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In the present work, the results of investigations of the chemical, adsorption and optical 

properties of carbon nanotubes (CNTs) will be presented.  A brief introduction describes CNTs, 

how they are produced, and how they are purified.  Experimental investigations of the effect of 

air/HCl purification on the introduction of oxygen functionalities will be reported.  It was 

established that air/HCl purification results in the introduction of oxygen containing 

functionalities to single wall carbon nanotubes (SWCNTs) produced by the HiPco (high pressure 

carbon monoxide) method.  The introduced oxygen functionalities decompose at ~670 K 

detected as masses 18 (H2O), 28 (CO) and 44 amu (CO2) in the mass spectrum.  The exact 

chemical nature of those functionalities requires more detailed investigation. 

Low-temperature (100 K) adsorption of acetone on carbon black, as-produced and air/HCl 

purified SWCNTs allowed the accessibility of different adsorption sites in SWCNTs to be 

established.  A key variable was the vacuum-annealing temperature.  The energetics of 

interaction of acetone with different adsorption sites was determined.  The most energetic 

adsorption sites were found to be endohedral adsorption sites. 

The interaction of solvents with carbonaceous materials was studied under different 

conditions: sonication, reflux, and exposure to solvent vapors over a range of pressures.  It was 

shown that the binding energy of molecules with SWCNTs depends on the interaction 

conditions: the higher the temperature and pressure during the contact of molecules with 

SWCNTs, the higher the adsorption energy of molecules on/in SWCNTs.  This finding suggests 

a “pressure gap” effect for nanoporous carbonaceous materials. 

Infrared studies of CNTs suggest that molecules adsorbed inside of endohedral channels 

are invisible to IR.  This result is in contrast with experimental findings by other authors. 

Additional research, both experimental and theoretical, must be done to identify factors 

responsible for the screening of molecules adsorbed inside SWCNTs. 
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1.0  INTRODUCTION 

It is possible that ancient steelmakers knew the secret of CNT synthesis - traces of CNTs have 

been found in the legendary Damascus steel.1  Perhaps  the presence of CNTs was the origin of 

the unique properties of Damascus steel.1  The first experimental detection of CNTs with 

electron microscopy was in 1952.2  Nowadays, CNTs are attracting increasing attention.3-9  

Carbon nanotubes are promising materials for the development of CNT based devices and 

materials – chemical sensors,10-17 materials for storage of chemicals,5, 18-20 membranes for gas 

separation,21-23 composite materials with unique properties (electrically conductive, thermally 

stable, mechanically strong),5, 8, 9, 24 and electronic devices (nanowires, electron emitters, etc.)5.  

The unique mechanical properties of CNTs made the concept of a space elevator feasible.25  The 

author is confident that the advanced properties of CNTs will allow their use for more 

applications in the near future. 

1.1 IMPORTANCE OF THE WORK 

 

Technological applications of CNTs are not possible without a detailed knowledge of their 

chemistry.  The development of CNT based chemical detectors that are sensitive to specific 

molecules requires information on the interaction of CNTs with these molecules.10-13, 15-17   The 
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synthesis of composite materials (e.g., modified polymers) and incorporating CNTs often 

requires the use of organic solvents.  Sonication is often used to facilitate dispersion of CNTs in 

solvents.8, 26-29  However, sonication can induce chemical interaction of CNTs with solute 

molecules30, 31 due to temperature and pressure changes.32  Understanding of the interaction of 

CNTs with solvents under different conditions will benefit future applications of solvents for 

CNT processing. 

1.2 THE GOAL AND SCOPE OF THE WORK 

In the present work, the results of investigations of simple molecule interactions (e.g., acetone, 

ethanol, etc.) with CNTs and other carbonaceous materials will be reported.  Experiments on the 

interaction of different solvents with SWCNTs under cryogenic conditions provide information on 

the energetics of adsorption of simple molecules on different sites: external walls (exohedral), 

grooves, interstitial channels, and internal walls (endohedral sites) (Figure 1).  This information is 

important to understand the mechanism of molecular binding to different adsorption sites.  

Theoretical consideration for molecules adsorbed on different CNT sites will be provided.  

Interactions, especially reversible interactions, of molecules with different carbon nanotubes sites 

is important for understanding CNT based sensors, and for the creation of storage materials based 

on CNTs (capturing and release of molecules). 
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The interaction of CNTs with 

solvents under reflux, sonication, and 

exposure to solvents vapors at elevated 

pressures and temperatures is helpful to 

understand the mechanisms of 

interaction of CNTs with molecules.  

Such investigations may reveal 

chemical reactivity of CNTs to 

different solvents.  Information of this 

kind is important for technological 

processing of CNTs. 
Figure 1: Model of nanotube (10, 10) bundle with different 
adsorption sites shown – endohedral (1), grooves (2), external walls 
(3), and interstitial (4) (red – oxygen, white – hydrogen, grey – 
carbon atoms). 

2 

3 

4 1 
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2.0  EQUIPMENT AND EXPERIMENTAL SETUP 

2.1 EQUIPMENT 

In this section the equipment used for the experimental work and its technical characteristics will 

be described.  The reader should address individual chapters of the thesis to find out more details 

about procedures used for preparation of samples, pretreatments and experimental conditions. 

2.1.1 Temperature Programmed Desorption (TPD) with Mass Spectrometry (MS) 

detection system 

The Temperature Programmed Desorption with Mass Spectroscopy detection (TPD-MS) 

system33 in the present work is used primarily for studying the chemical species leaving the 

surface of materials upon heating.  The TPD technique can address the following issues:  

a. Identify molecular fragments leaving the surface of materials upon thermal 

decomposition; 

b. Detect multiple adsorption sites for adsorbed molecules and determine the binding 

energy for each adsorption site (multiple peaks in TPD spectrum); 

c. Establish the kinetics of desorption processes (simulation of the desorption profiles); 

d. Ascertain whether irreversible chemical transformations took a place upon adsorption. 
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Figure 2: Vacuum chamber for TPD studies (A).  The vacuum chamber (B) with a sample holder (C) inside.  The 

part B shows the sample holder with W-grid heated to 1400 K. In the part C the sample holder with CNTs 

deposited on a CaF2 pellet pressed into the W-grid is shown.  IR transparent materials (e.g., CaF2, NaCl, KBr) 

were used in some FTIR experiments. 

 

The TPD-MS experiments are performed in a stainless steel ultrahigh vacuum chamber 

with a base pressure better than 10-9 Torr (Figure 2).  Samples are deposited either by drop-and-

dry method on a W-grid (AlfaAesar, 100 mesh, 0.002” wire diameter) or by pressing the sample 

directly into the W-grid.  The W-grid is fixed by nickel clamps connected to copper wires cooled 

via a liquid nitrogen Dewar.  The overall design of the sample holder allows cooling of the 

sample to cryogenic temperatures (<100 K) and heating up to 1400 K.  Gases are dosed to the 

sample, preconditioned to the desired temperature, by backfilling the chamber through a leak 

valve (Varian).  After the desired dose is achieved and the base pressure is recovered, the TPD 

spectrum is recorded while heating the sample at a constant ramp (typically 2 K/sec).  The total 
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pressure is monitored with an ion gauge.  To heat the sample, direct current from a power supply 

(Kepco 10-100) is driven through the W-grid.  Temperature is monitored by means of a K-type 

thermocouple (Omega) spot-welded to the W-grid.  The residual gas analyzer (RGA 300, 

Stanford Research Systems) is used to monitor the desorption species.  Custom Labview 

programs are used to control the temperature, monitor the dosing, and to record TPD-MS 

spectra. 

2.1.2 Infrared system (FTIR) 

Infrared spectroscopy is used to study surface functionalities introduced to CNTs during 

materials preparation stages.  Also, 

adsorbed species dosed from the gas phase 

to the surface of CNTs are studied with 

FTIR technique.  Infrared spectra are 

recorded with an infrared spectrometer 

(Tensor 27, Bruker) equipped with a 

Mercury Cadmium Telluride (MCT) 

detector.  A vacuum stainless steel system 

was used for FTIR measurements (Figure 

3).  The design of sample holder used in 

FTIR studies was analogous to the design 

of the sample holder used in TPD studies 

and allowed cooling of samples to ~100 K 

 

Figure 3: Vacuum IR system. Custom made IR vacuum cell 

is inserted into sample compartment of FTIR spectrometer 

(Tensor 27, Bruker). 
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and heating to 1400 K.  Typical base pressure before the FTIR experiments was better then 10-8 

Torr.  The vacuum FTIR cell was equipped with differentially pumped KBr windows.  Spectra 

were recorded by collecting 900-10,000 scans (depending on S/N ratio required) in the range of 

400-6000 cm-1 at a resolution of 4-8 cm-1. 

 

2.1.3 Volumetric adsorption system 

A surface area analyzer (Micrometrics, ASAP 2020) was used for characterization of the porous 

structure and total surface area of samples under investigation.  The Brunauer, Emmett and 

Teller (BET) method provided with instrument was used for the data processing.34 

 

2.1.4 Thermo-gravimetric analysis (TGA) 

The objective of the TGA experiment was the evaluation of residual catalyst content (Fe, Ni, 

Co).  The TGA analysis was performed using a Pyris 6 Thermogravimetric Analyzer 

(PerkinElmer) or a Hi-Res 2950 (TA Instruments).  During the analysis pre-purified air (Airgas), 

controlled by mass-flow controller, was metered at 20 cc min-1 through the TGA sample 

compartment while ramping the temperature from ambient to 1173 K at 10 K min-1. 
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2.2 PRECAUTIONS: EXPERIMENTAL CONCERNS AND SAFETY ISSUES 

There are certain precautions should be taken while working with materials and equipment 

described in this thesis.  

The effect of CNTs on living organisms are still being debated.35, 36  For the present 

moment, it is rational to avoid penetration of CNTs into the body.  Avoid skin contact with 

CNTs by using gloves.  Avoid inhaling of CNTs - work under the hood, try to operate CNTs in 

solutions, use respirators and safety dust goggles.  Address Materials Safety Data Sheets 

(MSDS) before using any chemicals. 

The use of electrical equipment requires a common sense and an understanding of the 

principles described in manuals provided by equipment producers.  Laboratory procedures 

should be consulted to understand the operation of each piece of equipment better. 
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3.0  WHAT ARE CARBON NANOTUBES? 

Carbon nanotubes are an allotropic modification of carbon that can be represented as a sheet of 

graphene (single layer of graphite) rolled into a cylinder.3, 4, 7, 8  The carbon atoms of carbon 

nanotubes are in the sp2 hybridization state.  Depending on the number of concentric walls in a 

carbon nanotube the following classification is used:  single (SWCNTs), double (DWCNTs) and 

multi-wall (MWCNTs).  The layers in DW and MWCNTs are attracted to each other due to van 

der Waals forces (similar to layers of graphene in graphite).  Depending on coefficient n and m 

of the chiral vector (R=na1+ma2), where a1 and a2 are the unit cell vectors (Figure 4), carbon 

nanotubes can be armchair (n=m), zigzag (n, m=0 or n=0, m), or achiral (all other cases).  

Knowing the coefficients of the chiral vector (n, m) it is possible to calculate the diameter, d, of 

carbon nanotubes: 

0
2 2 1/ 2 2 2 1/ 23 ( ) / ~ 7.8 ( )C Cd a m nm n m nm n      , 

where aC-C the length of C-C bond (1.42 Å).   

By knowing the coefficients of the chiral vector (n, m) it is possible to predict the 

electronic properties of carbon nanotubes:  if 2n + m = 3q, where q is an integer the nanotube is 

metallic and if 2n+m ≠ 3q then the nanotube is semiconducting.3, 4  According to calculations 

based on statistically equal probability to synthesize carbon nanotube with any chiral vector (n, 

m), it is found that only ~1/3 of all nanotubes is metallic.4  Currently, there is no known way to 
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synthesize selectively carbon nanotubes of uniform electronic properties (metallic or semi-

conducting).  Methods of nanotubes separation are being actively investigated.37, 38 

The mechanical properties of carbon nanotubes surpass the properties of many known 

structural materials.  For example, the Young’s modulus of SWCNTs is ~ 1 TPa (1012  Pa)39 and 

exceeds the Young’s modulus of steel ~0.2 TPa40.   

The thermal conductivity of individual SWCNT (10, 10) was predicted to be 6600 W/m 

K at room temperature and 37000 W/m K at 100 K41.  For comparison, the thermal 

conductivities of Cu and Ag are 401 and 429 W/m K, respectively.42 

Typical diameters of SWCNTs produced 

either by HiPco method43, laser ablation, or arch-

discharge are on the order of 1-2 nm, with a 

typical length of several microns (1-5 µm)43 that 

corresponds to the aspect ratio (length/diameter) 

of ~1000.  Nanotubes of several millimeters in 

length were reported.44  The specific surface area 

(SSA) depends on pretreatment and for 

SWCNTs varies in ~400-1600 m2/g range.45-47 

Carbon nanotubes have unique electronic 

properties.  It was established that conductance 

of MWCNTs is quantized.48  MWCNTs conduct 

current ballistically and do not dissipate heat; the 

current density was measured to be 107 A/cm2.48  

For SWCNTs experimentally the maximum measured current density was 109 A/cm2.49 

 

physicsworld.com 

Figure 4: The chiral vector R is defined by unit 
vectors [a1, a2] on the honeycomb lattice of a 
graphene sheet.4  The coefficients (n, m) define how 
many times the corresponding unit vector contribute 
to the chiral vector R. 
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3.1 PRODUCTION OF CARBON NANOTUBES 

There are several principal methods for carbon nanotube production: arc-discharge,50  laser 

ablation,51 chemical vapor deposition (CVD),52 and catalytic growth in the gas phase (e.g., HiPco 

method)43.  Some exotic methods of carbon 

nanotubes production were reported such as  

production of MWCNTs from grass,53 or 

non-catalytic method of SWCNTs 

production from silicon carbide.54 

In the arc-discharge method, CNTs are 

produced from graphite electrodes that are 

evaporated by plasma (usually inert gas, 

e.g., He or Ar) (Figure 5).  Plasma is 

produced by running high currents (~100 

Amp) through electrodes separated by an 

inert atmosphere.  During the arc-discharge 

process, material from the anode evaporates 

producing CNTs that deposit on the cathode.  

Both single-55 and multi-wall56 CNTs can be 

produced by the arc-discharge method.  For 

SWCNT production a catalyst1 is required,55  

                                                 

1 NASA researchers claim development of arc-discharge method of SWCNT production without using catalyst.  Details of the process are not 
disclosed (http://ipp.gsfc.nasa.gov/ft-tech-nanotech.html). 

Arc-Discharge 

(adapted from www.nec.co.jp) 
 

Laser Ablation 

 
(adapted from ipn2.epfl.ch) 

 

Chemical Vapor Deposition (CVD) 
 

 
(adapted from ipn2.epfl.ch) 

Figure 5: Schematic of experimental setups used for 
different nanotube production methods (see text for 
details). 
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while there procedures exist for production of MWCNTs that do not require catalyst (MER 

corporation). 

In the laser ablation method CNTs are produced by ablation of preheated (~1200 °C) 

carbon target with an intense laser pulses (Figure 5).51  For the production of SWCNTs by the 

laser ablation method a catalyst is required (Co, Ni, Y).51, 57 

In the method of chemical vapor deposition (CVD) for CNT production, a feedstock based 

on carbon containing chemicals (e.g., C2H2, CH3OH, etc.) passes over preheated (~1000 °C) 

heterogeneous catalyst (Co, Ni supported over, e.g., silica or alumina).  Carbon containing 

chemicals decompose over catalyst particles producing CNTs.58, 59 

The High Pressure carbon monoxide (HiPco) decomposition process43 is somewhat similar 

to CVD.  In the HiPco process metal carbonyls (Fe(CO)5 or Ni(CO)4) are injected into the 

reactor along with CO in the gas phase.  The reaction mixture has a pressure of ~30-50 atm. and 

temperature of ~900-1100 °C.60  Formation of CNTs proceeds through a thermal 

disproportionation of CO on metal clusters formed from metal carbonyls.  Single wall carbon 

nanotubes produced by HiPco process have a narrow diameter distribution (maximum at ~1.0 

nm).43, 61, 62 

 

3.2 PURIFICATION OF CARBON NANOTUBES 

One of the concerns of production, and subsequent applications, of CNTs is the purity of the 

final product.  As-produced carbon nanotubes contain admixtures of carbonaceous impurities 

(fullerenes, graphitic impurities) and catalytic particles.63  For many applications, such as 

http://www.mercorp.com/mercorp/products2.htm�
http://www.mercorp.com/mercorp/products2.htm�
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electronics, and biological applications (drug delivery), it is highly desirable to have CNTs of 

high purity.  Hence, the development of CNT purification methods is very important. 

Fullerenes and polyaromatic carbons can be removed by rinsing in CS2, followed by 

filtration.64  Air oxidation was suggested to remove non soluble carbonaceous impurities, on the 

basis that carbon nanotubes are more stable towards oxidation than carbonaceous impurities.63, 65  

Several methods for liquid phase oxidative purification of CNTs were proposed using HNO3,
66 

H2O2/H2SO4,
67 Fe/H2O2/HCl (“Fenton”)68.  Oxidative purification in the presence of acids can 

allow removal of carbonaceous impurities and metal impurities in one step.  In the case when air 

oxidation is used for removal of carbonaceous impurities, a second step is required (acid 

treatment) for removal of catalyst particles.  From the technological point of view single step 

processes are more advantageous. 

Challenges to purification of CNTs exist.  One of these challenges is how to prevent the 

loss of CNTs during purification of carbon nanotubes, especially oxidative purification.  

Oxidative treatment of CNTs in air in the presence of metal particles leads to combustion of 

CNTs along with carbonaceous impurities.61, 62 Another problem is how to avoid cutting of 

carbon nanotubes in oxidative media; oxygen can attack the side walls of CNTs, destroying the 

tubular structure of CNTs and finally lead to the shortening of CNTs.67 

In this work the effect of air/HCl purification on the introduction of oxygen functionalities 

will be considered.  Air/HCl purification was chosen for the study, because results reported in 

the literature on the nature of chemical functionalities introduced are scarce and inconsistent.69-71 
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4.0  EFFECT OF AIR/HCL PURIFICATION OF SINGLE WALL CARBON 

NANOTUBES PRODUCED BY HIPCO METHOD ON THE NATURE OF SURFACE 

FUNCTIONALITIES 

Results reported in this chapter require additional research to be done before submitting for 

publication. 

 

Abstract 

Oxygen functionalities formed during air/HCl purification of single wall carbon nanotubes 

(SWCNTs) were studied by a combination of temperature programmed desorption (TPD-MS) 

and infrared spectroscopy (FTIR).  The air/HCl purification introduces oxygen functionalities to 

SWCNTs.  According to TPD-MS the dominant species desorbing below 600 K are H2O and 

CO2.  These species are observed both for the as-produced and purified SWCNTs and might be 

associated with desorption of species adsorbed from ambient.  Oxygen functionalities introduced 

decompose at ~670 K in TPD-MS spectra with release of H2O, CO, and CO2 as the dominant 

species.  A second maximum for CO release at 1130-1180 K is observed for both the as-

produced and purified SWCNTs.  Hydrogen-deuterium exchange experiments carried out in the 

liquid phase upon sonication and in the gas phase upon exposure of SWCNTs to water (H2O or 

D2O) vapors show easy H-D proton exchange for species desorbing below 600 K, while for 

species desorbing with a maximum at 670 K there is only limited H-D proton exchange 

suggesting limited accessibility of those species for water molecule protons.  FTIR spectroscopy 
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detected a decrease in intensity of multiple bands upon SWCNT heating that could be associated 

with desorption/decomposition of hydrocarbons and oxygen functionalities.  No thermal 

decomposition of species containing organic carbonyl (C=O) bond was detected by FTIR for 

either the as-produced or purified SWCNTs.  Functionalities with a mobile proton introduced by 

air/HCl purification are tentatively assigned to OH groups. 

 

4.1 INTRODUCTION 

As-produced SWCNTs contain a substantial fraction of catalyst particles (e.g., SWCNTs 

produced by the HiPco43 method contain ~20 wt.% of Fe), as well as carbonaceous impurities 

that should be removed for the study of pure CNTs and many CNT applications.72 Multiple 

purification routes have been proposed46, 71, 73-76.  One popular method, air/HCl purification, is a 

two stage procedure that preferentially burns carbon impurities in a flow of air in a first step, and 

dissolves metal catalyst particles in HCl solution in a second step.46, 61, 62, 69, 77, 78  In the course of 

air/HCl purification oxygen containing functionalities were reportedly introduced.69, 70, 78 

The presence of oxygen containing functionalities at the surface of CNTs is important for 

many reasons. The presence of oxygen containing functionalities assists in the dispersion of 

SWCNTs in polar solvents.79  Oxygen containing functionalities improve the miscibility and 

adhesion of CNTs in polymer matrices.29  The presence of oxygen containing functionalities can 

increase the sensitivity of CNT based sensors,11, 80 increase the specific capacitance of 

capacitors,81 and reduce the electrical conductivity of CNTs.73, 82, 83  Oxygen functionalities with 

a mobile proton (e.g., OH groups) are of particular importance because they can serve as 
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coordination centers for metal cations, opening the way for production of highly dispersed metal 

particles at the surface of nanotubes,84 e.g., for catalyst production.  Furthermore, oxygen 

containing functionalities with a mobile proton can be easily converted chemically to other 

functionalities.27, 85-87 

The chemistry of oxygen functionalities introduced by air/HCl treatment has been studied 

but the results reported are inconsistent.69-71  In the FTIR study Feng et al. detected carboxylic 

(C=O, 1700 cm-1) and ether (C-O, 1150 cm-1) functionalities both for as-produced and air/HCl 

purified HiPco SWCNTs.70 Carboxylic groups in carbonaceous materials decompose by 700 

K,88-92 and ether groups decompose at ~1100 K,88, 91, 92  Feng et al. proposed that those bands 

(~1150 and ~1700 cm-1) can also be assigned to intrinsic modes of SWCNTs, because these 

bands slightly decreased in intensity after annealing to 1300 K, but neither of these bands 

disappeared completely.70  Kim et al. observed similar bands in the 800-1760 cm-1 region for 

SWCNTs produced by arc-discharge and annealed to 1673 K.93  Based on the results of 

theoretical calculations Kim et al. assigned those bands to the first and second-order IR modes 

intrinsic to SWCNTs.93  Kim et al. also suggested that oxygen functionalities (C=O and C-O) 

might contribute into intensity of the bands observed (C=O ~1720 cm-1, and C-O ~1100 cm-1) in 

800-1760 cm-1.71, 93  Papers by other authors reported multiple IR active vibrations theoretically 

predicted for SWCNTs in 1000-1600 cm-1 region, but no vibrations around 1700 cm-1.94-96 

There is general agreement regarding certain effects of air/HCl purification.  It is 

established that air/HCl treatment of SWCNTs leads to microporosity and specific surface area 

increase.46, 47  The Fe content for SWCNTs (HiPco) purified by air/HCl treatment varies in the 

0.4-6 wt.% range.46, 47, 61, 70, 78  Air/HCl purification does not introduce significant amount of new 

defects to as-produced SWCNTs.47, 70, 71, 97 
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Air/HCl purification introduces oxygen functionalities, but there is no agreement on the 

chemical nature and amount of those functionalities.  Results of XPS studies on SWCNTs 

purified by air/HCl show that the air oxidation step introduces a limited amount of C-O-C and/or 

-OH groups, while after HCl treatment a significant signal (~20% of C1s signal) from C=O 

groups (COOH and C=O) could be observed.46  Strong et al. reported 0, 7.9, and 1 at.% of 

oxygen for as-produced, air oxidized, and for air/HCl treated SWCNTs (HiPco), respectively.78  

The objective of the present study is to determine the chemical nature and thermal stability of 

oxygen functionalities introduced by air/HCl purification.  We will report the amount of oxygen 

functionalities introduced to SWCNTs by different oxidative purification methods elsewhere.98  

The nature of oxygen functionalities is probed by FTIR.  The thermal stability and 

decomposition products of oxygen functionalities are explored by TPD coupled to mass 

spectroscopy (TPD-MS). 

The results reported here suggest that air/HCl purification introduces oxygen containing 

functionalities that were absent on the as-produced SWCNTs.  The introduced oxygen containing 

functionalities decompose upon heating under high vacuum at ~670 K with release of H2O, CO, 

and CO2 as the dominant species.  Based on the results of FTIR and TPD measurements we 

tentatively assign the introduced functionalities to hydroxyl groups (OH). 
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4.2 EXPERIMENTAL 

 

4.2.1 Sample purification 

 

As-produced (non-purified) SWCNTs generated by the HiPco43 method (Lot# R0559) were 

purchased from CNI (Houston, TX).  To remove residual catalyst (Fe) and amorphous carbon 

particles, a two-step purification procedure was used.61, 62  First, non-purified SWCNTs were 

placed in a plug-flow reactor made of a pyrex U-tube and treated at 570 K for 1 hour in a flow of 

pre-purified air (Airgas) saturated with a water vapor, prepared by bubbling room temperature air 

through ultra-pure water (Easypure II, Barnstead).  Second, the oxidized SWCNTs were 

transferred from the U-tube reactor to a flask and sonicated for 3 hours in 6 M HCl (Fisher 

Scientific) using a laboratory ultrasonic bath (Bransonic 2200).  The solution containing 

SWCNTs was filtered using a 2 µm filter (Whatman).  The sample on the filter was rinsed with 6 

M HCl and then ultra-pure water to wash out HCl until pH neutrality was reached.  The filter 

was then dried overnight (~16 hours) at 60 °C in ambient air.  The yield of purified SWCNTs 

was evaluated to be ~6-9 wt.%. 

 

4.2.2 Sample preparation for vacuum studies 

 

The as-produced SWCNTs were deposited in powder form on a W-grid (AlfaAesar,  0.001” (for 

FTIR) or 0.002” (for TPD)) either by a direct pressing method or by drop-and-dry method.  For 

the direct pressing method, a sample was placed on a stainless steel block and evenly distributed 

with a stainless steel blade on an area of ~5x5 mm.  After that the W-grid (~25x12 mm) was 
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placed on top of the sample, covered with another stainless steel block, and the sample was 

hydraulically pressed into the W-grid.  After that the W-grid with pressed-in sample was 

clamped to a vacuum sample holder, a thermocouple (K-type) was spot-welded to the W-grid.  

Finally, the sample holder was placed into a vacuum chamber and evacuated. 

For the drop-and-dry method, ~0.5-1 mg of the as-produced or the purified SWCNTs 

were sonicated in 5 ml of water (H2O or D2O) for 3 hours before deposition.  During sonication 

the temperature of the SWCNT suspension in water typically increased up to 50-60 °C after 3 

hours.  Immediately, after sonication samples were deposited on the W-grid by drop-and-dry 

method in an air flow at Tmax~60 ºC.  Before sample deposition the W-grid was clamped to the 

vacuum sample holder and thermocouple was spot-welded.  After deposition sample was placed 

into a vacuum chamber and pumped down to 10-9-10-8 Torr. 

 

4.2.3 Thermo-gravimetric analysis (TGA) 

 

The objective of the TGA experiment was the evaluation of residual iron content.  The TGA 

analysis was performed using a Pyris 6 thermogravimetric analyzer (PerkinElmer).  About 3-8 

mg of analyzed sample powder were used for the analysis.  During the analysis pre-purified air 

(Airgas), controlled by mass-flow controller, was metered at 20 cc min-1 through the TGA 

sample compartment while ramping the temperature from ambient to 1173 K at 10 K min-1. 
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4.2.4 Temperature programmed desorption studies 

 

The TPD-MS studies were performed in a stainless steel ultrahigh vacuum chamber equipped 

with residual gas analyzer RGA 300 (SRS, CA) (Figure 2).99  The base pressure in the TPD 

vacuum chamber before experiments was ~10-8 Torr. 

Analogous designs of the sample holder were used for both FTIR and TPD-MS studies: 

that design allowed sample cooling to ~100 K and controlled heating up to 1300-1400 K. 

For the TPD-MS study the sample was cooled to ~100 K and then was heated at 2 K sec-1 

to 1300 K with simultaneous monitoring of all the species released in a range of 1-100 amu.  

Typically 120 spectra (1-100 amu) were collected while heating a sample from 100 to 1300 K: 

one data point per 10 K.  Actual temperature corresponding to a given data point was calculated 

based on known initial temperature (typically 95-100 K), known heating rate (2 K sec-1), and the 

time at which data point (1-100 amu) was collected.  As the time to scan from 1 to 100 amu is 5 

sec then the temperature difference between collection of first point (1 amu) and last point (100 

amu) is 10 K.  Data in the 100-300 K range were recorded for control purposes: water physically 

adsorbed from background desorbs in a range of 160-170 K in case of proper thermocouple 

connection to the W-grid and good thermal contact of the W-grid with a sample. 
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4.2.5 Infrared studies 

 

The FTIR measurements were performed in a vacuum chamber embedded into the sample 

compartment of Tensor 27 infra-red spectrometer (Bruker) (Figure 3).70, 100  The base pressure in 

the FTIR vacuum chamber before experiments was typically ~10-8 Torr. 

For FTIR measurements the sample was cooled down to 100-110 K, flash heated to 300 

K, and then a background spectrum was collected.  Then the sample was steadily heated at 2 K 

sec-1 and held at 500 (for 5 min), 700 (5 min), 900 (3 min), and 1300/1400 K (1 min).  After 

annealing, the sample was allowed to cool to 100-110 K, the temperature allowed to stabilize, 

and a spectrum was collected.  For the control purposes some FTIR experiments were performed 

with monitoring of desorbing upon annealing species with the mass-spectrometer. 

 

4.3 RESULTS 

4.3.1 TGA Results 

The air/HCl purification procedure allows significant removal of residual iron catalyst; from 21.3 

wt.% for the as-produced SWCNTs to 0.9 wt.% after purification (Figure 6).  The purity 

obtained is similar or better to that reported in the literature for the air/HCl purification.46, 47, 61, 70, 

78  Though, the yields obtained are 7-10 % of original sample mass, that is equivalent to 9-12 % 

in terms of carbon related compounds.  The TGA profiles for the purified and as-produced 
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SWCNTs are different.  The TGA profile for the as-produced SWCNTs shows a weight gain 

between 400 and 560 K, most likely due to oxidation of Fe to Fe2O3.
77, 78  The weight gain is 

followed by the catalytic oxidation47, 77 of the as-produced SWCNTs with a maximum oxidation 

rate at 685 K (Figure 6).  The TGA profile for the purified SWCNTs shows ~4 wt.% weight loss 

in a range of 300-400 K, presumably due to evaporation of physisorbed water and decomposition 

of surface functionalities (Figure 6).  Weight loss due to combustion of carbonaceous material is 

observed in the range of 700-1100 K (Figure 6). 
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Figure 6: Results of thermo-gravimetric analysis (TGA) in air flow of as-produced (TGA -, DGA Δ) and purified 
(TGA -, DGA ○) SWCNTs.  Initial iron content of ~21 wt.% in as-produced SWCNTs can be reduced to ~0.9 wt.% 
after air-HCl purification. 

 

To summarize, according to the TGA analysis, air/HCl purification procedure allowed 

removal of 95% of the residual iron catalyst (Figure 6).  Thermal stability in air of purified 

SWCNTs (970 K) exceeds that for as-produced SWCNTs (685 K).  Purified SWCNTs are more 

hydrophilic than as produced and retain adsorbed water. 
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4.3.2 TPD-MS Results 

The examples of the full TPD spectra for the as-produced SWCNTs or purified SWCNTs are 

shown in the Figure A1 and profiles of the selected masses (18, 28, and 44 amu) are shown in 

Figure 7.  Those fragments can be assigned to H2O (18 amu), CO (28 amu), and CO2 (44 amu).  

The intensities of H2O and CO2 for the as-produced SWCNTs deposited by direct pressing 

increase in the entire temperature range and do not have a pronounced maxima below 1000 K 

(Figure 7A).  For as-produced SWCNTs deposited by drop-and-dry, the CO2 signal showed the 

same behavior, while the signal for water was relatively more intense having maxima at 500 K 

and at ~700 K (Figure 7B).  The intensity of CO for both as-produced and purified samples 

increased in the entire temperature range with pronounced peak at 1180 (Figure 7A and B). 
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Figure 7: TPD profiles of 18 amu [H2O], 28 amu [CO], and 44 amu [CO2] extracted from full TPD spectra of A. 
As-produced SWCNTs deposited by direct pressing; B. As-produced SWCNTs sonicated in H2O deposited by drop-
and-dry, and  C. Air/HCl purified SWCNTs sonicated in H2O and deposited by drop-and-dry.  The air/HCl purified 
SWCNTs show distinct peak with maximum at ~670 K. 
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  The same desorption fragments can be observed for as-produced SWCNTs and for 

air/HCl purified SWCNTs (Figure A1).  H2O desorption starts from ~400 K as a broad peak 

(Figure 7B).  The maxima of H2O, CO and CO2 release for air/HCl purified SWCNTs was at 670 

K (Figure 7B), while as-produced SWCNTs sample had no pronounced maxima for either H2O 

or CO2 (Figure 7A).  The analysis of full TPD spectrum showed that mass 17 amu (OH) profile 

follows the same pattern as mass 18 amu with the ratio corresponding to H2O (see Figure 8) 

suggesting molecular water desorption.  The signal intensity of CO (28 amu) was at least 3 times 

greater than that of CO2 (44 amu) suggesting that CO is not a fragment of CO2. 

The TPD peak at 670 K, associated with simultaneous release of H2O, CO, and CO2 

(Figure 7B), can originate from the decomposition of oxygen functionalities at the surface of 

SWCNTs.  Also it can originate from decomposition of oxygen functionalities blocking the 

entrances to endohedral sites of SWCNTs,101, 102 with further release of species trapped inside 

SWCNTs (H2O (18 amu), N2 (28 amu), etc.).  In order to elucidate the origin of the observed 

peaks and their chemical nature several control experiments were performed.  

The first control experiment was designed to find out whether during the purification 

procedure gases can be trapped inside SWCNTs.  For that purpose SWCNTs were oxidized in a 

mixture of 20 vol.% O2/He with subsequent sonication in HCl and re-dispersion of the sample in 

H2O before deposition under 20 vol.% O2/He environment.  The experiment revealed no release 

of He (4 amu) during heating the O2/He-HCl purified SWCNTs (Figure A2).  No trapping of He 

was established (Figure A2) suggesting free access of He in and out of SWCNT endohedral sites.  

It does not exclude the possibility that bigger molecules such as H2O, N2 and O2 may have 

limited access to SWCNTs endohedral sites: a signal from 32 amu (presumably from O2) was 

observed, but its intensity was ~1000 less than the intensity of signals 18, 28, and 44 amu (Figure 
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A2).  Based on the result of the first control experiment no encapsulation of atmospheric 

molecules (H2O, N2, and O2) was observed during the air/HCl treatment. 

The second control experiment had the aim to determine if the water release is due to 

decomposition of oxygen functionalities containing a mobile proton and if these functionalities 

are accessible to molecules in the gas phase.  For that purpose we performed control experiments 

involving H-D exchange in the liquid phase upon sonication of SWCNTs in D2O (ICON, 99.9 

at.% D) and in the gas phase upon sample exposure to D2O vapors.  These experiments showed 

that H-D exchange proceeds both upon sonication in D2O and upon SWCNTs exposure to D2O 

vapors. 

For purified SWCNTs sonicated in D2O and H2O, the signals for 20 amu (D2O), 19 amu 

(HDO), 18 amu (H2O, OD), and 17 amu (OH) are shown in Figure 8.  The signals were 

normalized2 to the mass 44 amu (CO2); the intensity of the signal from CO2 should not be 

affected by sonication media (D2O or H2O) and was used as an internal standard.  Profiles for 20, 

19, 18, and 17 amu masses from as-produced sample are shown for comparison and were not 

normalized.  The small signal from mass 20 amu (D2O) and differences in TPD profiles for water 

(D2O, HDO, H2O) related fragments might be explained by exchange (D to H) with water from 

ambient air during sample deposition. 

 

 

 

 

 

 

                                                 

2 Normalization was done by division of mass 20, 19, 18, 17 amu by maximum signal intensity of mass 44 amu 
(CO2) releasing at ~670 K for the corresponding sample (either sonicated in H2O or D2O). 
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Figure 8: TPD profiles for masses 20, 19, 18, and 17 amu for the as-produced (black line) SWCNTs (deposited by 
direct pressing) and purified SWCNTs (deposited by drop-and-dry) sonicated in H2O (blue line) and D2O (red line).  
Signals from purified sample were normalized based on CO2 (44 amu) signal.  Sonication of the sample in D2O 
resulted in partial H-D exchange. 

 

The H-D exchange experiment was also performed with water molecules dosed from the 

gas phase.  The first objective was to minimize the H-D exchange with water vapor from 

ambient air that was likely occurring during drop-and-dry deposition of SWCNTs sonicated in 

D2O onto the W-grid.  The second objective was to check if there are any accessibility 
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limitations caused by bundling of SWCNTs after deposition.  To proceed with H-D exchange in 

the gas phase, the sample sonicated in H2O was placed in a vacuum chamber, evacuated to <10-7 

Torr.  Then the vacuum chamber was 3 times refilled with 7.6 Torr of D2O and kept for 10 min 

under D2O vapors at ambient temperature.  The vacuum chamber was then evacuated to ~10-8 

Torr for TPD-MS experiments.  The TPD analysis of water related fragments showed that there 

is H-D exchange in the gas phase (Figure 9) and profiles for water fragments were similar as for 

SWCNTs sonicated in D2O (Figure 8).  The results suggest that H-D exchange proceeds easily 

for the water TPD peak evolving below 600 K (Figure 9), while for the peak evolving at ~650-

670 K there is only partial H-D exchange.  In the case of unrestricted proton exchange between 

water molecules in the gas phase and mobile protons at the surface of SWCNTs, the ratio 

between different water fragments (D2O, HDO, H2O, OD, OH) desorbing from the SWCNT 

surface should be the same in the whole temperature range and equal to the ratio of water 

fragments in the gas phase before TPD experiment (Figure 9).  From Figure 9A one can see that 

the ratio between water fragments changes with temperature; as temperature increases species 

containing H become to dominate over species containing D.  All protons that are at the surface 

of SWCNTs can exchange with protons of water in the gas phase, but species that decompose at 

~670 K exchange in less extent than species that decompose at lower temperatures.  To conclude, 

the oxygen containing functionalities that decompose at 670 K contain a mobile proton and these 

oxygen containing functionalities have the limited accessibility for a proton of water molecules 

in the gas phase. 
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Figure 9: TPD following H-D exchange on the purified SWCNTs with molecules dosed from the gas phase. In the 
case of a complete H-D exchange and “surface-gas phase” equilibration, the ratio between different water fragments 
observed during TPD experiment (A) should be the same as ratio between different water fragments in the 
background gases (B). 

 

4.3.3 FTIR results 

The results of FTIR experiments for the as-produced and purified SWCNTs are shown in Figure 

10.  Heating of the as-produce SWCNTs to successively higher temperatures leads to intensity 

decrease of bands at 3600-3100 cm-1 (with a sharp peak at 3500 cm-1) and at 2950-2850 cm-1 - C-

H stretching (Figure 10A).  Similar bands were observed for the air/HCl purified SWCNTs 

(Figure 10B).  Those bands could be assigned to OH stretching modes71, 103 and C-H stretching90, 

respectively (Table 1). 
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Figure 10: FTIR spectra of the as-produced (A) and air/HCl purified SWCNTs (B) annealed to 500, 
700, 900, and 1400 K. The spectral changes are shown in regions of 3700-2700 and 1900-670 cm-1.  
Negative peaks mean that species leave the surface as the temperature increases. 

 

While heating the as-produced SWCNTs to high temperatures, gradual decrease of intensities of 

bands at 1510, 1260, 1206, 1113, 945, and 855 cm-1 was observed (Figure 10A).  At the same 

time bands at 1600 (shoulder 1560) cm-1, and broad bands ~1380, ~1100, and ~830 cm-1 were 

increasing in intensity.  Heating of the air/HCl purified SWCNTs sample resulted in decrease of 

intensity of bands at 1750, 1507, 1160-950, 860, and 800 cm-1 (Figure 10B).  The intensity 
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increase for the air/HCl purified SWCNTs was observed also at 1730, 1600, 1565, 1370 (after 

1400 K), 1060, and 830 cm-1.  Proposed assignment of bands is given in Table 1. 

 

Table 1:  Proposed assignment of IR bands observed in the spectra of SWCNTs. 

IR active 
mode 

Observed 
Frequencies* 
[cm-1] 

Additional References 

SWCNTs and graphite intrinsic modes 
A2u of graphite 
or radial95 mode 
in SWCNTs 

835 805 - Theory of SWCNTs (z-directed  mode in C120)
96 

806, 854 - first order modes (IR and theory)93 
~830 (NA**), ~870 – IR of graphite and SWCNTs104 
860 - IR of SWCNTs, graphite, amorphous carbon95  
868 - IR of SWCNTs and graphite105 
820-840 - IR of SWCNTs106 

“D-band” 
 

1380 1190 - IR of SWCNTs (D-band)95 
1358  - Theory of SWCNTs (z-directed  mode in C120)

96 
1369 - first order modes (IR and theory)93 
1380 - unassigned (SWCNTs)107 
1430 - IR of SWCNTs106 

E1u of graphite 
or tangential95 
mode in 
SWCNTs 

1600 1580 - Theory of SWCNTs (circumference  mode in C120)
96 

1597, 1590, and 1587 - IR of SWCNTs, graphite (E1u), amorphous carbon, respect.95  
1587 - IR of SWCNTs and graphite105 
1540 -  IR of SWCNTs106 

Second order 1730 1700 (NA) -  IR of SWCNTs106 
1708, 1730 - second order modes (IR and theory)93 

   

Surface (oxygen) functionalities 
C-O 1040-1250 1040 - C-O-C symmetric stretching107 

1062 - appear along with band 1600 cm-1 after oxygen cycloaddition108 
1100 - C-O in ether, alcohols, and phenols71 
1200 - C-O-C asymmetric stretching107 
1250 - C-O70 

O-H bending 1230 1230 - O-H bending71 

C=C 1580-1600 1580 - C=C in proximity of oxygenated group107  
1585-1600 - aromatics90 
~1579-160070 

C=O 1640-1850 ~1640 - quinone90 
1650 - quinone107 
1710-1730 - stretching in ketones or carboxylic acid groups 
1700 - carboxylic acid70 
1723 - lactone/carboxyl90 
1850 - anhydrides70 

C-H 2850-2960 2850-2960 - aliphatic90 

O↔H 3200-3600 3200-3251 - in COOH 
3230 - in coupled carboxylic acid groups and 3400 in alcohols and phenols71 
3600-3000 - amorphous ice outside of SWCNTs and 3507 ordered ice inside 

SWCNTs103 

  1500-1660 - conjugation between C=O and C=C bonds or interaction between 
localized conjugation of C=O and carboxylic acids and ketons71 

* Observed in current work  **NA= not assigned 
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4.4 DISCUSSION  

The air/HCl purification used in the present work effectively removes residual iron catalyst 

reducing the iron content from ~21 to ~1wt.% (Figure 6) that is well in agreement with early 

reported values for the analogous air/HCl procedures.46, 47, 61, 70, 78  The reduction of iron content 

improves the thermal stability of SWCNTs in air (Figure 6).  Nevertheless, the improved thermal 

stability is just a sign of reduced Fe content and could not serve as an evidence for pure 

nanotubes with no carbon admixtures; control TGA experiment with carbon black (CB-460, 

Cabot) showed the carbon black starts to burn at ~800 K (Figure A3) – close to “ignition” 

temperature of the air/HCl purified SWCNTs.   The question on the SWCNTs purity in terms of 

carbonaceous impurities after the air/HCl is open for further investigations. 

The results of TPD investigation unambiguously show that the air/HCl treatment 

introduces new type of oxygen functionalities to SWCNTs that decompose upon heating at ~670 

K (Figure 7).  The maximum peak of desorbing species belongs to H2O, CO, and CO2, 

suggesting simultaneous dehydroxylation of SWCNT surface and decomposition of oxygen 

functionalities.  On carbonaceous materials other than CNTs decomposition of carboxylic 

functionalities occurs at ~550-750 K and carboxylic anhydrides at ~623-1013 K.89-92, 109  We 

doubt that the functionalities that decompose at ~670 K are carboxylic or/and anhydride groups.  

Decomposition of carboxylic functionalities should be accompanied by release of CO2 mainly 

and in the case of carboxylic anhydride decomposition the ratio between CO and CO2 should be 

~1, while in our case the CO peak has a maximal intensity (Figure 7).  Besides, elimination of 

carboxylic groups with either formation of carboxylic anhydride groups due to dehydroxylation 

or decomposition should be accompanied by intensity decrease in the C=O stretching region.  

For the air/HCl purified SWCNTs slight increase in the intensity of IR peak at 1730 cm-1 was 
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observed after annealing to 700 K (Figure 10B).  After annealing to 1400 K there was a decrease 

in intensity of the peak at ~1750 cm-1 that can be assigned to C=O stretching in carbonyls (Table 

1).  Peak at 1730 cm-1 increased in intensity along with peaks at 1600 and 835 cm-1, and did not 

change in intensity even after annealing to 1400 K when most of the oxygen containing 

functionalities decompose.  The IR peak at 1730 cm-1 was not pronounced for the as-produced 

SWCNTs.  Recently, the peak at ~1730 cm-1 was assigned to the second order IR active modes 

intrinsic to SWCNTs.93  Feng et al. also observed a broad band ~1680-1700 cm-1 for HiPco 

nanotubes43 and for Rice Tubes51 that were annealed to >1300 K, suggesting that this band can 

be intrinsic to CNTs.  

FTIR results suggest that there is no C=O (~1700-1800 cm-1) containing functionalities 

decompose upon heating of SWCNTs to 900 K.  The inability to observe changes in 1750-1700 

cm-1 region with FTIR can not be explained by limited sensitivity of FTIR.  For the air/HCl 

purified SWCNTs FTIR can detect the changes in O-H stretching region while heating from 500 

to 700 K (Figure 10B), though an extinction coefficient of O-H stretching is much lower than an 

extinction of C=O stretching suggesting that if the change in OH stretching region was observed 

with FTIR and this change is due to decomposition of carboxylic groups then the change of C=O 

stretching intensity should be even more pronounced.  The TPD peak observed at 670 K can not 

be assigned to the decomposition of oxygen functionalities containing carbonyl group. 

The TPD peak at 670 K might originate from decomposition of OH functionalities.  The 

peak at 670 K is absent for the as-produced SWCNTs and on the as-produced SWCNTs 

sonicated in water (Figure 7).  A control experiment on sonication of the as-produced SWCNTs 

in HCl without air oxidation step showed TPD desorption profiles of CO and CO2 similar to 

profiles of CO and CO2 developing from the as-produced SWCNTs (Figure A4).  The air 
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oxidation of the as-produced sample sonicated in HCl also revealed no generation of the oxygen 

functionalities (Figure A4) observed for the air/HCl purified SWCNTs.  However, SWCNTs 

sonicated in HCl and then oxidized in the moist air showed increase in intensity of CO2 

desorbing in 600-900 K range (Figure A4). 

The most distinct change in the FTIR spectra of the purified SWCNTs that occurs from 500 

to 700 K is a decrease of intensity of bands at ~1155-1200, ~1524 and ~3200-3400 cm-1 (Figure 

10B) suggesting thermal decomposition of surface functionalities.  The band at ~1050-1200 cm-1 

can be assigned to C-O stretching and/or O-H bending vibrations (Table 1), while the band at 

3200-3400 cm-1 can be assigned to OH stretching vibrations.  The band at ~1507 cm-1 was 

observed for the as-produced SWCNTs suggesting that it can not contribute to the 670 K TPD 

peak intensity. The FTIR results imply that the TPD peak that we observe at ~670 K correlate 

with decrease of intensity of bands at  ~1050-1200 cm-1 (C-O stretching and/or O-H bending)  

and band at ~3200-3400 cm-1 (OH stretching). 

The increase of intensity of some adsorption bands in the IR spectra of SWCNTs can be 

associated with formation of new IR active bonds.  Another possibility is a change of molecular 

symmetry due to reorganization of bonds.  Chemical and physical transformations of SWCNTs 

that reduce the symmetry of C=C bonds will result in observed increase in intensity of the ~1600 

cm-1 band.  For example, increase of intensity for the band 1600 cm-1 band can be explained by 

the deformation of SWCNTs.  It should be pointed out that in our FTIR experiments we detect 

the changes in the optical properties of our sample initiated by heating; background is the sample 

before heating.  The heating of SWCNTs can lead to desorption of chemical species from 

endohedral and interstitial channels of CNTs, to the decomposition of surface functionalities, 

and, possibly, to ordering/disordering of carbon nanotubes within CNT bundles.  These events 
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can results in “deformation” (change of symmetry) of carbon nanotubes.  Particularly, ordering 

of carbon nanotubes within the bundle can result in more strong interaction between carbon 

nanotubes that will lead to radial deformation of nanotubes (Figure 24).  The radial deformation 

should be more pronounced for the nanotubes that are close to the sides of the bundle, because 

carbon nanotube that are in the middle of the bundle will feel the same forces from all sides (in 

case of bundle formed of CNTs of the same diameter and having ordered structure).  Additional 

study combined with other methods (such as Raman, Electron Microscopy, and other techniques) 

is required to identify the mechanisms responsible for increase of IR intensity of certain bands. 

According to the results of H-D exchange the introduced oxygen functionalities that 

decompose at ~670 K contain a mobile proton (Figure 9).  However, those functionalities are not 

easily accessible for proton of water molecules in the gas phase (Figure 9) suggesting that there 

are either kinetic or physical limitations preventing complete exchange.  Based on the results of 

the present paper we believe that the air/HCl purification introduces hydroxylic groups (-OH) to 

the sidewalls of carbon nanotubes.  The limited accessibility of the sidewall hydroxylic groups (-

OH) can be explained by formation of the CNT bundles with OH groups located in the interstitial 

channels of SWCNTs.  In general interstitial channels have limited accessibility for molecules,110 

but for bundles formed of carbon nanotubes of different diameters, some interstitial sites can be 

accessible.111, 112 

4.5 SUMMARY AND CONCLUSIONS 

It was shown that the air/HCl purification introduces oxygen functionalities absent for the as-

produced SWCNTs.  The introduced oxygen functionalities decompose by heating under high 
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vacuum with a maximum decomposition rate at ~670 K.  Results of FTIR experiments suggest 

that there are no carbonyls disappearing after thermal treatment, excluding the possibility that 

decomposing groups are carboxyls. According to the results of H-D proton exchange, introduced 

oxygen containing functionalities contain a mobile proton that can partially exchange with the 

gas phase water molecules.  We suggest that the air/HCl procedure utilized here resulted in the 

formation of hydroxylic groups (OH) on the side walls of SWCNTs. 
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5.0  INTRODUCTION INTERACTION OF ACETONE WITH SINGLE WALL 

CARBON NANOTUBES AT CRYOGENIC TEMPERATURES: A COMBINED 

TEMPERATURE PROGRAMMED DESORPTION AND THEORETICAL STUDY 

This part of the thesis was published in Langmuir journal (v. 24 p. 7848, 2008).  Theoretical 

calculations for this part of the work were provided by Professor Irle and PhD student Yoshifumi 

Nishimura (Institute for Advanced Research and Department of Chemistry, Nagoya University, 

Japan) and Keiji Morokuma (Department of Chemistry, Emory University, Atlanta, GA).  

 

Abstract 

The interaction of acetone with single wall carbon nanotubes (SWCNTs) at low temperatures 

was studied by a combination of temperature programmed desorption (TPD) and dispersion-

augmented density-functional-based tight binding (DFTB-D) theoretical simulations. On the 

basis of the results of the TPD study and theoretical simulations, the desorption peaks of acetone 

can be assigned to the following adsorption sites: (i) sites with energy of ~75 kJ mol-1 (Tdes ~300 

K) ─ endohedral sites of small diameter nanotubes (~7.7 Å); (ii) sites with energy 40–68 kJ mol-1 

(Tdes~240 K) ─ acetone adsorption on accessible interstitial, groove sites, and endohedral sites of 

large nanotubes (~14Å); (iii) sites with energy 25–42 kJ mol-1 (Tdes ~140 K) ─ acetone 

adsorption on external walls of SWCNTs and multilayer adsorption. Oxidatively purified 

SWCNTs have limited access to endohedral sites due to the presence of oxygen functionalities. 
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Oxygen functionalities can be removed by annealing to elevated temperature (900 K) opening 

access to endohedral sites of nanotubes. Nonpurified, as-received SWCNTs are characterized by 

limited access for acetone to endohedral sites even after annealing to elevated temperatures (900 

K). Annealing of both purified and as-produced SWCNTs to high temperatures (1400 K) leads to 

reduction of access for acetone molecules to endohedral sites of small nanotubes, probably due 

to defects in self-healing and cap formation at the ends of SWCNTs. No chemical interaction 

between acetone and SWCNTs was detected for low temperature adsorption experiments. 

Theoretical simulations of acetone adsorption on finite pristine SWCNTs of different diameters 

suggest a clear relationship of the adsorption energy with tube sidewall curvature. Adsorption of 

acetone is due to dispersion forces with its C─O bond either parallel to the surface or O pointing 

away from it. No significant charge transfer or polarization was found. Carbon black was used to 

model amorphous carbonaceous impurities present in as-produced SWCNTs.  Desorption of 

acetone from carbon black revealed two peaks at ~140 and ~180-230 K, similar to two acetone 

desorption peaks from SWCNTs.  The characteristic feature of acetone desorption from 

SWCNTs was peak at ~300 K that was not observed for carbon black.  Care should be taken 

when assigning TPD peaks for molecules desorbing from carbon nanotubes as amorphous carbon 

can interfere. 
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5.1 INTRODUCTION 

 

Carbon materials are of interest for fundamental science and technological applications.4 

Discovered more then 50 years ago,2 the importance of carbon nanotubes (CNTs) for 

technological applications was not initially recognized and became clear only recently.3, 50  The 

dimensions and properties of CNTs make their application as nanosensors attractive.11, 14-16 

Acetone is a simple polar organic solvent, and a major chemical commodity.113  Acetone 

is reported to be the dominant non-methane organic atmospheric pollutant.114  Moreover, acetone 

forms in the body during ketogenesis.115  Thus, there is ongoing interest to study the interaction 

of acetone molecules with CNTs for the development of sensors11-13, 116, 117 to control the 

environmental release of acetone from industrial sites and to monitor the acetone level in the 

human body to prevent ketoacidosis, an issue for people with diabetes118.  

There have been several experimental studies on the interaction of acetone with carbon 

materials (highly oriented pyrolitic graphite (HOPG) and CNTs) and the application of CNTs to 

acetone vapor detection.11-13, 116, 117, 119-122  Recent publications suggest a chemical interaction of 

acetone with SWCNTs121 and multiwall carbon nanotubes (MWCNTs)122 with a maximum 

desorption energy of ~100 kJ mol-1 and ~68 kJ mol-1, respectively.  Chakrapani et al. suggested 

that the curvature of the CNT surface and topological defects play an important role in the strong 

binding of acetone to the CNT surface.121  Shih and Li proposed that strong chemical interactions 

of acetone with MWCNTs is due to topological defects and disorder in MWCNTs.122  Snow and 

Perkins used SWCNTs based sensors for acetone detection and proposed that acetone vapors 
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produce a rapid response in the conductance and capacitance of SWCNTs due to charge transfer 

and polarizability, but did not discuss the adsorption energetics.116  Later, Robinson et al. 

reported that defects play an important role in acetone binding to CNTs and the acetone 

adsorption energy was estimated from conductance curves as a function of acetone pressure to be 

41 kJ mol-1, while theoretical calculations for acetone bound to carboxylic group in proximity of 

side wall defects gave a binding energy of 34 kJ mol-1.11  The results of a TPD study on acetone 

interaction with HOPG suggested that acetone adsorbs in three states: monolayer (Td,max~165 K), 

bilayer (Td,max ~155 K), and multilayer (Td,max ~145 K).119, 120  Furthermore, the presence of 

oxygen functionalities have been shown to influence the interaction of acetone with HOPG.120  

Here we present the results of a temperature programmed desorption (TPD) investigation and 

theoretical simulations of acetone adsorption on SWCNTs at cryogenic temperatures, and 

explore the influence of oxygen functionalities and anneal temperature on acetone adsorption on 

SWCNTs.  We discuss the implications of these results on SWCNTs based sensor operation and 

SWCNTs thermal processing. 

 

5.2 EXPERIMENTAL AND THEORETICAL APPROACH 

5.2.1 Materials 

As-produced (non-purified) SWCNTs, synthesized by the HiPco43 method, were purchased from 

CNI (Houston, TX).  A detailed purification procedure was described in Section 4.2.1.  The only 
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difference introduced here was oxidation step: SWCNTs were oxidized at 523 K for 5 hours in 

air saturated with water vapors. 

The purity of SWCNTs after air/HCl treatment was checked with X-ray photoelectron 

spectroscopy (Figure A1) and thermo-gravimetric analysis (TGA) (Figure 6 and Figure B1).  No 

XPS signal, above the noise level, from Fe was detected in the purified SWCNTs, suggesting an 

iron content of less than 5 wt.% (detection limit for conditions used) whereas the as-produced 

sample gave a distinct doublet from Fe (Figure B1).  According to literature data air/HCl 

purification reduces residual iron content from initial 20-30 wt.% to 1-5 wt.% according to 

TGA.61, 70 

Before introduction into the UHV chamber the samples were sonicated in acetone 

(Fisher, ACS grade) for 1 hour and then deposited by drop-and-dry method on a W-grid (Alfa 

Aesar, 100 mesh, 0.002” wire diameter) in a flow of preheated air (~330 K). 

5.2.2 Experimental setup 

Temperature programmed desorption experiments with mass spectroscopy monitoring (TPD-

MS) were performed in a stainless steel ultrahigh vacuum chamber, described in detail earlier 

(Figure 2),99  with a base pressure of less than <5*10-9 Torr.  Before sample deposition, the W-

grid was attached by nickel clamps to the sample holder copper wires of a vacuum electrical 

feedthrough attached to the bottom of a dewar.  A K-type thermocouple (Omega) with a short 

time response was spot-welded to the W-grid.  The design of the sample holder allows cooling of 

the sample to cryogenic temperatures (<100 K) and resistive heating to 1400 K. 
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Acetone vapor (~10-7-10-6
 Torr) was dosed through a leak valve (Varian) into the vacuum 

chamber to a fixed pressure for the time required to achieve the desired dose.3  Uncorrected 

pressure was monitored with a nude ion gauge (Varian).  To heat the sample, direct current from 

a power supply (Kepco) was driven through the W-grid and the temperature was monitored via 

the thermocouple.  A shielded residual gas analyzer (RGA 300, Stanford Research Systems) was 

used to monitor the desorbing species.  Custom programs written in Labview were used to 

control the temperature, monitor the dosing, and to record TPD-MS spectra. 

5.2.3 Sample pretreatment and gas exposure procedures 

The SWCNTs sample was placed in a vacuum chamber and evacuated to <5*10-9 Torr. When the 

sample was cooled to 90-100 K, the resulting base pressure was <1*10-9 Torr.  Then the sample 

was heated at 2 K sec-1 to 500 K, held at 500 K for 2 h under vacuum to remove residual solvent 

and adsorbed gases (this sample will be referred to as SWCNTs-500).  After 2 h at 500 K 

temperature was quenched back to 90-100 K.  The SWCNTs-500 was cooled to 100 K and 

desired amount of acetone was dosed to the sample.  After dosing, the pressure was allowed to 

reach approximately the same level as before dosing and allowed to stabilize for 2-5 min.  Only 

after that were TPD-MS spectra collected.  The following doses of acetone were used: 1, 5, 10, 

25, 50, 100, 500, and 1000 L.  After the last dose of acetone was injected and TPD-MS was 

collected, the sample was allowed to warm up to ambient temperature. 

On the next day the sample was annealed to a higher temperature.  The anneal 

temperatures (and times) used were 700 K (1 h), 900 K (0.5 h), and 1400 K (5 min).  To indicate 

                                                 

3 Exposures are given in Langmuir units, 1 L = 10-6 Torr sec 
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the anneal temperature of the sample used before acetone adsorption we abbreviate the 

corresponding samples as SWCNTs-500, SWCNTs-700, SWCNTs-900, and SWCNTs-1400.  

The adsorption energies that were evaluated from TPD profiles were calculated based on 

Redhead analysis with the assumption of a pre-exponential factor of 1013 sec-1.123 

5.2.4 Theoretical Studies - Computational Methodology4 

Similar to our approach in a previous study,10 we have first compared the performance of the 

dispersion-augmented self-consistent-charge density functional tight binding124, 125 (SCC-DFTB-

D, denoted in the following DFTB-D for brevity) method for the prediction of C-acetone 

interaction energies E to the corresponding ab initio large-basis-set MP2 energetics for a 

coronene (C24H12)-acetone model system.  Here, we employed the resolution-of-identity (RI-) 

approach for the MP2 calculations as implemented in the program system TURBOMOLE,126 

using the supplied Ahlrichs basis sets SVP (split-valence polarized, containing up to d/p basis 

functions for 2nd and 1st row elements),127 TZVPP (triplet-zeta valence polarized, containing up 

to f/d basis functions for 2nd and 1st row elements),128 and QZVPP (quadruple zeta polarized, 

containing up to g/d basis functions for 2nd and 1st row elements)129 and their corresponding 

auxiliary basis sets for the RI approximation.126  Full geometry optimizations for various 

molecular adsorption configurations of the acetone molecule relative to the coronene plane were 

performed at the MP2/SVP levels of theory as well as at the SCC-DFTB-D level for comparison, 

making use of molecular symmetry where possible for MP2 calculations.  MP2/TZVPP and 

                                                 

4 This chapter was written by Professor Irle and PhD student Yoshifumi Nishimura (Institute for Advanced Research 
and Department of Chemistry, Nagoya University, Japan) and Keiji Morokuma (Department of Chemistry, Emory 
University, Atlanta, GA). 
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MP2/QZVPP single point energies were computed for the MP2/SVP geometries.  The influence 

of the basis set superposition error (BSSE) on E was evaluated by performing standard Boys-

Bernardi counterpoise correction.130  In all calculations, default convergence criteria were 

adapted for wavefunctions and geometries.  The DFTB-D method includes the dispersion energy 

Edis by adding the sum of two-center London dispersion term between nuclei  and  separated 

from each other by a distance R

6
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where f (R) is a damping function to suppress contributions of Edis for small interatomic 

distances where the London dispersion term is not valid.  We follow Elstner et al. who assume 

R0 to be 3.8 Å for all elements of the first row of the periodic table.124  The derivation of the C6 

parameters was described in detail elsewhere.124  Recent, very favorable performance 

benchmarks were described for instance for carbon nanosystems131-133 and biosystems134. 

5.3 EXPERIMENTAL RESULTS  

 

The desorption of acetone was followed by monitoring the 43 amu (CH3CO) and 58 amu 

(CH3(CO)CH3) signals.  Our data will be presented in terms of 43 amu profile as it was the 

dominant fragment in the mass spectrum of pure acetone: the signal for the parent fragment 58 

amu was 4.2 times less intense than the 43 amu signal.  In addition, TPD-MS for masses 44 and 

18 amu were collected. 
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Acetone desorption from purified SWCNTs was characterized by three desorption peaks 

in the 1-100 L exposure range (Figure 11A).  For SWCNTs-500, two dominant peaks were 

present at ~240 (~50 kJ mol-1) and ~300 K (~75 kJ mol-1), and a smaller peak at 140 K (~35 kJ 

mol-1).  The peak at 300 K grew faster than the other peaks for exposures of 1-50 L (Figure 

11A), while for higher exposures (>50 L) the peak at 240 K for SWCNTs-500 increased faster 

than the peak at 300 K.  For samples annealed to higher temperatures the ratio between 240 and 

300 K peaks changed:  for the SWCNTs-700 and SWCNTs-900 samples the peak at 300 K was 

dominant for exposures up to 100 L (Figure 11A), suggesting limited access to sites with the 

highest adsorption energy for SWCNTs-500.  The annealing to 1400 K decreased the 300 K peak 

intensity at the expense of the 140 and 240 K peaks reversing the tendency observed for 500-

700-900 K annealing temperatures, i.e., the increase of intensity for the 300 K peak.  The 

comparison of acetone desorption profiles for SWCNTs-900 and SWCNTs-1400 suggests the 

loss of the sites responsible for the peak at 300 K for SWCNTs-1400 in comparison with 

SWCNTs-900 (Figure 11A) at the expense of sites responsible for the peaks at 140 and 240 K.  

Qualitatively, the acetone desorption profile for SWCNTs-1400 looked similar to the profile for 

SWCNTs-700, except for the absence of the high temperature tail that lasts up to 450 K for 

SWCNTs-700 sample.  The SWCNT anneal temperature had a strong impact on the acetone 

adsorption behavior.  It appears that annealing to consecutively higher temperatures (500-700-

900 K) opened access to energetically more favorable adsorption sites (i.e., peak at 300 K and 

extended up to 450 K desorption tail), while annealing to 1400 K led to partial re-blocking of 

these sites. 
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Figure 11: Desorption of acetone (mass 43 amu (e.g., CH3CO)) from purified SWCNTs annealed to 500, 700, 900, 
and 1400 K. (A) Acetone exposure 1-100 L.  (B) Acetone exposure 100-1000 L.  Sites with three different 
adsorption energies ~35, 50, and 75 kJ/mol appear to be present on SWCNTs.  The acetone uptake by each site 
depends on the SWCNT anneal temperature. 

 

To understand whether acetone undergoes irreversible chemical transformation during 

interaction with SWCNTs,121, 122 several acetone fragments were traced simultaneously during 

TPD: 43 amu (CH3CO), 15 amu (CH3), 58 amu (CH3C(O)CH3), and 28 amu (CO).  The 

desorption of all acetone fragments have similar profiles (Figure A3).  Moreover, the relative 

intensities of the different mass fragments were the same as for gas phase acetone5.  Those 

findings imply that acetone cryogenically adsorbed on SWCNTs desorbs as an intact molecule. 

Several control experiments were performed to verify the assignment of TPD-MS peaks.  

First, the interaction of acetone with the W-grid, used as a sample support, was studied as a 

                                                 

5 The relative intensities of the different mass fragments for gas phase acetone were obtained by introducing a 
constant pressure of acetone (10-7 Torr) into the TPD chamber while monitoring the mass spectrum (1-100 amu). 
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function of the anneal temperature: independent of anneal temperature acetone desorbs from the 

W-grid with a maximum at 136-153 K depending on acetone exposure (5-1000 L) (Figure B2).   

A second control experiment was the adsorption of acetone on as-produced SWCNTs 

without any chemical purification treatment (Figure 12A).   The as-produced SWCNTs are 

characterized by admixtures of amorphous carbon and iron catalyst particles43 that might 

influence the adsorption behavior of the purified SWCNTs as well.  Control experiments 

identified three peaks for acetone desorption from the as-produced SWCNTs: 140-150, 180-240, 

and 280 K.  The peak at 280 K had a small intensity and was observed as a shoulder of the more 

intense peak at 220-240 K at moderate exposures (<100 L).  Only after anneal at 900 K did the 

peak at 280 K became comparable in intensity to the peak at 220-240 K (<50 L). Annealing of 

the as-produced SWCNTs to 1400 K resulted in a compete cancellation of the 280 K peak.  High 

acetone exposures (1000 L) to the as-produced SWCNTs resulted in a broad peak with 

desorption maximum at 185-200 K depending on anneal temperature (Figure 12A).  To 

summarize, as-produced SWCNTs had peaks similar to purified SWCNTs except that the ratio 

between peaks was different.  The peak at 180-240 K was the dominant feature in desorption 

spectra of acetone for the as-produced SWCNTs, while the peak at 280 K was pronounced only 

for low exposures (<50 L), and much smaller for purified SWCNTs. 
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Figure 12: Comparison of acetone adsorption on as-produced SWCNTs (A) and carbon black (B) annealed to 
different temperatures.  As-produced SWCNTs contain amorphous carbon, iron catalyst, and are characterized by 
low access to the endohedral sites due to caps present at the ends of SWCNTs.6, 135  Three desorption peaks of 
acetone for as-produced SWCNTs can be detected: 140-150, 180-240, and 280 K.  As-received carbon black has a 
limited porous structure that favors stronger acetone adsorption than HOPG.17, 19  Two desorption peaks can be 
detected for carbon black: small shoulder at 140-150 K, and intense peak at 180-240 K. 

 

In order to isolate features characteristic of acetone interaction with SWCNTs, acetone 

adsorption was performed on a carbon black sample (CB-460, Cabot) characterized by a limited 

porous structure (SBET~76 m2/g, Figure C1).  Carbon black sample was used as a model material 

for amorphous carbon present in as-produced SWCNTs.  Carbon black was degassed at the same 

temperatures as SWCNTs before acetone dosing (Figure 12B).  For the carbon black sample 

annealed to 500 K, a peak with desorption maximum at 200 K was observed for low exposures 

(10 L) that shifted to lower temperatures with exposure increase: for the 1000 L peak shifted to 

174 K  (Figure 12B).  The small shoulder at 150 K was noticeable only for high acetone 

exposures. Annealing to consecutively higher temperatures resulted in a small shift of the 

acetone (10 L) desorption peak maxima from 199 K (anneal 500 K) to 233 K (anneal 1400 K).  
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Overall, acetone adsorption on carbon black was characterized by two peaks: the peak at 150 K 

noticeable only for high exposures and the peak at 180-240 K.  The position of 180-240 K peak 

was a function of exposure (the higher exposure – the lower Tdes.) and anneal temperature (the 

higher anneal temperature – the higher Tdes.) (Figure 12B).  Acetone adsorption behavior on the 

carbon black at high exposures (1000 L) annealed at 500-700-900 K was similar to the behavior 

of acetone adsorption on as-produced SWCNTs annealed to the same temperatures suggesting 

that the acetone adsorption behavior of as-produced SWCNTs was, in some extent, determined 

by the presence of carbonaceous impurities.  The acetone desorption peak at 280-300 K, specific 

for as-produced and purified SWCNTs, was absent for the carbon black. 

5.4 DISCUSSION OF EXPERIMENTAL RESULTS 

Previous experiments suggest that CNT purification by oxidative methods leads to the 

introduction of oxygen functionalities10, 45, 70, 75 and defects74, 76 to SWCNTs.  Typically, 

nanotubes assemble into bundles51 due to van der Waals forces.136  The bundle structure favors 

multiple adsorption sites such as endohedral, interstitial, grooves, and external walls.  It is 

reasonable to expect different interaction energies for molecules adsorbed on different sites.   

The observation of all four adsorption sites is possible if all the sites are accessible.  The 

interstitial sites of nanotube (with d ~ 10 Å) bundles are ~0.26 nm137 wide and cannot be filled 

even by small molecules, e.g., Xe, CH4, Ne,138 and Ar139.  On the other hand, interstitial sites of 

heterogeneous bundles, formed by nanotubes of different diameters, are accessible as was shown 

by Monte Carlo simulations.111  A narrow distribution of nanotube diameters is also important 
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for the observation of distinct desorption peaks as the adsorption of acetone on endohedral sites 

becomes stronger with increasing SWCNT walls curvature (see Figure 15). 

Adsorption energies depend also on intermolecular interactions.  For alkanes adsorbed on 

bundled SWCNTs the existence of three adsorption sites has been suggested, endohedral, 

grooves, and external wall, while the fourth observed TPD peak was assigned to multilayer 

adsorption.110  In contrast to the well-resolved desorption peaks of paraffins,110 methanol 

(CH3OH) adsorption on SWCNTs was characterized by a single peak with a weak high 

temperature shoulder that was noticeable only for small exposures.140  The absence of distinct 

peaks corresponding to different adsorption sites for methanol suggests that intermolecular 

interactions (e.g., hydrogen bonding) might be important for methanol.140  There is no evidence 

that acetone─acetone interactions are responsible for the observed desorption behavior (Figure 

11).  The desorption of acetone multilayers, reflecting intermolecular interactions, from the 

surface of HOPG occurs at ~145 K.119 

In order to assign the desorption peaks of acetone from SWCNTs  observed in the TPD 

spectra, we considered four adsorption sites: endohedral, interstitial (including large interstitial 

channels111), grooves, and external walls.  The TPD spectra, however, show only three 

desorption peaks (Figure 11).  For as-produced SWCNTs, characterized by capped ends,6, 135 the 

intensity of the desorption peak at 300 K was suppressed, while peaks at 140 and 240 K were 

well-developed (Figure 12A).  Finally, peaks with desorption temperatures higher than 180 K, 

observed for acetone adsorption on SWCNTs, were not observed for acetone adsorption on 

HOPG.119, 120   

On the basis of the preceding discussion and the results of theoretical simulations (section 

5), the following assignments were made: the peak at ~300 K (with estimated adsorption energy 
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of ~75 kJ mol-1) was assigned to the adsorption of acetone on endohedral sites of small SWCNTs 

(~7.7 Å).  The peak at ~300 K had a limited intensity for oxidatively purified SWCNTs-500 

(Figure 11) and for the as-produced SWCNTs (Figure 12A), both known to have limited access 

to the endohedral sites.6, 101, 135  The peak at ~240 K (~50 kJ mol-1) was assigned to adsorption of 

acetone on grooves, in accessible interstitial channels, and in endohedral sites of large SWCNTs 

(~14 Å).  The peak at 240 K could arise from acetone interaction with amorphous carbon, as it 

has been shown to be present for carbon black (Figure 12B).  Finally, the peak at 140 K (~30 kJ 

mol-1) was assigned to acetone adsorption on external walls and multilayer adsorption.119, 120  

Desorption of acetone from the W-grid can also contribute to the 140 K peak signal intensity 

(Supporting Information Figure B2). 

Accessibility of endohedral sites appears to be strongly affected by the pretreatment 

procedure.  Endohedral sites of small diameter (~7.7 Å) oxidatively purified SWCNTs are 

presumably blocked by oxygen functionalities (Figure 13A).70  These are probably not removed 

until annealing to >600 K, when some surface functional groups decompose,70 allowing more 

access to endohedral sites (Figure 7C).  Annealing of SWCNTs to 900 K results in some 

additional decomposition of oxygen functionalities in agreement with the TPD profile of CO2 

release (Figure 7C and Figure B4), further increasing access to endohedral sites (Figure 13B).70, 

101  The acetone TPD profiles of the SWCNTs samples annealed to 700 and 900 K are 

characterized by temperature tails that extend up to 450 K, associated with an apparent acetone 

desorption energies ~110 kJ mol-1.  We believe that nanotubes of small diameter (<0.9 nm) 

might contribute to such an extended desorption profile due to high binding potential or/and 

diffusion limitations.  To summarize, the presence of oxygen functionalities, which form on 
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SWCNTs during the oxidative purification process, limits acetone access to endohedral sites, 

until removal by annealing to high temperatures (700-900 K) in agreement with the literature.101 

 

(A) SWCNT showing 
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Figure 13: Proposed evolution of endohedral sites accessibility based on SWCNT (8,8) model.  Color code: black, 
carbon; red, oxygen; white, hydrogen. 

 

We think that, after anneal of SWCNTs to 1400 K, the nanotubes become partially closed 

and less defective due self-healing that reduces access to endohedral sites: the desorption peak 

at~300 K was reduced in intensity for SWCNTs after anneal at 1400 K (Figure 11).  It was 

shown by molecular dynamics simulations that CNT defects may disappear by recombination 

with carbon adatoms and by Stone-Wales defects formation.141  Moreover, according to results 
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of theoretical calculations, pristine nanotubes can cap themselves at elevated temperatures.142  It 

was established by HR-TEM that anneal of SWCNTs even to 1073 K leads to partial closing of 

SWCNTs.143  Reduction of sidewall defects and closing of nanotubes limit the accessibility of 

endohedral sites (Figure 13C).  Another possible explanation for the disappearance of the 

acetone peak at 300 K is a temperature-induced coalescence of SWCNTs with formation of 

nanotubes of larger diameter.144, 145  We believe that coalescence of nanotubes is not likely in our 

work, because the conditions used (1400 K) are milder than conditions (>1773 K) where 

coalescence of SWCNTs was reported.144, 145  Moreover,  Raman data suggest that SWCNTs 

preserve their tubular structure even after annealing to 1300/1400 K.70 

The results on cryogenic adsorption of acetone on SWCNTs suggest the presence of 

adsorption sites that are not characteristic for acetone adsorption on a simple planar carbon 

surface, e.g., HOPG.119, 120  Moreover, the C-black sample studied for control purposes showed 

two desorption peaks at 140-150 K and at 200-230 K (Figure 12B).  It appears that the acetone 

binding energy correlates with available porous structure: adsorption in pores is defined by 

dispersion forces and ultimately the ratio of the molecule size to the pore diameter defines the 

overall potential.146, 147  For pores with a large diameter, i.e., significantly exceeding the effective 

size of an adsorbate, the interaction potential would be close to the potential of a flat surface 

(e.g., HOPG).  As the diameter of the pore reduces, the adsorbate will interact more strongly 

with the internal walls (Figure 15).  The differences in adsorption behavior between HOPG, 

carbon black, and SWCNTs are likely associated with morphology of each material.  HOPG is 

known to have no porous structure,7 while carbon black has limited porous structure.  SWCNTs 

have unique adsorption properties due to self-organization in bundles that provides a variety of 

adsorption sites, whose availability depends on pretreatment conditions.  The increased capacity 
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for acetone strongly bound to the SWCNTs after purification correlates well with an increase of 

microporous structure.46, 69 

We detected no irreversible chemical interaction upon low temperature adsorption of 

acetone on SWCNTs (Supporting Information Figure A3).  It has been suggested that acetone 

adsorbs chemically on as-produced SWCNTs121 and MWCNTs.122   The conditions under which 

acetone was introduced to SWCNTs in the present work (100 K, <10-6 Torr) are different from 

the conditions used by others.121, 122  Chakrapani et al. used sonication to interact SWCNTs with 

acetone.121  It is possible that sonication-induced changes in temperature and pressure32 might 

result in chemical interaction of acetone with SWCNTs.121  Shih and Li, who dosed acetone to 

MWCNTs at temperatures of >303 K, proposed chemical interaction between MWCNTs and 

acetone based on high adsorption enthalpies (─68.3 kJ mol-1), but provided no further 

evidence.122  The highest estimated adsorption energy for acetone adsorbed on SWCNTs-700 

and 900 was ~110 kJ mol-1 (450 K tail).  However, our results suggest that acetone dosed from 

the gas phase desorbs as an intact molecule, suggesting that the interaction of acetone with 

SWCNTs upon low temperature adsorption is chemically reversible. 

The results of the current work do not provide insight into why SWCNT-based sensors 

respond to acetone vapors.11, 116  Acetone adsorbed at low temperature interacts reversibly with 

SWCNTs due to dispersion forces with essentially no electron transfer or polarization (section 

5).  Charge transfer might occur for acetone adsorption on oxygen functionalities, as it was 

established that sensor response improved with increasing degree of SWCNT oxidation.11  It 

should be noted that the interaction of acetone with carboxylic groups on the surface of 

SWCNTs could not explain the small irreversible shift of sensor baseline after the first pulse of 
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acetone as reported by Snow and Robinson.116  The baseline shift might be due to irreversible 

chemical interaction of acetone with defect sites.121, 122 

Our experiments suggest that annealing of carbon nanotubes to high temperatures (> 900 

K) leads to defect self-healing and closing of SWCNT ends.  Annealing leads to decomposition 

of the surface oxygen functionalities that presumably stabilize the defects.  This phenomenon is 

important for processing of carbon nanotubes for technological applications.  In some cases, this 

nanotube closing should be avoided if availability of endohedral sites is a target factor, e.g., for 

hydrogen storage applications.  In other cases, capped nanotubes might be useful, e.g., for 

fabrication of field emitters.148, 149 

5.5 THEORETICAL RESULTS AND DISCUSSION6 

5.5.1 Comparison of DFTB-D with MP2 Energetics: Benchmark Results 

The model systems employed in this benchmark study are classified as planar parallel 1 (PP1) 

and 2 (PP2), up-perpendicular 1 (UP1) and 2 (UP2), and down-perpendicular 1 (DP1) and 2 

(DP1), where up and down refer to the position of the oxygen relative to the coronene plane 

assumed “underneath” the acetone molecule; “1” and “2” labels distinguish the two possible 

                                                 

6 This chapter was written by Professor Irle and PhD student Yoshifumi Nishimura (Institute for Advanced 

Research and Department of Chemistry, Nagoya University, Japan), and Professor Keiji Morokuma (Department of 

Chemistry, Emory University, Atlanta, GA). 
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orientations of the acetone molecule relative to the hexagons two symmetry-unique C2 axes 

parallel to the plane of the carbon hexagon (Figure 14). 
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Figure 14: Relative orientations of the acetone molecule on the central hexagon ring of coronene.  Only the central 
coronene ring is shown, and is positioned underneath the acetone molecule.  From left to right: planar parallel 1 (PP1) 
and 2 (PP2), up-perpendicular 1 (UP1) and 2 (UP2), and down-perpendicular 1 (DP1) and 2 (DP2). 

 

 

Table 2:  Counterpoise corrected interaction energies ΔE (MP2 BSSE counterpoise corrections in 

parentheses) [kJ mol-1] and for acetone-coronene complexes shown in Figure 14 MP2 energies were 

obtained at MP2/SVP geometries. 

ΔE [kJ/mol] MP2/SVP MP2/TZVPPa MP2/QZVPPa DFTB-Db 

PP1 c -23.92 (29.91) -36.15 (12.93) -39.38 (6.21) -28.78 
PP2 c -15.20 (28.36) -31.02 (12.41) -34.30 (5.74) -41.90 
UP1 -18.47 (16.36) -29.65 (7.01) -29.64 (3.24) -27.84 
UP2 -16.66 (16.51) -27.88 (7.00) -29.59 (3.29) -28.56 
DP1 -4.35 (15.23) -8.91 (7.76) -10.72 (3.84) -9.85 
DP2 -5.13 (14.31) -8.91 (7.22) -10.36 (3.69) -9.86 

a Geometry from MP2/SVP optimization. b Geometry optimized at DFTB-D level of theory.  c Due to 

geometrical edge effects these energies are remarkably different, see text.  

 

Table 2 lists the interaction energies ΔE between acetone and coronene for the 

counterpoise-corrected various MP2 and DFTB-D levels of theory, as well as MP2 counterpoise 

correction (CP) in parentheses.  CP is largest for PP compounds and is almost halved in UP and 

DP compounds, likely because of the reduced amount of orbital overlap due to geometrical 
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reasons.  As expected, CP is largest for the smallest basis set (SVP) and is reduced by about a 

factor of 2 going from one size of basis set to the next larger one.  The most accurate CP-

corrected MP2/QZVPP//MP2/SVP results are reproduced by DFTB-D within 2 kJ mol-1 

accuracy when UP and DP geometries are reoptimized by the latter method.  In case of PP 

geometries, the computed interaction energy very much depends on the position of the center of 

the acetone molecule relative to the coronene center.  The center of mass of acetone in the case 

of the PP1 complex is offset from the center of the acetone─coronene complex by 0.01 Å 

(MP2/SVP) and 0.77 Å (DFTB-D), while in the case of the PP2 complex, the offsets are smaller 

and amount to 0.01 Å (MP2/SVP) and 0.32 Å (DFTB-D).  If one additional hexagon ring is 

added around coronene (circumcoronene C54H18), DFTB-D interaction energies for 

corresponding PP1 and PP2 complexes are smaller and more similar with ─24.9 and ─24.4 kJ 

mol-1, respectively, indicating that the influence of coronene edge hydrogen atoms provides an 

undesirable but unavoidable contribution to the DFTB-D stabilization energies.  If averages are 

taken between the PP1 and PP2 structures, the DFTB-D average (─35.3 kJ mol-1) is very close 

to the CP-corrected MP2/QZVPP average (─36.8 kJ mol-1) with a difference less than 2 kJ mol-1.  

However, we must stress that the best MP2 energies are probably still too high by a few kJ mol-1 

compared to the basis set limit.  Nevertheless, at all levels of theory the planar parallel structures 

are energetically more favorable than perpendicular complexes, of which the ones with oxygen 

pointing toward coronene are decidedly the least favorable.  We presume that the multicenter 

contact favors the PP structures in dispersion energy more than the perpendicular structures.  

DFTB-D optimized structures give generally reduced intramolecular distances by about 0.1 to 

0.2 Å relative to MP2/SVP, which, however, does not result in a large difference in energy, 

because the intermolecular potential energy surface is rather flat with respect to interatomic 
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distances.  Therefore, we conclude that the overall agreement between the computationally 

inexpensive DFTB-D interaction energies and the much more expensive CP-corrected 

MP2/QZVPP energetics is excellent, in agreement with other benchmark studies that focused on 

molecule adsorption on graphitic walls.131-133  This finding makes us confident to use DFTB-D 

for the estimation of interaction energies in much larger SWCNT─acetone complexes. 

Regarding the physical nature of the interaction between acetone and coronene, we note 

that the adiabatic ionization potentials of coronene and acetone are very high, 7.29 and 9.70 eV, 

respectively, and the corresponding adiabatic electron affinities (EAs) are only 0.470 and 0.001 

eV, respectively.  No substantial charge transfer is therefore expected, and Mulliken population 

analysis150, 151 and Heinzmann-Ahlrichs modified atomic orbital (MAO) partial charges152 

derived from Hartree─Fock/SVP wave functions confirm essentially zero electron transfer.  

Charge polarization on the coronene surface amounts to at most a few hundredths of an electron 

per carbon atom by MAO and even less with Mulliken charge, and therefore we do not find that 

mirror charges are created on the graphitic surface due to the presence of the polar acetone 

molecule.  This is equally true for the DFTB-D Mulliken charge analysis.  Hence, we conclude 

that the interaction is almost entirely dominated by dispersion energies and can be treated 

reasonably well with the empirically damped 1/R6 London dispersion term. In PP compounds, 

CO/coronene ─ interactions are possible, which are considered a special case of dispersion 

interactions.  The CO bond is slightly tilted with oxygen pointing toward the coronene surface, 

with the shortest OC(coronene) distances around 2.9 Å and the shortest C(central acetone 

carbon)C(coronene) distances around 3.2 Å at the MP2/SVP level of theory.  In case of 

corresponding DFTB-D geometries, the distances are slightly longer at 3.0 Å (OC(coronene)) 

and 3.3 Å (CC(coronene)).  The exact values depend on the orientation of the acetone with 
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respect to the coronene molecule.  These distances are shorter than the sum of van der Waals 

radii and are therefore consistent with overlap between the C=O double bond of acetone and 

the orbitals of coronene. 

 

5.5.2 DFTB-D Interaction Energies for Acetone-SWCNT Complexes 

We have used the DFTB-D method to study the physisorption sites and interaction 

energies, E, of acetone at various sites of SWCNTs, using a hydrogen-terminated, 10 Å long 

(11,9) SWCNT model tube as well as a hydrogen-terminated 10 Å (6,5) SWCNT model tube.  

The diameters for these species were found after geometry optimization to be 14.0 Å and 7.7 Å, 

respectively.  
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Table 3 lists all computed DFTB-D interaction energies E for optimized structures obtained in 

the respective endohedral and exohedral complexes for the (11,9) and (6,5) tubes. 
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Table 3.  DFTB-D interaction energy ΔE and its components [kJ mol-1] for acetone-SWCNT complexes. 

N/A means that optimization from this conformation resulted in a different confirmation (see text) 

 DFTB-D DFTB only D only 

E [kJ/mol] endo exo endo exo endo exo 

(11,9) perpendicular to tube axis 

PP1 -44.38 -26.32 2.93 3.03 -47.32 -29.35 

PP2 -44.95 -24.91 4.17 4.57 -49.11 -29.48 

UP1 -39.45 -22.73 2.95 1.05 -42.40 -23.78 

UP2 -39.86 -23.85 2.19 0.22 -42.05 -24.07 

DP1 N/A -7.67  6.76  -14.43 

DP2 N/A -8.41  6.34  -14.76 

(11,9) parallel to tube axis 

PP -45.28 -26.04 0.93 4.17 -46.21 -30.21 

UP -38.82 -23.24 1.47 0.70 -40.29 -23.95 

DP -23.69 -9.31 6.64 5.29 -30.33 -14.61 

(6,5) parallel to tube axis 

PP -74.35 N/A 23.80  -98.15  

UP N/A -24.56  -1.99  -22.57 
 

Following our previous systematic scheme of placing acetone on coronene, we attempted 

to optimize, for each endohedral and exohedral acetone complex with the (11,9) SWCNT model 

tube, the two planar parallel as well as the four perpendicular adsorption arrangements of acetone 

on the central hexagon rings of the sidewall.  In addition, in a nanotube, the tube axis breaks the 

centrosymmetry that existed in a coronene, and the alignments of acetone parallel or 

perpendicular to the tube directions are not equivalent.  Therefore, we should formally consider 

12 possible conformations.  However, for the endohedral complexes with parallel axis alignment, 

we found that no local stable minimum of DP type exists with oxygen pointing toward the 

sidewall; optimization for these structures always resulted in parallel planar PP type complexes.  

For each acetone orientation of parallel alignment structures, only one minimum was found 

where the C─C─C axis of acetone was aligned closely to the tube direction, namely, in 

“armchair direction”; the alternative zigzag conformation does not correspond to a minimum 
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structure in the case of parallel alignment.  In the case of the much smaller (6,5) tube, we only 

found a single minimum associated with the endohedral complex, namely, the acetone aligned 

parallel to the tube direction, the PP structure.  Similarly, we found only a single minimum with 

the exohedral structure, the UP structure. 

The resulting interaction energies for the (11,9) model tube can be compared with the 

values obtained for coronene at the DFTB-D level.  In general, endohedral complexes between 

acetone and SWCNTs are more strongly bound than acetone─coronene, while exohedral 

complexes are slightly more weakly bound than acetone─coronene.  The energy differences of 

similar structures between perpendicular or parallel alignments (such as perpendicular PP1 and  

PP2 and parallel PP) are small and on the order of a few kJ mol-1.  The order of the binding 

energy |ΔE| with respect to the position of oxygen decreases in the order: PP > UP > DP, with 

differences more pronounced for the more strongly bound endohedral complexes (46 > 39 > 24 

kJ mol-1) compared to the exohedral complexes (26 > 23 > 8 kJ mol-1).  This order is the same as 

found for the acetone─coronene complexes.  Interestingly, the energy difference between UP 

and DP complexes is independent from endo- or exohedral adsorption, and is roughly 15 kJ mol-

1 in favor of the minimum with O pointing away the carbon wall.  This difference is almost the 

same as for coronene, where the UP-DP interaction energy gap is 18 kJ mol-1. 

By far the strongest interaction was found for the endohedral acetone complex with the 

small-diameter (6,5) tube with E=─74.4 kJ mol-1.  From the present results, we can roughly 

estimate the range of interaction energies; the strongest adsorption is inside small-diameter tubes 

with E ~ ─74 kJ mol-1 for the (6,5) tube, which will reduce to E ~ ─45 kJ mol-1 for the (11,9) 

tube and becoming slightly smaller as the tube diameter further increases.  Exohedral adsorption 

with E ~ ─24 kJ mol-1 is weaker regardless of the size of the tube.  
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Table 3 also shows DFTB electronic energy (“DFTB-only”) and dispersion energy Edis (“-D-

only”, eq 1) contributions to the DFTB-D energy separately.  This partitioning shows that the 

nature of the interaction is entirely due to dispersion.  DFTB-D Mulliken population analysis 

reveals, as in the case of coronene, virtually zero intermolecular charge transfer and zero 

intramolecular charge polarization.  The role of a strong dispersion field inside a small nanotube 

becomes clear in the case of the endohedral complex for the (6,5) tube, where the DFTB 

interaction without dispersion term is repulsive by 23.8 kJ mol-1, while the attraction by 

dispersion interaction ~100 kJ mol-1.  Preliminary results for acetone adsorption in groove sites 

suggest that |ΔE| may indeed follow an estimate of 1.5-1.7 times the interaction energy of 

exohedral sites proposed recently by Ellison et al.,153 and suggest adsorption energies to be about 

30-50 kJ mol-1. 

In Figure 15 we have plotted the averaged interaction energies ΔE for PP and UP 

structures as a function of sidewall curvature, measured continuously by the inverse of the tube 

diameter 1/d, as we have done before in the case of covalent X-SWCNT bonding.154  In the case 

of the small-diameter tube, we used the same ΔE for PP and UP, since in the endohedral 

compound, no such distinction can be made (Figure 15).  Endohedral complexes exhibit acetone 

interaction with negative curvature and are therefore associated with negative values of 1/d, 

while the situation in exohedral complexes corresponds to positive curvature/positive values of 

1/d.  For zero curvature (infinite diameter), we tentatively used the averaged interaction energies 

for the coronene model system.  Figure 15 clearly shows a trend in that the interaction strength of 

the acetone with the tube sidewall strongly depends on the sidewall curvature, and that 

endohedral complexes are only substantially stabilized over the normal graphite─acetone 

interaction when the sidewall curvature becomes very large. 
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Figure 15: DFTB-D interaction energy ΔE plotted versus sidewall curvature for averaged series of PP and UP 
complexes.  For details of the plot see text 

 

5.6 CONCLUSIONS 

In the course of acetone adsorption on SWCNTs studies at low temperature by TPD-MS and 

theoretical simulations, several important findings were made. 

I. Acetone desorbs from SWCNTs giving three distinct desorption peaks: 

a.  A strongly bound adsorption form with a peak desorption maximum at 

300 K (~75 kJ mol-1), assigned to adsorption in endohedral sites of small nanotubes (~7.7 

Å). 

b.  A second form of acetone adsorption with a desorption maximum at 240 K 

(~50 kJ mol-1), assigned to adsorption on endohedral sites of large nanotubes (~14 Å).  In 

the case of bundled SWCNT systems this TPD peak can be assigned to acetone 

adsorption on grooves and possibly accessible interstitial channels.  For SWCNT samples 
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with a high fraction of amorphous carbon content, this peak might originate from 

interaction with amorphous carbon as well. 

c.  A third form with a desorption maximum at ~140 K (~30 kJ mol-1) was 

assigned to acetone adsorption on external walls and multilayer formation.  This peak was 

more pronounced for SWCNTs (systems with more graphitic-like structure), rather than 

for carbon black (disordered carbon).  

II. Oxygen functionalities present on the surface of SWCNTs can block access to endohedral 

sites of small SWCNTs (~7.7 Å).  Oxygen functionalities decompose at high temperatures 

(>500 K) allowing access to endohedral sites.101 

III. Acetone adsorbed at cryogenic temperatures desorbs as an intact molecule (Supporting 

Information Figure B3). 

IV. Annealing to 1400 K leads to partial re-blocking of endohedral sites for acetone.  We 

assign this observation to the thermal closing of SWCNTs.142, 143 

V. Theoretical results indicate the following: 

a. The nature of acetone interaction with SWCNTs is entirely due to the dispersion 

forces.  No significant charge transfer or polarization was found. 

b. Acetone orientation with oxygen pointing toward graphitic surfaces is 

energetically the least favorable orientation.  Energetically most preferable is adsorption 

where the CCCO plane of acetone is parallel to the sidewall, followed by conformations 

where oxygen is pointing away from the sidewall. 

c. A strong correlation between physisorption energy and sidewall curvature was 

found.  Exohedral sites are slightly less favorable than acetone─graphite interactions (E 

between 24 to 26 kJ mol-1), while large-diameter nanotubes with endohedrally 
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encapsulated acetone are somewhat more favorable with E around 45 kJ mol-1.  The 

strongest interaction was obtained when placing acetone inside a small-diameter (6,5) 

nanotube, where we obtained a E of 74 kJ mol-1. 
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Supplemental Information (Appendix B) 

Figure B1 shows results of XPS and TGA analysis that highlights the effect of air-HCl 

purification.  The results of acetone desorption from a W-grid are shown in Figure B2: acetone 

physisorbs on tungsten with a desorption temperature of 140-150 K.  In Figure B3: the same 

desorption profiles for different acetone fragments suggests that acetone desorbs as an intact 

molecule.  Figure B4: profile of CO2 extracted from full TPD spectra of a SWCNT sample in a 

range of 220-1400 K. 
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6.0  TEMPERATURE AND PRESSURE DEPENDENCE OF SOLVENT MOLECULE 

ADSORPTION ON SINGLE WALL CARBON NANOTUBES AND THE EXISTENCE 

OF A "PRESSURE GAP". 

This chapter was submitted for publication.  Theoretical calculation for this part of the work 

were provided by Professor Irle and PhD student Yoshifumi Nishimura (Institute for Advanced 

Research and Department of Chemistry, Nagoya University, Japan) 

 

Abstract 

The use of solvents for the dispersion of single wall carbon nanotubes (SWCNTs) is important 

for multiple applications.  In the present paper, the interaction of acetone and ethanol with 

purified SWCNTs was studied by temperature programmed desorption with mass spectrometric 

analysis (TPD-MS), after reflux, sonication, or exposure to ambient pressures of solvent vapors.  

It was found that after reflux, sonication, or exposure to solvent vapors, solvent molecules bind 

tightly to SWCNTs.  Upon heating the bound acetone desorbs in ~400-900 K range, 

corresponding to binding energies of ~100-225 kJ mol-1.  Simultaneous tracking of multiple 

acetone fragments suggests that acetone (Tdes~400-900 K) desorbs as an intact molecule.  Upon 

heating ethanol desorbs as an intact molecule from SWCNTs in ~400-800 K region, suggesting 

binding energies of ~100-200 kJ mol-1.  Carbon black also showed the ability to bind strongly 

simple organic molecules.  The uptake capacity of carbon black with respect to simple organic 
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molecules was significantly less than the uptake capacity of SWCNTs.  The binding energies 

reported here are in stark contrast to the energies reported early for SWCNTs interacting with 

solvent vapors under high vacuum conditions and cryogenic temperatures, revealing a “pressure 

gap” with implications for a number of areas including CNT based sensor and gas storage 

devices.  Quantum chemical calculations show that physisorption energies of acetone on pristine 

or defective SWCNT sidewalls or inside grooves formed by SWCNT dimers do not exceed 80 kJ 

mol-1. On the other hand, interstitial adsorption in large-diameter SWCNT bundles is possible, 

and can account for very high barriers towards desorption due to strong dispersion interactions 

between the SWCNTs. 

 

6.1 INTRODUCTION 

The interaction of carbon nanotubes (CNTs) with solvents is important for applications of CNTs 

in nanofluidic devices,155, 156 the development of CNT based sensor,11, 12, 116, 117 and the 

technological processing of CNTs.28, 30  The interaction of SWCNTs with acetone and ethanol, 

solvents often used for CNT processing,10, 113, 157-159 upon refluxing, sonication, and contact with 

ambient pressures of solvent vapors will be considered in the present paper.  The dispersion of 

SWCNTs in solvents often involves sonication, a process that is accompanied by changes in 

temperature and pressure that can favor chemical reactions that would not proceed under normal 

conditions.32 As a result, sonication can induce chemical interaction of CNTs with solute 

molecules.30, 31   
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There is ongoing interest in acetone interaction with CNTs for sensor applications.11-13, 116, 

117  Acetone is used as a solvent to prepare CNTs-polymer composites.28  Recently, Chakrapani 

et al. reported chemical interaction of acetone with as-produced SWCNTs.121  Shih and Li also 

suggested that acetone interacts chemically with multiwall carbon nanotubes (MWCNTs).122  

Kazachkin et al., studying cryogenic acetone adsorption on SWCNTs, concluded that acetone 

binds reversibly to SWCNTs.159  The conditions used by Chakrapani et al.121, Shih and Li122, and 

Kazachkin et al.159 are different.  Chakrapani et al.121 used sonication to disperse SWCNTs in 

acetone, Shih and Li exposed MWCNTs to acetone vapors at 303-363 K,122 while Kazachkin et 

al.159 dosed acetone to SWCNTs at 100 K under high vacuum (<10-6 Torr).  The conditions used 

by the first two research groups121, 122 are more aggressive in comparison with the conditions 

used by Kazachkin et al.159, and can favor the chemical interaction of acetone with CNTs.121, 122 

The interaction of alcohols with CNTs is critical for the development of fuel cells and 

molecular sieves160-162, and for CNT based sensor development17.  Theoretical consideration of 

gas phase esterification of SWCNT-COOH with alcohols suggests different reactivity of zigzag 

and armchair tubes.163, 164  Fu et al. showed experimentally that mild treatment of CNTs in 

deuterated ethanol (48 h stirring at 343 K) results in deuterium attachment to CNTs: the 

deuterium in OD groups of ethanol was suggested to be responsible for deuteration.165  

Deuterium attachment was also observed for interaction of D2O with carbon nanotubes.166 

The present paper reports study of interaction of acetone and ethanol with SWCNTs upon 

reflux, sonication, and exposure to solvent vapors.  Results suggest that after reflux, mild 

sonication, or adsorption from the gas phase acetone and ethanol can strongly bind to the 

SWCNTs and desorb as intact molecules at >400 K that correspond to desorption energies >100 

kJ/mol.  These findings are in stark contrast to the behavior observed after dosing the SWCNTs 
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with vapors under high vacuum conditions at cryogenic temperatures159, 167 and suggest a 

“pressure gap” with implications for a number of CNT applications.  Theoretical calculations are 

presented for binding energies of physisorbed acetone on pristine and defective SWCNT 

sidewalls, inside grooves formed by SWCNT dimers, and inside the hollows of interstitial sites 

of various SWCNT bundles.  From the SWCNT dimer binding energies we estimate barriers for 

desorption from these interstitial sites. 

6.2 EXPERIMENTAL 

6.2.1 Materials purification 

As-produced SWCNTs, synthesized by the HiPco43 method, were purified according to the 

air/HCl procedure as described in detail elsewhere.159  The residual iron content was ~20 wt.% 

for as-produced SWCNTs and ~1 wt.% after air/HCl purification (Supporting Information in 159). 

Carbon black (CB-460, Cabot) was used as a model compound to mimic possible 

carbonaceous impurities present in as-produced CNTs.  Carbon black is produced by incomplete 

combustion of organics168 and characterized by limited microporous structure.169  According to 

analysis based on results of volumetric adsorption measurements, carbon black has a specific 

surface area of ~76 m/g2 and 95% of the pores are larger than 10 nm (Figure C1). 
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6.2.2 Sample preparation 

Treatment in solvents.  The air/HCl purified SWCNTs were either refluxed or sonicated in 

solvents before loading them into vacuum chamber.  For sonication, ~0.5-1 mg of the SWCNTs 

was treated in ~3 ml of solvent for 3 h using laboratory ultrasonic cleaner (Branson, 2510R).  For 

reflux, ~0.5-1 mg of SWCNTs were boiled in ~3 ml of solvent for 3 h in a vial covered on top 

with aluminum foil which served as a condenser for solvent vapors.  Right after sonication the 

sample was deposited by drop-and-dry method onto a W-grid (AlfaAesar, 0.002”) at ambient 

temperature.  Before sample deposition, the W-grid was connected to the sample holder by 

copper clamps, and a K-type thermocouple (Omega) was spot-welded to the grid.  The design of 

the sample holder allows sample cooling to ~100 K and controlled heating to 1400 K.99  After 

deposition onto the W-grid, samples were placed in a TPD vacuum chamber and pumped down 

overnight to <10-8 Torr.  Before TPD-MS experiments, the sample was cooled to ~100 K. 

Solvents, ethanol (Pharmco-Aaper, ACS grade) and acetone-d6 ((CD3)2CO, Acros, 99.5% 

D), were used as received.  Ultra pure water was produced by a water purification system 

(Easypure II UV, Barnstead).  Samples sonicated in water did not have any contact with either 

acetone or ethanol and TPD-MS results obtained from those samples were used for reference 

purposes.  For experiments where solvents were dosed in vacuum chamber, the liquids were 

degassed by several freeze-pump-thaw cycles.  Before experiments the purity of the solvents was 

verified with MS.  



 71 

6.2.3 TPD-MS measurements 

The TPD-MS studies were performed in a stainless steel ultrahigh vacuum chamber equipped 

with residual gas analyzer RGA 300 (SRS, CA).99  The base pressure in the TPD vacuum 

chamber before experiments was <10-8 Torr. 

For the full TPD-MS study SWCNT sample sonicated or refluxed in a given solvent was 

cooled to ~100 K and then heated at 2 K sec-1 to the desired temperature (>900 K) with 

simultaneous monitoring of all the mass fragments desorbing in the 1-70 amu range (e.g., see 

Figure 17A).  Typical resolution for the full TPD spectrum was 1 data point for a given mass per 

~8 K.  The data in 100-300 K range were collected for control purposes: upon cooling of a 

sample, water (naturally present in the background gases of the TPD chamber) physically 

adsorbs on the sample, and later it desorbs in the 160-170 K range in the case of proper 

thermocouple connection to the W-grid and thermal contact of the W-grid to the sample. 

The interaction of acetone and ethanol vapors with SWCNTs was also investigated.  For 

that purpose SWCNTs annealed at 900 K were exposed to solvent vapors (7.6 Torr) at ambient 

temperature (~300 K) for 10 min.  The exposure was performed inside the TPD chamber.  After 

exposure the TPD chamber was evacuated for ~20 h at ambient temperature (~300 K) to <10-8 

Torr.  Then the sample was cooled to ~100 K and the full TPD spectrum was collected.  The 

objective of this experiment was to compare the interaction of solvents with SWCNTs under 

different conditions: sonication, reflux, and exposure to solvent vapors in Torr range at ambient 

temperature. 

Acetone and ethanol adsorption experiments at cryogenic temperatures were performed 

according to the procedure described elsewhere.159  For that purpose, solvent vapors were dosed 

to the sample cooled to 100 K and then a full TPD-MS spectrum (1-70 amu) was recorded (100-
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900 K, 2 K sec-1).  Samples before cryogenic adsorption of solvent vapors were annealed at 900 

K for 0.5 h under vacuum.  The objective of the low temperature acetone adsorption experiment 

was to find out how much solvent (in Langmuir equivalent) binds to the SWCNTs after 

sonication, reflux, and exposure to solvent vapors (300 K). 

6.3 RESULTS 

6.3.1 Interaction of acetone with SWCNTs 

Acetone-d6 was selected to study the interaction with SWCNTs to simplify the MS analysis.  

Upon heating both the as-produced or air/HCl purified SWCNTs release multiple MS-fragments 

that can be misinterpreted as fragments of acetone-h6 and/or acetone-d6 (Figure A1 and C3).  

However, the relative intensity of fragments intrinsic to the SWCNTs that can be assigned to 

acetone-d6 was approximately 10 times less than the intensity of fragments that can be assigned 

to acetone-h6 (Figure C3).  The most abundant fragments in the spectra of acetone-d6 vapors 

were CD3 (18 amu), CO (28 amu), CD3CO (46 amu), and CD3C(O)CD3 (64 amu).  The CD3 and 

CO fragments overlap with masses of H2O (18 amu) and CO (28 amu) that originate from the 

thermal decomposition of oxygen containing functionalities on SWCNTs and possible desorption 

of molecules (H2O, CO, N2) trapped inside SWCNT pores (Figure A1).  The fragments CD3CO 

(46 amu) and CD3C(O)CD3 (64 amu) were chosen to characterize acetone-d6 desorption. 

Purified SWCNTs sonicated or refluxed in acetone-d6 showed ~50-100 times more intense 

TPD-MS signals of acetone-d6 related fragments than purified SWCNTs that had no contact 

with acetone (Figure 16).  The difference in intensity of acetone-d6 fragments from SWCNTs 
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refluxed or sonicated in acetone-d6 (Figure 16A and B) is within the reproducibility of the 

measurements: the signal intensity depends on the amount of sample deposited on W-grid, 

sample heterogeneity, and distance of the RGA cone (~0.5-1 mm) from the sample. 
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Figure 16:  TPD profiles of acetone-d6 related fragments evolving from the air/HCl purified SWCNTs (A.) 

sonicated in acetone-d6; (B.) refluxed in acetone-d6; (C.) sonicated in ultra-pure water (note difference in the scale 

of inset on C).  The TPD results suggest that SWCNTs treated in acetone-d6 release ~50-100 times more acetone-d6 

related fragments in comparison with SWCNTs sonicated in water.  Contact of the purified SWCNTs with liquid 

acetone results in retention of acetone molecules by SWCNTs up to high temperatures. 

 

During sonication, temperature oscillations can hypothetically lead to decomposition and or 

formation of oxygen functionalities.32  Oxygen functionalities can block the access for molecules 

to/from endohedral sites of the SWCNTs.101, 170  Decomposition of oxygen functionalities upon 

temperature increase can lead to enhancement of solvent uptake inside nanotubes.  In turn, 

formation of oxygen functionalities during the temperature oscillations can result in 

encapsulation (trapping) of molecules inside CNTs.  By matching the profiles for acetone-d6 

related fragments (Figure 16) and fragments desorbing upon decomposition of oxygen 
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functionalities (CO2
89, 90, 109, 171) it became clear that the release of acetone related fragments does 

not correlate with decomposition of oxygen functionalities (Figure 7C and Figure C4);  the 

maximum of CO2 release, that typically forms upon decomposition of carboxylic acids groups 

(COOH),89, 90, 109 lactone (-C-O-C(=O)-),89, 171 anhydride (-C(=O)-O-C(=O)-),89, 109, 171 was 

observed at 680-740 K (Figure 7C and Figure C4), while the acetone-d6 related fragments show 

a desorption maximum at ~450 K (Figure 16).  To conclude, acetone strongly binds to SWCNTs 

and thermally induced desorption of acetone does not correlate with the decomposition of 

oxygen containing functionalities, excluding the possibility of acetone trapping inside SWCNTs 

due to oxygen functionalities. 

An in situ control experiment was performed to address the role of reflux and sonication in 

acetone binding to SWCNTs.  The idea of the experiment was to bring solvent vapors into 

contact with “pristine” SWCNTs to find out whether solvent molecules will bind to SWCNTs.  

For that purpose, purified SWCNTs were annealed to 900 K (0.5 h) under vacuum (~10-8 Torr) 

to remove volatile compounds adsorbed on SWCNTs from ambient and to decompose most 

oxygen functionalities.70  The annealed SWCNTs were exposed to 7.6 Torr of acetone-d6 at 

~300 K for 10 min inside the TPD vacuum chamber.  After exposure of annealed SWCNTs to 

acetone-d6 the TPD chamber was evacuated ~20 h at ambient temperature (~300 K) to <10-8 

Torr, then the sample was cooled to ~100 K and after that full TPD analysis was performed.  The 

results (Figure 17) suggest that acetone-d6 adsorbed from the gas phase at 7.6 Torr and 300 K 

strongly binds to the SWCNTs desorbing upon heating with a maximum at ~450 K (Figure 17B).  

The control experiment suggests that neither reflux nor sonication play a crucial role in strong 

acetone binding to SWCNTs; acetone dosed from the gas phase 7.6 Torr and 300 K can also 

strongly bind to SWCNTs. 
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Figure 17: (A.)  Full TPD spectrum collected from purified SWCNTs annealed to 900 K and exposed to acetone-d6 

(7.6 Torr, 300 K, 10 min); (B.)  Most abundant acetone-d6 related fragments extracted from the full TPD spectrum 

are plotted as versus temperature.  Exposure of SWCNTs to acetone vapors results in acetone binding to SWCNTs. 

 

In order to find out whether acetone related fragments originate from desorbing molecular 

acetone, a comparison of the temperature profiles for different acetone related fragments was 

performed.  The temperature profiles for different acetone-d6 related fragments coincide (Figure 

18).  A coefficient of 5.5 was introduced to correct for the relative abundance of the 46 and 64 

amu fragments based on the ratio of their MS intensities in the gas phase of acetone-d6.  The 

matching of profiles for different acetone-d6 related fragments (Figure 18) suggests molecular 

desorption of acetone.  Acetone retained by SWCNTs either after sonication, reflux, or dosing 

from the gas phase leaves the surface of SWCNTs upon heating as intact molecules. 
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Figure 18: Temperature profiles of acetone-d6 fragments - 46 amu (CD3CO) and 64 amu ((CD3)2CO).  Profiles for 

acetonde-d6 related fragments coincide, suggesting that acetone desorbs from SWCNTs as an intact molecule.  

Acetone interacts reversibly with SWCNTs either after reflux, sonication or dosing from the gas phase at ~300 K. 

 

In order to provide additional evidence of reversible adsorption/desorption for acetone 

strongly bound to SWCNTs an exchange experiment was performed.  The objective of the 

experiment was to find out if acetone adsorbed on SWCNTs can be replaced with acetone from 

the gas phase.  To start, SWCNTs annealed to 900 K were exposed to 7.6 Torr of acetone-h6 

((CH3)2CO) inside a TPD chamber for 10 min at ambient temperature and the sample was 

evacuated overnight at ambient temperature to ~10-8 Torr.  On the next day, the sample was 

exposed to 7.6 Torr of acetone-d6 ((CD3)2CO) for 10 min at ambient temperature.  After 

overnight evacuation to ~10-8 Torr the sample was cooled down to 100 K and a full-TPD 

experiment was performed.   
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Figure 19: Exchange experiment.  SWCNTs with pre-adsorbed acetone-h6 were exposed to acetone-d6 and after 

evacuation signal from acetone-h6 and acetone-d6 were collected simultaneously with TPD-MS.  The results 

suggest that acetone-h6 that is strongly bound to the surface can be partially replaced with acetone-d6, suggesting 

limited mobility of strongly bound acetone.  Signals from acetone-h6 (black curve), acetone-d6 (red curve), the 

sum of signals from acetone-h6 and acetone-d6 (dark yellow curve) and the signal from acetone-h6 (blue curve) 

(two consecutive doses of acetone-h6) are displayed.  See text for more details. 

 

The amount of acetone desorbing from SWCNTs after different pretreatments is similar 

(Figure 18 and Figure 19) and comparable to the amount of acetone dosed from the gas phase 

(Figure 18C and Figure 19).  The total amount of acetone strongly bound to the surface does not 

change significantly after two consecutive doses of 7.6 Torr acetone (compare the intensities of 

the blue curve in Figure 19 and the black curve in Figure 17B). 

It follows from Figure 19 that acetone strongly bound to the surface of SWCNTs can be 

partially replaced by acetone from the gas phase.  Signals from both acetone-h6 (black curve) 

and acetone-d6 (red curve) were detected (Figure 19) simultaneously, while the total amount of 

acetone strongly bound to the surface did not change (dark yellow curve has the same intensity 

as the blue curve in Figure 19).  The maximum peak position of acetone-d6 was at ~425 K while 
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the peak maximum of acetone-h6 was at ~470 K (Figure 19); acetone-d6 that was dosed to the 

sample with pre-adsorbed acetone-h6 replaced preferentially acetone-h6 molecules that had 

lower binding energies.  The most important conclusion that follows from this experiment is that 

acetone strongly bound to carbon nanotubes can exchange with acetone from the gas phase. 

Some carbonaceous impurities, present in as-produced SWCNTs, can survive the air/HCl 

purification and could hypothetically be responsible for the strong binding of acetone.  To 

investigate this, carbon black was used to model acetone interactions with carbonaceous 

impurities.  When acetone is adsorbed at cryogenic temperature on carbon black desorption 

peaks similar to acetone desorption from SWCNTs are observed.159  Carbon black samples were 

annealed to 900 K (for 0.5 h) before adsorption of acetone-d6 at cryogenic temperature (100 K-

10-6 Torr) or at ambient temperature (7.6 Torr, 300 K, 10 min).  The carbon black exposed to 7.6 

Torr of acetone revealed desorption of multiple acetone related fragments with similar TPD 

profiles suggesting molecular acetone desorption.  The maximum desorption temperature for all 

profiles was ~450 K (Figure 20A) similar to SWCNTs (Figure 20B) after 7.6 Torr-300 K acetone 

exposure.  However, the amount of strongly bound acetone retained by the carbon black appears 

to be at least 50 times less than the amount of acetone retained by purified SWCNTs, for an 

equivalent dose.  This conclusion is reached by comparing the amount of acetone retained by 

carbon black and SWCNTs after dosing 7.6 Torr-300 K with dosing at 100 K and 10-6 Torr.  

Carbon black appears to retain the equivalent of ~15 L of acetone dosed at 100 K (compare solid 

blue and doted black curves in Figure 20A), while purified SWCNTs retained the equivalent of 

~750 L after 7.6 Torr-300 K exposure (compare solid blue and doted black curves in Figure 

20B).  Thus, carbonaceous impurities can also strongly bind acetone, similar to SWCNTs.  The 

uptake capacity depends on the nature of carbonaceous material. 
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Figure 20:  Comparison of TPD profile of acetone-d6 (46 amu – CD3CO) adsorbed at ~10-6 Torr-100 K (blue 

curve) to profile of acetone adsorbed at 7.6 Torr-300 K (black curve).  (A.)  Adsorption of acetone on carbon 

black annealed to 900 K (0.5 h); (B.)  Adsorption of acetone on the purified SWCNTs annealed to 900 K (0.5 h).  

The TPD analysis was performed immediately after 100 K-10-6 Torr dosing, while after 300 K-7.6 Torr dosing 

the samples were evacuated overnight to reduce background pressure to <10-8 Torr.  

 

To summarize, acetone was found to bind strongly to carbonaceous materials (carbon black 

and SWCNTs) either upon reflux, sonication, or exposure to acetone vapors.  Strongly bound 

acetone desorbs upon heating of carbonaceous materials as an intact molecule.  The adsorption 

capacity with respect to acetone of the air/HCl purified SWCNTs exceeds adsorption capacity of 

carbon black by at least 50 times. 
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6.3.2 Interaction of ethanol with SWCNTs 

The procedures used to study interaction of ethanol with SWCNTs were analogous to procedures 

used to study interaction of acetone with SWCNTs (see Section 6.2). 

After sonication of purified SWCNTs in ethanol (3 h) ~100 times increase in intensity of 

desorbing ethanol related fragments was observed (Figure 21A) in comparison with the purified 

SWCNTs sonicated in water (Figure 21B).  After sonication, some ethanol was strongly bound 

with SWCNTs as evidenced by the 450 K desorption peak. 
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Figure 21: Temperature profiles of ethanol related fragments extracted from full TPD spectra of purified 

SWCNTs sonicated in (A) ethanol, and (B) H2O.  The SWCNTs sonicated in ethanol evolve significant amount 

of fragments that can be assigned to ethanol: [CH2OH] - 31 amu, [C2H5O] - 45 amu, [C2H5OH] - 46 amu. 

 

To find out whether ethanol binds to SWCNTs after exposure to ethanol vapors the 

following experiment was performed.  Purified SWCNTs (vacuum annealed at 900 K for 0.5 h) 

were exposed to 7.6 Torr of ethanol at 300 K for 10 min in the TPD chamber and then evacuated 

overnight to <10-8 Torr.  The subsequent TPD analysis of desorption products revealed ethanol 

related fragments desorbing between 400 and 800 K from SWCNTs (Figure 22A) with a 
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maximum desorption temperature of ~450 K (Figure 22B), close to ~490 K observed for the 

sample sonicated in ethanol (Figure 21A). 

The temperature profiles of ethanol related fragments evolving from purified SWCNTs 

either sonicated in ethanol or exposed to 7.6 Torr of ethanol vapors coincide (Figure 22) 

suggesting that ethanol desorbs as an intact molecule.  Ellison et al. recently reported that 

exposure of SWCNTs to saturated ethanol vapors at room temperature results in binding of 

ethanol to the SWCNTs and its retention in a molecular form.153 
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Figure 22:  TPD-MS spectra of ethanol desorbing from SWCNTs after adsorption from the gas phase on 

SWCNTs at 100 K-10-6 Torr and 300 K-7.6 Torr (A.).  Ethanol related fragments have similar desorption profiles 

either after exposure SWCNTs to ethanol vapors (B.) or sonication of SWCNTs (C.) in ethanol.  Multiplication 

coefficients 2.7 and 5.8 were determined experimentally by introducing ethanol vapors into the TPD vacuum 

chamber. 

 

To summarize, the interaction of ethanol with SWCNTs, whether during sonication or 

exposure SWCNTs to ethanol vapors, can lead to strong binding of ethanol to SWCNTs.  The 

strongly bound ethanol desorbs as an intact molecule. 
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6.3.3 Quantum chemical modeling of acetone binding to individual SWCNTs and 

SWCNT bundles7 

The precise knowledge of the atomistic nature of binding sites, corresponding adsorption binding 

energies (=negative interaction energies E), barriers for desorption E#, and the site population 

in dependence on adsorption gas pressure is at the heart of the present study.  However, the large 

number of possible binding sites and conformations for gas molecules on single and/or multiple 

SWCNTs exacerbate a systematic atomistic study.  Previously, we computed the interaction 

energies for acetone adsorbed inside and outside small (6,5) and large (11,9) diameter 

SWCNTs,159 using dispersion augmented self-consistent-charge density-functional tight-

binding124, 125 (SCC-DFTB-D, denoted DFTB-D for brevity in the remainder of the text) after 

benchmarking this method against counterpoise-corrected large basis set MP2 calculations for 

the acetone-coronene model system.  It was found that the adsorption energy depends strongly 

on the sidewall curvature in the case of endohedral absorption, while exohedral adsorption 

displays a less pronounced dependence.159  Endohedral adsorption inside small diameter tubes is 

strongest with E = -74.4 kJ mol-1 for the (6,5) tube, and weakest for exohedral adsorption with 

E = -26.3 kJ mol-1 (11,9) and E = -24.6 kJ mol-1 (6,5) for the energetically most favorable 

planar parallel conformation.159  Recently, Pankewitz et al.132 computed interaction energies for 

exohedral adsorption of methanol on various tube models using a number of ab initio and 

dispersion-augmented density functional theory (DFT-D) methods,172 and predicted adsorption 

                                                 

7 This chapter (3.3) was written by Professor Irle and PhD student Yoshifumi Nishimura (Institute for 

Advanced Research and Department of Chemistry, Nagoya University, Japan) 
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interaction energies E on the order of -15 to -20 kJ mol-1 for the range of tube diameters from 

(4,4) to (10,10) SWCNTs.  Therefore, the unusually high desorption temperatures reported in 

this work corresponding to physisorption energies in excess of 100 kJ mol-1 call for an 

alternative explanation. 

For exohedrally adsorbed gas species, knowledge of the adsorption interaction energies is 

obviously sufficient as no barrier will add to the value of E.  A question one may ask is whether 

Stone-Wales or mono-vacancy defect sites may increase the physisorption energies of acetone to 

SWCNT sidewalls. This possibility is investigated, and from the results reported below one can 

safely exclude defect site adsorption as explanation for strong binding.  On the other hand, for 

endohedral sites, a more important quantity might be the energy barrier for desorption E#, 

originating from the difficulty of the adsorbate molecule to sneak through narrow “exit holes” in 

the sidewalls, caused for instance by vacancy defects.173  Below we discuss DFTB-D interaction 

energies and estimates for desorption barriers of acetone adsorbed in grooves (2 SWCNTs + 

acetone) and interstitial sites (3 SWCNTs + acetone), and compare the results with acetone 

adsorbed on the in- and outside of single SWCNTs. 

Acetone adsorbed in SWCNT sidewall defect sites. Among sidewall defects, the most likely 

candidates are Stone-Wales and mono-vacancy defects that frequently are encountered.  

However, their numbers and concentrations are not expected to be large enough to be responsible 

for the observation of strong binding.  Nevertheless, we computed acetone adsorption to these 

defects using the same model systems previously employed159 for the calculation of adsorption to 

intact honeycomb networks, namely hydrogen-terminated, 10 Å long tube fragments of a large-

diameter (11,9) (L) and a small-diameter (6,5) (S) nanotube.  Stone-Wales defects increase the 

magnitude of E of the weaker exohedral adsorption only by 6 kJ mol-1, while endohedral 
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adsorption is less affected.  The lowest E for acetone on a Stone-Wales defect was found for the 

planar parallel conformation outside the (11,9) tube with -32.4 kJ mol-1.  In the case of mono-

vacancy defects, we are dealing with 5/9-type defects as described in reference 173.  Here, the 

carbon atom possessing a dangling bond can electrostatically interact favorably with the methyl 

H atoms of acetone, and we note energy increase of ~5 kJ mol-1 due to this attraction.  Thus, the 

endohedral adsorption inside a mono-vacancy defect containing (6,5) SWCNT bears an 

interaction energy of -78.4 kJ mol-1.  It is obvious that neither Stone-Wales nor mono-vacancy 

defects can cause increase in interaction energies beyond 100 kJ mol-1. 

Acetone adsorbed in groove sites. It has been estimated that physisorption of molecules in 

groove sites is about 1.5 to 1.7 times stronger than exohedral adsorption on single SWCNTs, due 

to the added interaction with the neighbor tube.153  We tested this hypothesis by performing 

calculations for the adsorption of acetone in grooves formed by the same L and S SWCNT model 

systems that are described above. The combination of them yields three different groove sites: 

LL, LS, and SS.  Table 4 lists the interaction energies E for these SWCNT fragment dimers, 

which become larger in magnitude with the diameter of the constituent tubes:  E(SS) = -105.4 

kJ mol-1, E(LS) = -125.6 kJ mol-1, and E(LL) = -155.9 kJ mol-1, and can be seen as tube-tube 

interaction energy per nanometer.  Szabados et al. had given an estimate for the (11,9)-(11,9) 

dimer as -267.5 kJ mol-1 based on tight-binding calculations including a Lennard-Jones potential 

that was chosen to reproduce MP2/6-31G* binding energies of the naphthalene dimer.174  In their 

MP2 calculations, it seems that no correction was made for basis set superposition error, which 

should account for approximately 50% of the interaction energy according to our experience 

from acetone-coronene MP2 calculations.159  Therefore, the DFTB-D result of -155.9 kJ mol-1 

seems to be a reasonable value for the interaction energy between two 10 Å-long (11,9) 
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SWCNTs.  We note that all of the attractive contribution is due to the dispersion “–D” term, and 

that the DFTB-only contribution is slightly repulsive, owing to Pauli repulsion between the 

electron densities of the tubes. 

 

Table 4: Interaction energies ΔE in [kJ mol-1] for dimers of 10 Å-long, hydrogen-terminated (11,9) (L) and (6,5) 

(S) tube fragments, and for acetone in the groove site relative to the tube dimers, averaged over six optimized 

geometries.  Energy contributions are listed as follows: total ΔE (DFTB-D), which is the sum of ΔE from the pure 

DFTB contribution and ΔE from the dispersion energy contribution (D only). 

Compound DFTB-D DFTB only D only 
SWCNT-SWCNT 

LL -155.89 5.73 -161.61 
LS -125.57 11.53 -137.10 
SS -105.39 3.12 -108.51 

SWCNT-acetone-SWCNT (average) 
LacL -48.16 12.88 -61.04 
LacS -46.08 0.89 -46.98 
SacS -47.25 5.77 -53.01  

 

Placing acetone in the groove site, giving rise to structures LacL, LacS, or SacS, (“ac” 

denotes the groove-site acetone located between either L or S tubes) was performed by assuming 

initial coordinates where acetone is oriented either parallel (a) or perpendicular (b) to the tube 

axes, with planar parallel (PP), oxygen pointing away (UP) or oxygen pointing towards (DP) the 

tube surfaces.  The latter had already been found to be energetically unfavorable, and thus 

optimized geometries correspond to either PP or UP type, or both (in the case of SL).  Figure 23 

shows representative optimized geometries for the acetone-groove structures.  The obtained six 

optimized structures for each groove site were very similar in energy, so that we decided to 

average the energies and only list one interaction energy value for acetone interaction with each 

groove in Table 4.  Remarkably, although the individual contributions from DFTB and 

dispersion term are somewhat different, we find a narrow range of total DFTB-D interaction 
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energies of acetone with the tube dimers from 46 to 48 kJ mol-1, which is roughly 1.9 times the 

value of exohedral adsorption on a single tube.  Since E for groove site adsorption is much 

smaller than 100 kJ mol-1, these sites cannot be responsible for the high temperature desorption 

observed following “high-pressure” gas exposure. 

 

Figure 23:  Representative optimized geometries for acetone adsorbed in LL, LS, and SS groove sites.  (a) top view, 

(b) skewed front view. 

 

Acetone adsorbed in interstitial sites. Interstitial sites of SWCNT bundles have been 

pronounced inaccessible for physisorbed adsorbate molecules, due to the narrow space.110   

However, theoretical simulations predict that, for bundles formed of carbon nanotubes of 

different diameter, the interstitial sites are accessible for molecules of a certain size.111, 112  We 

attempted to compute optimized geometries for acetone adsorbed inside interstitial sites of the 

four different bundles comprised of L and S tubes, offering interstitial spaces as follows: LLL, 

LLS, LSS, and SSS.  Out of these four, we found only local minima for acetone inside LLL and 

LLS bundles, while corresponding structures for LSS and SSS simply disintegrated during the 

course of geometry optimization.  The interaction energy for acetone in the interstitial site of the 

LLL bundle is rather close to adsorption at a groove site with E = -54.0 kJ mol-1, which stems 
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from the fact that the tubes undergo substantial deformation in the complex with a deformation 

energy (DEF) of 16.7 kJ mol-1 relative to the geometry of the LLL bundle without acetone, while 

the interaction energy (INT) with the deformed tubes amounts to -70.7 kJ mol-1 (note that E = 

DEF+INT).  Nevertheless, acetone physisorption inside the interstitial channel of an LLL bundle 

seems energetically feasible.  The deformation of the tubes due to the presence of the acetone 

molecule can be seen best in the case of the LLS system, depicted in Figure 24.  Here, the 

interaction energy ΔE becomes positive (repulsive) with 2.2 kJ mol-1, and corresponding values 

for DEF and INT are 82.4 and -80.2 kJ mol-1, respectively.  Clearly, this is a highly unfavorable 

situation, presumably not accessible under the experimental conditions of this study. 

 

Figure 24:  Optimized geometry for acetone adsorbed inside the interstitial site of an LLS bundle. 

 

Any attempt to increase the distance between two tubes will cause a rapid loss of 

interaction energy, due to the r-6 dependence of the dispersion energy.  Thus, release of acetone 

from the interstitial sites can be associated with energy barriers E# in excess of 100 kJ mol-1 

which are required to open up an “exit channel” between the tubes, for instance >156 kJ mol-1 

nm-1 in case of L-bundles.  Attempts to locate a corresponding transition state with longer tubes 

in the LLL bundle are underway; these calculations are difficult due to the fact that very long 
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SWCNT segments (at least > 20 Å) need to be considered to properly describe the deformation 

for the release of a single acetone molecule. 

 

6.4 DISCUSSION 

The results presented here suggest that heating of purified and as-produced SWCNTs releases 

multiple fragments that can be misinterpreted as fragments of ethanol, acetone, or other chemical 

species (Figure A1 and C3).  We believe that those fragments belong to chemicals (presumably 

organics) that adsorbed from the ambient air prior to loading of the sample into the vacuum 

chamber.  The ability of carbonaceous materials to adsorb organics from ambient is well 

known.20, 175, 176  Carbon nanotubes can act as sorbents as well.177, 178 

Carbon nanotubes can retain greater quantities (at least 50 times more) of strongly bound 

acetone than carbon black (Figure 20).8  The carbon black (Cabot, CB-460) used in our 

experiments has a surface area of ~74 m2/g and macro-porous structure (most of the pores >10 

nm) (Figure C1).  In turn, SWCNTs9 have surface area ~400-1600 m2/g,45-47 and large fraction of 

micropores (Figure C1) defined by nanotube diameter (~1-2 nm).  If the uptake of acetone is 

proportional to the surface area only then the difference in the uptake capacity between carbon 

black and SWCNTs should be at most 20 times.  We suggest that the uptake capacity of 

                                                 

8 We relate the amount of acetone strongly bound to SWCNTs after 7.6 Torr-300 K to the amount of acetone 
adsorbed by the same sample at 10-6 Torr-100 K.  In such cases the mass of the sample deposited should not 
influence the amount of acetone bound under different T-P conditions. Instead the specific properties of the sample 
(surface area, porosity, etc.) will define the adsorption capacity. 
9 We do not have BET for the air/HCl samples used in present research: the amount of sample left after purification 
was not enough for BET analysis. 
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carbonaceous materials is defined primarily by microporous structure.  We think that the 

observed desorption energies of  ~110-123 kJ/mol (corresponding to the TPD peak at 450-490 

K) are due to physical (e.g., diffusion) limitations for molecules to leave certain sites 

(endohedral, interstitial channels) in carbon nanotubes. 

TPD-MS results suggest that both ethanol and acetone desorb upon heating as intact 

molecules.  The TPD-MS does not provide information on the state of the ethanol on the surface, 

but based on the results of FTIR study153 it follows that ethanol preserves it molecular structure 

when adsorbed from vapors on the SWCNTs at ambient temperature. 

Chemical interactions of acetone were reported with the SWCNTs121 and MWCNTs122.  

Chakrapani et al. suggested that acetone reacts with SWCNTs based on results of XPS, TPD-

MS,  and theoretical calculation.121  Our experiments do not provide evidence of chemical 

transformation of acetone when it is adsorbed on SWCNTs, rather the absence of correlation 

between fragments observed by Chakrapani et al.121 can originate from desorption of co-

adsorbed organic compounds.  Authors do not report a control experiment when their samples 

were not treated with acetone.121 

One of the most intriguing facts discovered here is the existence of adsorption states with 

high binding energy after dosing molecules at “high pressure” (>7.6 Torr) and “high 

temperature” (>300 K).  Note that exposure of the samples to “low” pressures (10-6 Torr) and 

temperatures (100 K) does allow access to sites with high binding energy (Figure 20 and Figure 

22A).159, 179  The limited access to sites with high binding energy for molecules dosed at low 

pressure and temperature can be explained by either activated adsorption or reversible chemical 

interaction that also requires some activation energy.   
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Our theoretical simulations of physisorbed acetone exohedrally and endohedrally bound to 

single intact and defective SWCNTs, grooves, and in interstitial sites of tube bundles show that 

binding energies never exceed ~80 kJ mol-1, whereas the presented “high pressure/high 

temperature” experiments indicate the existence of barriers to desorption on the order of 100 to 

225 kJ mol-1.  Strong SWCNT-SWCNT binding in bundles caused by dispersion forces was 

shown in our calculations to easily qualify as cause for high barriers required for an acetone 

molecule to leave interstitial sites.  The important preliminary conclusion is that conventional 

techniques (e.g., TPD-MS) utilizing the adsorption of gases under low pressures and cryogenic 

temperatures do not probe all available sites in porous carbonaceous materials – especially in 

carbon nanotubes. 

The amounts of acetone and ethanol retained in a strongly bound form on the purified 

SWCNTs exposed to 7.6 Torr (300 K, 10 min) of corresponding solvent differ significantly.10  

The estimated amount of strongly bound acetone corresponds to ~750 L of acetone adsorbed at 

100 K (Figure 20B).   However, the estimated amount of strongly bound ethanol corresponds to 

~100 L of ethanol adsorbed at 100 K (Figure 22B).  We suggest that more effective binding of 

acetone versus ethanol is due to the presence of the carbonyl (C=O) group in acetone, favoring π-

π stacking180 near the tube walls resulting in stronger binding.  The results of gas adsorption 

experiments (see below and Figure C5) support this opinion. 

Experiments on exchange of acetone-h6 strongly bound to the surface of SWCNTs with 

acetone-d6 from the gas phase allows an estimate of the exchange probability.  Half (~350 L) of 

the molecules of acetone-h6 strongly bound to the surface can be replaced by acetone-d6 from 

the gas phase (Figure 19).  From pressure and exposure time we can estimate the number of 

                                                 

10 Assuming the sticking coefficients of ethanol and acetone to the SWCNTs are equal. 
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collision events, expressed as a maximum possible coverage (assuming a sticking probability of 

one): 7.6 Torr*600 sec*106 L/(Torr*sec) ~ 4.6* 109 L.  Thus, the exchange probability is equal 

to 350 L/4.6*109 L ~7.6*10-8.  Only one collision out of 10 million leads to successful 

replacement of an acetone molecule strongly bound to the CNTs. 

The strong binding of acetone and ethanol molecules to CNTs and carbon black is not 

unique property of these molecules.  We explored interaction of the following gases with CNTs: 

1,3-butadiene (1,3-C4H6), n-butane (n-C4H10), and methane (CH4) (Figure C5).  Both 1,3-C4H6
 

and n-C4H10
 bind strongly to SWCNTs upon exposure to 7.6 Torr of corresponding gas at 300 K.   

The amount of strongly bound 1,3-C4H6 significantly exceeds the amount of n-C4H10 (1300 vs. 

200 L, respectively).  We think that higher capacity of SWCNTs of 1,3-C4H6 compared to n-

C4H10
 is due to π-π stacking180 that favors the interaction of molecules with CNT walls.  Methane 

was almost completely desorbing by 300 K after dosing at 230 K.  That suggests that interaction 

energy of molecules can also correlates with the mobility (size) of molecules within CNTs. 

The pressure gap effect observed in our work can be explained by the following simplified 

model.  Some CNT bundles have interstitial channels that are not accessible to gas molecules 

greater than a certain size (acetone, butane, etc.).  When such molecules approach the CNT 

bundles, they may occasionally squeeze into interstitial channels and “debundle” nanotubes 

temporarily while moving along interstitial channels and filling them (Figure 25).  Molecules 

that are close to the exit of CNT interstitial channels may desorb first, while molecules that are 

far away from the interstitial channel exit can be locked inside, because physisorption to the 

sidewalls decreases their mobility.  The forces that hold CNTs in bundles are of van der Waals 

nature174 and our calculations suggest that CNT can interact with energy of ~150 kJ/mol for 

every nanometer if interaction length.  This is the energy that one would need supply to 
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temporarily open up a bundle and create an “exit” at the location of the acetone molecule inside 

the bundle.  Simply put, the molecules that are squeezed between CNTs inside of the interstitial 

channel need to overcome the energy of the interaction between CNTs to escape from the 

interstitial channel. 

A

B

C

D
 

Figure 25:  Model describing activated adsorption/desorption mechanism of molecules inside 

interstitial channels of SWCNT bundle.  Molecules approach SWCNT bundle (side view shows only 

two nanotubes for simplification) (A) and start to penetrate the interstitial channel “debundling” 

nanotubes (B).  Ultimately molecules can fill the whole interstitial channel (C).  Upon evacuation 

molecules that are close to the “exits” will desorb first, while molecules that are in the middle of 

interstitial channels can be trapped inside (D).  Elastic deformation of carbon nanotubes may assist 

trapping of the molecules (D). 

 

The findings presented here have a number of implications.  The developers of CNT 

based nanosensors, especially for organic molecule detection,11, 12, 17, 116 should be aware of 

strong binding of those molecules to carbon nanotubes.  Strongly bound molecules can 

deteriorate the performance of CNT based sensors by blocking the access to the sites responsible 
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for detector response.  In particular the binding is irreversible at room temperature as 

temperatures >450-490 K are needed to remove the adsorbed gases in a reasonable amount of 

time.  In order to keep SWCNTs “clean” it is advised to heat up them up to temperatures >600 K 

when most of the molecules studied here desorb from SWCNTs.  Such temperature are 

reasonable for pure SWCNTs even in ambient air; the purified SWCNTs start to burn ~600-700 

K (see Figure C1 in 159).181 

6.5 SUMMARY 

As-produced and air/HCl purified SWCNTs contain impurities that decompose upon heating 

under vacuum producing multiple fragments that can be misinterpreted as fragments of other 

chemical species.  Those impurities could possibly be adsorbed on SWCNTs from ambient air.  

Heating in inert atmosphere is suggested to remove these impurities. 

The interaction of such solvents as acetone and ethanol with the air/HCl purified SWCNTs 

was studied after reflux, sonication, and exposure to corresponding solvent vapors.  Results 

suggest that after contact with solvents SWCNTs can retain them up to high temperatures (400-

900 K) corresponding to binding energies of 100-225 kJ mol-1. The retained solvents desorb as 

intact molecules.  Theoretical calculations find that adsorption of the molecules on pristine or 

defective SWCNT sidewalls or in grooves of SWCNT dimers never exceed 80 kJ mol-1, and that 

physisorption of acetone inside interstitial sites of large-diameter SWCNT is energetically and 

sterically feasible.  This result suggests that the observed high energies should be interpreted as 

desorption barriers for acetone escape from the inside of individual tubes or the interstitial sites 
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of tube bundles. Our study thus suggests the existence of a “pressure gap” to molecular 

encapsulation in carbon nanomaterials. 
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7.0   “STEALTH” MOLECULES INSIDE SINGLE WALL CARBON NANOTUBES: 

CAN FTIR DETECT MOLECULES ADSORBED IN CARBON NANOTUBE BUNDLES? 

Results reported in this chapter require additional research to be done before submission for publication. 

 

Abstract 

Encapsulation of molecules inside of carbon nanotubes (endohedral adsorption) is key for CNT 

applications in such fields as drug delivery, storage of chemicals, catalyst development, etc.  The 

detection of molecules inside of carbon nanotubes is important to estimation of the effectiveness 

of the encapsulation processes and for the characterization of encapsulated molecules.  We chose 

acetone as a probe molecule to study its adsorption in the endohedral sites of SWCNTs by FTIR 

spectroscopy.  Acetone has many advantages: acetone adsorbs on different sites of SWCNTs 

with different adsorption energies159 and the C=O bond of acetone has a high extinction 

coefficient in the infrared region182.  The results of FTIR studies suggest that acetone molecules 

adsorbed on the external walls of SWCNTs can be easily detected by FTIR spectroscopy, while 

acetone molecules adsorbed in more tightly bound sites, presumably inside of endohedral 

channels of SWCNTs, are not detectable by IR spectroscopy.   
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7.1 INTRODUCTION 

Carbon nanotubes (CNTs) are promising materials for the encapsulation of chemical species for 

such applications as data storage,183 drug delivery and cancer treatment,184, 185 hydrogen 

storage,18 catalysis,186, 187 etc.  Effective tools are required for the evaluation of the encapsulation 

process and the characterization of the encapsulated molecules. 

Transmission electron microscopy (TEM),188-191 infrared spectroscopy (FTIR),10, 103, 158, 170, 

189, 192-195 and Raman spectroscopy189, 191, 196 are the most widely used experimental techniques to 

characterize encapsulated molecules.  The only technique that provides direct evidence of 

encapsulated molecules is TEM.188, 189, 191   The shifts or changes in intensity of  Raman and 

FTIR features characteristic of encapsulated molecules, or of carbon nanotubes by themselves, 

are usually considered as evidence of molecules located inside CNTs.10, 103, 158, 170, 189, 191-196 

Vibrational frequency shifts observed for molecules adsorbed in the endohedral channels of 

CNTs are usually associated with changes that molecules undergo due to interaction with CNT 

walls or due to confinement of the molecules.103, 194, 197 

Our experimental findings suggest that acetone molecules, adsorbed presumably in 

endohedral channels of air/HCl purified SWCNTs, can not be detected with FTIR spectroscopy.  

We discuss the implications of our findings for the use of FTIR for the characterization of 

molecules encapsulated inside CNTs and suggest directions for the investigation of factors that 

might influence the spectroscopic behavior of molecules adsorbed on/in CNTs. 
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7.2 EXPERIMENTAL 

7.2.1 Materials 

As-received single wall carbon nanotubes produced by HiPco method43 were purified according 

to the air/HCl procedure described in detail in Chapter 4.2.159  The same sample was used for 

TPD studies described in Chapter 6 and the FTIR studies described in this chapter.  The residual 

iron content after purification was ~0.9 wt.% (Figure 6). 

 

7.2.2 Sample preparation and acetone adsorption 

For the FTIR experiment, the purified SWCNTs were sonicated in acetone and then deposited by 

drop-and-dry technique in a flow of preheated air (~60 °C) on the W-grid.159  The amount of 

SWCNTs deposited on the W-grid was adjusted to obtain a uniform mat of SWCNTs (1 x 2 cm) 

with no holes visible in the mat.  The optical density of SWCNT mats varied in ~1.4 - 2.2 O.D. 

range at 2000 cm-1.  After deposition of SWCNTs on the W-grid, the sample holder was placed 

inside the vacuum chamber and evacuated overnight to <10-8 Torr.  The SWCNT sample was 

annealed under high vacuum at 500 K for 2 h before adsorption experiments.  Before acetone 

adsorption the SWCNT sample was cooled to ~100 K with liquid nitrogen and a background IR-

spectrum was collected.   Spectra were collected at 4 cm-1 resolution and 6400 scans were 

collected in 4000-400 cm-1 spectral range.  Acetone (Fisher, ACS grade) was degassed by freeze-

pump-thaw cycles (4-7) before dosing to the sample.  The desired amount of acetone was dosed 

through a leak valve. 
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7.3 RESULTS AND DISCUSSION 

To start, 500 L of acetone were dosed to SWCNT sample cooled to 100 K and after that 

spectrum was recorded (Figure 26A (—)).  Characteristic IR-bands of physically adsorbed 

acetone appeared in the FTIR spectrum: an intense band at 1708 cm-1 characteristic of a C=O 

bond, and several less intense modes associated with stretching (~2900 cm-1) and deformation 

(~1400 cm-1) of C-H bonds in CH3 groups.  The sample with pre-adsorbed acetone was flash-

heated to 200 K at 2 K sec-1, while the pressure was monitored with the ion gauge (Figure 26B (-

--)).  After the temperature reached 200 K the sample was held for 30 sec at that temperature and 

then it was cooled back to 100 K and a spectrum was recorded (Figure 26A (---)).  The spectrum 

revealed no IR bands characteristic of physically adsorbed acetone, while the TPD-MS results 

(Figure 11B) suggest that acetone should be still at the surface of SWCNTs after flash heating to 

200 K.  The subsequent heating of the sample to 500 K, with pressure monitoring as a function 

of sample temperature, proved that acetone is still adsorbed on the SWCNTs: a broad desorption 

peak was observed at ~248 K (Figure 26B (•••)), in agreement with TPD-MS results (Figure 

11B).  After heating of the SWCNT sample to 500 K the sample was cooled to 100 K and an 

infrared spectrum was recorded; spectrum showed no bands characteristic of acetone adsorbed 

(Figure 26A (•••)). 
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Figure 26: Infrared spectra of acetone adsorbed on SWCNTs (HiPco, Air/HCl) annealed to 500 K.   
A.  Acetone (500 L) was adsorbed at 100 K (—).  After adsorption of acetone, the sample was flash heated to 200 
K (---) and then to 500 K (•••). After each flash heating step the FTIR spectrum was recorded.  B.  Pressure 
desorption profiles of acetone from SWCNT sample during each flash heating step.  

 

Using the areas under the curves (Figure 26B) as a measure of the relative populations, we 

infer that the fraction of acetone desorbing below 200 K is similar to the amount of acetone 

desorbing above 200 K.  According to TPD-MS results (Figure 11B), for a dose of 500 L to the 

sample annealed at 500 K, the ratio of acetone desorbing below 200 K to acetone desorbing  

above 200 K should be 1:8.  However, in the TPD-MS experiment we detect mainly acetone 

desorbing from the sample that is positioned right in front of RGA cone that collects desorbing 

molecules from a sample area of a few square millimeter.  In the case of the FTIR experiment the 

pressure profiles (Figure 26B) are recorded with the ion gauge which measures total pressure not 

just the fraction associated with acetone.  Furthermore the ion gauge pressure profile reflects 

desorption of molecules from both sample (~15x10 mm) and from the W-grid (25 x 20 mm) that 

is not covered with SWCNTs.  The W-grid can adsorb acetone revealing desorption peak at ~140 

K (Figure B2).  However, there is no evidence for acetone desorbing above 200 K from the W-

grid (Figure B2).  The ratio between acetone desorbing below 200 K and above 200 K should 

therefore be different for FTIR and TPD experimental setups.  While the quantitatively the TPD-
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MS experiment is more accurate, the results of the ion gauge measurement clearly indicate that 

significant a amount of acetone remains adsorbed on the SWCNTs even after flash heating to 

200 K.   

It would seem reasonable therefore that, after flash heating of the sample to 200 K, the IR 

peaks should decrease at most by a factor of two (considering ion gauge results (Figure 26B)) or 

just by ~10-20% (considering TPD-MS results (Figure 11B)).  However, all acetone related 

peaks disappear completely from the FTIR spectrum after flash heating to 200 K.  It appears that 

FTIR can detect only acetone adsorbed on SWCNTs that desorbs below 200 K.  According to the 

results of Chapter 5 and 6, acetone desorbing at 140 K can be assigned to acetone adsorbed on 

the W-grid (Figure B2), adsorbed on external walls of carbon nanotubes, and to multilayers of 

adsorbed acetone (Figure 15).  The desorption energy from grooves and interstitial channels (~50 

kJ/mol) is close to 200 K that we used in the flash heating experiment; some of the molecules 

adsorbed in grooves and interstitial sites can also be desorbed upon flash heating to 200 K.  After 

flash-heating to 200 K, there should be no molecules adsorbed on external walls of carbon 

nanotubes, the W-grid, or grooves and interstitial sites.  FTIR clearly reveals the disappearance 

of molecules from those sites.  However, FTIR does not seem to detect the considerable amounts 

of acetone that remain after flash heating of the sample to 200 K. 

Our findings appear to contradict the results of several papers where the successful 

detection of molecules inside endohedral channels of SWCNTs with FTIR was reported.10, 103, 158, 

170, 189, 192-195  Of the papers that reported successful detection of molecules trapped inside of 

endohedral channels by FTIR technique10, 103, 158, 170, 189, 192-195 only one work presented direct 

evidence (results of TEM) of molecules encapsulated inside the endohedral channels of CNTs189.   
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The results of successful FTIR detection of molecules, either trapped or physically 

adsorbed, inside of endohedral channels of carbon nanotubes are summarized in Table 5.  The 

shifts in IR frequencies of molecules adsorbed endohedrally vary from - 8 cm-1 for CO158 to -292 

cm-1 for NO2
195.  There are some inconsistencies in reported results present; for NH3 adsorbed on 

SWCNTs different frequency shifts are reported -4610 and -180195 cm-1. 

While assignment of vibrational features to molecules adsorbed in the endohedral channels 

of CNTs may be reasonable, other possibilities need to be considered.  As-produced CNTs 

normally contain admixtures of carbonaceous impurities that may survive purification 

procedures.63, 198  A question that arises is whether molecules adsorbed inside of micropores of, 

carbonaceous impurities could be responsible for the spectroscopic features assigned to 

molecules adsorbed in the endohedral channels of CNTs?  How can we differentiate 

spectroscopically between molecules adsorbed on carbonaceous impurities and molecules 

adsorbed on/in CNTs?  Moreover, even after purification, catalytically produced CNTs contain 

metal admixtures on the order of 0.4-6 wt% (Figure 6).46, 47, 61, 70, 78  This raises another question, 

how do metal impurities influence the spectroscopic features of adsorbed molecules? 
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Table 5:   The frequency shifts in IR spectra of molecules reportedly adsorbed on CNT 

exohedral and endohedral sites (table was adapted from 199). 

 Vibrational Frequency (cm–1) for various sites 

Molecule 
Gas phase 
frequency Endohedral Exohedral 

Endohedral Shift  
wrt gas phase 

CO158 2143 2135 2140 –8 
(NO)2

193 1868 1853 ---- –15 
CO2

197 2349 2329 2342 –20 
SF6

170 947 927 ---- –20 
H2O

103 3657 sym 
3756 anti 

3507 3255 -150 
-249 

CF4
194 1282 1247 1267 –35 

H8Si8O12
189 2277 

(Si–H solution) 
2262 ---- –15 

NH3
195 3336 3156 3205 –180 

NH3
10 3336 3290 3290 -46 

NO2
195 1318 1026 1026 –292 

 

The results reported in the literature10, 103, 158, 170, 189, 192-195 cause concern and require 

scrupulous analysis.  For example, the FTIR results on NO adsorption on SWCNTs produced by 

laser vaporization technique73 suggest that NO adsorbed endohedrally exists in the form of 

dimers.193  In the laser vaporization technique Co and Ni are used as catalysts for SWCNT 

synthesis and TGA analysis shows that purified samples contain non-combustible ash 

(presumably, CoOx and NiOx).
73  It is well known from the literature that NO adsorbs both on Ni 

and Co, both in single crystal form and supported nanoparticles.200-203  The frequency and 

relative intensity of the symmetric and asymmetric vibrations of the NO bonds in dimer depend 

on the oxidation state of the metal, the particle support material, and the orientation of NO 

molecules in metal-(NO)2 dimers.200, 201, 203  We can not exclude the possibility that the NO 

observed was adsorbed on Ni or Co moieties left on carbon nanotubes after purification.73  

The presence of metal residuals may also influence the adsorption behavior of other 

molecules: CO (HiPco and Rice Tubes, 4 wt.% (Fe) and 8wt.% (Co and Ni) according to TGA, 
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respectively),158, 204 CO2 (nanotubes were produced and purified according to the procedure 

described elsewhere73).192  The experiment that reported the trapping of SF6 and CO2 molecules 

in CNTs use SWCNTs (HiPco) with 18 wt.% of iron content. 170  The opening of the nanotubes 

and removal of carbonaceous impurities was done in situ by ozonation, while iron was not 

removed.170 

In the present work we do not provide direct evidence for acetone molecules adsorbed 

inside the endohedral channels of SWCNTs, but by using the flash heating approach we exclude 

the possibility of acetone adsorbed on sites with low binding energy – exohedral sites having 

desorption temperature of 140 K.  From the literature it is well known that endohedral sites have 

the maximum energy for adsorption.110, 159, 205, 206  It is logical to suggest that molecules that 

persist above 200 K, and that we do not see in our experiments with FTIR, are adsorbed inside of 

endohedral channels. 

According to literature the screening of molecules adsorbed in/on carbon nanotubes is 

possible due to the high polarizability of CNTs.207, 208  However, screening of vibrational modes 

is most likely to occur if the transition dipoles are parallel to the CNT walls.208  In the case of 

acetone adsorbed on/in SWCNTs all the vibrational transition dipoles of the multiple modes (CH 

and CO) of acetone can not be parallel to the CNT wall simultaneously.  Therefore we should 

observe some IR features even after flash heating to 200 K.   

The results of our work are in contrast to results reported elsewhere.10, 103, 158, 170, 189, 192-195  

At the present moment we do not have a clear explanation for the effect of screening of acetone 

molecules that desorb from SWCNTs above 200 K and that can possibly be adsorbed in the 

endohedral channels of CNTs.  Theoretical calculations aiming to provide an explanation for our 
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experimental findings are under way.  Other molecules will be investigated as well, to make sure 

that acetone spectroscopic behavior on SWCNTs is not unique. 



 105 

8.0  CONCLUSIONS AND FUTURE DIRECTIONS 

In the course of this work it was established that the air/HCl purification introduces oxygen 

functionalities to the as-produced SWCNTs.  No evidence of carboxylic (carbonyl) group 

introduction (thermal decomposition) was found from the FTIR study.  We tentatively assigned 

the introduced functionalities to hydroxyls (OH) on the sidewalls of carbon nanotubes.  These 

findings are in contrast with the findings by other authors who reported introduction of 

carboxylic (carbonyl) groups after air/HCl purification.69, 70  It is highly desirable to address the 

effect of water vapors addition to the air mixture during the oxidation step.  At this step water 

vapors might be responsible for the formation of OH groups at the surface of CNTs.  It is also 

desirable to study the effect of HCl step on introduction and/or modification of surface 

functionalities; HCl might act as a catalyst and facilitate hydrolysis of, e.g., ether bonds. 

Interaction of molecules with carbon nanotubes under variable conditions should be 

investigated in more details.  It would be interesting to find out whether there are chemical 

interactions of carbon nanotubes with different solvents and gases at high temperatures.  The 

question on the nature of the sites that retain molecules in a strongly bound form is still open.  

The answer to this question might help to design CNT based materials for effective molecular 

storage applications. 

Adsorbed (both physically and chemically) molecules can introduce electronic 

modifications to carbon nanotubes (due to electronic density redistribution, polarization, etc.).   
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The understanding of the electronic modification trends will benefit the development of CNT 

based chemical sensors and CNT based electronics where tuning of the electronic properties is 

desirable.10-17   This topic should be considered in the future works. 
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APPENDIX A 

SUPPORTING INFORMATION FOR CHAPTER 4 
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Figure A1B: Full TPD spectrum from air/HCl SWCNTs produced by HiPco method.  The dominant 
fragment that release upon heating are 2 amu (H2), 18 amu (H2O), 28 amu (CO) and 44 amu (CO2). There 
are multiple fragments that can be misinterpreted as arising from acetone, ethanol, or other compounds. 
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Figure A2:  Profiles of mass 4 and 32 amu releasing from air/HCl purified SWCNTs are shown.  Profiles suggest 
no increase in signal intensity for 4 amu signal (He) and extremely low intensity for 32 amu signal (O2).  Signals 
2 (H2), 18 (H2O), 28 (CO), and 32 amu (O2) are shown on the same scale.  Note that sample was oxidized with 
20% O2/He and then sonicated in HCl under 20% O2/He environment. 

 

 

300 400 500 600 700 800 900 1000 1100
0

20

40

60

80

100
TGA analysis of C-black (CB-460, Cabot)

W
ei

gh
t %

 10 K/min, purified air

Hold - 30 min at 1073 K
0.6 wt.% residuals

Temperature, K  

Figure A3: Results of TGA experiment for carbon black.  Carbon black starts to burn in a flow of 

air at ~800 K. [Author acknowledges the assistance of the Baran group (Temple University) for TGA analysis.] 
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Figure A4: Release of CO and CO2 fragments from SWCNTs (HiPco) that (A) were sonicated in 6 M HCl solution 

(B) were sonicated in 6 M HCl solution and then were oxidized at 290 °C.  The TPD profile of CO releasing from 

both samples does not change, while profile of CO2 for sample oxidized at 290 °C is different suggesting formation 

of a new oxygen functionalities after oxidation step that decompose at ~ 700 K. 
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Figure B1.  (Left) Results of XPS Analysis of SWCNTs (HiPco).  As produced SWCNT show a distinct Fe(2p) 

signal, while the purified sample shows no signal from catalyst. (Right) Results of TGA analysis: as produced 

SWCNTs contain ~21 wt.% of Fe, while air-HCl purification reduces the Fe content to ~1 wt.% 
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Figure B2.  Control experiment: acetone adsorption on W-grid (0.002”, AlfaAesar) used in our experiments.  Before 

acetone adsorption W-grid was annealed to 500 K and then to 1400 K. Acetone physisorbs on the W-grid desorbing 

below 200 K independent of anneal temperature. 
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Figure B3. TPD of acetone dosed (1000 L) to purified SWCNTs-1400K (A) and 100 L dosed to carbon black (CB-

460) annealed to 1400 K (B).  Profiles for masses 43 amu (e.g. CH3CO) and 58 amu (CH3C(O)CH3) coincide as an 

evidence that acetone desorbed as an intact molecule. 
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Figure B4.  TPD profile of 28 and 44 amu during anneal of SWCNT (HiPco, air/HCl) purified.  Mass 44 amu can be 

assigned to CO2 that forms during decomposition of oxygen containing functionalities, e.g. carboxylic groups.  That 

sample was sonicated in H2O before deposition on the W-grid.   
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Figure C1:  Results of DFT analysis of N2 adsorption isotherm obtained by volumetric adsorption (Micromeritics, 
ASAP 2020) method for as-produced SWCNTs (HiPco, CNI) and for carbon black (CB-460, Cabot company).  
SWCNTs have a large amount of micropores (<20 nm), while carbon black has mainly meso- (20-500 A) and 
macro-pores (>500 A). 
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SWCNTs (HiPco, Air/HCl purified) sonicated in H2O, deposited by drop-and-dry at 60 °C. 
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Figure C3:  Both as-produced and air/HCl purified SWCNTs upon heating release fragments that have the same 

masses as fragments that could be assigned to acetone-h6 or acetone-d6 molecules.  Presumably, those fragments 

are due to organics that adsorb from the ambient air on SWCNTs. 
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Figure C4: 44 amu signal (CO2) intensity could serve as an internal standard to compare the signal intensity 
variation from SWCNT samples pretreated in different ways.  Acetone-d6 and ethanol slightly contribute to 
intensity of 44 amu signal in region 400-600 K, but contribution of from either from acetone-d6 or ethanol to 
mass 44 amu is negligible in comparison with intensity of CO2 signal.  By comparing the intensity of the CO2 
signals for samples sonicated in acetone we can conclude that the amount of CO2 released is approximately the 
same for the two different samples.  Signals for CO2 released from samples treated in D2O and ethanol have the 
same order of magnitude to signal of CO2 released from samples treated in acetone 
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Figure C5:  Adsorption of 1,3-butadiene (1,3-C4H6), n-butane (n-C4H10) and methane (CH4) on carbonaceous 
materials.  Top row shows adsorption of 1,3-C4H6

 on SWCNTs (HiPco, air/HCl) and carbon black (CB-460, as-
received).  Both SWCNTs and carbon black retain 1,3-C4H6 dosed at “7.6 Torr-300 K” up to high temperatures 
(~450 K).  Adsorption capacity of SWCNTs with respect to strongly bound 1,3-C4H6 significantly exceeds 
adsorption capacity of carbon black, 1300L and 40 L, respectively.  The bottom row shows adsorption of n-butane 
(C) and methane on SWCNTs (D).  The example of n-C4H10

 adsorption on SWCNTs clearly shows that time of 
evacuation plays a crucial role in the amount of gas retained by SWCNTs.  After 4 hours of evacuation the amount 
of n-C4H10 retained is ~300 L, while after 20 hours of evacuation the amount of n-C4H10 decreases to 200 L 
(compare red and blue curves on graph C).  Graph D shows the amount of methane that binds to SWCNTs upon 
exposure at 230 K.  Almost all methane desorbs from SWCNTs by 300 K. 
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