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Abstract: The peripheral functionalization of amine-terminated fourth-generation poly(amidoamine) (PAM-
AM) with thiophene dendrons and the preparation of dendrimer-encapsulated metal nanoparticles are
described. Interesting nanopatrticle stabilization and energy-transfer properties were observed with these
hybrid materials. The synthesis involved imine coupling of the dendron derivatives to the peripheral amine
groups of PAMAM followed by reduction. The formation of these metal—organic nanoparticle hybrid materials
was monitored by UV—vis spectroscopy. The complexation of metal ions and the stabilization effect of
PAMAM on metal nanoparticles were investigated by FT-IR. Energy transfer was observed between the
metal surface plasmon absorption and fluorescence of the terthiophene dendrons. Noncontact magnetic-
AC mode AFM imaging revealed the formation of monodispersed and very stable nanoparticles adsorbed
on an HOPG flat substrate.

Introduction pyrolytic graphite (HOPG)for applications such as carbon-
. . supported electrocatalysts in the development of fuel Edlkis
As a class of macromolecules that are well defined, highly . . .
. T 2 s largely due to the poor adhesion properties of the DEMNs
branched, and monodispersed in size, shape, and chemical . . .
n graphite and their strong tendency toward aggregation.

- . . 0
composition, dendrimers have received tremendous research -

The coupling of energy and electron-transfer phenomena

between inorganic nanoparticles and organic molecules is also

impetus in recent yeatsPolyamidoamine (PAMAM) dendrim-
of great interest. The difference between the HOMO and

ers are one of the first of a family of completely synthesized,
well-characterized, and commercialized dendrimers. They are X : .
. : . . s : LUMO levels between nanoparticles and organic dyes/conju-
widely applied even in the biomedical field due to their excellent :
gated polymers has resulted in both energy-transfer and quench-
ing mechanisms. Recently, we have reported the synthesis of a

biocompatibility? Recently, there has been a lot of interest in
hybrid composites of organic and inorganic materials systems new type of conjugated dendrimers based on thiophane
demonstrated interesting 2-D supramolecular assembly on

utilizing dendrimers. In particular, their role in templating
nanoparticle growth has been explored. Crooks et al. have Showngraphite? Besides their excellent assembly properties on

that PAMAM can be used as templates for preparing nearly . . . .
monodispersed intradendrimer metal nanoparticles using a “shi graphite, thiophene dendrimers also have very strong absorption
P P g Pin the region of 256-400 nm and are good candidates as light-

in-a-bottle” approacR.These hybrid dendrimer-encapsulated :
. T .~ harvesting antenna macromolecules.
metal nanoparticles (DEMNSs) are useful for applications in . . .
. . . e In this paper, we report the synthesis of PAMAM dendrimers

catalysis and electrocatalydisdowever, it has been difficult . : . . ) :

. - - . functionalized with terthiophene dendrons on their periphery
to immobilize and stabilize Pd DEMNs on highly ordered . .

(see Scheme 1) and the preparation of dendrimer-encapsulated

metal nanoparticles. UVvis spectroscopy was used to deter-
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effect on the metal nanoparticles. We have investigated th
energy transfer between the nanopatrticles and thiophene dendr
on the periphery. Finally, we studied the immobilization and

e Aldrich and used as received. Silica gel (60 A-33 um, Standard
ofprade) and Alumina (Basic, Std. Activity |, 5®@00u) were purchased
from Sorbent Technologies, Inc. (Atlanta, GA). Alumina was washed

stabilization of the dendrimer-encapsulated metal nanoparticlesWith copious amounts of C4&1, to remove any impurity and was dried

on HOPG in comparison to functionalized PAMAM dendrimer
G4(3T6C).

Experimental Section

Materials. Sodium cyanoborohydride was purchased from ICN
Biomedicals Inc. (Aurora, OH). Amine-terminated, fourth-generation
PAMAM dendrimers (G4NH), with 64 functional amine groups in
the periphery, were used as received from Aldrich. Chloroform and

before use.

Instrumentation. Nuclear magnetic resonance (NMR) spectra were
recorded on a General Electric QE-300 spectrometer operating at 300
MHz for *H and 75 MHz for*C nuclei. UV-vis spectra were recorded
on an Agilent 8453 UV-visible spectrometer, and fluorescence spectra
were recorded on a Perkin Elmer LS 45 luminescence spectrometer.
FT-IR spectra were obtained using a FTS 7000 spectrometer (Digilab,
Randolph, MA) equipped with a liquid Acooled MCT detector. KBr

methanol for spectroscopic measurements were of spectrophotometrigpellets were prepared by first mixing the sample solutions with KBr,
grade. All other commercially available reagents were purchased from removing solvents under vacuum, and then pressing the KBr using a

J. AM. CHEM. SOC. = VOL. 127, NO. 6, 2005 1745
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10-ton hydraulic press. Atomic force microscopy (AFM) imaging was
performed in air with a PicoSPM I (PicoPlus, Molecular Imaging) in
the noncontact Magnetic AC mode (MAC mode). Type Il MAC-levers
with a spring constant of 2.8 nN/M with about 10 nm tip radius were
used for all scans. Samples were prepared by dropcasting 1.0 nM
solutions in CHGJ/CH3OH (2:1, v/v) onto a freshly cleaved HOPG
substrate spinning at 1000 rpm. All solutions were passed through two
0.2 uM hydrophobic fluoropore (PTFE) filters (Millex, Millipore) as
they were cast. The surface was washed with deionized water, methanol
and then dried under a stream of.N

Synthesis of 5,8-Dihexyl-[2,2;3',2"]terthiophene-5-carbalde-
hydel° To ice-cooled and stirred 1.22 g (8.7 mmol) of phosphorus
oxychloride was added 5 mL of DMF, and the mixture was stirred for
0.5 h. A solution of 2.08 g of 5,5dihexyl-[2,2;3',2"terthiophene (5.0
mmol) in 5 mL of DMF was added dropwise over a period of 30 min.
After the completion of the addition, the mixture was gradually warmed
to room temperature and then heated at’80for 3 h. The mixture
was then cooled and poured onto-iagater. The pH was adjusted to
6 with 5 N sodium hydroxide solution. The reaction mixture was
extracted with CHCI; (3 x 100 mL). The combined organic phases
were neutralized with saturated sodium hydrogencarbonate solution,
dried with MgSQ, and concentrated under vacuum. The residue was
subjected to silica gel column chromatography. Elution with hexane
gave 0.65 g of 5,5dihexyl-[2,2;3',2"]ter-thiophene, and then elution
with hexane/acetone (6/1, v/v) afforded 1.35 g (61%) of Ejfhexyl-
[2,2,;3,2"]terthiophene-5carbaldehyde!H NMR (CDCl): 9.83 (s,
1H), 7.68 (s, 1H), 7.08 (d, 1H} = 3.3 Hz), 6.90 (d, 1HJ = 3.6 Hz),

6.72 (d, 1HJ = 3.3 Hz), 6.69 (d, 1H) = 3.6 Hz), 2.78 (m, 4H), 1.65

(m, 4H), 1.33 (m, 12H), 0.90 (m, 6H}*C NMR (300 MHz, CDC}):
0182.3,149.4, 147.3, 142.6, 139.7, 139.0, 132.8, 132.1, 131.4, 128.4,
127.2, 124.5, 124.2, 31.44, 31.41, 31.35, 31.25, 30.01, 29.98, 28.56,
22.42,22.39, 13.89, 13.87.

Synthesis of Thiophene Dendron-Functionalized PAMAM Den-
drimer G4(3T6C).** G4ANH, was reacted with a 2-fold excess (128
equiv based on the 64 dendrimer terminal groups) of -Bliexyl-
[2,2;3,2"]terthiophene-5carbaldehyde in dry CCI/CH;OH (1:1,

v/v). The reaction was allowed to proceed for 5 days at room
temperature under nitrogen. A 5-fold excess of NaBN (320 equiv
based on the 64 dendrimer terminal groups) was added in five portions
during 4 h. After addition, the reaction mixture was refluxed for 6 h
and concentrated under vacuum. Workup consisted of the addition of
10% HCI to pH 5, with stirring overnight, filtration, and concentration.
The residue was partitioned between saturated aqueS:and CH-

Cl,. The aqueous phase was extracted with,Clk and the organic
phases were combined, dried with MgS@nd concentrated. The

resulting residue was subjected to chromatography on alumina. Copious

amounts of CHOH were used to wash out any impurity. The alumina
was dried and extracted repeatedly with £LH using a Soxhlet

extractor. The extract was concentrated, and the resulting thiophene

dendron-functionalized PAMAM, G4(3T6C), was obtained in 35% yield
as a yellow oil and found to be soluble in CH@ind CHCl,, but not

in CH3OH. Scheme 1 shows the structure of the starting materials and
the product. FromH NMR peak integration, it is estimated that about
43 terminal NH groups have been functionalized (see Figure 1). An
uncertainty of about 5% in the integration could mean that the number
of reacted terminal Nk groups is as low as 41. However, MALDI

3747
3286
2692
2293
1244

0847

/Gao

CH;

_

T
5

Figure 1. H NMR of G4(3T6C). G4-NH has a total of 498 Ckj each
CH,-3T6C unit provides 11 Ck and only CH group has a chemical shift
smaller than 1.0 ppm. Therefore, By NMR, the number of thiophene
dendron units grafted can be estimated as 996/(45.22)= 42.7~ 43.

T T
4 3 2 PPM

(t, b, 258H, 43x 2CHs from 3T6C).*3C NMR (CDCk): 6 172.42,
147.17, 145.66, 140.47, 135.01, 132.47, 131.40, 130.50, 128.34, 127.49,
125.86, 124.09, 123.91, 52.11, 52.04, 51.88, 50.00, 37.55, 37.11, 33.89,
31.53, 30.07, 29.68, 28.75, 22.58, 14.10. FT-IR (KBr pellety-HN
stretching 3406 cnit, CH; stretching 2924 and 2854 cr) amide |
1655 cnt?, amide Il 1547 cm!, C—H out-of-plane vibration of
thiophene ring 798 cnt.

Preparation of G4(3T6C)(Cu)o. To a reaction vial were added 1000
uL of G4(3T6C) solution (5Q«M in CHCI3), 333 uL of CHClI;, and
667 uL of CH3OH. With vigorous stirring, CuGI(75 uL of 20 mM)
in CHCI/CH;OH (2:1, v/v) was added to make a 28 G4(3T6C)-
(Cu?t)z0 solution. After the mixture was stirred for 30 min, 20 equiv
of NaBH, solution in CHCYCH;0H (2:1, v/v, 200 mM) was added
dropwise. The color of the solution changed from yellow to golden
brown. The color changed slowly back to yellow in the presence of
atmospheric @

Preparation of G4(3T6C)(Pd}.. To a reaction vial were added 1000
uL of G4(3T6C) solution (5Q«M in CHCIs), 321 uL of CHCIs, and
667 uL of CH30OH. With vigorous stirring, Pd(OAg)(12 uL of 100
mM) in CHCl; was added to make a 281 G43T6C(Pd*).4 solution.
After the mixture was stirred for 1 h, 20 equiv of NaBBblution in
CHCIy/CHzOH (2:1, v/v, 200 mM) was added dropwise. The solution
changed from yellow to brown after 30 min.

Preparation of G4(3T6C)(Au)s. To a reaction vial were added 1000
uL of G4(3T6C) solution (5QuM in CHCIs), 333 uL of CHCIs, and
667 uL of CH3OH. With vigorous stirring, HAuGt3H,O (4 uL of
100 mM) in CHCK/CH;OH (2:1, v/v) was added to make a 25/
G4(3T6C)(AU)s solution. After the mixture was stirred for 1 h, 2
equiv of HNNH> solution in CHCYCH;OH (2:1, v/v, 140 mM) was
added dropwise. The mixture was stirred overnight. The color of the
solution changed from yellow to blue.

Preparation of G4(3T6C)(Au)s. G4(3T6C)(Auds was prepared
with the same procedure as that of G4(3T6C)EAu)

Results and Discussion

Functionalization of PAMAM Dendrimer. The starting
material 3T6C was synthesized as described previdughe

mass spectroscopy analysis failed to show the molecular ion peak atattempted to formylate 3T6C by BuLi/DMP, but too many

32 650.'H NMR (CDCly): 7.0-6.7 (b, 129H, 43x 3 inner aromatic
protons from the thiophene dendron 3T6C, overlapped), 6.58 (b, 86H,
43 x 2 outermost aromatic protons from 3T6C), 3.75 (t, b, 128H, 64CH
from PAMAM G4NH,), 3.5-1.0 (1814H, 434CHKH from PAMAM
G4NH,, 43NHCH, adjacent to 3T6C, 4% 10CH, from 3T6C), 0.85

(10) Autorenkollektiv. Organikum 19th ed.; Deutscher Verlag der Wissen-
schaften: Leipzig, 1993; p 343.

(11) Mickelson, J. W.; Belonga, K. L.; Jacobsen, EJ.JOrg. Chem1995 60,
4177-4183.
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competing reactions made the purification procedure extremely
difficult, resulting in a very low yield €10%). With a Vilsmeyer

formylation (see Scheme 1), a moderate yield was obtained
(60%). The unreacted 3T6C can be easily recovered by elution
with hexane. Moreover, except for the unreacted 3T6C, almost
no byproduct was observerable by TLC using this procedure.

(12) Kamerer, R. C.; Kloc, KJ. Labelled Compd. Radiopharit987, 24, 1469-
1477.
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Amine-terminated, fourth-generation PAMAM dendrimers
(G4ANH,) reacted readily with 3T6C-CHO under room temper-
ature. Reduction of the resulting imine derivative gave a very ~ %05
soluble G4(3T6C). The solubility of G4(3T6C) in organic I
solvents, such as GBI, and CHC4, is very crucial for 0-00300 . 4(']0 . 5(')0 . 6(')0 ‘ 7(')0 : 8(')0 : 9(')0 : 10'00
characterization, applications in nanoparticle synthesis, and thin
film formation. We also functionalized G4NHvith 5"”"-hexyl- ez Absoro . vat:\'e;ength (nm) i and without Cu loai
[2,25,2"Tterthiophenetert-carbaldehyde, 3Th-CHO, linear ter- iFn’gé’: i dCngﬁ '(‘;’:‘fpve/\c/)riglutignsegoggfnrisn ‘é":' ( aa)”%"a Cf"r(ﬂ‘é g)"’;‘ ing
thiophene derivative (see Scheme 2). Unfortunately, the resulting ) 0,75 mm cucs; (c) 25 uM G4(3T6C) and 0.75 mM Cugl and (d)
dendrimer is very insoluble in any organic solvent and thus G4(3T6C)(Cujo.
cannot be characterized easily. As compared to 3Th-CHO, the
3T6C-CHO renders better solubility because of a less rigid

0.09 - E

nonlinear terthiophene backbone and the addition of one more [

hexyl chain. 0.08 - J— _
The synthesis of G4(3T6C) is relatively straightforward. & - /./-/'/' 1

However, the purification was time-consuming and resulted in S 097 - 7

significant loss of product. The advantage though is that it doesg 0.06 i 1 ]

provide pure material. Before the addition of Nad&HN, a smalll 8 32

amount of reaction mixture was taken out and concentrated for S 0.05 - -
NMR. The imine proton resonance was observed at 8.19, andg [ 1
the imine carbon was observed at 172.64 ppm. After the § I |
reaction, the absence of these two peaks confirmed the completeg 0.03 |- -

o

04 |- 4

reduction of the imine groups. The average number of thiophene 8 -

dendron units grafted to PAMAM was estimated 3y NMR < oo2| / 1
peak integration to be 43. An uncertainty of about 5% in the 0.01 [ i
integration could mean that the number of reacted terminal NH . . . . : . : . .
groups could be as low as 41. By contrast, there are 64 available 0 20 40 60 80
amine groups on the periphery of PAMAM. Incomplete end- [Cu™)/ [G4(3T6C)]

group (NH) functionalization was expected becalj'se of the steriC rigure 3. Spectrophotometric titration plot. The initial concentration of
hindrance. However, we anticipate that the mixed thiophene G4(3T6C) was 25uM. The titration end point is estimated as the

dendron/amine dendrimer periphery will provide future chemical extrapolated intersection of the two linear regions of the curve before and
versatility after the equivalence point. The optical path length was 1 cm, the

) . temperature was 2@ 2 °C, and the solvent was CH{ICH3;OH (2:1, v/v).
Dendrimer-Encapsulated Cu Nanoparticles (Cu-ter-

thiophene PAMAM). In general,_th_e hybrid nanoparticles can  NaBH, the d-d transition is replaced by a monotonically
be prepared by the so-called “ship-in-a-bottle” approaéithe increasing spectrum of nearly exponential slope toward shorter

first step is the loading of metal ions into the interior of wavelength (see spectrum d in Figure 2), indicating the
dendrimers. The second step is the reduction of metal ions andsyrmation of Cu nanoparticles.

consequent Oswald ripening process. A solvent mixture (gHCI Determination of the Maximum Cu?* Loading of G4-
CH30H, 2:1, viv) was used_in which the dendrimer G4(3T6C), (3T6C). The maximum C& loading of G4(3T6C) was
NaBH;, H,NNH,, and metal ions are all homogeneously soluble. jetermined by titration as described in the literaérgigure 3

This mixed solvent avoids the extra step of a heterogeneousgpq,ys the results of a titration of G4(3T6C) dendrimer with a
biphasic extraction of the metal ion into the dendrimer. Each 54 1\ CuCh solution in CHCYCH;OH (2:1, vv). As indicated
stage of preparation for the Cu hybrid nanoparticles was by the data, G4(3T6C) adsorbs 32 ZCtons. This number

monitored by UV-vis spectroscopy (see Figure 2). Dendrimer  aches the number of the outermost tertiary amine. Moreover,
G4(3T6C) does not absorb light in the range of 50000 nm,
while C?* alone has a broad peak centered at 920 nm (13) Cotton, F. A.; Wilkinson, GAdvance Inorganic Chemistrth ed.; Wiley

i it & Sons: New York, 1988.
correspond!ng to th,e_dd trar,]SItlon' In the presence O,f ey (14) Lever, A. B. PInorganic Electronic Spectroscopy in Studies in Physical
the absorption maximum shifts to 622 nm corresponding to the and Theoretical Chemistr2nd ed.; Elsevier: Amsterdam, 1984.

d—d transition for C&" in a tetragonally distorted octahedral (15) Kreibig, U.; Vollmer, M.Optical Properties of Metal ClusterSpringer-
)

. . K i Verlag: Berlin, 1995.
or square-planar ligand fiefd:4 After reduction of C&" with (16) Niu, Y.; Crooks, R. MChem. Mater2003 15, 3463-3467.

J. AM. CHEM. SOC. = VOL. 127, NO. 6, 2005 1747
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25} .
2.0 F —=— G4(3T6C)(Pd™"),, —8— G4(3T6C)(Pd),, .
—A— G4(3TEC)(AL™), —¥— G4(3T6C)(Au),

. —e—G4(3T6C)(AU™),, —4— G4(3T6C)(Au),,
g 15 L i G4(3T6C)(Pd),, !
e I
(8]
s |
o 10 E G4(3T6C)(AU™), |
O 1
(3] 1
_Q ;
<

0.5 |- \% G4(3T6C)(Au), i

400 500 600 700 800 900 T
Wavelength (nm) 3600 3200 2800 2400 2000 1600 1200 800

-1

Figure 4. UV—vis absorption spectra of 26M dendrimer metal ion Wavenumber (cm’)

complexes and their corresponding reduced metal nanopatrticles. The changegigure 5. FT-IR spectra. Bands centered at 2924 and 2854'are the

in absorption spectra of GA(3T6C)(Pdks and GASTEC)(PE) are |, and asymmetric Chistretches, and a broad band at 3400 ia the
consistent with the formation of dendrimer-encapsulated Pd nanoparticles. N siretch of the amino group of the dendrimers. At 799 ¢&iis the
The surface plasmon peak of GA4(3T6C)fAl at about 530 nm is not  c_p gyt-of-plane vibration band of the substituted thiophene ring. The
observable, but is overlgpped by the abso_rptlon of G4(3T6C). The surface pang at 1655 i can be assigned to amide 1, while that at 1547 &m
plasmon band of the bigger Au nanoparticles G4(3T6Cj(Au at 562 can be assigned to amide Il of the PAMAM dendrimer. Note the shift in
nm is clear. the amide bands.

the absorption band at 622 nm is the coppeddransition for : ' ' ' ' ' T j '
a four-coordinated Cu(ll) species with a square-planar ligand [
field. It seems likely that each Cis coordinated to two tertiary
amine groups and two Cl ions. Therefore, the loading of'Cu
is probably driven by interaction of €t with tertiary amine,
not by the differential solubility of Cti in the dendrimer interior
versus the solveri
Dendrimer-Encapsulated Pd and Au (Pd and Au-ter-
thiophene PAMAM). Pd and Au hybrid nanoparticles were
also synthesized using the same approach as that for Cu. Th
change in absorption spectra of the dendrimers G4(3T6C)-
(PcPH)24 and G4(3T6C)(Pd) are consistent with the formation
of dendrimer-encapsulated Pd nanoparticles. The surface plas-
mon peak of G4(3T6C)(Alh)s at about 530 nm is not 0.00
observable because of the overlap with the absorption of G4- L . L . L . L . L .
(3T6C). Therefore, to prove the existence of Au nanoparticles 240 280 320 360 400 440
inside the dendrimer, we decided to synthesize larger Au Wavelength (nm)
nanoparticles G4(3T6C)(&M).4, Where the surface plasmon  Figure 6. UV—vis absorption spectra. All the spectra are normalized to
peak at 562 nm was easily observed (see Figure 4). The resuIt|nggbjé‘gfptciggclf:r%a;'g’f‘-STDggd:t“;%'oli“z(gézcgosgg(‘;"es‘isth;ﬁ characteristic
Pd hybrid nanopatrticles are very stable. Even after several
months, no agglomeration was observed and the solution spectra/ibration of the substituted thiophene ring is assigned to 799
remained the same. However, the Au hybrid nanoparticles arecm 9 Bands at approximately 1655 cfcan be assigned to
not as stable as Pd. A black precipitate was formed after severalamide |, and bands at 1547 cincan be assigned to amide Il
weeks. This difference is discussed in the sections below.  of the PAMAM dendrimef® Very interestingly, the loading of
FT-IR Spectroscopy.Each stage of preparation of the hybrid Metal ions and presence of nanoparticles also change the amide
nanoparticles was also monitored by FT-IR spectra (see Figurel and Il bands (see Table 1). In general, both the loading of
5). Bands centered at 2924 and 2854 ¢nand a broad band ~ Metal ions and the presence of nanoparticles shift the amide
at 3400 cm?, can be assigned to the symmetric Céhd bands to a larger wavenumber. The amide | band is more

asymmetric CH stretched/ and the stretching mode of the Sensitive than that of amide Il, and metal ions have a stronger
amino group of the dendrimet8.The C-H out-of-plane effect than their corresponding nanoparticles. Thus, the shift of
amide bands is an indication of complexation. A stronger
(17) (a) Laibinis, P. E.; Bain, C. D.; Nuzzo, R. G.; Whitesides, G.JVPhys. complexation results in a larger shift. Therefore, the metal ions
Chem.1995 99, 7663 7676. (b) Harder, P.; Grunze, M.; Dahint, R.; || complex with PAMAM more strongly than their corre-

Whitesides, G. M.; Laibinis, P. E.. Phys. Chem. B998 102 426-436.
(c) Porter, M. D.; Bright, T. B.; Allara, D. L.; Chidsey, C. E. D. Am.

—— G4(3T6C)
—e— G4(3T6C)(Pa™),, —A— GA(3TEC)(Pd),,
—v—G4(3T6C)(AU™), —&— G4(3T6C)(Au),

—4— G4(3T6C)(AU™),, —b— G4(3T6C)(Au),,

0.12

Aborbance (a.u.)

0.04

Chem. Soc1987 109, 3559-3568. (19) Hotta, S.; Rughooputh, S. D. D. V.; Heeger, A. J.; WudlEcromolecules
(18) (a) Kudelski, A.; Hill, W.Langmuir1999 15, 3162-3168. (b) Garcia, M. 1987 20, 212-215.
E.; Baker, L. A.; Crooks, R. MAnal. Chem1999 71, 256—258. (20) Zeng, F.; Zimmerman, S. ©€hem. Re. 1997, 97, 1681-1712.
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Table 1. FT-IR Spectra Data
shift of shift of
amide | (cm™!) amide | (cm™) amide Il (cm™) amide Il (cm™)
G4(3T6C) 1655 1547
G4(3T6C)(P8")24 1667 +12 1559 +12
G4(3T6C)(Pd)a 1651 —4 1555 +8
G4(3T6C)(AF")s 1659 +4 1547 0
G4(3T6C)(Au} 1655 0 1547 0
G4(3T6C)(AF)24 1663 +8 1547 0
G4(3T6C)(Auds 1655 0 1547 0
T T T T T
160 E
—— G4(3T6C)
—e—G4(3T6C)(Pd"™),,
—&— G4(3T6C)(Pd),,
—¥— G4(3T6C)(AU™),
—&— G4(3T6C)(Au),
120 —<4—G4(3T6C)(AU™),, -1
— —>— G4(3T6C)(Au),,
3
8
=
‘s 80| .
c
Q
£
40 - E
1 1 1 1 1

400 450 500 550 600

Wavelength (nm)
Figure 7. Steady-state fluorescence spectra. All of the spectra are

normalized to a constant absorbance at the excitation wavelength 320 nm.

clear that amide groups are involved in the complexation and
stabilization of both P& and Pd nanoparticles, although it is
not fully understood at present why the amide | of G4(3T6C)-
(Pd)4 shifts to a shorter wavenumber. However, the loading of
Au3t does not change the amide Il band, which is a combination
of C—N stretching and N-H bending. This indicates that At
does not or very weakly binds to the NH of the amide group as
compared to Pd. Also, Al*™ does not shift the amide | as
much as does Pd. Therefore, amide groups do not contribute
significantly to the complexation of At with PAMAM,
partially explaining the weak complexation betweer®Aand
PAMAM. 2t Upon the formation of Au nanoparticles, both amide

I and Il bands are at the exact wavenumber as for G4(3T6C).
If there were weak interactions between SAuwith amide
groups, Au nanoparticles do not interact with it at all. This can
partially explain why the Au hybrid nanoparticles are not as
stable as Pd nanoparticles.

Steady-State Absorption and Fluorescence Spectroscopy.
Dendrimer G4(3T6C) showed three characteristic absorption
bands of 3T6C at about 245, 270, and 315 nm (see Figute 6).
The loading of metal ions shifts the absorption maxima to shorter
wavelengths and increases the intensity of absorption at 245
nm, making the absorption peak at 270 nm not very resolvable.
Upon formation of metal clusters, the absorption maxima are
further blue shifted (see Table 2). This hypsochromic effect is
the result of increased rigidity of the dendrimer caused by metal
ions and nanoparticles. As compared to*Aand Au clusters,
P&t and Pd clusters have a stronger binding effect. This is
consistent with the results from FT-IR spectra that'Pinds
more strongly to PAMAM and therefore the Pd hybrid nano-

sponding nanoparticles. This is expected because of theparticles are more stable. The hypsochromic effect is not obvious
electrostatic charge present on the metal ions. As indicated byfor fluorescence (see Table 2). Interestingly, the fluorescence

the significant shift of amide bands (see Table 1), it is very
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Figure 8.

of G4(3T6C) is enhanced by gold nanoparticles due to a surface
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AFM images (1x 1 uM) of G4(3T6C)(Pd)4 (left) and G4(3T6C)(Aw (right) on freshly cleaved HOPG.
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Figure 9. AFM images (3x 3 uM) of (a) G4(3T6C), (b) G4(3T6C)(Ay) (c) G4(3T6C)(Pd), and (d) G4(3T6C)(Pd)24 on freshly cleaved HOPG.

Table 2. Extinction Coefficients, and Absorption and Fluorescence rarely observed directly in a nanoparticle and organic fluoro-
Maxima phore system. More investigations are needed to further clarify
Amai®™ (nm) (log €) Ao (nM) this mechanism and compare the exact HOMQ@MO level
G4(3T6C) 249 (5.99), 275 (5.99), 320 (5.90) 453.5 match.
GATEC)(PE)zs 241 (6.16) 448.5 Atomic Force Microscopy. Unlike G4NH,, which can spread
G4(3T6C)(Pds 238 (6.10), 273 (5.98), 311 (5.84) 453 i ) ; o f M3 GA(3T6C) tends
G4(3T6C)(AF*)s 242 (6.06), 269 (6.03), 318 (5.92) 452 easily on a mica surface to form films,G4( ) tends to
G4(3T6C)(Auy 241 (6.06), 273 (6.01), 313 (5.88) 452 form very large aggregates. This is due to the increased

GA(3TBC)(Ad* )24 244 (6.02), 272 (5.99), 318 (5.87) 451.5 hydrophobicity caused by thiophene dendrons on the periphery.
GAEBTEC) (AU} 240 (6.06), 271 (5.98), 313 (5.85) 452 However, HOPG surfaces turned out to be a very good substrate
for G4(3T6C). In the AFM images of Figure 8, one can see
enhancement effect (see Figure?Z)lhe mechanism for this =~ many separate and randomly deposited globular particles on the
enhancement involves the interaction of the emission dipole HOPG surface. In each image, the particles appeared to be
moment of the gold surface plasmon resonance with the substantially uniform in size. There are a few large irregular
emission dipole moment of the dendrimer G4(3T6C). The clusters, perhaps caused by dendrimer aggregation. According
surface plasmon band of G4(3T6C)(At about 530 nm) has  to the structure of dendrimer G4(3T6C), it has approximately
a better overlap with the emission of G4(3T6C) than does that the same size of G6NH(diameter~6.7 nm)?* However, a

of G4(3T6C)(Au), (at 562 nm) (Figures 6 and 7). Therefore, strong dendrimergraphite interaction causes a spherically
the fact that G4(3T6C)(Ag)enhances the fluorescence of G4- symmetric dendrimer to adopt an oblate shape on the sufface.
(3T6C) more than does G4(3T6C)(Au)provides direct evi- This is due to the strong— stacking and interaction of the
dence for this mechanism. Surface-enhanced fluorescence iderthiophene moieties with graphite. We have recently observed

(21) Zhao, M.; Crooks, R. MChem. Mater1999 11, 3379-3385. (23) Tsukruk, V. V.; Rinderspacher, F.; Bliznyuk, V. Nangmuir1997, 13,
(22) (a) Moskovits, MRev. Mod. Phys1985 57, 783-826. (b) Varnavsli, O.; 2171-2176.
Ispasoiu, R. G.; Balogh, L.; Tomalia, D.; Goodson,JTChem. Phy2001, (24) Li, J.; Piehler, L. T.; Qin, D.; Baker, J. R., Jr.; Tomalia, D.lAangmuir
114, 1962-1965. 200Q 16, 5613-5616.
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this strong stabilization and order with thiophene dendrimers their application in the preparation of dendrimer-encapsulated
on HOPG as a function of dendrimer generation and alkyl chain nanoparticles has been demonstrated. FT-IR and—u¥
length? G4(3T6C)(Pd)s has an average height of 1.5 nm and spectroscopies show evidence that Pd hybrid nanoparticles are
full width at baseline of 50 nm. Dendrimers with metal clusters more stable than Au nanoparticles. Fluorescence spectra indicate
inside tend to form more uniform aggregates (see Figure 9athat thiophene dendrons interact with the encapsulated nano-
and b). The presence of hydrophilic metal ions may decreasepaicles and their emission can even be enhanced by Au
the interaction between the dendrimer and hydrophobic graphite’nanoparticles through energy transfer. AFM images reveal that

resulting in more ifregu'ar aggregates for dendrimgr loaded with the functionalized PAMAM dendrimer is an efficient host for
metal ions (see Figure 9c and d). It should be pointed out that .

G4(3T6C) provides essentially a monodispersed size and stron IT}Z;:IE)Z(;”E zrr]ig S:::glZ;?gcreysbrr:ivnean%?::tlgle Z Or:icl-(:l(t?c?r?és
adhesion of Pd hybrid nanoparticles to HOPG. It is very y P P bp

important in terms of electrocatalyst applications in fuel cells. carbon-supported electrocatalyst.s in fuel cells_. Adsqrpn_on on
Thus, the use of a terthiophene dendron jacketed PAMAM as Nanotubes (MWNT and SWNT) is also under investigation.
a host carrier for the Pd nanoparticles is an important develop-
ment for improved adsorption and stability of these catalysts Acknowledgment. W? gratefully ackngwledge SUPPOH from
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CTS (0330127), NSF-DMR Instrument Grant, and NSF-CHE-
) 0304807. Also, technical support from Digilab and Molecular
Conclusions Imaging is greatly acknowledged.

Amine-terminated fourth-generation PAMAM dendrimers
functionalized with thiophene dendrons are synthesized, and JA046144L

tion.

J. AM. CHEM. SOC. = VOL. 127, NO. 6, 2005 1751



