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Electrospray ionization mass spectrometry (ESI-M$) a
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popular, minimally fragmenting tool for investigating biological % ;‘ (467 Da) 4+ 3+ 4+ 3+
moleculed and noncovalent interactiodsFor Au nanoparticles 25 i
(NPs), MS studies have usédCf plasma desorption ionizatidn, § 1 ‘ (a)
laser desorption ionizatiohand negative-mode ESI (using glu- © o Lol = o —

tathione ligandsj.The core sizes and ligand shell compositions of 1000 2000 3000 4000 5000 6000

. . 7 i} m/z
various kinds of small Au NP8’ might be measured by ESI-MS X3 = M Aus(SC2Ph),s.(S-PEG)3*

(as has been done for small semiconducht?s) by tagging them 9%t 10%*
with readily ionizable ligands. 64 Nat 8% 9%
Use of NP tags is introduced here by purposeful incorporation 5] — cs* 10%*
of methoxy penta(ethylene glycol) thiolate ligands (-SHED)s- A
CHs, -S-PEG) into the ligand shells of small gold NPs via ligand 4 (b) 7% 8650 8700 8750 8800

exchangé. PEG is a known electrospray tag owing to its ready
coordination with protons and/or alkali metal iofst has enabled
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high-resolution ESI-MS measurements and unambiguous assign- 6% ‘

ments of NP chemical formulas. 2 } 12%" 650 see0 670
The -S-PEG ligand$were incorporated by ligand exchange into 53* l 1 3%

the monolayers of benzeneethanethiolate (-SC2Ph)-protected Au 1 1 | Wl AV ™ /YN

NPs (prepared by a modified Brust procedéref reported MMWLM _‘JLM ‘

composition Agg(SC2Ph)4, described in the Supporting Informa-
tion). Positive-mode ESI mass spectra were acquired with a Bruker
BioTOF Il mass spectrometer, of 1 mg/mL methanol (plus up to
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30% toluene) solutions of the exchanged NPs and various concen- ¢ s - g 2 6 -
trations of alkali metal acetates (MOAc, with= Nat, K*, Rbr, . 8 (C) . 9 4 10
Cs"). The solutions were infused into the ESI source at flow rates § 2 2 2
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of 60—90 ﬂL/h. The raw c_iata were smoothed using the Savitzky P 5520 w040 o650 2600 PR S P 5000
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A typical mass spectrum acquired using NaOAc (Figure 1a) has Figyre 1. (a) Full scan ofz, acquired using 0.44 mg of NaOAc per mg
two sets of peaks with/z 2000-3000 that representi3and 4+ of NPs. The peak for TOAis truncated. (b) Set of-B peaks acquired

NP ions. Each charge state has a set of ion masses because, at an»ﬁing 1.78 mg of NaOAc or 4.16 mg of CsOAc per mg of NPs. Insets
given time, some NPs have more ligands replaced than others; thesrgn"‘q’ig;en"‘:tgl ?(;9;2'!2 S&i‘;‘;idsirﬁg'f‘igi] (g) ﬂ'?:’lre;‘é’lr‘:]t'ogfa,\rl‘aagiz o:?]/eral
difference in mass of -S-PEG (267 Da) versus -SC2Ph (137 Da) P d 9 : | 9 bermg

) ! | ) of NPs (in color). Simulations (black)x3" = NajAuzs(SC2Ph)s«(S-
increments the NP mass by 130 Da with each successive ligandpeg)3+,

exchange. Charge states were assigned based upon the expecteq, qore has 1 charge. The same result is obtained for spectra
periodic 130 Da difference between prominent neighboring peaks. using K+ and RY" acetates.

A prominent low mass peak was also observed for tetraoctylam- —yion_resolution analysis of three main peaks in spectra acquired

monium (TOA") from the nanoparticle synthesis. _ with different [Na'] is presented in Figure 1c. The experimental
A detailed analysis of the-B peak set is presented here; the 4 a5 (colored curves) match well with simulated spectra (black

peaks g_ive equivqlent results. Use of MOAc salts_ suppressescurves)’ based on the assignmeft = NaAus5(SC2Ph)s (S-
protonation and shifts the set of peak masses according to the M PEG)®* (including isotopic distributions). Table S-1 (see Support-

mass that coordinates with the -S-PEG. The number of coordinateding Information) shows all possible Nassignments within the

metal ions per NP was determined by comparing spectra obtainedranges 1540 Au atoms, 625 -SC2Ph ligands, and-®5 -S-PEG
with Na* and Cs.. In Figure 1b, ther/z axes of both spectra have  jiganqs, for species with average masses-8657.5 Da, which is

been multiplied by 3, and 439.68 Da (four timesg} — m\4, where the center of the experimental peak assigned in Figure B8'as

mis mass of M) has been subtracted for'CBour is the unique  \ypjje the evidence presented thus far does not unequivocally prove

integer producing the exact overlap of the™Nand CS spectra  ha5e assignments, the following experiments and analysis dem-
seen in Figure 1b, so each-3on has 4 coordinated ¥ and the onstrate that they are indeed unique.

t University of North Carolina Data for different times of ligand exchange buttress the Figure
#San Diego State University. 1 assignments. Aliquots were taken from an exchange reagttion
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—— 225hours, 3+ n+ _ n+ Supporting Information Available:  Nanoparticle synthesis,
— 4hours, 3+ X Nl 1Pz (BO2Ph) e, (- PEG), analysis of 4 peaks, detailed justification for the Agligand)s
81— 2hours, 2+ s 8** assignment, high-resolution analysis of differently exchanged
o | M exchjfge' P peaks from Figure 2, U¥vis and luminescence spectra, and
S 6 2 32+ 4 9% voltammetry of Au NPs before and after ligand exchange. This
; material is available free of charge via the Internet at http://
%’ 4- pubs.acs.org.
(8]
2 References
1\ ahakc b AL AL A bbbt (1) (a) Dole, M.; Mack, L. L.; Hines, R. LJ. Chem. Physl1968 49, 2240.
O Pl ol Ml (b) Yamashita, M.; Fenn, J. Bl. Phys. Cheml1984 88, 4451.
7400 7600 7800 8000 8200 8400 8600 8800 9000 9200 (2) Fenn, J. B.; Mann, M.; Meng, C. K.; Wong, S. F.; Whitehouse, C. M.
m (Da) Sciencel989 246 64. ‘
(3) Hofstadler, S. A.; Sannes-Lowery, K. Nat. Re. Drug Discaery 2006
Figure 2. ESI spectra (in color) of 2 and 3t ions for different times of 5, 585.
NP ligand exchange, and for no exchange (black). Counts-foios are (4) (a) McNeal, C. J.; Winpenny, R. E. P.; Hughes, J. M.; Macfarlane, R. D;
scaled by X; 1.78 mg of NaOAc per mg of NPs was added to each sample. Pignolet, L. H.; Nelson, L. T. J.; Gardner, T. G,; Irgens, L. H.; Vigh, G.;
Peaks labeleca and b denote species with one or two fewer Na Fackler, J. PInorg. Chem1993 32, 5582. (b) Fackler, J. P.; McNeal, C.

respectively (see Supporting Information). %stlnpenny, R. E. P.; Pignolet, L. H. Am. Chem. Sod.989 111,

(5) (a) Arnold, R. J.; Reilly, J. PJ. Am. Chem. Socl998 120, 1528.

at the times indicated in Figure 2, up to 22.5 h, when the exchange (b) Schaaff, T. G.; Shafigullin, M. N.; Khoury, J. T.; Vezmar, I.; Whetten,
. R. L.; Cullen, W. G.; First, P. N.; Gutieez-Wing, C.; Ascensio, J.;
was stopped. The figure shows ESI spectra for these exchanged Jose-Yacarma M. J.J. Phys. Chem. B997, 101 7885. (c) Schaaff, T.

NP products and for unexchanged NPs, all from the same synthetic ?.;PﬁnightéhG.; Sg:{lggglli?szi(l)\léiwl’?sozlé?%n,hR.ﬁF.;TWgettwh Ftit. L.
. . . yS. em. . chaarl, I. . etten,
batch. Spectra for the most intense charge states, which were sets g | '3 phys. Chem. B999 103 9394. (¢) Schaaff, T. G.; Shafigullin,

of 3+ and 2+ peaks for longer and shorter exchange times, M. N.; Khoury, J. T.; Vezmar, |.; Whetten, R. LJ. Phys. Chem.
respectively, are shown overlapped. Assignmente"of= Na1- Eazlggl}b%fnaqa?ﬁ;?" g) gﬁg"j“gf"; Iﬂ'ilgfﬂf"gfmwﬁ(ﬁ Q?A‘;}_Sghé?%.
Au,5(SC2Ph)g «(S-PEG)™ to the most intense peaks leave 1 Soc. 2005 127, 8126. (h) Bigioni, T. P.; Schaaff, T. G.; Wyrwas,
charge on the cores. While unexchanged NPs do not usually yield 2{68?%7'4732’_“(3:)";}} cEe g“@%’&h?ﬁéﬁi Firet, £ M. Bhys. gg‘gg‘dggg%
spectra, some residual -S-PEG in the mass spectrometer (following 13750.

analysis of exchanged samples) apparently gave rise to the peak (6) (a) Schaaff, T. G.; Whetten, R. . Phys. Chem. R00Q 104, 2630. (b)
Negishi, Y.; Nobusada, K.; Tsukuda, J. Am. Chem. SoQ005 127,

_(black_, Ia_beleda) f_o_r one ligand e_xchanged. We are currently 5261, (c) Negishi, Y.; Takasugi, Y.. Sato, S Yao, H.; Kimura, K.;
investigating conditions for observing unexchanged ions. \T(suéuda, 1S'J.¢\m. (l:JIherIg. SOQD?<4 1T26 ﬁSéB. (_}1) yﬁgls%hY.;TegggggL
. : . .; Sato, S.; Yao, H.; Kimura, K.; Tsukuda, J. Phys. Chem.
The data for different extents of exchange firmly verify thabAu 110, 12218, () Shichibu, Y.; Negishi, Y.; Tsukuda, T. TeranishiJT.

(ligand)yg is the correct assignment. Because the ion assigned as Am. Chem. SoQ005 127, 13464.

0%+ lacks -S-PEG ligands, many fewer assignments are possible, (7) (8) Schmid, G.; Pfeil, R.; Boese, R.; Bandermann, F.; Meyer, S.;
Calis, G. H. M.; van der Velden, W. A.Chem. Ber. 1981,

and0?* is a unique assignment (Table S-2). All other assignments 1143634, (b) Schmid, G.lnorg. Synth. 1990 27, 214. (c)

can be derived fror®?" by ligand exchange and are therefore also &onke&s, II_?. IB:_ Lge, D.:S Mlérr‘a%{ R. l_\1\Lai13ngn}wr2?04 2& 1845-H (d)

unique. Detailed justification that eagh” assignment is unique is A S Song. Y. Wang, G. L. Douglas, A D: vang 3 C.

presented in the Supporting Information. E%n?ﬁel' A. 1; Nuzzo, R. G.; Murray, R. W. Phys. Chem. B00§ 110,
Our assignment of ligand)s agrees with other work on :

. 9 Alig ke ag . . (8) (a) Laver, T.; Bowmaker, G. A.; Henderson, W.; Cooney, RCRem.
glutathione-protected Au NP&*¢and corrects a previous assign- Commun.1996 683. (b) Lgver, T.; Henderson, W.; Bowmaker, G. A.;
ment of Awsg(ligand)e>c-6ac13Moreover, optical spectra (Figure Seakins, J. M.; Cooney, R. Porg. Chem1997, 36, 3711. (c) Eichhiter,
S-4 istent with th bseriféabeand lculatel b A.; Hampe, OChem. Phys. LetR005 407, 186. (d) Gaumet, J. J.; Strouse,

-4) are consistent wi ose obse and calcula y G. F.J. Am. Soc. Mass Spectro#@0Q 11, 338. (e) Gaumet, J. J.; Khitrov,

others for this size. This result also corrects our previous assignment G. A,; Strouse, G. FNano Lett.2002 2, 375. (f) Fenske, D.; Langetepe,

. . . T.; Kappes, M. M.; Hampe, O.; Weis, Rngew. Chem., Int. E00Q
of Au38(S_C2Ph)4 for the starting mater!afF, which currer_lt MALDI 39, 1857. (g) Ahlrichs, R.; Eichifer, A.. Fenske, D.. Hampe, O.; Kappes,
observation® show to actually be a mixture of NPs with Avand M. M.; Nava, P.; Olkowska-Oetzel, Angew. Chem., Int. E2004 43,

- - 3823,
~Augzg cores, with the former more populous. WhyAusg ions
38 ’ pop 38 (9) Hostetler, M. J.; Templeton, A. C.; Murray, R. Wangmuir 1999 15,

are not seen in ESI spectra is a remaining question. Core size change “ 37g>.
during ligand exchange is implausible, given the Figure 2 observa- (10) Wong, S. F.; Meng, C. K.; Fenn, J. B. Phys. Chem1988 92, 546.

tion of a contiguous set of Ay peaks with different extents of (11) HS-PEG, prepared according to a literature metfiauas incorporated
into the monolayer by ligand exchange. Typically, a sample of 1.0 mg of

exchange, including unexchangétt- . purified Au NPs was stirred with 2,6 of HS-PEG in 30QuL of CHa-
In conclusion, -S-PEG tags on Au NPs enable ESI by metal ion Cl, in a sealed (not deaerated) vial at room temperature in the dark for 24
coordination with atomically precise mass analysis. The most h. The CHCI, then was removed by vacuum, and the excess ligands were

; 3 e ) removed by washing the product 10 times with heptané ML per
intense ions indicate a-1 core charge, which we are further rinse)’
investigating. For different extents of exchange, the distribution of (12) Savitzky, A.; Golay, M. J. EAnal. Chem1964 36, 1627.

i i (13) Link, S.; Beeby, A.; FitzGerald, S.; El-Sayed, M. A.; Schaaff, T. G;
the exchange products was observed. Studies of other sizes of Au Whetten, R. L3, Phys. Ghem. B003 106, 3410.

NPs using -S-PEG ligands and different ESI tags are underway. (14 jyasa, T.; Nobusada, K. Phys. Chem. @007, 111, 45.

(15) Dass, A. Unpublished work, 2007.

(16) Snow, A. W.; Foos, E. ESynthesis (Stuttgar§003 509.

(17) (a) Lee, D.; Donkers, R. L.; Wang, G. L.; Harper, A. S.; Murray, R. W.

Acknowledgment. We thank Gary Glish, Jared Bushey, Rui
Guo, and Richard Keithley for helpful discussions. This research

was supported by the National Science Foundation and Office of J. Am. Chem. So2004 126, 6193. (b) Lee, D. |.; Donkers, R. L,
Naval Research. The Molecular Weight Calculator is supported by DeSimone, J. M.; Murray, R. WI. Am. Chem. So@003 125 1182.
the National Institutes of Health and the Department of Energy. JA071042R

J. AM. CHEM. SOC. = VOL. 129, NO. 21, 2007 6707





