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Abstract: Covalent and noncovalent chemistries that are selective to single-walled carbon nanotubes of a
particular electronic type have become increasingly important for electronic structure separation and on-
chip modification of nanoelectronic devices. By monitoring transient Raman spectroscopy and photolumi-
nescence (PL) during a reaction with 4-chlorobenzene diazonium in aqueous solution, evidence for a
characteristic two-step mechanism with two distinct time constants is uncovered. A long-lived intermediate
selectively and noncovalently binds and partially dopes the nanotube surface (r = 2.4 min). A slower,
covalent reaction is tracked using the time-dependent increase in the disorder mode in Raman (r = 73
min). The transient Raman and PL data are well described using a series of two first-order reactions. The
covalent bonding step can be deactivated by changing the structure of the surfactant adsorbed phase,
further supporting the mechanism.

Introduction semiconducting nanotubés!®Researchers extended this same

] ] chemistry to the modification of nanotube field effect transistors
Single-walled carbon nanotubes (SWNT) possess highly i, order to improve the ratio of current between on and off

unique electronic, mechanical, and optical properties, making siateqt0.11 |n addition to nanoelectronic applications, these
them the subject of intense study since their discovery in 1993 chemistries may lead to routes for the preparative separation of
by lijima.* Individual carbon nanotubes are semiconducting or metallic and semiconducting carbon nanotutf&kThe possible
metallic in nature, depending upon their chirafity. Synthetic  mechanistic pathways of the diazonium/SWNT reaction have

methods invariably produce polydisperse mixtures of semicon- heen studied using GEMS and XPS analysis of the reaction
ducting and metallic nanotubes. This limits applications in productsts
nanoelectronics and other areas. Efforts to separate these |f the reaction is viewed as one between the nanotube
polydisperse mixtures into semiconducting and metallic compo- macromolecule and a single reactant, this selectivity presents
nent§~° have yet to conclusively demonstrate preparative some theoretical problems. Carbon nanotubes are metallic or
separation. Chemical modification of electrical propetfiés  semiconducting, based upon delocalized electrons occupying a
has been pursued with some success. 1-D density of states. However, any covalent bond is necessarily
The first electronic structure selective chemistry used a broken and formed between localized electrons. In the vicinity
4-chlorobenzene diazonium salt to selectively react metallic over of localized electrons, the SWNT can no longer be described
using a band model that assumes delocalized electrons moving
(1) lijima, S.; Ichihashi, TNature 1993 363 603-605. in a periodic potential. Zhao and co-workers used density
(2) Dresselhaus,M. S.; Dresselhaus, G.; Eklund, PS&ence of fullerenes functional calculations to show that while covalent bonding

and carbon nanotube#\cademic Press: San Diego, 1996. . . . . . .
(3) Saito, R.; Dresselhaus, G.; Dresselhaus, NPH§sical Properties of Carbon induces an impurity state with a relatively delocalized wave

Nanotubesimperial College Press: London, 1999. function, the covalent linkage itself is a highly localized
(4) Dresselhaus, M. S.; Dresselhaus, G.; Avouris,CRrbon Nanotubes: g K . . i

Synthesis, Structure, Properties, and Applicati@ringer-Verlag: Heidel- event!617Therefore, in an electronically selective reaction, how

berg, Germany, 2001; Vol. 80. P R i B
(5) Chattopadhyay. D.: Galeska, L.: Papadimitrakopoulos]. Am. Chem. does the reagent dgtect a metallic or semiconducting species

So0c.2003 125, 3370-3375. when the localization of electrons necessary for covalent

(6) Samsonidze, G. G.; Chou, S. G.; Santos, A. P.; Brar, V. W.; Dresselhaus,
G.; Dresselhaus, M. S.; Selbst, A.; Swan, A. K.; Unlu, M. S.; Goldberg,
B. B.; Chattopadhyay, D.; Kim, S. N.; Papadimitrakopoulosippl. Phys.

bonding eliminates the distinction between these types?

Lett. 2004 85, 1006-1008. (12) Strano, M. SJ. Am. Chem. So2003 125 16148-16153.
(7) Krupke, R.; Hennrich, F.; von Lohneysen, H.; Kappes, M Sdience2003 (13) Strano, M. S.; Dyke, C. A.; Usrey, M. L.; Barone, P. W.; Allen, M. J.;
301, 344-347. Shan, H. W.; Kittrell, C.; Hauge, R. H.; Tour, J. M.; Smalley, RSEience
(8) Chen, Z. H.; Du, X.; Du, M. H.; Rancken, C. D.; Cheng, H. P.; Rinzler, A. 2003 301, 1519-1522.
G. Nano Lett.2003 3, 1245-1249. (14) Baik, S.; Usrey, M.; Rotkina, L.; Strano, M. Phys. Chem. B004 108
(9) Dyke, C. A.; Stewart, M. P.; Tour, J. Ml. Am. Chem. So@005 127, 15560-15564.
4497-4509. (15) Dyke, C. A.; Stewart, M. P.; Maya, F.; Tour, J. i8ynlett2004 155-
(10) An, L.; Fu, Q. A,; Lu, C. G.; Liu, JJ. Am. Chem. So2004 126, 10520~ 160.
10521. (16) Park, H.; Zhao, J.; Lu, J. Manotechnology005 16, 635-638.
(11) Balasubramanian, K.; Sordan, R.; Burghard, M.; Kerr\&no Lett 2004 (17) Zhao, J. J.; Park, H. K.; Han, J.; Lu, J. R.Phys. Chem. R004 108

4, 827-830. 4227-4230.
10.1021/ja0537530 CCC: $30.25 © 2005 American Chemical Society J. AM. CHEM. SOC. 2005, 127, 16129—16135 = 16129
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peristaltic pump with Easy Load Il rotor head pumped the reaction
|| Peristaitic Pump solution through 1/8-in. 0.d. (1/16 in. thickness) Tygon tubing. A

5 HE i minimum flow rate was maintained to prevent generation of SDS/air
bubbles in the reactor vessel and tubing which would disrupt both the
bl : T absorption and Raman spectra. The solution flowed from the reactor
: vessel to the UVvis—NIR spectrophotometer to the Raman spec-

Flow Reactor

trometer using Starna quartz flow-through cuvettes. The-ig—NIR
spectrophotometer used in this study is a Shimadzu UV-3101PC.

ﬂpectrophotometer

U UV-Vis-nIR Absorption spectra were generated (39900 nm) at every steady-
state point during the reaction (approximately every 60 min). The
l' :I _______ R e Y I IR Raman spectrometer used is a Raman Rxn system from Kaiser Optical

|:| Systems using a 785-nm photodiode laser at 200 mW. Raman spectra,
Raman Spectrometer . . . .
including photoluminescence, were generated every 10 s during the
Figure 1. Diagram of flow-through reactor setup: 70 mL of SDS/SWNT  reaction. Prior to the reaction, the pH of the SWNT solution (1 wt %
solution (pH 11) is contained in a well-stirred 76¢ 50-mm Pyrex SDS/D0) was increased from 5.5 to 11 using NaOH solution (Sigma
crystallizing dish; 0.0076 mM additions of 4-chlorobenzene diazonium are Aldrich). Three additions (0.0076 mM each) of 4-chlorobenzene
made at 6990—min intervals. During the reaction, material is continuously  giazonium were made at 0, 87, and 158 min, respectively.
drawn through tubing connected to a BVis—NIR spectrophotometer and Sodium Cholate E . tTh di holat : t
Raman spectrometer by a peristaltic pump. Absorption spectra-(%0 odium Cholate Experiment. The sodium cholate expenment was
nm) are taken at the steady-state point prior to each addition. Raman spectr&onducted in a Starna quartz cuvette with £Ws—NIR absorption
are obtained every 10 s to monitor the G peak and D peak transient behavior.spectra gathered (194900 nm) every 5 min. The pH of the SWNT
solution (2 wt % cholate/BD) was increased from 5.5 to 11 using
In this work, we answer this question by exploring the NaOH solution (Sigma Aldrich). Inmediately before the experiment,
mechanism of electronically selective reactions in carbon & 9-38 mM solution of the 4-chlorobenzene diazonium saltid Das
nanotubes with a dual purpose: to assist in the practical PrePared. A single addition of 1.25 mM was made to the cholate-
development of SWNT chemistries and separation methods, and’® uspended SWNT sqluhon, and absqrpt|on spectra{lgoo nm) were
. . . gathered every 5 min for 2.5 h. Initial and final Raman spectra were
to address the mismatch between local and delocalized views

fel f h h lectivi ds b obtained at 200 mW using the Raman Rxn system.
O_ e_ectron trans e_r - We show t_ a_t selectivity proceg s by two XPS Analysis. X-ray photoelectron spectroscopy (XPS) data were
distinct and long-lived mechanistic steps: a selective nonco-

: i gathered at the UIUC Center for Microanalysis of Materials. Solid
valent adsorption followed by a slower covalent reaction that samples were prepared by flocking SDS-suspended SWNTs from

need not be selective. Transient Raman, photoluminescenceaqueous solution using acetone (Fisher Scientific), filtering via gravity
(PL), and photoabsorption spectroscopy measurements duringhrough a standard filter cone, and washing with acetone and methanol
the reaction show evidence of this mechanism. X-ray photo- (Fisher Scientific) to remove residual SDS and/or excess reagent.
electron spectroscopy (XPS) is used to estimate the extent ofSamples were mounted on a stainless steel sample holder using double-
functionalization (moles of chlorine per mole of carbon) under sided carbon tape. Data for completely functionalized samples were
complete and selective reaction conditions. Conducting the ©Ptained on a Physical Electronics PHI 5400 instrumentl(t0 eV
reaction in a different surfactant system (sodium cholate) is Pding energy). Data for raw SWNT material and selectively func-
shown to eliminate the covalent pathway but preserve the tionalized samples were obtained on a Kratos Axis Ultra instrument

lectivit ting th d hani (0—1100 eV binding energy).
selectivity, supporting the proposed mechanism. Molecular Modeling. Molecular models were generated using

Experimental Section H_yperc_hem Professional Software (Release 7). Geometry optimization
simulations for SDS assembled on a carbon nanotube surface were
Suspension of SWNTsHiPco nanotubes (Rice University) were  conducted using the PolaiRibiere (conjugate gradient) method. The
suspended in 1 wt % sodium dodecyl sulfate (SDS, Sigma Aldrich) or simulations ended once a root-mean-square (RMS) gradient of 0.15
2 wt % sodium cholate (Sigma Aldrich) in deuterated aqueous solution kcal/A-mol was reached.
according to an established procedtir®euterated water (£D) was
used to eliminate water absorption features in the SWNT solutior UV~ Results

vis—NIR absorption spectra. . . .
Synthesis of 4-Chlorobenzene Diazonium Reagerithe 4-chlo- Figure 2 shows the dynamic responses of the Raman disorder

robenzene diazonium tetrafluoroborate salt was synthesized by reactin ode (D peak, F'gl_”e 2a), the tange_ntlal mode (G peak, Figure

equimolar quantities of 4-chloroaniline (Sigma Aldrich) and nitrosyl 2P), @and photoluminescence (PL, Figure 2c) of the (6,5) and

tetrafluoroborate (Sigma Aldrich) in acetonitrile solvent. The reaction (7,5) hanotubes after three 0.076 mM additions of 4-chloroben-

was conducted at-20 °C (dry icefisopropyl alcohol bath) under ~ zene diazonium reagent. Curiously, the responses show a wide

nitrogen. The diazonium salt was precipitated with diethyl ether, filtered, range of time constants after each addition (arrows).

dried, and stored under nitrogen -a20 °C. Prior to the reaction, a The disorder mode (D peak, 1300 chris a symmetry-

5.31 mM solution of the 4-chlorobenzene diazonium salt y® vas disallowed Raman mode associated with a double-resonance

prepared. The aqueous solution was stored in the darR@td reduce process. For probing SWNT chemistry, it is an exclusive

decompqsmon of t_he diazonium salt. ) ) ~ measure of covalent reaction: as bonds in the carbon lattice
Selective Reaction SetupThe selective reaction was conducted in are broken and re-formed with a covalent aryl chloride attach-

a custom-made flow reactor setup (Figure 1). The reactor vessel is a . . .
X p (Figure 1). Th ment, the absolute cross section of this mode increldseé's.
well-stirred 70-x 50-mm Pyrex crystallizing dish with a custom-made

Kevlar lid fitted with tubing ports. A MasterFlex L/S Economy Drive

(19) Kurti, J.; Zolyomi, V.; Gruneis, A.; Kuzmany, HPhys. Re. B 2002 65,
165433 (1-9).
(18) O’Connell, M. J.; Bachilo, S. M.; Huffman, C. B.; Moore, V. C.; Strano,  (20) Zolyomi, V.; Kurti, J.; Gruneis, A.; Kuzmany, HPhys. Re. Lett. 2003

M. S.; Haroz, E. H.; Rialon, K. L.; Boul, P. J.; Noon, W. H.; Kittrell, C.; 90, 157401 (1-4).
Ma, J. P.; Hauge, R. H.; Weisman, R. B.; Smalley, R SEience2002 (21) Dillon, A. C.; Parilla, P. A.; Alleman, J. L.; Gennett, T.; Jones, K. M.;
297, 593-596. Heben, M. JChem. Phys. LetR005 401, 522-528.
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1.0 - (6,5) Fluorescence Figure 3. (a) Schematic of kinetic model displaying the three possible
’ - (7,5) Fluorescence states of the diazonium reagent during the reaction: (A) free in solution,
oy == Model (6,5) (B) adsorbed on nanotube surface, and (C) covalently bound to nanotube.
g 09 Merpafyrionz == Model (7,5) (b) Predicted concentration profiles of A, B, and C diazonium states.
i ’
c
e close tor; with no subsequent restoration (Figure 2c). A total
5 08 o of four PL features were monitored; each demonstrates a similar
& C | e response (Supporting Information). SWNT photoluminescence
0.7 _ proceeds via an exciton recombination process and is sensitive
0 1 2 3 4 5 to both adsorbed dopants and defects at the nanotube sur-
Time (hrs) face.

Figure 2. Raman transient data obtained during 4-chlorobenzene diazonium ~ Developing an Approximate Kinetic Model. The transient
selective reaction. Arrows indicate addition points. Experimental data behavior of the G peak suggests that a short-lived intermediate
scattered points) for the (a) disorder mode (D band), (b) tangential mode i i i i
gG peak), a%d (c))(6,5) ané (?7,5) photolunjin(_e(scence ;ré c)omp%red to trendsfﬁ??oran:y dotp(las dthe n.aEOtutt;]e téeforeklt.s tdec.a:y' TI;IS doping
predicted by the mechanistic model (solid lines). proportionately diminishes the  peak intensity and reverses
as the intermediate population is depleted by reaction. Com-
The extent of functionalization can be represented by the D/G pounds with aromatic structures similar to diazonium but without
intensity ratio, which allows the comparison of different samples any charge (phenol, anisole, and 4-hydroxyaniline) were added
or spectra taken at different excitation wavelengthBigure under similar conditions with no response. This suggests that
2a shows that the D peak intensity increases monotonically in the positively charged diazonium itself may be responsible for
a first-order procesg (= 73 min) and approaches a steady state the diminution. Upon physical adsorption within the surfactant
after each addition. The intensity change following an addition phase around the nanotube, a partially transferred charge
becomes smaller after subsequent additions. _ decreases the tangential mode slightly until covalent addition
The tangential mode (G peak, 1590 ¢ representing the  g|iminates this adsorbed species. These changes could not be
C—C bond stretch of all graphitic species demonstrates a yeasured above experimental erré8¢6) using photoabsorp-
characteristically different response to reagent addition on two tion, which is not as sensitive as low-background or background-
different time scales. Figure 2b demonstrates that immediately ¢-oo methods such as Raman and PL. The D peak responds to

following an addition, a sharp diminution is observed covalent addition, so the terminal step in the reaction should

2.4 min) followed by a slower partial recovers, (= 72.9 min). be related to its growth. The PL should respond to a combination

The tangential .mode IS resonance enhanced, gnd processes tha* the two populations (adsorbed dopant and covalently bound
dope a SWNT inter-band transition resonant with the excitation moieties)??

laser can diminish its intensiff. The restoration rate appears . .
to match the time scale of the D-peak increase. We seek the simplest model capable of describing these
The photoluminescent responses of two selected SWNTS,ChangeS’ assuming first-order kinetics for both steps (Figure 3a).

(6,5) and (7,5), are shown to decrease rapidly on a time scale 1 he diazonium reagent (A) first adsorbs noncovalently to an

(22) Strano, M. S.; Huffman, C. B.; Moore, V. C.; O'Connell, M. J.; Haroz, E.  (23) Dukovic, G.; White, B. E.; Zhou, Z. Y.; Wang, F.; Jockusch, S.; Steigerwald,
H.; Hubbard, J.; Miller, M.; Rialon, K.; Kittrell, C.; Ramesh, S.; Hauge, M. L.; Heinz, T. F.; Friesner, R. A.; Turro, N. J.; Brus, L. E.Am. Chem.
R. H.; Smalley, R. EJ. Phys. Chem. BR003 107, 6979-6985. So0c.2004 126, 15269-15276.
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empty site @) on the nanotube surface, forming a charge-transfer a G Band
complex (B). The diazonium group in this complex partially (1590 cm)
dopes the nanotube, diminishing the tangential mode in the

Raman spectrum. This complex then decomposes to form a D Band

(1300 cm™)

covalent bond with the nanotube surface (C). The resulting
lattice defect increases the D band in the Raman spectrum.

1150 1350 1550 1750

Ky Ky
Atf=—B—C
1

0.8 -
The available sites on the nanotulgk)(are balanced by & 07
0+B+C=(0) g oo
T S o5
In this work, the reaction is carried out at infinite dilution of A 5 s §

the reagent. The resulting functionalization is sparqé¢ ¢
(B[t] + CI[t])), and the system is pseudo-first order, wiktrand
k. representing the rate constants of the adsorption and reaction 20 -
steps, respectively. Desorption is also negligitde; (= 0) in .5
this case. Under these conditions, we can treat the SWNT as ' EIE
homogeneously solubilized reactive sites undergoing the fol- 1.0 4 I
lowing pseudo-first-order reaction A B — C. 0.5

If the reaction is probed using resonant Raman spectroscopy, 0.0 o _ _
there are populations both in and out of resonance with the 0 5 10 15 20
excitation lase?* The population outside the resonance window D/G Ratio

taklng part_ in the reaction is modeled by a parallel first-order Figure 4. Transient behavior of the disorder mode (D peak) correlated to
reaction with rate constaig (A (ks) — out of resonance), also e extent of covalent reaction. (a) A sample Raman spectrum showing the
shown in Figure 3a. The time-varying solution fortBfvith disorder (D peak) and tangential (G peak) modes. (b) Plot of log(D/G ratio)
A[0] = A, and B[0] = B,, versus log(mmol of reagent/mol of SWNT carbon) illustrating a linear
logarithmic dependence. The slope of 0.4 indicates a 0.4-th order power
dependence between extent of reaction and D/G ratio. (c) XPS results

Log(reactant/carbon [mmol/mol])

Cc

CIIC (%)

B[t] = showing the ratio of %ClI to %C for five SWNT samples functionalized to
exp[—kt](Bo(k, — k, + kg) — A (exp[—(k; — k, + ky)t] — 1)k,) increasing extents. This ratio is compared to the ratio of the D peak and G
K T peak intensities.
1~ "2 3

o o . » . complex two-phonon scattering procés3A linear relationship
exhibits a characteristic maximum after reagent addition. Figure for oxidized SWNT bundles has been propo&&d@he D-band

2b compares the experimental G peak response data with thqrigyre 4a) cross section is dominated by a double-resonance

regressed {nodel trend with, ko, andks equal to 24.7, 0.82,  process where an exciton decomposes into a phonon, scatters
and 17.1 h*, respectively. The fraction of SWNT in resonance gcross the Brillouin zone, and may or may not encounter a

with the laser is proportional to the ratio kf to the sum ok, defect!® If it does encounter a defect, the exciton can emit a

and ks. These empirical rate constants indicate that ap- photon of lower energy (as in this work). The mean free path
proximately 59% of all SWNT species in solution (metallic and 4 the excitation (i.e., the exciton) should play a strong role in
semiconducting) are in resonance with the laser at 785 nMm. s functional dependence. If the exciton is highly localized,
Analysis of a revised Kataura plot for HiPco SWNT in agueous the intensity of the D band is directly proportional to the
solution indicates that only six semiconducting species are in probability of finding a defect or the concentration of defects,
resonance at 785 nm. Therefore, it is important to note that the CI[t]. However, Heinz and co-workers recently modeled SWNT
above rate constants represent an average of all SWNT in thegycitons as having a radius several times thed®ond lengt??
sample, with a disproportionate contribution from those in A5 the mean free path increases, this dependence becomes

resonance. _ ) nonlinear and generally @ with 0 < n < 1 (Supporting

The concentration of covalent defects,t]C[is C[t] = Information).

t ] ] H H
JokeB[t'] dt’. Figure 3b plots the concentrations of free 1 jnvestigate this dependence empirically, a separate experi-
diazonium A[], adsorbed reagent §[and covalent ligand @] ment was conducted where steady-state D peak and G peak
using the three parameters empirically determined abkie (  jntensities were measured as a function of total 4-chlorobenzene
ka, ks). diazonium addition during a single selective reaction. Figure

The population of covalently bound moieties should be related 4, jjjystrates a Q[°4 dependence between the D/G ratio and

to the Raman D-band intensity, although no work to date has {he concentration of diazonium added. Thig]&f dependence

determined the functional dependence of the D-band intensity

on actual defect concentration ({J[ Several researchers have (25) Souza, A. G.; Jorio, A.; Samsonidze, G. G.; Dresselhaus, G.; Saito, R.;

addressed its unique electronic dispersion and the nature of the,,, Dresselhaus, .“Qrg“n%';‘r’;eecrh’&O!Oﬁgzlgﬂgelr“',vﬂiou;l,%gﬁy H.- Schalko. .

Mannsberger,’ M.; Hirsch, Al. I':’hys. Chem. EiOOZ 106, 6374—6380. '

(24) Dresselhaus, M. S.; Dresselhaus, G.; Jorio, A.; Souza, A. G.; Saito, R. (27) Wang, F.; Dukovic, G.; Brus, L. E.; Heinz, T. Ecience2005 308 838—
Carbon2002 40, 2043-2061. 841.

16132 J. AM. CHEM. SOC. = VOL. 127, NO. 46, 2005
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;able I1- F?ummarytlof fP)SNAnglyses ColndU9ted(g;1§V|\/NT respectively, presumably as a combination of pre-adsorbed

amples rRepresenting (a o Functionalization, elective . L. . L . .

Functionalization with 4-Chlorobenzene Diazonium, and (c) OXygggzsazngd carboxyl functionalities as identified in earlier

Complete, Nonselective Functionalization with 4-Chlorobenzene work.#3:28.

Diazonium Table 1 is a summary of compositions for unreacted,
XPS atomic mass selectively reacted, and completely (nonselectively) reacted
analysis balance

SWNT samples determined by XPS. This table compares the
atomic chlorine concentration detected on a reacted solid sample
noreaction 91.28-0.88 8.72+0.88 0.0 0.0 (following rigorous washing) to its predicted value based on a
igﬁ;ﬁ!&rﬁ;ﬂ%ﬁ gé:g 1:22 g:ii g:gg %E% 8:22 Gi'.g mass balance on the reactor. The results indicate that I_ess than
10% of the reagent actually forms a covalent bond with the
nanotube. Noncovalently bound reagentt]B§omes from the
accurately describes the transient response of the D peak. Withresulting population of unattached reagent. A comparison
no additional regression, Figure 2a compares the predicted modebetween a selective reaction (only metallic features significantly
curve and experimental data. affected) and complete reaction (all features affected) shows
The ratio of the D peak intensity to the G peak intensity (D/ that the chlorine concentration for a selectively reacted sample
G) represents a characteristic number of defects for a SWNT IS roughly 33% of that observed from a completely reacted
sample?! XPS was conducted on samples representing no Sample (0.4% versus 1.2%). Since HiPco samples are typically
reaction, selective reaction, several extents of nonselective33% metallic, this corresponds to “complete reaction” of the
reaction, and complete (nonselective) reaction to determine themetallic nanotubes.
corresponding extent of functionalization (moles of chlorine per  Also, blocking the covalent pathway can isolate the effect of
mole of carbon). For the nonselective reactions, a single additionthe initial adsorption step and confirm the existence of the two-
of reagent was made and allowed to react nonselectively. Forstep mechanism. We demonstrate this by changing surfactant
the complete, nonselective reaction, excess reagent was addedystems from sodium dodecyl sulfate to sodium cholate. The
Figure 4c illustrates an increasing D/G ratio with increasing latter has a much smaller self-aggregation tendency4(2
diazonium added for nonselective reactions. monomers per micelle compared to-3€0 monomers per
Table 1 reports a maximum chlorine atomic concentration Micelle for SDS) and a curvature that should yield a tighter
of 1.2% under nonselective, complete functionalization condi- coverage at the nanotube surffcgigure 5a,b).
tions. It is important to note that the contribution of amorphous It is proposed that SDS creates a beaded structure at the
carbon and other impurities to the carbon peak could not be nanotube surface with a period similar to that found for SDS
distinguished from the SWNT contribution. This suggests a adsorbed on graphite (5-.2 nm)31-32Figure 5b illustrates a
surface coverage of one diazonium moiety per 100 carbons. Forgeometry-optimized representation of a beaded SDS structure
the (10,10) nanotube, which has approximately 40 carbons peron the surface of a (10,10) nanotube with a periodicity of
nanometer, this predicts one diazonium addend per 2.5 nm ofapproximately 4.54.8 nm. Based on this model, there is a
SWNTs. The ratio of the D peak to G peak intensities increases negatively charged, 0-50.7 nm band on the nanotube surface
by a factor of 15 in this case. between SDS beads available for reaction with the positively
The PL response is accurately described by a simple linearcharged diazonium. From XPS, we know that for a (10,10)
combination of Bf] and CE%4with no additional modifications ~ nanotube there is approximately one diazonium moiety per 2.5
to the model. Both types of defects (covalent]@hd nonco- nm at complete conversion. Note that the XPS results agree
valent BE]) are known to diminish the PL intensi®j The former ~ With our surfactant model as they indicate that complete
localizes electrons within the covalent bonds, altering the local functionalization requires two addends per SDS begifm).
band structure, while the latter creates impurity states near theThe sodium cholate/SWNT molecular model (Figure 5b) shows
band edge. Both are observed as attenuation in photoabsorptio®nly small (approximately 0.06 rpareas available to the
and photoluminescence. The photoluminescence attenuation cafliazonium reagent.
be predicted as a linear combination of the covalent and Experimentally, the increased coverage of sodium cholate
noncovalent behaviors. Figure 2c compares the experimentaleliminates covalent reaction from the 4-chlorobenzene diazo-
data to predicted trends for the PL of the (6,5) and (7,5) nium pathway, but the initial adsorption/doping step is still
nanotubes withdB[t] + (1 — a)C[t]°4, with o = 0.81. In active. Figure 5d presents transient photoabsorption data after
this model,a represents the relative sensitivity of the nanotube addition of 1.5 mM 4-chlorobenzene diazonium reagent to 2
to noncovalent defects; therefore oif= 0, the photolumines-  wt % sodium cholate suspended carbon nanotubes. Figure 5e
cence will behave in the same way as the D peak. Experimentalshows the Raman spectrum (785 nm) of the cholate/SWNT
data and trends were also generated for the (10,2) and (8,3)solution initially and after 150 min. The diminution of the
nanotubes (Supporting Information). absorption peaks combined with the partial reduction of
Additional Evidence for the Two-Step Mechanism.Sup- photoluminescence and G peak and the absence of a significant
porting evidence for the presence of a stable, long-lived, and
noncovalently bound intermediate is obtained by comparing the (28) ﬁgg&‘ég’-hﬁagﬂsogél’:ﬂé eﬁéggués?' Q%E%%_Y- S.; Rao, A. M.; Eklund, P. C.;
amount of reagent added to the resulting covalent coverage(29) okpalugo, T. I. T.; Papakonstantinou, P.; Murphy, H.; McLaughlin, J.;
obtained via XPS. Survey scans of completely functionalized (30) ﬁ’;‘;"’g’\l‘i%éDbi-Iggfcti’gg;ZC%%?“?S&;?E}}S%-OW and metabafiBfenum
SWNT show the presence of chlorine, carbon, and oxygen Press: New York, 1971; Vol. 1.
(Supporting Information). Oxygen is present at approximately (31) Islam, M. F.; Rojas, E.; Bergey, D. M.; Johnson, A. T.; Yodh, ANano
)

%C %0 %Cl %Cl

. . . Lett. 2003 3, 269-273.
10 and 9 mol % in the HiPco raw material and after procesSing, (32) Wanless, E. J.; Ducker, W. A. Phys. Cheml996 100, 3207-3214.
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Figure 5. Molecular models of surfactant-assembled SWNTSs in an aqueous dispersion: (a) sodium cholate next to SWNTs showing similarity in radius of
curvature, (b) sodium cholate assembled on SWNT surface, and (c) sodium dodecyl sulfate assembled on SWNT surface showing a close-up of the diazonium
reagent (green) at the available reactive site. Results of functionalization of sodium cholate suspended SWNTs with 4-chlorobenzene djazamisient(d
absorption spectra taken after 1.5 mM addition showing the decrease in absorption Van Hove singularities with increasing doping time. (e) Raman spec

of solution before (red line) and following 150 min (gray line) showing no covalent reaction.

D peak indicates SWNT doping via reagent adsorption, but no  The fact that the first step in the mechanism is selective
covalent reaction. resolves the dilemma of local versus delocalized reactivity. The

Moreover, it is the absorption interaction that appears to be selective step is a noncovalent charge transfer via a mechanism
selective to nanotube band-gap as in the case of noncovalenknown to be more reactive for metallic over semiconducting
reaction with (H), with the greatest diminution occurring for ~ nanotubes. Once the reagent has adsorbed preferentially on the
larger band-gap species {300 nm)?2 The smallest band-gap  hanotube, the covalent step can proceed nonselectively and even
nanotubes in the sample- 1300 nm) do not exhibit complete  according to pyrimidization and not change the ultimate result.
doping, which may reflect the combined steric influence of the In a subsequent publication we will explore the implications of
surfactant and the smaller diameter of these nanotubes. Recerithis in more detail.
findings by Doorn and co-workers indicate that the reactivity _
of a small organic electron-acceptor molecule undergoing redox €onclusion
doping with a nanotube via electron transfer is dependent upon
the chirality and band-gap of the nanotiBeReactivity via
electron transfer diminishes when the redox potential of the
organic acceptor overlaps with the relative potential energy of
the nanotube valence band. Additional bleaching is attributed
to excited-state quenching due to higher acceptor concentrations
Reduction potentials for diazonium salts are typically very low
(—0.18 to 0.37 V/SCEY¥*3>however, there is no published value
for 4-chlorobenzene diazonium. As a result, a direct comparison
betwegn the naqotube yalence ba.nd potentla_ll energies and th uring the “fast” step{ = 2.4 min), a long-lived intermediate
reduction potential of this reagent is not possible. However, as X . .

. : . X . selectively binds noncovalently to the nanotube surface, resulting

reduction potentials for diazonium salts are very similar to those

of the organic acceptors utilized by Doorn and co-workers, in a partial doping. This step 'Sl repre.sented"by t’r,1e initial
- 7 . Lo response of the G peak-(590 cntl). During the “slow” step
similar chiral-selective redox doping is assumed.

(r = 73 min), the nonselective covalent reaction occurs. This
step is represented by the restoration of the G peak and the
. increase of the D peak-(1300 cnt?). The photoluminescence

(34) Allongue, P.; Delamar, M.; Desbat, B.; Fagebaume, O.; Hitmi, R.; Pinson, response is modeled by a combination of these responses as

J.; Saveant, J. MJ. Am. Chem. S0d.997, 119, 201—207. _ (G T _ -
(35) Pinson, J.; Podvorica, Ehem. Soc. Re 2005 34, 429-439. both adsorption and reaction diminish PL intensity. The covalent

In conclusion, the selective reaction of 4-chlorobenzene
diazonium with SWNTs suspended in SDS aqueous solution
was examined using Raman spectroscopy (785 nm) and pho-
toluminescence in real time. A characteristic two-step mecha-
nism consisting of a fast selective noncovalent adsorption
followed by a slower covalent reaction that need not be selective
was identified. Distinct time constants were determined for each
step by fitting experimental data to a series of two first-order
reactions representing the adsorption and reaction, respectively.

(33) O’Connell, M. J.; Eibergen, E. E.; Doorn, S. Kat. Mater.2005 4, 412—
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reaction step can be prevented by changing the surfactant fromUniversity of lllinois, which is partially supported by the U.S.
sodium dodecy! sulfate to sodium cholate. Department of Energy under grant DEFG02-91-ER45439. The
This study represents the first determination of a mechanism authors thank Rick Haasch for his assistance with the Kratos
for an electronic structure-selective reaction in SWNT systems. Axis Ultra instrument.
This two-step mechanism explains how delocalized electrons
allow the reagent to detect the electronic structure of the  Supporting Information Available: Photoluminescence data
nanotube during adsorption before becoming localized following and models for transient behavior of (10,2) and (8,3) nanotube;
covalent reaction. XPS survey of completely functionalized SWNT solid; discus-
sion of nonlinear dependence of D peak intensity on concentra-
tion of defects (C). This material is available free of charge via
the Internet at http://pubs.acs.org.
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