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Abstract: A molecule-like substituent effect on redox formal potentials in the nanoparticle series
Ausg(SPhX)24 has been discovered. Electron-withdrawing “X” substituents energetically favor reduction and
disfavor oxidation, and give formal potentials that correlate with Hammett substituent constants. The ligand
monolayer of the nanoparticles is shown, thereby, to play a strong role in determining electronic energies
of the nanoparticle core and is more than simply a protecting or capping layer. The substituent effect does
not, however, detectably change the HOMO—LUMO gap energy, being identical for the HOMO and LUMO

levels and presumably inductive in nature.

Introduction

Unsupported Au nanoparticles with dimensions of a few
nanometers and protected by a monolayer of thiolated ligands
(MPCs) display interesting properties, such as single-electron

charging and molecule-like HOMGLUMO energy gaps, and
offer uses in optical and chemical sensifgAuzg(SC2Ph),
(SC2Ph= phenylethylthiolate) is an examplef a molecule-
like nanoparticle, exhibiting a ca. 1.33 eV HOMQUMO

(highest, lowest occupied molecular orbitals) energy gap, as
assessédfrom redox potential and optical absorbance band-
edge measurements. Replacing the original protective ligands
of such nanoparticles with new ligands is an important way to

introduce new chemical functionalities for various purpdses.
This paper reports that, in the case of sAuanoparticles,
changes in the ligand monolayer calso provoke substantial

change in energies for removing or adding electrons to the cor
that is, the monolayer of “monolayer-protected clusters” (MPCs)
is more than merely a protective capping shell or source of

reactive functionality.

In a recent studyof the kinetics of ligand exchanges on
Auzg(SC2Ph)4 MPCs, we found that the original ligands could
be exhaustively replaced Ipysubstituted thiophenolate ligands
(~100% by'H NMR), without apparent change in the &u
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core. This enabled the preparation of a new series of nano-
particles, Aug(SPhX}4 (Where X= NO,, Br, H, CHs, OCHp),
and allowed subsequent examination of how the substituent

“X" affects the core electronic energies, notably the HOMO

and LUMO energies and HOMGLUMO energy gaps of

Auzg(SPhX)4. Substituent effects on reversible redox potentials

of small molecules are well-known, as are linear free-energy
correlations with Hammett constants. Structural effects on
redox potentials of polyoxometalate nanoparticles are also
known? To our knowledge, there has been, however, no
previous observation of substituent effects on redox properties
of metal nanopatrticles.

Experimental Section

Chemicals. 4-Nitrothiophenol (ACROS, 95%)p-toluenethiol

e (ACROS, 98%), 4-methoxybenzenethiol (ACROS, 98%), phenyleth-

"ylthiol (PhC2SH, Aldrich, 98%), 4-bromothiophenol (Aldrich, 95%),
4-mercaptophenol (Aldrich, 90%), tetraectylammonium bromide
(OctNBr, Fluka, 98%), tetrabutylammonium perchlorate {BGIO,,
Fluka, > 99%), sodium borohydride (Aldrich, 99%), toluene (Fisher),
methylene chloride (Fisher), ard}-methylene chloride (Cambridge
Isotope Laboratories, Inc.) were all used as received. Water was purified
with a Barnstead NANOpure system.

Synthesis of Aug(SPhX)4 Nanoparticles by Ligand Exchange
Reactions of Thiophenols HSPhX with Aug(SC2Ph).: Typically, 6
mg of Aug(SC2Ph), MPCS dissolved in 2 mL of CHCl, (not
degassed) was reacted with-a8imolar excess (molar ratio of HSPhX/
PhC2S-) of in-coming thiol HSPhX (X= NO,, Br, H, CHs;, OCH)
for periods from overnight to 2 days (depending on the X group;
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Figure 1. Osteryoung square wave voltammograms (positive-going scan
only) of (A) Auzg(SPhNQ)z24, (B) Auszg(SPhBr)s, (C) Ausg(SPh)s, (D)
Auzg(SPhCHY)24, (E) Auzg(SPhOCH)24, and (F) Aus(SC2Ph)s at 11°C
in 0.1 M BwNCIO4/CH.Cl,. The core charge states and spacing between

peaks are labeled. The potential scale was calibrated with ferrocene as

internal standard (voltammetry not shown).

HSPhNQ takes less time to reach complete exchange, HSPh@&Es
longer). After the reaction, the solvent is evaporated and the product
washed copiously with MeOH to remove excess tHidINMR shows

no signal from residual bound PhC2digand, indicating close to 100%
ligand exchange.

Measurements Osteryoung square wave voltammetry (OSWV) was
performed at 12C in 0.1 M BuNCIO,/CH,CIl, nanoparticle solutions
using a Bioanalytical Systems (BAS) Model 100B. (Cyclic voltam-
mograms (not shown) are also routinely taken as a quality check.) The
1.6 mm diameter Pt working electrode was polished, rinsed, and
sonicated in NANOpure water, rinsed with absolute ethanol and acetone,
and cleaned by potential-cycling in 0.5 M$&0, for 15 min. A Pt coil
counter electrode and a Ag wire quasi-reference electrode were used
Sublimed ferrocene was added as an internal reference.

IH NMR spectra of Ags(SPhX}4 and Ag(SC2Ph), in d-methylene
chloride were collected with a Bruker AC400 spectrometer.—W\g
spectra of Agg(SPhX}, and Aug(SC2Ph),in methylene chloride were
taken using a Shimadzu UV-1601 WWisible spectrophotometer.

Results and Discussion

The voltammetry of the new series of nanoparticles
Auzg(SPhX}4 follows a pattern of electron transfers simflém
that of the parent, Ag(SC2Ph),, as shown in the square wave
voltammetric results of Figure 1. The current peaks fogg&t°
and Awg?t1* lie at the formal potentials of those reactions and

ARTICLES
Table 1. Osteryoung Square Wave Voltammetry2 and Optical®
Absorbance Band-Edge Results for Ausg Nanoparticles
peak spacing®
AV, AVyy AV? AVp— AV, optical
Augs NPs v) v) v) v) band-edge (eV)
Ausg(SPhNQ)s  N/A 0.2l N/A N/A 1.30
Auzg(SPhBr}, 0.7 0.2% 150 1.27 1.30
Auzg(SPh)4 0.7% 0.2, 149 1.28 1.29
Auzg(SPhCH)24 0.76. 0.22% 1.48& 1.26 1.30
Auzg(SPhOCH)24 0.74 021 1.49 1.28 1.30
Auzg(SC2Ph)4 0.74 02% 164 1.34 1.34

aVoltammetry acquired at 11C in 0.1 M BuNCIO4/CH,Cl,. Formal
potentials in Figure 2 and peak spacings in this table are averages of peak
potentials in positive- and negative-going potential scans to cancit @it
distortion. See Supporting Information for the complete data’$etCH,Cl,
solutions.c See Figure 1 for definitions oAV parameters. Estimated
uncertainties inAV and band-edges are 0:60.02 V.9 Electrochemical
gap.© Corrected echem gapAgrees with previous (ref 4) data (1.33 eV),
within experimental uncertainty.
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Figure 2. Plot of formal potentials of Ags(SPhX}4 couples versus standard
substitueniox constants (ref 8). (Square wave voltammetry potentials are
“half-wave potentials” and differ from true formal potentids’ by log-
(ratio of diffusion coefficients of oxidized and reduced forms.) This ratio
is not expected to vary significantly with X.)

electron-withdrawing substituents drive the formal potential for
oxidation of a molecular electron donor to more positive values.
Hammett constants offer one route for analysis of electron
inductive effects of molecular substituents (another is outlined
below). Figure 2 presents Hammett substituent plots of the
formal potentialsE®'; see Table S-1) of the two oxidation peaks
and the one reduction peak of the MPCs&8PhX)4. All three
plots are reasonably linear, with similar slopes (0.43 V for the

represent the successive removal of single electrons from theoXidations and 0.35 V for the reduction). While these slopes

HOMO level. The peak for A%1 represents the first reduction
step (LUMO energy). These potentials include charging ener-
gies1® Notably, the peaks shift to more positive potentials
relative to ferrocerf®* as internal standareby as much as 450
mV, as X is changed from electron-donating (OfLté electron-
withdrawing (NQ). At the same time, the electrochemical gap,
AV, between the first oxidation peak and the first reduction
peak (ca. 149&- 10 mV) andAV.; between the first and second
oxidation peaks (ca. 22@ 10 mV) are nearly constant within
the Awg(SPhX)4 nanoparticle series (Table 1).

The observed shifts of the AyHOMO and LUMO energies
with X are consistent with the classical expectatidghat

(10) Franceschetti, A.; Zunger, Rhys. Re. B 200Q 62, 2614.

are similar to the 0.20.5 V value$§® common in classical
substituent correlations to electrochemical potentials of benzene
derivatives, the Ags system is unique in that there are a large
number (24) of substituents. Little is known about the spatial
distribution of the HOMO and LUMO molecular orbitals that
are measured by the voltammetry of thesfnanoparticles or
whether, for example, the electron “hole” in &t is delocal-

ized over the entire core surface or is localized to certain,
degenerate kinds of surface sites and undergoes exchange among
them. Theor}{!2 by Landman for methylthiolate-coated &u
casts the HOMO orbital as a 3-fold degenerate state, concen-

(11) (a) Hkkinen, H.; Barnett, R. N.; Landman, Phys. Re. Lett. 1999 82,
3264. (b) Hderlen, O. D.; Chung, S.-C.; Stener, M.; s, N.J. Chem.
Phys.1997 106, 5189.
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Figure 3. UV —vis spectra of Agg(SC2Ph)s, Ausg(SPhBr)4, and Aug(SPhOCH).24 nanoparticles in ChCly. Inset: spectra at higher energy.

trated around the outermost 24 Au atoms and surrounding 24HOMO—-LUMO gap energy of 1.27+ 0.01 eV that is
sulfur atoms. Other studies suggest a nonuniform chemistry of unresponsie to the substituent X; that is, the X substituent must
the Aug core surface, notably variations in Au 4f electron exert a nearly identical electronic effect on both HOMO and
energied!? in ligand exchange kineticsand luminescence  LUMO energies. That the estimated A(SPhX); HOMO—
resultd? showing the presence of surface electronic states on LUMO gaps are smaller than that of &(SC2Ph),is consistent
their cores. (Extrinsic surface states are well-establishasl with the similar (to Aug(SC2Ph)4) 1.33 eV absorbance band-
sources of mid-gap luminescence of semiconductor quantumedge energy resift for the related hexanethiolate-protected
dots.) It seems possible, then, that the HOMO orbital wave nanoparticle Agg(SC6)4. While the effects of X substituents
function, whose associated redox potentials in Figure 1 arein the Aug(SPhX), series are presumably largely inductive,
affected by the substituents’ properties, is not uniformly the estimated electrochemical (and optical) HOMQIMO gap
distributed over the core surface but has significant amplitude differences between ASC2Ph), and Aug(SPhX»4 MPCs
only on a subset of the Atthiolate bonding sites on the suggesta possible minor role of resonance stabilization (present
nanoparticle surface (such as the vertices). Whether the orbitalfor Ausg(SPhX}4 but not Aug(SC2Ph)s) of core electronic
is delocalized over those sites is unknown. However, the very energies. Resonance interactions of ligands with nanoparticles
presence of substituent effects and Hammett correlation of redoxare an unexplored topic, and study of aromatic thiolated ligands
potentials for this small nanoparticle serve to emphasize its has been initiated.
molecule-like nature. Optical absorbance band edges are shown in Figure 3 for
The HOMO-LUMO gap energies of the Ag(SPhX)s Auzg(SC2Ph)s and Awg(SPhOCH),4 MPCs. Both spectra
nanoparticles can be estimated from their electrochemical gapshow the absorbance shoulder just above the edge associ-
energies AVp) by correcting for charging ener$fy(a factor ated with HOMO level occupancy. While the steplike higher
associated with solvation/ion association of the electron donor energy absorbance features of:4$PhX}4 do vary modestly
and acceptor states). For A(BC2Ph),, we have estimatéd* with X (Figure 3 inset), the optical band-edge energies in the
the charging energy from the potential spacing between the first
and second oxidation steps; = 0.30 V), giving a corrected (14) fie secuochenics saat comians chargng o ddton engy s
gap energy (Table 1) that was in accord with the 1.34 optical Augg™0 formal potentials. That separationVs1) is roughly represented
band-edge resul. Similarly, correctieyo for the Auss(SPhX B S o o et e

nanoparticles (Table 1, “corrected echem gap”) gives a (smaller) dielectric constant of the monolayer medium around the metal cdfe
is radius of the gold core, ardithe thickness of the monolayer medium.

The ligand-specific parameters arandd. The model is approximate since

(12) Wang, G.; Huang, T.; Murray, R. W.; Menard, L.; Nuzzo, R.JGAm. it ignores solvation effects. Theffectve values ofe calculated from the
Chem. Soc2005 127, 812. model are 5.2 (SC2Ph), 6.5 (SPhN06.2 (SPhBr), 6.3 (SPhH), 6.3
(13) (a) Shim, M.; Shilov, S. V.; Braiman, M. S.; Guyot-Sionnest]JPPhys. (SPhCH) and 7.2 (SPhOCH#), based ord = 7.9, 6.5, 6.4, 5.7, 6.5, and
Chem. B200Q 104, 1494-1496. (b) Fu, H.; Zunger, APhys. Re. B 1997, 5 A.
56, 1496-1508. (c) Poles, E.; Selmarten, D. C.; Micic, O. I.; Nozik,A. (15) Jlmenez V. L.; Georganopoulou, D. G.; White, R. J.; Harper, A. S.; Mills,
Appl. Phys. Lett1999 75, 971-973. A.J.; Lee, D, Murray R. WLangmUIr2004 20, 6864.
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Ausg(SPhX}4 series are again unresponsive to X (Table 1) and, and Hammett correlation, in which 2 NO,, leads to the fastest
while slightly larger than the electrochemical gap estimates, still exchange ratesn( either directionof exchangé and X= CHjz
show a smaller HOM©LUMO gap relative to Agg(SC2Ph)a. is the slowest. Effects of a substituent on a buildup of charge
Figure 2 is not a singular analysis of the substituents’ effects at the Au-S interface in the rate-determining step of a ligand
on redox potentials; an alternative one can be fashioned.exchange is obviously consonant with a substituent effect on
Variations in (inductive) Hammett substituent constants are the energy of loss or gain of electronic charge at that interface.
simply indirect representations of substituents’ effects on the  In summary, this paper describes a molecule-like substituent
molecular dipole moments of the thiolated ligands. The collec- effect on the redox formal potentials of the nanoparticle series
tive (and oriented, with respect to the nanoparticle core surface) Ausg(SPhX)4, in which electron-withdrawing substituents en-
dipole of the 24—NO; substituents in Agg(SPhNQ),4 would ergetically favor reduction and disfavor oxidation. The ligand
bias the core charge positively, effectively causing an increasemonolayer of the nanoparticles is shown, thereby, to play a
in the core work function, corresponding changes in nanopar- strong role in determining the electronic energies in the
ticle ionization potential and electron affinity, and thereby nanoparticle core. The substituent effect does not, however,
in redox potentials. One can estimétéhat the 0.45 V shift in produce a change in the HOM@QUMO gap energy, being
the Awg!™® redox potential can be accounted for by a identical for the HOMO and LUMO levels, which is consistent
not-unreasonable difference of1.2 D between the dipole  with a mainly inductive effect of the ligand.
moments of-SPhCH and—SPhNQ ligands. This electrostatic
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