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Abstract: Platinum dendrimer-encapsulated nanoparticles (DENs) were prepared within fourth-generation,
hydroxyl-terminated, poly(amidoamine) dendrimers and immobilized on glassy carbon electrodes using an
electrochemical coupling strategy. X-ray photoelectron spectroscopy, electron microscopy, and electro-
chemical experiments confirmed that the Pt DENs were about 1.4 nm in diameter and that they remained
within the dendrimer following surface immobilization. The resulting Pt DEN films were electrocatalytically
active for the oxygen reduction reaction. The films were also robust, surviving up to 50 consecutive cyclic
voltammograms and sonication.

Introduction Scheme 1

. . 0, Products
Here, we show that dendrimer-encapsulated Pt nanoparticles !

of uniform size can be immobilized on glassy carbon electrodes

(GCEs) and that they are electrocatalytically active for the O BH.- e-chem
reduction reaction (ORR) (Scheme 1Yhis is a significant — w
finding, because there are few alternative methods for im-

mobilizing highly uniform nanoparticle catalysts on electrode  g4.oH(Pf), G4-OH(Pt,,)

= Metal nanoparticle

surfaces. Therefore, the approach described in this paper will

provide a convenient model system for correlating the size, CuZlItis also possible to prepare alf¥y? and core/shelf?>

gggr’?isc't;&?i’viand structure of nanoparticles to their electro- bimetallic nanoparticles using a slight variation on this basic
y Y- synthetic scheme. Monometallic and bimetallic DENs have

Dendrimer-encapsulated nanoparticles (DENs) are IoreloareOIpreviously been shown to be catalytically active for homoge-

(tj)y ‘Z _two-ste;qu proche§sF|rsta_meta_I |?ns dare_eﬁtractec_j mtq h neous hydrogenation and carberarbon coupling reactioffs
endrimers where they coordinate in fixed stoichiometries with o\ i 2 for heterogeneous catalytic reactidi8We have

interior functional groups. Second, the metal-ion/dendrimer also shown that it is possible to physisorb DENs onto Au
composites are reduced to yield encapsulated nanoparticles. Thi%lectrodes and use them to electrocatalytically redugé O
process leads tp stable, nearly size-monodisperse, Catalytica”yHowever, adhesion of the DENSs to the electrode surface was
active nanoparticles composed offPtPd?6&73¢ Au, 1720 or poor, and the catalytic activity was not robust. We attempted
to improve stability by covalently linking the terminal amine
groups of the dendrimers to aralkanethiol monolayer having

a distal acid group® but the distance between the Pt nano-

(1) Markovic, N. M.; Schmidt, T. J.; Stamenkovic, V.; Ross, P Ruel Cells
2001 1, 105-116.

(2) Scott, R. W. J.; Wilson, O. M.; Crooks, R. M. Phys. Chem. R005
109, 692-704.

(3) Zhao, M.; Crooks, R. MAngew. Chem., Int. EA.999 38, 364—366.

(4) Zhao, M.; Crooks, R. MAdv. Mater. 1999 11, 217—-220. (17) Kim, Y.-G.; Oh, S.-K.; Crooks, R. MChem. Mater2004 16, 167—172.

(5) Oh, S.-K.; Kim, Y.-G.; Ye, H.; Crooks, R. M.angmuir2003 19, 10420~ (18) Grthn, F.; Bauer, B. J.; Akpalu, Y. A.; Jackson, C. L.; Amis, E. J.
10425. Macromolecule200Q 33, 6042-6050.

(6) Ye, H.; Scott, R. W. J.; Crooks, R. MLangmuir2004 20, 2915-2920.

(7) Esumi, K.; Nakamura, R.; Suzuki, A.; Torigoe, Kangmuir200Q 16,
7842-7846.

(8) Niu, Y.; Yeung, L. K.; Crooks, R. MJ. Am. Chem. So2001, 123 6840~
6846

9) Scotf, R. W. J,; Ye, H.; Henriquez, R. R.; Crooks, R. ®hem. Mater.

2003 15, 3873-3878.

(10) Niu, Y.; Crooks, R. MChem. Mater2003 15, 3463-3467.

(11) Chechik, V.; Zhao, M.; Crooks, R. M. Am. Chem. So&999 121, 4910~
4911.

(12) Chechik, V.; Crooks, R. MJ. Am. Chem. So200Q 122 1243-1244.

(13) Yeung, L. K.; Crooks, R. MNano Lett.2001, 1, 14-17.

(14) Yeung, L. K.; Lee, C. T., Jr.; Johnston, K. P.; Crooks, R. Ghem.
Commun2001, 2290-2291.

(15) Li, Y.; EI-Sayed, M. AJ. Phys. Chem. B001, 105 8938-8943.

(16) Ooe, M.; Murata, M.; Mizugaki, T.; Ebitani, K.; Kaneda, Kano Lett.
2002 2, 999-1002.

4930 = J. AM. CHEM. SOC. 2005, 127, 4930—4934

(19) Grthn, F.; Gu, X.; Gill, H.; Meredith, J. C.; Nisato, G.; Bauer, B. J.;
Karim, A.; Amis, E. J.Macromolecule2002 35, 4852-4854.

(20) Esumi, K.; Satoh, K.; Torigoe, KLangmuir2001, 17, 6860-6864.

(21) Zhao, M.; Sun, L.; Crooks, R. Ml. Am. Chem. Sod.998 120, 4877
4878.

(22) Scott, R. W. J.; Datye, A. K.; Crooks, R. Nl. Am. Chem. So2003 125,
3708-3709.

(23) Chung, Y.-M.; Rhee, H.-KCatal. Lett.2003 85, 159-164.

(24) Scott, R. W. J.; Wilson, O. M.; Oh, S.-K.; Kenik, E. A.; Crooks, R. M.
Am. Chem. SoQ004 126, 15583-15591.

(25) Wilson, O. M.; Scott, R. W. J.; Garcia-Martinez, J. C.; Crooks, RJM.
Am. Chem. So005 127, 1015-1024.

(26) Niu, Y.; Crooks, R. MC. R. Chimie2003 6, 1049-1059.

(27) Lang, H.; May, R. A,; Iversen, B. L.; Chandler, B. D.Am. Chem. Soc.
2003 125, 14832-14836.

(28) Scott, R. W. J.; Wilson, O. M.; Crooks, R. Mthem. Mater2004 16,
5682-5688.

10.1021/ja0435900 CCC: $30.25 © 2005 American Chemical Society



Electrolytic O, Reduction at Glassy Carbon Electrodes ARTICLES

particle and the electrode proved too large for electron tunneling approach involves immobilization of metal ions, usually within
and therefore no electrocatalytic activity was observed. a polymer, and then reduction to metal nanopartiete%

In this paper, we report a new strategy for DEN immobiliza- ~ In this paper, we report the preparation of Pt nanoparticles
tion on GCEs that is simple and that leads to robust, electro- Within fourth-generation, hydroxyl-terminated, poly(amido-
catalytically active DEN monolayers. The approach involves amine) (PAMAM) dendrimers (G4-OH) and the subsequent
preparation of DENs within hydroxyl-terminated dendrimers and €lectrooxidative coupling of the composite to GCEs in an
subsequent coupling of the dendrimer to the GCE surface via @Jueous 0.1 M LiCl@electrolyte solution. The Pt electrocata-
an electrooxidation reaction. Similar electrochemical immobi- lysts contain an average of 40 atoms each and have a diameter
lization strategies have been reported for the oxidation of Of 1.4+ 0.3 nm3# Electrodes modified with these Pt DENs
amines? aryl acetate® and alcohol$! as well as for the are electrocatalytically active for oxygen reduction, implying
reduction of aryl diazonium catior#&-3* Here, we are particu- that the encapsulated Pt nanoparticles are within tunneling
larly interested in prior examples of the electrooxidation of distance of the GCE surface. Moreover, the Pt DEN monolayers
alcohols, because the dendrimers used in this study have multiple2"® robust, surviving up to 50 consecutive electrochemical scans
hydroxyl groups on their periphery. Specifically, Ohmori and through the @ reduction process and sonication for up to 10
co-workers reported that various alcohols can be electrochemi-Min in 0.5 M HSQ, with no significant change in activity.
cally attached to GCEs via ether bonds in anhydrous alcohol gxperimental Section

solutions31:3> They also reported that triethylene glycol could _ _
Chemicals. G4-OH dendrimers were purchased as a-25%

be oxidatively coupled to GCES. . o methanol solution (Dendritech, Inc., Midland, MI). Prior to use, the
There are three general approaches for immobilization of methanol was removed under vacuursPtCl; (Strem Chemicals, Inc.),
electrocatalytic nanoparticles onto electrode surfaces. The firstNaBH,, LiClO,, CH,Cl,, 1-dodecanethiol (The Aldrich Chemical Co.),
involves two steps: synthesis of the nanoparticles followed by and HSQ, (EMD Chemicals, Inc.) were used without further purifica-
surface immobilizatio#:37 42 This includes the most common  tion. 18 MQ cm Milli-Q deionized water (Millipore, Bedford, MA)
method for preparing electrocatalysts: physical deposition of a Was used to prepare aqueous solutions.
mixture of carbon-supported metal nanoparticles and Nafion ~Preparation of Pt DENs. Pt DENs were prepared according to a
onto an electrode surfaé&:*° The dendrimer-based approach previously publlshgd procedufé Briefly, 40 mol equiv of an aqueous
reported here also fits into this category. In the second family -1 M KePtCL solution was added to a 504 aqueous G4-OH solution.

of methods. nanoparticle formation and immobilization occur The mixture was stirred for 48 h to allow the Pt ions to complex with
! p the interior amines of the dendrimers. Zerovalent Pt DENs (G4-OH-

simultaneously. This approach includes electrodeposition of (Pt)) were synthesized by slow addition of a 10-fold excess of an

metal particles onto electrodes modified with polymer fifffrs aqueous 0.5 M NaBjisolution. This Pt DEN solution was allowed to
vacuum evaporatioff and electroless depositidfr.>! The third stand in a closed vial fc h toensure complete reduction of Pt. Finally,
the solution was dialyzed using a cellulose dialysis sack having a
(29) Deinhammer, R. S.; Ho, M.; Anderegg, J. W.; Porter, M.LRngmuir molecular weight cutoff of 12 000 (Sigma Diagnostics, Inc.) to remove
1994 10, 1306-1313. i itiag9 i i isgj
(30) Andrieux, C. P.; Gonzalez, F.; Sarg, J.-M.J. Am. Chem. Sod 997, |mpur|t|es..The resulting Pt DI.ENS were examined by transr_nlssm_m
119 4292-4300. electron microscopy (TEM), which showed that the mean particle size
(31) Maeda, H.; Yamauchi, Y.; Hosoe, M.; Li, T.-X.; Yamaguchi, E.; Kasamatsu, was 1.4+ 0.3 nm (Figure 1). This result is comparable to our previous
M.; Ohmori, H.Chem. Pharm. Bull1994 42, 1870-1873. results34
(32) Delamar, M.; Hitmi, R.; Pinson, J.; Sam, J.-M.J. Am. Chem. So992 : . . . .
114, 5883-5884. Electrode Preparation. Glassy carbon (GC) disks (Bioanalytical

(33) f\l-losng\;fﬁtpj _D,\fl?m:,:{ %h?ﬁ%ﬁa@éfiﬁb%rﬂez’oof Hitmi, R.; Pinson, systems, Inc., 3.0 mm diameter) and GC plates (Tokai Carbon Co.,

(34) Brooksby, P. A.; Downard, A. Langmuir2004 20, 5038-5045. grade GC-20,) were used as electrodes. GC plates were obtained as 10
(35) ma%dzésﬂz;zltggﬂi, M.; Yamauchi, Y.; Ohmori, €hem. Pharm. Bull1996 cm x 10 cm x 0.3 cm plates and cut into 2 cm 1 cm x 0.3 cm
(36) Maeda, H.. Katayama, K.; Matsui, R.; Yamauchi, Y.. Ohmori Afal. pieces before use. Both types of GCEs'we_re prepared by polishing with
Sci.200Q 16, 293-298. ) 1.0 and 0.3tm alumina powder on a polishing cloth (Buehler) followed
@7 %gzg;fnééi&ngdmfatto‘ F.; Durand, R.; Ozil, P.Appl. Electrochem.  py sonication in water for 10 min. The electrodes were then rinsed
(38) Schmidt, T. J.; Gaéteiger, H. A.: Stab, G. D.: Urban, P. M.: Kolb, D. M.; With water and ethanol and dried under flowing g&s. All electro-
Behm, R. J.J. Electrochem. Sod998 145 2354-2358. chemical experiments were performed in a single-compartment, glass
(39) gﬁé"m”_sz’&lA;ig%di?ﬁtiIs_J” Gasteiger, H. A.; Behm, R. Electroanal. cell using a standard three-electrode configuration with a Pt-gauze
(40) Paulus, U. A;; Wokaun, A.; Scherer, G. G.; Schmidt, T. J.; Stamenkovic, counter electrode and a Ag/AgCl (3 M NaCl) reference electrode
YS&RA??&!%&V'; Markovic, N. M.; Ross, P. NI. Phys. Chem. 2002 (Bioanalytical Systems, Inc.). Cyclic voltammetry was performed using
(41) Park, S.: Xie, Y.; Weaver, M. Langmuir2002 18, 5792-5798. a Pine AFRDE4 potentiostat configured with an-X recorder.
(42) Waszczuk, P.; Barnard, T. M.; Rice, C.; Masel, R. I.; Wieckowski, A. Characterization. X-ray photoelectron spectroscopy (XPS) data
Electrochem. Commur2002 4, 599-603. ired . y F,)A is His 165 [EJIt K Ft)y inst t
(43) Chen, C. C.; Bose, C. S. C.; Rajeshwar,JKElectroanal. Chem1993 were acquire US'“Q an AXis His fa Kratos Ins rgmen
350, 161-176. (Manchester, UK) with a Mg K X-ray source. The XPS positions
(44) g&i‘fggﬁgl_Rehgﬂl\éggeéé‘g- 2’“1%02"2‘372 H.; Veas, C.; Qdova, R.J. were referenced to the C(1s) peak at 284.5 eV. TEM images were
(45) Giacomini, M. T.; Ticianelli, E. A.; McBreen, J.; Balasubramanian JM. obtained using a JEOL-2010 TEM having a point-to-point resolution
(45) EIeCSrOﬁhe?.dipdolgl $1I48tA32hB'_A22?51996 41 221231 of 0.19 nm. Samples were prepared by placing a drop of solution on a
e, J.-H.; Fedkiw, P. ectrochim. Ac , — . . . P
(47) Kelaidopoulou, A.. Abelidou, E.; Kokkinidis, Q. Appl. Electrochent999 hgley-car_bo_n-coated grld and aIIowmg the solvent to eva_porate in air.
29, 1255-1261. Field-emission scanning electron microscopy (FESEM) images were

) . it 38 e syga: Y-+ Nishimura, K.; Takasu, Y. obtained using a Zeiss VP1530 microscope.

(49) Zoval, J. V.; Lee, J.; Gorer, S.; Penner, R.MPhys. Chem. 8998 102

1166-1175. (52) Dai, J.; Bruening, M. LNano Lett.2002 2, 497-501.

(50) Kokkinidis, G.; Papoutsis, A.; Stoychev, D.; Milchev, A.Electroanal. (53) Shen, Y.; Liu, J.; Wu, A.; Jiang, J.; Bi, L.; Liu, B.; Li, Z.; Dong, [Sangmuir
Chem.200Q 486, 48—55. 2003 19, 5397-5401.
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Figure 2. Three consecutive cyclic voltammograms obtained using a freshly
polished GCE in (a) electrolyte solution only, and (b) electrolyte solution
plus 20uM G4-OH(Ptg). The aqueous electrolyte solution contained 0.1

M LiClO 4. The scan rate was 10 mV/s.

a
O(1s)
C(1s)

Pt(4f)

N(1s) Pt(4d)

0.8 1.2 1.6 2.0 2.4

Diameter (nm)

Figure 1. TEM image and particle-size distribution for the G4-OHgPt
DENSs used in the catalysis experiments. The particle-size distribution is
based on 100 randomly selected particles.

Intensity (arb. unit)

600 500 400 300 200 100 O
Results and Discussion Binding Energy (eV)

Immobilization of Pt DENs on GCEs. The immobilization T T T T .
of Pt DENs on GCEs was carried out using a procedure similar 4f b
to that reported by Ohmori and co-workers for the modification sz "
of GCEs with alcohol8!35A freshly polished GCE was placed
in an aqueous 20M G4-OH(Pto) solution containing 0.1 M
LiClO4, and then the potential of the electrode was scanned
three times between 0 and 1.0 V (vs Ag/Ag8M NaCl). This
resulted in robust immobilization of the Pt DENs. Figure 2a
shows three cyclic voltametric background scans obtained in a
DEN-free electrolyte solution. Only a small background current
is observed. The data in Figure 2b were obtained under the same . . . . .
conditions as Figure 2a, but in the presence of Pt DENs. An & 7 7 T 72 70 68
irreversible oxidation wave appears at potentias6 V. For Binding Energy (eV)
alcohols, the current associated with this wave has previously rigure 3. (a) An XPS spectrum of a G4-OH(g} film electrochemically
been attributed to electrochemical oxidation of the GCE, which immobilized on a GCE. (b) A high-resolution XPS spectrum in the Pt(4f)
is followed by nucleophilic attack on hydroxyl groupis region for the same film. The electrode was cut from a sheet of glassy

. h . . . ._carbon, as described in the Experimental Section.

However, this mechanism is speculative and the details remain
to be worked out. After the first scan, the current decreases and
then remains approximately constant for the third scan. We
believe the decrease in the oxidation wave is mainly attributable
to the irreversible immobilization of Pt DENs onto the GCE
after the first scan.

Intensity (arb. unit)

XPS measurements confirmed the presence of both the
dendrimer and Pt on the GCE after electrochemical immobiliza-
tion of the DENSs. Figure 3a shows the XPS spectrum of a Pt
DEN-modified GCE electrode. The N(1s) peak at 399.8 eV
confirms the presence of the PAMAM dendrimers, while the

(55) Maeda, H.; Yamauchi, Y.; Ohmori, KCurr. Top. Anal. Chem2001, 2, Pt(4d) and Pt(4f) peaks confirm the presence of Pt. Theda)(_‘”
121-133. and Pt(44,,) peaks are present at 75.3 and 72.1 eV, respectively,

4932 J. AM. CHEM. SOC. = VOL. 127, NO. 13, 2005
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which is slightly higher than would be observed for bulk Pt
(71.2 eV for Pt(4f5)). However, this result agrees with previous

XPS investigations of Pt DENs and is probably a consequence
of the small size of these nanoparticles and the presence of the

dendrimeric ligand8%-58
To confirm that the Pt DENs described in the previous

paragraph are not just physisorbed to the electrode surface, we

performed a control experiment in which a GCE was soaked in
a Pt DEN solution for 15 min but with no potential applied.

The GCE prepared using this method also revealed the presence

of Pt and N peaks in the XPS spectra (Supporting Information),
but they were substantially lower (31% and 42%, respectively)
than those obtained using electrochemically modified GCEs.
This is the anticipated result, because PAMAM dendrimers
physisorb to nearly all surfaces including AB? mica® and
highly oriented pyrolytic graphite (HOP@JWe also examined

a GCE modified exactly as described for Figure 3, except in
this case only the dendrimer was immobilized (no Pt DEN).
The resulting XPS spectrum (Supporting Information) indicated

ARTICLES
T T T T
I G4-OH(Pt,;)
0.30 mA/cm?
G4-OH
naked GCE
|
l* 1 1 1
1.0 0.5 0 -0.5

Potential (V vs. Ag/AgCl, 3 M NaCl)

Figure 4. CVs for the reduction of @using (top to bottom) a GCE
modified with G4-OH(P4,) DENs, a GCE modified with Pt-free G4-OH
dendrimers, and a naked GCE. The data were obtained in an aqueous 0.5
M H>SOy electrolyte solution saturated with,Orhe scan rate was 50 mV/

S.

The electrocatalytic properties of GCEs modified with

the presence of N and the absence of Pt. Interestingly, the peakyhysisorbed Pt DENs (no electrochemical linking to the GCE)
intensity of N was only 50% as intense as that shown in Figure \yere also examined. These surfaces were found to be less
3a. This might suggest that the encapsulated Pt nanoparticlegatalytically active than the electrochemically linked films

catalyze linking of the dendrimer onto the GCE surfée.

The size of the immobilized DENs was examined by TEM
and FESEM. TEM micrographs were obtained by scraping Pt
DENSs off the electrode surface and examining the powder. The
results indicated that the particle size was #60.4 nm
(Supporting Information), which is just slightly larger than the
diameter of the DENs prior to immobilization (14 0.3 nm).

(Supporting Information). For example, the e@duction peak
had a poorly defined shape and was shifted 140 mV negative
as compared to the uppermost CV shown in Figure 4. Control
experiments corresponding to the three CVs in Figure 4, but
carried out in Q-free electrolyte solutions, were also performed.
They revealed only a small background current (Supporting
Information). This result confirms our contention that the peaks

FESEM has a resolution of 2.1 nm, and there were no observable, Figure 4 arise from @reduction.

differences between micrographs obtained from unmodified
(naked) GCEs and GCEs modified with Pt DENs. This indicates
that there are no Pt aggregates~10 nm in diameter present
on the GCE surface (Supporting Information).

Electrocatalytic O, Reduction. Figure 4 shows cyclic
voltammograms (CVs) for the reduction of @ a naked GCE,
a GCE modified with Pt-free G4-OH dendrimers, and a GCE
modified with G4-OH(Pjy) DENSs. All three CVs were obtained
in an O-saturated agueous electrolyte solution containing 0.5
M H,SO4. Reduction at the naked GCE begins at a potential of
about—0.1 V, and there is a well-defined peak -aD.39 V
attributable to @ reduction. The electrochemical behavior at a
GCE modified with G4-OH (but no Pt DENS) is similar to the
naked GCE. However, the G4-OHgptmodified GCE exhibits
an onset current of about 0.5 V and a well-defined peak at 0.22
V. The ~600 mV positive shift in the @reduction peak for
the Pt DENSs indicates a significant electrocatalytic effect. It
also demonstrates that the Pt DENs are within electron tunneling
distance of the GCE surface and thati®able to penetrate the
G4-OH dendrimer, encounter the encapsulated Pt nanoparticle
and that the product of the reaction is able to escape the
dendrimer interior.

(56) Fu, X.; Wang, Y.; Wu, N.; Gui, L.; Tang, Y. Colloid Interface Sci2001,
243 326—-330.

(57) Eberhardt, W.; Fayet, P.; Cox, D. M.; Fu, Z.; Kaldor, A.; Sherwood, R.;
Sondericker, DPhys. Re. Lett. 199Q 64, 780-783.

(58) You, T.; Niwa, O.; Horiuchi, T.; Tomita, M.; lwasaki, Y.; Ueno, Y.; Hirono,
S. Chem. Mater2002 14, 4796-4799.

(59) Tokuhisa, H.; Zhao, M.; Baker, L. A.; Phan, V. T.; Dermody, D. L.; Garcia,
M. E.; Peez, R. F.; Crooks, R. M.; Mayer, T. Nl. Am. Chem. S0d.998
120, 4492-4501.

(60) Sun, L.; Crooks, R. MLangmuir2002 18, 8231-8236.

(61) Deutsch, D. S.; Lafaye, G.; Liu, D.; Chandler, B.; Williams, C. T.; Amiridis,
M. D. Catal. Lett.2004 97, 139-143.

Stability of G4-OH(Pt4g)-Modified GCEs. The stability of
the G4-OH(P4o) films on GCEs was tested by repetitive cycling
between 1.0 and 0 V. Even after 50 scans, no significant change
in the & reduction peak current or position was observed
(Supporting Information). As a further test of stability, a G4-
OH(Pty0)-modified GCE was sonicated in a 0.5 M;$0D,
solution for 10 min, and afterward the resulting voltammetry
indicated no significant change of the @duction peak current
or position as compared to a CV obtained prior to sonication
(Supporting Information). XPS measurements were also per-
formed to verify the presence of the dendrimer and Pt after both
of these stability tests. The resulting XPS spectra showed no
significant change of the N and Pt bands as compared to the
freshly prepared G4-OH(R) films. These results support the
presence of a robust link between the dendrimer and the GCE,
and an equally durable attachment of the Pt nanoparticle within
the dendrimers.

Location of the Pt Nanoparticles. Thus far, we have
assumed that the Pt nanoparticles remain within the dendrimers
during immobilization. However, the data presented up to this
point do not exclude the possibility that the Pt DENs are
somehow extracted from within the dendrimers and present as
naked nanoparticles, possibly as aggregates having diameters
below the resolution of FESEM~10 nm), sorbed to the GCE
surface (Scheme 2). While we view this scenario as unlikely, it
is fundamental to the central claim of this paper (Scheme 1)
and therefore needs to be addressed.

To verify that the Pt nanoparticles remain within the
dendrimers during the electrochemical immobilization proce-
dure, we performed a selective Pt DEN poisoning experiment

J. AM. CHEM. SOC. = VOL. 127, NO. 13, 2005 4933
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Scheme 2 —————

2
aggregated particle 0.30 mA/cm

CH,Cl,
VS

GCE

1 " n " L 1 n L s
1.0 0.5 0
Potential (V vs. Ag/AgCI, 3 M NaCl)
using 1-dodecanethiol (C12SH) dissolved in either ethanol or Figure 5. CVs obtained using G4-OH(R}-modified GCEs. Prior to
CH,Cl,. Because ethanol is a good solvent for PAMAM obtaining the CVs, the modified electrodes were exposed to C12SH

dendrimers, we hypothesized that the dendrimer would havedissolved in either CECl, (top) or ethanol (bottom) for 20 min. The CVs
' were obtained in an aqueous 0.5 M3®, electrolyte solution saturated

an open structure in ethanol. Therefore, CJ_-ZSH should easily jth 0,. The dashed line shows the position of ther@uction peak before
penetrate the outer branches of the dendrimer, adsorb to thehe modified electrodes were exposed to C12SH solution. The scan rate

surface of the encapsulated Pt nanoparticle, and reduce itgvas 50 mv/s.
subsequent electrocatalytic activif3In contrast, we reasoned
that the dendrimer would collapse around the Pt nanoparticles
in CH.Cly, which is a poor solvent for PAMAM dendrimers,
and thereby protect the encapsulated DENs from C12SH We have shown that Pt DENs prepared within hydroxyl-
adsorption. This hypothesis is based on existing literature terminated PAMAM dendrimers can be immobilized on GCEs
demonstrating that the dendrimer branches can act as selectiveising an electrochemical attachment method. The resulting films
gates that modulate substrate access to DEAtditionally, it are electrocatalytically active for Qreduction, and they are
has previously been shown that in air, which of course is a very remarkably stable, retaining their electrocatalytic properties even
poor solvent for PAMAM dendrimers, the dendrimeric branches after 50 consecutive cyclic voltammetric scans through the O
completely collapse around DENs and render them totally reduction wave. Selective thiol poisoning experiments demon-
inaccessible to substrat&s strate that the Pt nanoparticles are retained within the dendrimers
After exposing Pt DEN-modified GCEs to 3 mM C12SH after electrochemical immobilization. Future studies will involve
solutions in either ethanol or GBI, for 20 min and thenrinsing  the use of electrochemical generation-collection experiments to
in solvent and water, the CVs shown in Figure 5 were obtained quantitatively assess the electrocatalytic activity of the metal
in an Q-saturated electrolyte solution. The top CV corresponds nanoparticles?38 including alloy and coreshell bimetallic
to C12SH treatment in Ci€l,. This CV is only slightly changed =~ DENs25 as a function of the size and elemental composition of
as compared to the corresponding CV shown in Figure 4, the DENs#0
suggesting that during exposure to C12SH the dendrimer
protected the nanoparticle against poisoning. In contrast, when Acknowledgment. We acknowledge the U.S. Department of
the poisoning experiment was carried out in ethanol, the Energy, DOE-BES Catalysis Science grant no. DE-FG02-
subsequent CV indicated extensive surface passivation of the03ER15471, and the Robert A. Welch Foundation for financial
Pt DENs. No change in electrocatalytic activity was observed Support of this work. The FESEM acquisition was supported
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of C12SH, which indicates that the differences in the two Cvs 0116835. We thank Dr. William Lackowski and Yulia Vasilyeva
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CH,Cl,) poisoning. On the basis of these results, we concluded in obtaining the XPS data, and Dr. Zhiping Luo and Tom
that Pt nanoparticles are present within the dendrimers (left sideStephens of the TAMU Microscopy and Imaging Center for
of Scheme 2) even after the electrochemical immobilization @ssistance with the microscopy.
process. Otherwise, there would be no effect of solvent on the
accessibility of the naked Pt surface toward C12SH. Taken
together with the microscopy results discussed earlier, which
showed no evidence of metal aggregation, we are confident in
concluding that the model of an intact, surface-immobilized Pt
DEN catalyst is correct.
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Summary and Conclusions

Supporting Information Available: TEM images and patrticle-
size distributions for G4-OH(R) after electrochemical im-
mobilization; FESEM images confirming the absence of Pt
aggregates on the GCE surface; CVs of modified and un-
modified GCEs in N-saturated electrolyte solutions; voltam-
metry illustrating the stability of G4-OH(R)-modified GCEs;
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