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Abstract: The first structure—reactivity relationship for electron-transfer reactions of single walled carbon
nanotubes (SWNTSs) has been derived and experimentally validated using 4-hydroxybenzene diazonium
as a model electron acceptor. The model describes steady-state reaction data using an adsorption-controlled
scheme, and electron transfer theories are used to explain the difference in reactivities between different
nanotube chiralities. The formalism provides a mechanistic insight into electronically selective reactions.
The influence of reagent concentration and external illumination (~0.764 mW/cm?) on the reaction selectivity
is described by the rate model, with quantitative descriptions of the changes in the UV—vis—nIR absorption
spectra of nanotubes during reaction. lllumination was shown to decrease the selectivity of the reagent to
metallic SWNTs over semiconducting SWNTs. We attribute this to the greater activity of the reagent in
solution when exposed to light, resulting in greater extents of reaction for each SWNT and, hence, lower

selectivity.

Introduction

salt, we used a semibatch reactor configuration in which the

Single-walled carbon nanotubes (SWNTs) are cylindrical féagentwas metered in at a precise rate. The SWNT absorption
graphene sheetwith electronic structures determined by their SPectra were analyzed using a previously published deconvo-
chiralities® Both metallic and semiconducting SWNTs have lution proceduré which provided the surface coverage of
widespread applications in nanoelectronics and other 4feas. diazonium on the SWNT as a function of the total amount of
These applications are limited by the fact that current synthetic diazonium fed. We have shown in the past that the reaction of
methods produce SWNT mixtures of all electronic typa¥e SWNTs with diazonium follows a two-step proceédst (n,m)-
have previously reported selective chemical reactions usingselective adsorption step followed by a covalent reaction step.
diazonium salts, which can covalently attach to metallic SWNTs, The adsorption step is mediated by electron transfer from the

to the near exclusion of semiconducting SWNPsThis

nanotub&314to the diazonium molecule, while the covalent bond

selective reaction utilizes the difference in the population of results in the localization of electrons in its vicinity and the

electrons having energies near the Fermi lé¥élhe selective

formation of an impurity state at the Fermi levelé Both

chemistry can be used to manipulate the electronic propertiesprocesses lead to the reduction of peaks in the absorption

of SWNT for nanotube field effect transistéf8 and as a

spectrum. In constructing the rate equations for the coupled

chemical handle for electronic structure-based separation ofreactions, we have assumed that the adsorption step is rate-
SWNT mixtures. To achieve these goals, the reaction kinetics limiting. The nature of the semibatch setup is such that the

of each ,m) SWNT as a function of its electronic band structure djazonium concentration in the reactor is never allowed to

must be understood.

accumulate. Due to these quasi-steady-state conditions, it is

semiconducting nanotubes with 4-hydroxybenzene diazonium powever, in a sample containidgnanotubes, we can reliably
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The relative rate constants extracted from the data have beerwas controlled by varying the concentration of diazonium salt from O
compared with those predicted by Marcus théoty and to 0.217 mol of diazonium/mol of carbon, at a reaction temperature of
Gerischer-Marcus theory:®2° Marcus theory yields rate con- 45 °C. The influence of illumination by room light on the reaction rate
stants for electron transfer between donor and acceptor mo|_and selectivity was also investigated at the diazonium concentration
ecules as a function of (a) free energy of the eIectron-transferWhere the reaction st_electivity for metallic 'SWNTs was maximized. The
step AG®) and (b) the reorganization energy) (required to r_eacted SWNT solutlo_ns were characterized py%—an absorp-

. . . ; . tion spectroscopy (Shimadzu UV-310PC) to investigate the extent of
alter the atomic configurations of the reacting species so that o,ction and selectivity.
isoenergetic electron transfer can take place in accordance with
the Franck-Condon principlé72! Gerischer-Marcus theory =~ Model Development

provides rate constants based on the convolution of the densities \we have developed a rate model for the reaction between
of states (DOS) of the acceptor and donor speig#Although  the diazonium reagent and the nanotube sample. Only the
this theory has been used for estimating rate constants ofrelevant steps have been outlined below. A more detailed
reactions at semiconductor electrotféSand at SWNT elec-  analysis is included in the supplement. After fitting the model
trOdesz,z'zawe haVe Used It to examine '[I’ends In reactivities for to Steady state absorp“on data, we Obta|ned rate constants

SWNTS SUSpended |n SO|utI0n and, hence, extract relat|0nsh|p5re|at|ve to the (11’5) nanotube’ Wh|Ch had the maximum rate
between SWNT electronic structures and their reactivities. While constant. In order to describe the trend in reactivities with band

we have focused on electron-transfer reactions between SWNngap, we calculated rate constants relative to the (11,5) tube by

and 4-hydroxybenzene diazonium, the structimectivity  ysing Marcus theory and GerischéMarcus theory. The use
expression derived in this work can be used for other molecules of poth formalisms is predicated on the assumption that the
by suitably altering the redox potential term. adsorption step, which is mediated by charge transfer, is rate

limiting.*?
Rate Equations.Consider the following adsorptiefreaction
Reactants. HiPco SWNT (Rice University, HPR 107.1) were = schemé? for each 6,m) nanotube:

suspended in BD with 1 wt % sodium dodecyl sulfate (SDS, Sigma-

Aldrich). Ultrasonication was followed by ultra-centrifugation to k(nm ko)

individually suspend the SWNT following a previously published D+60nm——A0nm—— POnm

protocol?* The final concentration of SWNT in solution was ap-

proximately 9.3 wt %. The BD was used to eliminate the contribution  Here,D denotes the diazonium molecule, Whﬂ@,m), A9(n,m),

of water to the UV-vis—nIR absorption spectrum in the 1460770 and P9 refer to the vacant sites on the nanotube, the sites

nm wavelength range. 4-Hydroxybenzene diazonium tetrafluoroborate occupied by the adsorption intermediate, and the sites occupied

was chosen as the reagent instead of 4-chlorobenzene diazoniurrby the reaction product, respectively. The adsorption rate
tetrafluoroborate, which was used in our previous studgcause the . ' . '
P 4 constant isk™™, and the reaction rate constantk€™. An

hydroxyl group aids in the electrophoretic separation of nanotube A . . R
mixtures. The 4-hydroxybenzene diazonium salt was prepared by theOVerall mass balance on the reactor gives its volug §s a

reaction of nitrosonium tetrafluoroborate (NOBSigma-Aldrich) and function of the initial volume Yo), volumetric flow rate of
4-aminophenol (HG CsHs—NH,, Sigma-Aldrich). Both reagents were  diazonium {o), and time {), assuming that the density of the
dissolved in acetonitrile (Sigma-Aldrich) in a nitrogen environment. solution remains constant.

4-Aminophenol solution was slowly added to the nitrosonium tetra-

fluoroborate solution at20 °C (dry ice/acetone bath) for the reaction Ve =V, + vt 1)

to proceed. The resultant diazonium salt was precipitated with the

addition of diethyl ether, filtered, and dried undes fér 24 h. The A site balance carried out on the nanotube surface at any instant
_diazoni_um salt was stored_aﬁZO °C and dissolved into ED of time requires that the total number of sitdér(,) on a
immediately before the reaction. particular nanotube be the sum of the number of vacant sites

Functionalization. The SWNT-diazonium reaction was performed (Ng,...) and those occupied by the adsorbbldgg ) and reacted
at pH 5.5 by injecting the diazonium salt solution with a syringe pump Spte(n(fr?)es Kieg, ) m
(nm/*

(Cole-Parmer) into a semibatch reactor containing the SWNT/SDS
suspension. The total volume of the diazonium solution (@00was
added at an injection rate of 20.@8/h into a reactor volume of 5 mL
under various diazonium concentrations. The reactor was well-stirred
throughout the reaction time of 24 h. The functionalization of SWNTs The final balance equations for diazonium and the adsorption/
reaction sites on each SWNT can be simplified by assuming

Experimental Section

NT(n,m) Ng(n,m) + NA@(mm) + NP"(nm) 2

El?g Malrcus, R. AJ. Ct?em. Physlg?a 24, 966—9?8. that the adsorbed intermediaftéag,,,,) is consumed as soon as
18) Bolton, J. R.; Archer, M. D. IrfElectron Transfer in Inorganic, Organic PP . : : P
and Biological Systemolton, J. R., Mataga, N., McLendon, G., Eds.; It IS generated and that- the adsorptlon step is rate I|m|t|ng

American Chemical Society: Washington, DC, 1991; pf2a. (K™ > K™Y The resulting expression fdéag,, ., is essential
(19) Gerischer, H. IrPhysical Chemistry: An Adnced TreatiseEyring, H., R /1) L ’

Ed.; Academic Press, Inc: New York, 1970; Vol. 9A, pp 4&12. for the subsequent steps of the derivation.
(20) Bard, A.; Faulkner, L. RElectrochemical Methods, Fundamentals and

Applications 2nd ed.; John Wiley and Sons: New York, 2001. (nm)
(21) Zwolinski, B. J.; Marcus, R. J.; Eyring, Lhem. Re. 1955 55, 157— k'™

- Nag, =——Np(Ny  —Npy ) 3)

(22) Heller, I.; Kong, J.; Heering, H. A.; Williams, K. A.; Lemay, S. G.; Dekker, Al m) Knmhy D\ Tim PO 1 my

C. Nano Lett.2005 5, 137—142. R R

(23) Heller, I.; Kong, J.; Williams, K. A.; Dekker, C.; Lemay, S. G. Am.
Chem. Soc2006 128 7353-7359. ) ,

(24) O'Connell, M. J.; Bachilo, S. M.; Huffman, C. B.; Moore, V. C.; Strano, When the reagent enters the reactor, it reacts with the SWNT
M. S.; Haroz, E. H.; Rialon, K. L.; Boul, P. J.; Noon, W. H.; Kittrell, C.; ; B ;
Ma, J. P Haude, R. H.. Weisman, R. B.: Smalley. RSEience2002 to d|fferent e_xtents, depending on vyhether they are metallic or
297, 593-596. semiconducting. The balance equations for the number of moles
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of diazonium {p) and the number of reacted sites on each whererp is the rate of depletion of diazonium. Initially, all the

nanotube Npy,,,,) are respectively sites on each nanotube are available for adsorption.
dND kin,m) k(n - NDNT(n,m)
—= - —Np[Ny —N —-N AT
dt Dy (r;) Ve ol T Ab () Pe(n’m)] & A
(4a) Da=——7—"" (7b)
CDOVO
Npyg
_ om_ RGN (4b) . . - . .
dt a Ay The numerator in eq 7b can be simplified via the following

assumptions:
In eq 4a,Fp, denotes the molar flow rate of diazonium into the  (a) Initially, Np =~ Cp,V|, whereCp, is the concentration of
reactor. The magnitude of the rate of depletion of diazonium, diazonium in the syringe, and, is the volume of diazonium
rp, is given by the sum on the right-hand side of the equation. solution injected into the reactor until that instant.
The bracketed term is obtained from the site balance and (b) The reactor volume changes negligibly initially, i.€o,
represents the number of available sites on each nanotube. The&> Vi, and, henceyr ~ Vo.
above balances can be brought to their final forms with the aid () Only the nanotube with the greatest adsorption rate
of eq 3 and by defining the surface coverage on,@)nanotube constant I(,“(') contributes significantly to the summation.

asy(m = (Npogm)/(Nrm)- Applying these assumptions leads to the following expression
for Da.

dNp Np )
— n,m

dt - FDO - V_ z k(A N-r(ﬂ,m)(1 - ’y(nvm)) (5a) Vlk'\A/lNTM V|/V0 TF

R (nm) Da= = VIR (7¢c)
) Voo VJKIN; TR
Do _ K4 "
= No(1 = ¥(nm) (5b) . . .
dt Vg ' In eq 7c,Ny,, is the total number of sites on the nanotube with

the greatest rate constan,is the amount of time spent by the
Equation 5b is the general form for all nanotubes that participate reagent in the reactor, ang: provides a time scale for the
in the reaction. In order to reduce the set of unknown parameters,diazonium reaction. Sincg; was calculated by considering only
the total number of sites on each nanotuldg,(,) is expressed  the most reactive nanotube, it is an estimate of the instant at
as a fraction ¢nm) of the total number of sites present in  which the diazonium begins to react. Using eq 6b for the
solution (\y). nanotube with the maximum rate, the final formfcan be
expressed as

NT(n m = a(n,m)NT (63)
’ Vo Vo
A<()nm RT KM Y (7d)
m
Oy = (6b) allr, - kaculNr
(%) At Nondimensional Analysis.Equation 5a for the diazonium

mole balance can be nondimensionalized by introducing a

The deconvolution of the absorption spectrum of an unreacted dimensionless time(= t/zz) and a dimensionless molar amount
SWNT solution produces peak areas of the spectral profiles Of diazonium ¢p = No/Nr). The reason for the latter normaliza-
corresponding to each nanotud&he peak area of a nanotube  tion is thgt the total nl_meer of sites tha_t the diazonium reagent
in the unreacted decant solutioAC( ;) is postulated to be ~ an possibly occupy iblr, and so¢p varies between 0 and 1.
directly proportional to the total number of available reaction TNe resulting nondimensional differential equation is

sites on that nanotube, since increasing the surface coverage

decreases the peak area. Inherent in this statement are two further depp FDorR Vo k(n,m) 0L(rxm)(l - V(n,m))
assumptions: (a) all nanotubes have the same extinction E = N N ¢DV_ k, o 8a)
coefficient, and (b) surface coverage and absorbance are linearly T R (nm) M

related. When normalized to the total area, the ratio is assumed _ unm M .
to give the fraction of sites for a particular nanotube. where kpm = k& Nr andkw = kyNr. Equation 5b for the

Time Scale. The Damkaler Number Da) compares the coverage on am(m) nanotube can be also nondimensionalized

characteristic times for reaction and convecfiolivhen evalu- in the same manner.
ated at the initial conditiond)a gives an estimate of the time d Vo (1 )
scale for the reaction of diazonium. Yom _ Kom Yo V()
* D (8b)
dt ka VR ay

—IpVr
Da= Fo (72) The fit parameters aignm andNr. The nondimensional analysis
0 naturally gives the reactivity of each nanotube relative to that
(25) Fogler, H. SElements of Chemical Reaction EngineeriBgl ed.; Prentice of the most reactive nanotube, Wh'_Ch '_S ex_peCted to be a metal.
Hall, Inc.: New Jersey, 1999. We report and correlate these ratios in this work.
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Fermi Levels. The position of the Fermi leveEg) relative
to vacuum gives the work functioM\). If vacuum is taken to
be zero, we have

Er=-W 9)
In the case of SWNTs, Okazaki et al. reported an inverse
dependence of the work function on diamefeBuzuki et al.
ruled out significant diameter- and chirality-based differences
in the work functions of metallic and semiconducting nano-
tubes?” More recent work has shown that nanotubes with

diameters greater than 0.9 nm have work functions that
asymptotically converge to the graphene limit (4.6 eV), while

O+ AGZ’nYm))Z)
KT

The electrochemical driving forceAan‘m), was linked to the
band gap as follow&?3°

K™ =y, exp — (11b)

Eén,m)
AG, ., = —||E2" T~ - - ED (11c)

whereEZ""Tis the nanotube Fermi level af"™ is the band
gap, which is zero for metallic tubes. The relative rate constant
for an (,m) nanotube can be obtained by normalizidg™

those with diameters less than 0.9 nm have diameter- andith respect to the maximum rate constant.

chirality-dependent work functiort8:2° Since the diameter range
of the nanotubes that we have considered for the reaction
analysis extend from 0.757 to 1.375 nm, with most of the

Gerischer—Marcus Theory. Gerischer-Marcus theory has
been recently used to describe the kinetics of electrochemical
reactions at SWNT electrodés?3 We extend this formalism

diameters exceeding 0.9 nm, we have assumed no chirality and© electron-transfer reactions in solution by considering each

diameter effects on the work function. From the tabulated work
functions in ref 29, we have choséfiswnt= 4.45 eV as a
representative value for all nanotubes, thus giviRy™' =
—4.45 eV.

The half-wave potentialsEf,) of various diazonium salts
have been estimated using polarography/e have assigned a
value of 0.35 eV (SCE) to the redox potential of 4-hydroxy-

benzene diazonium salt. This assumes that it is at least as

reactive with SWNTs as 4-chlorobenzene diazonium salt, for
which Ey 1z is available. The redox potential, referred to vacuum,
is equivalent to the Fermi level of the redox species in
solution332The conversion from one scale to another can be
performed as followg®

EP = —4.7— Ve (10)

which yieldsEP? = —5.05 eV.
EZ"""can be fixed at the center of the g&p° or, more

suspended nanotube as an electrode. The rate constant for a
certain nanotube depends on the convolution of its DOS
(Dinm(E)) and the distribution of unoccupied redox states in
solution W"™(E)).19.20

K™ = v, [ €o(E) Dioy(B) WOM(E) dE - (122)
o 2
W(E) = ——2— ex (HAG("’m))) (12b)
ox 4.7'[)L,kT 4lkT

The band structures of different carbon nanotubes were com-
puted from tight-binding theory with the third nearest neighbor
approximatior®3’ The densities of states were calculated by
the general expression provided by White and Mintmire for a
1-D systent® The tunneling terme, can be extracted from
the proportionality functionsoxE), and included in the integral
prefactor?® Assuming that. is independent of energy and that
vh andeoy are not nanotube-specific, it follows that they cancel

generally, at the zero energy in the DOS of nanotubes. The redox0out when we calculate the relative rate constants.

level of diazonium relative to the zero energy of the nanotube
DOS becomes-0.60 eV.

Marcus Theory. The rate constant for an electron-transfer
reaction key) is a product of an attempt frequency,), a
tunneling factor £j), and a nuclear factorg).17:18:33

kET = Vielkn (11&)
Tunneling can be neglecteds(~ 1) if the diazonium molecule
is physically close to the nanotube during electron donation,

Selectivity. The preference of diazonium toward metallic or
semiconducting nanotubes can be measured by defining the
reaction selectivity as the ratio of the total surface coverage for
metallic SWNTSs ['ne) to that of the semiconductor{). We
have compared the selectivity predicted by the rate mdsail (
to that obtained from the experimental daBg).(

Fmet
I_‘SC

(13a)

S =

i.e., the reaction is assumed to be adiabatic. The nuclear factol-€t M denote the set of all values of,(n) corresponding to

is quantified by Marcus theory in terms of the reorganization
energy 4) and the free energy of the electron-transfer reaction
(AG®),1718 giving the following rate constant for am,m)
nanotube:

(26) Okazaki, K.; Nakato, Y.; Murakoshi, Khys. Re. B 2003 68, 035434.

(27) Suzuki, S.; Watanabe, Y.; Homma, Xppl. Phys. Lett2004 85, 127—
129.

(28) Shan, B.; Cho, KPhys. Re. Lett. 2005 94, 236602.

(29) Barone, V.; Peralta, J. E.; Uddin, J.; Scuseria, Gl. EEhem. Phys2006
124, 024709.

(30) Elofson, R. M.; Gadallah, F. B. Org. Chem1968 34, 854-857.

(31) Reiss, HJ. Phys. Chem1985 89, 3783-3791.

(32) Gerischer, H.; Ekardt, WAppl. Phys. Lett1983 43, 393—-395.

(33) Lewis, N. SAAnnu. Re. Phys. Chem1991, 42, 543-580.

metallic SWNTs, i.e.,if — m) is divisible by 3. The following
expressions can be derived fdlne: and I'sc by using the
definition of surface coveragenm = (Npog, )/ (NT,,), @and eq

6a, which relates the total number of sites on each nanotube
(Nr,,) to the total number of sites in solutioi).

(34) Strano, M. S.; Huffman, C. B.; Moore, V. C.; O’'Connell, M. J.; Haroz, E.
H.; Hubbard, J.; Miller, M.; Rialon, K. L.; Kittrell, C.; Ramesh, S.; Hauge,
R. H.; Smalley, R. EJ. Phys. Chem. BR003 107, 6979-6985.

(35) O’Connell, M. J.; Eibergen, E. E.; Doorn, S.Kat. Mater.2005 4, 412—
418.

(36) Reich, S.; Maultzsch, J.; Thomsen, Rhys. Re. B 2002 66, 035412.

(37) Reich, S.; Thomsen, C.; Maultzsch,Carbon NanotubesWiley-VCH:

Weinheim, 2004.

(38) Mintmire, J. W.; White, C. TPhys. Re. Lett. 1998 81, 2506-2509.
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Z NPH(n’m) V(n,m)a(n,m) —0 g
(n,meM (n,meM 1 ©0.03 —0.019 =
Finee= = (13b) 0.2048™ —0.027 &
I 20.02 —0.038 §
Z Tom Z o 5 0.054 2
(nmeM (n,m)eM 30 01 ' =
@ 0.1542 | —0.078 5
Q e - 0.109 =
PO Y am®nm c | 0.00 _ 5
(n,r;DM : n,mUM 8 ﬁg?,mgﬁgths(??m) [ —0.1585 g,
= = (13c) 5 0.10+ - L ——0.217
@ ' y
Z NT(n Y Z Qo m) o ]
(nMTIM ' (nMCIM < 0.054
The experimental reaction selectivitg) is obtained by taking 1 Ay T\ M,
the ratio of the overall degrees of functionalization for metallic 0.00- AL ¥ “f — e N
(0me) and semiconducting SWNT9J). 600 800 1000 1200 1400 1600
s Wavelength (nm)
t
S=5- (14a) (@)
Sc
. . . - —0 8
All metallic SWNTs are grouped into one unit, and all the Metallic SWNT — 0019 =
semiconductors into a second. For each group, the degree of 0.20—: =
functionalization is defined as §
=
_ 'rr?i?iteflc - mnerfgcted 0.151 5
6metsc T metsc (14b) 5
initial =
(@]

o
—_—
2

where AT is the area under the metallic or semiconducting

region of the absorption spectrum of the starting SWNT solution,
and AleC is the area under the corresponding region after ~ 0.054
reaction.

Results 0.00-4

Reactions of SWNTs with 4-hydroxybenzene diazonium salt
were performed at various diazonium concentrations and
temperatures, with and without illumination of visible light. The (b)
uv _Vls_r_”R absorption SpeCtra_Were collected for each sampl_e Figure 1. Photoabsorption spectra of SWNTSs reacted with 4-hydroxyben-
after reaction. The spectral contributions of carbonaceous speciesene diazonium (a) under illumination and (b) in the dark. Diazonium

and unreacted diazonium salt were eliminated by background concentrations, normalized to the number of carbons, are listed in the
; figures. For each of the listed concentrations, BO®f 4-hydroxybenzene
subtraction. 9 ydroxy!

. o . . diazonium salt dissolved inJ® were injected into 5 mL of SWNT solution
Functionalization. Figure 1a and b show Uwvis—nIR over the course of 24 h, at 48C and a pH of 5.5. The insets in (a)

absorption spectra of deuterated SWNT solutions reacted withand (b) show the decay of the metallic peaks with increasing diazonium
increasing concentrations of 4-hydroxybenzene diazonium content.

at 45°C, with and without illumination. The reagent concentra-

tions have been expressed as moles of diazonium per moles otions of the semiconducting species show little change. This
carbon (D/C). The absorption features represent Van Hove indicates that metallic SWNTs react with the diazonium salt
transitions of eachn,m) SWNT at different wavelengths. The  before the semiconducting SWNTSs. This trend becomes more
first Van Hove transitions of metallic specieEi’b appear prominent at the diazonium concentration of 0.054 D/C, where
between 440 and 645 nm, while the fir&f() and secondi;,) half the metallic SWNTs have reacted, while most of the
Van Hove transitions of semiconducting species appear within semiconducting SWNTSs still remain unreacted. At 0.078 D/C,
830-1600 nm and 606800 nm, respectively. When the most of the metallic SWNTs have been functionalized, and
SWNTSs are covalently functionalized by diazonium salts, their semiconducting SWNTs with large diameters (6:4325 nm)
absorption peaks diminish because electrons are localized bybegin to react. At high concentrations of diazonium solution
the formation of a covalent borld!>%6 This enables the  (>0.155 D/C) all nanotubes react, regardless of electronic
monitoring of the extent of adsorption/reaction for eachny structure, resulting in the complete decay of all absorption
nanotube. features.

Figure 1a shows that there are no significant changes in the The reactivities of SWNTSs in the absence of illumination
absorption features of all individual SWNTs until 0.019 D/C  show a different trend, as shown in the SWNT absorption spectra
diazonium solution is added. When the concentration of addedin Figure 1b. At a concentration of 0.078 D/C, significant
diazonium solution exceeds 0.027 D/C, notable changes in theamounts of metallic SWNT still remain unreacted, in contrast
absorption features are observed. Hjkpeak intensities start  to the illuminated reaction. The effect of illumination on the
to decrease, while those representing Bje and E5, transi- extents of reaction of SWNTs may originate from the different

Absorbance

Wavelength (nm)
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Figure 2. Surface coveragey(,m) as a function of the total amount of diazonium fed into the 5 mL reactor for representative metallic and semiconducting
nanotubes in the light reaction. The black squares denote the surface coverage data obtained from the deconvolution of the absorption spwttiia-of the S
diazonium reactions, and the red lines represent the fits predicted by the adsorption-based rate model.

reactivities of the diazonium intermediate radical, whose form fit parameters; however, as described in ref 11, each absorption
changes upon illuminatio#?. The diazonium is known to form  peak is composed of nanotubes with similar transition energies.
two types of radicals: the diazenyl radical (AN=Ne) and We used a simple weighting scheme to approximate the spectral
the aryl radical (A¢), where Ar denotes an aromatic group. The  contribution of eachr(im) species to the parent peak. The upshot
latter is known to be the major intermediate when the diazonium in reaction analysis is that the absorption peaks of all nanotubes
is exposed to illumination. Based on the reaction results in comprising the parent peak decrease at the same rate with
Figure 1a and b, the presence of excess aryl radicals, in additionincreasing diazonium content. In other words, nanotubes with
to diazenyl radicals, leads to greater extents of reaction in the comparable transition energies are observed to have similar
illuminated case. reactivities. Across the wavelength range considered4800
The above results confirm that electronic structure selective nm), we have examined the effect of diazonium on 17
chemistry on nanotubes can be performed with 4-hydroxyben- representative nanotubes (4 metald3 semiconductors) whose
ezene diazonium. The preference of diazonium toward metallic transition energies lay closest to the corresponding absorption
or semiconducting SWNTSs can be gauged through the selectivity peaks. The depletion of these peaks is due to the presence of
parameter, which we have defined as the ratio of the total extent3qsorbed and covalently bonded diazonium molecules on each
of reaction of metallic SWNTSs to that of the semiconductors. nanotubd? Therefore, the surface coverage introduced in egs
The effects of diazonium concentration and illumination on the 55 and b fom) can also be interpreted as
selectivity are explored in the following section.
Discussion A?n,ﬁ) A(’\rlxm)
Yom =™ po (15)
Approximation. Spectral line shapes corresponding to at least Ao
56 nanotubes (18 metats 38 semiconductors) constitute the ) ]
absorption spectrum of SDS-suspended HiPco SWNTSs. Strictly Where Ap, ) is the peak area of am,n) nanotube in the

speaking, in eq 8a and b, 56 valueskgf) should be used as unreacted decant, and, ) is the depleted peak area of the
same nanotube at the completion of th#" addition of

(39) Griffiths, J.; Murphy, J. AJ. Chem. Soc., Chem. Comm892 24—26. diazonium.
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Figure 3. Surface coverage/(,m) as a function of the total amount of diazonium fed into the 5 mL reactor for representative metallic and semiconducting
nanotubes in the dark reaction. The black squares denote the surface coverage data obtained from the deconvolution of the absorption spelffa-of the SW
diazonium reactions, and the red lines represent the fits predicted by the adsorption-based rate model.

Table 1. Relative Rate Constants for Metallic Nanotubes as Obtained from the Spectral Fits, Marcus Theory, and Gerischer—Marcus
Theory?

relative rate constants (dark) relative rate constants (light)
Marcus Gerischer-Marcus Marcus Gerischer—Marcus
(n,m) spectral fits theory theory spectral fits theory theory
(7,7) 0.388+ 0.108 1.000 0.143 0.389 0.086 1.000 0.143
(10,4) 0.577+ 0.164 1.000 0.500 0.652 0.146 1.000 0.500
(11,59 1.000 1.000 1.000 1.000 1.000 1.000
(11,8) 0.344+ 0.094 1.000 1.000 0.408 0.087 1.000 1.001

aFigure 4a and b show that the electron transfer theories can explain the trend in the relative rate constants with band gap for semiconducters. While th
theories predict higher relative rate constants for metallic SWNTSs than for semiconducting SWNTSs, they fail in detecting trends among thenselzs the
b All rate constants were calculated relative to the (11,5) nanotube.

Fit Results. The predictions of the rate model are able to all the carbon atoms are reactive sites. It can be seen that the
reproduce the surface coverage data obtained from the deconmetals react at low amounts of diazonium, while the semicon-
voluted absorption spectra. Ther)-specific fits in Figures 2 ductors typically react after a delay. Once it was known that
and 3 show the results for two metals ((7,7) and (11,5)), two the (11,5) nanotube had the highest rate constants(), the
small-diameter semiconductors ((6,5) and (10,2)), and two large-fitting procedure was repeated by keepiqg s) invariant and
diameter semiconductors ((9,8) and (10,3)). The total number determining the rate constants of the other nanotubes relative
of sites in solutionIt) was computed as 0.00574 and 0.00684 to it. The 95% confidence intervals for these parameter estimates
mmol for the light and dark reactions, respectively. The were calculated with the underlying assumption tQats) was
approximate concentration of SWNTSs in the starting solution accurately known. The gradient in rate constants between the
was 9.3 wt %. In the 5 mL reactor volume, this translates to various reacting species causes the metalarge-diameter
0.0347 mmol of carbon atoms. The total number of sites semiconductor—~ small-diameter semiconductor progression.
computed is at least an order of magnitude lower than the The precise metering of the diazonium reagent into the reactor
number of carbons present in solution, which means that not ensures that this progression is maintained. An excess would
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Figure 4. Comparison of the computed relative rate constants (fit

gaps play a more significant role in determining the values of
the relative rate constants. The electrochemical driving force
defined in eq 11c depends on the position of the first Van Hove
singularity in semiconducting nanotubes, relative to the redox
potential of diazonium. The larger the band gap, the smaller
the driving force and, hence, the smaller the rate constant. The
rate constant according to Gerischdarcus theory (eq 12a)
depends on the convolution of the densities of states of the
reacting species. The larger the band gap, the larger the region
where the SWNT DOS is zero, which leads to a smaller overlap
between the densities of states of the nanotube and the
diazonium molecule. In an SWNTdiazonium reaction mixture
where differentig,m) nanotubes are present, the charge-transfer-
mediated adsorption step could be rate limiting because a
spectrum of energy states is available for electron donation; this,
along with the metat> large-diameter semiconducter small-
diameter semiconductor progression observed experimentally,
also rationalizes the dependence of the relative rate constants
on the band gap.

Reaction Selectivity. The reaction selectivity has been
defined as the ratio of the overall degrees of functionalization
of metallic Ome) and semiconducting SWNT84). The effect
of illumination on dmer and 05, @as shown in Figure 5a, is to
increase the extents of reaction and the rates for metals and
semiconductors at all concentrations of the reagent. We expect
the enhanced conversion to lower the selectivity in the light
when compared to the dark. This is evident in Figure 5b and c,
which depict the experimentally observe®)(and theoretical
selectivities §)), respectively, for each input of diazonium.

parameters obtained from the surface coverage data, along with their Although a similar trend is seen in both figures, there are

associated 95% confidence intervals) for the semiconductors with the
predictions of the Marcus and Gerisché@farcus theories for the (a) light

and (b) dark reactions. Both electron transfer theories predict the expected

discrepancies in the magnitudes &f and S,. This can be
attributed to the relatively low quality of the fit for large-

dependence of relative rate constants on band gap, i.e., large band gap (smaldiameter semiconductors at low diazonium concentrations in
diameter) semiconductors react slower than small band gap (large-diameterkhe dark (Figure 3e and f)). Due to an overestimation of the

semiconductors.

lead to a semiconductor reaction as well, thus obscuring any

difference in rate constants among the reacting nanotubes.
Structure —Reactivity. The electronic structurereactivity

relationship for nanotubes can be explained by using the Marcus

and GerischerMarcus formalisms to fit the relative rate
constant data. The comparison between the fittggy) and
theoretically estimated@"‘)) relative rate constants for semi-
conducting SWNTSs is shown in Figure 4a and b, along with
the associated 95% confidence intervals for the former.
The sole fit parameter, the reorganization energy, (vas
estimated as 0.54 eV by Marcus theory and 0.71 eV by
Gerischer-Marcus theory. These values lie between the ob-
served bounds fot (0.5 and 1 eV}° Despite the scatter, the
expected trend is obtained for the semiconductors: large-

surface coverage of large-diameter semiconducting SWNTSs in
the dark reaction, the rate model underestimates its selectivity.
Consequently, the difference in light and dark selectivities in

the low reagent concentration regime (Figure 5c) is much lower
than that in reality (Figure 5b).

We stated previously that illumination raised the overall
reaction rate, thus resulting in greater conversion. An increase
in the rate can be due to either higher rate constants for the
nanotubes or a higher activity of diazonium in solution. A parity
plot between the light and dark relative rate constants in Figure
5d shows that they are similar, with limited dispersion (standard
deviation = 0.0417) about a line with unit slope. With the
inclusion of confidence intervaf$,we see that the relative rate
constants for the two cases are not statistically different from
each other, thus leading to two possibilities: (a) the absolute
rate constants do not change at all in the presence of light, and

diameter semiconductors have higher relative rate constants thaQb) a uniform increase in the rate constants of all the nanotubes

their small-diameter counterparts. Metallic nanotubes have

occurs in such a way as to maintain the same relative ratios.

higher rate constants than the semiconductors due to thelllumination causes the diazonium to decompose into aryl

finite DOS at the Fermi level, which is conducive to electron
transfer. Although this is predicted by the Marcus and Gerischer

radicals, the concentrations of which are negligible in the dark.
The presence of an excess of reactive radicals;Ms=Ne and

Marcus theories, the model and data values do not agree as well, increases the activity of diazonium in solution and, hence,

for ,t::e rréetalhhc nanotubes (Tablﬁ,lr)]' Th'ﬁ difference cguld be the reaction rate. All these factors contribute to greater degrees
attributed to the reaction step, which we have assumed as NoN¢ fnctionalization for eachnim) SWNT in the presence of

fate"'m'“”g- . illumination, thereby decreasing the selectivity.
The relative rate constants have been correlated with the band

gaps instead of the SWNT diameters. This is because the band40) See Supporting Information.
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Figure 5. (a) A composite plot comparing the degrees of functionalization of metallig)(and semiconductingd¢) SWNTs in the light and dark. (b and

¢) Experimental and theoretical selectivities, respectively, as functions of the total amount of diazonium fed. The light reaction has a kbvitgrciedec

to higher extents of reaction for all nanotubes. The rate model overestitates large-diameter semiconductors at low concentrations of diazonium in
the dark reaction, thus leading to a mismatch with the observed trend. (d) A comparison of relative rate constants for the light and dark showasethat they
similar, indicating that illumination does not preferentially enhance the rate constant for a partigmasgdecies over another.
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