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Here, additional information is presented to support the results in the main text. This includes
evaluation of the accuracy of the DeepCNT-22 MLFF and details of the five phases of nanotube
growth. As well as derivation of the probability density function, cumulative distribution function
and expected value of τ and derivation of the simple model to predict ⟨NC⟩.

1. Validation of DeepCNT-22

Validating the accuracy of MLFFs is a crucial step for which multiple methods have been pro-
posed[1]. In this case, the energy and force accuracy of DeepCNT-22 is evaluated on a subset of
structures, constituting 10% of the entire dataset shown in Fig. 1 in the main text. On this test
set (not used in the training process), the root mean square error (RMSE) of the energy and force
predictions from DeepCNT-22 was calculated. The regression plots in Fig. S1a and 1b show that
DeepCNT-22 can reproduce the DFT energies and forces of the test dataset with an RMSE of 13.51
meV per atom for energies and 325.48 meV/Å for forces, comparable to other published MLFFs
based on the same architecture[2, 3].
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Fig. S1. Regression plots for the a energy and b force predictions of DeepCNT-22 evaluated on the test data. The test
data is a 10% subset of the DeepCNT-22 dataset, which was kept separate during the MLFF training process.
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Apart from validating the accuracy in energy and forces of DeepCNT-22, it is essential to en-
sure that the MLFF can reproduce known physical properties of the target system. To this end,
DeepCNT-22’s ability to reproduce the subtle energy difference of SWCNTs with varying curva-
ture, i.e., the SWCNT curvature energy, Ec, is examined. Previous studies[4] have shown that
this energy can be described as a function of the curvature, 1/R, of a SWCNT of radius R as
Ec = γ · (1/R)2. Here a value of γ = 2.038 eVÅ2 obtained via previous DFT calculations[5] was
used. As shown in Fig. S2a, DeepCNT-22 can reproduce the curvature energy of SWCNTs over a
wide diameter range with high accuracy.
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Fig. S2. Validation of DeepCNT-22’s ability to accurately reproduce properties related to growth. a the curvature en-
ergy for SWCNTs, computed with DeepCNT-22, compared to the known analytical expression fitted to DFT energies.
b the carbon-metal adhesion energy of SWCNTs attached to ”clean” iron clusters, calculated using both DeepCNT-22
and DFT. c and d the 1D potential energy surface of graphene adsorbed on an Fe(111) surface in the fcc–hollow and
fcc-top configurations, respectively.

Furthermore, DeepCNT-22’s ability to reproduce the carbon-metal adhesion energy[6–8] of
SWCNTs with various chiralities attached to Fe55 clusters is evaluated. The adhesion energy of a
SWCNT with chirality n,m is calculated as En,m

adh = (En,m
cx − (EFe55 + En,m)) /(n + m), where

En,m
cx is the energy of the complex (SWCNT attached to a Fe55 cluster), EFe55 is the energy of

the cluster itself, and En,m is the energy of the SWCNT. As shown in Fig. S2b, DeepCNT-22
can reproduce the trend in the carbon-metal adhesion energy as a function of the tube’s chirality.
While an exact agreement with DFT is not reached, DeepCNT-22’s ability to reproduce this trend is
noteworthy, given that the training data does not contain structures of SWCNTs attached to ”clean”
Fe clusters, i.e., clusters with no carbon atoms dissolved, as well as no structures of open-ended
SWCNTs. This indicates that DeepCNT-22 can generalize reasonable well to structures outside of
the training data.

An important property for SWCNT growth is the adhesion strength between graphitic carbon
and the metal surface, as it affects SWCNT-cap lift off versus encapsulation of the catalyst[9]. Fig.
S2c and 2d shows the 1D potential energy surface of graphene adsorbed on an Fe(111) surface in
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the fcc–hollow and fcc-top configurations, respectively. As shown, DeepCNT-22 can reproduce
both the shallow minimum for the fcc–hollow and the deeper minimum for the fcc-top configura-
tion. It is important to note that the adhesion energy for DeepCNT-22 plateaus at around 5.0 Å, as
this is the cutoff used for the MLFF.
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Fig. S3. Chirality distribution of 106 SWCNTs grown using a Fe55 catalyst at T = 1300 K and a carbon supply rate
of k = 0.5 ns-1. a the chirality map showing the abundance of each chirality (n,m) observed post-growth. b and c
depict the distributions of the chiral angle and SWCNT diameter, respectively.

Experiments have shown that when SWCNTs are grown using Fe catalysts and simple hydro-
carbon feedstock gas, the final product exhibits a broad chirality distribution[10, 11]. To evaluate
DeepCNT-22’s ability to accurately describe the nucleation of SWCNTs, where chirality is set,
280 growth simulations were conducted under identical conditions: Fe55 catalyst, 1300K growth
temperature, and 200 carbon atoms supplied at a rate of k = 0.5 ns-1. These simulations resulted
in 106 SWCNTs with well-defined chirality which are shown in Fig. S5, corresponding to a yield
of 37.9%. The remaining 174 SWCNTs, with undefinable chirality, are shown in Fig. S6. Here,
a variety of failure modes can be seen such as: ”Cap liftoff failure” where the SWCNT-cap fails
to lift from the catalyst causing encapsulation. ”Cap formation failure” where a conical cap is
formed which causes the diameter of the graphite structure to continue to increase/decrease until a
size limit is reached, as determined by the size of the catalyst. ”Defect induced failure” where an
interfacial defect becomes trapped inside the tube wall during growth causing a change in chirality.
Note that all of these failure modes are the result of an inappropriate number of penta- or heptagons
forming the graphite structure. A broad chirality distribution is expected for these growth condi-
tions, and as observed in the chiral map in Fig. S3a and in the distribution of the chiral angles in
Fig. S3b this is indeed the case for SWCNTs grown with DeepCNT-22. Impressively, the diameter
distribution of the grown tubes, as shown in Fig. S3c, agrees well with the experimental results of
Ago et al.[12], who grew SWCNTs on Fe catalysts of size 1.5-3 nm.
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Fig. S4. SWCNTs grown on Fe catalysts with varying diameters, dC . a shows an example of the structures obtained
after growth. b is resulting tube diameters, dT , which follow a linear relationship dT = a · dC with a = 0.73± 0.019.
Here, the gray bands indicate the 2σ confidence interval of the fit and the number of SWCNTs grown for each catalyst
size is marked above the data points.

Like the chirality distribution, another crucial property of growth to reproduce is the ratio be-
tween the diameter of the grown tube and that of the catalyst. Previous growth experiments[13, 14]
and theoretical studies[15, 16] have established a link between the tube diameter and the catalyst
diameter, where the tube diameter is between 0.7-1.0 times the catalyst diameter. Fig. S4a displays
a selection of tubes grown using DeepCNT-22 on Fe catalysts of varying sizes, where it is evident
that the diameter of the tube increases with the diameter of the catalyst. To quantify this, multiple
growth simulations where performed on catalysts of different sizes. Here the growth temperature
was set to T = 1300 K for each catalyst size, but the total number of carbon atoms added and the
supply rate, k, was adjusted for each catalyst size to achieve growth. Fig. S4b illustrates the mean
SWCNT diameter as a function of the mean catalyst diameter, where a linear relationship can be
found dT = a · dC , with a = 0.73± 0.019, in agreement with previous studies.

2. The five phases of nanotube growth

The growth process of the (6, 5) SWCNT can be observed in Fig. 2A of the main text and Extended
Data Video 1, revealing the following. In the earliest (1st) phase of growth, monomers and dimers
are the dominant carbon species. This observation is supported by the snapshot at t = 8.80 ns
and the carbon species analysis presented in Fig. 2B of the main text, indicating that almost no
carbon chains are present on the catalyst during the 1st phase. Notably, the high carbon supply
rate employed at the beginning of growth, k = 5 ns-1, leads to a significantly shorter 1st phase
compared to using a slower rate of k = 0.5 ns-1.

The 2nd phase of growth is characterized by the transformation of carbon monomers and dimers
into linear carbon chains, as seen in the snapshot structure at t = 28.4 ns and the steady increase in
the number of carbon atoms within chains, as shown in Fig. 2B. After reaching a critical ratio of
approximately 1/3 carbon atoms as part of chains, the growth enters the 3rd phase. Here, a junction
forms on a long chain when a monomer, dimer, or the end of another chain attaches, creating a
three-coordinated carbon atom. This action causes the resulting chain-like structure to fold and
form the first carbon ring, as seen in the snapshot at t = 34.25 ns. The creation of the first carbon
ring facilitates rapid subsequent ring formation, evidenced by the sharp decrease in the number of
atoms in chains and the simultaneous sharp increase in the number of graphitic carbons shown in
Fig. 2B. As a result, linear carbon chains are almost entirely eliminated (Fig. 2B) as they become
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part of the growing graphitic structure seen at t = 39.60 ns.
Following this, the growth enters the 4th phase, in which the graphitic structure enlarges as

carbon monomers and dimers attach to its edge. As the graphitic structure expands, its curvature
increases, and due to the energetic advantage of a near-perpendicular interface between the catalyst
and the graphitic structure[9], it lifts off the catalyst. The SWCNT-cap is fully defined once at least
six pentagons form inside the graphitic structure[17], which occurs at t = 132.41 ns. Subsequently,
the growth enters the 5th and final phase, characterized by the continuous elongation of the tube
through the attachment of carbon atoms at its edge.

3. Derivation of the PDF, CDF and expected value of τ

As observed in Fig. 1F of the main text τ follows a power-law distribution (τ−α) with an ex-
ponential cutoff (e−λ2τ ). This distribution’s probability density function (PDF) can be expressed
as

fτ (τ) = C · τ−α · e−λ2τ (S1)

and must satisfy the following normalization constraint∫ ∞

τmin

C · τ−α · e−λ2τ dτ = 1. (S2)

This constraint leads to a normalization constant of

C =
1∫∞

τmin
τ−α · e−λ2τ dτ

=
λ1−α
2

Γ (1− α, λ2τmin)
, (S3)

here Γ (1− α, λ2τmin) is the upper incomplete gamma function. From the PDF defined in Eq. (S1),
the cumulative distribution function (CDF) can then be determined

Fτ (τ) =

∫ τ

τmin

fτ (x) dx = 1− Γ (1− α, λ2τ)

Γ (1− α, λ2τmin)
. (S4)

Lastly, the expected value for τ can be determined using Eq. (S1)

⟨τ⟩ =
∫ ∞

τmin

τfτ (τ) dτ =
1

λ2

Γ (2− α, λ2τmin)

Γ (1− α, λ2τmin)
. (S5)

4. Derivation of ⟨ND⟩ and ⟨NC⟩

As mentioned in the main text a straightforward model is proposed to determine the expected
length of a CNT in terms of the number of carbon atoms, ⟨NC⟩, that can be reached during growth
before an interface defect is likely to become trapped in the tube wall. Assume that n6 hexagons
need to form at the interface of the growing tube to trap an interface defect. Given a growth rate,
k, the average formation rate of hexagons during growth equals k6 = k/2, as shown in Fig. 2C of
the main text. Consequently, the critical time that an interface defect must live to become trapped
inside the tube wall can be expressed as

τc =
n6

k6
=

2n6

k
. (S6)
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Since the CDF, Fτ , for the interface defect lifetimes is known (Eq. (S4)), the probability, p, that
an interface defect lives for at least time τc can be calculated using the survival function

p = Sτ (τc) = 1− Fτ (τc) =
Γ(1− α, λ2τc)

Γ(1− α, λ2τmin)
. (S7)

With the probability, p, it becomes possible to calculate how many interface defects are ex-
pected to be created before one has a lifetime of at least τc

⟨ND⟩ =
1

p
=

Γ(1− α, λ2τmin)

Γ(1− α, λ2τc)
. (S8)

Since ⟨ND⟩ is independent of the expected time between the formation of interface defects,
⟨δt⟩, and the supply rate of carbon atoms, k, is known, the number of carbon atoms expected to be
added to the growing tube before an interface defect becomes trapped can be calculated as

⟨NC⟩ = ⟨ND⟩ · ⟨δt⟩ · k =
k

λ1

Γ(1− α, λ2τmin)

Γ
(
1− α, λ2

2n6

k

) . (S9)

Now to calculate ⟨NC⟩ using Eq. (S9), an initial value for n6 must be assumed. Considering
the worst-case scenario, in which an interface defect is formed such that only one hexagon needs
to be added to the interface of the growing tube to trap the defect, n6 = 1 can be assumed. This
assumption can be verified using Eq. (S8) with parameter values for the interface defect formation
and lifetime distributions obtained from the growth of the (6, 5) SWCNT shown in Fig. 2 of the
main text: λ1 = 1.08 · 109 s-1, α = 1.20, λ2 = 1.04 · 109 s-1, τmin = 1.10 · 10−12 s, and k = 0.5
ns-1. This yields ⟨ND⟩ ≈ 6000 interface defects expected to form before one gets trapped inside
the tube wall, significantly more than the 804 interface defects observed during growth, Sim. 1
in Extended Data Table 1. For a carbon supply rate of k = 5 ns-1, ten times the value used to
grow the (6, 5) SWCNT, ⟨ND⟩ ≈ 20 and ⟨NC⟩ ≈ 90 are obtained. Which demonstrates that at
these high growth rates, interface defects are likely to live long enough to get trapped inside the
tube wall, resulting in a defective CNT. This is consistent with simulations at similar growth rates,
which yielded defective tubes, and confirms that n6 = 1 is a reasonable assumption. It should be
noted that Eq. (S9) with n6 = 1 is identical to Eq. (3) in the main text.
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Fig. S5. The structure of the 106 SWCNTs with well-defined chirality obtained after growth and analyzed in Fig. S3.
The chirality (n,m) of each tube is marked below.
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Fig. S6. The structure of the 174 SWCNTs with undefinable chirality obtained after growth. Here various failure
modes can be seen.
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