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Light Induced Aggregation of Specific Single Walled Carbon Nanotubes
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ABSTRACT: We report optically induced aggregation and consequent separation of specific
diameters of nanotubes from stable solution of pristine single walled carbon nanotubes
(SWNTs). Dispersed solutions of pristine SWNTs in different solvents show rapid and selective
aggregation. Separated SWNTs show enrichment in specific diameter of SWNTSs aggregating out

under UV, visible and NIR illumination.
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Single walled carbon nanotube (SWNT) -based materials have applications in electro-optics,
plasmonics, and biotechnology.'” Moreover, dispersion of nanoparticles like one dimensional
SWNTs, also provides with an opportunity to understand the effects of electro-optical forces on
intermolecular interactions.* SWNTs are commonly dispersed in solution and functionalized
with other molecules and polymers for fabrication of devices and sensors.’” Dispersion of
SWNTs produces a mixture of various diameters of metallic and semiconducting SWNTs.®
Separation of specific SWNTs from solution is an important concern and various methods are
being employed including density gradient, gel-chromatography and using surfactants, polymers

and other functional molecules.” ">

Photophoretic forces are predicted to play an important role
for chiral and diameter specific separation of SWNTs from solution.'* We recently reported
photophoresis in aggregates of SWNTs in solution.'”> Although optically induced aggregation
especially in nanoparticles has theoretically been predicted and reasonably reported, very few
experimental proofs of aggregation of nanoparticles by light could be found.'® " Optical induced
aggregation in gold nanoparticles'® and specifically in SWNTs functionalized with optically
active supra-molecules has been reported.'” %° Stability of a solution depends on the dimensions,
uniform surface charges and dielectric properties of the interacting particles and solution.* Under
significant optical excitation, photophoretic forces in resonating particles are expected to affect
the colloidal stability, leading to subsequent aggregation of the absorbing SWNTs. Here, we
report optically induced aggregation of selective pristine SWNTs from dispersed solution. Well-
dispersed, stable solution of pure, pristine SWNTs in solution show enhanced rate of aggregation
under optical illumination by simple UV, broadband visible and NIR light. Optically induced

rate of aggregation depends on the frequency and on the intensity of applied illumination.

Significantly, the aggregated floc of SWNTs shows enrichment in selective diameter of
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nanotubes, specific to the frequency of the applied illumination. Hence, we report, the
phenomenon of optically induced aggregation and its potential application in efficient separation
of different diameter of nanotubes from solution. Such optical methods may play an important
role for efficient large scale, non-intrusive, separation of specific diameters from pure SWNTs,
without any functionalization or creation of defects due to chemical processes.

Well dispersed, stable solutions of pristine SWNTs were prepared by ultrasonication of 0.6
mg of SWNT (Nano Integris®-IsoNanotubes, 95% purity) in 100 mL of N,N-
Dimethylformamide (DMF) (Sigma Aldrich®). Pristine SWNTs have diameter distribution from
~ 0.7nm to 1.7 nm, and average length expected to be 300 nm to 1.7nm. Solutions were found
stable for weeks. Care was taken to avoid water absorption and light exposure. Stable solutions
of dispersed pristine SWNT were exposed to UV light (125 W, 352 nm), broadband visible light
(125 Watts) and NIR light (Fuzi, 150Watts) between 30-240 mins. Control samples were kept in
the dark for the same time and used to calculate the normalized rate of aggregation for SWNTs
in presence of light. Samples kept in light and dark were centrifuged @ 8000 rpm (Eppendorf®
Mini Spin Centrifuge Machine) for 10 min to carefully separate the supernatant from the
solution. Separated supernatant and flocs were analyzed by UV-Vis-NIR spectrophotometer

(Perkin Elmer® Lambda 950 UV-Vis spectrometer) and Raman spectrometer (632 nm Laser).
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Figure. 1. Light induced aggregation in broadband visible (a), UV (b) and NIR lamps (c) are
shown. After 240 mins illumination of time aggregated flocs are shown in an arrow. Absorption
spectra of supernatant collected from pure SWNTs under UV, visible and NIR lamps show
consistent decrease in concentration when exposed to varying duration from 30 mins to 240 mins
(d) shows relative rate of optically induced aggregation in Pristine SWNTs under UV, visible
and NIR illumination.

The absorption spectra of pure SWNTs show cumulative absorption by different diameters of
nanotubes in solution. As shown in Figure 1, the absorption spectra of pure SWNTs shows
background plasmonic resonance in UV (300-450 nm) due to metallic SWNTs and van hove
singularities due to band-gap absorption in the visible and NIR by semiconducting SWNTs.

Absorption by the pristine SWNTs in the NIR frequency (850-1400 nm) is attributed to the S;;
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band-gap absorption by semiconducting SWNTs of specific diameters.?' Individual absorption
peak intensities, representing electronic transitions in the NIR S;; band of semiconducting
SWNTs are sensitive to relative concentration of SWNTs with specific tube diameters and
chirality. Along with a consistent decrease in the concentration of the separated supernatant of
pristine SWNTs by varying the time of optical exposure, indicating optically induced
aggregation, Figure 1(a-c) also shows discernible changes in both the UV and in the visible-NIR
frequency of the supernatant suggesting selective aggregation of different diameter of SWNTs.
Supernatants separated from the solution exposed to NIR illumination for different times (Figure
1c), distinctly shows consistent changes and enrichment with specific diameter of SWNTs.
Optically induced aggregation was observed for pristine SWNTs exposed to broadband visible,
UV and NIR illumination. Rate of optically induced aggregation was determined using
absorption spectroscopy as shown in Figure 1(a-c). Concentration for each supernatant was
normalized with reference to the stable concentration of the sample kept in dark. Concentration
at 840nm was used to determine the rate of aggregation as the spectra here is relatively flat and
free of van Hove singularities. Rate of aggregation was plotted with respect to time of exposure
for each sample under different lamps. At the maximum exposure time of 240 minutes, about
20% and 40% of SWNT aggregates out under UV and broadband visible illumination
respectively, however rapid aggregation was observed under NIR illumination with 65% SWNTs

aggregating, as shown in Figure 1(d).
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Figure 2. (a) Light induced rate aggregation in Pristine (un-separated), Semiconducting (95%
Pure) and Metallic (95% Pure) SWNTs in DMF, under broadband visible illumination. (b)
Optically enhanced, rate of aggregation in different solvents. (c) Absorption spectra of the
supernatant, separated from the pristine SWNTs after exposure to visible illumination for
varying intensities. (d) SWNTs dispersed in DMF showing rapid increase in the rate of

aggregation with increase in the visible intensity. Inset: SWNTs dispersed in NMP and

Chloroform showing similar rate of optically induced aggregation as in DMF.
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This phenomenon of optically induced aggregation of pristine SWNTs in DMF was further
studied using pre separated 95% pure metallic and semiconducting SWNTs. Pre separated
SWNTs were brought from Nanointegris and were dispersed in DMF without any further
modifications. Along with the dispersion of SWNTs in DMF; stable solution of pristine SWNTs
in NMP, Chloroform were also prepared, by the similar method of ultra-sonication as reported
above. Rapid aggregation of SWNTs were observed in each of the SWNT solutions under
broadband (UV-Vis) illumination. Metallic SWNTs show higher rate of aggregation than
semiconducting or pristine SWNTs as shown in Figure 2 (a).

Un-separated pure SWNTs dispersed in different organic solvents (DMF, NMP, Chloroform)
were exposed to broadband halogen lamp for varying time intervals (30-240 min). Samples were
then centrifuged and supernatant separated from the aggregated SWNTs. Similar to the optically
induced aggregation observed in DMF, supernatant separated from the SWNTs dispersed in
NMP and Chloroform also, show consistent decrease in the concentration of SWNTs with
corresponding increase in the exposure time. Concentration of the SWNTSs in the supernatant was
normalized with the stable pristine SWNT solution, kept in dark (control). Corresponding graph
plotted in Figure 2(b) shows similar optically induced rate of aggregation for NMP and DMF,
however rate of aggregation is found to be 20% more rapid in case of SWNTs dispersed in
Chloroform. Experiments show that optically induced aggregation in SWNTs depends on the
type of the SWNTs (Metallic and Semiconducting) and the solvent used.

This phenomenon of optically induced aggregation was further studied by varying the intensity
of the visible lamp. Solution of SWNTs dispersed in each of the organic solvents (DMF, NMP
and Chloroform) was exposed to visible lamp for 1 hour with varying intensities (25-150 W/m?).

Figure 2(c) shows absorption spectra of the supernatant separated from the optically aggregated
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SWNTs in DMF solution. As shown in Figure 2(d), the concentration of SWNTs dispersed in all
three organic solvents (DMF, NMP and Chloroform) show linearly enhanced rate of aggregation,
with corresponding increase in the intensity of visible illumination. Interestingly when exposed
for varying time intervals, SWNTs dispersed in chloroform show much rapid aggregation as
compared to SWNTs dispersed in NMP and DMF; However, for different intensities of same

visible illumination, SWNTs in all the three solvents show similar rate of aggregation.
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Figure. 3. (a) Absorption spectra of the supernatant and aggregated floc as separated from the
pristine SWNT (dotted line) after 240 mins exposure to NIR illumination and normalized NIR
bands (Left Inset). Histogram showing enrichment of specific diameters in the separated
supernatant and aggregated SWNTs (b) shows increase in the Extinction coefficient (k) of
SWNTs in the supernatant with increase in the time of exposure from NIR illumination. (c)
Normalized absorption spectra of the supernatants separated from the pristine SWNT solution

after UV and NIR illumination. Inset shows absorption spectra for reference solution of pre
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separated, pure metallic and semiconducting SWNTs. (d) Absorption spectra of aggregated floc
under UV and NIR light illumination and normalized NIR bands (Left Inset). Histogram of
showing enrichment in specific diameters (¢) Shows RBM (d) G band Raman spectra of optically
aggregated SWNTs, exposed to UV, visible and NIR illumination.

Diameter (d;) of the semiconducting SWNTs may be calculated using the absorption in the

hcd;

2ac—cYo

NIR frequency (A1) by 411 =

. Where, c-c bond distance is measured to be 0.142 nm,

and y,=2.7 ev is the interaction energy.22 Figure 3(a) show substantial differences in the
absorption spectra of the supernatant and aggregated floc, separated from the solution of pristine
SWNTs, after exposing to NIR illumination for 240 mins. Significant changes in the normalized
NIR band (850-1500 nm) of the separated supernatant and floc are shown in Figure 3(a) [left
Inset]. Variations in the NIR peak intensity and frequency is associated with the changes in the
relative distribution of the different diameters of the semiconducting SWNTs in the solution.
Histogram in Figure 3(a) [Right inset] shows relative enrichment in different diameters of
semiconducting SWNTs in the separated supernatant and optically, aggregated floc. This
distribution of different diameters of semiconducting SWNTs in a solution is calculated by
fitting multiple lorentzian peaks to the normalized absorption in the NIR frequency (900-1400
nm). While the diameter of SWNT is estimated by the frequency of the peak, intensity of the
normalized peaks depends on the relative enrichment of SWNT of that specific diameter.
Exponential increase in the background absorption of pristine SWNTs in UV-visible range of
(300-500nm) 1is attributed to plasmonic resonance due to metallic SWNTs. Extinction co-
efficient for each of the absorption spectra in Figure 1 (¢) was calculated by fitting exponential
fits in the 300-500 nm frequency range. Figure 3(b) shows different exponential fits to the

absorption spectra of the supernatant and aggregated floc, separated from the pristine SWNTs
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after NIR illumination for 240 mins. Inset Figure 3(b) shows consistent increase in the
extinction coefficient of the separated supernatant with increase in the time of exposure to NIR
illumination. This consistent increase in the extinction coefficient of the separated supernatant
indicates corresponding decrease in the plasmonic resonance due to metallic SWNTs. Absorption
spectra of the supernatant separated after NIR exposure from 30 mins -240 mins (Figure 1(a))
show consistent loss of background resonance indicating aggregation of metallic SWNTs and
increase in specific diameters of semiconducting SWNTs in the separated supernatant.
Exponential background absorption due to plasmonic resonance by metallic SWNTs was
subtracted from the absorption spectra of the supernatants separated after exposure to NIR and
UV illumination for 240 mins. With background plasmonic absorption subtracted, Figure 3(c)
shows sharp van hove singularities due to band gap absorption by semiconducting SWNTs of
different diameters. Significant discernible changes are observed in the absorption peaks of
supernatants of pristine SWNTs separated after UV and NIR illumination. Inset Figure 3(c)
shows absorption peaks from the reference solution of metallic (95% pure) and semiconducting
SWNTs (95% pure). Supernatant separated after exposure to NIR illumination show significant
enrichment in specific diameters of SWNTs absorbing at 400 nm; whereas, supernatant separated
from UV exposure shows significant enrichment in SWNTs absorbing around 750nm.
Comparing the absorption spectra of optically separated supernatants with the reference solution
of pure metallic and semiconducting SWNTs, it is inferred that supernatant separated after NIR
illumination shows enrichment in selective diameters of semiconducting SWNTs whereas,
supernatant separated after UV exposure shows enrichment in specific diameter of metallic

SWNTs.

10
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Similar to Figure 3(a), Figure 3(d) compares the diameter distribution in the SWNTs
aggregating under UV and NIR illumination. Discernible changes are also observed in the Radial
Breathing Mode RBM mode (Figure 3e) and G band (Figure 3f) Raman spectra of the optically
aggregated flocs separated from the pristine SWNT after exposure to UV, visible and NIR
illumination.

RBM mode of pristine SWNTs depends on the diameter of the nanotube.”> RBM of the
aggregated SWNTs under different illuminations shows distinct enrichment of specific diameter
of SWNTs which can be calculated using the relation wrpy = (Arpy/d) + Apunaie.> Where,
AreM> Xpundie are constants associated with bundling effect and scaling factor in RBM spectra of
nanotubes respectively and d is the diameter of the SWNT corresponding to the RBM peak
frequency(wgpy). As calculated from the expression, RBM of aggregates shows relative
enrichment in following diameters 1.42, 1.43, 1.41 nm when exposed to UV, Visible or NIR
illumination respectively. Consequent changes are also seen in SWNTs with larger diameters of
1.57 nm corresponding to the RBM frequency of ~ 155 cm™, Changes in the G band Raman
spectra of pristine SWNTSs indicates significant changes in the relative concentration of metallic

and semiconducting SWNTs.**

Figure 3 (f), shows considerable changes in the normalized G’
band, indicating increase in metallic SWNTs aggregating under UV, visible and NIR
illumination as compared pristine SWNT solution. G-band Raman spectra of the reference, pre
separated metallic and semiconducting SWNTs are shown in Figure 3(f) inset. The inset shows
considerable increase in G~ band for metallic SWNTs (95%) as compared to semiconducting
SWNTs (95%). Hence, the RBM and G band Raman spectra do indicate enrichment in

aggregating SWNTs of specific diameters and changes in the ratio of metallic and

semiconducting SWNTs depending on the frequency of optical illumination.

11



Nanoscale

This phenomenon of optically induced aggregation in selective SWNTs may be due to
photophoretic and photo-thermal processes in SWNTs.*® Induced photophoretic motion by
similar lamps in aggregates of metallic and semiconducting SWNTs have recently been
reported.'® Similar photophoretic forces, along with photo-thermal processes may be responsible
for selective aggregation of pristine SWNTs. Even with inherent limitations due to various
assumptions of surface charges, geometry and dielectrics, aggregation of SWNT dispersions are
still widely explained using conventional DLVO theory.®®*" DLVO theory describes total
interaction energy between two particles in solution as a net result of attractive van-der Waals
(vdW) forces and repulsive electrostatic double-layer (EDL) interactions (Figure 4). This
Interaction potential barrier, which defines the colloidal stability conventionally, depends on the
dimensions, dielectric and surface charges at the particle-solution interface. For, V;,; < 0, van-
der waals attractive term is greater than the repulsive EDL leading to colloidal instability and
aggregation of the particles. Our experiments show significant decrease in V;,; under optical

illumination leading to enhanced rate of aggregation.

12
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SWNT

Figure. 4. Conceptual model of optically induced aggregation of SWNTs from solution. The
figure shows interaction potential between cylinders according tyo DLVO theory. Uniform
surface charges are shown to be affected by the illumination in an absorbing SWNT; leading to
colloidal instability.

Total potential (V,,;) for two interacting cylinders in solution is approximated by the

" k1/Z Ze"kD RiR;

Where, D is surface distance
12v2. D3/Z R1+R,

following expression.'® Vo, = (

between two nanotubes with radius R; and R,. Ay is the Hamaker constant in the attractive Van
der Waals contribution and Z is the interaction constant of the repulsive EDL term, k! being the
Debye length. According to the DLVO theory, surface charges are considered uniform and at
either constant surface potential or constant charge density. Both the photo-thermal and
photophoretic forces, depends on the absorption of the particles. Local kinetics and non-
uniformity of surface charges in the absorbing SWNTs may affect the interaction potential

leading to colloidal instability and aggregation. Thermal gradient on the surface of an absorbing

13
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particle in resonant optical frequency is given as VT = ki’Qp, where k, i1s internal heat
p

conductivity of the particle and Qp is volumetric thermal energy which relates to refractive index
absorbed by the wavelength of incident radiation.”” It is expected that, absorption and
plasmonics resonance may lead to local temperature variations depending on the thermal
conductivity of the absorbing SWNTs. Since, absorption by the SWNTs depends on the diameter
of the SWNTs, absorbing SWNTs of selective diameters are expected to have enhanced photo-
thermal and photophoretic effects. Clearly, much research is needed, both theoretically and
experimentally to better understand the phenomenon.

However, in conclusion we report the phenomenon of optically induced aggregation in
selective SWNTs from pristine well dispersed solution, thereby causing separation of specific
SWNTs. Rapid aggregation was observed for pure SWNT solution exposed to optical
illumination by simple light sources. Results show that the rate of aggregation primarily depends
on the intensity of light with selective aggregation in specific SWNTs due to frequency of
illumination. Our results show that controlled optical excitation may be used for large scale
efficient separation of particular diameters of SWNTs. Absorption and Raman spectra of the
separated supernatant and aggregated floc especially in the NIR illumination show relative
enrichment in specific SWNTs. Additional theoretical and experimental research should provide
deeper fundamental understanding of the phenomenon and initiate development of efficient
optical processes for separation of not just specific diameter SWNTSs, but possibly of other
nanoparticles from the solution too.
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