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Abstract: We have succeeded for the first time in preparing a pair of gold nanocluster enantiomers protected
by optically active thiols: p- and L-penicillamine (p-Pen and L-Pen). Circular dichroism (CD) spectroscopy
confirmed the mirror image relationship between the p-Pen-capped and the L-Pen-capped gold nanoclusters,
suggesting that the surface modifier acts as a chiral selector, and that the nanoclusters have well-defined
stereostructures as common chiral molecules do. No CD signals could be obtained when the gold
nanoclusters were synthesized by using a racemic mixture (rac-Pen). These chiroptical properties were
investigated for the three separated fractions of each of the gold nanoclusters (p-Pen-capped, L-Pen-capped,
or rac-Pen-capped clusters) by polyacrylamide gel electrophoresis (PAGE). Each fractioned component
has the mean diameter of 0.57, 1.18, or 1.75 nm that was determined by a solution-phase small-angle
X-ray scattering. With a decrease in the mean cluster diameter, optical activity or anisotropy factors gradually
increased. On the basis of the kinetic and the structural considerations, the origins of large optical activity
of the gold nanocluster enantiomers are discussed.

1. Introduction electronic transitions among quantized levels, so that useful
nanoelectronic and sensing applications are expéctent.
geometrical characteristics in such small-sized materials, low-
symmetry structures are established to observe chirality for
semimetallic carbon fullerentésind nanotubes.In bare and
organically modified gold nanoclusters, theoretical calculations

dpredict their structural distortion, resulting in the formation of

chiral core nanostructurésThese studies also show that gold
cores in the methylthiolate-capped clusters exhibit more chirality
than the corresponding bare clusters. Whetten and co-workers
experimentally observed intense optical activity in gold nano-
clusters protected by a monolayer of glutathione moleclles.

The gold nanoclusters with the core diameter smaller than

nm (~10—40 kDa in mass, where 1 kDa corresponds to the

mass of approximately five Au atoms) were prepared and

isolated as a discrete family of mass-selected fractions. These
nanoclusters were small enough to have discrete electronic states
pot found in larger particles and displayed circular dichroism

A material is optically active if it preferentially absorbs or
affects the polarization of light passing through it. Specificity
in the optical activity is fundamental in chemical biology and
pharmacology and has accordingly been widely studiau.
organic molecules, optical activity is the result of at least one
tetrahedral carbon atom which has four different groups attache
to it2 Such a carbon is known as a chiral center or an
asymmetric carbon. For example, all amino acids, except for
glycine, are chiral, and only one form-{orm) is biochemically
active. In contrast, inorganic molecules may also contain
asymmetric atoms, such as nitrogens, sulfurs, and so forth;
however, the chiral center is not absolutely necessary for optical
activity in many cases. Overall molecular symmetry (that is,
dissymmetric structure) in many metal complex ions leads to
optical activity; for example, the mirror image andA isomers
of [Co(en}]®" (en= ethylenediamine) are well-known.

Nanoclusters are a new class of materials made up of several
tens to hundr(_ads of atqms and/or m_olecules, and thus, they can (3) (@ Chen, S Ingram, R. S.. Hostetler, M. J.: Pietron, J. J.: Murray, R. W.:
be seen as intermediate composites between single atoms/" * Schaaff, T. G.; Khoury, J. T.; Alvarez, M. M.; Whetten, R. Science
molecules and bulk materials. In particular, metal nanoclusters %333_2(?:%%2?@?,)Fffc[‘_v;”eéﬁgﬁgfﬁi n'f“’,\‘/lg_e,‘\’l"_-; %%Try'g‘ TEaggﬁ a‘;zf’f‘ -
are of considerable interest because some of them show a distinct ~ G.; Vezmar, I.; Alvarez, M. M.; Wilkinson, AAcc. Chem. Red4999 32,
size dependence in their electronic properties; for example, gold ) E G T R A e At
nanoclusters with the diameter reduced +2Inm give discrete (5) lljima, S.Nature 1991, 354, 56.

(6) (a) Garzao, I. L.; Reyes-Nava, J. A.; Rodjuez-Herhadez, J. |.; Sigal, |.;
Beltran, M. R.; Michaelian, KPhys. Re. B 2002 66, 073403. (b) Garzu,

TU_nlverS|ty of qugo. I. L.; Beltran, M. R.; GonZtez, G.; Guterrez-Gonzkez, |.; Michaelian,
* Rigaku Corporation. K.; Reyes-Nava, J. A.; Rodjuez-HerAadez, J. |.Eur. Phys. J. D2003
(1) Sheldon, R. AChirotechnology Dekker: New York 1993. 24, 105. (c) Roma-Velazquez, C. E.; Noguez, C.; Ganzal. L. J. Phys.
(2) (a) Lambert, J. B.; Shurvell, H. F.; Verbit, L.; Cooks, R. G.; Stout, G. H., Chem. B2003 107, 12035.
Organic Structural AnalysisMacmillan: New York, 1976. (b) Shriver, (7) (a) Schaaff, T. G.; Knight, G.; Shafigullin, M. N.; Borkman, R. F.; Whetten,
D. F.; Atkins, P. W.; Langford, C. Hnorganic Chemistry2nd ed.; Oxford R. L. J. Phys. Chem. B998 102 10643. (b) Schaaff, T. G.; Whetten, R.
University Press: Oxford, 1994. L. J. Phys. Chem. B00Q 104, 2630.
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(CD) from the ultraviolet to the infrared. Note that glutathione (a)
is an optically active tripeptide of—L configuration {-L-
glutamyl+-cysteinyl-glycine). Since they have prepared gold : .
nanoclusters protected by only one of the enantiomeric species, H_.._(':"‘°...-|\“_|2 NH_ Bm—C ———H
the origins of optical chirality or chiroptical properties are not : z
well understood yet and are still an object of scientific activity.
Hence, the gold nanoclusters protecteditpair of well-defined
enantiomers (that is, bothr and pb-form optical isomers) are
required.

In this article, we report the synthesis of hydrophilic, optically
active gold nanoclusters protected by an enantiomirer D-Pen L-Pen
L-form thiol as well as a racemimi() thiol. We found that
chiroptical properties of the gold nanoclusters are strongly (b) i s SR
dependent on the stereochemistry of the surface modifier and [ T R S g
show the cleamirror image relationship between the homo- : ;
chiral gold nanoclusters, proving that the surface modifier acts . .
as a chiral selector for small gold nanoclusters. Origins of the PR TR e S
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optical activity will be discussed from a viewpoint of a chiral £ o T o ‘
core model or a dissymmetric vicinal effect. e A i TR o il
2. Experimental Section ; q 100 nm

Chemicals.Hydrogen tetrachloroaurate tetrahydrate (HA@@H;0,
99%), sodium borohydride (NaBH>90%), methanol (GR grade), and (_)
ethanol (GR grade) were received from Wako Pure Chemicals and used (C) - b 1 e
as received. Electrophoresis grade acrylamigi;-methylenebisacryl-
amide (Bis), tris(hydroxymethylaminomethane) (Tris), glycine, am-
monium peroxodisulfate (APS), andN,N'N'-tetramethylethylenedi-
amine (TEMED) were received from Nacalai Tesque and used without
further purification. Enantiopure- or L-penicillamine (Me—C(SH)—
CH(NH,)COOH; abbreviated as-Pen (99%) or-Pen (99%), respec-
tively) and racemioL-penicillamine (abbreviated asc-Pen (97%))
were received from Aldrich and used as received. The chemical
structures ofb- and L-Pen are shown in Figure la. In the formulas, 3
“x" denotes an asymmetric carbon. Pure water was obtained by an
Advantec GS-200 automatic water-distillation supplier.

Synthesis of Penicillamine-Capped Gold Nanoclusterd&ach of
three kinds of penicillamine®{form, L.-form, and racemate) was used
as a surface modifier. Briefly, 0.5 mmol of HAuGlissolved in water
(0.121 M) and 1.0 mmol of penicillamin®+, L-, or rac-Pen) were at 2
first mixed in methanol (100 mL), followed by the addition of a freshly
prepared 0.2 M aqueous NaBHolution (25 mL) under vigorous ik Niis ] TR
stirring® After further stirring for 1.5 h, the solution was stored (I) (ii) (iii)
overnight. Addition of ethanol (300 mL) into the stored solution gave

a dark-brown crude precipitate. The precipitate was then thoroughly Figure 1. (a) Chemical structure af- or L-penicillamine ¢-Pen on.-Pen).

washed with water/ethanol (1/9) and ethanol. Finally, a nanocluster (3 22 Iege 20 Bl A 0 e B rocusters
powder was obtained by a freeze-drying procedure. The gold nano- (1 being most mobile). (i), (ii), and (iii) show the results for AuPen,

cluster sample prepared by usingPen,L-Pen, orrac-Pen is termed Au-L-Pen, and Auac-Pen samples, respectively.
as Aub-Pen, Aut-Pen, or Aurac-Pen, respectively.

Electrophoresis. Electrophoresis is a useful technique applicable  4mige/Bis= 93/7) and 28% (acrylamide/Bis 93/7), respectively. The
to separate or purify large-sized molecules or clusters that differ in stacking and the separating gels were buffered at=pH.8 and 8.7
size, charge, or conformatidh® We applied polyacrylamide gel yith Tris-HCI solution, respectively. The running electrode buffer
electrop_hore5|s (PAGE) using a slab gel unit W_h'Ch employs a geI.of consisted of glycine (192 mM) and Tris (25 mM) solution. The as-
2 mm thickness (ATTO, AE-6200). For the stacking and the separating prepared product of penicillamine-capped gold nanoclusters was
gels, the total contents of the acrylamide monomers were 3% (acryl- gissolved in a buffer solution (PH: 6.8) at a concentration of 4 mg/

(8) We have revealed that the size control of gold nanoparticles in the range mL. The sample solution was loaded onto a stacking gel top and eluted
of 1—4 nm was accomplished by varying the molar ratio of the surface [0 ~6 h at a constant voltage mode (150 V) controlled using a power
modifier (mercaptosuccinic acid, MSA) to gold (S/Au) during the nano- supply (ATTO, AE-8150) to achieve separation. To extract gold

particle formation process (Chen, S.; Kimuraldngmuir1999 15, 1075.). ; ; o

On the basis of the study, we prepared Pen-capped gold nanoclusters at a?anc.)clusters in aqueous solution, _a part of the gel contamln_g each
different S/Au ratio £1) from that described in the Experimental Section ~ fraction was cut out and homogenized, followed by the addition of
(S/Au = 2). According to the result on spectroscopic measurements, the distilled water and stayed overnight. The gel lumps were removed by
Pen-capped gold nanoclusters prepared at StAushowed a smooth an

-y

(+)

structureless absorption spectrum, indicating a broader size distribution centrifugation.
compellrecti to the Slaml()jles prgpgrEdﬂ?t ?*A? Hence, we focused on the Instrumentation. Transmission electron microscopy (TEM) was
nanocluster samples aescribed in the text. . . . . .

(9) Negishi, Y.; Takasugi, Y.; Sato, S.; Yao, H.; Kimura, K.; TsukudajT. conducted with a Hitachi-8100 electror_1 microscope operatlng at 200
Am. Chem. SoQ004 126, 6518. kV. FT-IR spectra were measured with a Horiba FT-720 infrared
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spectrophotometer. For the measurements, a KBr disk pellet containing  Figure 1b shows a typical TEM image of the as-prepared
the as-prepared gold nanocluster powder was prepared. AbsorptionAu-p-Pen sample. The particles with very small diameters
spectra were recorded with a Hitachi U-4100 spectrophotometer. CD (~1—2 nm) are discernible in the image. Note that similar TEM
spectra were recorded with a JASCO J-720 spectropolarimeter using aimages could be obtained for the as-prepared ARen and Au-
bandwidth of 2 nm. The ellipticity resolution is 0.01 mdeg. In the CD rac-Pen samples. These results show direct evidence for
measurement, absorption spectrum was simultaneously recorded'nanocluster formation. However. we could not determine the
Rectangular 1 cm cuvettes made of quartz were used for the measurebIuster size distributiOII’IS for thes,e sampl .
ments. i _ ples via TEM measure-
Determination of the Size Distribution of Gold Nanoclusters. ments because particle sizes were too small to exactly analyze.
Particle size distributions of gold nanoclusters were determined by the ~ Electrophoresis.Photographs of a typical PAGE separation
small-angle X-ray scattering (SAXS) technique in solution, where the for Au-p-Pen, Aut-Pen, and Auac-Pen samples are shown
details were described elsewhéfe¢Briefly, the SAXS profile of gold in Figure 1c'? Three bands (reddish, greenish, and brownish
nanoclusters dispersed in solution was first measured, followed by bands; the brownish bands are distributed diffusively in the gel)
analyzing the profile based on the assumption that the size distribution yyere readily observable under normal illumination for each
is approximated by th& distribution function. _ sample and were located at the same position with each other,
inn\a/\r/gie;; It?cf SDCOa:\tAG;r i': :XZ'::gee dwt')t;‘;@ametebothe scattering  gggesting that the prepared gold nanoclusters are composed
A R R of similar size componenfs’? Note that a pale yellow band was
3 2 (= 4x( . (qD\ gD__[qD\] 2 likely to appear iln front of thg reddish component.; hovyever,
1(9,Dg,M) = (Ap) fo I 3"1(7) - 7005(7)}| P(D)dD (1) the amount of this band fraction was too small to identify, so
q that we focus on those three bands. On the basis of the
whereAp andq are the difference between the electron densities of €l€ctrophoretic mobility of the nanocluster compounds, the
the scatter and the solution matrix and the scattering vector, respectively.S€parated compounds are referred to as compoln8swith
For the solution-phase gold nanoclusters protected by organic ligands,1 being the most mobile reddish species. In the case of
the X-ray scattering is dominated by the metal core with a large electron distinguishing these compounds in regard to the stereochemistry
density, so that we can determine the core size of the gold nanoclustersof the surface modifiers, a suffix, L, or rac is added at the
by this method®® The I' distribution function,P(D) in eq 1, is end the compound number; for examglg, 2,, and3; for the

expressed as follows Au-D-Pen nanocluster sample.
1 (MM D Size distributions of the fractioned nanoclusters were deter-
P(D) = m(D—) exp(—EM)D“’H () mined by a solution SAXS measurement. Because all samples
0, 0

exhibited identical band positiond-3) in the separating gel,

we representatively conducted the size analysis for the com-
pounds 1,, 2,, and 3,. Figure 2a shows the experimental
scattering profiles of the componeris 2,, and3, along with
whereM is the shape parameter that relates to the dispersion of the the simulated curves. The simulated curves well reproduced the

estimated diameter$ (M) is the gamma function, arido denotes the  gcattering profiles using tHedistribution function. The obtained
mean diameter of the scatter (that is, the gold core). HdbgandM parameters are as followst, for Do = 0.57 nm M = 6.25)
are determined based on the SAXS profile simulation using eds 1 2, for Do = 1.18 nm M = 68.3), and3, for Do = 1.75 nm M’

b = 1. = »9), D -+

3. Results and Discussion = 23.0). The obtained size distributions are shown in Figure
2b. As expected, the compoutds the smallest. Hence, these
analyses indicate that the compounds were separated by differing
core size (with the smallest having the highest mobility). By
assuming the density of bulk gold (60 atoms#i#d the average
number of atoms of the compountls?2, and3 are estimated to
be ~6, ~50, and~150 atoms, respectively. Interestingly, the
obtained total numbers of Au atoms in compoug@dmd3 are
rac-Pen) molecules anchor on the gold nanocluster surface -

very close to the full shell clusters: two shells for 55 atoms,

through the sulfur atom in the SH group (as reve?led by the and three shells for 147 atortsNote that compound (the
disappearance of the-&$ stretch mode at-2570 cnt?). The . A
smallest one) seems to have a broad size distribution compared

surface-capping agents on nanocluster surfaces contain car: ) .
. . . to that of compoun®; however, this would be an apparent
boxylate (COQ) and primary amino (NB) groups, which was . . .
’ o observation caused by a deviation from the spherical shape
confirmed by the presence of characteristic peaks for the stretch . : .
modes of COO (~1390 and~1590 cn?) and those for the assumption of nanoclusters in the simulat®i€ompoundsl

N—H stretch 3420 cnt!) and the N-H bending ¢1630 and 2 glearly showeql a sm.gle. sh.arp band in t.he'PAGE
it : . separation, so that their size distributions should be intrinsically
cm 1) of NH; (see Supporting Information for more detait). narrow’

(10) (a) Nagao, O.; Harada, G.; Sugawara, T.; Sasaki, A.; ltdp¥. J. Appl. Absorption Spectroscopy.Graphs ac of Figure 3 show
Phys 2004 43, 7742. (b) Hostetler, M. J.; Wingate, J. E.; Zhong, C.-J.; i ubd
Harris, J. E.; Vachet, R. W.; Clark, M. R.; Londono, J. D.; Green, S. J.; the absorptlon spectra for the separated compo §)(0f
Stokes, J. J.; Wignall, G. D.; Glish, G. L.; Porter, M. D.; Evans, N. D.;
Murray, R. W.Langmuir 1998 14, 17. (c) SAXS measurements were  (12) During the PAGE separation, a small amount of nanocluster agglomerates

T(M) = ["X"e @)

Chemical Characterization. As-prepared sample analyses
clarify the chemical and surface properties of penicillamine-
capped gold nanoclusters. On the basis of the IR absorption
measurements for pure penicillamines and penicillamine-capped
gold nanoclusters, we have revealed the following results on
the surface chemistry of nanoclusters: penicillamme-, or

conducted with a Rigaku ATX diffractometer with CwHrradiation using often remained at the interface of the stacking and the separating gels;
a rotating anode X-ray generator. however, the yield of the final products (compourids 2 + 3) would be

(11) (a) Yao, H.; Kojima, H.; Sato, S.; Kimura, Kangmuir2004 20, 10317. >~90% as judged from the absorption color.
(b) Silverstein, R. M.; Bassler, G. C.; Morril, T. CSpectrometric (13) Gutierrez, E.; Powell, R. D.; Furuya, F. R.; Hainfeld, J. F.; Schaaf, T. G;
Identification of Organic Compoungd$§th ed.; John Wiley & Sons: New Shafigullin, M. N.; Stephens, P. W.; Whetten, R. Eur. Phys. J1999
York, 1997. D9, 647.

15538 J. AM. CHEM. SOC. = VOL. 127, NO. 44, 2005
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Figure 2. (a) X-ray scattering intensity profiles of each numbered gold nanocluster compound. The experimental and the simulated profiles are shown by
dots and curves, respectively. (b) Obtained cluster size distributions of each numbered compound.

Au-b-Pen, Aut-Pen, and Auac-Pen, respectively, in aqueous 2. The onsets are followed by distinct humps, which tend to be
solution. The spectral shapes of the separated compounds arélue shifted with a decrease in the core siz&80 nm forl
almost identical within the same compound numbers, supportingand ~685 nm for 2). The results indicate that electronic
again the fact that each numbered compound has similar particlestructures of compounds and 2 are quantized (that is, the
size. To examine the spectral similarity among the separatedobserved peaks are substantially ascribed to electronic transitions
nanoclusters in more detail, first derivative spectroscopy was between the quantized electronic states) and are better viewed
carried outt* The insets in Figure 3 show the first derivative as nonmetallic clusters rather than metallic particles protected
absorption spectra of the respective compounds. ldentical by thiols. Actually, it is reported that metal to nonmetal transition
patterns of the first derivative spectra within the same compound occurs in the 2855 gold atom rangé& consistent with our
numbers confirm the similarity in their optical response. In stark observations.

contrast with gold nanoparticles whose diameters are larger than To fully understand the exact origin of electronic transitions,
~2 nm that exhibit a single surface plasmon band at around we have to determine the total structure and subsequent quantum
520 nm:® the spectra (ordinary and the first derivative) for calculation$ However, recent theoretical and experimental
compounds (1, 1, or 1iac) and2 (25, 2., or 2rac) are structured,  studies of monolayer-capped gold nanoclusters allow us to
whereas compound (3., 3., or 3rac) is less pronounced. In  speculate the characteristic features in the optical speéttum.
addition, clear absorption onsets appeared in the near-IR regionFor example, density functional calculations predicted that
for the compound4 and2: ~800 nm forl and~840 nm for methylthiolate-covered Ay nanoclusters show two distinct
peaks at 532 and 395 nm in the visible region. These peaks are

(14) The derivative spectroscopy can reveal spectral details (including peak or
shoulder positions) that are not clarified in an ordinary absorption spectrum.
(15) Hostetler, M. J.; Wingate, J. E.; Zhong, C.-J.; Harris, J. E.; Vachet, R. W.; (16) (a) Smith, B. A.; Zhang, J. Z.; Giebel, U.; Schmid, Ghem. Phys. Lett

Clark, M. R.; Londono, J. D.; Green, S. J.; Stokes, J. J.; Wignall, G. D.; 1997, 270, 139. (b) Link, S.; EI-Sayed, M. A.; Schaaff, T. G.; Whetten, R.
Glish, G. L.; Porter, M. D.; Evans, N. D.; Murray, R. Wangmuir1998 L. Chem. Phys. LetR002 356, 240.
14, 17. (17) Nobusada, KJ. Phys. Chem. B004 108 11904.

J. AM. CHEM. SOC. = VOL. 127, NO. 44, 2005 15539
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capped, andac-Pen-capped gold nanoclusters was located at

- P the identical positions in the separating gel with each other, so
(a) = that it would have the same chemical compositions within the
25 8 same compound numbé?.18Therefore, the observed similarity
) B in the absorption spectra suggests that the geometries of gold

nanoclusters having the same compound number are almost
identical with each other.

Enantiopure Gold Nanoclusters: CD SpectroscopyTo
obtain significant information on optical activity of the gold

300 B0 720 800
Wavelength / nm

3b nanoclusters, CD spectra of each numbered gold compound were
] 2 measured in solution over the 210 to 700 nm region (Figure
ol 1y 4a)?! Reasonably, all compounds of gold nanoclusters protected
240 320 400 480 560 640 720 800 880 by a racemate 1{ac—31ac) did not exhibit CD signals. An

equimolar mixture of two homochiral nanoclusters (that is, a
mixture of purebp-Pen-capped and-Pen-capped gold nano-
clusters) can cancel out the net optical activity; however, it is
implausible because statistical adsorption of thiol molecules onto
gold surfaces (that is, the adsorption probabilitpdbrm thiols
onto gold surfaces is equal to thatieform isomers) is proved

to be general? Hence, the surface modifieac-Pen would cover
the gold nanocluster surface statistically, resulting in the
disappearance of circular dichroism. On the other hand, all
separated compounds for AuPen and Au--Pen showed

d 1 considerably complicated CD behaviors. For example, the

Absorbance

1 1 1 L

oL — L A - .
240 320 400 480 560 640 720 800 880 spectrum of compoun(ﬂD shows six minima and six maxima.

It would be hard to assign the origins of optical activity in the
gold nanoclusters without their structural information. However,
the structured CD spectra observed in the visible region should
be caused through the different quantized transitions and their
interactions in the gold clusters since the optically active surface
modifier (o-Pen orL-Pen) contributes to the CD signal only in
the UV region (the ordinary absorption and CD spectra of
penicillamine enantiomers are shown in Figure 4b). It should
be emphasized that the CD signal of compodndhows an
almost complete mirror image of the ellipticity ©f. The mirror
. image relationship in CD signals means that enantiomeric
02.;,0 350 4{30 4{;0 5('30 640 720 360 géo surface modifiers can produce the corresponding enantiomeric
gold nanoclusters. This finding indicates that the separated
Wavelength / nm nanoclusters have well-defined stereostructures as common
Figure 3. Graphs (a), (b), and (c) show the absorption spectra of separatedmolecules do. Hence, we conclude that the structures of

gold nanoclusters for the Ao-Pen, Aut-Pen, and Auac-Pen samples, enicillamine-capped gold nanoclusters are stereochemicall
respectively. For clarity, the spectra fdrand 3 were off-set by adding a Eontm”e d PP 9 y

constant. The insets show the first derivative spectra of the respective

nanocluster compounds. A CD spectrum exhibits the difference of two absorption
spectra AA): one measured with left-circularly polarized light

assigned to the transitions from the high-lying occupied Au 6S gnd the other one with right-circularly polarized light, and

orbitals (HOMO) to the low-lying unoccupied Au 6sp orbitals expressed aAA = Ae x ¢ x |, whereAe, ¢, andl denote the

(LUMO). According to the theoretical study, Tsukuda and co- molar dichroic absorption, the solute concentration, and the

workers assigned the distinct peaks observed at-330 nm optical path length, respectively. Because the elliptiéitgin

for glutathione-protected Aun = 10—39) nanoclusters to be degrees) can be expressed asx33A, the anisotropy factor

due to the 6s6sp transitiond® Considering this criterion, we (or g-factor), defined ag = Aele, can be estimated fro(33

can also assign the prominent peak at 580 (compdi)nor x A), wheree andA are the ordinary molar extinction coefficient

685 nm (compouna) to be due to the Au 6s6sp (HOMO- and the absorbance under the conditions, respectively. Figure
LUMO) transitions between discrete levels.

Recently, it has been elucidated that optical properties of gold (50) Garza, 1. L.: Rovira, C.; Michaelian, K.: Belfra M. R.; Ordejo, P.:
nanoclusters are strongly dependent on not only their chemical Junquera, J.; $mhez-Portal, D. Artacho, E.; Soler, J. Rhys. Re. Lett

. . . 200Q 85, 5250.
composition¥® but also their geometries (or shap&s)°In our (21) The containing running buffer solution interfered with the accurate CD

samples, each numbered fraction ofPen-cappedy-Pen- measurements in the wavelength regions shorter 0 nm because of
the high optical density of the solution. Hence, the spectra are shown from

210 to 700 nm. No CD signals were confirmed for the running buffer

3

(18) Negishi, Y.; Nobusada, K.; Tsukuda,Jl. Am. Chem. So2005 127, 5261. solution.
(19) (a) Sosa, I. O.; Noguez, C.; Barrera, R.J5Phys. Chem. R003 107, (22) Kthnle, A.; Linderoth, T. R.; Hammer, B.; BesenbacherN&ature2002
6269. (b) Noguez, COpt. Mater 2005 27, 1204. 415 891.
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Figure 4. (a) CD spectra of each numbered gold nanocluster compound. Mirror image relationship in the CD signals between eachmeheaabed

(red curve) and-Pen-capped (green curve) gold nanoclusters can be seen.

No CD signals were obtaatweRdorcapped gold nanoclusters (black curve).

(b) Absorption (upper) and CD (lower) spectra of por@en and.-Pen in aqueous solution.

5 represents the anisotropy factor for compoudds. The
g-factors of1, or 1, are in the range of-3 x 1074, 2, and2,
in the range of:2 x 1074 3, and 3, in the range oftl x
1074 The obtainedg-factors for penicillamine-capped gold

nanoclusters are approximately comparable to those for glu-

chromophore is one where the geometry of the chromophoric
grouping lacks an§, axis (improper axis of symmetry)
represented by hexaheliceti®n the other hand, the inherently
symmetric chromophore is one where the symmetry of the
isolated chromophore is sufficiently high to preclude optical

tathione-capped gold nanoclusters obtained by Whetten and coqcitivity. In this case, the chemical nature of the molecular

workers? Furthermore,g-factors of our samples gradually

environment and its alignment relative to the symmetry planes

decreased with increasing the cluster size (from 0.57 to 1.75 of the chromophore provide the associated rotational strength.

nm in diameter), different from the results by Whetten and co-
workers; theirg-factors were slightly increased froma~2 x
104to +~1 x 1073, with an increase in the cluster sizes (from
0.7 to~1.0 nm), whereas larger species{40 Au atoms) show
little optical activity”

Large Optical Activity of Penicillamine-Capped Gold
Nanoclusters. Typically, optically active chromophores are
classified in two limiting case®’ (i) the inherently dissymmetric
chromophore, and (ii) the inherently symmetric but dissym-
metrically perturbed chromophore. The inherently dissymmetric

(23) Deutsche, C. W.; Lightner, D. A.; Woody, R.; Moscowitz, Anu. Re.
Phys. Chem1969 20, 407.

For gold nanoclusters covered with enantiopure penicillamine
molecules, two major mechanisms can be considered for the
appearance of such large optical activity based on the above
considerations: (i) an inherently chiral core model, and (ii) a
dissymmetric field model. The first one is that the origin of the
chiroptical properties arises from inherently chiral or twisting
atom-packing disordered structure in nanoclusters. Whetten and
co-workers discussed this mechanism in detail for the large
optical activity of glutathione-capped gold nanoclustéGar-
zon and co-workers also discussed this model theoretically based
on the calculation of the lowest-energy configurations of bare
and methylthiolate-capped gold nanoclustets. the second
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Figure 5. Anisotropy factor ¢-factor) for each numbered gold nanocluster
compound. The red and the green curves represeri-Ben-capped and
L-Pen-capped gold nanoclusters, respectively.

mechanism, on the other hand, the optical activity is induced
by the electronic interactions between the achiral gold core and
the chiral surface modifiers. The dissymmetric environment acts
as a perturbing field electrostatically to break down the
symmetry of the electronic state of nanoclusters as is observe
for chiral d-metal complexes.

We can first rule out the influence of the reduced number of
atoms on the appearance of optical activity of gold nanoclusters.

specific helicity of gold atoms within the nanoclusters and the
L-form (such as-Pen) induces the opposite helicity, asymmetric
induction, that is, conversion of optically inactive gold metals
into chiroptical products, should be observed. This assumption
or situation would lead to the appearance of large optical activity
based on the inherently core model and can produce respective
nanocluster enantiomers under the same kinetic procé&sses.
Under the assumption, if the racemic mixture of the surface
modifier is used for preparing gold nanoclusters, (i) each of
enantiomers of the surface modifier will produce the respective
homochiral gold nanoclusters with opposite core chirality,
resulting in the formation of the mixture (or conglomerate) of
gold nanocluster enantiomers, or (ii) statistical ligation of
racemic thiols onto gold surfaces will produce gold nanoclusters
having various stereostructures, resulting in the formation of
the intrinsic racemic compounds. Under the condition of the
statistical adsorption of racemic thiols (ii above), as is commonly
observed? different kinetic processes would be expected,
yielding nanoclusters with different stereochemigfrySuch
process will produce an ensemble of tlae-Pen-capped gold
nanoclusters with different physical properties of size or
chemical composition from those for tbePen-capped ar-Pen-
capped gold nanoclustetSA specific rearrangement of core
gold atoms in the cluster may produce the lowest-energy
configurations through an inhomogeneous electromagnetic field
of the surface modifiers.If the rearrangement is present, the
core structure in theac-Pen-capped gold nanoclusters should
have higher and different symmetry within the chiral core model
compared to that in the-Pen-capped or-Pen-capped gold
nanoclusters because ttez-Pen-capped gold nanoclusters did
not exhibit any optical activity. Hence, the core rearrangement
in therac-Pen-capped gold nanoclusters will also cause different
physical or optical properties from those of the chiral-Pen-
capped gold nanoclusters. On the contrary, the prepaed
Pen-capped gold nanoclusters showed the same physical prop-
erties withp-Pen-capped or-Pen-capped clusters: the same
band positions in the PAGE separation and optical absorption
(that implies the same size and chemical compositions). The
above discussion indicates that contribution of inherently chiral
core mechanism (or naturally helical structure) to the origins
of large optical activity of penicillamine-capped gold nanoclus-
ters is very small.

On the other hand, a dissymmetric field model can reasonably
explain such a relatively large optical activity or anisotropy

dfactor of penicillamine-capped gold nanoclusters. In transition

metal complexes, such as [Co(g#J, the chiral arrangement
of the chelate rings contributes to its optical activity in the region

We prepared gold nanoclusters@.6 nm in diameter) covered
with mese2,3-dimercaptosuccinic acid (DMSA) in a similar
method described here (see Supporting InformafibNpte that
mesocompounds are opticalipactive compounds that contain
chiral carbons but can be superimposed on their mirror images.
No CD signals were observed for the cluster samples. Therefore,
the surface modifiers definitely affect the chiroptical properties
of small gold nanoclusters.

Next, we will consider a model of the chiral gold core
formation by a chiral surface modifier. During the cluster
growth, if thep-form capping agent (such asPen) induces a

(24) Negishi, Y.; Tsukuda, TJ. Am. Chem. So@003 125 4046.
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(25) (a) Kitamura, M.; Tokunaga, M.; Noyori, B. Am. Chem. S0d4993 115,

144. (b) The processes are based on “kinetic enantioselectivity” which
means that the rate of reaction caused by one enantiomer is different from
that by the other enantiomer.

(26) Recent theoretical calculations (ref 6) suggest that (i) chiral core structures
have been obtained for bare Auand Aus clusters; (ii) the chirality
(Hausdorff chirality measure as a theoretical index of chirality) increases
upon surface passivation; for example, methylthiolate-cappeglcfusters
with C; symmetry show larger index of chirality than the corresponding
bare Ausg clusters; (iii) the chirality decreases with increasing the cluster
size. In theabsenceof statistical adsorption of racemic penicillamine
molecules onto gold surfaces, that is, if each of enantiomers of penicillamine
exclusively produces the respective homochiral gold nanoclusters with
opposite core chirality, the predictionsijiii) would support our results
on penicillamine-capped gold nanoclusters. Although such situation seems
unlikely (compare ref 22), we cannot fully rule out the influence of the
core geometry.

(27) Kagan, H. B.; Luukas, T. O.; Jacobsen, E. N.; Pfaltz, A.; Yamamoto, H.
Comprehensgie Asymmetric Catalysis Bpringer: Heidelberg, 1999.
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of d—d absorption, callecconformationaleffect. When the enantiomers can provide a novel future strategy for the chiral
ligands contain chiral centers, optical activity is also induced detection or molecular interaction analysis of biomolecules and
from the transmission through space and by way of the chemicalcreate a new generation of photosensitive materials with
bonds linking the asymmetric center to the chromophore, called controlled optical properties for optoelectronics and information
vicinal effect. The order of magnitude of the conformational recording.

effect depends on the chelate-ring puckering and that of the
vicinal effect on the number of atoms between the asymmetric
center and the central mef&lin the absence of chelation by Gold nanocluster enantiomers protected by a pair of optically
the surface modifier of penicillamine, we might rule out the active penicillaminerf-Pen on.-Pen) were prepared. The mirror
conformational effects on the observed optical activity. Then image relationship of CD signals was confirmed between the
the most plausible explanation would lie in the vicinal effects. D-Pen-capped and thePen-capped gold nanoclusters, suggest-
For transition metal complexes containing optically active ing that optically active surface modifier acts as a chiral selector,
ligands such as amino acids, relatively strong vicinal effects and that the nanoclusters have well-defined stereostructures as

are observed. For example, the Co(lll) complex-afmino acid common molecules do. This finding will be important both for

4. Conclusion

[Co(NHg)s(L-valH)]3* (L-valH: zwitterionicL-valine as a uni- various spectroscopic diagnostics and for chiral detection or
dentate ligand) or [Co(NBa(L-val)]2* (L-val: basicL-valine molecular interaction analysis in biochemistry. These chiroptical
as a bidentate ligand) exhibits a lamgéactor of~7 x 104 or properties were investigated for the three separated fractions of

gold nanoclusters by polyacrylamide gel electrophoresis (PAGE).
t+ Each fractioned component has the mean diameter of 0.57, 1.18,

of chiroptical amino acids, and the hindered rotation of the O 1.75 nm that was determined by SAXS analyses. With a

ligands enhances its strengfiThe penicillamine-capped gold decrease in the mean cluster diameter, optical activity or

nanoclusters, which have been demonstrated to behave like arfiSOtropy factor gradually increased. The origins of the
optically active molecular complex, have magnitudes in the observed optical activity has been considered to be due to vicinal
g-factor similar to those for the transition metal complexes effects that come from dissymmetric field transmission through

described above, so that we believe that the chiroptical propertiesSpaC,e and by way of the chem|<?al bonds linking the dissym-
in compoundd,—3; andl, —3, essentially arise from the vicinal metric center to the chromophoric gold core.

effect. The observed cluster size dependence of optical activity ~Acknowledgment. Prof. T. Okuyama and Dr. M. Fujita
for the penicillamine-capped gold nanoclusters (that is, increase(University of Hyogo) are acknowledged for allowing us to use
in optical activity with a decrease in cluster size) can be also the CD spectropolarimeter. We also thank Dr. H. Koike
explained by the effect because the efficiency of such vicinal (University of Hyogo) for providing significant information on
effect depends on transmission through space within the linking the PAGE separations. The present work was financially
asymmetric center to the chromophé®&Vhen the nanocluster  supported by Grant-in-Aids for Scientific Research (S: 16101003,
has a larger surface-to-volume ratio (that is, smaller cluster size),from MEXT), Scientific Research in Priority Areas: Application
dissymmetric field induced by the surface chiral modifier would of Molecular Spins (15087210, from MEXT), and a grant from
influence the electronic states of the core metal part more Kawanishi Memorial Shinmeiwa Education Foundation.
greatly, yielding largeg-factor or optical activity. On the basis
of our results, we think that a pair of metal nanocluster

~3 x 1073in the visible light region, respectivek® Such large
optical activity has been explained in terms of the vicinal effec

Supporting Information Available: FT-IR spectra and ex-
perimental details (optical and CD spectra, SAXS profile) about
the DMSA-capped gold nanoclusters. This material is available

(28) (a) Pessoa, J. C.; Gajda, T.; Gillard, R. D.; Kiss, T.; Luz, S. M.; Moura, J.

J. G.: Tomaz, I. Telo, J. P.."Fek, I. J. Chem. Soc., Dalton Trans998 free of charge via the Internet at http://pubs.acs.org.
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