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30 S as a cutoff point and integrating the sedimentation  
�G�S�I�J�½�G�M�I�R�X���H�M�W�X�V�M�F�Y�X�M�S�R���T�P�S�X�W�����*�M�K�Y�V�I�������G�
�����X�L�I���W�S�P�Y�X�M�S�R��
�M�W���U�Y�E�R�X�M�X�E�X�M�Z�I�P�]���W�L�S�[�R���X�S���G�S�R�X�E�M�R�����������	���7�;�'�2�8���E�R�H��
���������	���(�;�'�2�8���F�]���E�F�W�S�V�T�X�M�S�R�����8�L�M�W���U�Y�E�R�X�M�X�E�X�M�Z�I���I�Z�E�P�Y�E�X�M�S�R�� 
�S�J���7�;�'�2�8���E�R�H���(�;�'�2�8���M�W���Y�R�E�G�L�M�I�Z�E�F�P�I���F�]���E�R�]���S�X�L�I�V��
�E�R�E�P�] �X�M�G�E�P���X�I�G�L�R�M�U�Y�I�����8�[�S���S�X�L�I�V���7�;�'�2�8���(�;�'�2�8��
�Q�M�\�X�Y�V�I�W���[�I�V�I���X�I�W�X�I�H���X�S���G�S�R�½�V�Q���X�L�I���U�Y�E�R�X�M�X�E�X�M�Z�I���T�S�[�I�V�� 
�S�J���%�9�'�����%�������	���7�;�'�2�8�������	���(�;�'�2�8���F�]���E�F�W�S�V�T�X�M�S�R��
�[�E�W���H�I�X�I�V�Q�M�R�I�H���X�S���L�E�Z�I���E���V�E�X�M�S���S�J�����������	�����������	���F�]��
�W�I�H�M�Q�I�R�X�E�X�M�S�R���G�S�I�J�J�M�G�M�I�R�X���H�M�W�X�V�M�F�Y�X�M�S�R�����*�M�K�Y�V�I�������H�
����
�7�M�Q�M�P�E�V�P�]�����E�����������	���7�;�'�2�8�����������	���(�;�'�2�8���W�S�P�Y�X�M�S�R���F�]��
�E�F�W�S�V�T�X�M�S�R���[�E�W���W�L�S�[�R���X�S���L�E�Z�I���E���V�E�X�M�S���S�J�����������	�����������	��
�F�]���W�I�H�M�Q�I�R�X�E�X�M�S�R���G�S�I�J�½�G�M�I�R�X���H�M�W�X�V�M�F�Y�X�M�S�R�����H�E�X�E���R�S�X���W�L�S�[�R�
���� 
Both tests used 30 S as the cutoff between the (6,5) 
SWCNT and DWCNT.  

Figure 1. Single-Walled Carbon Nanotube Schematic.

Figure 2. Deck Layout of the Biomek 4000 Workstation Showing 
the Basic Tools Required for Gradient Prep. (1) One 24-position 
tube rack for placing nanotubes: the centrifuge tubes fit the 
existing 24-position tube rack, but new labware type had to be 
created to accommodate the height of the tubes; (2) one P1000 
tip box for P1000 Wide Bore tips; (3) one Biomek 4000 P1000SL 
Single-Tip Pipette Tool for liquid transfer; (4) one Modular Reservoir 
for gradient reagents.

Figure 3. Nanotube Gradient Method. New tube transfer technique 
was created to minimize the mixing during gradient prep. 

Step 1
SWCNT and DWCNT were bought in powder form 

(Sigma) and dissolved in appropriate surfactant and 
sonicated to get well-dispersed solution.

Step 2
Ultracentrifuge (Optima MAX-XP) to remove aggregates 

from the SWCNT and DWCNT solutions.

Step 3
Biomek 4000 workstation to setup Iodixanol gradients  

for SWCNT density gradient run. 

Step 4
Ultracentrifuge (Optima XPN) for density gradient run to 

isolate specific chiralities of SWCNT.

Step 5
Absorption spectrum to identify the purity of each  

SWCNT fraction (Paradigm, Molecular Devices).

Step 6
Microcentrifuge (Microfuge 20) and 10 kDa MWCO  

centrifuge filter (Millipore) to concentrate the SWCNT  
and DWCNT solutions.

Step 7
DelsaMax PRO for SWCNT and DWCNT size determination.

Step 4
Validate Libraries (off-line)

Step 8
AUC to differentiate the SWCNT and DWCNT species.

Figure 4. Test Gradient Preparation using Iodixanol with food coloring 
to show the distinct layering of each gradient, and comparison of 
manual versus Biomek 4000 workstation. 



Figure 6. DWCNT Length Separation. Optical image of centrifuge 
tube with DWCNT (6a) before Density Gradient Ultracentrifugation 
and (6b) after Density Gradient Ultracentrifugation. 0.6 mL fractions 
were aliquoted and fractions 4–6 were collected for further analysis. 
Approximate location of fractions 4–6 is indicated with a brace (}).

Figure 7. Absorption Plot of Concentrated Length-Separated Double- 
Walled Carbon Nanotubes (DWCNT, Red Curve) and Chirality-Enriched  
(6,5) Single-Walled Carbon Nanotubes (SWCNT, Black Curve). Inset 
are images of the AUC cells with reference buffer in the left chamber 
and sample solution in the right chamber. (a) contains DWCNT only; 
(b) contains primarily (6,5) SWCNT, indicated by the strong peak at 
570 and 980 nm. Figure 8. Representative Dynamic Light Scattering Data on the 

DelsaMax CORE. The carbon nanotube species generate the peaks 
above 100 nm in diameter while the surfactant micelles are represented 
by the peaks near 10 nm in diameter. Note that it would be impossible 
to distinguish between SWCNT and DWCNT based on dynamic  
light scattering.

Figure 9. AUC curves from SEDFIT. (9a) The raw absorbance data 
with fitting of a solution containing only (6,5) SWCNT. (9b) The raw  
absorbance data with fitting of a solution containing only length- 
fractionated DWCNT (9c) The raw absorbance data with fitting of a 
solution containing both (6,5) SWCNT and DWCNT. 

Figure 5. (6,5) SWCNT Separation Based on Chirality. Pictures of 
centrifuge tube with SWCNT before (5a) and after (5b) Density 
Gradient Ultracentrifugation. 0.2 mL fractions were collected from 
the region with the purple tint (indicated with the arrow) and were 
subjected to absorption analysis and pooled based on absorbance peak 
at 575 nm.
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Figure 10. Sedimentation Coefficient Distribution Plots. (10a) Chirality-enriched (6,5) SWCNT. The average sedimentation coefficient for chirality-enriched  
(6,5) SWCNT is 11.3 S, which agrees well with literature. Note that essentially all particles in the (6,5) SWCNT solution have sedimentation coefficient 
less than 30 S. (10b) Length-Fractionated DWCNT. The average sedimentation coefficient for length-fractionated DWCNT is 80.4 ± 25.6 S; the large  
spread indicates that some DWCNT may exist as a bundled pair. Note that nearly all sedimenting particles in the DWCNT sample have sedimentation  
coefficient above 30 S. (10c) DWCNT and (6,5) SWCNT 50/50 mixture. DWCNT and (6,5) SWCNT solutions each had identical absorption at 570 nm  
and were mixed in equivolume amounts. Integrating the sedimentation distribution, 50.4% of the total signal has sedimentation coefficient between 
5–30 S, with an average value of 11.2 ± 5.2 S, while 49.6% of the total signal has sedimentation coefficient between 30–140, with an average value 
of 70.2 ± 21.3 S. (10d) DWCNT and (6,5) SWCNT 71/29 mixture. DWCNT and (6,5) SWCNT solutions each had identical absorption at 570 nm and 
were mixed at a ratio of 71:29 DWCNT:(6,5) SWCNT. Integrating the sedimentation distribution, 28.3% of the total signal has sedimentation coefficient  
between 2–30 S, with an average value of 12.5 ± 3.9 S, while 71.7% of the total signal has sedimentation coefficient between 30–120, with an average 
value of 80.0 ± 21.0 S. 
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