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Since the demonstration that organothiols can bind to gold to (CF2)sCF5 Y o /A G
form self-assembled monolayers (SAMs},use of these thin films H/*" H/ ? o ? Y2
has become ubiquitous in biochemical, materials science, and other o= 1 2 = =
applications. The search for other anchoring groups to metals has 9, 11,13 3 4
revealed few other options. Among these are isonitfilésaryl Figure 1. Structures of the molecules studied.

diazoniums? aryl iodoniumst! and thiocyanates (as a thiolate
precursor):213 Particularly, in molecular electronics applications
where the electronic state mixing between the binding group and

Table 1. Ellipsometric Film Thicknesses and Contact Angles of
Water for SAMs of Compounds 1—4 on Au

the metal is a principal concetf!s new binding motifs may be film molecular advancing
. thickness length H,0 contact
useful and important. _ _ _ molecule @ (R angle (°)
Here, we show that terminal acetylenes form relatively organized —
and stable SAMs on gold which can also be used to stabilize gold i 2;2 g'g 1%91 gg
nanoparticles. Adsorption of small alkynes (e.g., butyne and 1 =7 103 128 90
pentyne) on silver and gold was previously examined by surface- 1,n=9 14.0 15.3 96
enhanced Raman spectroscopy, but no information on the organiza- 1.n=11 15.1 17.8 98
tion of the monolayer was obtainé®'” Gold substrates were % n=13 1117?? 58'22 59;
incubated with 10 mM ethanolic solutions of the molecules shown  cpycHy),;SH 125 16.9 103
in Figure 1. Ellipsometry and contact angle measurements were  CHs(CHy)11CHs c 155 63
taken, and these are presented in Table 1. For comparison, several CHs(CHz)11NH> c 15.9 76
other 12-carbon molecules were also evaluated. CHs(CH2)1:0H c 16.5 3

The ellipsometric thickness and advancing contact angle for the aTheoretical thicknesses were calculated for the molecule in a fully

1-alkyne-based SAMs were slightly less than that found in a densely extended conformation using molecular mechanics (MMZ)ontact angles
packed, quasi-crystalline SAM, such as that found from are an average of a minimum of three measurements and have a standard

alkanethiols on gold. However, the advancing contact angle of €or 0f£3°. ©Not measured.
SAMs from dodecyne was clearly higher than those found when -
the 12-carbon alkane, amine, and alcohol were exposed to gold. 200 |-
These values were also similar to those found for SAMs derived s
from dodecyl isothiocyanatéd.The fluorinated alkyne2)-based
adlayer showed a reasonable ellipsometric thickness and XPS
spectrum (Figure S1) but a very low advancing contact angle
lower than that expected even for generically physisorbed material.
The 1-alkyne-derived SAMs showed C(1s) XPS signals that fit well
to the expected ratio of sp- and®dpybridized carbons (Figure S2,
Table Sl). -200 |-
To probe the integrity and stability of these acetylene-based s
SAMs further, their ability to block the redox response of a0 600 400 200 0 200 .400
ferricyanide ions at gold was probéd Figure 2 shows that this .
response is attenuated significantly by the presence of the SAM. ) Potential (mV vs Ag/AgCl)
In contrast, when gold was exposed to dodecane, 1-dodecyl amine79ure 2. Cyclic voltammograms at 100 mV/s of Fe(Gfly*" at bare
and 1-dodecanol, little or no diminution of the redox response was gold bead and SAM-modified gold bead electrodes with compodnds
observed (Figure S3). These results indicate that these SAMs aredid not show any appreciable thickness by ellipsometry and did
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blocking, although again not to the extentreélkanethiol SAMs. not show a water contact angle suggestive of monolayer formation.
The blocking ability was stable over multiple voltage sweeps,  Another possibility is the interaction of the acetylene with the
indicating the SAMs are stable in an aqueous environment. gold on a side ons-type) interaction. If this were the case, we

These results indicate that relatively stable SAMs can be formed hypothesized that moleculé&sand 4, if lying flat, would show
from terminal alkynes. However, they beg the question as to what similar electron transfer kinetics between the ferrocene and the gold.
type of interaction exists between the acetylene and gold. We However, this was not the case. SAMs of molecilshowed an
initially reckoned that a gotdacetylide interaction was possible.  average electron transfer ratg)(of 20.64 3.0 s* and a surface
Acetylide anion is isoelectronic with isocyanide, which is thought coverage of 3.7& 10-1°mol/cn?. In contrast, SAMs of molecule
to bind to gold via a dative interactio'SAMs were prepared from 4 showed an average electron transfer rég ¢f 3.7 + 0.5 st
tetrahydrofuran/alkyne solutions into whiakbutyllithium was and a surface coverage of 2.9310°1° mol/cn? (Figures S4S7
added to effect deprotonation of the alkyne. However, these SAMs and Tables S2 and S3). The surface coverage of these SAMs was
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From these data, we conclude that terminal acetylenes form
SAMs on gold substrates and nanoparticles that are relatively
densely packed and stable. The data available thus far suggest an
upright orientation of the molecules via some type of end-on
interaction between the alkyne and substrate. A recent theoretical
analysis of the interaction of phenyl acetylene with gold suggested
a vinylidene/Au interaction as the most sta#l&his interaction
would involve a 1,2-hydride shift to form a carbene which then
could datively bond to gold. There are several viable ways to make
these species independently so SAMs derived from them could be
compared to those reported here. This work is in progress.

Acknowledgment. We thank Dr. K. Efimenko and Prof. J.
Genzer for ellipsometric measurements, Eric Tucker for the
preparation of the gold beads, Prof. Edmond Bowden for providing

Figure 3. TEM image of dodecyne-functionalized gold nanoparticles.

60 the working curve for the Laviron analysis, Prof. David Shultz for
—— dodecyne capped AuNP an essential suggestion, and NSF (DMR-0303746) for financial
— dodecyne support.
40+ 1460 Supporting Information Available: Experimental procedures and
> y characterization data. This material is available free of charge via the
E Internet at http://pubs.acs.org.
=

References
(1) Finklea, H. O.; Avery, S.; Lynch, M.; Furtsch, Tangmuir1987, 3, 409—
413.

(2) Porter, M. D.; Bright, T. B.; Allara, D. L.; Chidsey, C. E. D.Am. Chem.
Soc.1987, 109, 3559-3568.
T r T T T T (3) Bain, C. D.; Whitesides, G. MJ. Am. Chem. Sod 988 110, 3665
4000 %000 200 1000 0 () ?466‘6' hi, S.: Y i Yo Y T.: Mouri, T.; Nishihara, H
Wave berfem” orinouchi, S.; Yamanoi, Y.; Yonezawa, T.; Mouri, T.; Nishihara, H.
) o numberiem Langmuir2006 22, 1880-1884.
Figure 4. Transmission infrared spectra of dodecyne and dodecyne-capped (5) Swanson, S. A.; McClain, R.; Lovejoy, K. S.; Alamdari, N. B.; Hamilton,
gold nanoparticles. J. S.; Scott, J. CLangmuir2005 21, 5034-5039.
(6) Kim, H. S,; Lee, S. J.; Kim, N. H.; Yoon, J. K.; Park, H. K.; Kim, K.
L . . . o Langmuir2003 19, 6701-6710.
similar to that found in ferrocenyl-terminated thiol SAMs, indicating (7) Horswell, S. L.; O'Neil, I. A.; Schiffrin, D. JJ. Phys. Chem. R001,
i 8,19 Thi i i H 105, 941-947.
h_|gk_1 coveragét Thls order of _magnltu_de difference in rate for (8) Henderson, J. 1.: Feng, S.: Bein, T.: Kubiak, CLBngmuir 2000 16,
similar coverage is more consistent with through bond electron 6183-6187.
; H (9) Ontko, A. C.; Angelici, R. JLangmuir1998 14, 1684-1691.
transfer through upright SAMs than (_electron transfer dlrectly_from (10) Stewart, M. P.- Maya. F.- Kosynkin. D. V. Dirk, S. M.: Stapleton, J. J.
the gold to the ferrocenyl group which would be expected if the McGuiness, C. L.: Allara, D. L.; Tour, J. MI. Am. Chem. So@004
molecules were lying parallel to the substrate. 126 370-378.
.y 9p . (11) Dirk, S. M.; Pylypenko, S.; Howell, S. W.; Fulghum, J. E.; Wheeler, D.
Gold nanoparticles were made in the presence of dodecyne by R. Langmuir2005 21, 10899-10901.
reducing chloroauric acid in toluene/water containing 6 mM  (12) Ciszek, J. W.; Keane, Z. K.; Cheng, L.; Stewart, M. P.; Yu, L. H.; Natelson,

D.; Tour, J. M.J. Am. Chem. So2006 128 3179-3189.
dodecyne. The expected plasmon resonance at 524 nm was observeqlg) Ci'sz;’&’, r’J_ W.: TouT.]. Ngrr?em?%atgrzogs 17, 5684-5690.

in the resulting solution, typical for gold nanoparticles (Figure S8). (ig) Eﬁpps, KHSCGiE_HE?ZOOl 293 _53\‘/5_- dwald. U | V.- Kolb. D. M.
_Trar_lsmission electron microgrgphs (Qn example_ of which is shown ngggé’ S ém'sesr?ir.'?ho'rhan'fuﬁ’yap\_;f-m}érvvmﬁ?\gémgfen? PNat.
in Figure 3) showed nanoparticles with a two size ranges 4.5 (16) l\lélater. 2006M5. I3494\17\/399. M. J. Phys. Chem1985 89, 5046-5051
. H atterson, M. L.; eaver, M. J. yS. em A .

0.3 and 2.6+ 0.3 nm, Figure S9). These were stable against (1) reilchenfeld, H.. Weaver, M. J. Phys. Chem1989 93 4216-4282.
aggregation for up to 8 weeks as evidenced by a lack of change of (18) Chidsey, C. E. DSciencel991 251, 919-922.

: i : : ; : (19) Chidsey, C. E. D.; Bertozzi, C. R.; Putvinski, T. M.; Mujsce, A. 3.
their U\_//v!3|blt_e absorption spectrum over this period of time. Am. Chem. Sod99Q 112 4301-4306.
Transmission infrared spectra (Figure 4) showed a loss of the (20) Ford, M. J.; Hoft, R. C.; McDonagh, Al. Phys. Chem. R005 109,
terminal CH stretch and bending modes in the dodecyne-capped 20387-20392.

nanoparticles (also see Supporting Information). JA0704380

J. AM. CHEM. SOC. = VOL. 129, NO. 16, 2007 4877





