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Abstract

Dispersions of single walled nanotubes in N-mewlyrrolidone have been exposed to
water and variations in storage temperature. Theesguent degradation of dispersion quality
has been monitored using sedimentation, UV-vis-N#Rd AFM measurements. Four
parameters derived from AFM; the root-mean-squaredle diameter, the total number of
dispersed objects (individuals and bundles) pet uolume of dispersion, the number
fraction of individual nanotubes, and the numbeimdividual nanotubes per unit volume of
dispersion were used to quantitatively charactettiee dispersion quality as a function of
water content and storage temperature. In additierpositions of the nanotube absorption
peaks were used to track dispersion quality, wildshifts taken as an indication of
aggregation. It was found that water can rapidlift she dispersion to a new but more
aggregated equilibrium state. In particular theyaton of individual nanotubes falls to zero
for relatively low amounts of added water. The disppon quality decreases with increasing
water content, reaching a plateau for all metrig2® vol% added water. In addition, it was
also identified that low temperature treatment, 416, -18, -20, and -22 °C (all above the
freezing point of NMP) does not influence the dispen quality and stability regardless of
the standing time. However, freezing (-80 °C) oatirey (80 °C ) the dispersion leads to a
substantial degradation of the dispersion quality stability.

1.0 Introduction

Stable, high quality dispersions of single-walletbon nanotubes (SWNTs) are of interest for
both fundamental research and practical applicatidn achieve maximum dispersion quality, contffol o
the interaction between nanotube and surroundihgsbis critical. This can be achieved by two majo

strategies: (1) covalent functionalization of tlaatube sidewall by oxidation, followed by reactiamth
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atoms or molecules such as fluorinalkanes, diazonium salts,or by ionic modificatiorf, and (2) non-
covalent stabilization by interaction with certagplvents;'® surfactants**° polymers?*® and
biomolecules, such as DNA® and peptide$>?’ Due to the undesirable disruption of nanotuberisic
electronic structure and properties by covalent ificadion, the latter approach has become the most
widely used to disperse SWNTs. Dispersion in sdlvdras an esthetic appeal due to its simplicity,
nevertheless, the complete set of criteria for SW\spersions in solvents has not been fully undeikt

It has been reported that good amide solventsispedsing nanotubes are usually characterizedrbpgt
hydrogen bond acceptance basicity, high valuesoloshromic parameters, and weak hydrogen bond
donation ability?®2° Alternatively, our recent results showed that riabe dispersability is maximized in
solvents whose surface energy matches that of ii@shrfaces (~70 mJ/M*° This criterion has also
been shown to apply to graphene dispersions

To date N-Methyl-2-pyrrolidone (NMP) is one of the most prising solvents for dispersing both
nanotube¥*° and grapheri& In fact previous studies have shown the enthafpyixing for nanotubes
dispersed in NMP to be slightly negative suggestiagotubes form thermodynamic solutions in NfIP.
After mild centrifugation, a stable nanotube disgp@n in NMP can be obtained with a concentration as
high as ~0.05 mg/mt?3° In our previous work?**?° we established several metrics to quantify
dispersion quality and debundling efficiency, sashthe root-mean-square bundle diameterJDthe
total number of dispersed objects (individuals antbundles) per unit volume of dispersion{V/), the
number fraction of individual nanotubes {dN+.), and the number of individual nanotubes per unit
volume of dispersion (W/V).

However, it is currently unknown how environmentainditions affect the quality of nanotube
dispersions in solvents such as NMP. For examdNs known to be a relatively hygroscopic solvent.
As such, under less than rigorous storage conditiNiMP may take up significant quantities of water.
is not known whether the presence of such dissolvegédr will affect the quality of nanotube disperss.
However, an adverse consequence may be expectehdlggy with the effects of water on some
inorganic nanowire dispersiofis.

Alternatively, under certain circumstances, nanetdispersions may need to be processed under
conditions of either reduced or elevated tempeeatlinis brings about another question; what wigen
as the dispersion is subjected to non-ambient teatypes, perhaps during transportation of stor&get?
et al. showed that once surfactant-stabilised dispes of isolated SWNTSs are freeze-dried they oabe
re-dispersed in water, instead forming SWNT aggesja It is not known whether the same effects occur

for nanotubes dispersed in organic solvents. Iritiad¢ most organic solvents have far lower fregzin
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points than water. Does this mean that solventetésgal nanotubes can withstand low temperature
conditions before, or even after, freezing treatifen

To clarify these questions, we designed a seriesxpériments to quantitatively investigate the
effect of water content and temperature changabenuality of nanotube dispersions in NMP. We dele
NMP as a representative organic solvent for thgeaech because of its availability and exceptional
dispersing ability for SWNTs as well as its goodnpatibility with many other solvents. The dispersio
guality was tracked using the four metrics by AFMveell as other characterization methods including

UV-vis-NIR spectroscopy and sedimentation studies.

2.0 Experimental

Purified single-walled nanotubes (HiPCO) were pasdgd from Carbon Nanotechnologies, Inc.,
and used without further treatment (lot no. PO34&methyl-2-pyrrolidone (NMP) (Product number:
242799) was purchased from Sigma-Aldrich and usedupplied. According to previously published
procedures? a dispersion of pristine SWNTs in NMP was prepaaédan initial concentration of 0.1
mg/mL by sonicating for 2 min using a high-powetragonic tip processor (Vibra Cell CVX; 750 W,
20%, 20 kHz). The dispersion was subsequently kept sonic bath (Model Ney Ultrasonic) for 4 hr,
followed by 1 min high-power sonication again. Shoafterward, UV-vis-NIR characterisation was
performed. Micro-scale aggregates were removed imidh centrifugation (CF) step for 90 min at 5500
rpm (~3000 g) followed by decantation of the sup&ant. The UV-vis-NIR absorbance was recorded for
the dispersion after CF. Calculating the ratio b$@bance at a fixed wavelength (660 nm) before and
after CF allows us to estimate the concentratio®\WINTSs retaining in the supernatant. The dispersion
was then diluted with NMP to a nanotube concemna{Gyr) of 0.01 mg/mL and homogenized with 2
min sonic tip. This dispersion was subsequentlyl#sea stock dispersion.

The effect of water on SWNT-NMP dispersions wasstigated by adding varying quantities of
deionised water (without sonication) to the stockpdrsion described above. Dispersions with water
volume fractions of 0.2%, 0.5%, 2%, 3%, 5%, 10% a0& were produced. These dispersions were
characterized by optical absorbance and AFM measents. In addition, low temperature experiments
were performed on samples of the stock dispersiuiochwwvere kept in a freezer for either 30 min orht0O
at temperatures ranging from -16 to -80 °C. Highgerature experiments were performed on samples of
the stock dispersion heated to 50 and 80 °C, fanBOunder argon environment. Optical absorbanoe, a
AFM measurements for temperature-treated samples wagried out when they had returned to room

temperature.
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UV-vis-NIR measurements were made with a VarianyGgd00i. Atomic Force Microscopy
(AFM) samples were prepared by soaking functioedligilicon substrates in the dispersions for soéhe 1
min. Then, they were rinsed with methanol and blal with high pressure compressed air. Tapping
mode AFM (Multimode Nanoscope IlIA), using poinbpe silicon cantilevers (force constant = 42" Nm
& resonant frequency = 330 kHz) was performed arhesample. In each case, a distribution of SWNT

diameters was recorded and statistical data egttact

3.0 Resultsand discussion

For them to demonstrate maximum utility, solutieh€arbon nanotubes in solvents such as NMP
must be stable in a range of different environmefts example they must be stable against aggoepati
in response to environmental variations such asggmin temperature or humidity. To examine this we
have investigated the aggregation state of NMP-tudn@osolutions both after exposure to water aret aft
heating and cooling.
3.1 Influence of Water

In order to investigate the influence of water oMMSWNT solutions, we introduce varying
guantities of water in a controlled manner. We theonitor the temporal stability of the dispersions
through sedimentation measurement. In addition, psegbe the quality of the dispersion through
absorption spectroscopy. Finally we quantify thatestof the dispersion by AFM measurements on
nanotube bundles deposited on Si/Si€urfaces. Using statistical analysis this infoioratcan be
transformed to give a number of dispersion qualstrics.
3.1.1 Sedimentation

The stability of the dispersions diluted with watan be crudely estimated simply by observation.
Surprisingly, it was found that the dispersion remad visually homogeneous, with no discernible
sedimentation over short time periods, even whetew@as added to a stock dispersion (initigt<0.01
mg/mL) at a 50% volume ratio. To further investgathis, we performed quantitative, in-situ
sedimentation measurements on dispersions witlerdift added water contents. These experiments
involve the measurement of the sample absorbar@ i) as a function of time in a specially built
apparatus? Figure 1 shows the sedimentation spectra for iessef water dilutions. For the dilutions by
<10 vol% water, the absorbance remained extremahjlesiover 15 days implying that no sedimentation
occurred. In the case of the dilution by 20 vol%evathe absorbance remained constant over the firs
week before falling slightly, suggesting the ocenge of aggregation or sedimentation. After 12 dtnes

absorbance started to decrease abruptly, indicétmgnset of aggregation/sedimentation. Morecaer,
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the water content was increased to 50 vol%, aftgy®, severe sedimentation can be clearly idedtifi

the dilution. Further quantitative analysis will scussed in the following AFM section.

3.1.2 UV-vis-NIR

Figure 2 shows representative absorption spectrdlMP for various water dilutions. Well-
resolved optical absorption peaks in the range8Qff-1600 nm and 550-900 nmi{Sand $,) for
semiconducting tubes, and 400-600 nm for metallices (M) correspond to transitions between
symmetric van Hove peaks in the nanotube densistaies” The decrease of optical absorbance as the
increase of water or NMP arises from the reductibnanotube concentration by dilution. In the cake
the water dilutions, their absorption intensity eggs similar to that of equivalent NMP dilutions.

Dilution with water results in an unambiguous rédtswhich increases with increasing water
dilution volume. We plot peak positions for selec&;(~ 1310 nm), & (~ 741 nm), and M (~416 nm)
peaks versus water dilution volume, as shown iufe@® B-D. The redshift is clearly apparent with a
large shift in the § peak position around 5 vol% water. By the additd20 vol% water, redshifts of 4.8
nm (~ 3.95 meV), 1.4 nm (~3.15 meV), and 0.8 nm{25neV) had been observed in the, &,, and
M1, regions respectively. We believe there are twerietated explanations for the observed redshst. A
the water content increases beyond 2.5 vol%, sagmf quantities of water begin to penetrate to the
nanotube-NMP interface. This is known to resula iredshift in the nanotubes’ optical transiti6h¥ It is
actually quite surprising that the water can displdlMP molecules to reach the interface given ttung
affinity of NMP to nanotube surfacésNevertheless, as we shall see below, once ther Watgins to
reach the surface, the nanotubes begin to aggrdgateuld be pointed out that the aggregatiorcgse
in itself can induce a redshift Thus the redshift we observe is probably duedorabination of adsorbed

water and the resultant aggregation.

3.1.3AFM

Sedimentation and UV-vis-NIR measurements have igeov qualitative information on the
stability of the dilutions. However, the dispersiguality of the dilutions is still unclear. To une the
behavior of the nanotubes in the dilutions, weiedrout AFM characterization of our samples in ofde
gather quantitative information about the sizeritigtion of nanotube bundles in the dilutions. Togi
AFM images of nanotubes deposited from dilutionsooB8iO, are shown in Figures S1A and B. The

bundle diameter distributions were obtained forhesample from the heights of 100 randomly chosen
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objects. Note that the diameter distribution ofevatilutions broadens and shifts to higher valugh the
increase of water content (Figure 3).

Using the diameter distributions, we can calcukatgr related parameters that can be used to
quantify the state of the dispersion as a functbmlilution volumé®. These are the root-mean-square
bundle diameter (), the total number of bundles/individual nanotulpes unit volume (N,/V), the
number fraction of individual nanotubes{#N+.) and the total number of individual nanotubes yo@t
volume (N.¢/V). The measurement/calculation of these quastities been described elsewhéréhese
four parameters have been calculated and are gleo#esus dilution (NMP or water) volume fraction in
Figure 4. It can be observed thaidWNv1ot, Nind/V, N1o/V all increase while B, decreases with the
addition of NMP. This is reflective of the slightprovement in dispersion quality expected afterlsma
reductions in concentratidn.

On addition of water however, we see a completéfgrent effect. As the water content is added,
Ning/Ntot, Nind/V, N1ofV all decrease while Dis increases. These changes are indicative of a degradation
in dispersion quality on addition to water. Thi®gils clearly that exposure to water causes nanotans
bundles to aggregate. For all metrics excep/Nro, aggregation occurs on addition of as little & O.
vol% water. In this case the lack of change @f/N+o is coincidental, a reflection of the fact thatdV
and Ny/V have changed by similar amounts. Above 2 vol§é,gace of aggregation increases, reaching a
plateau for all metrics by 20 vol% water added. ké¢e that on addition to 20 vol% water,,Dhad
increased by 80% to nearly 4.5 nm while.¥/ had decreased by 70% to Quén™>. Perhaps more
importantly, both metrics representing the popatawf individual nanotubes had crashed to zerohen t
addition of 20 vol% water. In essence no individidls can be identified by close examination of the
sample using AFM. This water-inducing re-aggregati@s also been observed for the dispersion of
MoeSs 5145 nanowires? This effect will obviously have catastrophic conseaces for dispersions stored
in an environment where significant water contardmacan occur.

In the above section, we showed that the 5 vol%emdilution can remain stable against
sedimentation over the course of 15 days. Howeter, behavior of its dispersion quality over that
timeframe is still unknown. As such, we carried anbther AFM measurement for the sample after 7 day
incubation. The calculated values of the four nestdre embedded in Figure 4. It was found that &ft
days all four metrics remained close to their valae measured instantly after water addition. Rifum
scenario, we can conclude that the effect of watethe nanotube dispersion is to very rapidly st
equilibrium to a more aggregated state. The levedggregation in this new equilibrium state is then

dependent on the amount of water added.
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We also made a preliminary investigation into satier common solvents regarding their effects
on the dispersion of nanotubes in NMP. As 20% veunaction of ethanol, acetone, cyclohexanone,
tetrahydrofuran, or toluence was added, the naeotdispersion remained stable against visual
sedimentation for at least 20 days. While for theutidn with 20 vol% methanol, discernible
sedimentation occurred after 10 days. Moreoverth@a case of 20 vol% 2-chlorophenol dilution,
nanotubes precipitated instantaneously from th& Hidpersion. We consider that the introductioraof
third phase in the nanotube dispersions may resula “competitive” process involving several
interactions including SWNT-SWNT, NMP-SWNT, NMP-geht, and solvent-SWNT interactions. Put
simply, this changes both the solvent surface gnangl the solvent-nanotube interfacial energy tewyl
in a significant increase in the enthalpy of mixfhgrhis change makes aggregation favorable over

continued dispersion.

3.2 Temperature influence
3.21UV-vis-NIR

In order to study temperature variation effectsf@dispersion stability, the stock dispersion was
kept at different temperatures varying from 8080 °C for times varying from 30 min to 10 hr. Weteno
that no visual change can be discerned for sanydated at temperatures from -16 to -22 °C. In tiatdi
UV-vis-NIR absorption spectra for these samplegyfé 5A) illustrate that their spectra shape and
intensity are almost identical. This may imply tllaé dispersion can remain stable without significa
aggregation provided that the sample is not allowefileeze. However, the absorption spectrum of-the
80 °C treated sample exhibits relatively lower padknsity. In addition, visible sedimentation oced
several hours later after this sample recovereddam temperature as shown in Figure S2C. This atdg
that freezing treatment for the dispersant candadsevere aggregation and sedimentation of nar®tube
consistent with the results for surfactant systeemehstrated by Kim et & The reason for this
phenomenon is at present unclear. We tentativalybatte this to the isotropic alignment of NMP
molecules due to freezing treatment and the resulteduction of the interaction between nanotube
surfaces and NMP. As a result, isolated NTs witls MMP absorbant approach each other, predominantly
driven by van der Walls forces resulting in aggtEga Alternatively, the formation of the initiate
crystallites will result in the reduction of thegliid volume and the associated increase in nanotube
concentration. Such concentration increases arevknm be accompanied by aggregatioi® The
redispersibility of the -80 °C-treated sample wagher checked in this work. We found that it can b

redispersed by high sonication power (1 min soipy, thowever, 1.5 hr mild sonication bath cannot
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achieve homogeneous dispersion. This suggestdattygt NT aggregates predominate in the dispersion
due to re-aggregation induced by freezing treatment

For the samples stored between -22 °C and 20 °@silge changes in dispersion quality were
observed. In addition the absorption spectra weeatical. In the case of the 50 °C sample, thecapti
spectral shape and intensity remains almost un@thrigplying no occurrence of servere aggregation.
However, visible sedimentation took place whendlspersion was subjected to 80 °C for 30 min. This
can clearly be reflected by the reduction of thensity throughout the optical spectrum. Moreoves,
also plotted peak positions for selectged-$1310 nm), & (~ 741 nm), and M (~416 nm)peaks versus
temperature, as shown in Figure 5 B-D. No redstifturred for dispersions treated at temperatures
varying from -16 to -22 °C regardless of exposuret Small redshifts were observed for the &d M
peak positions for the dispersion subjected toG@ct 30 min. This small redshift suggests the bw$e
aggregation occurs somewhere slightly below 50°Gwéler, significant redshifts were observed for the
samples stored at 80 and -80 °C suggesting signifievels of aggregation for samples stored atethe

more extreme temperatures.

322 AFM

To gain more insight into temperature variatioreef§ on the dispersion quality, we performed
AFM measurements for those temperature treatedlsamfps can been seen from Figure 6, the diameter
distributions extracted from AFM analyses on 100d@am objects are similar for samples treated in the
range of 20 to -22 °C, however, for the sampletéeat 50, 80, and -80 °C, the diameter distrilsutio
broadens and shifts to higher values. A typical AKkage of nanotubes deposited from the sample
subjected to -80 °C onto Si/Si©@an be clearly observed in Figure S1C. Using thendter distributions,
the four metrics (Bhs Nind/Ntot, Nind/V, N1o/V) Were calculated and presented in Figure 7 fasietion of
temperatureNote that these four metrics remain constant wignior for samples even subjected to low T
from -16 to -22 °C for 30 min. To check the low-fgenature treatment time influence on the dispersion
the stock dispersion was kept under -22 °C ford@Bhbrprisingly, no change occurred with respedho
four metrics. This shows that low-T treatment i tiguid phase does not induce aggregation. However
as the sample was freezing-treated at -80 °C fohrlGhe value of B significantly increased to
3.72+0.32 as compared to 2.63+0.15 nm before dartrent, while the values ofNMNvot, Ning/V, N1oV
fell by a factor of two. Therefore, we can conclubdat the dispersion can sustain low-T condition24
°C) with no change of the dispersion quality, hoarevreezing treatment (<-24 °C) results in anexi

deterioration of the dispersion quality and staili
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For dispersions treated at higher temperaturedrisl 80 °C for 30 min, the value of,had
increased by 41 and 66% to 3.71+0.21 and 4.37H#9mM8while No/V had decreased by 50 and 64% to
0.7 and 0.5um™ respectively. This clearly indicates that highaheesult in a significant degradation of
the dispersion quality. This seems surprising beeave expetl the NMP-NT dispersion at 0.01 mg/mL
to behave as a solution. Normally, solubility temal$ncrease with increasing temperature as thegict
component of the free energy of mixing plays adample. However, this is unlikely to apply hereths
entropy of mixing is extremely low for these extedynlarge molecules. We may in fact be witnessing a
temperature dependence of the enthalpy of miximgolutions, the enthalpy of mixing is controlleg b
the balance of the solubility paramef&rsf solvent and solute. It is known that the sditjpparameters
of solvents are temperature depentfefit In fact, by calculating the temperature variationf the
dispersion, polar and Hydrogen bonding componehtieosolubility parameter (Hansen parameters) of
NMP, one can estimate that the solubility parametédMP changes from ~23 MPato 21.7 MPH? as
the temperature increases from°20to 80°C. As the measured enthalpy of mixing of SWNTs MmMis
only very slightly negative (Flory-Huggins paranrete-0.074°, this temperature induced change in the
solubility parameters may be enough to shift ththapy of mixing from being slightly negative to
slightly positive, causing aggregation. Howeverfully understand this, more work is required itie

nature of the dispersed state of nanotubes in sta\wich as NMP.

4.0 Conclusions

In summary, we have made a quantitative experirhantayses of water and temperature effects
on SWNT dispersions in NMP (£=0.01 mg/mL). It was found that a third-phase sotge. water) can
rapidly shift the dispersion to a new but more aggted equilibrium state dependent on the amount of
water added. Aggregation occurs on addition ofitle bs 0.2 vol% water. Above 2 vol%, the pace of
aggregation increases, reaching a plateau forisgledsion quality metrics by 20 vol% water added. O
addition to 20 vol% water, Rs had increased by 80% to nearly 4.5 nm whilg/M had decreased by
70% to 0.4um’. Furthermore, the population of individual nan@sithad crashed to zero. UV-vis-NIR
measurements show that dilution with water resuitedn unambiguous red-shift which increases with
increasing water dilution volume. Temperature treatt studies demonstrate that the dispersion gualit
remained unchanged regardless of standing timengsds the NMP was not allowed to freeze. However,
freezing of NMP (-80 °C) induced severe degradabtbnhe dispersion coupling with a factor of two
decrease of Ny/N+tot, Ning/V, and No/V and a substantial increase of,p Large aggregation/bundles

then dominated the dispersion and only by usinggla-power sonication tip can it be re-dispersedhin
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case of higher temperature experiments, the qualflitispersion degraded significantly with the gese
of temperature beyond 5C. For example, as the dispersion was heated #&m8@0 °C for 30 min, the
value of Dpsincreased by 41 and 66% to 3.71+0.21 and 4.3740m.8while N/V decreased by 50 and
64% to 0.7 and 0.5um? respectively. We believe that this work positivetpntributes to the
understanding of nanotube dispersions and hopdillitbes useful in aiding the practical handling of

nanotube dispersions.
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Figures

Figure1l. Sedimentation curves for SWNT-NMP dispersion g#<0.01 mg/mL diluted by varying
amount of HO.

Figure 2. A) Absorption spectra of SWNT-NMP dispersion a€0.01 mg/mL at a range of dilution
volume fraction by HO and NMP. B) C) and D) Positions of selected pa@akise absorbance spectra as a
function of HO volume fraction.

Figure 3. Histograms of bundle diameter for SWNT-NMP dispmrsat Gir=0.01 mg/mL at a range of
dilution volume fraction by KD and NMP.

Figure 4. A) Root-mean-square bundle diameters,(lD B) number fraction of individual nanotubes
(Ning/Nto1), C) number of individual nanotubes per unit vo&u{N,s/V), and D) total number density of
bundles/individuals (N,/V) for SWNTs dispersed in NMP as a function of NMiPH,O dilution volume
fraction.

Figure 5. Absorption spectra of SWNT-NMP dispersion a€0.01 mg/mL at a range of temperature
treatment.

Figure 6. Histograms of bundle diameter for SWNT-NMP dispansat Gr=0.01 mg/mL at a range of
temperature treatment.

Figure 7. The four metrics oA) Dimns, B) Ning/Ntot, C) Ning/V, and D) NV for SWNTSs dispersed in

NMP (Cyrt=0.01 mg/mL) as a function of temperature condition
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Figure 2. A) Absorption spectra of SWNT-NMP dispersion at€0.01 mg/mL at a range of dilution

volume fraction by HO and NMP. B) C) and D) Positions of selected péakise absorbance spectra as a
function of HO volume fraction.
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Figure 6. Histograms of bundle diameter for SWNT-NMP dispansat G;r=0.01 mg/mL at a range of
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Figure 7. The four metrics oA) Dims, B) Ning/N1ot, C) Ning/V, and D) No/V for SWNTSs dispersed in

NMP (Cyrt=0.01 mg/mL) as a function of temperature condition
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