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Experimental

All reactants were purchased from Sigma-Aldrich, UK. For use in the gas-phase
setup (see Experimental section in the main text), the reactants were used as
purchased. Before use in liquid-phase setup, radical inhibitors were removed by

chromatographic purification over basic alumina powder.

Table S1 provides additional information about the chemical compounds grafted

onto the CNTs.

Acronym Reactant Washing agent Chemical Structure
o
AA lic acid t
acrylic aci water ch\)km
AN acrylonitrile DMF Al N
2-(dimethylamino) ethyl ] &
DMAEMA  2-(dimethylamino) ethy water ”ﬁﬁ)\o/\/"\m
methacrylate 8 s
[+]
1 [o]
GMA glycidyl acetone e Y VAN
methacrylate L,
IDD 1-iodododecane toluene I—CigHas
lauryl i
LMA }alluryl toluene Fee o O#1s
methacrylate &,
(o]
MMA methyl toluene Hzcﬁ/u\o’m“
methacrylate
CHj
(o]
MTEMA 2-(methylthio) ethyl THF Hzcﬁ)‘\o PN
methacrylate

CH;

N
Sty styrene toluene O/\%

Table S1: Overview of organic reactants used for CNT grafting. The washing

agent is a known organic solvent for the corresponding polymer.

Thermogravimetric analysis (TGA) was carried out using a Perkin-Elmer Pyris 1

TGA. Experiments were performed on (2+0.1) mg of CNT material under air flow
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(flow rate 10 mL/min) applying a constant ramping rate of 10 K/min in a
temperature range between 50 and 850°C. The grafting ratio 4, i.e. the weight of
the chemisorbed organic monomer relative to the total weight of the sample, was
determined from the height of the first step-like feature in the TGA weight loss
profile of the grafted CNTs, as described in the Supplementary Information.

The surface coverage of the CNTs, @, was estimated from the ratio of the
surface area of the CNTs, Acyr, and the surface area of a monolayer of the grafted

reactant molecules, 4gqfieq:

@ _ Agraﬁed _

NA a ‘ngrqfted (1)
Aeyr m Sy

where Ny is Avogadro’s number, m the weight of the CNTs, and Spgr the specific
surface area of the CNTs as determined by BET measurements. The molar amount
of monomer grafted to the surface, ng.4i.« Was calculated from the grafting ratio A.
The cross-sectional area of the organic reactant, a,...;, was estimated from the

density, Oreqct, and its molecular weight, M,.,.;, using the following equa‘[ion:1

7
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react

SEM images were obtained on a GEMINI LEO 1525 FEGSEM at an
accelerating voltage of 5 kV; TEM images were obtained on a JEOL 2000FX,
operating at 200 kV. Samples were dispersed in methanol, and deposited onto an
alumina stub or a holey carbon film, respectively. Raman spectra of CNT powders
were collected in a range between 1000 and 2200 cm™ on a LabRam Infinity
Raman spectrometer, using a 532 nm laser. The Ig/Ip ratio was determined from
the ratio of surface areas under the Raman bands at around 1580 cm™ (G-band)
and at around 1350 cm™(D-band). A large Ig/Ip ratio indicates pronounced
graphitic crystallinity and implies a small defect concentration.”

Inverse gas chromatography (IGC) allows the determination of the dispersive
surface energy (%), reflecting CNT surface properties purely due to London

forces, and the calculation of acceptor and donor numbers (K, and Kp),
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quantifying the ability of the CNT surface to undergo electron accepting and
donating interactions.” IGC measurements were carried out in a gas
chromatograph (Surface Measurement Systems Ltd., UK), at constant conditions
which were chosen to obtain reliable and comparable results.” The CNT samples
were preconditioned in the IGC column at 120°C for 2 h before each measurement
to eliminate any physiosorbed surface contaminants. IGC tests employed a column
temperature of 100°C, a flow rate of 10 mL/min and an injection volume of 1.125
mL. All measurements were performed using helium as carrier gas and methane as
inert reference (both gases purchased from BOC, UK). Adsorbate vapors were
generated from the organic liquid (HPLC grade, purchased from Sigma-Aldrich);
n-hexane, n-heptane and n-octane were used for the quantification of the
dispersive surface energy, and ethanol, butanone, ethyl acetate and 1,4-dioxane
were employed for the determination of the acceptor and donor numbers. IGC
results presented are average values of three measurements. For the dispersion
experiments, 5 mg CNTs were sonicated in 5 mL solvent for 30 min and then
centrifuged at 10000 rpm for 15 min in order to sediment non-dispersed CNTs.
The absorbance of the supernatant was measured on a Lambda 950 spectrometer
(Perkin, UK) at 800 nm, and the CNT concentration was determined using
Lambert-Beer’s Law employing an extinction coefficient® of 35.10 mg mL™"' cm™.
Dispersion and IGC experiments were also performed on CNTs that were heat-
activated under the conditions outlined above , and subsequently exposed to air
(instead of organic reactant) for more than 12 h; this control sample is referred to
as ‘air-exposed’ CNTs in this paper.

For Bohm’s titration, 2.5 mL of 0.05 M aqueous sodium hydroxide solution
were added to 50 mg CNTs in a polypropylene vial. The CNT suspension was
sonicated for 2 hours and further mechanically agitated on an orbital shaker for 4
days. The mixture was then filtered through a polypropylene membrane filter (0.2
mm pore size) and back titrated against 0.01 M aqueous hydrochloric acid solution
under nitrogen to restrict any CO, absorption.

X-band (9 GHz) continuous-wave Electron paramagnetic resonance (cw-EPR)
spectra were recorded with a Bruker ESP300 spectrometer equipped with a high
sensitivity resonator (SHQEWO0401). Temperatures were adjusted between room
temperature and 4 K by a helium cryostat (Oxford ESR 910). Conditions used

were as follows: Microwave frequency 9.39 GHz; microwave power, 20mW;
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modulation frequency, 100 kHz; modulation amplitude, 0.2mT.

For the radical quenching experiment, 4.8 mg of galvinoxyl were dissolved in
100 mL dry toluene, and 10 mL of the solution were added to 10 mg of thermally-
activated and untreated commercial CNTs, respectively, under vacuum in the
liquid-phase experimental setup, and left to react for 1 h. 200 ul of reacted
solution were diluted by 2 mL of dry toluene and the UV-Vis spectra were
recorded on a Perkin Elmer 950 UV-Vis spectrometer between 350 and 550 nm.
Tagging of the grafted in-house CNTs with gold particles was carried out by
sonicating around 0.5 mg CNTs in 2 mL methanol for 10 min, followed by
addition of 1 mL of aqueous dispersion of 20 nm gold colloids (used as purchased
from Sigma-Aldrich) and further sonication for 10 min. A few drops of the
resulting dispersion were deposited on an aluminum stub. After drying in air
overnight, the CNTs deposit was repeatedly rinsed with water to remove excess

gold particles.
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Characterisation data
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Figure S1: TGA analysis of LMA-grafted CNTs illustrating the determination of the

combustion temperature of the grafted organic matter, 7,5, and the grafting ratio, A :

(a) complete weight loss profiles in the temperature range of 50-850°C; (b)

magnification of (a) in the temperature range of 50-650 °C; (c) derivatives of weight-

loss profiles in (b).
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In the first derivative of the TGA weight loss profile, the two peaks corresponding to
the combustion of the grafted organic matter and the CNTs, respectively, were usually
not entirely separated, indicating that the oxidation of the grafted oligomers was not
completed at the onset of the CNT combustion. Therefore, the grafting ratio A could
not directly be determined from the height of the corresponding TGA step feature, but
was estimated as double of the weight loss at the combustion temperature, Tcomp, Of
the grafted organic matter (Figure S1(b)). Tcomb Was determined at the peak maximum
of the corresponding peak in the first derivative of the TGA trace (Figure S1(c)).

Note that LMA-grafting improves the combustion resistance of the CNTs
significantly (see shift of the complete TGA trace to higher temperatures in Figure

S1(a), due to protection of pre-existing defect sites.
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—— Sty-grafted Arkema CNTs
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Figure S2: Derivatives of the TGA-profiles in Figure 5 of the main text.
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Figure S3: EPR spectra of heat-treated Arkema CNTs before and after air exposure,

recorded at room temperature.

The exchange coupling model’ states that the spin resonance of localised spins starts
to dominate the EPR spectrum of materials with conduction electrons, such as CNTs,
only at very low temperatures. Therefore, radicals on the CNTs are not expected to be
detectable at room temperature, particularly at the low concentrations relevant to the
current study. A broad EPR signal at g~2 has been observed in the room temperature
EPR spectra of carbon nanotubes in some cases. This signal is usually attributed to the
spin resonance of the delocalised conduction electrons (CESR) of the CNTs.® For our
heat-treated samples, we do not detect such a signal at g~2 at room temperature (see
Figure S3); a similar absence of the CESR signal has been previously reported for
(catalyst-containing) MWCNTSs’ and heat-treated SWCNTSs® and has been attributed
to interference by metal impurities in the samples and/or defectiveness of the carbon

framework.
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grafted setup K, Ka I¢/Ip
monomer
parent na 053 023 0.85
air-exposed n/a 0.59 0.25 0.86
Sty LP 0.52  0.21 0.82
IDD LP 0.51  0.19 0.80
MMA LP 0.58  0.19 0.81
MMA GP 057 0.19 0.84
LMA LP 0.58 0.19 0.78
GMA LP 0.51  0.20 0.81
DMAEMA LP 0.63 0.22 0.84
AN GP 063 024 0.84
AN LP 0.63  0.26 0.86
AA LP 041 022 0.83

Table S2: Electron acceptor and donor numbers, K, and Kp, from IGC measurements,
and I/Ip ratio from Raman spectroscopy for commercial CNTs grafted with various

functional organic compounds.
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concentration of dispersed CNTs [mg/L]

sample butyl Water
hexane toluene DMF ethanol water (pH4)
acetate p

parent 0.5+04 0.51+0.08 3.2+0.1 312 14+1 0.124£0.02  0.14+0.09

air-
0.4+0.3 0.5+£0.2 1.2+0.1 11+£1 24+09 0.11£0.05 0.12+0.06
exposed

LMA 1.2+0.1 0.68+0.09  35.6+0.3 34+2 2.6+0.2 0.2+0.1 0.2+0.1

MMA 0.2+0.1 0.58+0.09  30.7+0.7 30+2 1.6£0.1  0.18+0.09 0.2+0.1

DMEMA 0.12+0.09  0.22+0.05 2.1£0.1 5.4+0.1  5.3%0.7 0.6£0.2 8.7+0.4

AN 0.2+0.1 0.8+0.1 42+1 5243 21+2 1.0£0.5 0.11+0.06

Table S3: Dispersion in different solvents for commercial CNTs grafted with various
functional compounds. ‘air-exposed’ refers to heat-activated CNTs that have been

exposed to air instead of organic reactant.

References

(1) Hamdi, S.; Hamdi, B.; Kessaissia, Z.; Barthel, H.; Balard, H.; Donnet,
J. B. Journal of Chromatography A 2002, 969, 143.

(2) Itkis, M. E.; Perea, D. E.; Jung, R.; Niyogi, S.; Haddon, R. C. Journal
of the American Chemical Society 2005, 127, 3439.

3) Menzel, R.; Lee, A.; Bismarck, A.; Shaffer, M. S. P. Langmuir 2009,
25, 8340.

(4) Tran, M. Q.; Tridech, C.; Alfrey, A.; Bismarck, A.; Shaffer, M. S. P.
Carbon 2007, 45, 2341.

(5) Beuneu, F.; I'Huillier, C.; Salvetat, J. P.; Bonard, J. M.; Forro, L.
Physical Review B 1999, 59, 5945.

(6) Corzilius, B.; Gembus, A.; Weiden, N.; Dinse, K. P.; Hata, K. Physica
Status Solidi B-Basic Solid State Physics 2006, 243, 3273.

(7) Corzilius, B.; Dinse, K. P.; Hata, K. Physica E-Low-Dimensional
Systems & Nanostructures 2008, 40, 2327.

(8) Bandow, S.; Yudasaka, M.; Yamada, R.; lijma, S.; Kokai, F.;
Takahashi, K. Molecular Crystals and Liquid Crystals 2000, 340, 749.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /FlateEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /ENG ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [595.276 779.528]
>> setpagedevice


