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Gold is designated as the noblest metal because of its chemical inertness. It is known to dissolve in cyanide
solutions in the presence of air or H,O, or in halogen-containing solutions, aqua regia being the most famous
example. Herein, we report a unique thiol, especially 4-pyridinethiol (4-PS), assisted dissolution of Au in alcohol
solutions. Although dissolution was found to be very selective for pyridinethiols, such a phenomenon is astonishing
since thiols are commonly used as etch resists for Au and even 4-PS is extensively used as a surface modifier for
Au. To gain further understanding of the dissolution process, the influence of the reaction conditions was extensively
studied. On the basis of the obtained results, a mechanism for the dissolution reaction is proposed. Fascinatingly,
by tuning of the reaction conditions, this phenomenon can be applied in selective preparation of self-supporting
nanometer-thick Au foils.
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widely used as a substrate for self-assembled monolayersa esion within the top two atomic 1ayers and increase the

i b
(SAMs) of organothiols because of the facile -A8 bond mlob|gty ?ft sqrfalclze Au a'f[oméz As a resmtjlt, dAu \'/Aacgr;cy d
formation23 Surfaces modified with thiols have been used ''a" bs N }ijlca yr(f)ne a Of?] tﬁep or prothr_ul Indg ut;s@??sn S
as resists for electron beam lithography and etching (e.g.,alreo served on surfaces after the organothiol adsofBtory

protection against cyanide solutiortsiespecially, surfaces Alth(_)ug_lfw_ thetchﬁ? 'C?S of fr? Ive_n t ancb@ont():entrf ;uhon have
modified with aromatic thiols have attractive electronic "° S'gnificant etiects on the size or number ot the vacancy

properties. They have recently received interest as templates |sl?nd§, éh.e surfaf:e ct(_)veragt(aj Ofl thetls(,jlatnds mcrgﬁ&:qsé:cs with
for chromophores, molecular devices, and nanoscale surfac&XteNded Immersion time and elevated tempera '
Due to their high surface area, Au nanoparticles (Ag as

patterning’ o
Organothiols and disulfides are suggested to adsorb OnweII) are even more vulnerable to surface modifiers than bulk
an Au surface as thiolates by the cleavage of thédSr (5) (a) Dou, R-F.: Ma, X.-C.; Xi, L.; Yip, H. L.; Wong, K. Y.; Lau, W.

S—S bond, respectively, thus oxidizing the surface atoms to M. Jia, J.-F.; Xue, Q.-K.; Yang, W.-S.; Ma, H.; Jen, A. K.-Y.

| . - . Langmuir2006 22, 3049-3056. (b) Cyganik, P.; Buck, M.; Azzam,
Au'. The proposed reaction mechanism involves loss of W.. Wdll, Ch. J. Phys. Chem. 2004 108 49894996,

(6) (a) Kalyuzhny, G.; Vaskevich, A.; Ashkenasy, G.; Shanzer, A,

*To whom correspondence should be addressed. E-mail: Rubinstein, 1.J. Phys. Chem. R00Q 104, 8238-8244. (b) Li, C;
timo.repo@bhelsinki.fi. Tel:+358-9191-50228. Fax:+358-9191-50198. Zhang, D.; Liu, X.; Han, S.; Tang, T.; Zhou, C.; Fan, W.; Koehne, J.;
(1) (a) Corti, C. W.; Holliday, R. JGold Bull. 2004 37, 20—26. (b) Han, J.; Meyyappan, M.; Rawlett, A. M.; Price, D. W.; Tour, J. M.
Hutchings, G. JGold Bull. 2004 37, 3—11. Appl. Phys. Lett2003 82, 645-647. (c) Fan, F.-R. F.; Yang, J.; Cai,

(2) Sandhyarani, N.; Pradeep, Iit. Rev. Phys. Chem2003 22, 221 L.; Price, D. W., Jr.; Dirk, S. M.; Kosynkin, D. V.; Yao, Y.; Rawlett,
262. A. M.; Tour, J. M.; Bard, A. JJ. Am. Chem. So2002 124, 5550~

(3) (@) Smith, R. K.Prog. Surf. Sci2004 75, 1-68. (b) Love, J. C; 5560. (d) Gezhauser, A.; Eck, W.; Geyer, W.; Stadler, V.; Weimann,
Estroff, L. A.; Kriebel, J. K.; Nuzzo, R. G.; Whitesides, G. @hem. T.; Hinze, P.; Grunze, MAdv. Mater. 2001, 13, 806—809.
Rev. 2005 105 1103-1169. (c) Vericat, C.; Vela, M. E.; Salvarezza, (7) (a) Granbeck, H.; Curioni, A.; Andreoni, WI. Am. Chem. So200Q
R. C.Phys. Chem. Chem. Phy&05 7, 3258-3268. 122 3839-3842.

(4) (a) Sundar, V. C.; Aizenberg, Appl. Phys. Lett2003 83, 2259~ (8) Schreiber, FProg. Surf. Sci200Q 65, 151-256.
2261. (b) Gezhauser, A.; Geyer, W.; Stadler, V.; Eck, W.; Grunze, (9) (a) Sondag-Huethorst, J. A. M.; Setemberger, C.; Fokkink, L. G. J.
M.; Edinger, K.; Weimann, Th.; Hinze, B. Vac. Sci. Technol., B J. Phys. Chenml994 98, 6826-6834. (b) Wan, L.-J.; Hara, Y.; Noda,
200Q 18, 3414-3418. (c) Geyer, W.; Stadler, V.; Eck, W.; Zharnokov, H.; Osawa, MJ. Phys. Chem. B998 102 5943-5946. (c) Edinger,
M.; Golzhauser, A.; Grunze, MAppl. Phys. Lett1999 75, 2401 K.; Golzhauser, A.; Demota, K.; Wi§ Ch; Grunze, M.Langmuir1993
2403. 9, 4-8.

10.1021/ic0624468 CCC: $37.00 © 2007 American Chemical Society Inorganic Chemistry, Vol. 46, No. 8, 2007 3251

Published on Web 03/17/2007



Rdisanen et al.

Au surfaces? This property can be also beneficial and, for
example, polyhedral particles of $A00 nm can be modified
to smaller, relatively monodisperse spherical particles (aver-
age sizes cab5—9 nm). In these processes, the right
combination of a cationic surfactant and a soft base such as
alkanethiol, alkylamine, or alkylsilane is essential. Although
the mechanism for this reversible modification is not fully
understood, it has been proposed that the process involves
etching of the nanoparticlé$.
Despite its inherent inertness, metallic gold is well-known
to be oxidized in electrochemical reactidhand in cyanide-
or halogen-containing solutiodswith recent examples being
the dissolution of Au with different dihalogen adduéter . o . _
cetyltrimethylammonium bromide/CHESolution by using  FITE . Proicuren ol he suppercd A i i tas been ey
O; as an oxidant? Although chemisorption of 4-pyridinethiol  corners and edges of the film.
(4-PS) on Au has been widely studied as it is a common
surface modifief?15 its potential to dissolve gold had thick Au layer on the wafer, it V\{as gqnealed in air at 280for 3 .
remained undiscovered. As shown here, in the presence Oih.lﬁ For all other str_uctures, a thin Ti film was used as the adhesmn
4-PS, thin films on thermally oxidized Si or on glass, Iayer.__The glass/Ti/Au structurt_a was prepared by evaporating on
nanopowder, and bulk Au can indeed be dissolved in MeOH borosilicate glass c&85 nm of Ti followed by ca100 nm of Au.

. . . The Si/Ti/Ag and Si/Ti/Cu/Au structures were prepared by first
and EtOH solutions. To gain further understanding about the evaporating cal0 nm of Ti on an untreated Si(100) wafer, followed

dissolution reaction, effects of solvent, temperature, O py ca 50 nm of Ag or ca40 nm of both Cu and Au, respectively.
pressure, 4-PS concentration, and immersion time on theThe preparation procedures for Pt and Pd thin films are described

process were thoroughly studied. elsewheré? 18
_ _ Experiments with Au®. The etching (Figure 1) and dissolution
Experimental Section studies of AQ were carried out at 22C in 8 mM EtOH, MeOH,

and water solutions of 4-PS. When Au thin films were treated in
air, the substrates were immersed in beakers covered with Parafilm.
For the experiments carried out under an argon atmosphere, standard
Schlenk techniques were used. After immersion, the substrates were
washed with the pure solvent and dried in air flow.

Possible impurities on the Au surface that might have an
influence in the dissolution of Au were excluded by treating thin
films (30 nm thick, area cdl.4 cn?, deposited on glass with Ti as
an adhesion layer) for 15 min in Piranha solution (3:1 vA&8y/
H.0O,). Caution! This solution reactsviolently with organic
materials and should be handled with great carthen the
supported Au films were washed with ion-exchanged water and
immersed in freshly prepared 8 mM EtOH andHsolutions of
4-PS for 72 h. Dissolution of the Au film occurred only in alcohol

General Procedures Atomic absorption spectroscopy measure-
ments were performed with a Perkin-Elmer 3030 atomic absorption
spectrophotometetH and 13C NMR with a Varian Gemini 200
apparatus, and electrospray ionization time-of-flight mass spec-
trometry (ESI-TOF MS) with a Bruker micrOTOF mass spectrom-
eter. IR spectra were run with a Perkin-Elmer Spectrum One. All
chemicals were purchased from Aldrich and were used as received
Gold nanopowder+99.9%) has a particle size of 3230 nm.

The Si/SiQ/Au, glass/Ti/Au, Si/Ti/Ag, and Si/Ti/Cu/Au struc-
tures were prepared at room temperature by electron beam
evaporation. For Si/SiAu, an n-type Si(100) wafer was first
oxidized thermally at 1000C to form an approximately 150 nm
thick SiO;, layer on its surface. After evaporation of a & nm

solutions.

(10) (a) Prasad, B. L. V.; Stoeva, S. |.; Sorensen, C. M.; Klabunde, K. J. i ;
Langmuir2002 18, 7515-7520. (b) Prasad, B. L. V.; Stoeva, S. |.; Au nanopowder (0'.278 9) andlpleces of bulk Au. (1.288 g, pieces
Sorensen, C. M.: Klabunde, K. Ghem. Mater2003 15, 935-942. ca 2 x 5 mn?) were immersed in a MeOH solution (85 mL) of
(c) Smetana, A. B.; Klabunde, K. J.; Sorensen, C. MColloid 4-PS (9.279 g, 0.98 mol). The suspension formed was stirred in a
EteffageBSEl-?\?OES t284 521—|532?<- (ds) Stoeva, 2 :vl ZE:"EVSE’ VK 3 beaker at room temperature with a magnetic stirring bar for several

rasad, b. L. V.; stoimenov, F. K.; sSorensen, C. V., Klabunde, K. J. . . . . .
Langmuir 2005 21, 10280-10283. weeks, during which time a greeqlsh-brown powder precipitéted.

(11) Trevor, D. J.; Chidsey, C. E. D.; Loiacono, D. Rhys. Re. Lett. The powder was washed with diethyl ether to remove elemental

1989 62, 929-932. sulfur, unreacted 4-PS, and side products. Results of analysis for

(12) (a) Nakao, YJ. Chem. Soc., Chem. Commu®92 426-427. (b) i + 1 .
Nakao, Y_J. Chem. Soc.. Chem. Comma896 897-898. cationic GgH;0N2SAu; ™ follow. 1H NMR (200 MHz, DMSO#l):

(13) (a) Bigoli, F.; Deplano, P.; Mercuri, M. L.; Pellinghelli, M. A.; Pintus, 7.61 (d,*Jun = 6.0 Hz, 4H, CH), 8.12 (B} = 6.0 Hz, 4H, CH)
G.; Serpe, A.; Trogu, E. RJ. Chem. Soc., Chem. Commui®9§ ppm.13C NMR (50 MHz, DMSOd): 126.85, 142.86, 165.69 ppm.
2351-2352. (b) Cau, L.; Deplano, P.; Marchib.; Mercuri, M. L; HRMS ESI-TOF %): H.oN-SAul+ 419 (1 |
Pilia, L.; Serpe, A.; Trogu, E. Rl. Chem. Soc., Dalton Tran2003 418 95945i f © drrizlé G%MESCN 10 20524 ua] 9 (100, caled
1969-1974. (c) Godfrey, S. M.; Ho, N.; McAuliffe, C. A.; Pritchard, : » foun : , error 0.4 ppm).

R. G.Angew. Chem., Int. EA.996 35, 2344-2346.

(14) Mortier, T.; Persoons, A.; Verbiest, Thorg. Chem. Commur2005 (16) Golan, Y.; Margulis, L.; Rubinstein, Burf. Sci.1992 264, 312—
8, 1075-1077. 326.

(15) (a) Sawaguchi, T.; Mizutani, F.; Taniguchi,Ulangmuir 1998 14, (17) Aaltonen, T.; Ritala, M.; Sajavaara, T.; Keinonen, J.; Leskkla
3565-3569. (b) Lamp, B. D.; Hobara, D.; Porter, M. D.; Niki, K.; Chem. Mater2003 15, 1924-1928.
Cotton, T. M.Langmuir1997 13, 736-741. (c) Jin, Q.; Rodriguez, (18) Aaltonen, T.; Ritala, M.; Tung, Y.-L.; Chi, Y.; Arstila, K.; Meinander,
J. A; Li, C. Z.; Darici, Y.; Tao, N. JSurf. Sci.1999 425, 101-111. K.; Leskela M. J. Mater. Res2004 19, 3353-3358.
(d) Hara, M.; Sasabe, H.; Knoll, Whin Solid Films1996 273, 66— (19) It should be noted that elemental sulfur formed from the decomposition
69. (e) Sawaguchi, T.; Mizutani, F.; Yoshimoto, S.; Taniguchi, I. of 4-PS forms a passivating coverage on Au which considerably retards
Electrochim. Acta200Q 45, 2861-2867. the dissolution of Au.
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Table 1. Dissolution of Au Thin Films at Ambient Conditiofis
entry thiol substrate  immersion time solvent effect
1 4Ps Si/SIQAU  1h EtOH etch pits 3
2 4-PS glass/Ti/Au  2d EtOH  dissolution E
3 4-PS Si/SIQAuU  2d MeOH dissolution =
4 4-PS glass/Ti/Au several weeks 01 etch pits 3’
5 4-PS glass/Ti/Au several months EtOH  etch pits s
6 4,4-PSSP  Si/SigAu  several months EtOH  etch pits
7 2-PS glass/Ti/Au  severalweeks EtOH  etch pits
aFilm area cal cn?, thickness 30 nm, thiol concentration 8 mM. 0 2'0 4'0 6.0 8.0 160 150
b Reaction performed under argon.
Time (h)
The suspension, on the other hand, was filtered, and after solvent 1: ¢(4-PS)=8 mM, 22°C. 2: c(4-PS)=16 mM, 22°C.

removal, a brownish-yellow oil was obtained. The oil was extracted 3: ¢(4-PS)=40 mM, 22°C. 4: c(4-PS)=8 mM, 22°C.

with diethyl ether to remove unreacted 4-PS, side products, and Figure 2. Effect of 4-PS concentration anc; @ressure on the dissolution
: " : : : : rate. Reaction conditions: Au nanopowder (1 mg, particle sizel30
impurities. When the o_|I was dissolved in M_eQH and diethyl ether nm). MeOH solution of 4-PS (15 mL), {pressure 10 bar (3 bar in entry
was added to the solution, a Atcomplex precipitated (60 mg, 0.14 4 “temperature 22C. Concentration of Au was determined by AAS.
mmol). HRMS ESI-TOFm/z (%): [Ci0H10N2SAu]t 419 (100,

calcd 418.9945, found 418.9932, error 3.31 ppm). These results 50 1
un_der§core tha_t a part of the Acomplex precipitates during the 40 1 x/x\x_’/ﬁ/x
oxidation reaction. 5
Kinetics of the Dissolution. A series of experiments were E’ 30 1
conducted with MeOH solutions of 4-PS (concentration 8, 16, or =
40 mM) in steel autoclaves at 22 and 8D with O, pressure of 3 T 20 A ¢(4-PS) changes from
or 10 bar. In a typical experiment, a test tube equipped with a % 8 mM to 16 mM
magnetic stirring bar was charged with MeOH (15 mL), 4-PS (13.6 10 1
mg, 122umol; 27.0 mg, 243umol; or 66.7 mg, 60umol), and 5
Au nanopowder (1 mg, Bmol). The test tube was then closed and 0 T T T >
placed into an autoclave, and the Pressure and temperature 0 40 80 120 160 200 240
selected were applied. Time (h)
Preparation of Self-Supporting Au and Ag Thin Foils. Self- 5: ¢(4-PS)=16 mM, 80°C. 6: The initial c(4-PS)=8 mM

supporting Au foils were prepared by detaching Au films from Si/ and after ad_diti"" of extra 4-PS, 16 mM, 22°C. _ _
SiO, substrates (cal cn?). In the treatment, supported Au films ZIIQDUSre 3. Effect of h'grr‘] tecrinperlatyre (curv(e 5, 8%)) ég‘d increase clir']'
: ) : L : -PS concentration on the dissolution rate (curve 6). Reaction conditions
were |mmersed in an 8.mM EtOH solution of 2-pyridinethiol (2- are otherwise the same as for curve 2 (see above).
PS) or in a MeOH solution of 4-PE & 9 mM, 0.18 mmol) and

2,2,6,6-tetramethylpiperidindl-oxyl (TEMPO; c = 5 mM, 0.10 - . .
mmol). Ag foil was detached from the Si/SiBi substrate (cal stabilize the Au concentration. As a result, the theoretical

cn?) by immersing a supported Ag film into an 8 mM MeOH concentration of 4-PS increased from 8 to 16 mM and the

solution of 2-PS. Au concentration in the solution began to rise again (Figure
. _ 3, curve 6). By this approach, the amount of dissolved Au
Results and Discussion was actually higher in the end than was achieved by using

A series of dissolution experiments were conducted with the same 16 mM concentration of 4-PS from the beginning
different reaction parameters, and the Au concentration in Of the reaction (Figure 3, curves 2 and 6). These results
the reaction solutions was monitored as a function of time. suggest that 4-PS can be partially decomposed under reaction
When two similar Au thin films prepared with electron beam conditions. It has been previously concluded thah@s no
evaporation were treated in argon and air atmospheres, theole in the decomposition of 4-PS?
latter film fully dissolved in 2 days whereas the former one
did not dissolve during the monitored period of several
months. Evidently, the dissolution of gold with 4-PS into
alcohol solutions requires LOas the oxidant (Table 1).

Increased reaction temperature has a clear effect on the
rate of dissolution. Compared with the rates achieved in the
analogous reactions carried out at room temperature, at 80

However, Q overpressure seems to have only a marginal °C the dissolution rates accelerated in the beginning of the
effect: th,e higher pressure employed resulted in only a reaction (Figure 3). However, when the reaction is kept at

slightly enhanced dissolution rate (Figure 2, curves 1 and this temperatL_Jre, the Au conc_entratlon in t_he solutlon_
4). decreases rapidly and reaches finally zero. This decrease is

. - |
As demonstrated here with gold nanoparticles, the thiol du€ to the thermal instability of the soluble Acomplex
concentration is the most important parameter for the resulting in ligand coupling and desulfurization; i.e., forma-
dissolution of Au. The dissolution rate increases noticeably tion of 4,4-dipyridyl sulfide, elemental S, and Auvas
with increasing 4-PS concentration (Figure 2, curveS)L detected. The extensive decomposition of 4-PS at elevated
To further understand the influence of the 4-PS concentration,temperature appears to be a dominating side reaction and
a second portion of 4-PS was introduced into the reaction can be a reason for the measured low Au concentrations (see
after approximately 90 h, which is the time required to above).
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Time (h) Figure 5. Percentages of Au in solution as a function of time for the

curves 1, 3, 6, and 8 shown in Figures£ Due to the low solubility of

Figure 4. Enhancing effect of Clion the dissolution rate. In curves 7 p e :
and 8, the molar ratio of Au/Cu is 10:1. Otherwise, reaction conditions for trgzcﬁgn;:omplex, a part of the dissolved gold precipitates during the

curve 7 were the same as for curve 2 and those for curve 8 were the same

as for curve 5 (see above). . .
whereas 4-PS can coordinate only via the S atom, thus

Since it has been reported that'Cien accelerates the  providing a faster dissolution (see beloW)*®?4n addition,
oxidation of PO its effect on the oxidation of Au was this dissolution reaction is feasible also for Ag and Cu,
studied as welt! The experimenta| data (Figure 4) show whereas Pd and Pt as well as Ti remained untouched (see
that CU' accelerates the dissolution of Au at 80, but at the Supporting Information). This selectivity might be related
20 °C the effect is diminished. Nevertheless, at both to an oxidation state & which is common for group 11
temperatures the dissolution of Au is enhanced when elements. In general, these monocations prefer a coordination
compared with analogous reactions without"Cut is number of 2 and a linear geomety.
important to note that in all experiments the dissolution  In solutions, pyridinethiols prefer to exist as the thione
reaction proceeds steadily, although the Au concentration isomer?* The possibility for the thiotthione tautomerization
in solutions remains low and reaches a steady state after &/ia the zwitterionic isomer distinguishes pyridinethiols from

certain time. This is related to the low solubility of the formed ~other thiols or disulfides and seems essential when their
Au' complex rather than to the oxidation reaction itself ability to dissolve Au is considered. On the basi$*afNMR

(Figure 5). measurements, only the 4-pyridinethione and 2-pyridineth-

Further studies affirm the unique and apparently structure- ione isomers are present in alcohol solutions under applied
related oxidation properties of 4-PS. As commonly known, reaction conditions (Scheme 1, first step). According to ESI-
pyridine and thiophenol cannot dissolve Au in EtOH solu- MS studies, the Aucomplex formed in the dissolution
tions. Even 4,4pyridyl disulfide (4,4-PSSP), which adsorbs ~ reaction has two pyridinethiol ligands. Unexpectedly, on the
effectively on Au surfaces via the cleavage of theSs  basis of'H and**C NMR studies, in the Aucomplex both
bond!52 turned out to be inactive. This underlines the fact ligands are in their zwitterionic form. This observation
that thiolate-type coordination of 4-PS is not a prerequisite Provides an insight into the pyridinethiol-assisted redox
for the dissolution. Another structure isomer of 4-PS, 2-PS, reaction.
can also dissolve gold but with a significantly reduced rate ~ Although 4-PS has been previously reported to adsorb on
(Table 1). Whereas with 4-PS the dissolution is completed Au surfaces as the thiolatés©, it is reasonable to assume
in less than 2 days, with 2-PS the dissolution occurs over that under the conditions applied in this work, 4-PS
several weeks. Therefore, pyridinethiol structure is, in coordinates in the beginning in its zwitterionic form and
general, needed for the dissolution while relative positions forms a SAM on Au (Scheme 1). As dissolution starts from
of the N and S atoms affect the efficiency of the dissolution. the corners of Au thin films, simultaneous coordination of
Presumably, due to the vicinity of the S and N atoms, 2-PS two ligands on one Au atom seems beneficial for the

forms a more strongly adsorbed chelate on a metal surfacedissolution. This bonding model also explains the need for
high initial pyridinethiol concentration and the observed

(20) Spessard, G. O.; Miessler, G.@Qrganometallic ChemistryPrentice slower kinetics with 2-PS rather than with 4-PS. As a

Hall, Inc.: Upper Saddle River, NJ, 2000; p 269. . . AT . .
(21) When CU and 4-PS are reacted, desulfurization and ligand-coupling chelating ligand, 2-PS will inhibit the coordination of the
reactions are possible. Furthermore,'@an be reduced to CuFor

details, for example, see: (a) Wen, Y.-H.; Cheng, J.-K.; Zhang, J.; (22) Taylor, D. L.; Abrdia, H. D.J. Electrochem. S0d.993 140, 3402-

Li, Z.-J.; Yao, Y.-G. Acta Crystallogr., Sect. C: Cryst. Struct. 3409.

Commun.2004 C60, m618-m619. (b) Downes, J. M.; Whelan, J.; (23) Cotton, F. A.; Wilkinson, G.; Murillo, C. A.; Bochmann, Mdvanced
Bosnich, B.Inorg. Chem.1981, 20, 1081-1086. (c) Cheng, J.-K,; Inorganic Chemistry6th ed.; John Wiley & Sons, Inc.: New York,
Chen, Y.-B.; Wu, L.; Zhang, J.; Wen, Y.-H.; Li, Z.-J.; Yao, Y.-G. 1999.

Inorg. Chem.2005 44, 3386-3388. (d) Cheng, J.-K.; Yao, Y.-G; (24) (a) Stoyanov, S.; Petkov, I.; Antonov, L.; Stoyanova, T.; Karagiannidis,
Zhang, J.; Li, Z.-J.; Cai, Z.-W.; Zhang, X.-Y.; Chen, Z.-N.; Chen, P.; Aslanidis, PCan. J. Chem199Q 68, 1482-1489. (b) Flakus, H.
Y.-B.; Kang, Y.; Qin, Y.-Y.; Wen, Y.-H.J. Am. Chem. SoQ004 T.; Tyl, A.; Jones, P. GSpectrochim. Acta, Part 2002 58, 299~

126, 7796-7797. To the best of our knowledge, @oes not react 310. (c) Muthu, S.; Vittal, J. XCryst. Growth Des2004 4, 1181~

with 4-PS (see reference 15b). 1184.
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Scheme 1. Proposed Reaction Mechanism for the Oxidation of Au

H
+I Ny isomerization
Au/SAM formation in solution
/ — —
-< S NH -=— HS N
-8 excess of 4-PS =Q _Q
Au°

S= NH
2w o
+
o} \/ ROH . =
— > ———— > HN )»-s-—-Au-5=< NH
2Osni-sC

u'

S
-H,0 \
Aul |
"S—_NH
. . +
side-reaction
s + N_Y-s< N

second pyridinethiol. Afterward, pyridinethiol-assisted oxida- prepared by detaching films from Si/SiGubstrates with
tion of Au can take place by loss of H from one of the pyridinethiols. 2-PS, which dissolves gold very slowly,
coordinated thiols. Apparently,Owhich was proven to be  separates Au films efficiently from their substrates. The films,
essential for the dissolution reaction, works here as an endthe largest examples being 1 cmn3 cm in dimension, were
oxidant. As a result, the gold(l) thiolato species is formed fully detached in a period of 2 days when treated in an EtOH
on the surface and water is released. solution of 2-PS (Figure 6). The process was even faster

As the structure of the isolated complex indicates (see the
Supporting Information for MS and NMR data), the detach-
ment of the Alispecies from the surface requires a further
protonation of the pyridinethiolato nitrogen. It is reasonable
to assume that alcohols, although weak Brgnsted acids,
provide a suitable proton source and a negatively charged
alkoxy moiety balances the charge. As'Auefers a linear
structure?® completed here with two zwitterionic pyridi-
nethiols, the anion will stay at the outer sphere. Despite our
efforts, the unambiguous structure for the labile counterion Figure 6. Thirty nanometer thick self-supporting Au foils.

remained unresolved. Although similar protonation of py- \when a mixture of 4-PS and TEMPO as a med&teras
ridinethiolato nitrogen is possible in water, low solubility applied. In a MeOH solution, the films were fully detached
of the Au complex might be a reason why the dissolution after approximately 14 h. Thin film detachment was also
reaction does not take place in agueous media (Table 1). successful with Ag films when treated in a MeOH solution

Interestingly, when the above-described reaction conditions of 2-PS. As the demounting method is gentle and selective
or the substrate structure of the Au thin films is modified, with 2-PS, the foils are perfect replicas of their substrate. In
the use of both 2- and 4-PS in alcohol solutions resulted in addition, because the thickness and the area of the film are
selective detachment of deposited Au thin films. Previously, tuneable, the method provides an interesting concept for the
nanometer-thick Au foils have been prepared by predepos-selective preparation of various large-area self-supporting
iting an unreactive parting agent, such as NaCl, on the nanometer-thick Au foils as well as other gold nanostructures.
substrate prior to Au deposition. Afterward, dissolution of )
the parting agent releases the self-supporting Au?foil. Conclusions

The detachment of Au thin films with pyridinethiols is To summarize, the dissolution of solid Au with pyridi-
dependent on the substrate structure. The pyridinethiol nethiols provides a new and important extension to the
treatment does not demount Au films from glass/Ti/Au
structures under any applied conditions, whereas SiSiO (27) TEMPO is generally used as a mediator in transition-metal-catalyzed

oxidation reactions using molecular oxygen or hydrogen peroxides as

Au structures turned out to be favorable. As an example of end oxidant. Unexpectedly, the detachment of the Au thin film rather

the method, thin (30 nm) self-supporting Au foils were than changes in the dissolution rate was observed. For TEMPO
reviews, see: (a) Sheldon, R. A.; Arends, |. W. CJEMol. Catal.

A: Chem.2006 251, 200-214. (b) Sheldon, R. A.; Arends, |. W. C.

bis(pyridinium-4-thiolato)Au(l)

Ligand-coupling and reduction of
Au', when the reaction temperature
is kept at 80°C for hours.

(25) Pyykkq P.Angew. Chem., Int. EQ004 43, 4412-4456. E. Adv. Synth. Catal2004 346, 1051-1071. (c) Ishii, Y.; Sakaguchi,

(26) (a) Arakawa, E. T.; Chung, M. S.; Williams, M. \Rev. Sci. Instrum. S.; lwahamaT. Adv. Synth. Catal2001, 343 393-427. (d) Adam,
1977, 48, 707-708. (b) Valenzuela, A.; Eckardt, J. Rev. Sci. W.; Mdller, C. R.; Ganeshpur®. A. Chem. Re. 2001, 101, 3499~
Instrum.1971, 42, 127-128. 3548.
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