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Many emerging applications of nanoparticles and nanostructures
involve organic molecules chemi- or physisorbed at their surfaces.
Conformation of adsorbed molecules often determines the physical,
chemical, and biological properties. Activity of catalysts and
environmental reactivity of aerosols are other examples where
molecular conformation at nanosurfaces plays an important role.
As the nanostructures approach the molecular scale, the conforma-
tion of molecules adsorbed at their surface will inevitably be 4
influenced by the nanoscale geometry. Here, we investigate the
nanoscale geometric effects in a simple model system of (approxi-

mately) spherical gold nanoparticles of varying diameter approach- 5 31
ing the size of the dodecanethiol adsorbat&,6 nm chain length. %
Vibrational spectroscopy in general is a sensitive probe of ‘g, o]
molecular conformation. However, linear techniques such as Fourier £
transform infrared (FTIR) absorption and spontaneous Raman ¢
spectroscopy are often limited by the spectroscopic selection rules Li) 9

and averaging over the isotropic orientational distribution, which
tend to mask the conformational changes. In this paper, we apply 0
nonlinear surface-selective vibrational sum frequency generation
(SFG) spectroscopy to characterize the conformation of dode-
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canethiol on gold nanopatrticle surfaces. 28'00 2850 2900 2950 3000 (I) é 10 15 20 25

Because SFG is a second order nonlinear optical process, it is elec- Frequency (cm ) Mean Diameter (nm)
tric d'POIe forbidden in systems with Inversion symmetry. Thisre-  Figure 1. (A) Schematic representation of the dodecanethiol ligand (chain
sults in the well-known surface selectivity of SF@nother conse- length L ~ 1.6 nm) on spherical nanoparticle surfaces showing conical

guence is a propensity rule in the SFG spectroscopy of long alkanevolume available for the formation of g_auche defects; (B) ;ize—qependent
chains: all trans (zigzag) conformation usually shows very weak CH SFG spectra (SSP) of the dodecanethiol on gold nanoparticles in the CH-

. . : stretch region; (C) the ratio of the methylene (di) to methyl (1", 1)
transitions which effectively cancel one another because of the 8P-mode intensities in the SFG spectra showing conformational change

proximate inversion symmetA2 Thus the lone terminal Cfgroup (increase of gauche defects) as a function of particle size. Solid lines show
often dominates the SFG spectfalVhen gauche defects are present, size scaling expected from the geometric increase of the conical volume

CH; stretch modes at the defect position become “SFG-allokéd”, ~ available to the alkane chain on a curved surface, eq 2.

SFG of adsorbates on metal and dielectric nanoparticles has bee'?mposed by the Cafsubstrate onto the physisorbed but otherwise
observed by several group$,but the size dependence of the oniosymmetric nanoparticles and is enhanced by the preresonance
molecular conformation has not been investigated. In this work, | i the gold nanoplasmafi® similar to the Raman enhancement
we used gold nanoparticles of four different sizes: (1) mean efects The details of the SFG enhancement effect are outside the
diameterld= 1.8 nm with standard deviatiosy = 1.3 nm; (2) scope of this Communication.

[dC= 2.9 nm,gg = 0.6 nm; (3)[d0= 7.4 nm,oq = 1.1 nm; and (4) The SFG spectra (SSP polarization) recorded in the CH-stretch
(0= 23 nm, oy = 8.1 nm (Meliorum Technologies). SFG  yegion are shown in Figure 1. The observed transitions can be
spectroscopic studies were done on submonolayer nanoparticle e,y assigned as Giéymmetric stretch (t) at 2855 cm, CH,
samples drop-cast from toluene solution onto an optical gradg CaF 5ntisymmetric stretch (J at 2918 cm, CH; symmetric stretch
window. On the basis of the solution concentrations and area, the(r+) at 2881 cnt, and CH, asymmetric out-of-plane stretch(f)
expected surface coverage is 51.8, 51.8, 721, and 14260 nm . o950 cmL4.19 A weaker band at 2935 crhmay be assigned to
nanoparticle for[d= 1.8 nm, 02-91 70-4’ a;nd 23 ”Om samples, the Fermi resonance between £bymmetric stretch and bend
respectively, corresponding to 5%, 14%, 7%, and 3% of a closed- gyertone modes. A clear trend is the increase of the relative intensity
packed monolayer. Transmission electron microscopy was used t0qf the CH, versus CH transitions with decreasing particle size.
verify the size distribution and the uniform surface coverage.  Thjs s particularly obvious for the symmetric stretchesydrsus

A detailed description of our broadband SFG seigmvailable rt, which are well separated from other modes (Figure 1B).

in the Supporting Information section. Briefly, a broadband | order to quantify this trend, we fit the SFG spectra to a series
femtosecond infrared and a narrow-band picosecond visible (800 ¢ coherently added Lorentzian line shapes

nm) laser pulses are spatially and temporally overlapped at the

sample surface. The collected sum-frequency signal is dispersed : N BI; 2
through a monochromator onto a CCD array to obtain the SFG lsrdwig) O ‘ANRG¢ + Z— (1)
spectrum. The SFG signal arises because of the slight asymmetry F(og — ('Uj) + I
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3 d & q defects. On a curved surface of radRjghe chains occupy a conical
o\ rom 5ol e segment (Figure 1A) of solid angte = a/R between spheres of
= 3 radii RandR + L, with volumeV = (¥3)®[(R + L) — R%]. The
s ‘1;21.5_ fraction of chains with gauche conformational defects on a
8 o 2 nanoparticle may be expected to be proportional to the additional
%’ ’ gm_ volume relative to the cylindrical volume on a planar surface:
c
©
<
0.5+ &_Ego,s- V-V, 1,
O(R) O =X+ =X (2
Vo 3
0.04 0.0
2800 28I50 zgloo 29I50 30l00 ZBIOO 28I50 29I00 29ISO SOIO(] . . . .
e e Raman Shift (cm) wherex = L/R. Although this crude approximation omits most

details of molecular structure, adsorption, shape variation, and
surface defects, these geometric considerations qualitatively explain
the observed size-dependence of the fraction of gauche conforma-

Figure 2. (Left) FTIR absorption spectra; (right) spontaneous Raman
spectra of dodecanethiol ligand on gold nanoparticles of four sizes.

with each vibrational moddescribed by amplituds;, line width tion from SFG spectra, as illustrated in Figure 1C.

I, and frequency;. The first term accounts for the nonresonant |y conclusion, our results demonstrate the relation between the
part of the response. Intensity of each vibrational mode is defined nanoscale geometry, namely the surface curvature of spherical gold
asl; = |Bj|%. The ratio of CH and CH stretch intensities for the  npanoparticles, and the molecular conformation of the chemisorbed
symmetric (¢ to r) and asymmetric (dto r-o;) modes are plotted  godecanethiol ligand. The average thickness of the alkyl monolayer
in Figure 1C as a function of mean particle diameter. coat may therefore differ slightly from the length of the all-trans

In contrast, linear (incoherent) techniques, such as FTIR absorp-chain. This may have important implications for applications
tion and spontaneous Raman, do not show systematic size-inyolving, for example, electron transfer, which scales exponentially
dependence of the same CH-stretch bands (Figure 2). The samplegiith distance. Our experiments also illustrate the utility of the
for FTIR and Raman measurements were prepared using a similarsecond-order nonlinear SFG spectroscopy as a sensitive probe of
drop-casting procedure on a Gasubstrate, but were considerably  the molecular conformation, particularly for surfaces of metallic
thicker (multilayer) because of their inferior detection limits nanostructures.
compared to SFG. Conformational analysis of the IR and Raman
spectra often relies on the GMibrational frequency blue-shift of Acknowledgment. This work is supported by the NSF CA-
~4 to 6 cnt! from “solidlike” (all-trans) to “liquidlike” (gauche REER Grant No. CHE-0449720. We thank the Donors of the ACS
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than 2 cn® in any of the spectra, similar to previous FTIR studies Engineering for their help in obtaining Raman spectra.
that did not detect gauche defects even for small parti€les.

The appearance of the @nd d CH, modes in the SFG spectra
is a clear indication of the size-dependent gauche conformational
defects of the dodecanethiol ligand. Well-ordered self-assembled
monolayers (SAMs) on plane gold, in which the alkyl chains are poterences
found predominantly in all-trans conformation, show the methylene

Supporting Information Available: Sample preparation; TEM
images; description of the SFG setup. This material is available free
of charge via the Internet at http:/pubs.acs.org.
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