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Abstract: Sidewall functionalization of single-walled carbon nanotubes (SWCNTS) via the addition of (R-)-
oxycarbonyl nitrenes allows for the covalent binding of a variety of different groups such as alkyl chains,
aromatic groups, dendrimers, crown ethers, and oligoethylene glycol units. Such additions lead to a
considerable increase in the solubility in organic solvents such as 1,1,2,2-tetrachloroethane (TCE), dimethyl
sulfoxide (DMSO), and 1,2-dichlorobenzene (ODCB). The highest solubilities of 1.2 mg/mL were found for
SWCNT adducts with nitrenes containing crown ether of oligoethylene glycol moieties in DMSO and TCE,
respectively. The presence of chelating donor groups within the addends allowed for the complexation of
Cu?* and Cd?*. Atomic force microscopy (AFM) and transmission electron microscopy (TEM) revealed
that the functionalized tubes form thin bundles with typical diameters of 10 nm. The presence of thin bundles
in solution is supported by *H NMR spectroscopy. The elemental composition of the functionalized SWCNT
was determined by X-ray photoelectron spectroscopy (XPS). The use of Raman and electron absorption
spectroscopy (UV/Vis—nIR) showed that the electronic properties of the SWCNTSs are mostly retained after
functionalization, indicating a low degree of addition within this series of SWCNT derivatives.
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Following the determination of the unlqueﬁhysmal Properties nctionalization (for example, formation of supramolecular
of smglg-walled Carbpn nanoFub(?s (SWQN $)the question adducts with surfactants and polyme¥&)32
of possible technological applications quickly arose. On the way
to technical applications, it was soon obwou_s that the tailoring (8) Chen, J.; Hamon, M. A Hu, H.; Chen, Y.: Rao, A. M.; Eklund, P. C.;
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Despite the steady progress in this area, it is important to nm. Further characterization of the SWCNT starting material
mention that, in general, it is still very difficult to obtain is shown later in this work in comparison to the functionalized
unambiguous analytical data of functionalized SWCNTSs allow- material.
ing for a satisfying structure interpretation. This is related to ~ The functionalization of SWCNTs with (R-)oxycarbonyl
the fact that the SWCNTSs used as starting materials (a) aggregatenitrenes is shown in Scheme 1. The synthesis of the azidocar-
as rather insoluble bundles of different diameters making a bonates3a and 3b was described previousk.The synthetic
selective chemistry difficult, (b) vary greatly in length and sequence leading to the new azidocarbondtes started by
diameter, and (c) possess a range of helicities and defects bothhe treatment of a commercially available alcohol with phosgene
at the tube ends and on the sidewalldoreover, it is still very to form a chlorocarbonaf®. For the synthesis of the chloro-
difficult to obtain SWCNTSs that are free from impurities such carbonates2c—n), a solution of the corresponding alcohbt{
as amorphous carbon and metal catalyst particles. As a consen) in toluene was added dropwise to a commercially available
quence, all functionalized SWCNTSs synthesized so far representsolution of 20 wt % phosgene in toluene at@. After 1 h, the
an extremely polydisperse mixture of compounds of, in most reaction mixture was allowed to reach room temperature. The
cases, undefined or difficult to define purity. Standard techniques mixture was stirred at room temperature until TLC showed the
for molecular structure characterization such as NMR spectros-complete conversion of the alcohol. In most cases, this was
copy or mass spectrometry are of limited use or cannot be achieved after 10 h of stirring at room temperature. In some
applied. Therefore, there is a need for additional and, for cases, however, stirring at 3G for anothe 4 h was necessary
synthetic chemists, less common techniques such as scanningo complete the reaction. For the workup of the crude product,
probe microscopy. the excess of phosgene was removed with a nitrogen stream.

Recently, we communicated on the covalent functionalization After evaporation of the solvent, the highly pure choridocar-
of SWCNTs with reactive species such as nitrenes, carbenesponates Zc—n) were obtained in almost quantitative yields.
and radicalé* Here we present a detailed study of nanotube Complete characterization was carried out'by NMR, 1*C
chemistry using the reaction of SWCNTSs with a broad range NMR, MS, and IR spectroscopy. For the synthesis of the
of (R-)oxycarbonyl! nitrenes generated from the corresponding azidocarbonates3¢—n), the corresponding chlorocarbonates
azidocarbonates. A detailed characterization of the reaction(2c—n) were dissolved in THF. After the addition of 1.5 equiv
products using a variety of techniques is provided. XPS of sodium azide and a catalytic amount of 18-crown-6, the
investigations were introduced for the analysis of functionalized solution was stirred at room temperature. The progress of the
SWCNTSs. It was our intention to critically evaluate the scope reaction was monitored by IR spectroscopy, following the
and limitation of this type of covalent SWCNT chemistry, with  consumption of the chlorocarbonate by the disappearance of
particular emphasis on the conclusions that can validly be drawnthe CO-Cl band at 682690 cnt?. After the filtration of the

from the compound characterization. sodium chloride precipitate, the solvent was evaporated to give
the crude products. Further purification was carried out by
Results and Discussion column chromatography. For the final sidewall functionalization,

the SWCNTs were dispersed in 1,2-dichlorobenzene (ODCB)
in an ultrasonic bath under nitrogen atmosphere for several
hours. The dark but still transparent solution was heated to 160
°C. At this temperature, a 200 wt % excess of azidocarbonate

and the ultracentrifuged solid was resuspended in a 0.2 wt %(3.‘51_”)’ diluted with the solvent, was added QropW|se over 20
Triton X-100 aqueous solution. The suspension was filtered min. After thermally induced B extrusion, nitrene addition
through a 0.2um filter to give SWCNTs of 99% purity by resulted in the formation of alkoxycarbonylaziridino-SWCNTs
weight as determined by oxidative thermogravimetric analysis (4a-n). The rgactlon mixture was kept at this temperature for
(TGA).® These purified SWCNTSs were used as the starting another 30 min and then allowgzd to cool to room temperatulre.
material for the functionalization process. The SWCNTSs typi- Workup proceeded by separating the suspension of the deriva-

. g tized SWCNTSs 4a—n) from the insoluble contaminants, such
cally show a diameter distribution between about 1.2 and 1.4 as unmodified or barely modified SWCNTS, by decantation.

The supernatant was diluted with a solvent such as acetone to

Synthesis of (R-)Oxycarbonyl-Functionalized SCWNTSs.
The SWCNTSs used for this work were prepared by the laser
ablation of graphite with 1% each of Co and Ni, as catalysts.
The crude SWCNT soot was refluxed for 48 h in2M HNOsg,

(23) Krstic, V.; Duesberg, G. S.; Muster, J.; Burghard, M.; RotlCISem. Mater.

1998 10, 2338-2340. induce flocculation of all dissolved SWCNTs. Subsequent
(24) Tsang, S. C.; Davis, J. J.; Green, M. L. H.; Hill, H. A. O.; Leung, Y. C; ; ; ; : i
Sadler. P. 3. Chem. Soc., Chem. CommQ895 2579 centrifugation and washing of the residue results in the removal

(25) Tsang, S. C.; Guo, Z; Chen, Y. K; Green, M. L. H.; Hill, H. A. O;;  of soluble byproducts. The derivatized SWCN#s{n) were
Hambley, T. W.; Sadler, P. Angew. Chem., Int. Ed. Endl997, 36, 2198~

2500, dried under high vacuum (Scheme 1).The use of azidocarbonates
g% Erlangerwsl. F. %heF‘{n, SB.-ri(.;chullD.'\]/ll.jA Brugh N«anoS Lgtotgf%alé éﬁ% is necessary for this type of reaction because alkyl azides would
un, Y.; Wilson, S. R.; Schuster, .Am. Chem. So . . . . . .
(28) Kong, J.; Dai, HJ. Phys. Chem. R0OL 105, 2890-2893. give rise to a [3+ 2]-cycloaddition prior to the Bextrusion.

(29) Sulrtran, AS-BA-:DAjayanAPF-)MB BlauAWMJ';CCng”éDM L, COIsemsatn' J.N.. We attempted this type of reaction, but all experiments using
alton, A. b.; Davey, A. P.; Drury, A.; McCal , b.; Maler, S.; revens, . . .

A. Ady. Mater. (We%/nheim, Gem);anmggg 10, 13691_1093, alkyl azides as 1,3-dipoles in order to form{32]-adducts were
(30) Star, A.; Stoddart, J. F.; Steuerman, D.; Diehl, M.; Boukai, A.; Wong, E. ynsuccessful.

W.; Yang, X.; Chung, S.-W.; Choi, H.; Heath, J. Rngew. Chem., Int. . . . X

Ed.ZOOJ,g40, 1721—19725. 9 Metal Complexation of SWCNT Derivatives 4j and 4k.
(31) Coleman, J. N.; Dalton, A. B.; Curran, S.; Rubio, A.; Davey, A. P.; Drury, i ithi ivativdbi

A McCaithy. B.: Lahr B.: Ajayan. P. M- Roth. S.. Barklie. R. C.. Blau, The oligoether groups within the SWCNT derivativisand

W. J. Adv. Mater. (Weinheim, Germany00Q 12, 213-216.

(32) Star, A.; Steuerman, D. W.; Heath, J. R.; Stoddart, Arfgew. Chem., (34) Bodansky, M.; Bodansky, AThe Practice of Peptide Synthesk ed.;
Int. Ed. 2002 41, 2508-2512. Springer-Verlag: Stuttgart, 1994.

(33) Hennrich, F.; Lebedkin, S.; Malik, S.; Tracy, J.; Barczewski, M.; Roesner, (35) Matzner, M.; Kurkjy, R. P.; Cotter, R. The Chemistry of Chloroformates
H.; Kappes, M.Phys. Chem. Chem. Phy2002 4, 2273-2277. Union Carbide Corp.: New Jersey, 1964.
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a)R= .~ b)R= I c)R=m\

ROH ——> oj\c L, {ﬁ\ f) R= ~~g” g) R="~"g7
R | R N3
2c-n 3c-n

Scheme 1. Sidewall Funtionalization of SWCNTs with Azidocarbonates?

1c-n

a(i) 20% phosgene in toluene,C to rt, 24 h; (ii) THF, rt, 18-crown-6, Nal 4d; (iii) SWCNTs, ODCB, 160C, 1.5 h.

4k are capable of forming metal complexes. We therefore
decided to carry out some complexation experiments, to Cls
investigate if these SWCNT derivatives maintain the complex-
ation properties of the addends. We chose Cd and Cu as centra
metals for the complexation.

For this purpose we prepared a suspension of the correspond-
ing SWCNT derivativeglj and4k and added a solution of the
metal salt (Scheme 2). After a sonication period, the excess
metal salt was removed by filtration through a @18 cellulose
nitrate pore filter to form a “bucky paper”, which was washed Oa
with distilled water. The resulting “bucky paperSj and 5k
were dried under high vacuum. L

Characterization of the Functionalized SWCNTs 4a-n.
X-ray Photoelectron Spectroscopy (XPS)XPS turned out to o
be a powerful tool for the investigation of functionalized Binding Energy (eV)

SWCNTs. As one can see in Figure 1, the spectrum of the Figure_l. _XPS survey _s_pectrum of laser ablation SWCNTs purified by
SWCNT starting material shows the predominant presence of microfiltration. Composition: 87% C, 10% O, 1.3% N, 0.93% Fe.
carbon (87 at. %) and oxygen (10 at. %). Minor amounts of in the crown ether addend of the SWCNT derivati¢g
nitrogen and iron are remnants from the purification process. Moreover, the nitrogen in the aziridino group is reflected in

The XPS survey spectrum d&j (Figure S1) shows the the higher nitrogen content. The appearance of sulfur in the
presence of all expected elements associated with the compoundspectrum is introduced by sulfate, which might act as a
Small quantities of sodium and calcium were introduced, counterion of the coordinated €d
probably due to the washing with water. The atomic composition  The C 1s spectrum 05j is displayed in Figure 2. This
reveals an increase of oxygen, attributed to the oxygen atomsspectrum clearly consists of at least three components. The broad

8568 J. AM. CHEM. SOC. = VOL. 125, NO. 28, 2003
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Scheme 2. (a) Complexation of Cd?" with 4j and (b) Complexation of Cu2* with 4k

b)

CdS0, CuS0,
i -propanol
1 h ultra sonication

A LLLLRLLGI LU LRLLL

C1s O1s

Count Rate (arb. units)
Count Rate (arb. units)

T T T T T T T T T T T T
292 250 2238 2$a 2;34 2f|sz 540 535 530 525
Binding Energy (eV) Binding Energy (eV)

Figure 2. XPS C 1s spectrum dj (upper spectrum) and SWCNT starting ~ F/gure 3. XPS O 1s spectrum dj.

material (lower spectrum).
! (lower spectrum) atom38 The peak at 285 eV is due to the graphite-like carbon

atoms of the tube walls.

signal at 288 eV originates from carbon atoms bound to two - )
The oxygen 1s core level &f, shown in Figure 3, is located

oxygen atoms, such as carboxylic groups, from both the mildly > e N X
oxidized SWCNTSs and the adde?tF’” The peak at 286.5 eV at 532.9 eV. This binding energy is sllghtly_ hlgher than_that
is due to emission from carbon atoms bound to one oxygen measured on PPG (532.7 eV). However, this difference in the

atom, i.e., the carbon atoms from the ether moiety. The measured?0Sition might arise due to various bonding environments of
peak position is consistent with XPS measurements of poly- ©XY9en, other than the ether ponds, which are ewdentlfrom the
(propylene glycol) (PPG), where a peak at a binding energy of broad component at 288 eV in the C 1s spectrum (Figure 3).

286.44 eV is attributed to the carbon atoms bound to one oxygen " Figure S2, the N 1s and the Cd 3d core levelSpare
depicted. The measured binding energy of the Cd 3d 5/2 core

level (406.0 eV) is indeed close to the binding energy measured

(36) Hamon, M. A.; Hu, H.; Bhowmik, P.; Niyogi, S.; Zhao, B.; Itkis, M. E.;
Haddon, R. CChem. Phys. Let2001, 347, 8—12.

(37) Mawhinney, D. B.; Naumenko, V.; Kuznetsova, A.; Yates, J. T.; Liu, J.; (38) Beamson, G.; Briggs, BHigh-Resolution XPS of Organic PolymeHljis
Smalley, R. EChem. Phys. Let200Q 324, 213-216. Harwood: Chichester, 1992.
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Figure 4. XPS survey spectrum d&k. Composition: 69.1% C, 1.4% Si,
0.7% Cl, 4.4% N, 23% O, 1.4% Cu.
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Figure 5. XPS N 1s spectrum @k (top) and N 1s spectrum of the purified
SWCNT starting material.

for related C&" complexes (405.7 eV, An additional con-
tribution of nitrogen in NQ groups would also appear at 406
eV binding energy (see Figure 7). However, this contribution
is negligible as the measured intensity ratio of the Cd spin
orbit splitted components (3d 5/2 to 3d 3/2) is 1.54, which is
close to the expected ratio of the respective multiplicities (1.5).
We therefore conclude from the ratio of the N to Cd content as
well as from the Cd 3d core level positions that a significant
rate of the crown ether addend Bjf hosts Cé" ions.

The XPS survey spectrum 6f is shown in Figure 4. Again,

Binding Energy (eV)
Figure 6. XPS C 1s spectrum dk.

Count Rate (arb. units)

—7r r 1 r r rr r_ r T1 _r T T T T 7
970 965 960 955 950 945 940 935 930 925
Binding Energy (eV)
Figure 7. XPS Cu 2p core level spectra of sample

groups that were introduced by the purification process has
clearly decreased in the spectrum of the functionalized SWCNTs
compared to the SWCNT starting material; this indicates that
NO; groups are split off during the functionalization process at
160°C. However, the component at 400.3 eV shows a drastic
increase. This component is related to nitrogen bound only to
carbon atoms as nearest neighbors. We attribute it to the nitrogen
atom within the aziridine groups. The origin of the small
component at 402 eV is not yet clear.

The carbon core level spectrum bk (Figure 6) shows a
large number of carbon atoms bearing one oxygen atom. These
atoms are assigned to the polyether groups of the addend. An

all expected elements can be identified by their core levels. In increase in the number of carboxylic carbon atoms can also be

addition, small amounts of silicon and chlorine can be detected.

detected that originates from the attached carbonates. These

Both elements are often found to be present as impurities in results correspond well with the data determinedsjofFigure
our samples. The amount of nitrogen is also higher compared?). In Figure 9 the Cu 2p core levels Bk are shown.

to the SWCNT starting material and is therefore attributed to

The spectrum shows that the 2p 1/2 and 2p 3/2 lines are

the presence of the nitrogen-containing addend. In addition, theaccompanied by satellite lines at 94945 and 966-965 eV.
XPS spectrum shows clearly the presence of copper. Figure 5it is known, that these satellite lines are characteristic for copper

shows the N 1s core level spectrumi¥ compared to the N
1s spectrum of the purified SWCNT precursor.

A small peak is observed in the pristine material at around
406 eV. We attribute this peak to N@roups, in agreement
with measurements of poly(4-nitrostyrene) (PR&Nnd nitrogen-
containing carbonaceous materilé! The amount of N@

(39) Adam, S.; Bauer, A.; Timpe, O.; Wild, U.; Mestl, G.; Bensch, W.; Schlog|,
R. Chem Eur. J. 1998 4, 1458-1469.
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in the oxidation state of-2.2 Identical satellites were found in
other Cu(ll) complexe$344 The reason for the appearance of

(40) Pels, J. R.; Kapteijn, F.; Moulijin, J. A.; Zhu, Q.; Thomas, K. ®arbon
1995 33, 1641-1653.

(41) Pakula, M.; Biniak, S.; Swiatkowski, A.; Neffe, Sarbon2002 40, 1873~
1881.

(42) Van der Laan, G.; Westra, C.; Haas, C.; Sawatzky, GPHiys. Re. B:
Condens. Matted 981, 23, 4369-4380.

(43) Okada, K.; Kawai, J.; Kotani, A?hys. Re. B: Condens. Matter Mater.
Phys.1993 48, 10733-10738.
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Table 1. Nitrogen to Carbon Ratio as Determined by XPS

compd N-to-C ratio (at. %) compd N-to-C ratio (at. %)
4b 1.5 4h 15
49 1.9 4 0.9

of nitrogen and carbon in the sample. This, however, presumes
that all carbon atoms constitute to the tube sidewalls, whereas
the nitrogen atoms are all part of the addend. The average degree
of functionalization determined that way is less than 2% addend
per C-atoms of the tube sidewalls (at. %) (Table 1). The lim-
itations of the determination of the degree of functionalization
are evident for the derivatives with more space filling addends,
such agli—I, where the evaluation of the XPS data gave values
from 6 to 8 at. %. A closer look on the C1s core level reveals
that, due to limitations caused by the inelastic mean free path
of the photoelectrons~5 A), mainly carbon atoms from the
addend are detected. However, compodhdeems to show a
very low degree of functionalization of about 0.9 at. %, which
might indicate that the size of the molecules hinders the reaction
process.

Atomic Force Microscopy (AFM) and Transmission
Electron Microscopy (TEM). Comparison of the AFM mi-
crographs of the SWCNT starting material (Figure 8) and
functionalized tubes (Figure 9) shows that even after function-
alization the formation of bundles takes place. However, it
appears that the average thickness of the bundles is reduced
after functionalization as shown, for example, with the estima-
tion of the height profilé# It cannot be decided whether the
bundles of4a—n are present in solution or were subsequently
formed during the drying process. These findings are cor-
roborated by TEM. As demonstrated in Figure 10 the purity of
the sample is increased due to the functionalization process.
This can be deduced, for example, by the loss of amorphous
carbon (black dots in Figure 10a) in the TEM micrograptjof
(Figure 10b).

Inspection of the TEM micrographs recorded at higher
magnification reveals that the average thickness of the bundles
is reduced considerably from about 30 nm in the SWCNT
starting material to 10 nm in the functionalized tubes (Figure
11). Furthermore, it can be seen that there is a disorder in the
bundles of functionalized tubes absent in the SWCNT starting
material. This disorder within the bundles might be due to the
intercalated addends causing partial disarray of ther-
Figure 9. AFM image of4b. stacking interactions between the SWCNTs. This is only

possible if the bundles are reestablished after the functional-
several components in the core level spectra of Cu(ll) com- ization.
pounds is the unfilled Cu 3d (3devel in the Cu(ll) state, which Solubility Properties. For the evaluation of the solubility
enables a charge transfer from the ligand to the copper atom,properties the functionalsized SWCN%a—n were sonicated
leading to different final states in the photoemission process. It in a variety of solvents. Table 2 illustrates the influence of the
is generally accepted that the main line corresponds to the “well nature of the nitrene addend on the solubility of the SWCNTSs.
screened” 2§8dl0L state (L denotes the hole at the ligand). In most cases, the presence of heteroatoms in the side chains
Whereas, the satellite corresponds to the “poorly screened”as well as the presence of aromatic units increases the solubility
2p°3cPL state? It is evident from the intensity of the satellite  of the SWCNTSs. The highest solubilities were usually found in
emission in Figure 7 (top) that the copper in sambleis dimethyl sulfoxide (DMSO), 1,2-dichlorobenzene (ODCB), and
predominantly in the oxidation state ef2. 1,1,2,2-tetrachloroethane (TCE).

Furthermore the XPS data enabled us to give an estimate of The results on the quantitative determination of the solubilities
the degree of functionalization via the comparison of the amount of 4a—n are shown in Table 3. The solutions were prepared by
sonicating the samples in DMSO. After a settling period of 24
(44) Carniato, S.; Dufour, G.; Luo, Y.; Agren, Rhys. Re. B: Condens. Matter h, the solution was decanted and the solvent evaporated. The

Mater. Phys.2002 66, 045105/04510+045105/045112. - " g : ! h
(45) Hifner, S.Photoelectron Spectroscap$pringer Verlag: Berlin, 1995. weight of the residue was determined gravimetrically. This
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Figure 10. TEM image of SWCNT starting material (a) adgl (b) showing SWCNTSs at a tear-off edge of the carbon film of the copper grid.

Figure 11. TEM image of SWCNT starting material amtj at higher resolution.

Table 2. Qualitative Solubility of the SWCNT Derivatives 4a—n in
a Variety of Solventsa?

a b

o
o
@
—_

«
=

4a
4b 0 0
4c

5
o
o

++o++++ 1

++++++++++++++

++++++++++ 1 +0 1

++tool ol | +1 ol
|l oo+ o | |

oo |l coot+tocoococococoo |

o
|

aSolvents: (a) tetrachloroethane, (b) dichloromethane, (c) dimethyl sul-
foxide (d) 1,2 dichlorobenzene, (e) dimethylformamide, (f) ethyl acetate,
(g) carbon disulfide, (h) chloroforn®.Solubilities: —, not soluble; 0, faintly
colored solution; and-, dark black solution.

procedure was repeated five times to determine an average value

for the solubility. The solubilities o#ib, 4h, 4k, and 4l were

8572 J. AM. CHEM. SOC. = VOL. 125, NO. 28, 2003

determined byH NMR spectroscopy by comparison of the peak
integration of the compound signals with those of an internal
standard. With this method, we estimate an approximate value
of the solubility of about 0.3 1.2 mg/mL for the functionalized
SWCNTSs. The solubility of the SWCNT starting material is
equal to the solubility found by Tour and his groumterest-
ingly, the expectation thadl, involving a second-generation
dentritic addend, should have the highest solubility was not
fulfilled; this might be due to the low degree of functionalization
compared to the other compounds (Table 1).

The sidewall functionalization in general causes an increase
of the solubility. The solubility of the most soluble derivatives
4j and 4k surpasses that of the SWCNT starting material by
the factor of 10. We were unable to reproduce solubilities as
high as 50 mg/mL reported for a variety of azomethine ylide
adducts of SWCNT# The solubilities of about 1 mg/mL fit
well the solubilities determined by other grouip$:*¢Further-
more, we detected a dramatic increase in the viscosity of the
solutions with high SWCNT content. It should be kept in mind

(46) Pompeo, F.; Resasco, D. Bano Lett.2002 2, 369-373.
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Table 3. Solubilities of the SWCNT Derivatives 4a—n and
SWCNT Starting Material (sm) in DMSO or TCE a) 8
0
solubilty solubilty 87 & . 12 14

compd solvent (mg/mL) compd solvent (mg/mL) “\o _Q/—O\\/O_Z\L 11.0° 13 o\(o

sm TCE 0.10 4h TCE 0.50 43 0" 10 Ns

4 DMSO 4 DMSO 0.84 10, T T

4b DMSO 0.40 4 DMSO 1.20 13

4c DMSO 0.25 4k TCE 1.20

4d DMSO 0.16 41 TCE 0.30 %12 ,

4e DMSO 0.29 4m DMSO 0.38

4f DMSO 0.19 4n DMSO 0.56 | J

49 DMSO 0.34 TCE

b)

a4awas not determined.

a)

8 o 4 o 1

NG A W Y N 8 |

7 & 9 3 o - - ‘ - e .
75 7.0 65 6.0 55 50 45 40 35 30 25 20 15 1.0 05
(ppm)
Figure 13. *H NMR spectra of (aBl (CDCls) and (b)4! (TCE-dy).
TCE
b) of addends located on the surface of the bundle. The less

intensive but also broad signalsat= 3.2—3.0 andd = 0.9—
0.1 are probably due to the protons 1 and 8. The reasons for
the signal broadening are (a) the statistical distribution of the
addends on the tube surface, (b) the fact the many different
tubes that, for example, have different helicities are present,
(c) that traces of metal catalyst required for the formation of
the tubes are still present, and (d) that the sample was not
completely solubilized. This is corroborated by the fact that also
the solvent peak is considerably broadened.

In the case of the spectrum dfl (Figure 13b) the line
broadening is less pronounced. The signal of the ether chains
the derivativesda—n, we were able to carry outH NMR seems to undergo a similar splitting than thosetlof(Figure

spectroscopy in solution. Attempts to recd?& NMR spectra _12). In the case o#ll, it looks Ii_ke that amount of addends_
failed. These investigations lead us to the following general !nterca_llated wnhm the_bund_les is _smaller, bec_au_se the relative
observations: (1) All compounds give rise to individual and Ntensity of the high-field signal is lower. This is expected,
characteristic spectra. (2) The comparison of the spectta-o because the addends 4h are larger, preventing an efficient
with those of the azido- and chlorocarbonate precurgasd intercalation due to steric congestion.
3 shows analogies of the corresponding signal patterns. (3) More dramatic signal splitting is observed in the spectrum
Compared to the spectra @ and 3, the corresponding  ©f 4n (Figure 14). We assume that all the four signal® at
resonances of are considerably broadened. (4) The addend 6.4, 3.6, 1.7, and 1.1 correspond to the pyrenyl group. The
signals within4 appear upfield shifted compared to those2of different chemical shifts might be explained by different possible
and3. orientations of both external and intercalated pyrenyl addends.
To illustrate these characteristics, we show three typical Due to the pronounced capability of the pyrenyl group to
proton NMR spectra of functionalized SWCNTs in comparison Undergar—z-stacking interactions with the neighboring SWCNT,
to the precursor molecule in detail. All precursor molecules give face-to-edge and also face-to-face orientations are possible.
rise to well-defined spectra with the expected chemical shifts Face-to-face orientations of both external and intercalated
and multiplicities. Figure 12 shows the proton NMR spectra of Pyrenyl addends will lead to a more pronounced upfield shift,
3h and the corresponding SWCNT derivatidh. since the protons are located more closely tostkeystems of
The spectrum ofth is dominated by two broad signals at the tubes.
0 = 2.3 and 1.2, next to the solvent peak of TCE. We assign  Optical Absorption Spectroscopy.With UV/Vis—nIR it is
these signals to the protons-2 of the ether chain. The splitting ~ possible to detect three absorption bands caused by the electron
up into two signals might be due to intercalation. We assume transfers ¢! < v¢t at 1900 nm (0.66 eV < v¢2 at 950 nm
that the nanotube bundles partially exfoliate during the reaction (1.31 eV), andy! <> v! at 650 nm (1.9 eV within the van
and re-form after workup. As a consequence, a fraction of the Hove singularitieg®4°In this study we looked at the two high-
addends is located within the interstitial channels of the bundles.
This conclusion is also verified by the TEM images showing (47) Odom. T. W, Huang, J.-L.; Kim, P.; Lieber, C. 1. Phys. Chem. B00Q
disorder within the SWCNT bundles (Figure 11). Protons of (48) Chiang, I. W.; Brinson, B. E.; Smalley, R. E.; Margrave, J. L.; Hauge, R.
the addends inside the bundles are exposed to a stronger,g, -- - Phys, Chem. 2001 105 1157-1161.

N N : 49) Ausman, K. D.; Piner, R.; Lourie, O.; Ruoff, R. S.; Korobov, 8 Phys.
shielding caused by the surrounding system than the protons Chem. B200Q 104, 8911-8915.

75 70 65 60 55 50 45 40 35 30 25 20 15 10 05
(ppm)
Figure 12. ™M NMR spectra of (agh (CDCl;) and (b)4h (TCE-dy).

that the solubilities listed in Table 3 are not molar solubilities
and therefore depend on the molecular weight of the addends.
IH NMR Spectroscopy.Due to the increased solubility of
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400 600 800 1000 1200
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Figure 16. UV/Vis—nIR spectrum o2n, 3n, and4n.
— — A N pyrenyl addends at 171 and 182 nm. These absorptions remain
75 7.0 65 60 55 50 45 40 35 3.0 25 20 15 1.0 05 at the same position as those of the precursor mole@res
(ppm) and3n.
Figure 14. 'H NMR spectra of (aBn (CDCl) and (b)4n (TCE-d). Raman SpectroscopyRaman spectroscopy is a widely used

technique for probing the structure, diameter, and electronic
properties of SWCNT&->* Raman scattering in SWCNTSs is
dominated by a resonant process, which is associated with
optical transitions between 1D states in the electronic band
—4b structure. Raman spectra of SWCNTs contain three main
features. The first one situated betweeb530 and 1600 cmt
is related to the €C stretching tangential mode (TM) in
graphite. The most intense band~at590 cnt? is referred to
as the graphitic (G) band. The feature around 1300ci®
termed the D band, due to it being related to scattering from
defects present in the SWCNTSs. The third region at around 180
cm! originates from the radial breathing mode (RBM), which
is unique for SWCNTSs.
As shown in Figure 17, the Raman spectrum of the SWCNT
starting material exhibits a strong G band at 1597 tand
two strong bands at 180 and 167 thin the RBM region. The
weak D band at 1277 cmiis assigned to defects in the nanotube
400 600 800 1000 1200 lattice, which include sphybridized carbon atonf$:5¢ The
RBM is highly sensitive to the diameter of the tubes, being
Wavelength (nm) inversely proportional to the RBM positiomg). Many calcula-
Figure 15. UV/Vis—nIR spectra of4b (bottom) and SWCNT starting  tions have been developed to use this relationship for the
material (top). estimation of tube diameteP$57:58 These include the recent

. ) . . calculation of Venkateswaran et &1.:
energy transitions at 950 and 650 nm in order to investigate

whether the electronic properties of the SWCNTs remain _223.75 nm cm*
unchanged or if they are disrupted due to the functionalization. Wr= d (nm)

All SWCNT derivatives still show the presence of the two bands
with only minor changes in their shapes. Due to the fact that it
is impossible to prepare a solution with a defined molar
concentration of solublilized tubes, it cannot be determined (50) Kneipp, K. Kneipp, H.; Corio, P.; Brown, S. D. M.; Shafer, K.; Motz, J.;
whether the intensity of these van Hove bands has been Perelman, L. T.; Hanlon, E. B.; Marucci, A.; Dresselhaus, G.; Dresselhaus,
decreased or not. This is demonstrated with Figure 15, which (g1 ae Ehys' g:hé‘g\}\f" g‘?}’g@ﬁ;?gffgﬁﬂﬁd, P Thin Solid Films1998
shows the spectra dfb (bottom line) and the SWCNT starting

starting material

log (I/1)

+14cm?

In this calculationwrg is the RBM frequencyd is the tube
diameter, and 14 crd represents a correction factor for the

)
331, 141.

. . 52) Kuzmany, H.; Burger, B.; Thess, A.; Smalley, R. @rbon 1998 36,
material (top line). (52) Kuzmany, H.. Burger, s v 8
(53) Jorio, A.; Saito, R.; Hafner, J. H.; Lieber, C. M.; Hunter, M.; McClure, T.;

The comparison indicates that the degree of functionalization Dresselhaus, G.: Dresselhaus, MPBys. Re, Lett 2001 86, 1118-1121
did not destroy the electronic properties of the SWCNTSs. (54) Duesberg, G.S.; Loa, |.; Burghard, M.; Syassen, K.; RotlP1§s. Re.
Detection of characteristic UV/Vis absorptions caused by the g, E%t;rzgoﬂ Sioifggrshj‘gﬁem Mater2001, 13, 3823-3824.
addends is another possibility to prove the chemical function- (56) Mitchell, C. A.; Bahr, J. L.; Arepalli, S.; Tour, J. M.; Krishnamoorti, R.

lizati MacromolecuIeSZOOZ 35, 8825—8830
alizaton. (57) Wang, Y. F.; Cao, X. W.; Hu, S. F.; Liu, Y. Y.; Lan, G. XChem. Phys.

P o ; ; Lett. 2001 336, 47-52.

ThIS IS exempllfleq with the UV/VIS—_nl_R SpECtrum o#n 58) Hulman, M.; Plank, W.; Kuzmany, H?hys. Re. B: Condens. Matter
(Figure 16), displaying the characteristic absorptions of the Mater. Phys2001, 63, 081406/081402081406/081404.
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functionalized SWCNTs. The overall Raman scattering from
the functionalized samples was greatly reduced compared to
the starting unfunctionalized material. Their RBM intensities
are reduced relative to the G band. The D band intensity
increases for all samples; this is reflected in the increase in the
Ip/lg ratio values. There was an increase in the G bandwidth
[ & J for all the samples, ranging from 2.7 to 11.8 ¢imThe increase
S 4a AN in the Ip/lg ratio and G bandwidths are an indication of an

' ' increase in the defects in the nanotube lattice. This might, in
part, be due to the introduction of covalently bound moieties to
the nanotube framework, resulting in a conversion of a

Intensity (a.u.)
i
§
!
‘1
i

I e ..M___.Mff IO WP N significant amount of sphybridized carbon to sghybridized
| carbon.
The Raman spectra @fe and 4l (Figure 17) illustrate the
variable increase of the D band, compared to the SWCNT
41 PR A starting material, for the different samples. It is expected that
S this is related to the different degrees of functionalization for
WOW 0 0 WO 10 W0t 1A each sample.
Raman Shift (cm')) The increase in the D band is similar to the functionalized
Figure 17. Raman spectra with 1064 nm excitation energy of SWCNT SWCNTS produced by other groups, if one takes into account
starting materialda, 4, and4l. that our degree of funtionalization is 6:9.9% (shown in Table

0/ 13,55
Table 4. G Band Positions (wg), G Bandwidths (yg), D Band 1) compared to 2:55%.

Positions (wg), b/l Ratios, and the RBM Positions (wg) in the Also, a slight upshift of the RBM band and a change in the
Raman Spectrum (1ex = 1064 nm) of the SWCNT Starting Material relative intensity of the two bands was observed, for the majority
(sm) and of the Functionalized SWCNTSs (4a—n) of the samples. The intensity of the lower energy band was
ws Ve wp Rt Wr2 reduced compared to the higher energy band, which can be seen
e  emh)  lm) Io/ls em?)  m?) in the spectrum ofle (Figure 17). The decrease in the intensity
sm 1597 17.3 1277 0.08 180 167 of a RBM band may indicate a higher degree of functionalization
22 iggg 5(5):‘71' ggi 8:1;1' gg i?i for nanotubes of the corresponding diameter. However, here
4c 1598 227 1287 0.13 183 171 the larger diameter tubes are the most significantly affected.
4d 1597 22.2 1287 0.15 181 170 This was not what we expected, because the smaller diameter
4e 1599 29.0 1304 0.24 182 170 tubes have increased reactivity, due to their increased curvature
4f 1596 20.0 1281 0.20 182 170 . 63
4g 1599 250 1298 0.16 182 171 strain, compared to the larger tulfés®3 These results lead to
4i 1599 28.4 1281 0.13 183 170 the possibility that the tube diameter distribution has been
4 1598 29.1 1305 0.22 181 169 affected by the functionalization process.
2:( igg; 3421:421 igg? 8:%2 igg gg The Raman spectra_indicate that the diameter distrib_ution has
am 1600 27.2 1301 0.23 180 167 been changed by an increase of smaller tubes, relative to the
4n 1600 27.7 1294 0.12 182 171 larger tubes. If this is the case, it is likely that it is a result of

the workup procedure, during which a suspension of the
effect of the weak intertube interactions in a bundle. By applying derivatized SWCNTs was separated by decantation from the
this equation to the RBM bands of the SWCNT starting material, insoluble contaminants that can include unmodified or barely
the average tube diameters were calculated to be in a range ofnodified SWCNTSs. A shift in the RBM due to an electronic
1.35-1.46 nm. However, it should be noted that the Raman interaction could be eliminated due to the fact that there is an
studies performed here were at one fixed excitation energy (1064nsignificant change in the G band positidiis. .
nm). As Raman scattering in tubes is a resonant process, the However, it is possible that the change in the RBM relative
position of the RBM is highly dependent on the excitation intensities is due to a different coupling of the electronlc_
energy. Therefore, the use of additional energies is required toresonance enhanced spectra to the laser rather than a relative
fully investigate the tube diameter distribution. change in tube diameter populations in the functionalized
The G band positionsa(s), G bandwidths %), D band samples. Changes in the size of the bundles, which were
positions (up), Ip/lg ratios, and the RBM positionsug) of the determined by TEM and AFM, are known to affect the RBM
functionalized-SWCNTs and the SWCNT starting material are Positions®*~¢ Therefore, it is also possible that the RBM shifts
shown in Table 4. First of all, it is important to know that no observed in this work are due to changes in the tube interactions
dramatic changes occurred in the Raman spectra. This observa@nd stacking behavior after the functionalization.
tion correlates well with those from other groups performing  There is one major exception to these general observations.
Raman on functionalized SWCNT&6°However, the compari-  The ethyl-functionalized samp#ashows, instead of an upshift,
son of the Raman spectra shows some general trends for all thea downshift of the RBM bands of-23 cm L. This may indicate

(59) Venkateswaran, U. D.; Rao, A. M.; Richter, E.; Menon, M.; Rinzler, A.; (61) Cai, L.; Bahr, J. L.; Yao, Y.; Tour, J. MChem. Mater. ACS ASAP.
Smalley, R. E.; Eklund, P. ®hys. Re. B: Condens. Matter Mater. Phys. (62) Zhou, W.; Ooi, Y. H.; Russo, R.; Papanek, P.; Luzzi, D. E.; Fischer, J. E.;

1999 59, 10928-10934. Bronikowski, M. J.; Willis, P. A.; Smalley, R. EChem. Phys. Let2001,
(60) Kukovecz, A.; Kramberger, C.; Holzinger, M.; Kuzmany, H.; Schalko, J.; 350 6—14.
Mannsberger, M.; Hirsch, AJ. Phys. Chem. B002 106, 6374-6380. (63) Chen, Z.; Thiel, W.; Hirsch, AChemPhysCher002 in press.
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Breit—Wigner—Fano (BWF) profile. The BWF asymmetric
shape is due to coupling between phonon scattering and
electronic scattering in the metallic tulf@sAfter the function-
alization (Figure 18b), it can be seen that the increase in the D
band is greater for the metallic than the semiconducting tubes
(Figure 17), which indicates that the degree of functionalization
for the metallic tubes was greater than that of the semiconducting
tubes. The functionalization has also had a much greater effect
on the TM mode of the metallic tubes. First, the whole TM
mode is significantly shifted upward, which indicates a charge
transfer doping between the SWCNTs and the addend. There
is also a strong suppression of the band 24640 cnt?. Overall,

the TM becomes more symmetric and the most intense feature
is now at~1590 cn1?, which is more similar to the profile
expected for semiconducting tub8g2The suppression of the
band at 1540 cm' is expected to be due to functionalization
affecting the phonon structure and coupling to isoenergetic
electronic states above the shifted Fermi I&Vel.

In general, the Raman experiments show that the reaction
used here for the functionalization appears to preferentially
00 - "“ 150 1§01 i intera_ct with the metallic tubes. The small incrgase_ in _the D

Raman Shift (cm‘l) band is probably due to the low degree of functionalization of

the SWCNTSs and indicates that the structure of the SWCNTs
Figure 18. Raman spectra with 632 nm excitation energy of SWCNT  ramains undestroyed.
starting material andn.

Intensity (a.u.)

. . o .., Discussion and Outlook
a higher degree of functionalization for the nanotubes with

smaller diameters. Once again, a shift due to an electronic These results constitute a fundamental basis in the science
interaction could be eliminated due to an insignificant change of the functionalization of single-walled carbon nanotubes. Here
in the G band position. However, we could not fully explain we present not only a large variety of functional groups attached
the different behavior ofla compared to the other samples. to the SWCNTSs but we also contribute a wide range of different
The Raman excitation energy of 1024 nm, used for recording characterization tools. Such functionalized carbon nanotubes
the spectra in Figure 17, predominately probes semiconductinginvolving improved solubility properties can be important for
nanotubes. It is known that chemical treatments can exhibit the development of new polymer composites with interesting
different reactivities toward the tubes depending on their mechanical and electrical properties.
electronic structuré”-%° Metallic tubes can be more reactive A comprehensive characterization of all the synthesized
due to their smaller diameters, leading to larger curvature compounds, including the chloro- and azidocarbonates, was
strainb1-63 Also, it has been predicted that the curvature elastic carried out. The use of such a wide range of spectroscopic and
energy in armchair (metallic) tubes is higher than in zigzag microscopic methods and the comparison of the results give
(semiconducting) tubes of similar diameté?s. convincing proof that the reaction succeeded in the way we
Further, Raman experiments with an excitation energy of 632 expected. It also demonstrates that only the combination a
nm enabled us to predominantly probe the metallic tubes. It variety of techniques can give sufficient data for the charac-
was beyond the capabilities of the instrument, used for theseterization of the SWCNT derivatives.
measurements, to measure the RBM region. Therefore, further A detailed insight into the changes in the electronic and
investigations of the tube diameter distribution were not possible. chemical structure could be deduced from XPS spectroscopy.
The starting material TM displays the typical features  The jnvestigations, shown here, clearly demonstrate that XPS
expected for metallic tubes (Figure I8YThis includes the  gpectroscopy is a powerful tool for the study of functionalized
presence of a broad asymmetric band-di540 cm* with a SWCNTs. The range of XPS spectra recorded for this work
(64) Rols, S.; Righi, A.; Alvarez, L.; Anglaret, E.; Almairac, R.; Journet, C; ShOW_Sig,niﬁcant difference, WhiCh ,CO'flld be aSSigned to the
Bernier, P.; Sauvajol, J. L.; Benito, A. M.; Maser, W. K.; Munoz, E;; modification due to the functionalization. Furthermore, this
g{'aét'zn(f()zd “{'é’Téb?fz'%g“eme' G.F. Girard, A.; Ameline, JBIw. Phys.  technique enabled us to demonstrate that the functional groups

(65) Rao, A. M.; Chen, J.; Richter, E.; Schlecht, U.; Eklund, P. C.; Haddon, R. attached to the SWCNT sidewall retain their ability to complex
C.; Venkateswaran, U. D.; Kwon, Y. K.; Tomanek, Bhys. Re. Lett.

2001 86, 3895-3898. . metals.

(66) Henrard, L.; Popov, V. N.; Rubio, Rhys. Re. B: Condens. Matter Mater. Microscopic methods such as AFM and TEM are widely used
Phys.2001, 64, 205403/20540%205403/205410. N o

(67) Lefrant, S.; Baltog, I.; Baibarac, M.; Mevellec, J. Y.; ChauvetQ@rbon for the characterization of derivatized SWCNTs. However, the
2002 40, 2201-2211. i i -

(68) YU, 2 Brus, L. £.J. Phys. Chem. 001 105 68316837, information that cou.ld be obtained from these .methqu should

(69) Yu, Z.; Brus, L.J. Phys. Chem. B001, 105 1123-1134. not be overemphasized. For the compounds investigated here

(70) zZhang, S.; Zhao, S.; Lu, J.; Xia, ®hys. Re.B: Condens. Matter Mater. P
Phys 2000 61 1265312606, we were only able to observe a general overview on the sample

(71) Alvarez, L.; Righi, A.; Guillard, T.; Rols, S.; Anglaret, E.: Laplaze, D.; 10 check the microscopic purity of the sample. So, we were
Sauvajol, J. LChem. Phys. LetR00Q 316, 186-190. ; ;

(72) Sauvajol, J. L.; Anglaret, E.; Rols, S.: Alvarez,Qarbon2002 40, 1697 able to see that the samples contain mainly SWCNTs and were
1714.

nearly free of any impurities. We were also able to verify that
8576 J. AM. CHEM. SOC. m VOL. 125, NO. 28, 2003
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the length of the tubes remained the same, which means thatvacuo and the residual oil dried thoroughly in high vacuum and used
the SWCNTSs were not significantly shortened due to the reaction as crude product for the next reaction step.

procedure. Furthermore, a decrease in the diameter of the General Procedure for the Synthesis of Alkyl Aazidocarbonates.
bundles was observed. The functionalization itself and organic The crude productzc—n) obtained in the previous reaction step was

byproducts were not detectable due to the limited resolution of dissolved under hin dry THF. Then 0.1 equiv of 18-crown-6 and 1.4
the techniques. equiv of NaN were added, and the resulting suspension was stirred

o . for 4 d atroom temperature. Solid residues were removed by filtration.
The addition of (R)-alkoxycarbonylnitrenes to the nanotube the product solution was evaporated and the resulting oil was subjected
SideWa”S |eadS to an inCl’eased SO|ubI|Ity Of the SWCNTS Our to flash Chromatographic Separation (SlllCﬁ}(QO Cm)_ The product
studies of the solubility properties of the modified SWCNTS fraction was evaporated and dried in high vacuum.
have shown that a limit of solvated nanotubes can be expected General Procedure for the Synthesis of Aziridino-SWCNTsIn
which is independent of the weight of their addends. We a round-bottomed flask equipped with gas inlet, 20 mg of SWCNTs
additionally observed a continuous increase of viscosity of the was dispersed in 200 mL of ODCB using an ultrasonic bath. The
solutions with concentrations between 0.4 and 1.2 mg/mL. Thesesolution was degassed in high vacuum, purged with nitrogen, and
observations allow the conclusion that there might be a preheated to 160C. A solution d 2 g of the azidocarbonat® in 5

saturation concentration of about 1.5 mg/mL due to the high ML Of ODCB was added dropwise over a period of 2D min. The
viscosity temperature was maintained at 180 for 45 min, after which the

L ) ) _ product mixture was cooled to room temperature. Workup proceeded
H NMR spectroscopy is a widely used tool for organic py separating the suspension of the derivatized SWCN&s i) from
chemists, but in the field of the chemical functionalization of the insoluble contaminants, such as unmodified or barely modified

carbon nanotubes, some problems due to the inhomogenity andSWCNTs, by decantation. The supernatant was diluted with a solvent
the lack of solubility of the samples arise. Nevertheless, we were such as acetone to induce flocculation of all SWCNTs. Subsequent
able to record a range of different spectra of all compounds, centrifugation and washing of the residue result in the removal of

which enabled us to study the effect of the SWCNT moiety on Soluble byproducts. The remaining derivatized SWCNes-n) were
the addends. decanted and dried under high vacuum.

. . 1-Hexylheptyl Chlorocarbonate (2c).Quantities used: 10.67 mL
UVIVis—nIR spectroscopy mainly shows the presence of the of 20% phosgene solution in toluene (19.95 mmol of phosgene, 2 equiv)

expected signals of _the SWCN_TS' Nevel’t!’]elé&SShOWS that and 2 g (9.98 mmol) ofc. Formula: G4H27CIO,. MW: 263. Colorless
once a chromophor is present in the functional group the bandsy vield: 2.65 g (9.95 mmol, 99%)!H NMR (CDCls, 300 MHz):

due to the chromophor appear in the_speptrum. The comparisony = 0.82 (t, 6H), 1.23 (d, 16H), 1.57 (m, 4H), 4.85 (m, 1H) ppAC

of the spectrum of the SWCNT derivative and the precursor NMR (CDCls;, 75 MHz): 6 = 12.3, 20.8, 20.9, 23.3, 23.9, 27.3, 27.7,
compound shows that the bands of the chromophor are not29.9, 30.1, 32.0, 35.8, 83.2, 148.6 ppm. IR (film)= 2930, 2859,
significantly shifted. This is remarkable, due to the closeness 2320, 1776, 1466, 1379, 1261, 1165, 1119, 1014, 909, 840, 726, 690
of the tube to the chromophor, and does not agree with our cm™. MS (FAB, NBA): mz = 263 [M'], 226 [M" — CI], 199
expectations. [M* — cocl].

Raman spectroscopy is a technique frequently used for the 2-Hexyldecyl Chloro_car_bonate (2d).Quantities used: 18.24 mL _

characterization of carbon nanotubes. Here we show the Ramanmc 20% phosgene solution in toluene (34.5 mmol of phosgene, 2 equiv)
. . . . and 5 mL (17.2 mmol) ofld. Formula: G7/H3:ClO,. MW: 305.

spegtra of the fgnctlonallzed tubes in comparison to thg SWQNT Colorless oil. Yield: 5.3 g (17.1 mmol, 99%) NMR (CDCls, 300
starting material. The Raman spectra of the functionalized MHz): & = 0.83 (t, 6H), 1.20 (s, 24H), 1.65 (m, 1H), 4.15 td= 9.4
SWCNTSs show an increase of the defects in the nanotube latticeHz) ppm.13c NMR (CDCk, 75 MHz): 6 = 14.6, 23.2, 27.1, 29.5,
after the functionalization procedure. This confirms our expecta- 29.8, 30.0, 30.4, 30.9, 31.4, 32.3, 32.4, 37.8, 75.5, 151.2 ppm. IR (film):
tions due to the introduction of covalently bound moieties on v = 2927, 2856, 2304, 1780, 1465, 1378, 1270, 1159, 941, 808, 723,
the tube lattice. Furthermore a change in the RBM bands was689 cn’. MS (FAB, NBA): m/z = 304 [M], 269 [M" — CI], 241
detected; this leads us to the conclusion that the tube diametefM* — COCI], 225 [M" — OCOCI].

distribution was possibly changed during the functionalization ~ Cyclohexylmethyl Chlorocarbonate (2e).Quantities used: 17.38

process. mL of 20% phosgene solution in toluene (32.5 mmol of phosgene, 2
equiv) and 2 mL (16.25 mmol) dfe Formula: GH15CIO.. MW: 177.
Experimental Section Colorless oil. Yield: 2.54 g (14.4 mmol, 88.694H NMR (CDCl,

300 MHz): 6 = 0.91 (m, 2H), 1.18 (m, 4H), 1.65 (m, 5H), 4.06 (d,

Chemical shifts are given in ppm relative to the appropriate solvent 3J = 6.6 Hz, 2H) ppm3C NMR (CDCk, 75 MHz): ¢ = 25.8, 26.3,
peak as standard reference. The resonance multiplicity is indicated as26.5, 29.3, 29.6, 37.3, 77.5, 151.1 ppm. IR (film)= 2930, 2856,
s (singlet), d (doublet), t (triplet), g (quartet), m (multiplet), or 2673, 2308, 1779, 1451, 1371, 1286, 1238, 1142, 969, 941, 861, 835,
combinations of these. Broad resonances are designated with b.807, 778, 689, 623, 559 cth MS (El): m/z= 113 [M* — COCI], 88
Compoundsab were synthesized according to a literature proceéfure.  [M2*].

General Procedure for the Synthesis of Alkyl Chlorocarbonates. 2-Methoxyethyl Chlorocarbonate (2f). Quantities used: 54.18 mL
To a dry, nitrogen-purged 100 mL two-necked flask, equipped with of 20% phosgene solution in toluene (101.3 mmol of phosgene, 2 equiv)
gas inlet and pressure compensation, a 20% phosgene solution in toluenand 4 mL (50.7 mmol) off. Formula: GH;ClO;. MW: 139. Colorless
(2.0 equiv phosgene) was introduced at a temperature 6€.0 oil. Yield: 3.51 g (25.3 mmol, 50%)H NMR (CDCl;, 300 MHz):
(Caution: phosgene is aery toxic compound and should be handled ¢ = 3.34 (s, 3H), 3.65 (q, 2H), 4.38 (q, 2H) ppAC NMR (CDCk,
with care) To this solution, a solution of (1.0 equiv) of the alcohol 75 MHz): 6 =59.5, 69.9, 71.0, 151.2 ppm. IR (filmy):= 2953, 2895,
(1c—n) in toluene was added slowly over about 20 min. After stirring 2328, 1995, 1779, 1451, 1405, 1364, 1246, 1160, 1025, 983, 867, 688
for at leas 1 h atthis temperature, the solution was slowly warmed to cm™%. MS (El): m/z= 123 [M" — CHjg], 88 [M* — CH; — CI], 59
room temperature and stirred overnight. The excess phosgene wagM* — OCOCI], 47 [M" —CH; — OCOCI].
removed by purging the solution with nitrogerr ¥ h (the phosgene 2-Methylthioethyl Chlorocarbonate (2g). Quantities used: 22.96
was absorbed in a KOH solution). The solvent was then removed in mL of 20% phosgene solution in toluene (43.4 mmol of phosgene, 2
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equiv) and 2.05 mL (21.7 mmol) dfg. Formula: GH;CIO.S. MW:
155. Colorless oil. Yield: 2.5 g (16.2 mmol, 75%H NMR (CDCls,
300 MHz): 6 = 2.10 (s, 3H), 2.74 (£J = 6.95 Hz, 2H), 4.37 (8 =
6.95 Hz, 2H) ppm**C NMR (CDCk, 75 MHz): 6 = 14.5, 30.6, 68.9,
149.4 ppm. IR (film):y = 2966, 2922, 2337, 1777, 1456, 1430, 1374,
1295, 1145, 1058, 999, 927, 825, 665¢nMS (El): m/z= 154 [M*],
91 [M* — COCI], 75 [M" — OCOCI], 61 [M" — OCOCI — CHg].
2-[2-(2-Ethoxyethoxy)ethoxy]ethyl Chlorocarbonate, [GO]-OCOCI
(2h). Quantities used: 40 mL of 20% phosgene solution in toluene
(75.6 mmol of phosgene, 2 equiv) and 6.7 g (6.6 mL, 37 mmoliof
CoH17ClOs. MW: 240. Colorless oil. Yield: not determinetd NMR
(CDCl;, 400 MHz): 6 = 4.19 (1,3 = 4.9 Hz, 2 H), 3.57 (t83) = 4.7
Hz, 2 H), 3.49 (s, 2 H), 3.48 (8) = 5.4 Hz, 2 H), 3.43 (t2J = 5.2 Hz,
2 H), 3.41 (t,3J = 5.4 Hz, 2 H), 3.36 (43 = 6.9 Hz, 2 H), 1.04 (t,
3J = 6.8 Hz, 3 H) ppm*C NMR (CDCk, 100.4 MHz): 6 = 157.0,
70.3,70.2,70.1,69.4,68.1, 67.0, 66.1, 14.7 ppm. IR (film} 2974.1,

73.0, 70.7, 70.6, 70.5, 69.9, 69.7, 69.5, 67.3, 66.5, 15.0 ppm. IR
(film): » = 3080.6, 3040.9, 2972.1, 2930.3, 2870.9, 1776.7, 1596.5,
1449.6, 1348.7,1322.5, 1297.2, 1246.1, 1136.8, 1106.5, 1068.1, 949.9,
842.3, 685.6 cmt. MS (FAB, NBA): mv/z = 1087 [M"H].

2-Phenylethyl Chlorocarbonate (2m).Quantities used: 26.86 mL
of 20% phosgene solution in toluene (50.28 mmol of phosgene, 2 equiv)
and 3 mL (25.14 mmol) oftm. Formula: GHoCIO,. MW: 185.
Colorless oil. Yield: 4.65 g (25 mmol, 99%)1 NMR (CDCls, 300
MHz): 6 = 2.94 (1,3 = 7.1 Hz, 2H), 4.41 (t3J = 7.1 Hz, 2H), 7.21
(m, 5H) ppm.*3C NMR (CDCk, 75 MHz): 6 = 34.4, 71.9, 126.8,
128.5, 128.6, 135.9, 150.3 ppm. IR (film)= 3031, 2964, 2283, 1951,
1776, 1605, 1498, 1456, 1375, 1146, 1086, 1031, 9734, 824, 749, 699,
682, 571 cm’. MS (El): m/z= 184 [M*], 122 [M* — COCI], 104
[M* — OCOCI], 91 [M].

1-Pyrenylmethyl Chlorocarbonate (2n).Quantities used: 13.8 mL
of 20% phosgene solution in toluene (25.8 mmol of phosgene, 2 equiv)

2930.5, 2870.9, 1779.7, 1449.6, 1375.3, 1351.7, 1293.2, 1169.7, 1110.3and 3 g (12.9 mmol) oitn. Formula: GgH11CIO,. MW: 295. Yellow

1047.1, 946.6, 842.4, 688.2 cinMS (FAB, NBA): m/iz= 241 [M*H].
Poly(ethylene glycol)butyl Ether-oxy Chlorocarbonate (2i).Quan-

solid. Yield: 3.16 g (10.7 mmol, 83%}H NMR (CDCl;, 300 MHz):
0 = 5.15 (s, 2H), 8.12 (m, 9H) ppmC NMR (CDCk, 75 MHz):

tities used: 15.4 mL of 20% phosgene solution in toluene (28.8 mmol 6 =45.2,123.2,125.1, 126.1, 126.6, 127.7,128.1, 128.4, 128.8, 129.6,

of phosgene, 2 equiv) and 3 mL (14.4 mmol)1.f To complete the

130.7, 131.1, 131.6, 132.4, 206.5 ppm. IR (KBr)= 3041, 1916,

conversion of the alcohol, the reaction mixture was stirred for another 1792, 1588, 1478, 1435, 1417, 1312, 1257, 1239, 1185, 1136, 1092,

12 h at 50°C. MW: ~269. Colorless oail. Yield: 4.17 g (14.3 mmol,
99%).*H NMR (CDClz, 300 MHz): 6 = 0.85 (t,3J = 7.3 Hz, 3H),
1.30 (m, 2H), 1.50 (m, 2H), 3.39 (t, 2H), 3.56 (m), 3.71 (t, 2H), 4.39
(9, 2H) ppm.*3C NMR (CDCk, 75 MHz): ¢ = 14.3, 19.6, 32.1, 68.6,
70.4,71.0,71.1,71.1,71.2,71.6, 71.7, 151.2 ppm. IR (filmx: 2999,

1055, 962, 876, 844, 829, 756, 722, 702, 687, 668, 569'ciS
(FAB, NBA): m/z= 231 [M* — COCI], 215 [M" — OCOCI].
1-Hexylheptyl Azidocarbonate (3c).Quantities used: 0.91 g (14.0
mmol) of NaNs and 2.65 g (10 mmol) o2c. Formula: GsH27NzO..
MW: 269. Colorless oil. Yield: 2.24 g (8.3 mmol, 83%H NMR

2952, 2871, 2246, 1968, 1779, 1456, 1353, 1296, 1250, 1168, 914,(CDCl;, 300 MHz): 6 = 0.81 (t, 6H), 1.21 (s, 16H), 1.45 (m, 4H),

842, 734, 688, 666 cm. MS (FAB, NBA): m/z = 401 [M" (4 x
glycol)], 269 [M* (3 x glycol)], 226 [M* (2 x glycol)].
18-Crown-[6]-methyl Chlorocarbonate (2j). Quantities used: 3.64

4.76 (septet, 1H) ppm3C NMR (CDCk, 75 MHz): 6 = 14.0, 22.5,
25.1, 29.1, 31.7, 33.9, 80.2, 157.4 ppm. IR (film)= 2929, 2859,
2413, 2132, 2034, 1728, 1467, 1378, 1240, 1122, 933, 751, 725, 639,

mL of 20% phosgene solution in toluene (6.8 mmol of phosgene, 2 563 cnt. MS (FAB, NBA): miz = 272 [M*], 256 [M* — N], 242

equiv) ard 1 g (3.4 mmol) oflj. To complete the conversion of the
alcohol, the reaction mixture was stirred for another 12 h atG0
Formula: G4H»sClOs. MW: 357. Colorless oil. Yield: not determined.
H NMR (CDCl;, 300 MHz): ¢ = 3.59 (m, 20H), 3.65 (t, 2H), 3.72
(t, 1H), 4.39 (g, 2H) ppm*3C NMR (CDCk, 75 MHz): 6 = 70.4,
71.0,71.1,71.3,71.4,71.6,71.9, 76.7, 151.1 ppm. IR (filmsy: 2869,

[M* — Ng], 194 [M* — CONg].

2-Hexyldecyl Azidocarbonate (3d)Quantities used: 1.6 g (23.94
mmol) of NaN; and 5.2 g (17.1 mmolRd. Formula: G7Hz3NzO..
MW: 311. Colorless oil. Yield: 4.81 g (15.5 mmol, 91%H NMR
(CDCls, 300 MHz): 6 = 0.81 (t, 6H), 1.06 (s, 24H), 1.61 (m, 1H),
4.03 (d,3J = 19.4 Hz) ppm2C NMR (CDCk, 75 MHz): ¢ = 14.4,

2337,1779, 1599, 1495, 1451, 1352, 1296, 1252, 1126, 994, 946, 839,14.5, 23.0, 23.1, 27.0, 29.6, 29.9, 29.9, 30.3, 31.3, 31.3, 32.2, 32.3,

771, 689, 665 cmt. MS (FAB, NBA): m/z = 357 [M*], 327 [M* —
Cl], 289 [M* — COCI], 275 [M" ~ OCOCI].

3,5-Bif 2-[2-(2-ethoxyethoxy)ethoxy]ethoxybenzyl Chlorocar-
bonate, [G1]-OCOCI (2k). Quantities used: 25 mL of 20% phosgene

37.7, 71.8, 158.0 ppm. IR (filmy: = 2927, 2857, 2412, 2137, 1759,

1733, 1466, 1379, 1235, 1171, 987, 753, 723 &S (FAB, NBA):

m/z = 311 [M*], 284 [M* — N, 240 [M* — OCONj.
Cyclohexylmethyl Azidocarbonate (3e).Quantities used: 1.31 g

solution in toluene (47 mmol of phosgene, 2 equiv) and 12.0 g (23 (20.16 mmol) of NaN and 2.5 g (14.4 mmol) oRe Formula:

mmol) of 1k, [G1]-OH. Formula: GsH3oClO10. MW: 522. Bright
yellow oil. Yield: not determined*H NMR (CDCl;, 400 MHz): 6 =
6.47 (s, 2 H), 6.45 (s, 1 H), 5.14 (s, 2 H), 4.05%¢,= 4.7 Hz, 4 H),
3.79 (t,3)= 4.4 Hz, 4 H), 3.67 (t2J = 4.4 Hz, 4 H), 3.64 (13 = 4.5
Hz, 4 H), 3.60 (t3J = 4.7 Hz, 4 H), 3.53 (t3J = 3.9 Hz, 4 H), 3.47
(9,3 =7.1Hz,4H,7),1.15 (3 = 7.1 Hz, 6 H) ppm13C NMR
(CDCl;, 100.4 MHz): 6 = 160.0, 150.4, 135.1, 107.2, 102.1, 73.0,
70.6, 70.5, 70.4, 69.6, 69.4, 67.4, 66.4, 14.9 ppm. IR (film3= 3092.6,

CgH13N30,. MW: 183. Colorless ail. Yield: 2.27 g (12.4 mmol, 86%).
'H NMR (CDClz, 300 MHz): ¢ = 0.93 (m, 2H), 1.17 (m, 4H), 1.65
(m, 5H), 3.95 (d3J = 6.4 Hz, 2H) ppmC NMR (CDCk, 75 MHz):
0 = 24.4, 26.5, 28.2, 72.5, 156.5 ppm. IR (film):= 2928, 2855,
2673, 2408, 2135, 1731, 1451, 1388, 1352, 1233, 1114, 1074, 987,
891, 843, 752, 619, 563 cth MS (FAB, NBA): m/z = 155 [M" —
Nz, 112 [M* — CONg], 96 [M™ — OCON;].

2-Methoxyethyl Azidocarbonate (3f).Quantities used: 0.77 g (11.8

2973.6, 2930.6, 2871.9, 1776.4, 1598.5, 1450.6, 1349.0, 1323.5, 1298.2mmol) of NaN; and 1.17 g (8.4 mmol) o2f. Formula: GH7N3O..

1245.1,1134.5,1112.0, 1071.1, 1011.5, 949.2, 843.3, 686:6 tNs
(FAB, NBA): m/z = 523 [M*H].

3,5-Bis(3,5-bi§ 2-[2-(2-ethoxyethoxy)ethoxy]ethoxybenzyloxy)-
benzyl Chlorocarbonate, [G2]-OCOCI (2I). Quantities used: 8 mL

MW: 145, Colorless oil. Yield: 1.06 g (7.3 mmol, 87%H NMR
(CDCls, 300 MHz): 6 = 3.32 (s, 3H), 3.55 (q, 2H), 4.28 (g, 2H) ppm.
13C NMR (CDCk, 75 MHz): 6 = 57.3, 65.7, 68.2, 155.9 ppm. IR
(film): v = 2963, 2411, 2184, 2138, 1734, 1454, 1407, 1370, 1359,

of 20% phosgene solution in toluene (15.6 mmol of phosgene, 2 equiv) 1701, 1301, 1033, 954, 870, 844, 800, 751" &nMS (FAB, NBA):

and 8.2 g (7.8 mmol) ofl, [G2]-OH. Formula: GsHszClOz0. MW:
1086. Yellow oil. Yield: not determined*H NMR (CDCl,;, 400
MHz): 6 = 6.54 (s, 4 H), 6.54 (s, 2 H), 6.41 (s, 2 H), 6.41 (s, 1 H),
5.17 (s, 2 H), 4.91 (s, 4 H), 4.07 @) = 4.9 Hz, 8 H), 3.80 (t2J = 4.8
Hz, 8 H), 3.67 (t2J = 4.5 Hz, 8 H), 3.65 (t3J = 4.8 Hz, 8 H), 3.60
(t, 3= 4.9 Hz, 8 H), 3.54 (t3J = 4.9 Hz, 8 H), 3.48 (¢3J = 7.1 Hz,

8 H), 1.16 (t2J = 7.1 Hz, 12 H) ppm**C NMR (CDCk, 100.4 MHz):

m/'z = 145 [M*].

2-Methylthioethyl Azidocarbonate (3g). Quantities used: 1.47 g
(22.68 mmol) of NaN and 2.5 g (16.2 mmol) of2g. Formula:
C4H;N30,. MW: 161. Colorless oil. Yield: 1.15 g (7.1 mmol, 44%).
H NMR (CDCl;, 300 MHz): 6 = 2.09 (s, 3H), 2.70 (£J = 6.9 Hz,
2H), 4.30 (t,%J = 6.9 Hz, 2H) ppm*C NMR (CDCk, 75 MHz): 6 =
16.2, 32.5, 67.2, 157.8 ppm. IR (filmy: = 2922, 2362, 2341, 2137,

0 = 160.3, 160.01, 150.5, 138.6, 135.3, 107.5, 105.9, 102.6, 101.0, 1731, 1478, 1380, 1233, 1116, 1013, 919, 862, 750, 687, 657.cm
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MS (El): m/z= 149 [M* — N], 134 [MT — N, 103 [M* — N3 —
CHg], 74 [M* — OCONy], 61 [M* — OCON; — CHg].
2-[2-(2-Ethoxyethoxy)ethoxy]ethyl Azidocarbonate, [GO]-OCON
(3h). Quantities used: 2.8 g (44 mmol, 1.2 equiv) of Neitd 9.3 g
(37 mmol) of 2h. Formula: GH17N3Os. MW: 247. Colorless oil.
Yield: 7.8 g (31 mmol, 71%)*H NMR (CDCl;, 400 MHz): 6 = 4.32
(t, 3= 4.6 Hz, 2 H), 3.64 (t3 = 4.6 Hz, 2 H), 3.53 (s, 2 H), 3.51 (t,
8J = 2.7 Hz, 2 H), 3.46 (t3J = 3.5 Hz, 2 H), 3.44 (t3J = 4.1 Hz, 2
H), 3.39 (q,3J = 7.0 Hz, 2 H), 1.07 (t3J = 7.1 Hz, 3 H) ppmC
NMR (CDCl;, 100.4 MHz): 6 = 150.3, 70.5, 70.43, 70.40, 70.3, 69.4,
67.9, 66.2, 14.8 ppm. IR (film)» = 2974.1, 2928.5, 2870.9, 2183.2,

70.5, 128.6, 130.3, 130.6, 138.5, 159.1 ppm. IR (filmy 3030, 2963,

2405, 2137, 1952, 1875, 1730, 1605, 1498, 1456, 1384, 1237, 1087,

1051, 1032, 984, 945, 929, 846, 749, 699 ¢nMS (EI): m/z= 163

[M* = Ng], 149 [M* — N3], 120 [M* — CONg], 104 [M* — OCONg].
1-Pyrenylmethyl Azidocarbonate (3n).Quantities used: 0.98 g

(15.0 mmol) of NaN and 3.16 g (10.7 mmol) on. Formula:

Ci1gH11N3O0.. MW: 301. Yellow solid. Yield: 2.38 g (7.9 mmol, 74%).

IH NMR (CDCls, 300 MHz): 6 = 4.73 (s, 2H), 7.82 (m, 9H) ppm.

3C NMR (CDCk, 75 MHz): 6 = 53.4, 123.0, 125.0, 125.3, 125.9,

126.0, 126.5, 127.3, 127.7, 127.8, 127.9, 128.2, 128.6, 128.7, 129.5,

131.1, 131.6, 132.1, 207.7 ppm. IR (film)= 3039, 2964, 2361, 2343,

2137.9,1732.7, 1454.6, 1374.3, 1351.7, 1237.2, 1169.7, 1113.3, 1033.12097, 1719, 1603, 1491, 1458, 1417, 1262, 1182, 1097, 893, 841, 804,

944.6, 844.4, 751.2 cri. MS (FAB, NBA): m/z = 248 [M*H].

Poly(ethylene glycol)butyl Ether-oxy Azidocarbonate (3i)Quanti-
ties used: 1.31 g (20.16 mmol) of Nahind 4.17 g (14.4 mmol) dZi.
MW: 275. Colorless oil. Yield: 3.39 g (12.3 mmol, 86%H NMR
(CDCl, 300 MHz): 6 = 0.84 (t,3J = 7,3 Hz, 3H), 1.29 (m, 2H), 1.49
(m, 2H), 3.39 (t, 2H), 3.55 (m), 3.66 (t, 2H), 4.29 (g, 2H) ppHC
NMR (CDCls, 75 MHz): 6 = 14.2, 19.6, 32.0, 67.7, 68.7, 70.2, 70.4,
70.7, 70.9, 71.0, 71.5, 157.8 ppm. IR (film):= 2871, 2185, 2138,
1733, 1478, 1354, 1240, 1116, 1035, 751¢nMS (FAB, NBA):
m/z = 320 [M" (4 x glycol)], 276 [M* (3 x glycol)].

18-Crown-6-methyl Azidocarbonate (3j). Quantities used: 0.31
g (4.76 mmol) of NaM and 1.21 g (3.4 mmol) oRj. Formula:
Ci14H25N30s. MW: 363. Colorless oil. Yield: 0.56 g (1.55 mmol, 46%).
IH NMR (CDCl;, 300 MHz): 6 = 3.60 (s, 20H), 3.67 (t, 2H), 4.28 (t,
3H) ppm.3C NMR (CDCk, 75 MHz): ¢ = 70.7, 70.7, 70.8, 70.8,
70.9, 70.9, 71.0, 71.0, 71.1, 71.1, 71.2, 76.9, 157.8 ppm. IR (film):
v = 2876, 2361, 2144, 2025, 1773, 1676, 1598, 1459, 1353, 1244,
1114, 1036, 992, 869, 800, 752 tmMS (FAB, NBA): m/z = 360
[M*], 331 [M* — Ng], 317 [M™ — Ng.

3,5-Bif 2-[2-(2-ethoxyethoxy)ethoxy]ethoxybenzyl Chlorocar-
bonate, [G1]-OCON;s (3k): Quantities used: 1.3 g (20 mmol, 1.2
equiv) of NaN and 9.1 g (17 mmol) o2k. Formula: G4H3zgN3O10.
MW: 529. Bright yellow oil. Yield: 7.6 g (14.5 mmol, 85%) NMR
(CDCls, 400 MHz): 6 = 6.44 (s, 2 H), 6.40 (s, 1 H), 5.05 (s, 2 H),
4.03 (3 =4.9Hz, 4 H), 3.77 (t83J= 4.6 Hz, 4 H), 3.64 (t3J = 4.4
Hz, 4 H), 3.61 (t3J = 4.5 Hz, 4 H), 3.58 (t3] = 4.7 Hz, 4 H), 3.51
(t, 3= 3.9 Hz, 4 H), 3.45 (¢3J = 6.9 Hz, 4 H), 1.13 (t3] = 6.8 Hz,
6 H) ppm.**C NMR (CDCI3, 100.4 MHz):6 = 159.9, 157.2, 136.2,

756, 705, 680, 669 cnmh. MS (FAB, NBA): m/z = 288 [M" — N],
273 [Mt — Ng], 257 [M" — Ng], 215 [MT — OCONy].

Ethyl Azidocarbonate, EtOC—N; (3a). Formula: GHsN3Os..
MW: 104. Colorless oil. Yield: 6.4 g (61 mmol, 61%)H NMR
(CDCls, 400 MHz): 6 = 4.20 (9,3 = 7.9 Hz, 2 H), 1.26 (t3J = 7.3
Hz, 3H) ppm.13C NMR (CDCk, 100.4 MHz): 6 = 157.5, 64.7, 14.1
ppm. IR (film): v = 2987.8, 2928.5, 2182.4, 2134.4, 1757.8, 1731.5,
1468.6, 1369.3, 1235.9, 1096.2, 1024.1 943.6, 877.4, 752:2.cm

tert-Butyl Azidocarbonate, BOEN; (3b). Formula: GHgN3O,.

MW: 143. Colorless oil. Yield: 11.2 g (78 mmol, 789 NMR
(CDCls, 400 MHz): 6 = 1.58 (s, 9 H) ppm*C NMR (CDCk, 100.4
MHz): & = 155.8, 84.6, 27.7 ppm. IR (film)» = 2984.1, 2931.5,
2180.4,2132.4,1731.8, 1459.6, 1396.3, 1372.0, 1247.4, 1148.3, 1018.2,
946.6, 858.4, 754.2 cm.

Ethyloxycarbonylaziridino-SWCNTs, EtOC-SWCNTs (4a). H
NMR (TCE-d,, 400 MHz): ¢ = 3.83, 1.79, 1.18, 0.08 ppm. Vis1IR
(TCE): Amax= 1.22, 1.80 eV. Raman spectroscopy (excitation energy
1064 nm): 1596, 178, 164 crh

tert-Butyloxycarbonylaziridino-SWCNTs, BOC-SWCNTSs (4B
NMR (DMSO-ds, 400 MHz): 6 = 1.20 ppm. Vis-nIR (solid film):
Amax = 0.68, 1.29, 1.83, 5 eV. FTIR (solid film)y = 2852, 2923,
2952, 1741, 1461 cnt. Raman spectroscopy (excitation energy 1064
nm): 1599, 183, 173 cm.

1-Hexylheptoxycarbonylaziridino-SWCNTSs (4c).*H NMR (ODCB-
ds, 300 MHz): 6 = 0.95, 1.34, 1.63 ppm. UV/Vis (DMSO)Amax
(e) = 944, 655 nm. Raman spectroscopy (excitation energy 1064 nm):
1598, 183, 171 cnt.

2-Hexyldecoxycarbonylaziridino-SWCNTs (4d).*H NMR (DMSO-

106.8, 101.6, 70.6, 70.5, 70.4, 69.68, 69.62, 69.4, 67.3, 66.4, 14.9 ppm.ds, 300 MHz): 6 = 1.03, 1.23, 1.45 ppm. UV/Vis (DMSO)ZAmax

IR (film): v =3088.6, 2972.6, 2928.6, 2871.9, 2185.2, 2139.9, 1730.4,

(e) =961, 662 nm. Raman spectroscopy (excitation energy 1064 nm):

1598.5, 1450.6, 1348.0, 1323.5, 1298.2, 1236.1, 1175.5, 1111.0, 1071.11597, 181, 170 cnt.

1011.5, 953.2, 844.3, 753.1, 685.6 ©mMS (FAB, NBA): m/z =
529 [M*].

3,5-Bis(3,5-bi§ 2-[2-(2-ethoxyethoxy)ethoxy]ethoxybenzyloxy)-
benzyl Azidocarbonate, [G2]-OCON; (3l). Quantities used: 0.2 g (3.4
mmol, 1.2 equiv) of Nah and 3.2 g (2.8 mmol) oRl. Formula:
Cs4HgaN3O20. MW: 1093. Yellow oil. Yield: 2.1 g (1.9 mmol, 67%).
H NMR (CDCls, 400 MHz): 6 = 6.52 (s, 4 H), 6.52 (s, 2 H), 6.39 (s,
2 H), 6.39 (s, 1 H), 5.08 (s, 2 H), 4.89 (s, 4 H), 4.063¢t= 4.9 Hz,
8 H), 3.79 (1,3 = 4.4 Hz, 8 H), 3.66 (t3] = 4.5 Hz, 8 H), 3.64 (t,
3J = 4.8 Hz, 8 H), 3.59 (t3J = 4.9 Hz, 8 H), 3.53 (t3J = 4.9 Hz, 8
H), 3.46 (9,3 = 7.1 Hz, 8 H), 1.15 (3] = 6.9 Hz, 12 H) ppm2C
NMR (CDCl;, 100.4 MHz): 6 = 159.9, 159.8, 157.2, 138.7, 136.4,

107.0, 105.8, 102.1, 101.0, 70.6, 70.5, 70.4, 69.8, 69.7, 69.6, 69.4, 67.3,

66.4, 15.0 ppm. IR (film):» = 3078.6, 3045.9, 2975.1, 2928.3, 2865.9,

Cyclohexylmethoxycarbonylaziridino-SWCNTs (4e).*H NMR
(ODCB-d,;, 300 MHz): 6 = 1.00, 1.28, 1.44, 4.08 ppm. UV/Vis
(DMSO): Amax (€) = 953, 661 nm. Raman spectroscopy (excitation
energy 1064 nm): 1599, 182, 170 cn

2-Methoxyethoxycarbonylaziridino-SWCNTs (4f). 'H NMR
(ODCB-d,, 300 MHz): 6 = 1.56, 2.17, 2.81 ppm. UV/Vis (DMSO):
Amax (€) = 975, 661 nm. Raman spectroscopy (excitation energy 1064
nm): 1596, 182, 170 cm.

2-Methylthioethoxycarbonylaziridino-SWCNTs (4g). *H NMR
(ODCB-d,, 300 MHz): ¢ =1.28, 2.10, 4.07 ppm. UV/Vis (DMSO):
Amax (€) = 972, 663 nm. Raman spectroscopy (excitation energy 1064
nm): 1599, 182, 171 cnt.

1-(1{2-[2-(2-Ethoxyethoxy)ethoxy]ethoxycarbonylaziridino-
SWCNTSs (4h).*H NMR (TCE-d,, 400 MHz): 6 = 4.16, 3.65, 2.26,

2173.2,2127.9,1731.7, 1596.5, 1449.6, 1348.7, 1322.5, 1297.2, 1237.11.23, 1.18, 0.88, 0.08 ppm. AR (TCE): Amax = 1.25, 1.79 eV.

1136.8, 1114.5, 1069.1, 951.9, 843.3, 683.6'trVIS (FAB, NBA):
m/z = 1094 [M*H]. UV/Vis (CHCI3): Amax (€) = 281.0 nm (2600 L
mol~icm™).
2-Phenylethyl Azidocarbonate (3m)Quantities used: 2.29 g (35.2

mmol) of NaNs and 4.65 g (25.8 mmol) dm. Formula: GHgN3zO5.
MW: 191. Colorless oil. Yield: 4.56 g (23.8 mmol, 92%H NMR
(CDCls, 300 MHz): ¢ = 2.90 (t,3) = 7.1 Hz, 2H), 4.31 (t3 = 7.1
Hz, 2H), 7.18 (m, 5H) ppmt3C NMR (CDCk, 75 MHz): 6 = 36.6,

Poly(ethylene glycol)butyl Ether-oxy Carbonylaziridino-SWCNTs
(4i). '1H NMR (CDCl;, 300 MHz): ¢ = 0.79, 1.18, 1.30, 1.47, 2.84,
3.33, 3.67 ppm. UV/Vis (DMSO):Amax (€) = 965, 664 nm. Raman
spectroscopy (excitation energy 1064 nm): 1599, 183, 17¢-.cm
18-Crown-6-methoxycarbonylaziridino-SWCNTs (4)): *H NMR
(TCE-d,, 300 MHz): 6 = 1.10, 3.94 ppm. UV/Vis (DMSO):Amax
(e) = 961, 665 nm. Raman spectroscopy (excitation energy 1064 nm):
1598, 181, 169 cnt.
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3,5-Big 2-[2-(2-ethoxyethoxy)ethoxy]ethoxybenzyloxycarbonyl- mixture was sonicated for another hour. The mixture was washed 10
aziridino SWCNTs, G1-SWCNTs (4k): *H NMR (TCE-d,, 400 times with 2-propanol and filtered using a cellulose nitrate pore filter
MHz): 6 = 3.62, 2.12, 0.9 ppm. VisnIR (TCE): Amax= 1.25, 1.79 (0.2um) forming a “bucky paper” that was washed with distilled water.
eV. Raman spectroscopy (excitation energy 1064 nm): 1597, 182, 170 3 5-Bjs(3,5-hi§ 2-[2-(2-ethoxyethoxy)ethoxy]ethoxybenzyl)ben-

cm L. zyloxycarbonylaziridino-SWCNTs—Cu(ll) Complex, Cu—[G1]-

3,5-Bis(3,5-big 2-[2-(2-ethoxyethoxy)ethoxy]ethoxybenzyl)ben- SWCNTSs (5k). In a 50 mL round-bottomed flask, 5 mg @k was
zyloxycarbonylaziridino SWCNTs, G2-SWCNTs (4l): 'H NMR dispersed in an aqueous CuSéblution ¢ = 5.9 102 mol/L) by
(TCE-d, 400 MHz): 6 = 7.27, 3.69, 2.17, 0.86, 0.07 ppm. ViaIR sonication overnight. The mixture was filtered using a cellulose nitrate
(TCE): Amax= 1.25, 1.79 eV. Raman spectroscopy (excitation energy pore filter (0.2:m) forming a “bucky paper” that was washed with
1064 nm): 1598, 183, 173 crh distilled water. Vis-nIR (DMSO): Amax = 1.22, 1.79 eV.

2-Phenylethoxycarbonylaziridino-SWCNTs (4m):UV/Vis (DMSO):
Amax (€) = 969, 665 nm. Raman spectroscopy (excitation energy 1064  Acknowledgment. This work was carried out with support

nm): 1600, 180, 167 cr. from the European Union (HPRNT-CT-1999-00011-FUN-
1-Pyrenylmethoxycarbonylaziridino-SWCNTs (4n): *H NMR CARS).

(TCE-d;, 300 MHz): 6 = 4.26, 7.17 ppm. UV/Vis (DMSO):Amax
(€) = 959, 661 nm. Raman spectroscopy (excitation energy 1064 nm):  Supporting Information Available: XPS survey scan dbj
1600, 182, 171 crmi. and the XPS N 1s and Cd 3d spectrumbpf This material is

Cd=*" [18-Crown-6-methoxycarbonylaziridino-SWCNTS] (5)). In available free of charge via the Internet at http:/pubs.acs.org.
a 50 mL round-bottomed flask, 3 mg 4f was dispersed in 5 mL of

2-propanol. To the suspension was added 100 mg of G@&®0 the JA029931W
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