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Abstract: Hexadecanethiol (n-C16), 2,2-dimethylhexadecane-1-thiol (DMC16), and the multidentate thiol-
based ligands 2-tetradecylpropane-1,3-dithiol (C16C2), 2-methyl-2-tetradecylpropane-1,3-dithiol (C16C3),
and 1,1,1-tris(mercaptomethyl)pentadecane (t-C16) were evaluated for their ability to stabilize large gold
nanoparticles (>15 nm) in organic solution. Citrate-stabilized gold nanoparticles (20—50 nm) treated with
the ligands were extracted from aqueous solution and dispersed into toluene. The degree of aggregation
of the gold nanoparticles was monitored visually and further confirmed by UV—vis spectroscopy and dynamic
light scattering (DLS). The bidentate ligands (C16C2 and C16C3) and particularly the tridentate ligand
(t-C16) showed enhanced abilities to inhibit the aggregation of large gold nanopatrticles in organic solution.
For gold nanoparticles modified with these multidentate ligands, bound thiolate (Spz2 binding energy of
162 eV) was the predominant sulfur species (>85%) as evaluated by X-ray photoelectron spectroscopy
(XPS). Although an entropy-based resistance to ordering of the loosely packed surfactant layers was initially
considered to be a plausible mechanism for the enhanced stabilization afforded by the multidentate ligands,
when taken as a whole, the data presented here support a model in which the enhanced stabilization
arises largely (if not solely) from the multidentate chelate effect.

Introduction

Surface-modified gold nanopatrticles are used extensively as

building blocks to construct mesoscopic structures for micro-
electronics,? catalysis’—8 receptor-based sensing (biological and
chemical sensorg),’®> SERS signal enhanceméfit!® and
ultrahigh-density data storag@?! To maximize the efficiency
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of surface-modified gold nanoparticles in such applications,
well-controlled particle size and efficient particle dispersion are
necessary. The synthesis of gold nanoparticles via the citrate
method? affords gold nanoparticles ranging from2 to 100
nm, where the size can be tuned by adjusting the gold-to-citrate
ratio23

With the discovery and widespread use of self-assembled
monolayers (SAMs) adsorbed onto metal collditis the
surface composition of gold nanoparticles can now be modified
to contain a variety of functional groups and even mixtures of
functional group$*28By utilizing the highly specific interaction
between alkanethiols and gold, researchers now have the ability
to disperse small gold nanoparticles (i.1,0 nm) into nonpolar
solvents?’~33 which allows for enhanced nanoparticle manipula-
tion, including their deposition into ordered two-dimensional
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arrays?®34-37 |In contrast, gold nanoparticles larger thai0

nm typically undergo irreversible flocculation during their
modification with alkanethiold®3° This type of aggregation
proceeds via fusion of the metallic cofswhich are
initially stabilized by electrostatic interactions. The aggre-
gation, however, can be inhibited by slowing the removal of
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Figure 1. Structures of the adsorbates: normal hexadecanethiGiLE),
2,2-dimethylhexadecane-1-thi®§C16), 2-tetradecylpropane-1,3-dithiol

the charged species during displacement by the protecting(ci6c2), 2-methyl-2-tetradecylpropane-1,3-dithiai(6C3), and 1,1,1-tris-

thiol.4%-42 For example, the adsorption of Tween 20 or thioctic
acid onto the nanoparticles prior to the adsorption of
alkanethiols leads to a reduction in the extent of irreversible
aggregatiort94! Separate studies have shown that gold nano-

(mercaptomethyl)pentadecarteq16).

or displacement via ligand exchange were observed during
aging#” Furthermore, their molecular complexity and lengthy

particles can be stabilized by using thiols possessing negativelysynthesis highlight the need for the development of simpler non-

chargedterminal groups (e.g., carboxylate-terminated alkanetfiiéts),
but this type of electrostatic stabilization is limited to aqueous
solutions.

It is likely that the enhanced aggregation observed for larger
gold nanoparticles is due to their increased interparticle attrac-
tion, given that van der Waals forces are known to increase
with particle size/mas®3946To disperse large nanoparticles
in nonpolar solvents, interparticle attraction can be overcome
by generating short-range repulsion via increasing the confor-
mational freedom of the surfactant layéShort-range repulsion

polymeric stabilizing agents.

To this end, our group has been exploring the formation of
conformationally disordered SAMs on gold via the adsorption
of several new classes of multidentate alkanethiols (e.g., Figure
1).48-51|n earlier studies on flat gold substrates, SAMs generated
from 2-monoakylpropane-1,3-dithiol€0C2),*° 2-alkyl-2-me-
thylpropane-1,3-dithiolsGnC3),%° and 1,1,1-tris(mercaptom-
ethyl)alkanes t¢Cn)5! showed lower chain packing densities
compared to the densely packed SAMs generated from normal
alkanethiols Cn). Specifically, the molecular packing densities

between two particles can arise when the surfactant Iayers(a”d thus the conformational order of the alkyl chains) were

around the particles interpenetrate, giving rise to chain ordering
and thus entropic los8.For example, due to the repulsive, steric,

observed to decrease according to the tr@&md> CnC2 >
CnC3 > t-Cn.5! Furthermore, the stability of the SAMs against

and/or overlap forces between polymer-coated surfaces, manychemical desorption and displacement followed the exact
synthetic polymers and biopolymers (e.g., proteins, gelatin) have OPPOSite trend (i.e., the highly disordered films derived from

been used to prevent particle aggregafiot. However, the

t-Cn were the most robust).

polymer coatings are usually inhomogeneous, and the thickness For the purpose of the present study, we envisioned that the

is difficult to control#”

In efforts to overcome these difficulties, Wei and co-workers
reported the stabilization of gold nanoparticles up to 87 nm using
non-polymeric resorcinarene tetrathibl<Compared to normal

alkanethiols, these multidentate ligands offer enhanced nano-

particle stability in solution by effectively blocking aggregation
of the particles through two possible mechanisms: (1) coopera-
tive, multidentate binding of the surfactant onto the gold
nanoparticles and (2) enhanced spacing between alkyl chains
corresponding to enhanced conformational freedom of the alkyl
chains. Despite their promise, however, partial desorption and/

(31) Porter, L. A., Jr,; Ji, D.; Westcott, S. L.; Graupe, M.; Czernuszewicz, R.
S.; Halas, N. J.; Lee, T. R.angmuir1998 14, 7378-7386.

(32) Isaacs, S. R.; Cutler, E. C.; Park, J.-S.; Lee, T. R.; Shon, YaSgmuir
2005 21, 5689-5692.

(33) Israelachvili, JIntermolecular and Surface Force@nd ed.; Academic
Press: New York, 1992.

(34) Mayya, K. S.; Caruso, F.angmuir2003 19, 69876993.

(35) Chen, SLangmuir2001, 17, 2878-2884.

(36) Fernandez, C. A.; Wai, C. W.. Nanosci. NanotechnoR006 6, 669—
674.

(37) Lin, X. M.; Jaeger, H. M.; Sorensen, C. M.; Klabunde, KI.Phys. Chem.
B 2001, 105 3353-3357.

(38) Weisbecker, C. S.; Merritt, M. V.; Whitesides, G. Mangmuir1996 12,
3763-3772.

(39) Fujiwara, H.; Yanagida, S.; Kamat, P. ¥. Phys. Chem. B999 103
2589-2591.

(40) Lin, S.-Y.; Tsai, Y.-T.; Chen, C.-C.; Lin, C.-M.; Chen, C.&hPhys. Chem.
B 2004 108 2134-2139.

(41) Aslan, K.; Perez-Luna, V. H.angmuir2002 18, 6059-6065.

(42) Bellino, M. G.; Calvo, E. J.; Gordillo, @hys. Chem. Chem. PhyZ004
6, 424-428.

(43) Yonezawa, T.; Kunitake, TColloid. Surf. A1999 149, 193-199.

(44) Yao, H.; Momozawa, O.; Hamatani, T.; Kimura, Bull. Chem. Soc. Jpn.
200Q 73, 2675-2678.

(45) Mayya, K. S.; Patil, V.; Sastry, M.angmuir1997, 13, 3944-3947.

(46) Evans, D. FThe Colloidal Domain: Where Physics, Chemistry, Biology,
and Technology Meg2nd ed.; Wiley: New York, 1998.

(47) Balasubramanian, R.; Kim, B.; Tripp, S. L.; Wang, X.; Lieberman, M;
Wei, A. Langmuir2002 18, 3676-3681.

114 J. AM. CHEM. SOC. = VOL. 130, NO. 1, 2008

multidentate thiols would attach strongly to the surface of gold
nanoparticles, with their loosely packed alkyl chains dangling
in solution and stabilizing the nanoparticles entropically.
Alternatively, we envisioned that the multidentate thiols might
exert a stabilizing effect via their ability to bind to multiple
sites on the surface of the gold nanoparticles (i.e., via the chelate
effect, which is also entropic in natur®)33 Surprisingly, there

has been no systematic study to distinguish the relative
importance of these two effects in nanoparticle stabilization.
Herein, we describe the dispersant properties of three thiol-based
ligands having multidentate headgroups as shown in Figure 1:
2-tetradecylpropane-1,3-dithiolC6C2), 2-methyl-2-tetrade-
cylpropane-1,3-dithiol€16C3), and 1,1,1-tris(mercaptomethyl)-
pentadecand-C16). We compare the stabilizing ability of these
ligands to that of the monodentate ligands, hexadecanethiol (
C16), and 2,2-dimethylhexadecane-1-thibNC16), where the
latter ligand was designed to generate SAM-coated nanopatrticles
with reduced chain packing density similar to that of the
multidentate thiols. Our studies find that only the multidentate
ligands enable the extraction and dispersion of gold nanoparticles
as large as 50 nm from the aqueous phase to a nonpolar organic
phase; importantly, the multidentate-functionalized nanoparticles
fail to undergo aggregation in the organic phase for at least 1
month at room temperature. Furthermore, a systematic analysis
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of entropic stabilization vs chelate stabilization reveals that the
latter effect is largely (if not solely) responsible for the observed

enhancement in nanoparticle stabilization.

Experimental Section

Complete details regarding the materials, procedures, and instru-
mentation used to conduct the research reported here are provided as

Supporting Information.
Results and Discussion

Brief Review of the Optical Properties of Metal Nano-

particles. According to Mie theory/ metallic nanoparticles with

a radius much smaller than the incident wavelength of light will
absorb strongly at certain wavelengths because of the resonant
excitation of the surface plasmons. Furthermore, the position
and intensity of the absorption bands are strongly influenced
by particle size and shape, the surrounding medium, and the
boundary conditions imposed by adjacent metallic particles. The
surface plasmon resonance (SPR) band of gold spheres in 400 500 600 700 800
aqueous solution appears at 525 nm. If, however, the colloidal
particles aggregate, and the distance between aggregating ——0hr
particles becomes small compared with their radius, additional
resonance bands will appear at longer wavelengths than those
of the individual particles. Consequently, red-shifting and
broadening of the resonances band are observed during ag-

gregation?8:3941
Kinetics of Aggregation of Thiol-Modified Gold Nano-

particles in Water/THF. During the process of SAM formation,
hexadecanethiohfC16) is known to displace citrate ions from
the surface of gold nanopatrticles, thereby reducing the surface
charge?® Without strong chargecharge repulsion, gold nano-
particles modified witm-C16 are driven to each other by van
der Waals attractio®?*¢leading to irreversible aggregation. As
shown in Figure 2a, this type of aggregation gives rise to a
dramatic red-shifting and broadening of the SPR band to 585
nm for gold nanoparticles having a diameter of 30 nm.
Importantly, the rate of aggregation is much slower for gold

nanoparticles modified bPMC16, C16C2 andC16C3when

compared ta-C16. Specifically, Figure 2a shows that it takes

only 1 h for the SPR band to shift to 550 nm after adding16,

and substantial aggregation occurs after 24 h, characterized by
a severely broadened SPR band centered at 585 nm. In contrast,
Figures 2b, 2c, and 2d show that the SPR band shifts to only

535 nm in 24 h after addin@MC16, C16C2 or C16C3

Moreover, Figure 2e shows a shift to only 532 nm in 24 h after
adding tridentatet-C16; the latter shift occurs without any

noticeable broadening of the SPR peak, suggesting that the gold (e) t-C16
nanoparticles undergo little or no aggregation upon adsorption ;

of the tridentate alkanethiol.

We quantified the aggregation of thiol-functionalized gold
nanoparticles using a semiempirical flocculation parantster,

Extinction (a.u.)

(a) n-C16
400 500 600 700 800

Extinction (a.u.)

(b) DMC16

Extinction (a.u.)

(c) c16C2
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Extinction (a.u.)

(d) c16C3
00 500 600 700 800

H

T

Extinction (a.u.)
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Figure 2. Time evolution of the UV-vis extinction spectra in 2:1 THF/
water showing the stability of 30 nm gold nanoparticles modified with the

defined as the integrated absorbance between 600 and 800 nnindicated thiols: (an-C16, (b) DMC16, (c) C16C2, (d) C16C3 and (e)
of the optical absorption spectra normalized to the absorption +C16.

intensity of the surface plasmon peak. In this analysis, for

example, increased absorption at 625 nm is associated withSignificantly increases for gold nanoparticles modified with
aggregation. As such, we monitored the extinction intensity at N-C16, whereas a small change occurs for those modified with
this wavelength to evaluate the aggregation process. As il- DMC16, C16C2 andC16C3 In contrast, for gold nanoparticles
lustrated in Figure 3, the intensity of extinction at 625 nm modified witht-C16, the intensity of this wavelength quickly

(54) Mie, G.Ann. Phys1908 25, 377—445.
(55) Lin, M. Y.; Lindsay, H. M.; Weitz, D. A.; Ball, R. C.; Klein, R.; Meakin,
P. Phys. Re. A 199Q 41, 2005-2020.

reaches a plateau and remains constant. The small initial shift
is probably due to the formation of the SAM on the surface of
the gold nanoparticlé:> The comparisons summarized here

J. AM. CHEM. SOC. = VOL. 130, NO. 1, 2008 115
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Figure 3. Time evolution of the extinction intensity at 625 nm in 2:1 THF/

water of 30 nm gold nanoparticles modified withC16, DMC16, C16C2,
C16C3 andt-C16.
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Figure 4. Kinetics of the aggregation of 30 nm gold nanoparticles modified
with n-C16, DMC16, C16C2 C16C3 andt-C16 as measured by dynamic
light scattering (DLS) in 2:1 THF/water.

can be taken to indicate the€16 is the most effective among
the five adsorbates at stabilizing large gold nanoparticles i
water/THF.

Analysis by DLS provides additional support for our inter-
pretations of the UV+vis data. For example, Figure 4 shows
that the addition of monodentateC16 leads to a substantial
increase in the hydrodynamic diameter, which is consistent wit

n-C16 DMC16 C16C2 C16C3 t-C16

Mmme
EETE

Figure 5. Photographs of 30 nm gold nanoparticles modified w816,

DMC16, C16C2 C16C3 andt-C16 after phase transfer into 1:1 toluene/
THF.

however, the citrate ions are typically displaced from the
nanoparticle surfac®. Although this process probably occurs
to a substantial degree f&¥MC16, the displacement of citrate
might be incomplete for this ligand. We note, for example, that
compared with monodentateC16 on gold, the monodentate
DMC16 ligand exhibits a markedly lower packing density (72%
sulfur/chain density vs 100% fon-C16; see Supporting
Information); furthermore, compared with the multidentate thiols
C16C2 C16C3 andt-C16, the monodentat®MC16 ligand

is unable to chelate to the surface of gold. In XPS studies
described below, we explore whether the stabilizing ability of
DMC16 in water/THF arises from the chargeharge repulsion

of residual citrate ions trapped within void spaces on the surface
of gold that are present only when using this adsorbate (vide
infra).

Phase Transfer and Dispersion of Thiol-Modified Gold
Nanopatrticles in Organic Solution. Although many mono-
dentate thiols are effective in dispersing and stabilizing small
gold nanoparticles¥3 nm) in nonpolar solvents (e.g., hexanes,
toluene, chloroform, or carbon tetrachlorid&}hese same thiols
are typically ineffective in extracting and dispersing larger
particles ¢15 nm) in nonpolar solvents. Figure 5 provides
additional evidence of this latter phenomenon, showing that
n-C16 and DMC16 are poor dispersants and poor stabilizers
of large gold nanoparticles~30 nm in diameter). Although
the n-C16- and DMC16-modified nanoparticles could be
partially extracted into 1:1 toluene/THF with the help of TOAB,
they aggregated rapidly, as indicated by the blue color of the
, solutions?:39%%Interestingly, both ligands appear to be equally

n

the proposed aggregation phenomenon. Furthermore gc)ldpoor nanoparticle stabilizers in strictly organic solution; in water/

nanoparticles modified with the other adsorbates showed littl

or no increase in hydrodynamic diameter, indicating little or

no aggregation (see Figure 4). Importantly, careful examinatio
of the data in Figure 4 suggests & 16 is the most effective

ligand for preventing the aggregation of the nanoparticles in

water/THF.

Another important observation from these studies centers on

the stabilizing ability ofDMC16: this ligand appears to be
substantially better than-C16 and comparable to the multi-

dentate thiols in stabilizing gold nanoparticles in water/THF.
As noted above, gold nanoparticles generated by citrate reduc

tion are stabilized by citrate-based chargbarge repulsion in
aqueous solutiof®57:58 Upon the addition ofn-alkanethiol,

(56) Aslan, K.; Luhrs, C. C.; Perez-Luna, V. H. Phys. Chem. B004 108
15631-15639.

(57) Enustun, B. V.; Turkevich, J. Am. Chem. Sod.963 85, 3317—-3328.

(58) Mirkin, C. A. Inorg. Chem.200Q 39, 2258-2272.
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THF, however, we observed that the aggregation oD 16-
modified gold nanoparticles was much slower than that of
n-C16-modified gold nanoparticles (vide supra).

In contrast to the monodentate thiols, the multiden&t6C2,
C16C3 andt-C16 are much more effective at extracting and
dispersing the nanoparticles under the same conditions. Figure
5 shows that a few minutes after the addition of TOAB, the
gold nanoparticles were transferred quantitatively to the organic
phase, producing a solution having a pink or cherry-red color.
Further analysis by U¥vis spectroscopy (Figure 6) shows that
among all of the thiols examinethC16 is the most effective
“dispersant, capable of extracting and stabilizing large gold
nanoparticles in 1:1 toluene/THF in the presence of 5 mol %
of TOAB per equivalent of thiol. Importantly, this latter
dispersion was observed to be stable for at least 1 month at

e

n

(59) Park, J.-S. Ph.D. thesis, University of Houston, 2004.
(60) Link, S.; EI-Sayed, M. AJ. Phys. Chem. B999 103 8410-8426.
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Figure 6. UV—visible extinction spectra of 30 nm gold nanoparticles
modified with n-C16, DMC16, C16C2 C16C3 andt-C16, and phase-
transferred into 1:1 toluene/THF.

room temperature with little or no change in the extinction band
intensity or position.

Given the lower thiolate coverage on nanoparticles compared
to that on flat gold substraté$ijt is plausible that some citrate
ions are retained around the gold nanoparticles after the addition
of thiol, even when multidentate ligands are used. This
phenomenon might rationalize why extractions without TOAB
typically lead to only partial transfer of gold nanoparticles into
the 1:1 toluene/THF phas$éThe tetraalkylammonium cations 290 288 286 284 282 280
can presumably neutralize residual citrate counteidashanc- Binding Energy (eV)
ing the h.ydr.OphObiC nature of the functionalized nanoparticle Figure 7. XPS spectra for 30 nm gold nanoparticles modified wit&16,
and facilitating the transfer from the aqueous phase to the pmci1e, C16C2 C16C3 andt-C16at: (a) S 2p region and (b) C 1s region
organic phase. On the other hand, analysis by XPS of our SAM- (the solid lines are the results of curve fitting).
coated nanopatrticles reveals that citrate is present in measurable
quantities only wheMC16 is used as the stabilizing ligand
(vide infra).

In the course of these studies, we observed also that the
position of the SPR band of the gold nanoparticles{(20 nm
in diameter) was strongly influenced by the reaction conditions. X X . . .
The initial extinction band at 525 nm shifted slightly to 530 signal-to-noise rat|_o), analysis (_)f e 2p _peak Is a reliable .
nm upon dispersion in 1:2 water/THF. Upon functionalization method for evaluat_lng the_ c_hemlcal bonding of sulfur atoms in
with t-C16, the SPR band shifted to 532 nm, and after phase SAMs 38:66.67|n particular, it is known that photoelectron peaks

transfer into 1:1 toluene/THF, it shifted further to 536 nm (see with binding energies of 162.1 and 16?"3 eV can be assigned
Figure 6). Theoretical predictioffs65 and experimental obser- to theS2py> andS 2py, doublet, respectively, for sulfur atoms

vationg156 have also found that the position of the SPR band bonded to g(_)ld; in contrast, peaks at 164 eV can be assigned to
of colloidal gold is sensitive to the dielectric constant of the UnPound thiol species. The XPS data in Figure 7a show
surrounding medium. Typically, the formation of a dielectric p.redommately the presence of.bound sulfur with only a minimal
layer around a metallic nanoparticle or the incorporation into a Si9nal (<15%) that can be attributed to unbound sulfur for the
medium with a higher refractive index shifts the SPR band to multidentate thiol-modified gold nanoparticles. This observation

) - 1
longer wavelength (lower energ$}>6Given that the refractive supports the notion of chelate stabﬂm_aﬁ%rr‘i_ for these
indices of water. THE. and toluene are 1.33. 1.41. and 1.50 nanoparticles, which likely plays a role in their resistance to

respectively}! we can plausibly conclude that the observed shifts agyr egatiortl) (V;de infrha). bindi ies for th
correspond to changes in the local environment of the goldf F'gl:jr? bs O\r/]vsft he Ch'lls inding ehne;glﬁssort eds'.L\Mj
nanoparticles, rather than to differences in flocculation. Fur- ormed from each of the thiols. For each of the SAMs derive

thermore, the absence of extinction intensity between 600 andfrom n-C16, IS 16C2 C16C3 ﬁ_n(i]t-_CIGr,lwe obsgr\_/e afrekl]ativiyl
800 nm (see Figure 6) strongly suggests that the gold nanopar-"&"OW peak at-285 eV, which is characteristic of the alky

ticles modified with the multidentate thiols (particulathZ16) groups of SAMs comprised largely of QHr_"tS'GS For the SAM
fail to aggregate to any substantial degree. derived fromDMC16, however: the peak is proadened Wl-th an
extended shoulder on the high-energy side, suggesting the
(61) We have also found that mixing TOAB in toluene with an aqueous solution presence of oxidized carbon specigslumerical curve fitting
of citrate gold in the absence of THF leads to flocculation of the indicates that there are at least two carbon species for this

nanoparticles rather than phase transfer.
(62) Survey scans by XPS of gold nanoparticles modified with multidentate

Intensity (a.u.)

XPS Analysis of Thiol-Modified Gold Nanoparticles.XPS
is highly useful in analyzing not only the nature of-8u
bonding, but also the atomic composition of SAMs on gold
surfaces®.56.67 Although the sulfur signal can be significantly
attenuated by the overlying alkyl chains (and thus lead to a low

thiols indicate the presence of nitrogen but not bromine. (66) Lu, H. B.; Campbell, C. T.; Castner, D. Gangmuir200Q 16, 1711~
(63) Kreibig, U.; Vollmer, M.Optical properties of metal clusterSpringer: 1718.

New York, 1995. (67) Laibinis, P. E.; Whitesides, G. M.; Allara, D. L.; Tao, Y. T.; Parikh, A.
(64) Mulvaney, PLangmuir1996 12, 788-800. N.; Nuzzo, R. GJ. Am. Chem. S0d.991], 113 7152-7167.
(65) Eck, D.; Helm, C. A.; Wagner, N. J.; Vaynberg, K. llangmuir2001, 17, (68) Bain, C. D.; Troughton, E. B.; Tao, Y. T.; Evall, J.; Whitesides, G. M;

957—-960. Nuzzo, R. GJ. Am. Chem. S0d.989 111, 321-335.
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Figure 8. FT-IR spectra of 30 nm gold nanoparticles modified vith6C2,
C16C3 andt-C16 and dispersed in Cgl

2700 3100

adsorbate. Further comparison with the photoelectron spectrum

of citrate-stabilized gold nanoparticles (Figure 7b, bottom) is
consistent with a model in which there are citrate ions (or citrate
derivatives) remaining on the surface of the gold nanoparticles
after the adsorption dDMC16. As noted above, we propose
that citrate ions fill void spaces on the surface of gold in the
presence oDMC16 and thereby lead to enhanced nanopatrticle
stabilization in water/THF. Further, it is plausible that citrate
ions and void spaces exist only for tBMC16 ligand due to
its exclusive low surface density of both alkyl chains and sulfur
atoms (i.e., 72 vs 100% for-C16; see Supporting Information).
FTIR Analysis of Multidentate Thiol-Modified Gold
Nanoparticles. We used transmission FTIR spectroscopy to
evaluate whether the conformational order (or “crystallinity”)
of the pendant alkyl chains might play a role in the abilities of
C16C2 C16C3 andt-C16 to act as efficient dispersants and
stabilizers. The €H stretching region is known to be highly
sensitive to the conformational order of the alkyl chains and
the environment of the chaif8.In particular, the degree of
conformational order of alkyl chains can be estimated from the
frequency and width of the methylene antisymmetric band (
vS™) and the methylene symmetric band{'?).6%72 The
methylene antisymmetric bandacf*z) of crystalline polyethyl-
ene appears at 2920 cf whereas that of liquid polyethylene
appears at 2928 cr; likewise, the methylene symmetric band
(vSHZ) of crystalline polyethylene appears at 2850 ¢ém
whereas that of liquid polyethylene appears at 2856172
Figure 8 shows the transmission infrared spectra of gold
nanoparticles modified wit16C2, C16C3 andt-C16. (Note:

we were unable to obtain the corresponding infrared spectrum

of gold nanoparticles modified with-C16 andDMC16 because
the gold nanopatrticles aggregated irreversibly after mixing with

modified with t-C16 showed a small but reproducible shift to
even lower frequency:»S™ band at 2926.5 cmt and vS™
band at 2855.4 cri. These data suggest that the conformational
order of the pendant alkyl chains decreases in the following
order; C16C2 > C16C3 > t-C16. We note that the results
obtained here are remarkably consistent with those found in
previous reflectance IR studies of these SAMs on flat gold
substrate§!

Origin of the Enhanced Stability Afforded by Multiden-
tate Thiols. Given the stresses of flowing solution and/or
interparticle collisions, stabilizing agents can move laterally on
the surface of the nanoparticle while remaining attached, or they
can simply desorb from the surface of the nanoparfitle.
Stabilizers that are weakly anchored can, in fact, impart some
stability to colloidal dispersions; such dispersions will flocculate
as a result of stabilizer displacement or desorption. Some reports
indicate that normal alkanethiolate-based SAMs desorb upon
exposure to aif~’6 or upon heating to elevated temperatures
(e.g., 70°C) in a hydrocarbon mediuft.Other reports show
that adsorbed alkanethiolates can be readily displaced by
approaching thiol&%77 Nevertheless, both the mobility and
lability of surface-bound adsorbates depend strongly on the
strength of binding of the adsorbate to the surface, which will
vary with the number of adsorbatsurface bonds (i.e., mono-
dentate vs bidentate vs tridentatey?7°

Alternatively, the concept of steric stabilization is widely used
to rationalize the stabilization of colloidal particles by nonionic
compounds. In these systems, steric repulsion arises largely from
a loss of entropy in the surfactant layers due to the loss of chain
mobility and increased torsional straéh.It is especially
important in nonaqueous media, where electrostatic stabilization
is less prevalert?80 |t can also be effective in media of high
ionic strength because steric stabilizers are relatively insensitive
to the presence of electrolytés Effective steric stabilizers
combine both anchoring groups and stabilizing moieties.
Anchoring groups perform most effectively if they are insoluble
in the dispersion medium; in contrast, stabilizing moieties must
be soluble in the dispersion medium to be effec#Eurther-
more, theoretical modelif§’28%+83 and experimental observa-
tions*381show that a high stabilizer density and a large adlayer
thickness lead to enhanced steric stabilization.

To examine whether chelate stabilization or steric stabilization
is the predominant factor in preventing the aggregation of thiol-
modified nanoparticles, we first applied various known models
of steric stabilization to our ligand system. Two stabilizing layers
come into contact when particles approach one another at a
separation distance less than twice the adlayer thicknBss (

these adsorbates and could not be dispersed into carbon

tetrachloride). Gold nanoparticles modified wigl6C2 and
dispersed in CGlexhibited av;™ band at 2924.5 cmt and
vS™ band at 2853.5 cnit; those modified withC16C3showed
a tiny but reproducible shift to lower frequencyS™ band at
2925.1 cm! and v band at 2853.7 cmf; and those

(69) Snyder, R. G.; Strauss, H. L.; Elliger, C.A.Phys. Chenil982 86, 5145-
515

(70) Bensebaa, F.; Ellis, T. H.; Badia, A.; Lennox, R.BVac. Sci. Technol.,
A 1995 13, 1331-1336.

(71) Bensebaa, F.; Ellis, T. H.; Badia, A.; Lennox, R.lB\ngmuir1998 14,
2361-2367.

(72) Porter, M. D.; Bright, T. B.; Allara, D. L.; Chidsey, C. E. D.Am. Chem.
Soc.1987 109 3559-3568.
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(73) Napper, D. HJ. Colloid Interface Scil977 58, 390-406.
(74) Schoenfisch, M. H.; Pemberton, JJEAmM. Chem. Sod998 120, 4502—
4513

(75) Lee, .M.-T.; Hsueh, C.-C.; Freund, M. S.; Ferguson, G.ghgmuir1998
14, 6419-6423.

(76) Scott, J. R.; Baker, L. S.; Everett, W. R.; Wilkins, C. L.; FritschAnhal.
Chem.1997, 69, 2636-2639.

(77) Schlenoff, J. B.; Li, M.; Ly, HJ. Am. Chem. Sod 995 117, 12528
12536.

(78) Shon, Y.-S.; Lee, T. Rl. Phys. Chem. BR00Q 104, 8192-8200.

(79) Garg, N.; Carrasquillo-Molina, E.; Lee, T. Rangmuir2002 18, 2717~
2726.

(80) Lewis, J. AJ. Am. Ceram. SoQ00Q 83, 2341-2359.

(81) Vincent, B.; Edwards, J.; Emmett, S.; JonesChlloids Surf.1986 18,
261-281.

(82) de Gennes, P. Qdv. Colloid Interface Sci1987 27, 189-209.

(83) Korgel, B. A,; Fullam, S.; Connolly, S.; Fitzmaurice, D.Phys. Chem. B
1998 102 8379-8388.
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multidentate thiols afford enhanced stability against the ag-
gregation of gold nanoparticles.

Given the liquid-like structure of adsorbed alkanethiol SAMs
on nanoparticle surfacé€s2%-83an argument might arise that the
disordered layers prefer interpenetration (the Vincent m&tel)
rather than compression (the de Gennes mé&elpen nano-
particles approach one another. The steric interactiagif
during their close approach is given by the interpenetration
contribution Esteric,miy for 6 < C < 26 and the interpenetration-
plus-compression contributioBderic o) for C < 0.738We adopt
the uniform segment mod@lto describe the interactions. In

Figure 9. Calculated interparticle potential between two individual 30 nm  the domaind < C < 26:
gold nanoparticles modified with-C16 andt-C16.83
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Bagchf485first proposed the stabilizer layers undergo compres- Esteric.mix=
sion rather than interpenetration, and Lambe ¥ dilirther

elaborated the denting mechanism. The corresponding elastinhere
compression arises from a loss of configurational entropy of adsorbed layer (the Flory—Huggins parameter) is a measure

the stabilizer Iayer._To calc_u_late the energy of the steric repulsion of solvent quality, and is the molar volume of the solvent.
between alkanethiol-modified gold nanoparticles, we use thei

expression derived by de Gennes for two dense layers (brushes n the domainC = o, the value ofEseic i given by the
ummation of the mixin ic.,miy and elastic ic.,e) terms:
of strongly adsorbed chains in a good solv&83 OEbserc.mis) Esterice)

100 f €20 ~3-n3] @

(C_2R)7t0thiola 0 ) @
27RY? kTp2¢>2{ [c (3 C/a)z]

Fos-oo-5  ©

#5 is the average volume fraction of the segment in the

E 4:1R6 KT &

steric,m|x

Esteric% ¢2 (0 > )[26

whered is the brush thickness (18 Aol is the diameter of

the area occupied by the thiol on the particle surfa&és the M3

center distance between nanopartickRss the particle radius, 3—C/o

kis Planck’s constant, arillis the temperature. Given that the 6l ( 5 ) + 3( )} (5)

surface area occupied by avalkanethiol molecule (e.gn-C16)

on gold is 21.4 A the corresponding distance between wherep; is the density and3 is the molecular weight of the

alkanethiolates on gold nanoparticles can be estimated to beadsorbed species. Because SAMs on flat gold show decreased

4.99 A8 The surface area occupied by a trithiol (etgG16) chain packing densities in the orden-C16 (normalized to

is ~30 A2 based on measurements of surface coverage by’XPS, 100%)> DMC16 (72%) > C16C2(64%) > C16C3(56%) >

which leads to an average value of 5.88 A for the distance t-C16 (51%)5! it is reasonable to estimate that the average

between alkanetrithiolate chains on gold nanoparticles. Insertionsegment fractions on the nanoparticle surfaces follow the same

of the respective values ofyio into eq 1 shows that, in contrast  order. Therefore, this model predicts the greatest steric repulsion

to our observations, the higher packing density (i.e., smaller for n-C16 and the second greatest fMC16 under uniform

aio) Of then-C16 SAMs should correlate with a stronger steric  conditions. We find, however, thatC16 andDMC16 are the

repulsion than that of theC16 SAMs. poorest stabilizers of gold nanoparticles in organic solution. As
The interparticle interaction potential also includes the long- such, the Vincent model also fails to rationalize the superior

range London-van der Waals attraction. Using the expressionability of t-C16 to prevent the aggregation of large gold

derived by Hamake¥® nanoparticles.

Based on the Vincent model whereby stabilization arises due
Egu=— A AR LR SR o)
dwW 12 C C2

steric,el

to the loss of entropy of the alkyl chains when nanoparticles
4R - C?

approach one another, Wei and co-workers hypothesized that
. increasing the spacing between neighboring surfactant chains
whereA is the Hamaker constant (36 10720 J for gold across
hydrocarbon media¥ Thus, the interaction potentiaEgeric +

would significantly increase the conformational entropy of the
- - X surfactant layer and therefore increase interparticle repulsion
E.qw) between thiol-modified 300 A gold nanoparticles can be entropically when the surfactant layers come into contact with
calculated. Figure 9 shows that a weak attractive energy jna anothef’ The arguments presented in the preceding
minimum exists at a separation distance of 27 and 23 A for paragraph indicate, however, that this model is untenable for
n-C16 andt-C16, respectively, whereas the energy minimum chelating adsorbates and perhaps otfféR% °2 Moreover,

of t-C16 is steeper than that of-C16. Clearly, this exercise 5 pr5ader examination of the FTIR data collected here further
demonstrates that the de Gennes model cannot rationalize why

(89) Li, Z.; Jin, R.; Mirkin, C. A,; Letsinger, R. LNucleic Acids Res2002

(84) Bagchi, PJ. Colloid Interface Sci1974 47, 86—99.

(85) Bagchi, PJ. Colloid Interface Sci1974 47, 100-105.

(86) Lambe, R.; Tadros, T. F.; Vincent, B. Colloid Interface Scil978 66,
77—-84.

(87) Sellers, H.; Ulman, A.; Shnidman, Y.; Eilers, JJEAm. Chem. So2993
115 9389-9401.

(88) Hamaker, H. CPhysical937 4, 1058-1072.

)
30, 1558-1562.
(90) Misra, T. K.; Chen, T.-S.; Liu, C.-YJ. Colloid Interface Sci2006 297,
584—588.
(91) Stavens, K. B.; Pusztay, S. V.; Zou, S.; Andres, R. P.; WeLahgmuir
1999 15, 8337-8339.
(92) Pankau, W. M.; von Kiedrowski, G.; Verbist, iChem. Commun2001,
519-520.
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disfavors the Vincent model. In particular, the observed trends nanoparticle aggregatidfiwe can reasonably conclude that the

in the shifts in thev®™: band positions (observed here for gold enhanced nanoparticle stabilization observed here when using
nanoparticles and in ref 51 for flat gold) correlate with the the multidentate thiols is due to the chelate effect. Furthermore,
observed trends in packing density determined by XPS on flat we can reasonably argue that, in the absence of other extenuating
gold for these adsorbates (normalized to 100% rfe€16): factors, the chelate effect is the predominant stabilizing factor
C16C2 (64%),C16C3(56%), and-C16 (51%)5! The relative inother nanoparticle systemsthat utilize multidentate ligAfths® 92
magnitude of the differences in conformational order/packing -~ sions

density suggests that we might expect to see differences in

stability for gold nanoparticles coated wi@L6C2andC16C3 The work described here has demonstrated the successful
(64% vs 56%), given that we readily see differences in stability dispersion and stabilization of large gold nanoparticles2D

for gold nanoparticles coated with16C3 andt-C16 (56% vs nm) in solution through the use of multidentate thiol-based
51%). The fact that we see no such difference @6C2 vs ligands, with the tridentate thi®iC16 being the most effective
C16C3argues further against the Vincent model. of the ligands examined. Analysis by XPS showed that most

d(>85%) of the sulfur moieties in the multidentate adsorbates

Upon consideration of all of the data and analyses discusse .
. . . ._are covalently bound to the surface of the gold nanoparticles.
above, one physical phenomenon remains that can rationalize

. . Although analysis by FTIR suggested that the conformational
the enhanced stability afforded by the multidentate adsorbates . - . .
the well-known chelate effe@8%* This entropy-driven phe- freedom of the alkyl chains might play an important role in

. ; . L . reventing nanoparticle aggregation, other considerations argue
nomenon rationalizes (i) the greater stabilizing abilitycd6C2 P g P ggreg 9

. strongly that the chelate effect is primarily responsible for the
and C16C3__VS n-C1_6 _and DM_C_1_6 (b|s-_c_h_elates VS MONG- anhanced stabilization afforded by the multidentate adsorbates.
chelates), (ii) the similar stabilizing abilities @16C2 and

. o .. Studies involving the use of these multidentate thiols to inhibit
C16C3(both bis-chelates), and (iii) the greater stabilizing ability monolayer degradation in response to various applied stresses

of t-C16 vs C16C2 and C16CS3 (tris-chelate vs bis-chelates). (g g electrochemical, photolytic, and corrosive or displacing
We note that the desorption of multidentate SAMs requires the agents) are currently underway.

almost simultaneous breaking of all of the-&u bonds, which
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