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Abstract: CdS nanoparticles on the surface of single-walled carbon nanotubes (SWNTs) were templated
and stabilized through the initial attachment of 1 — 3 C-branched amide-based dendrons and were both
photophysically and morphologically characterized. The CdS clusters were shown to be ca. 1.4 nm in
diameter as calculated from their optical absorption spectra and exhibited reduced fluorescence emission
intensity at 434 nm compared to that of CdS quantum dots stabilized by untethered dendrons due to partial
emission quenching by the SWNT. Unchanged UV absorption behavior of these materials indicated that

they are stable > 90 days at 25 °C.

I Introduction
Functionalization of single-walled and multiwalled carbon

Among these, the modification of CNTs with metal nanopar-
ticles can provide unique properties leading to advanced catalytic

nanotubes (CNTs) has attracted increasing attention due to theiSyStéms, very sensitive electrochemical sensors, and highly

outstanding structural, chemical, electrical, and thermal proper-

ties1~> Methods developed for functionalizing CNTs include
the formation of noncovalent as well as covalent assemblfés.
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efficient fuel cells?122Up to now, only a few protocols have
been devised for attaching metal particles onto CNTSs; these have
included chemical binding through DNA double-helix link-
agest? electrochemical depositici electroless deposition with
and without the aid of reducing agert&* and physical/
chemical deposition on CNTs with and without surface
activation?5-27

Quantum dots provide a functional platform for the creation
of novel materials and devices that benefit from the unique
physical properties arising from their quantum-confined nature
and properties, which are intermediate between those of the
molecular and bulk size scal&?° They have also formed the
basis for new photovoltaic celf8;3! light-emitting diodes?33
biosensor$;3*and other hybrid materials prepared by directed-
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Scheme 1. Synthesis of the Tethered (5) and Untethered (6) CdS-Based
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and self-assembly techniqu®&s3’ These semiconducting nano- 100 )
particles have photophysical properties that are superior to many —————
organic-based materials, and the use of dendrimers as nano- I
reactors, stabilizers and templates for their preparation presents ¢ 80
advantages, such as temperature and size cG#trél. H 3

We herein describe the preparation of stable CdS quantum E 60 [
dots onto the surface of single-walled carbon nanotubes S L
(SWNTs) templated and stabilized by means of attached3l %: w0l
C-branched amide-based dendrons, along with their photooptical K
properties. = I

20 |

Il. Results and Discussion L

The 3rd-generation I— 3 C-branched amino-polyester 0 . - . ! . . .

0 200 400 600 800

dendron2 was prepared by following an improved literature
procedurél Its structure was confirmed3C NMR) by the
presence of a quaternary carbon peak at 52.3 pps@8NR>)

and the molecular ion peak (MALDI-TOF MS) at/z 4537.3

(M + Na]* calcdm/z= 4535.8). Scheme 1 illustrates the basic
strategy for the preparation of the dendron-tethered and tem-
plated CdS quantum dots on SWNTs. Treatment of commercial,
oxidized SWNTs [(HQC),-SWNT]s with excess SOglnder
anhydrous conditions gave [(CIOEIWNT]s @) that were then
treated with the amino-polyester dendrdin the presence of
EtsN in dry CH,CI, to afford [(Den)-SWNT] (4). TGA analysis

of the initial [(HO.C),-SWNT]s showed excellent thermal
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Figure 1. TGA thermograms: (A) pure [(H&L),-SWNT]; (B) [(Den).-
SWNT]; (C) pure G3-amino-dendraa

stability below 600°C under a nitrogen atmosphere (Figure 1A);
whereas, dendronized SWNfexhibited a weight loss atca.

200 °C (Figure 1B) that is well-known to be associated with
tert-butyl esters, which undergo a quantitative thermal loss of
isobutylene*? This degradation also provided a facile way to
ascertain the presence of the dendron on the SWNT’s surface
and an estimated percentage (ca. 15%) of its overall composition.
Cleavage of the ester groups using formic acid af@5gave

the desired carboxylic-acid-coated dendronized SWINFO.C), 7
Den},-SWNT}, which were then treated with alternating drop-
wise addition of Cd(NG), and NaS, both in methanol at 8C

to generate the encapsulated CdS quantum dots tethered to the

(41) Newkome, G. R.; Kotta, K. K.; Moorefield, C. N. Org. Chem2005 70,
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Figure 2. UV aborption spectra for [(H&),-SWNT] (blue line); CdS/ Figure 3. Photoluminescence spectrum for [(HD-SWNT] (A); CdS/
Den-SWNT hybrid5 (red line); CdS/dendron hybriél (green line); after Den-SWNT hybrid5 (B); CdS/dendron hybridé (C).
90 days of CdS/Den-SWNT hybril (black line).
cence peak in the case of [(HO),-SWNT] after treatment with

SWNT surface. Filtration, followed by repeated washing with ¢+ and $- solutions. Based on studies by Kamat etthe
MeOH, H0, and acetone, gave the nanoparticles free of bulk jyminescence of CdS quantum dots, attached directly to the
reagents and surface attached ions. _ SWNTs, is totally quenched by the charge-transfer mechanism

As shown in Figure 2, UV absorbance behavior for the CdS/ that occurs between the CdS quantum dots and the SWNTS. In
Den-SWNT hybrids revealed significant absorption of UV light  contrast, CdS/Den-SWNT hybriishowed a significant lumi-
at 273 nm (calculated by using the Lorentzian multipeak analysis nescence but a decreased emission intensity when compared to
method) with @ 242 nm blue shift when compared with the that of CdS/dendron hybrié (Figure 3C). A possible origin
characteristic absorption of the corresponding band gap of bulk gy this phenomenon is based on the known properties of
CdS (515 nm). This indicates the quantum confinement effect sywNTs and quantum dots. In the hybrid system (i5.pf
of the CdS nanocrystal, produced under this environment, SwNT and quantum dots, electrehole recombination com-
corresponding to the first optically allowed transition between petes with the electron-injection mechanism, and this competi-
the electron state in the conduction band and the hole state intion should depend on the distance between the quantum dot
the valence band. For comparison, the [(@J-SWNT]s, which  and the SWNT. Thus, the electrons of the excitons could be
were analogously treated with €dand S~ solutions and  partially transferred to SWNTSs by an electron-injection mech-
followed by copious washing, do not exhibit any absorption at anism while the remainder of electrons provides for a reduced
the same wavelength; this result implies that there is no CdS emission by an electrerhole recombination process.
nanoparticle tethered to the SWNT surfaces. _ Figure 4 shows transmission electron microscope (TEM)

Since particle size is directly related to the absorption jmages of carboxylic acid-coated dendronized SWNT with/
wavelength of quantum-sized particles due to a size quantizationyithout the CdS nanoparticles. It can be seen that the quantum
effect;*® the diameter of the CdS particles was predicted to be §gtg [black spots in Figure 4C, D, and F] are well-dispersed
ca.14 nm from their optical absorbance spectrum. The_se resultsyng attached to the SWNTSs. Figure 4E shows a corresponding
agree with measurements based on molecular modeling of these|ected area electron diffraction (SAED) pattern for the CdS/
fully expanded dendron (ca. 1.9 nm; focal point to periphery pen-SWNT hybrid5. Calibration of the SAED spacing was
distance), while the absorption peak (Figure 2C) of the CdS/ ¢onducted using standard evaporated thallous chloride, which
dendron hybrics occurred at somewhat higher wavelength than has the largest first-order spacing diffraction of 0.384 nm. In
that of CdS/Den-SWNT hybrifl. This red shift of the absorption  Figyre 4E, several diffused diffraction rings appeared with five
indicated that CdS/dendron hybrifl contains larger CdS gifferentd-spacings: 0.358, 0.336, 0.245, 0.207, and 0.176 nm,
nanopartlclgs than those of the CdS/Den-SWNT hybridh which belong to the (100), (002), (102), (110), and (112) Miller
UV absorption peak of CdS/Den-SWNT hybisdappeared at  indices of CdS wurtzite, respectively; this agrees with litera-
nearly the same wavelengtiy272 nm) (Figure 2D) even after  yre45 The electron diffraction pattern of the CdS at (101) and
90 days. Thus, the SWNT surface-anchored dendrons stabilize(log) is weak but supports the fact that the black spoak
the CdS nanoparticles against coalescence into bulk CdSr‘—mdonﬂy oriented, small CdS crystals.
particles by their mutual van der Waals attraction. . X-ray photoelectron spectroscopic (XPS, monochromatic Mg

Upon light excitation at 350 nm, the CdS/Den-SWNT hybrid ¢ radiation at a power of 250 W, 93.90 eV) measurements
5 exhibits photoluminescence with a maximum emission at 434 o, the CdS/Den-SWNT hybrig showed new peaks attributed
nm (Figure 3B), which is assigned to an electrdle to N1s at 398 eV along with other expected peaks assigned to

recombination in the CdS nanoparticles and is further indicative ¢ (3¢5 at 405.0 eV and 3d3 at 412.1 eV) and S (2s at 229.4
of the quantum size effect. There was no observable lumines-

(44) Robel, I.; Bunker, B. A.; Kamat, P. \Adv. Mater.2005 17, 2458-2463.
(43) Qingqging, W.; Gang, X.; Gaorong, H. Solid State Chenk005 178 (45) Yang, J.; Zeng, J.-H.; Yu, S.-H.; Yang, L.; Zhou, G.-E.; Qian, YChem.
2680-2685. Mater. 2000 12, 3259-3263.
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Figure 4. Transmission electron micrograph for pgfeHO,C),7-Den}-SWNT} (A, B); CdS/Den-SWNT hybrid (C, D, F); selected area electron diffraction

pattern taken from red circle in image C (E).
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Figure 6. FT-IR spectra for the pure acid-terminated dendron (red line)
s 1 and CdS/dendron hybriél (blue line).
=r | shown in Figure 6, the IR spectrum of the carboxylic-acid-coated
al 2 1 dendron showed a strong asymmetric vibration characteristic
Al of carboxyl groups at 1715 cmh and a weak broad peak at
' »g 1 1660 cnr?! attributed to hydrogen bonding between carboxyl
s ) i § §F | - groups in the film state. The IR spectrum of CdS/dendron hybrid
I I MM,IML,AHI | 6 exhibited an ion_ized ca_LrbonyI frequency at the u_sual ppsition
R £ near 1660 cm! with an increased intensity. The intensity of
L the asymmetric carboxylate stretching vibration bang B40
FrdngEr e cm1 attributed to complexed carboxylates with metal ions or

Figure 5. XPS spectra for (A) pure [(H&),-SWNT] and (B) CdS/Den-

SWNT hybrid5. CdS clusters also increased.

Comparison of the UV/vis spectra gives insight into the

cluster size-distribution differences. In an otherwise ideal local

eV and 2p at 165.3 eV) [Figure 5B]. The binding energies were environment, the position of the observed dispersion peak for
calibrated for a backbone carbon peak at 284.8 eV. The smallthe nanoparticles is a function of both domain size and aspect
shift of the Cd peak (from 405.5 to 405.0 eV) is in full  ratio2° Consequently, one would expect a single distribution
agreement with the formation of CdS particfés.
The un-ionized and uncoordinated carboxylic aciec@ (46) Guo, S.; Konopny, L.; Popovitz-Biro, R.; Cohen, H.; Porteanu, H.; Lifshitz,

stretching band appears at 1750700 cntl, whereas the £ Lahav, M.J. Am. Chem. S0d999 121, 9589 9598,

o . (47) Nakamoto, Klinfrared Spectra of Inorganic and Coordination Compounds
ionized G=0 stretching band occurs at 1650590 cnT1.47 As Wiley-Interscience: New York, 1970.
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curve in the electromagnetic spectrum for a homogeneouso 27.6, 29.5, 31.3, 52.4, 57.0, 57.5, 80.1, 172.3, 172.9; MALDI-TOF
nanoparticle and a multimodal distribution curve (broader and MS: m/z 4537.4 [M+ Na]*" (Calcdm/z = 4535.8).

much less definedjfor heterogeneous nanoparticles. Thus, from
the broad UV/vis spectra and IR band-~at540 cnt? for the
CdS/dendron hybrid, we speculated that CdS clusters were

produced in the void regions of single and aggregated dendrons;

this is in agreement with other dendrimer composifemn
contrast, the CdS/Den-SWNT hybibcexhibited a more narrow

Synthesis of the 3rd Generation Carboxyl-Coated Dendron 6.
A solution of 3rd generation predendrdf® [mp 161-162 °C (lit.*
mp 161-162°C) 100 mg, 22«mol] in formic acid (7 mL) was stirred
for 24 h at 25°C. After the reaction, the excess formic acid was
removed in vacuo, andJ#@ (10 mL) and acetone (50 mL) were added
to dissolve the resulting oil. After concentration in vacuo, the 3rd
generation carboxyl-coated dend®was isolated in nearly quantitative

single distribution curve (as shown in Figure 2) suggesting that yieid, as a white solid: mp 134136 °C; 'H NMR (CDsOD) 6 7.49
these CdS nanoparticles were produced in the void region of (s, 3H), 7.30 (s, 9H), 5.14 (br, s, 27H), 2.27 (br m, 78H), 2.02 (br m,

the dendrons tethered to the SWNT's surface.

I1l. Conclusion

We have fabricated unique CdS quantum dot composite I
assemblies using dendronized SWNTs. The resulting nano-
hybrids have been characterized by UV/vis, XPS, TEM, and

78H);13C NMR (CD;OD) 6 177.4, 175.8, 58.9, 58.7, 32.0, 20.6, 29.4;
MALDI-TOF MS: nm/z 3064.3 [M+ Na]" (Calcdm/z = 3065.3).
Preparation of the Chlorocarbonyl-Functionalized SWNT

CIOC),-SWNT] (3). Dry oxidized SWNTs [(HGC),-SWNT; Aldrich

No. 652490, 80 mg] were suspended in SOGIML) and stirred at

65 °C for 24 h. The solid was then separated by filtration, washed

with anhydrous THF, and then dried in vacuo at°Z5for 6 h togive

SAED,; the size of these materials appears to be in the quantum-,o chlorocarbonyl-functionalized SWNT [(CIOESWNT] (70 mg),
confined regime, and they exhibit novel luminescence properties. yhich was used without further purification.

Templated CdS quantum dots also show long-term stability

Preparation of the Dendronized SWNT {[(HO.C),7-Den],-

(>90 days) at ambient temperatures. These features suggest tha8wNT}. To a stirred suspension of [(CIOESWNT] 3 (70 mg),

these and other quantum dot assemblies {{tHO,C),-Den}.-
SWNT} may be useful for fabricating molecular electronic

anhydrous CKCl, (10 mL), and dry BN (several drops), the 3rd
generation amino-dendrin(2; 200 mg) was added dropwise afG

devices predicated on their unique nanoscale electronic proper.and then stirred at 2%5C for 48 h. The solid was filtered and washed

ties.

IV. Experimental Details

General Comments.Chemicals were purchased and used without
further purification. Thin-layer chromatography (TLC) was conducted
on flexible sheets precoated with SiIB2-F). Column chromatography
used SiQ (60—200 mesh). The melting points were determined on an
Electrothermal 9100 heatetd and 3C NMR spectra were recorded
on a 300 MHz NMR spectrometer using CRCMass spectra were
obtained by Matrix-Assisted Laser Desorption lonization Time-of-Flight
(MALDI-TOF) using trans-3-indoleacrylic acid (IAA), as the matrix.

several times with excess,8 and CHCIl,. The crude product was
dispersed in excess GEl,, filtered, and washed again to remove any
adsorbed unreacted dendron. The black solid was collected and dried
in vacuo overnight at 40C to afford the dendronized SWNT [(Der)
SWNT]: 75 mg. The suspension of [(DerBWNT] (4; 75 mg) in
formic acid (10 mL) was stirred for 24 h at 2&, and then the excess
formic acid was removed in vacuo. To ensure the total removal for
residual traces of formic acid,® (25 mL) and acetone (25 mL) were
added to suspend tH§HO.C),~Den}-SWNT}, followed by concen-
tration in vacuo to give th¢[(HO.C),-Den},-SWNT}.

Preparation of the CdS Quantum Dots.Stock solutions (2.0 mM)
of C#t and S~ were freshly prepared by dissolving Cd(&)&@4H,0

UV/vis absorption spectra were obtained on a Hewlett-Packard UV/ (12.4 mg) in MeOH (20 mL) and dissolving & (3.0 mg) in MeOH
vis spectrophotometer. Photoluminescence spectra were obtained USinQZOImL) respectively. In the incremental additior.l procedtiie 0.5

a Perkin-Elmer LS55 luminescence spectrometer. A Digilab Win-IR

mL aliquot of C&* methanolic solution was added to 10 mL of either

Pro FTS 3000 Fourier transform infrared spectrometer (FT-IR) was a {[(HO,C),Den}-SWNT} (60 mg) or [(HQC)-SWNT] (50 mg)
n

used on film samples prepared via film-casting from solution onto the
KBr plates. TEM images were obtained by using scanning transmission
electron microscopy at an acceleration voltage of 120 kV. TEM samples

methanolic suspension at“@ and then sonicated, followed by the
addition of a 0.5 mL aliquot of 5 methanolic solution. This procedure
was repeated several times. After complete addition &f Gad S~

were prepared by casting a MeOH suspension on a carbon-coated micgy, . so|utions, the suspension was kept @vernight, then filtrated,

surface. After 12 h, the films were removed from the glass slide, floated
on a water surface, and recovered using copper grids. Thermogravi-
metric analysis (TGA) was conducted with a DuPont model 2950 at a

heating rate of 10°C/min under a nitrogen atmosphere. X-ray

photoelectron spectroscopy (XPS) was performed using a Perkin-Elmer

PHI-5600 system with a Mg anode (Mgok= 93.90 eV) operating at
250 W and a 50 cm hemispherical electron energy analyzer.
Synthesis of the 3rd Generation Dendron 2° This dendron

and washed sequentially with MeOH,®}, and acetone.

Preparation of the CdS quantum dotswith the carboxyl-coated
dendronb followed an analogous manner, as described above, without
further filtration and washing steps.

Acknowledgment. The authors thank the National Science
Foundation (DMR-041780, INT-0405242), the Air Force Office
of Scientific Research (F49620-02-1-0428,02), the Ohio Board

possessing an amino focal site was obtained (73%) from the nitro of Reagents, for financial support and Mr. Wayne D. Jennings

dendronl using T-1 Raney Ni catalyst as described in previous
literature: mp 105-106 °C (lit.** mp 106-107 °C); *H NMR ¢ 6.14
(s, 12H), 2.00 (br m, 78H), 1.77 (br m, 78H), 1.22 (s, 243F};NMR

Case Western Reserve University for the XPS measurements.
JA057896Y

(48) Martin, C. R.Sciencel994 266, 1961-1966.
(49) Balogh, L.; Valluzzi, R.; Laverdure, K. S.; Gido, S. P.; Hagnauer, G. L.;
Tomalia, D. A.J. Nanopart. Res1999 1, 353—-368.

(50) Available from Frontier Scientific, Inc., Logan, UT (www.frontiersci.com).
(51) Sooklal, K.; Hanus, L. H.; Ploehn, H. J.; Murphy, CA#lv. Mater. 1998
10, 1083-1087.

J. AM. CHEM. SOC. = VOL. 128, NO. 23, 2006 7509





