 nanoclusters display interesting elec-

trochemical,2 optical,5 magnetic,6,7 and

chiral properties;8,9 finding application in

cancer imaging10 and catalysis.11,12 The for-

mula Au25(SR)18 was first shown using elec-

trospray ionization mass spectrometry (ESI-

MS).13 Subsequent high resolution ESI,14,15

matrix-assisted laser desorption ionization16

(MALDI-MS), fast atom bombardment

(FAB),17 and collision-induced dissociation

(CID) studies18 have established its compo-

sition and molecular formula unambigu-

ously.19 Au38(SR)24 and Au144(SR)60 were also

identified by ESI mass spectrometry.20�22

Single crystal X-ray diffraction studies3,5,23,24

(XRD) have revealed the crystal structures of

Au25(SCH2CH2Ph)18, Au38(SCH2CH2Ph)24, and

Au102(SC6H4COOH)44. The crystal structure of

Au25(SR)18 reveals a Au13 core and six

[�SR�Au�SR�Au�SR�] staple moieties

stellated on 12 of the 20 faces of the icosa-

hedron. Density functional theory has also

shown that this structure is energetically fa-

vorable.25 XRD studies, however, are only in-

dicative of selective crystals that were

formed from the bulk sample and do not

necessarily show a true representation of

the entire sample. For instance, it is not

clear that the crystallization of Au25(SR)18

and its subsequent XRD analysis represents

the only possible crystal structure synthe-

sized by the modified Brust reaction. More-

over, the gold nanoclusters Au68(SR)34,

Au144(SR)60, and Au146(SR)59 have not been
successfully crystallized to date, and their
structures are still unknown. Recently, Mur-
ray and co-workers22 reported the two
closely related formulas of Au144(SR)60 and
Au146(SR)59. Many important questions re-
main for gold nanocluster research such as:
Is the reported Au25(SR)18 crystal structure
the only possible structure of all the species
in solution? Can the other theoretically pre-
dicted Au25(SR)18 structural isomers be ob-
served in experimental investigations?26,25

Do Au25 nanoclusters protected by hex-
anethiol and glutathione have the same
structure as Au25(SCH2CH2Ph)18? It has been
suggested that the Au25 cluster containing
either 18 �SCH2CH2Ph or glutathione
ligands have the same structural arrange-
ment.27 Here, using electrospray
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ABSTRACT Ion mobility mass spectrometry (IM-MS) can separate ions based on their size, shape, and charge

as well as mass-to-charge ratios. Here, we report experimental IM-MS and IM-MS/MS data of the

Au25(SCH2CH2Ph)18
� nanocluster. The IM-MS of Au25(SCH2CH2Ph)18

� exhibits a narrow, symmetric drift time

distribution that indicates the presence of only one structure. The IM-MS/MS readily distinguishes between the

fragmentation of the outer protecting layer, made from six [�SR�Au�SR�Au�SR�] “staples’ where R �

CH2CH2Ph, and the Au13 core. The fragmentation of the staples is characterized by the predominant loss of Au4(SR)4

from the cluster and the formation of eight distinct bands. The consecutive eight bands contain an increasing

variety of AulSmRn
� product ions due to the incremental fragmentation of the outer layer of Au21X14

�, where X

� S or SCH2CH2Ph. The mobility of species in each individual band shows that the lower mass species exhibit

greater collision cross sections, facilitating the identification of the AulSmRn
� products. Below the bands, in the

region 1200�2800 m/z, product ions relating to the fragmentation of the Au13 core can be observed. In the low

mass 50�1200 m/z region, fragment ions such as Au(SR)2
�, Au2(SR)3

�, Au3(SR)4
�, and Au4(SR)5

� are also

observed, corresponding to the large fragments Au25-x(SR)18-(x�1). The study shows that most of the dominant

large fragments are of the general type Au21X14
�, and Au17X10

� with electron counts of 8 and 6 in negative and

positive mode, respectively. This suggests that geometric factors may outweigh electronic factors in the selection

of Au25(SR)18 structure.

KEYWORDS: Au25 nanoclusters · ion mobility · electrospray ionization · mass
spectrometry · traveling-wave ion guide
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ionization-ion mobility-mass spectrometry (ESI-IM-MS),
we present mass and structural analysis of
Au25(SCH2CH2Ph)18

� and its CID fragments that provide
a promising technique for addressing some of the chal-
lenges in gold nanoclusters.

Unlike XRD, ESI-IM-MS analyzes the ensemble of
the nanoclusters in the sample. It distinguishes be-
tween isomers and provides structural information on
the conformations of gold nanoclusters that are difficult
to crystallize. ESI-IM-MS is capable of separating iso-
meric ions that differ in their collision cross-section. It
can separate samples by size, shape, and charge as well
as mass.28 Separation is achieved by measuring the
time it takes an ion to migrate through a buffer gas.
Ion mobility has been successfully applied to the char-
acterization of a wide range of chemical species includ-
ing polymers,29�32 macrocycles,33,34 isomeric oligosac-
charides,35 conformational states of proteins,36�42 and
the analysis of phospholipids and peptides.28,43�46 The
original CID MS/MS study18 of
NaxAu25(SCH2CH2Ph)18�y(S(C2H4O)5CH3)y by Murray and
co-workers reported the involvement of the semiring
Au2L3 in the dissociation of the nanoparticle’s protect-
ing mixed monolayer. The low mass fragments of AuL2,
Au2L3, Au3L3, and Au4L4 were also detected by utilizing
Na� to ionize neutral and negatively charged species at
the PEG thiol ligand sites. In the present study, the in-
herent negative charge state of the Au25 nanoparticle is
utilized, and an extended range of 50�8000 m/z in
combination with isotopic resolution of all the peaks
has enabled the study of a wider range of fragments in
detail. The IM-MS/MS, moreover, separates the com-
plex spectrum into various bands and facilitates the
analysis of the product ions. Recently, MALDI-IM-MS

was used to analyze low mass Au-thiolate fragments
generated from Au nanoparticles.47 Gold nanoclusters
have not been studied by ESI-IM-MS to the best of our
knowledge. The instrument used here combines tan-
dem quadrupole and time-of-flight mass spectrometry
(Q-TOF), with traveling-wave ion mobility (IM) technol-
ogy providing a powerful tool for analyzing gold nano-
clusters. The Q-IM-TOF configuration provides wide m/z
coverage so all product ions from the collision-induced
dissociation of �30000 m/z parent ion can be observed.
Product ions are also resolved by their mobility in a
traveling-wave ion guide that is dependent on the
physical shape of the species. Here we report the first
complete Q-IM-TOF mass and mobility analysis of the
collision-induced dissociation of the
Au25(SCH2CH2Ph)18

� nanocluster. The relationship of
the Au25(SCH2CH2Ph)18

� structure and the IM-MS/MS
analysis lays the foundations for studying the unknown
structures of a wide-range of thiolated gold
nanoclusters.

RESULTS AND DISCUSSION
Survey scans of the Au25(SCH2CH2Ph)18 sample in

both negative and positive ion mode showed the
Au25(SCH2CH2Ph)18

� and Au25(SCH2CH2Ph)18(TOA)2
�

ions were the dominant observable ions in the sample,
where TOA represents the tetraoctylammonium cation.
This is consistent with Au25(SCH2CH2Ph)18

� having an in-
trinsic negative charge. However, in the positive ion
mode both the Au25(SCH2CH2Ph)18(TOA)� and
Au25(SCH2CH2Ph)18

� ions were also observed but at
lower signal than the Au25(SCH2CH2Ph)18(TOA)2

� ion
(Supporting Information). The reducing condition dur-
ing synthesis lead to the preferential formation of

Figure 1. IM-MS/MS driftscope plot showing m/z (y axis) versus drift time (x axis) for the analysis of Au25(SCH2CH2Ph)18
�. Inset a shows a

blow-up of isotopic distribution of the parent ion, Au25(SCH2CH2Ph)18
�. The CID of Au25(SCH2CH2Ph)18 results in the fragmentation of the

[�SR�Au�SR�Au�SR�] staples as shown by the slant oval b. Fragmentation of the Au13(SR)m(S)n core is shown by the vertical oval c,
and the small ionic fragments are shown by d.
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Au25(SCH2CH2Ph)18(TOA)2
� with some additional oxida-

tion states present in solution.48 This article focuses on

the IM-MS/MS of Au25(SCH2CH2Ph)18
� and MS/MS analy-

sis of both Au25(SCH2CH2Ph)18
� and Au25(SCH2CH2Ph)18

�

species. Figure 1 shows the driftscope plot of m/z ver-

sus drift time of the IM-MS/MS of Au25(SCH2CH2Ph)18
�

taken by resolving the Au25(SCH2CH2Ph)18
� parent ion

and applying 100 V lab kinetic energy to the trap

T-wave cell. Under these optimal CID conditions a wide

range of fragment ions are produced from the parent

Au25(SCH2CH2Ph)18
� nanoclusters. The MS/MS plot of

the fragmentation of Au25(SCH2CH2Ph)18
�is shown on

the right. The Au25(SCH2CH2Ph)18
� parent ion is at the

top right-hand corner at 7391 m/z (isotopic mass). In-

set a in Figure 1 is a close-up of the m/z and drift time

plot of the Au25(SCH2CH2Ph)18
� parent ion. The close-up

of Au25(SCH2CH2Ph)18
� reveals the isotope pattern and

a narrow, symmetric drift time distribution with a mean

drift time (t) of 20.6 ms and peak width at half-

maximum (�t) of 1.9 ms. The ratio t/�t compares well

to the 5�10 resolution of the instrument and suggests

there is only one structural isomer present in the

sample, Although there is a possibility that similar struc-

tural isomers remain unresolved due to the limited

resolution of the instrument.49 As discussed in more de-

tail later, however, the IM-MS/MS fragmentation pat-

tern is sensitive to the arrangement of the outer core

“staples”. Any significant rearrangement of the staples

should result in an apparent drift time asymmetry of

Au25(SCH2CH2Ph)18
�. Theory25 shows that the Au13 core

with an outer protecting layer of six

[�SR�Au�SR�Au�SR�] staples is the energetically

favored isomer, and it is the only experimental XRD

structure obtained so far. Here, the presence of well-

defined drift times in the IM-MS/MS experimental data

supports that all Au25(SCH2CH2Ph)18
� ions have the

same structure as revealed by the XRD study.3

Figure 1 shows the rich fragmentation pattern for
Au25(SCH2CH2Ph)18

�. The IM-MS/MS spectrum is domi-
nated by products resulting from the fragmentation of
the outer protecting layer of “staples” as observed in re-
gions b and d. Region c also shows products from the
fragmentation of the Au13 core. In our discussion of the
fragmentation products we will refer to the products
as Aul(SR)mSn

�, where R � �CH2CH2Ph. The weak prod-
uct ion signal observed at the top of the fragmenta-
tion of the outer-layer staples band b, at 6389 and 6179
m/z, are the Au22(SR)15

� and Au22(SR)13S2
� ions, respec-

tively. The Au22(SR)15
� relates to the loss of a Au3(SR)3

and the Au22(SR)13S2
� to the loss of a Au3(SR)3 and two

�CH2CH2Ph groups. The loss of Au3(SR)3, however, is
small in comparison to the loss of Au4(SR)4 which corre-
sponds to the formation of the product ion Au21(SR)14

�

at 6055 m/z; one of the largest product peaks in the IM-
MS/MS spectrum. The fragmentation of
Au25(SCH2CH2Ph)18

� is dominated by the loss of one
and two Au4(SR)4 units which may be accompanied by
additional -R fragments. The Au4(SR)4 unit has been ob-
served in ESI,18 MALDI16 and FAB17 MS experiments
and is suggested to form as a result of a multistep rear-
rangement of two or more “staples” on the surface of
the gold nanoparticle prior to fragmentation.18 The for-
mation of Au4(SR)4 and accompanying products is prob-
ably driven thermodynamically due to the cyclic na-
ture of Au4(SR)4 as discussed in more detail later.

Starting below the Au21(SR)14
� ion is a series of

bands that form due to the unique chemical structure
of Au25(SCH2CH2Ph)18

�. Figure 2 shows a close-up of this
region and labels the bands 1�8 to facilitate in their dis-
cussion. The driftscope software allows the extraction
of a mass spectrum for each individual band. Figure 3

Figure 2. The IM-MS/MS driftscope plot (mass range: 3500�6000 m/z) of Au25(SCH2CH2Ph)18
� is marked by distinct bands, 1�8. The

species in each band show the same dependency of decreasing mobility with lower mass in contrast to the more usual inverse depen-
dency. These bands facilitate in the identification of the products ions. In the MS/MS spectrum (shown right), these species are mixed to-
gether complicating the interpretation of the spectrum.
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shows the extracted mass spectra of each band and

shows the identities of the some of the major species

present. All the bands, in Figure 2, have a negative slope

slanting from left to right across the driftscope plot.

The product ions are all single negatively charged spe-

cies and so each of the bands are displaying an appar-

ent direct dependence between mass and mobility; the

higher masses are associated with higher mobilities

(peaks on the top left of each band) and the lower

masses (peaks toward the bottom right of each band)

are associated with lower mobilities. This is in contrast

to the usual inverse dependency between mobility and

mass because the collision cross-section often de-

creases with

lower mass. However, in Figure 2 the reduced mobil-

ity of the lower mass species is due to an increase

in the collision cross-sections overcoming the mass

factor. The compact, heavier structures are on the

top left of each band and the bulky, lighter struc-

tures are on the bottom right of each band. Corre-

spondingly, the species on the top left of each band

have a higher number of Au and S atoms and the

species on the lower right of each band have a

higher number of bulky �CH2CH2Ph groups. The

combined mass of the Au and S atoms is greater

than the mass of �CH2CH2Ph groups that replace

them. The replacement of Au and S atoms with

�CH2CH2Ph, however, substantially increases the

collisional cross-section of the cluster, resulting in

the longer drift times.

For example, Figure 3 shows the highest mass spe-

cies in band 1 is Au21(SR)12S2
� which also exhibits the

highest mobility in the band. The lowest mass species

in band 1 is Au20(SR)13
� and exhibits the lowest mobil-

ity. The difference in the mass between Au21(SR)12S2
�

and Au20(SR)13
� is �m � �Au (197) � S (32) � R (105)

� �124 amu. This �124 amu difference in mass is ac-

companied by an increase in the collision cross-section

of Au20(SR)13
� due to the Au and S atoms being re-

placed by �CH2CH2Ph. Across all of the eight bands

Au and S atoms are replaced by �CH2CH2Ph ligands. In-

terestingly, the heaviest mass species associated with

the highest mobility in bands 1�6 is of the form

Au21(SR)nSm
�. The compact nature of the Au21(SR)nSm

�

ion coincides with the loss of Au4(SR)4 unit and the rela-

tive stability of these two products.

Another interesting observation is that the consecu-

tive bands 1�8 display a progression in the loss of Au

and gain of �CH2CH2Ph. For example, in band 2 the

high and low mass species are Au21(SR)10S4
� and

Au19(SR)12
�, respectively, exhibiting a loss of 2 Au and

gain of 2 �CH2CH2Ph. The �m across band 2 is twice

Figure 3. The extracted mass spectra of bands 1�8 present in the IM-MS/MS of Au25(SCH2CH2Ph)18
� showing the identities of some

of the main species. All the species are single negatively charged.
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that of band 1; �m � �2Au (396) � 2S (64) � 2R (210)

� �250 amu. Likewise, band 3 has high and low mass

species of Au21(SR)8S7
� and Au18(SR)11

� giving �m �

�3Au (591) � 3S (96) � 3R (315) � �372 amu. This

general trend continues across bands 4�8 (Supporting

Information, Table S1). The final band 8 contains a low

mass species Au13(SR)6S4
� which represents the loss of 8

Au. The Au13(SR)6S4
� species has now lost all the Au at-

oms from the outer protecting “staple” shell and con-

tains only Au atoms that are in the Au13 core with a re-

arrangement of stabilizing S and SR units.

Au25�4xX18�4x
� and the Corresponding Au4X4 Fragments.

Au25(SR)18 can be prepared either as a neutral, nega-

tive, or positive charge species based on the synthetic

conditions or intentional manipulation of the charge

state.48 Figure 4 shows the MS/MS of both

Au25(SCH2CH2Ph)18
� and Au25(SCH2CH2Ph)18

� species.

For Au25(SCH2CH2Ph)18
�, the most intense fragments in

the 5�7 kDa region are Au21(SR)14, Au21(SR)12S2, and

Au21(SR)10S4. In terms of electronic structure, these frag-

ments are of the basic type, Au21X14, where X repre-

sents either SCH2CH2Ph or S, and contain 14 electron-

localizing S atoms. The fragment corresponding to the

loss of Au4(SR)4 has been observed in Au25
16�18 and

Au68
50,51 nanoclusters using the ionization methods of

ESI,18 MALDI,16,50,51 and fast atom bombardment (FAB).17

FAB ionization causes major cleavage in the

carbon�sulfur (C�S) bond.52 In the Au25 FAB analysis,

competition between the C�S and the Au�S cleavage

was observed and Au21(SR)14 was a minor fragment

compared with other fragments.17 However the frag-

mentation observed in both ESI and MALDI experi-

ments have Au21(SR)14 as a major product.

The next principal species in the MS/MS spectrum

are of the form Au17X10 coinciding with the loss of 2

neutral Au4X4 fragments. Grönbeck et al.53 have shown

that Au4(SR)4 forms a cyclic ring that is 2.53 eV lower in

energy to the linear form for the �SMe ligands.53 The

energy of Au4(SR)4 is comparable with the larger cyclic

rings of Au6(SR)6, Au8(SR)8, and Au10(SR)10, but there is

no thermodynamic driving force for Au4(SR)4 to grow to

these larger sizes. This has led to the prediction that

Au4(SR)4 is a protecting group for the Au38 nanoclus-

ter.54 Cliffel55 and others56�59 have also shown experi-

mentally that Au4(ligand)4 is present in the

Au(I)�thiolate precursor solution and nanoparticle

analysis.

A plausible fragmentation mechanism (Scheme 1)

is an intermolecular rearrangement of the staples on

the Au25(SCH2CH2Ph)18 nanocluster to form the Au4X4

moiety before it fragments from the nanocluster. The

Au21X14 product ion can undergo a further intramolecu-

lar rearrangement to eliminate another Au4X4 moiety

to form Au17X10 species. The Au4X4 is not observed di-

Figure 4. MS/MS of (a) Au25(SCH2CH2Ph)18
�; (b)

Au25(SCH2CH2Ph)18
�. Preferential elimination of Au4X4 dic-

tates the fragmentation process. The electron count of 8 and
6 are observed in negative and positive mode, respectively.
X in the large fragment represents either SR or S, and x � 1,
2, 3, 4 in the small fragments.

Scheme 1. Plausible fragmentation mechanism deduced from the mass spectra. The most intense peaks can be written as
the basic types, Au21X14, Au17X10, Aux(SR)x�1, where X represents either SCH2CH2Ph or S.

TABLE 1. Assignments of the Major Fragments in the
Negative and Positive MS/MS Spectrum; ne Indicates the
Electron Shell Count of the Charged Fragment

m/z charged fragmenta ne
�, ne

� neutral fragmentb

7391 Au25(SR)18
� 8, 6 -

6055 Au21(SR)14
� 8, 6 Au4(SR)4

5845 Au21(SR)12S2
� 8, 6 Au4(SR)4 � R2

5635 Au21(SR)10S4
� 8, 6 Au4(SR)4 � R4

4719 Au17(SR)10
� 8, 6 2(Au4(SR)4)

4509 Au17(SR)8S2
� 8, 6 2(Au4(SR)4) � R2

4299 Au17(SR)6S4
� 8, 6 2(Au4(SR)4) � R4

1310 Au4(SR)5
� Au21(SR)13

1139 Au3(SR)4
� Au22(SR)14

805 Au2(SR)3
� Au23(SR)15

471 Au(SR)2
� Au24(SR)16

aThe charged fragments observed in the mass spectra of Figures 4 and 6. bThe neu-
tral fragments corresponding to the loss of the charged species.
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rectly in the MS here as it is a neutral fragment but

was observed in the earlier CID study18 due to cationiza-

tion of the PEG ligand.

Stability of the Nanocluster and the Fragments: Electronic

versus Geometric Factors. The stability of certain nanoclus-

ters of specific charge states such as Au102(SR)44 and

Au25(SR)18
� is correlated to electronic stability60,61 ac-

cording to the formula, ne � NAu � MSR � z where ne is

the number of free valence-conduction electrons in the

nanocluster, NAu is the number of gold atoms, MSR is

the number of ligands and z is the charge state of the

nanocluster. The fragments Au25�4xX18�4x
� and Au25-

x(SR)18-(x�1) are dictated by the electron shell closing of

8. However, the Au25(SR)18 and its fragments of the type

Au25�4xX18�4x
� have an electron count of 6. Moreover,

many of the products from the IM-MS/MS analysis show
an electron count of n � 8 and 6 in negative and posi-
tive mode, respectively. Table 1 summarizes some of
the main products with their corresponding electron
count, and Figure 4 shows the electron count of the
fragments in the MS/MS spectra. The observation of
both 8 and 6 electron counts for the parent ion and
fragments of the Au25(SR)18 nanocluster shows the lim-
ited nature of the electronic stability model.

Fragmentation of the Au13 Core. Figure 1 shows that be-
low band 8 there is a vertical band, labeled c, which rep-
resents the fragmentation of the Au13 core. The prod-
uct ions are not well resolved by the ion mobility
separation because the loss of the Au and S atoms
does not change the cross section of the nanocluster
substantially. These peaks are still identifiable by their
m/z and isotope patterns. Ion intensity is weak in this re-
gion and Figure 5 shows a MS/MS optimized to maxi-
mize the products of this 1200�2850 m/z region. Fig-
ure 5 shows the MS/MS mainly contains a series of ions
of the form AulSn

� reminiscent of the pattern observed
in FAB17 that falls between the Au13S8

� ion at 2816 m/z
and Au6S3

� at 1278 m/z. The ions Au10(SR)3S4
� and

Au11(SR)S6
� are also observed at 2509 m/z and 2496

m/z, respectively.
AuxLx�1

� and Corresponding Au25-x(SR)18-(x�1) Fragments. Fig-
ure 1 shows a series of strong peaks associated with
small anionic fragments, designated d, below 1200 m/z.
A close-up of the 150�1250 m/z low mass region of
the negative IM-MS/MS is shown in Figure 6 and dis-
plays the species Au(SR)2

�, Au2(SR)3
�, Au3(SR)4

�, and
Au4(SR)5

� in decreasing order of signal intensity, where
the Au2(SR)3

� species represents the negatively charged
“staple”.62 The large neutral fragments that correspond
to these are Au24(SR)16, Au23(SR)15, Au22(SR)14, and Au21(SR)13,
respectively. These large fragments are neutral species
and do not appear in the mass spectrum. However,
[Na3Au24(SR)16 ]3� was observed in Murray’s18 CID MS/MS
study of NaxAu25(SCH2CH2Ph)18�y(S(C2H4O)5CH3)y. Table 1
summarizes these products with their corresponding
neutral fragments. Small Au(I) thiolate species have
been investigated both experimentally63�75 and
theoretically.53 The smaller fragments observed in
this study of Au(SR)2

�, Au2(SR)3
�, Au3(SR)4

�, and
Au4(SR)5

� decrease in intensity as the size increases.
It is likely that a cyclic, neutral Au4L4 fragment is
more stable compared to both Au3(SR)4

� and
Au4(SR)5

� because of the lower energetics that fa-
vor Au4L4 ring formation. These AuxLx�1

� type frag-
ments are not observed in the positive mode.

CID Fragmentation of Au25(SCH2CH2Ph)18
� at Different Collision

Energies. To demonstrate the effect of collision energy
(CE) on the fragmentation of Au25(SCH2CH2Ph)18

�, Fig-
ure 7 shows the negative MS/MS spectra at various trap
CE. As the collisional energy (CE) is increased, first the
“staples” are fragmented and then the Au13 core. At 50

Figure 5. The negative MS/MS spectrum of
Au25(SCH2CH2Ph)18 corresponding to the Au13 core. The spec-
trum shows small groups associated with negatively
charged ions of the form AulSm

�. For example, the three
peaks associated with the label Au13S6�8, are Au13S8

�,
Au13S7

�, and Au13S6
�.

Figure 6. Low mass region of the negative IM-MS/MS spec-
trum of Au25(SCH2CH2Ph)18

� showing the Au(SR)2
�, Au2(SR)3

�,
Au3(SR)4

� and Au4(SR)5
� species that correspond to the forma-

tion of the neutral species Au24(SR)16, Au23(SR)15, Au22(SR)14,
and Au21(SR)13, respectively.
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V, the parent ion is the predominant species with very
little fragmentation. At 100 V, the parent ion is dimin-
ished substantially while the Au21X14

� set of peaks
dominate. At 120 V, the parent ion is fragmented, and
there is a predominance of the Au17X10

� type species. At
150 V CE, the fragmentation reaches the core. It is inter-
esting to note that the core fragments do not display
electron shell closing. Grönbeck, et al. compared the
Au�Au cohesion versus the Au�S bond strength in the
case of cyclic thiolates and concluded that the former
is weaker than the latter.53 In Figure 7, between the CE’s
of 120 and 150 V, the majority of the staples are
stripped, and the fragmentation reaches the core. This
provides a case test for comparing the Au�Au cohesion
and Au�S bond strength in Au25. At the outset, the
Au�Au cohesion does appear to be stronger compared
to the Au�S bond strength because the Au13 core frag-
mentation appears after the Au17X10

� type species.
However, the majority of the Au�S protecting layer
probably has to be removed first before the Au�Au
core becomes exposed and fragmentation can occur.

CONCLUSIONS
IM-MS/MS of the Au25(SCH2CH2Ph)18 nanocluster

has been obtained for the first time. The results are con-

sistent with Au25(SCH2CH2Ph)18
� existing as one struc-

tural isomerOthe Au13 core with six

�SR�Au�SR�Au�SR� staplesOas shown by the

XRD study. The IM-MS/MS driftscope plot shows the

dominant loss of one and two Au4L4 units with and

without other additional -SCH2CH2Ph ligands or

�CH2CH2Ph ligand fragments. Furthermore, the IM-

MS/MS reveals the formation of a series of eight bands

that are related to the fragmentation of the outer pro-

tecting “staples” shell. Each of the consecutive eight

bands contains an increasing variety of AulSmRn
�

product ions due to the incremental fragmentation

of the outer protective layer of Au21X14
�. The mobil-

ity of species in each individual band shows the

lower mass species exhibit greater collision cross

sections, due to Au and S atoms being replaced by

�CH2CH2Ph groups. The ion mobility separation fa-

cilitates in the identification of the AulSmRn
� prod-

ucts contained in the bands. Below the bands, in the

region 1200 to 2800 m/z, product ions relating to

the fragmentation of the Au13 core can be observed.

In the low mass 50 to 1200 m/z region, fragment

ions such as Au(SR)2
�, Au2(SR)3

�, Au3(SR)4
�, and

Au4(SR)5
� are also observed, corresponding to the

large fragments Au25-x(SR)18-(x�1). The study shows

that most of the dominant large fragments are of

the general type Au21X14
�, and Au17X10

� with elec-

tron counts of 8 and 6 in negative and positive

mode, respectively. This suggests that geometric fac-

tors may outweigh electronic factors in the selec-

tion of Au25(SR)18 structure. Future challenges in-

clude applying the IM-MS/MS technique for

determining the arrangement of atoms in the other-

sized nanoclusters.

METHODS
Materials. Tetraoctylammonium bromide (Acros, 98%), dichlo-

romethane (Fisher, 99.99%), acetonitrile (Fisher, �99.9%), metha-
nol (Fisher, 99.9%), sodium borohydride (Aldrich, 98.5%) were
used as received. For the IM-MS analysis, toluene (Fox-Chemicals
GmbH) and acetonitrile (Fisher, optima grade) were used.

Au25(SCH2CH2Ph)18 Preparation.3 A colorless tetraoctylammonium
bromide solution (1.01 g in 75 mL of CH2Cl2) was mixed with a
yellow HAuCl4 solution (0.503 g in 20 mL of distilled H2O) and
stirred vigorously until a complete phase transfer occurs. The col-
orless aqueous phase was separated and discarded. To the or-
ange colored organic phase was added 0.53 mL of phenylethane
thiol, and the mixture was stirred vigorously (�30 min) until
the solution became colorless. This solution was cooled in an
ice bath, and a solution of NaBH4 (0.513 g in 20 mL of ice cold
H2O) was added and stirred vigorously for 30 min. The reaction
mixture was washed with an equal volume of water three times,
and the solvents were removed by rotary evaporation. The oily
black mixture was washed with methanol three times to remove
excess thiol. The resulting black solid was coated as a thin film
on a round-bottom flask during rotary evaporation.

Au25(SCH2CH2Ph)18 was obtained by multiple CH3CN (�30 mL)
extractions and washed with CH3OH to remove excess tetraocty-
alammonium bromide.

ESI-IM-MS/MS Analyses. Dry 2�5 mg samples of
Au25(SCH2CH2Ph)18 were dissolved in 2�4 mL of toluene before
adding 1�4 mL of acetonitrile. The sample was directly infused
into the ESI source of a Synapt HDMS (Waters UK Ltd., Manches-
ter, UK) using a flow rate of 10�40 �L/min. The hybrid instru-
ment has a quadrupole�ion mobility�orthogonal time-of-flight
configuration.43 The ion mobility is part of the interaction re-
gion that comprises three traveling wave (T-wave) ion guides.44

The trap T-wave functions as both a collision cell for collision-
induced dissociation (CID) and as a storage cell for gating ions
into the ion mobility T-wave ion guide. The IM T-wave operates
by the superimposition of traveling wave voltages on a radially
confining radio frequency field. In a typical experiment the trav-
eling wave height was linearly ramped from 10 to 30 V and the
wave velocity from 280 to 400 m/s for every pass along the IM
T-wave ion guide. Typical pressures inside the IM cell was 0.4
mbar supplied by N2 flow of 15 mL/min. The elevated pressures
caused the less mobile ions to have longer drift times because

Figure 7. MS/MS of Au25(SCH2CH2Ph)18
� at the different col-

lision energies as shown in the figure. Note that these are
MS/MS experiments and are not extracted from IM-MS
spectra.
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they are less effectively pushed through the IM T-wave ion guide
by the traveling waves. The transfer T-wave was operated with
a constant 140 m/s wave velocity and 10 V wave height to main-
tain the ion mobility separation from the IM T-wave cell. Both
trap and the transfer ion guides were operated at pressures be-
tween 2.0�3.0 	 10�2 mbar supplied by a 3.0�3.5 mL/min Ar-
gon flow. A range of instrument parameters were assessed for
their effect on the IM-MS/MS of Au25(SCH2CH2Ph)18. Typical con-
ditions in the source region were 3�4 kV capillary voltage, 80 V
sampling cone, 6.0 V extraction cone, and a desolvation gas flow
of 0�100 mL/min N2. The source and desolvation temperatures
were set at 100 and 210 °C, respectively. The acceleration volt-
ages applied to the first lens in the trap and transfer ion guides
control both the efficiency of transmitting ions through the in-
strument and the collision energy (CE) for CID experiments. Ap-
plying 20 and 18 V to the trap and transfer cells, respectively,
maximized the sensitivity of the instrument and induced only
negligible fragmentation of Au25(SCH2CH2Ph)18

�. For CID experi-
ments, efficient fragmentation of Au25(SCH2CH2Ph)18

� was
achieved by increasing the voltage applied to either the trap or
transfer cell. Using only the trap cell, however, for CID ensures
that all product ions are separated by the IM cell. For a typical CID
IM-MS experiment, the parent ion Au25(SCH2CH2Ph)18

� was accel-
erated by 100�200 V lab kinetic energy into the trap T-wave
cell. IM-MS/MS were recorded both by resolving the
Au25(SCH2CH2Ph)18

� parent ion with the quadrupole or with no
prior separation (Supporting Information). For CID MS/MS,
50�150 V CE was applied to the trap cell. Generally, CID with IM-
MS/MS needed higher CE than CID using MS/MS alone to ob-
serve the same extent of product ion formation from the disso-
ciation of Au25(SCH2CH2Ph)18

�. Low-energy collisions between
the product ions and the buffer gas in the ion mobility cell may
help to remove excess energy from the ions and reduce second-
ary fragmentation. Source fragmentation of Au25(SCH2CH2Ph)18

could be induced by applying 150�200 V to the sampling cone
and 8.0�10.0 V to the extraction cone. The distribution of prod-
uct ions formed by source or trap dissociation were similar in na-
ture. For the MS/MS analysis of the CE dependence of product
ions the transfer CE was held constant at 18 V and the trap CE
was increased. Isotopic mass is used instead of the average mass
throughout this work. For example, the isotopic and average
mass of Au25(SCH2CH2Ph)18 are 7391 and 7394 Da, respectively.
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