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Abstract: Chemical modification by SOCl2 of an entangled network of purified single-wall carbon nanotubes,
also known as ‘bucky paper’, is reported to profoundly change the electrical and mechanical properties of
this system. Four-probe measurements indicate a conductivity increase by up to a factor of 5 at room
temperature and an even more pronounced increase at lower temperatures. This chemical modification
also improves the mechanical properties of SWNT networks. Whereas the pristine sample shows an overall
semiconducting character, the modified material behaves as a metal. The effect of SOCl2 is studied in
terms of chemical doping of the nanotube network. We identified the microscopic origin of these changes
using SEM, XPS, NEXAFS, EDX, and Raman spectroscopy measurements and ab initio calculations. We
interpret the SOCl2-induced conductivity increase by p-type doping of the pristine material. This conclusion
is reached by electronic structure calculations, which indicate a Fermi level shift into the valence band,
and is consistent with the temperature dependence of the thermopower.

1. Introduction

Electrical and mechanical properties of carbon nanotubes are
of high interest for a variety of applications, ranging from
nanoelectronics and nanoelectromechanical systems (NEMS) to
nanocomposites.1 A vast number of chemical treatments has
been applied successfully to solve,2 disperse,3-6 functionalize,7-16

or chemically dope carbon nanotubes.17-29 The objective of
these treatments was to enhance the conductivity of intrinsically
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semiconducting nanotubes,17-26 modify their band gap,9,10,22-26

or separate semiconducting from metallic nanotubes.9,30-32

Chemical doping of single-wall carbon nanotubes (SWNTs)
with electron donors or acceptors has been used to enhance their
electrical conductivity in analogy to the well-known graphite
intercalation compounds. Intercalation of K and Rb in bundled
SWNTs17-19 has been shown to soften the Raman-active high-
frequency tangential vibration modes, providing evidence for
n-doping of the nanotubes.20,21 A similar charge transfer,
resulting in n-doping of nanotubes, has been observed upon
adsorption of amine molecules.25,26 p-Type doping associated
with I2 and Br2 intercalation of SWNT bundles has been
observed to increase the conductivity significantly, accompanied
by a change to a metallic temperature dependence of their
conductance.21 On the basis of C 1s core level shifts, a similar
electron transfer, resulting inp-doping of nanotubes, occurs in
nanotubes exposed to strong inorganic acids,27 such as nitric
and sulfuric acid, and SO2 molecules.28 Encapsulation of various
organic molecules has been reported to cause eithern-type or
p-type doping of nanotubes.29

Thionyl chloride, SOCl2, is a liquid organic solvent which
has been commonly used in the end-group derivatization of
SWNTs to connect open nanotube ends to long-chain amines2,33,34

or biomolecules.35 These studies paid very little attention to the
effect of SOCl2 on the physical properties of the nanotube
system. Here, we investigate the effect of SOCl2 exposure on
the electrical and mechanical properties of entangled networks
of SWNTs, which are often called ‘bucky paper’. We observed
a remarkable improvement of the electrical conductivity and
mechanical properties due to chemical modification of SWNTs
by SOCl2. The microscopic effect of the chemical modification
of nanotube networks has been characterized by SEM, XPS,
NEXAFS, EDX, and Raman spectroscopy experiments and its
origin elucidated by ab initio calculations.

2. Experimental Section

Purified SWNTs, produced by catalytic conversion of high-pressure
CO over Fe particles (HiPco) at CNI, Houston, TX, have been used as
delivered. For chemical modification we also used SWNTs from CNI,
formed by laser ablation (LA), and nanotubes formed by arc discharge
in our lab, which were purified by controlled thermal oxidation in air
followed by washing in HCl. Our reference sample of bucky paper
contains pristine SWNTs and was prepared by filtration of the nanotube
suspension in sodium dodecyl sulfate (SDS). In our study we compare
this reference sample to SOCl2-modified bucky paper, which was
prepared in two different ways. One treatment involved immersing the
reference system in liquid SOCl2 (Fluka) followed by drying in air.
The alternate preparation method started with a suspension of SWNTs
in SOCl2, which was stirred at 45°C for 24 h, filtered, and subsequently
dried in air. SOCl2 is a very corrosive agent that reacts vigorously with

water and moisture, forming HCl and SO2. It has to be handled carefully
under a fume hood, similar to strong inorganic acids. We observed a
remarkable reactivity of the nanotube material toward SOCl2 and a
weight uptake of up to 30% following SOCl2 treatment. In the following
discussion we will refer to either the pristine bucky paper reference
sample or SOCl2-modified bucky paper, produced in one of the two
ways mentioned above.

X-ray photoelectron spectra (XPS) of the reference and modified
samples were recorded using a spectrometer equipped with a mono-
chromatized Al KR X-ray source (1486.6 eV). The binding energy was
measured with respect to the Fermi level, which was regularly calibrated
by measuring the Au 4f core level binding energy and adjusting its
4f7/2 component to a binding energy of 84.00 eV. In a near-edge X-ray
absorption fine structure (NEXAFS) experiment a tunable monochro-
matized synchrotron light source was used to excite electrons from
atomic core levels to unoccupied or partially occupied valence electron
states. Energy-dispersive X-ray analysis (EDX) was carried out using
the Taunusstein-Neuhof EDX system, equipped with a S-UTW-Si (Li)
detector. Raman spectra were registered using the red laser line atλ )
632 nm. The temperature dependence of the resistivity has been
determined in the Janis variable-temperature cryogenic system in the
temperature range from room temperature toT ) 1.4 K. The resistance
was measured by a standard DC method in a four-probe configuration
using the Keithley 220 current source and sensitive Keithley 182 digital
nanovoltmeters for voltage reading. The thermoelectric power of the
samples was measured by an ac steady-state method with low frequency
(∼33 mHz). The observed temperature gradient across the sample was
typically 1-2 K and monitored by the Chromel-Constantan thermo-
couple. The contribution of the Au or Pt wire to the voltage drop
measurement was carefully calibrated using pure Pb (99.999%) in the
temperature range from 10 to 300 K. By measuring∆V and ∆T
simultaneously using the digital voltmeters, the thermopowerS was
determined bySmeasured) ∆V/∆T ) Ssample - SAu or Pt. The Young’s
modulus was determined from the elastic part of the stress vs strain
curve, measured by a force transducer up to 20 N (Hottinger Baldwin
Messtechnik, type 52).

3. Theoretical Section

We performed ab initio density functional theory (DFT) calculations
within the local density approximation (LDA) of SOCl2 and SO
molecules interacting with naphthalene and pyrene representing a carbon
nanotube fragment. We used Troullier-Martins ab initio pseudopo-
tentials to describe the interaction of valence electrons with atomic
nuclei and core electrons and the Perdew-Zunger form of the exchange-
correlation potential as implemented in the SIESTA code.36,37We used
a double-ú basis38 and a 50 Ry energy cutoff in the plane-wave
expansions of the electron density and potential, which is sufficient to
achieve a total energy convergence ofe1 meV/atom during the self-
consistency iterations. We performed a full optimization of the systems
modeling the chemically modified nanotube to determine the optimum
adsorption geometry, the adsorption energy, and the charge redistribu-
tion following the chemical modification.

4. Results and Discussion

SEM images of the pristine reference bucky paper and the
SOCl2-modified bucky paper are presented in Figure 1. The
SOCl2-modified bucky paper samples generally showed the
same physical properties, independent of the precise way in
which they were prepared.
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Electrical Properties. The electrical conductivity of SWNTs
increases with reaction time and saturates after about 24 h. In
Table 1 we compare room-temperature four-probe electrical
conductivity measurements for pristine and modified SWNT
samples with those of graphite. Depending on the type of the
sample, the room-temperature conductivity increases up to factor
of 5 upon SOCl2 exposure. The highest conductivity value, 3500
S/cm, was observed in modified HiPco SWNTs. This value is
comparable to that of a single crystalline rope39 and significantly
higher than the previously reported conductivity of 0.78 S/cm
in metal-enriched mats,31 160 S/cm in randomly oriented mats,39

and 1100 S/cm in mats of magnetically aligned SWNTs.40 The
conductivity enhancement due to SOCl2 was found to be less
pronounced in the graphite sample (powder pressed into a
pellet). The effect of SOCl2 on the conductivity of nanotube
networks also depends on the concentration of defects in the
nanotube material. We observed an increase in the defect density
upon γ-irradiation, which was accompanied by an enhanced
electrical conductivity after SOCl2 treatment.41 We interpret the

SOCl2-induced conductivity enhancement by formation of
SWNT/SOCl2 charge-transfer complexes within the intercalated
ropes, which improve the alignment of nanotube ropes in mats,
as confirmed by the morphology changes in Figure 1.

The difference in the conductivity between pristine and
functionalized samples becomes even more pronounced at low
temperatures. The temperature dependence of the SWNT
resistance is shown in Figure 2a. We plotR/R(300 K) to
emphasize the difference in the behavior of the two systems at
lower temperatures. These results show that the resistance of
the pristine sample decreases continuously with increasing
temperature, reflecting a semiconducting character of the sample.
In the SOCl2-treated sample, on the other hand, we observe a
nonmetallic behavior only below 150 K. At higher temperatures
we observe resistance increasing with increasing temperature,
indicating a crossover to metallic behavior.

A similar temperature dependence has been described by a
heterogeneous model proposed by Kaiser42 involving regions
of highly metallic conduction separated by barrier regions. The
general characteristic of this conduction model, which has been
developed for conducting polymers, is a change from a metallic
to a nonmetallic behavior in the temperature dependence of the
resistivity. Resistance of a metallic system increases with
temperature, whereas the resistance of a nonconducting barrier
decreases with increasing temperature and thermal energy. This
leads to a crossover at a particular temperature, which depends

(39) Fisher, J. E.; Dai, H.; Thess, A.; Lee, R.; Hanjani, N. M.; Dehaas, D. L.;
Smalley, R. E.Phys. ReV. B 1997, 55, R4921-R4924.
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mueller, R.; Casavant, M. J.; Walters, D. E.; Smalley, R. E.J. Appl. Phys.
2003, 93, 2157-2163.

(41) Skakalova, V.; Dettlaff-Weglikowska, U.; Roth, S.Diamond Relat. Mater.
2004, 13, 296-298. (42) Kaiser, A. B.; Duesberg, G.; Roth, S.Phys. ReV. B 1998, 57, 1418-1421.

Figure 1. Scanning electron microscopy images of the pristine ‘bucky
paper’ probe (top) and the modified probe, prepared from a suspension of
nanotubes in SOCl2 (bottom). The chemical treatment promotes aggregation
to thicker nanotube bundles, thus enhancing the mechanical properties of
the system.

Table 1. Observed Electrical Conductivity (S/cm) of Graphite
(pellet) and SWNT Samples (bucky paper) at Room Temperature

sample HiPco LA arc discharge graphite

pristine 700 370 240 100
modified 3500 1200 960 120

Figure 2. Temperature dependence of (a) resistance and (b) the thermo-
electric power measured in SWNT networks. Results for the pristine material
are shown in black; those for SOCl2-modified HiPco material are shown in
gray.
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on the relative significance of the barriers, with no temperature-
induced phase transition or change in the nature of conduction.
An analogous heterogeneous model seems particularly appropri-
ate for entangled networks of ropes in SOCl2-modified samples,
where inter-rope contacts are likely to act as conduction barriers.
SOCl2 treatment appears to improve the conductivity by
improving tube alignment and enhancing tube overlap, as seen
in Figure 1.

Figure 2b represents the temperature dependence of the
thermoelectric power measured for both pristine and chemically
modified samples. These results provide experimental evidence
for the shift of the Fermi level and the doping effect of SOCl2

on the SWNTs. A positive sign of the thermopower indicates
that holes are major charge carriers in both pristine and modified
nanotube samples.

Mechanical Properties.One of the current applications of
chemically modified bucky paper is in high-performance
electromechanical actuators.43 Consequently, mechanical proper-
ties of SWNT networks and their change upon SOCl2 treatment
are of high interest. Data presented in Table 2, which compare
pristine and modified HiPco samples, demonstrate that chemical
modification with SOCl2 improves the measured mechanical
properties of carbon nanotubes. Especially noteworthy is the
increase in toughness by about 1 order of magnitude in the
modified samples, prepared from a suspension of nanotubes in
SOCl2. The likely cause of the improved mechanical properties
are SOCl2-induced morphology changes in the SWNT networks,
shown in Figure 1, which result in a denser nanotube packing
due to an improved tube alignment and tube overlap.

Characterization of Chemically Modified Nanotubes.We
showed in our previous work that exposure to SOCl2 introduces
considerable changes in the optical absorption spectra of both
HiPco and laser ablation SWNTs. In particular, the absorption
band at 0.75 eV, attributed to semiconducting tubes,44 disap-
peared following chemical treatment. Raman spectroscopy
results, presented in Figure 3, provide further evidence for
chemical modification of the nanotubes. This observation goes
along previous reports of Raman intensity changes of SWNTs
in different chemical environments10,45 or morphologies.46

Spectra of the pristine samples exhibit asymmetry on the low-
frequency side of the G band at ca. 1540 cm-1. This asymmetry
is related to the interaction of phonon excitations with the
continuum electronic excitations and is called the Breit-
Wigner-Fano (BWF) resonance. This effect is characteristic
of metallic systems and therefore commonly attributed to
metallic tubes.47 Suppression of the BWF feature, observed in

the modified samples, is assigned to the loss of continuum states
due to chemical modification. Since chemical modification does
not change the intensity of the D line at 1300 cm-1, we expect
the adsorbate-nanotube interaction to be noncovalent. This
finding is in accord with the observed blue shift of the G line,
which is indicative of an electron transfer from carbon to the
adsorbate.

Electronic and structural information about carbon atoms and
local functionalities can be further deduced from the X-ray
photoelectron spectra (XPS). Figure 4 shows changes in the core
level spectra of SWNTs following chemical modification by
SOCl2. Using the tabulated cross sections for the photoemission
process, we estimated the concentration of O, Cl, and S in the
studied samples and present the corresponding results in Table
3.

These analysis results show that treatment with SOCl2 induces
significant changes in the sample composition. Approximately
4 at. % oxygen is detected in the pristine HiPco sample and 9
at. % in the pristine laser ablation (LA) sample. The oxygen
concentration can be assigned to oxidized carbon sites,-COH,
-CdO, and-COOH groups, or O2 adsorbed on the surface.
A higher amount of oxygen, up to 16 at. %, is noticed after
reaction with SOCl2. The oxygen concentration increase can
be associated with the newly created species, e.g., SO2 or SO3,
since the modified samples also show a relatively high
concentration of sulfur of 3.3-3.9 at. %. Moreover, we detect

(43) Baughman, R. H.; Zakhidov, A. A.; De Heer, W. A.Science2002, 297,
787-792.

(44) Dettlaff-Weglikowska, U.; Skakalova, V.; Graupner, R.; Ley, L.; Roth, S.
Mater. Res. Soc. Symp. Proc.2003, 772, 179-185.

(45) Kavan, L.; Dunsch, L.Nano Lett.2003, 3, 969-972.
(46) Heller, D. A.; Barone, P. W.; Swanson, J. P.; Mayrhofer, R. M.; Strano,

M. S. J. Phys. Chem. B2004, 108,6905-6909.
(47) Brown, S. D. M.; Jorio, A.; Corio, P.; Dresselhaus, M. S.; Dresselhaus,

G.; Saito, R.; Kneipp, K.Phys. ReV. B 2001, 63, 155414-1-155414-8.

Table 2. Mechanical Properties of HiPco SWNT Networksa

HiPco
SWNTs

Young’s
modulus (MPa)

toughness
(MJ/cm3)

tensile
strength (MPa)

strain
at break (%)

pristine 660 90 11 1.7
modified 950 830 37 4.3

a The modified networks were prepared from a suspension of nanotubes
in SOCl2.

Figure 3. Changes in the Raman spectra of SWNTs produced by (a) laser
ablation and (b) the HiPco process following exposure to SOCl2.
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chlorine at 0.8 at. % in HiPco and 1.9 at. % in laser ablation
samples following exposure to SOCl2. These XPS elemental
analysis results are confirmed by energy-dispersive X-ray
analysis (EDX) results, presented in Figure 5, which also
indicate increased amounts of oxygen, chlorine, and sulfur in
the modified product.

Detailed analysis of the XPS spectra provides clear evidence
that the SWNTs have been chemically modified. As seen in
Figure 4b, the carbon C 1s peak, observed at 284.38 eV for sp2

carbon in the pristine sample, is shifted by 0.4 eV to lower
binding energy following chemical treatment. The chlorine Cl
2p core level spectrum, depicted in Figure 4c, reveals two
inequivalent chlorine sites. The core level binding energies
appear as doublets associated with 3/2 and 1/2 levels, which
are separated by 1.6 eV due to spin-orbit coupling. The more
intense Cl 2p component with a core level binding energy of
200.2 eV is typical of chlorine participating in organic C-Cl
bonds. The less intense component with a lower binding energy
of 198.8 eV can be assigned to chloride ions which are ionically
bonded to the nanotube surface. The sulfur S 2p core level
spectrum, shown in Figure 4d, also exhibits spin-orbit splitting
but reveals only a single species with the S 2p 3/2 line situated
at a binding energy of 168.4 eV. Unfortunately, assignment of
this binding energy to a specific sulfur species is not straight-
forward. The S 2p binding energy in sodium dodecyl sulfate,
used in the preparation of bucky paper, occurs at 168.8 eV,
consistent with the literature data for S in the oxidation state
+VI, as in SO4

-2, which is usually observed at binding energies
between 168.7 and 169.0 eV.48 The binding energy of S 2p in
the oxidation state+IV is reported to lie at 166.5 eV.49

Therefore, the S 2p XPS signal observed in the modified samples
can be assigned to intercalated SOCl2 molecules, although we
cannot exclude other S species, including SO2, interacting with
SWNTs. According to the base-acid theory of solution
chemistry,50 SO2 could also provide SO2+ and SO3

2- ions by
self-ionization in aprotic solvents.

Complementary results to XPS are provided by near-edge
X-ray absorption fine structure (NEXAFS) spectra. Figure 6
shows the C K-edge spectral region in the HiPco material. The

(48) Ruangchuay, L.; Schwank, J.; Sirivat, A.Appl. Surf. Sci.2002, 199, 128-
137.

(49) Beamson, G.; Briggs, D.High-resolution XPS of Organic Polymers; John
Wiley & Sons: Chichester, 1992.

(50) Gmelins Handbuch der Anorganischen Chemie;Verlag Chemie GmbH:
Weinheim 1963; Teil B, Nr. 9, p 315.

Figure 4. XPS core level spectra of SWNTs treated with SOCl2: (a) full spectrum and spectra of (b) C 1s, (c) Cl 2p, and (d) S 2p core levels on an
expanded energy scale.

Table 3. Concentration of O, Cl, and S in the Nanotube Samples,
As Determined by XPS

SWNT sample O (at. %) Cl (at. %) S (at. %)

HiPco pristine 4.2 0.45
HiPco modified 15 0.8 3.3
LA pristine 9.1
LA modified 16 1.9 3.9

Figure 5. EDX spectrum of SWNTs produced by laser ablation after
treatment with SOCl2. Elemental composition of the sample (at. %): C,
65.25; O, 25.95; Na, 0.48; Si, 0.16; S, 7.17; Cl, 0.70; Co, 0.16; Ni, 0.14.
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spectrum is dominated by peak 1 at 286.2 eV, associated with
π* (ring) transitions, and peak 2 at 293.5 eV, associated with
σ* (ring) transitions. Two broad bands in region 3 are attributed
to oxidized carbon functional groups. The band at 288.5 eV is
identified withπ* states for CdO absorption of carbonyl groups,
whereas the peak at 289.5 eV is attributed toσ* states of C-O
functionalities, similar to the assignment in oxidized HiPco
samples and aromatic compounds with related substituents.51

These two bands are strongly suppressed in the modified
material. This fact suggests that SOCl2 attacks oxidized groups
and removes or replaces them with other groups. Following
SOCl2 treatment a new carbon species 4 appears at around 284.7
eV, on the left side of the carbon edge. We attribute this new
peak to sp2 carbons involved in the formation of charge-transfer
complexes with sulfur-containing species. We propose the most
likely reaction product to contain SO groups interacting with
double bonds or structural defects in carbon nanotubes.

We also point out that SOCl2 reacts with water at room
temperature and decomposes to HCl and SO2. Keeping the
system free from water exposure would be a way of separating
the direct effects of SOCl2 from those of its hydrolysis products.
Since our present experimental data do not distinguish effects
that are to be attributed to SOCl2 alone from those due to any
of these species, we are planning a follow-up study under inert-
gas atmosphere to shed more light on the direct role played by
SOCl2.

5. Theoretical Results

The optimized geometry of SOCl2 interacting with a pyrene
molecule, representing a nanotube fragment, is depicted in
Figure 7a. SOCl2 adsorbs preferentially with the SO axis parallel
to a C-C bond. The distance of 2.7 Å between S and its closest
C neighbor and the even shorter distance of 2.6 Å between O
and its closest C neighbor are consistent with a relatively weak,
partly ionic bond energy of 0.8 eV of SOCl2 on pyrene, as
shown in Table 4. The initial C-C distance of 1.42 Å in the
center of pyrene, essentially identical to graphite and nanotubes,
does not change upon chemisorption of SOCl2. As seen in Table
4, the small distortion of the pyrene molecule following SOCl2

chemisorption does not affect either the adsorption energy or
the local adsorption geometry. Since a very similar adsorption
geometry and chemisorption energy of SOCl2 is found on the
smaller naphthalene molecule also, we expect the adsorption
geometry and energy on graphite fragments and carbon nano-
tubes to be essentially the same.

Table 4 indicates that the binding energy between the SO
radical and the graphitic fragment is about 0.5 eV stronger than
for the related SOCl2 molecule. The SO radical bonds prefer-
entially with the sulfur atom bridging the C-C bond and with
its axis perpendicular to the closest C-C bond. Still, SO lies
nearly parallel to the graphitic surface. The oxygen atom in SO
is farther away from the surface, close to the 6-fold hollow site
of the carbon ring.

The charge distribution in SOCl2 adsorbed on pyrene is shown
in Figure 7c in a plane containing S, O, and the closest C-C
bond. According to Table 4 there is a net charge transfer of
about 0.1 electrons from naphthalene and pyrene to the SOCl2

and SO adsorbates interacting with naphthalene and pyrene.
Figure 7d, displaying the charge flow in the system, suggests
that the largest charge accumulation occurs on oxygen and
charge depletion is nearly uniform across the pyrene.

The effect of charge depletion on the electronic structure of
the graphitic substrate is addressed in Figure 7b, which depicts
the electronic density of states of a (10,10) carbon nanotube.
Since adsorption of SO and SOCl2 is primarily ionic in character,
we will neglect adsorbate-induced changes in the electronic
density of states of the nanotube in the following discussion.
Even though the (10,10) nanotube is metallic, the electronic
density of statesN(EF) at the Fermi level is very low, close to
0.01 states/eV/atom. Assuming that the nanotube is not isolated

(51) Kuznetsova, A.; Popova, I.; Yates, J. T., Jr.; Bronikowski, M. J.; Huffman,
C. B.; Liu, J.; Smalley, R. E.; Hwu, H. H.; Chen, J. G.J. Am. Chem. Soc.
2001, 123, 10699-10704.

Figure 6. CKR-edge NEXAFS spectrum of the pristine and SOCl2-modified
HiPco sample.

Figure 7. (a) Equilibrium structure of an SOCl2 molecule adsorbed on a
pyrene molecule representing a carbon nanotube segment. (b) Electronic
density of states of a pristine (10,10) carbon nanotube withEF ) 0. (c)
Total change densityFtot of the system in a plane which intersects the pyrene
molecule at the dashed line and contains the S and O atoms. (d) Difference
charge density∆F ) Ftot - ΣFat in the same plane as defined in c, indicating
regions of charge depletion and accumulation with respect to a superposition
of neutral atoms. The scale bars in c and d are in e/au3 units.

Table 4. Chemisorption Energy Ead and Net Charge Transfer ∆Q
from the Graphitic Substrate to the SOCl2 and SO Adsorbates

system Ead (eV) ∆Q (e)

SO/naphthalene 1.36 -0.11
SOCl2/naphthalene 0.84 -0.16
SO/pyrene 1.34 -0.10
SOCl2/pyrene 0.77 -0.06
SOCl2/pyrene (rigid) 0.67 -0.06
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and interacts with other nanotubes as well as SO or SOCl2, we
may safely consider the electronic transport to be diffusive with
conductance proportional toN(EF). Obviously, shifting the Fermi
level into the region of the first van Hove singularity at-0.8
eV should enhanceN(EF) and the conductivity significantly. In
semiconducting nanotubes this is achieved even with a negligible
charge transfer. Even in pristine metallic nanotubes, in view of
the low value ofN(EF), the necessary charge transfer amounts
to a charge depletion of only 0.008 electrons per carbon atom.
In view of the charge transfer of 0.1 electrons per adsorbate,
only one SO or SOCl2 per 10 carbon atoms should be sufficient
to achieve such a change. Since only one-third of the nanotubes
are expected to be metallic on average, the expected loading
level, which should shift the Fermi level into the van Hove
singularity region in all nanotubes, should amount to about 1
SO or SOCl2 per 30 carbon atoms. This estimate is in very good
agreement with the observed conductivity increase following a
loading level, which translates into one SOCl2 molecule per 10-
20 carbon atoms, in rough agreement with the elemental analysis
presented in Table 3.

6. Conclusions

We studied a new method to chemically modify entangled
single-wall carbon nanotube networks, called bucky paper. We
found that treatment by thionyl chloride, SOCl2, provides a
simple way to significantly improve the electrical conductivity
and mechanical properties of bucky paper. We characterized
the chemical modification using SEM, XPS, NEXAFS, EDX,

and Raman spectroscopy measurements and ab initio calcula-
tions. We found that formation of charge-transfer complexes
within the nanotube bundles leads to a charge redistribution in
the system, resulting in electron depletion of the sp2-bonded
carbon nanotubes. Thisp-type doping effect is consistent with
electronic structure calculations, which indicate a Fermi level
shift into the valence band, and is confirmed by the temperature
dependence of the thermopower. We observe an increase by
up to factor of five in the electrical conductivity of the
chemically modified sample at room temperature and an even
more pronounced increase at lower temperatures. This transition
from semiconducting to metallic behavior is accompanied by a
similar improvement in the mechanical properties of nanotube
networks, which is attributed to improved alignment and
enhanced overlap of nanotubes in the chemically treated bucky
paper.
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