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Abstract We report a chemical separation method to isolate fullertubes: a new and soluble allotrope of
carbon whose structure merges nanotube, graphene, and fullerene subunits. Fullertubes possess single-
walled carbon nanotube belts resembling a rolled graphene midsection, but with half-fullerene end-caps.
Unlike nanotubes, fullertubes are reproducible in structure, possess a defined molecular weight, and are
soluble in pristine form. The high reactivity of amines with spheroidal fullerene cages enables their
removal and allows a facile isolation of Cos-D34(3), Coo-Dsn(1), and Cioo-Dsq(1) fullertubes. A
nonchromatographic step (Stage 1) uses a selective reaction of carbon cages with aminopropanol to
permit a highly enriched sample of fullertubes. Spheroidal fullerenes are reacted and removed by
attaching water-soluble groups onto their cage surfaces. With this enriched (100-1000 times) fullertube
mixture, Stage 2 becomes a simple HPLC collection with a single column. This two-stage separation
approach permits fullertubes in scalable quantities. Characterization of purified Ci00-Ds4(1) fullertubes is
done with samples isolated in pristine and unfunctionalized form. Surprisingly, Ceo and Cioo-Ds4(1) are
both purplish in solution. For X-ray crystallographic analysis, we used decapyrrylcorannulene (DPC).
Isomerically purified Cso and Cioo fullertubes were mixed with DPC to obtain black cocrystals of 2DPC{Cqo-
Dsp(1)}-4(toluene) and 2DPC{Cioo-Ds4(1)}-4(toluene), respectively. A serendipitous outcome of this
chemical separation approach is the enrichment and purification of several unreported larger carbon
species, e.g., Ci20, Ci132, and Cise. Isolation of these higher cage species represents a significant advance in
the unknown experimental arena of Ci00-Ca00 Structures. Our findings represent
seminal experimental evidence for the existence of two mathematically predicted families of fullertubes:
one family with an axial hexagon with the other series based on an axial pentagon ring. Fullertubes have
been predicted theoretically, and herein is their experimental evidence, isolation, and initial
characterization.



https://doi.org/10.1021/jacs.0c08529

J. Am. Chem. Soc. 2020, 142, 36, 15614-15623 https://doi.org/10.1021/jacs.0c08529

Introduction

The literature is plentiful for carbon nanotubes (tubular), graphene (planar), Ce, and Cyo fullerenes
(spheroidal).(1) Yet, little is known experimentally for soluble carbon in the range of Cigo-Ca00. Shown
in Figure 1, a fullertube has a well-defined and reproducible structure resembling a fullerene-capped,
small radius, single-wall carbon nanotube capsule. We refer to these carbon spherocylinders as fullertubes
to reflect their “part fullerene/part nanotube” regions. Fullertubes have a rolled graphene-like, tubular
belt region of 6,6 ring junctions that are more chemically resistant than the reactive 5,6 ring junctions
located in their end-caps. Since this “fullertube” term is new; its use henceforth will prevent confusion in
future literature searches.
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Figure 1. Fullertubes shown in (a) pristine form and as (b) Ca«g+nx Structures with a cylindrical region
bonded to end-caps, A and B. Fullertubes are reproducible structures of defined molecular weights. For
IPR fullertubes, the tubular portion consists of hexagonal rings. Caps A and B each contain six isolated
pentagons. Four families of fullertube listed in Table 1 are exemplified in SI Figure 1 for counting Xo, X1,
and X,.

The convergence of graphene, fullerene, and nanotube moieties into a single fullertube structure allows
a unique scaffold on which to erect new 2D and 3D molecular, supramolecular, and polymeric
architectures. One imagines trapping atoms or clusters inside a fullertube cavity. Likewise, derivatizing
the fullertube surface would create new materials for fundamental science and applications. The rich body
of work for functionalized nanotubes, fullerenes, endohedral metallofullerenes, and graphene can now
be envisioned with fullertubes.
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Fullertubes are defined by their two fullerene-based end-caps and tubular midsection that resemble a
single layer of rolled graphene hexagons. Analogous to carbon nanotubes, the configuration of the
fullertube belt can be armchair, zigzag, and a spiral loop type. Possibilities for the fullerene end-cap
include the following: (1) half of a Cso with a pentagon-based symmetry axis (e.g., Coo-Dsn(1) and Cigo-
Dsq4(1), with an armchair belt); (2) half of a Cgo with the hexagon-based symmetry axis (e.g., Cos-D34(1), with
a zigzag belt); (3) the end-capped symmetry axis is the fusion vertex of 5,6,6 rings (with a spiral loop belt).
In this latter case, the end-cap is actually the half of an oblique Ce. In contrast, the first two cases have
an axial pentagon or an axial hexagon at the end-cap.

The unique spatial dimensions of fullertubes and their derivatives may be advantageous in biomedical
research (e.g., active sites and molecular recognition). Unlike carbon nanotubes in arc-generated soot,
pristine fullertubes are organic soluble and coextracted with Csoand Cso. Advantages of fullertubes
include their reproducible structure, fixed aspect ratios (i.e., length, radius), defined molecular weights,
and solubility in organic solvents without the need for polymer wrapping or chemical modification of their
sidewall for dissolution.

Despite an electric-arc synthesis(2) that emerged nearly 30 years ago, fullertubes remain a mystery and
are still largely unexplored. The scarcity of fullertube research is attributed to several factors. First, there
is presently a low abundance of fullertubes available in arc-generated soot extract, i.e., only 0.01-0.05%
for Coo-Dsn(1) and Cioo-Dsq(1). Second, there is no reported, efficient separation method for fullertube
purification. This writing addresses this latter obstacle, although a separate work would be needed for
catalyzing fullertube yields. To demonstrate the difficulty of separating fullertubes from coeluting
fullerenes, for example, the isolation of Ceo-Dss(1) fullertube required four stages of HPLC with multiple
stationary phases for its purification and characterization by UV—vis and X-ray crystallography.(3) For the
Cos-D34(3) fullertube, multiple stationary phases were again required for purification.(4) Nevertheless,
isolation of a chlorinated derivative of Coo-Dsn(1) fullertube has led to a X-ray crystal structure.(5) Likewise,
a chlorination reaction was performed on a HPLC fraction containing an admixture of Cigo-containing
isomers.(6) X-ray crystallography of the halogenated derivative revealed a chlorinated Cigo-Dsq(1)
fullertube.(6) Both tubular and spheroidal Cioo fullerenes are present in arc-generated soot, but pristine
and unfunctionalized Ci00-Ds4(1) fullertube has not yet been isolated and characterized until this work. For
example, we now know that pristine Ci00-Ds4(1) fullertube is purplish in solution: a strikingly rare color for
an all-carbon structure.

The notion of fullertubes structures is suggested based on mathematical expressions, which in turn,
predicts a sequence of family members.(7-11) For example, two fullertube families are represented by
C30+30+10n and Cso+30+12n, Where n = number of added carbon belts to the tubular portion (i.e., additional
belts of carbon atoms to segmentally extend the fullertube, as shown in Sl Figure 1).(11-17) In this work,
we compare our experimental findings in support of these calculated fullertube families (Results and
Discussion, Table 1).
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Table 1. Comparison of Literature Predicted (i.e., Mathematical Carbon Sequences) to Carbon Species
Experimentally Observed (This Work) after Chemical Reaction with Aminopropanol

Tubular IPR Series Tubular IPR Series Tubular IPR Series Tubular IPR Series
Cioizosion ' *® Cioszosign Csorzo02an Cigs36+120
Cap A=B | Survives Cap A=B | Survives Cap A=B Survives Cap A=B | Survives
MNH:PrOH? NH:zPrOH? NHzPrOH? NHzPrOH?
(ie,miz (ie., mz (ie, mz (f.e., miz
detected) detected) detected) detected)
Fig. 9, S5 Fig. 9, S5 Fig. 9, S5 Fig. 9, §5
Ceo Yes Can Yes Cio Yes Can No
Crn Yes Cas Yes Cad” Yes Ces Yes
Can Mo Cog " Yes, this Cioz Yes, this Cog " Yes, this
work! work work?
Cap’ Yes, this | Cyp Yes, this | Cjaz Yes, this | Cyos" Yes, this
work” work” work' work”
Ciow Yes, this Cia " Yes, this Ciss Yes, this Cim " Yes, this
work" work work' work”
Cio Mo Ciso’ Yes, this Cisn® Yes, this Cia " Yes, this
work! work" work"
Ciao™" Yes, this | Cy Yes, this | Cags" Yes, this | Cyu Yes, this
work” work” work” work”
Ciao Yes, this Chse Yes, this Cise Yes, this
work” work? work?
Cian Mo Coang” Yes, this Cisg” Yes, this
work! work?
Cisg’ Yes, this Ciso’ Yes, this
work” work"
Caa No Cin Yes, this
work?
Cimo Mo Capg® Yes, this
work'
Ciso’ Yes, this
work"
Cino No
Cam Mo

# Appears in multiple series.
"The m/z observed experimentally (this work) in mass spectra.
*Isolated (this work).

Predicting the existence of fullertubes is only a first step. Experimental studies require a way to isolate
them in isomeric purity and with sufficient quantities. For these reasons, fullertube experimental work
has been stymied for nearly 30 years—with still little to no purified samples. For example, the little
experimental work on fullertubes and their chlorinated derivatives includes a combination of X-ray
crystallography, 3C NMR, and UV-vis spectroscopy.(3-6,18,19) This paucity of fullertube literature
suggests many new opportunities for seminal research.
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Herein, we show how to finally isolate fullertubes in macroscopic quantities. With this chemical separation
approach, isomerically pure Cigo, Cos, and Co fullertubes are isolated in tens of milligrams when the
described process is repeated with multiple batches. The chemical selectivity enriches fullertubes by
factors of 100—-1000 times their original abundance in extract. In this first stage, the high reactivity of
primary amines with spheroidal fullerenes renders their cages hydrophilic for removal.(20-22) (It is
interesting to note that functionalized amines were used to separate metallic from semiconducting
nanotubes.)(23-27) Our second stage requires only one column for Cqo, Css, and Cigo fullertube isolation.
HPLC purification is rapid, cost-effective, facile, and green (i.e., less solvent, less money, less time, and less
chemical waste). Note: the latter half of this paper describes how our chemical approach permits the
isolation of several larger and unreported carbon molecules in the C100—Cz200 range.

Scheme and Concept

As shown in Scheme 1, aminopropanol selectively discriminates between tubular carbon (i.e., fullertubes)
and spheroidal carbon cages (i.e., fullerenes). The basis of this separation strategy is the well-known
reactivity of Ceo and C;o with primary amines at 5,6 ring junctions.(20,28) Fullertubes, analogous to single
wall carbon nanotubes, possess a tubular region of hexagon belts with 6,6 ring junctions (i.e., less reactive
to amine attack).
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Scheme 1. Strategy to Chemically Separate Fullertubes from Spheroidal Fullerenes

A DFT study on the reaction of methylamine with fullerenes and carbon nanotubes shows the reactivity is
dependent on the cage carbon’s pyramidalization angle, which relates to the local curvature and strain at
the reaction center.(29) Although methylamine was used, calculations show the addition of amine to the
Ceo end-caps is exothermic, whereas methylamine attack on the tubular sidewall is endothermic.(29) The
higher reactivity at fullerene end-caps relative to the tubular region is supported by the work of
Dinadayalane et al.(9) Likewise, we predict the fullertube belt to be more inert than its fullerene end-caps.
As the reaction proceeds (Scheme 1), a derivatized carbon cage becomes increasingly hydrophilic, will
undergo a change in solubility, and is removed with the aqueous phase in a separatory funnel. In contrast,
the fullertubes (unreacted and hydrophobic) remain in the organic phase. This initial chemical precleanup
(Stage 1) is a key first step prior to HPLC isolation (Stage 2).
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Experimental Section
General

Chromatographic conditions are as follows: a pyrenyl-based stationary phase (PYE, 4.6 mm x 250 mm),
mobile phase flow rate of 1 mL/min xylenes, 360 nm UV detection, and injection volumes of 50-500 pL.
Reagents and solvents were purchased new and directly used from the manufacturer. Mass spectrometry
was performed on a Bruker Microflex with samples deposited on a stainless steel plate. No matrix was
used (i.e., LD-TOF, positive-ion mode). UV-vis measurements were obtained with carbon disulfide as the
solvent.

Feasibility and Reactivity Studies

To determine the feasibility of separating tubular and spheroidal forms of soluble carbon, 500 mg of soot
extract prepared from the electric arc method(2) was dissolved in 500 mL of toluene to achieve a
concentration of 1 mL/min. This lower solubility of 1 mg of extract per mL ensured an unsaturated
solution. While stirring, 15 mL of 3-amino-1-propanol was added. To monitor the extent of reaction,
aliquots of the reaction mixture were removed at different reaction times, PTFE syringe filtered, and
subsequently injected for HPLC analysis.

Two-Stage Isolation of Fullertubes: Chemical Separation (Stage 1) and HPLC (Stage 2)

To prepare a sample enriched in fullertubes, we dissolved 500 mg of arc-generated soot extract in 500 mL
of toluene (1 mg/mL). This solution was soaked overnight. While stirring, 15 mL of 3-amino-1-
aminopropanol was added. After 1 h of vigorous stirring, the reaction mixture was allowed to settle into
two layers. Containing unreacted fullertubes, the organic phase (i.e., upper layer of reaction flask) was
poured into a 2-L separatory funnel containing 300 mL of deionized water. The aqueous layer (bottom)
was drained to remove reacted spheroidal fullerene contaminants. The organic phase was washed five
more times with distilled water, next with 200 mL of 0.1 M HCl, and then five additional times with distilled
water. The organic layer was transferred to a rotary evaporator for solvent removal to provide a solid
residue. Upon washing with diethyl ether, 38 mg of sample enriched in fullertubes (Stage 1) was obtained
and subsequently used for HPLC fraction collection and final isolation (Stage 2).

X-ray Crystallography

The Supporting Information contains experimental details on the growth and analysis of Cgo-Dsn(1) and
Ci00-Dsd(1) of crystals obtained with decapyrrylcorannulene (CeoHaoN1o).

Scale-Up of Fullertubes

To evaluate the scalability of Stage 1, we used a stronger solvent. Xylenes have a higher solubility of
fullerenes compared to toluene. To increase the fullertube concentration (i.e., ~2 mg/mL), 2.5 g of carbon
soot extract was dissolved in 1.2 L of xylenes and allowed to soak overnight. To this stirring solution, 75
mL of 3-amino-1-propanol was added. The reaction was stopped after 70 min. After settling into two
phases, the organic phase (i.e., upper layer) was poured into a 2-L separatory funnel containing 300 mL of
deionized water. Using the workup described above, we obtained 42 mg of a dried sample enriched in
fullertubes. See Supporting Information, Figure 5.
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Results and Discussion
Feasibility and Reactivity Comparison

The concept of Scheme 1 was evaluated on a small scale. To test our hypothesis of reactivity differences
between tubular and spheroidal carbon, we dissolved 500 mg of soot extract prepared from the electric
arc method(2) in 500 mL of toluene. While stirring, 15 mL of 3-amino-1-propanol was added. Aliquots
were taken at various reaction times and analyzed by HPLC (S| Figure 2). As shown in Figure 2, a graph of
the log of peak area versus time indicates that Ce is the most reactive, followed by C;o, Cso, Cos, and Cigo.
The percentage of Coo-Dsn(1) and Ci00-Dsa(1) in the unreacted organic layer improved by two and 3 orders
of magnitude, respectively, when compared to their original abundance in extract. Given these high
enrichment levels, HPLC fraction collection becomes feasible with baseline resolution of Cg, Cos, and
Cioo fullertubes (Figure 3).
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Figure 2. Comparison of reactivity differences between more reactive Cso and Cyo (spheroidal) with Coo-
Dsn(1), Cos-D34(3), and Cio0-Dsa(1) fullertubes (tubular, less reactive to amines).
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Figure 3. HPLC chromatograms for the (a) 38 mg sample of enriched fullertubes obtained after
aminopropanol treatment and isolation of (b) Cao-Dsn(1) fullertube, (c) Cos-D34(3) fullertube, (d) Cioo-Dsa(1).
HPLC conditions: PYE column, 1 mL/min xylenes, 360 nm, and 400 pL injection.
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Two-Stage Isolation of Fullertubes
Stage 1: Chemical-Based Enrichment

To obtain a sample of enriched fullertubes for HPLC separation, we dissolved another 500 mg of arc extract
in 500 mL of toluene and soaked it overnight. While stirring, we added 15 mL of 3-amino-1-
aminopropanol. After 1 h of reaction time, the mixture was allowed to settle. Containing unreacted
fullertubes, the organic phase (i.e., upper layer of reaction flask) was poured into a separatory funnel for
workup (see Experimental Section). The lower phase (agueous) was drained to remove the, now soluble,
reacted spheroidal fullerene contaminants. After solvent removal and subsequent washing of the dried
residue with diethyl ether, 38 mg (isolated yield) of sample enriched in fullertubes was harvested and
saved for HPLC analysis (Figure 3a)

Stage 2: HPLC

Chromatographic fractions were collected for peaks eluting at 11 min (Figure 3b), 13.2 min (Figure 3c),
and 19 min (Figure 3d). LDI mass spectra for the isolated species in Figure 4 indicate m/z values and
isotope patterns consistent with Cqg, Cos, and Cigo. (Figure 4). The isolated yield of Cioo and Cop fullertube
was about 2 mg for each species.
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Figure 4. LDI mass spectra of (a) Coo-Dsn(1), (b) Cee-D34(3), and (c) Cioo-Dsa(1) fullertubes corresponding
to Figure 3.

UV-vis Spectroscopy of Pristine Fullertubes

Dissolved in CS,, purified Coo-Dsn(1), Cos-D34(3), and Cioo-Dsq(1) samples were characterized by UV—vis. As
shown in Sl Figures 3 and 4, the two spectra (Figure 5a,b) for isolated Coo and Css match those reported in
the literature, whose X-ray crystallography results confirm the isomeric purity and identity of our Cs and
Cos species as Coo-Dsn(1) and Cos-D34(3) fullertubes.(3,4) Because our isolated species after chemical
treatment are fullertubes (tubular), this finding supports the hypothesis that tubular carbon structures
would be more resistant than spheroidal fullerenes to chemical attack of the amine. Note that we found
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only one HPLC peak for Cqo, Cos, and Cigo during our fraction collection. This finding is significant because
it is the first example of single pass, single column HPLC isolation of a fullertube.
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Figure 5. UV-vis spectra of chemically isolated, pristine fullertubes, (a) Coo-Dsn(1), (b) Ces-D34(3), and (c)
Ci00-Ds4(1) dissolved in CS,.

Figure 5a shows a dominant peak maximum at 483 nm for the Coo-Dss(1) fullertube, which has 10 belt
carbons in its tubular region. In Figure 5b, the peak maximum is red-shifted to 522 nm for the Cgs-D34(3)
fullertube, which also contains belt carbons of 6,6 ring junctions in its tubular girth. For Ci00-Ds4(1), the
peak maxima is progressively red-shifted from 483 nm (Cgo) to 522 nm (Cog) to 573 nm (Cico), respectively
(Figure 5c). Addition of a 10 carbon belt to Cqy fullertube and slight rotation of its axial pentagon explains
the conversion of Cgo-Dsh(1) into the Cigo-Dsq4(1) fullertube.(16) We could not find a UV—vis spectrum
of pristine Ci00-Ds4(1) in the literature to compare with our isolated Cigo.

The axial views for the Cso, Css, and Cigo fullertubes (Figure 5) reveal two types of fullertube end-caps:
either pentagon-based or hexagon-based. This suggests at least two series of fullertubes, i.e., one family
with hexagon end-caps and a second family of fullertubes having pentagon end-caps. Cao-Dsn(1) and Cioo-
Dsq4(1) fullertubes are pentagon-based (Figure 5a,c). In contrast, a hexagon is the axial end-cap for the Cos-
Ds4(3) fullertube (Figure 5b).

An unexpected finding is the discovery that our isolated Cioo Species is purplish in solution. This is rare
because the Cig-Ds4(1) and the Ceo fullerene are the only reported pristine empty-cage species that are
purplish. The Cog fullerene has a purplish/peachy color. Note that most purified empty-cage fullerenes are
yellow-greenish to brown when dissolved in organic solvent. Despite the Coo-Ds(1) fullertube having Ceo-
based end-caps, its solution is a dark orange.

X-ray Crystallography and Analysis of Tubular Structures

According to the spiral algorithm developed by Manolopoulos and Fowler,(30) there are 450 possible
Ci00 structures that satisfy the isolated pentagon rule(31) (IPR). Of these hundreds of possibilities, note
that both tubular and spheroidal fullerenes are theoretical candidates. A recent study by Weis et al.
performed energy calculations and reported that spheroidal shapes are increasingly favored over tubular
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structures with increasing carbon number.(32) On the basis of the tubular X-ray crystal structure of Ciqo-
Dsq4(1) fullertube in Figure 6, it is clear, that experimentally, both spheroidal and tubular shapes are
formed.

(a) i
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Figure 6. X-ray crystal structures of Cip0-Ds4(1) and Coo-Dsn(1) shown with thermal ellipsoids at the 30%
probability level. The toluene (solvent) in the crystal lattice is omitted for clarity.

To prove that our isolated Cigo was indeed the Cigo-Dsq(1) fullertube, we successfully obtained its X-ray
crystal structure. Specifically, a black, block cocrystal of 2DPC{Ci00-Ds4(1)}-4(toluene) [DPC(33) =
decapyrrylcorannulene (CeoHa0N10)] was formed by slow evaporation after mixing together toluene
solutions of Ci00-Ds4(1) and DPC. This same crystallization method was used to culture the supramolecular
cocrystal of Cgo-Dsn(1) with DPC. A black cocrystal of 2DPC{Cso-Dsn(1)}-4(toluene) was obtained. The
structures were unambiguously identified by single-crystal X-ray diffraction. The crystallographic data are
provided in Table S1. Both structures of Ci00-Ds4(1) and Cao-Dss(1) fall into the set of fullertube structures
with pentagon poles and general formula of Cso:30+10n With Dsh (if nis odd, Ceo) or Dsq symmetry (if nis
even, Cioo).

The asymmetric unit of 2DPC{Ci00-Ds4(1)}-4(toluene) consists of one-half molecule of Cioe-Dss(1), one
molecule of DPC, and two molecules of toluene. The asymmetric unit of 2DPC{Coo-Dsn(1)}-4(toluene)
consists of one-half molecule of disordered Cqo-Dsk(1) with the other half generated by inversion, one fully
ordered molecule of DPC, and two molecules of toluene (one of the toluene species is disordered). The
Ci00-Dsq4(1) cage is fully ordered with a fullertube shape, similar to the cages in Coo-Dsn(1),(3) La2@ Cioo-
Ds(450)-,(34) Sma@Ci04-D34(822),(35) Ci00-Ds4(1)Cl12.(6)

We find a centroid-to-centroid distance of Ci00-Dsq(1) between pentagons on the major axis is 11.6029 A.
This length is longer than La,@Ci00-Ds(450) (10.083 A) and C100-Ds4(1)Cl12 (11.5583 A) as shown in Sl Figure
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6. Several other features of the Coo and Cioo fullertube structures are noteworthy. As shown in Figure 6,
the molecules of Cio-Dss(1) and Coo-Dsy(1) are cradled by two parallel DPC molecules, respectively.
Surprisingly, this orientation places two sides of Cio0-Ds¢(1) and Cso-Dsn(1) rather than the most curved
portion of the fullerene cages adjacent to the DPC molecules. These sandwich-like conformations are
different from most of the supramolecular 2DPC with V-shaped conformations reported in previous
literature.(33) The dihedral angle between DPC plane and the major axis of Ceo-Dss(1) and Cioo-Dsa(1) is
approximately 56.451° and 58.241°, respectively, in the structure of 2DPC{Cs0-Dsn(1)} and 2DPC{Cio0-
Dsq(1)}, respectively (see Sl Figure 6).

Scale-Up of Fullertubes

To assess the feasibility of scaling-up the isolation of fullertubes, we switched from toluene to xylenes,
which have higher solubility of fullerenes. For this experiment, 2.5 g of carbon soot extract was dissolved
in 1.2 L of xylenes. To this stirring solution, we added 75 mL of 3-amino-1-propanol. After 70 min, the
organic phase (i.e., upper layer of reaction flask) of the reaction mixture was poured into a separatory
funnel for workup as described in the Experimental Section. This Stage 1 chemical procedure yielded a 42
mg sample enriched in fullertubes (SI Figure 5).

Isolation of Cios, C120, C132, and Cise

This 42 mg sample of enriched fullertubes was dissolved in 25 mL of xylenes, and this solution was injected
into a BuckyPrep-M column (4.6 mm x 250 mm, 1.1 mL/min xylenes, 340 nm UV detection, and 500 pL
injections). Fraction collection (Figure 7a) led to HPLC purified samples of Cigs, C120, C132, and Cise as shown
in Figure 7b—e, respectively. Figure 8a—d shows the LDI mass spectral data corresponding to the samples
in Figure 7. The isolated yields for Cios, C120, C132, and Cis¢ were each less than 0.1 mg. The Cgo-Dsn(1) and
Ci00-Ds4(1) peaks were also collected as described above, with isolated yields of 4 mg and 3 mg,
respectively.

(a) Cyq c Ciss
+ Cioo a2
| 4 Ciog I
Cmcm Cis6
« 1 i
0 10 20 30 40 50 60
Time (min.)
(b) Cios
0 5 10 15 20 25 30
Time (min.)
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Figure 7. HPLC chromatograms obtained with a BuckyPrep-M column of (a) sample obtained after
aminopropanol treatment, and isolated (b) Cios, (c) Ci20, (d) Ci132, and (e) Cise.
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Figure 8. LDI mass spectra and isotope comparison of isolated (a) Cios, (b) Ci20, (c) Ci132, and (d) Cise.

Mathematical Families of Fullertubes

Looking at the mass spectra in Figure 9 and Sl Figure 5, most fullerene structures do not survive the harsh
reaction conditions of the aminopropanol treatment of Stage 1. Why did particular structural isomers,
Coo (only 1 survived) Cgs (1 survived), Cioo (1 survived), Cios, C114, Ci20, Ci30, C132, C144, Ciso, Cise, Cies, Cuso,
and Cysg, resist reaction, i.e., remain unreacted in solution while most species reacted? Is there a sequence
of favored structures? Are there structural features that favor an inertness to amines? Also, note the
absence of neighboring carbon peaks in the mass spectra. Specifically, why is there a mass spectral peak
for Cis6 but nothing for adjacent Cis;, Cis4, Or Ciss fullerenes?
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Figure 9. LDl mass spectrum of unreacted species still remaining in solution after chemical treatment with
aminopropanol (see Table 1 for comparison).


https://doi.org/10.1021/jacs.0c08529
https://pubs.acs.org/doi/10.1021/jacs.0c08529#fig9
https://pubs.acs.org/doi/10.1021/jacs.0c08529#fig9
https://pubs.acs.org/doi/10.1021/jacs.0c08529#notes-1
https://pubs.acs.org/doi/10.1021/jacs.0c08529#tbl1
https://pubs.acs.org/doi/10.1021/jacs.0c08529#tbl1

J. Am. Chem. Soc. 2020, 142, 36, 15614-15623 https://doi.org/10.1021/jacs.0c08529

Mathematicians have reported several sequences of carbon structures with high
symmetry.(11,14,16) Shown in Table 1, a first fullertube family (i.e., Cso+30+10n S€ri€s, nis the number of
carbon belts) is generated with repeated additions of a 10-carbon belt to Ce.(11,14,16) These calculated
fullertube structures would have alternating Ds, and Dsq¢ symmetries and consist of Czo, Cso, Coo, C100, C110,
Ci20, and so forth.(11,14,16) A second tubular family of carbon has the formula, Cso+30+18n, €.8., C7s, Cos,
Ci14, Ci32, Ciso, Cies, Ciss, and so forth.(12,17) The third column in Table 1 reveals a mathematical series of
fullertubes; this Cso+30+24n tubular family has a spiral loop of hexagons in its belt region that becomes longer
as nincreases. The fourth column shows a predicted family of carbon structures based on the formula
Cs6+36+12n, €.8., Cas, Cos, C108, C120, C132, C1a4, Cise, Ci6s, Ciso, Ci92, Caos, €tc.).(15-17)

By overlaying the mathematical series of fullertubes from Table 1 with our mass spectral data (Sl Figures
5 and 9), we can match theexperimentally observedm/zvalues of surviving species
with Table 1’s mathematically predicted families of fullertubes. For example, the carbon structures
derived from the Cso.30+10n S€ries that do survive our reaction conditions include Ciz0, Ci30, Cis0, C180, and
Ca10. In contrast, we observe no m/z peaks for carbon structures of Ci10, C140, C160, C170, C190, and Caoo.

Although we did isolate Ciz0 (Figure 7c, Figure 8b), it remains to be seen if its structure is tubular (1st
column of Table 1) or spheroidal (4th column of Table 1). Given the harsh reaction conditions that
removed the spheroidal fullerenes and led to the above isolated Cso, Cos, and Cigo fullertubes, our isolated
Ci20 species may likely be tubular, but the possibility of chemically stable spheroidal shape can not be
ruled out at the present time. Trace amounts of isolated Ci0 hampered subsequent efforts to obtain
structural information (i.e., NMR and X-ray crystallography); these types of characterization are not
presently feasible.

Since Ciz0 appears in both columns 1 and 4, it is possible that two structural isomers exist to explain the
noticeably broad HPLC peak for C120 (20 min) shown in Figure 7c. In comparison, HPLC peaks eluting before
(C108) and after (Ci3;) are both much sharper than Ciz. The peak widths at half height for Ci0s (14 min) and
for the later eluting Ci3; (25 min) are twice as narrow as the Ciz (20 min) peak as evident in Figure 7b,d.
(Although the Cis¢ HPLC peak in Figure 7e is also broad, this is expected based on the increased band
broadening from its significantly later retention time (48 min)). The UV—vis characterization of our isolated
Ci20, Ci0s, Ci32, and Cise awaits sufficient amounts necessary for X-ray crystallographic confirmation to
ensure their spectra represent isomerically pure samples.

For the Cso+30+18n mMathematical series of fullertubes (second column of Table 1 and examples in S| Figure
1b), we observed that m/z members of this 18n series did survive the aminopropanol reaction (S! Figures
5 and 9). This experimental data supports a possible series of tubular Cs3o+30+18n Species. The smallest
fullertube of this family, Ces-D34(3) fullertube, was structurally characterized by Yang et al.,(4) and we show
here its chemical purification (Figure 3c). The third column shows the Csp.30+24n Series (S| Figure 1c).
Beginning with Cg4, we see experimental evidence from these mass spectra that all m/z members of this
24n carbon family in Table 1 survive the chemical reaction with 3-amino-1-propanol. The fourth column,
Css+36+12n, ShOWs a series of mathematically possible family of high symmetry structures originating from a
C, structure (Sl Figure 1d).

For our isolated larger carbon species, Ci32 and Cisg appear in multiple columns of Table 1. The small
isolated amounts of purified Ci3z; and Ciss were not amenable to X-ray crystallography to determine
whether their structures are spheroidal or tubular. As shown by Bodner et al.,(13) there is a mathematical
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family of fullertubes having a spiral belt of hexagons for Cios, Ci32, Cis6, C16s, and so forth (column 3). Our
experimentally isolated Cios, C132, and Cisemight correspond to these predicted spiral fullertubes.

Conclusion

We demonstrate a chemical separation approach that permits, for the first time, the isolation of several
unreported, large-size, carbon structures in the unexplored Ci0s—Ciss range. We present experimental
evidence in support of, not one, but two mathematically predicted series of fullertube: one family with a
hexagonal axial end-cap and a second family having a pentagonal axial end-cap. Of significance is the
matching of our experimental evidence to mathematically predicted series of fullertubes and showing
that fullertube species really do coexist in soot with spheroidal fullerenes.

For three decades, enthusiasm for experimental studies with (1) giant fullerenes and (2) fullertubes has
been difficult due to the high complexity of obtaining purified fullertubes from the abundance of
contaminating, spheroidal, and structural isomers. This writing represents several advances. First, our
Stage 1 chemical separation solves the HPLC coelution problem of fullertubes and fullerene structural
isomers present in soot extract. Fullertubes survive our aminopropanol treatment; spheroidal fullerenes
are more reactive and easily removed. From 46 possible Cq IPR structures, only the Coo-Dsp(1) fullertube
isomer survives. We can isolate it in milligram quantities. Of the 187 possible Cqs IPR structural isomers,
again, only the Cos-D34(3) fullertube survives the reaction and is easily isolated with a single HPLC column.
Likewise, of the 450 possible Cig IPR structural isomers, only one structural isomer survives the chemical
treatment with aminopropanol. We report the initial characterization of pristine Ci00-Ds4(1) fullertube by
UV-vis and X-ray crystallography. To our knowledge, this Ci00-Ds4(1) structure is the largest and longest
fullertube isolated and characterized in pristine and unfunctionalized form.

We also show the isolation of several much larger carbon structures not yet reported. Our chemical
reactivity approach allows, for the first time, a facile isolation of Cios, C120, C132, and Cise: these four species
being the largest carbon structures purified to date. Although it remains to be seen if their shapes are
tubular or spheroidal, either way, this chemical purification approach permits, for the first time, access to
these previously unavailable samples of “larger-size” soluble, molecular carbon.
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