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In this work we explore the effect of confining beryllium chains inside carbon nanotubes. Linear Be n systems are characterized by two states originating from the presence of edge orbitals localized at the chain extremities. The two spins occupying these orbitals are, in gas phase, antiferromagnetically coupled, with the magnetic coupling J decaying exponentially as a function of the increasing length of the chain. When inserted into narrow carbon nanotubes, the linear geometry is found to be more stable than the more compact cluster conformation favored for the isolated case: the lack of space inside the cavity prevents the chain to fold. Most importantly, the presence of the surrounding nanotube does not only preserve the linear structure of Be n , but it affects its magnetic properties too. In particular it was found that the magnetic coupling between the ground and the first excited state can be modulated according to the nanotube diameter as well as chain length, and our calculations suggest a possible direct relationship between these parameters and J. This behavior can be exploited to engineer a composite Be n @CNT system with a magnetic coupling tuned by construction, with interesting potential applications.

Introduction

Since their discovery in 1991 by Iijima 1 , carbon nanotubes (CNTs) have been subject to an incredible amount of investigations due to their potential applications in a wide array of domains such as electronics, biology, information technology and medical sciences, to name a few [START_REF] Jorio | Carbon Nanotubes[END_REF] . Because of their hollow structure, a virtually infinite number of composite materials can be created by inserting different types of molecules into their cavity. Indeed, already in 1993, Ajayan and the same Iijima showed experimentally the possibility to fill CNTs by capillary suction, proving the feasibility of early theoretical predictions [START_REF] Ajayan | [END_REF] . Since then, a lot of work has been carried out in this direction, both at experimental and theoretical levels, such that CNTs have been used to host a large variety of systems such as fullerenes and fullerenebased molecules 4,5 , metals [6][7][8][9][10][11][12] , energetic compounds [13][14][15][16] , and many more. The encapsulation of molecular systems inside CNTs can alter the chemical properties of the confined species or induce new phases of materials, leading to, sometimes, surprising results. A notable example is that of the confinement of water, for which new phases were predicted almost 20 years ago by computational studies 17 , subsequently confirmed experimentally 18 and still under active investigation these days 19 .

Considering the quasi one-dimensional structure of nanotubes, linear molecules, nanowires and alike are ideal candidates for confinement. For instance, experimental evidence of linear polyyne chains encaged in single-wall CNTs was reported some time ago 20 , while very recently the polymerization of white phosphorus was observed 21 by transmission electron microscopy. These studies highlight two remarkable properties of nanotubes: on one side their action as "nanoreactors" favoring the formation of novel structures inside the cavity and on the other side their potential as storage devices preventing the enclosed substances to react, decompose or fold. This latter property is of particular interest for linear chains of beryllium atoms, whose theoretically predicted structure could potentially be preserved inside the cavity of CNTs. It is in fact known that the global minimum of the potential energy surface (PES) of Be n molecules corresponds to compact cluster conformations, at least for the first few systems with 6 or less atoms 22 .

The interest in preserving the linear geometry lies in the properties of beryllium chains. By sharing two electrons each, beryllium atoms form single covalent bonds with each other and bind in a linear arrangement which leaves two unpaired electrons at the extremities. It was predicted by ab initio calculations that two half-filled orbitals localize at the ends of the chain, giving rise to an antiferromagnetically coupled ground state and a low-lying triplet state very close in energy [23][24][25][26] . Moreover, in a subsequent investigation it was found that the strength of the magnetic coupling changes when the chain is deposited on a graphene nanoisland, showing a strong dependence on the distance from the surface 27 . Most importantly, the ground state of the system switches from antiferromagnetic to ferromagnetic for a certain range of distances. It thus appears that the magnetic properties can be tuned by non-covalent interactions with carbon-based nanostructures and there is no reason to believe that a different behavior is observed for the interaction with CNTs. Confinement inside carbon nanotubes has therefore two purposes: preserve the linear conformation of Be n chains and use their diameter as tuning parameter for the coupling strength, potentially creating a range of hybrid composites with applications, for instance, in the field of molecular magnets.

In this contribution we explore the effects of confining beryllium chains of different lengths inside several carbon nanotubes using both multireference wave function methods as well as density functional theory. On one hand we calculate the energetics of beryllium chains and compare them to their cluster counterparts, and on the other hand we investigate the magnetic coupling of the chains as a function of both the length of the chain and the diameter of the nanotube. The article is organized as follows. In the next section we present all the details regarding the methodology used in this work. This is followed by two sections presenting the results obtained in this work, in particular we first provide a comparison of linear and cluster conformations outside and inside CNTs and subsequently report the main findings regarding the magnetic properties of the composite systems. In the Conclusions section we summarize and close the discussion.

Computational Details

In this work we considered two beryllium chains, Be n , with n = 4, 5, which were encapsulated inside finite-size carbon nanotubes of different diameters.

The ground state of the isolated chains is the 1 Σ g singlet state irrespective of their length and it is always of open-shell character [23][24][25][26] . To correctly describe this type of wave function without breaking the spin symmetry and obtain accurate values of the magnetic coupling, a multireference approach is required. Therefore, the calculations to compute the magnetic coupling were carried out using the complete active space selfconsistent field (CASSCF) method 28 , using an active space composed by two electrons in two orbitals, the latter being localized on both terminal atoms of the beryllium chain as exemplified in Figure 1 for Be 5 . Dynamical electron correlation was included through second-order n-electron valence perturbation theory (NEVPT2) [29][30][31] , using the CASSCF wave functions as zerothorder states. For all calculations, the correlation-consistent basis set family by Dunning et al. 32 was used, in particular the cc-pVTZ basis for beryllium and the smaller double-ζ cc-pVDZ basis for the nanotube.

The geometry of the isolated chains was optimized at NEVPT2/cc-pVTZ level of theory for both the singlet 1 Σ g and the triplet 3 Σ u states separately. The bond lengths obtained are in good agreement with previous investigations [23][24][25][26] and are reported in Table 1. Given the similar bond lengths for both states, we have [START_REF]Avogadro: an open-source molecular builder and visualization tool[END_REF] , setting the carbon-carbon bond distance to 1.421 Å and the carbon-hydrogen one to 1.032 Å. We did not optimize the geometry of the CNTs for two reasons: on one side it is well known that they are very stiff systems, and on the other side we do not expect the fine details of the nanotube geometry to have a strong effect on the beryllium chain. In this study we considered CNTs with four different diameters, whose structural parameters are listed in Table 2. Since the two Be n chains are of different lengths, the nanotubes length was modeled accordingly. Note that the values reported in Table 2 are computed from the two extremest carbon atoms and not from the hydrogen atoms added at the ends to saturate the nanotube.

To compare the energy of the linear chains with that of the most stable beryllium clusters and to compute the interaction energy between the Be n systems and the CNTs we used unrestricted (broken-symmetry) Kohn-Sham density functional theory (DFT) in combination with the APFD exchange and correlation functional [START_REF] Austin | [END_REF] . In this case the spin symmetry could not be preserved, however the spin contamination observed was insignificant. The basis set used for these calculations is the same as before. For all wave function calculations we used the ORCA program, version 4.0.1.2 35 . Given the size of the systems and the basis set used, for both CASSCF and NEVPT2 calculations we relied on the RIJCOSX approximation 36 using the universal def2/JK auxiliary basis set 37 . The complete overview of the computational parameters used for this part is available in the Supporting Information † . All DFT calculations were carried out using the Gaussian 09 software [START_REF] Frisch | Gaussian 09 Revision D.01[END_REF] , setting the "ultrafine" integration grid and the keyword "guess=mix" after a suitable reordering of the orbitals. Single point energies computed for different electronic states were performed in state-specific mode. Note that calculations based on a state-average formalism produced virtually identical results, at least for the isolated chains.

Stability of Beryllium Chains

In the first part of this manuscript, before discussing the magnetic properties of the systems under investigation, we present the thermodynamic stability of the linear conformation of both Be 4 and Be 5 towards the most stable geometry, as well as the interaction energy of the former with the hosting carbon nanotube for a few selected cases. The values listed in Table 3 show the thermodynamic energy differences between the linear structure and the cluster geometry, noting that the latter is known to be the global minimum of the singlet manifold 22 for both Be 4 and Be 5 . The linear conformation is thermodynamically unstable with repsect to the cluster one, with free energy differences of 52.5 kcal/mol and 68.0 kcal/mol for Be 4 and Be 5 , respectively. The increase in energy difference observed between n = 4 and n = 5 is likely to continue for higher n values as well: the system is more flexible in the cluster conformation and atoms can rearrange to form several new bonds upon addition of Be atoms, whereas to maintain a linear geometry, each extra atom only forms a new single bond along the chain. Therefore, given this substantial energy difference, the linear conformation appears to be a much more unlike realization than the cluster geometry, at least in the case of an isolated system, with the ultimate consequence of losing the interesting magnetic properties characterizing the chain. An investigation of the potential energy surface would be necessary to identify the isomerization pathways between these structures and the associated kinetics, providing a final answer on the stability of the isolated chain. However, this goes beyond the scope of this study and hence is not carried out further here. Instead, what we propose is to encapsulate the Be n chain inside narrow carbon nanotubes. The idea is that the limited space available in the cavity prevents the chain to fold and form the cluster structure, effectively blocking all isomerization pathways and preserving the linear conformation. An example of a Be n @CNT(m, l) composite system for n = m = l = 5 is depicted in Figure 2. In order to eval-Fig. 2 Front and side view of Be 5 @CNT(5, 5).

uate in first approximation the feasibility of such approach, we calculated the interaction energy of a few selected systems. The values are obtained according to the simple formula

E int = E complex -E Be n -E CNT (1)
where the energy of the fragments, i.e. E Be n and E CNT , was obtained in the basis of the complex system following the counterpoise correction scheme [START_REF] Boys | [END_REF] . To estimate the impact of such approach and test the validity of the model used, we computed the energies of the fragments in their own basis, as well as the interaction energy with a larger cc-pVTZ basis set on the CNT. These calculations were carried out for the systems Be 4 @CNT(5, 5) and Be 4 @CNT(6, 6), with the beryllium fragment being either in the linear or cluster conformation. Note that in the case of the chain, we completely neglected relaxation effects as stated in the preceding section, while for the cluster conformation, Be n was allowed to relax, but not the nanotube. This choice was taken considering in particular the system Be 4 @CNT (5, 5), where the limited space of the cavity could in principle strongly affect the geometry of the cluster. For all unrelaxed interaction energies, the Be n fragment was placed in the center of the CNT. The values obtained are reported in Table 4. Let us first consider the results obtained in the narrower nanotube, i.e. the CNT (5, 5). The interaction energy is negative, indicating a favorable adsorption of Be 4 inside the CNT and in particular, we see that the interaction of the chain is much stronger than that of the cluster by as much as ≈ 30 kcal/mol, suggesting strong effects of the spatial constraints provided by the nanotube in the case of the cluster. This picture is corroborated by the energy difference between the unrelaxed and relaxed structures, where the deformation energy of the Be 4 system alone is of 4.4 kcal/mol. In all cases, the difference between counterpoise corrected and uncorrected energies was around 13 kcal/mol, a relatively large number. However, in the case of the linear chain and relaxed cluster, the same calculation was repeated with a larger triple-ζ basis on the CNT, and the resulting energies were of -52.0 kcal/mol and -26.8 kcal/mol, respectively, with a difference with the uncorrected energies of only ≈ 1.2 kcal/mol. These counterpoised corrected values are in very good agreement with the ones listed in Table 4, thus validating the calculations using the smaller basis set.

In the case of the the CNT(6, 6), we note that the deformation energy of Be 4 (cluster geometry) is of only 0.4 kcal/mol, showing that this structure is much less affected when confined in a larger system, i.e. in a larger cavity with more spatial freedom. The interaction is stronger by approximately 10 kcal/mol compared to that of the confinement inside the CNT(5, 5), highlighting once again the constraints imposed by the narrower tube. For the chain on the other hand, the interaction energy is -28.3 kcal/mol, significantly less than in the previous case. However, we should emphasize that Be 4 is positioned along the nanotube principal axis, thus this value is certainly lower (in absolute terms) than the optimal one, i.e. the one obtained with the chain closer to the CNT wall, at an optimal adsorption distance. These results allow us to draw some general trends on the practical feasibility to encapsulate a beryllium chain inside a nanotube. In the CNT(5, 5) case, the interaction energy difference of approximately 30 kcal/mol in favor of the chain over the cluster clearly indicates a preference for the former, such that it seems very unlikely for the chain to fold into the more compact geometry inside the cavity. For the larger nanotube on the other hand, we observe similar interaction energies (despite the uncertainty in the one calculated for the chain) and thus it is hard to discern between the chain and the cluster conformation solely based on thermodynamic data. As a general conclusion to this part, we expect that, at least for narrow nanotubes, the composite system Be n @CNT(m, l) consists of a linear beryllium chain encapsulated inside the carbon nanotube.

For nanotubes with a larger diameter, the competition between cluster and linear geometries should instead be studied by a full investigation of the PES, where the particular interactions with the nanotube wall can lead to either structure.

Magnetic Properties of Be n @CNT(m, l)

In this second part of the article we shall discuss the magnetic properties of the composite system Be n @CNT(m, l), but we will first start with a brief summary of what is known about beryllium chains.

The electronic and magnetic properties of isolated linear Be n systems were already studied in great details by some of this manuscript authors in a series of works employing high level wave function methods [23][24][25][26] . The most interesting feature of these systems is the presence of two unpaired electrons localized on both terminal beryllium atoms. These reside in the edge orbitals, like the ones shown in Figure 1 for Be 5 , and are always antiferromangetically coupled, irrespective of the number n of atoms. In other words, they have a negative value of the magnetic Heisenberg-type coupling constant J = E S -E T , where E S and E T correspond to the lowest singlet and triplet energies, respectively. The half-filled edge orbitals give rise to two quasidegenerate states, whose energy split was found to decay exponentially with respect to n, i.e. J → 0 for n → ∞.

In a more recent study 27 , it was found that beryllium chains deposited on a graphene nanoisland are weakly bonded through dispersion interactions. More interestingly, the magnetic properties of the chain are not lost, but instead strongly influenced by the interaction with the graphene surface: depending on the distance r between the two fragments, the coupling constant J varies and the system switches from antiferromagnetic to ferromagnetic for r < 3.3 Å. However, this inversion happens at a distance shorter than the optimal adsorption one, 3.6 Å, thus suggesting a difficult practical realization of such a system. Here, following on the idea of the first part of this work, we realize that encapsulating the beryllium chain inside carbon nanotubes can have a similar effect to that observed in Ref. 27. In particular, we expect that the interaction between host and guest systems is such that the choice of nanotube diameter allows to control the strength of the interaction through the distance between the fragments, i.e. the CNT diameter acts as a tunable parameter modulating the coupling of the states. The narrower is the tube, the stronger is the influence on J, and viceversa. We thus have two parameters which control the value of J: the length of the chain and the diameter of the CNT. In order to quantify this effect and study the dependence of J on the parameters, a series of CASSCF and NEVPT2 calculations was carried out, whose results are summarized in Table 5 and Table 6 for a number of combinations of chain lengths and nanotube diameters.

First note how the interaction with the nanotube has a similar effect on J as it was observed for the interaction with the graphene nanoisland, on one side supporting our claim and on the other side suggesting a somewhat weak dependence of J on the curvature of the π system. For the narrowest nanotube, with a distance between the chain and the wall of 3.06 Å, we observe the most significant change of the magnetic coupling with respect to the isolated chain, where the sign of J flips in the case of Be 5 for both methods. Gradually increasing the diameter of the CNT, in other words increasing the distance between the fragments, reduces the interaction and restores an (increasingly stronger) antiferromagnetic coupling. This behavior is most clearly visible for the CASSCF values, Table 5, in particular for Be 4 : J monotonically goes from -1.45 meV to -7.88 meV as the diameter of the nanotube is increased, approaching from above the value of the isolated chain, i.e. -8.39 meV. By considering the effects of dynamical electron correlation at NEVPT2 level of theory (first column of Table 6), J does not approach anymore the value of the isolated chain in a monotonic manner, but instead the coupling becomes stronger for CNT(6, 5) and CNT (6, 6), and weaker for the other two nanotubes. This same behavior is observed for the longer Be 5 chain as well, although the differences are much less pronounced than for Be 4 . Moreover, here we note that the value corresponding to Be 5 @CNT(5, 5) is clearly off the trend. We can therefore identify two main issues. On one side it is not clear why including dynamical electron correlation makes the coupling J oscillate around the value of the isolated chain, and on the other side, it is not clear the nature of the outlying value for Be 5 @CNT(5, 5). A possible explanation could lie in the methodology used. It is known that perturbation theory is particularly susceptible to the choice of active space, thus we assessed our choice to use 2 electrons in 2 orbitals by repeating the calculations for the systems Be 4 @CNT(5, 5), Be 4 @CNT(6, 6) and Be 5 @CNT(5, 5) with a larger (6, 6) active space, where the extra electrons and orbitals come from the nanotube. As can be seen from Table 7, there is a slight shift of J for Be 4 systems, while a much stronger effect is observed for Be 5 @CNT(5, 5), confirming the difficulty encountered with this system and suggesting that the reason for this off-trend value lies somewhere else. On the other hand, the fact that the result did not change for Be 4 @CNT(5, 5) and Be 4 @CNT (6, 6) and that the natural orbital occupation numbers of the extra 4 orbitals are either 1.98 or 0.02 in all systems considered, supports the choice of a (2, 2) active space. Since the enlarged active space did not change the overall behavior of J, another possible reason for the appearance of the outlier value and an explanation of the NEVPT2 results might come from the fact that we have used nanotubes of finite length. As a matter of fact, finite-size nanotubes with different chiral indices are particularly sensible to the way in which they are terminated (cut from an infinitely long nanotube) and considering the very small range in which J varies, this fact might play an important role. To investigate the effects of the length, we report in Table 8 the magnetic coupling constant for Be 5 confined inside the three narrower nanotubes with an extra unit added, making them roughly 2.5 Å longer. The results for the chiral nan- otubes are only slightly affected by the increased length, whereas Be 5 @CNT(5, 5) still reamins off the trend, although this time in a somewhat less pronounced way. We should note however, that adding only one unit to the nanotube changes the surrounding symmetric pattern given by the carbon structure. To preserve the same bonding topology around the chain, one should in principle add two units, one for each end. This does not seem to play a crucial role for Be 5 @CNT(5, 4) and Be 5 @CNT(6, 5) since the J values are minimally affected, but the opposite seem true for Be 5 @CNT (5,5). To this end, we calculated J for the latter with yet a longer CNT, restoring the symmetry around the beryllium chain and in this case the values obtained for the coupling were J = -0.67 meV and J = -2.55 meV for the CASSCF and NEVPT2 methods, respectively. These values are now fitting well inside the trend observed from Tables 5 and6. To summarize the cumbersome Be 5 @CNT(5, 5) case, it appears that the original length of the nanotube was causing the odd value of the magnetic coupling. Increasing by one unit the nanotube modified J, although the value was still not falling within the general trend, this time probably because the particular pattern of carbon atoms around the chain was different. This pattern is restored by adding a second unit, which finally provided a sensible value of J following the behavior of the other systems. On the other hand, neither enlarging the active space, nor increasing the length of the nanotube have provided an explanation for the oscillating J values obtained at NEVPT2 level of theory. The reason could lie in many of the approximations introduced in this study, for instance the very choice of methodology based on perturbation theory or the fact that the systems are not relaxed.

To summarize this discussion and connect our results to the previous study on Be n chains deposited on a graphene nanoisland, we note that although the sign change of J is observed for the system Be 5 @CNT(5, 4), its magnitude (J = +0.72) is significantly smaller to the one obtained for the interaction of Be 5 with the graphene nanoisland, i.e. J ≈ +4.8. The work by Evangelisti et al. 27 highlighted how the change of J happens quite rapidly within a limited range of the chain-surface distance. Such a fine control for the confined chain is not possible, assuming that it lies along the CNT central axis. Notice that for the two narrowest nanotubes, the radius is shorter than the adsorption distance observed for the interaction with the graphene fragment, on the other hand, for large nanotubes it is likely that the chain will be adsorbed only on one side of the CNT or form the cluster. At last, we note that a narrower CNT(4, 4) with a diameter of 5.43 Å was also considered as part of this investigation, however the chain-wall distance was too short and the edge orbitals hybridized with the nanotube π cloud, essentially destroying the magnetic properties of the chain.

Conclusions

In this work we have explored the confinement of beryllium chains of different lengths inside carbon nanotubes of different diameters, lengths and helicities. This composite system is interesting for two reasons: on one hand, the carbon nanostructure prevents the chain to fold and form a cluster structure, while on the other hand, the presence of the nanotube significantly affects the magnetic properties of the beryllium chain.

Regarding the former, it was found that although the cluster conformation for both Be 4 and Be 5 is energetically dozens of kcal/mol lower than the linear one, when the Be n system is confined inside a narrow nanotube, the situation is the opposite. This will remain true as long as the size of the cavity remains small enough as to prevent the chain to fold. In the case of larger nanotubes however, a full investigation of the potential energy surface is required to predict the isomerization pathways between the chain and the cluster structures, since an analysis based on thermodynamics quantities is not sufficient. Regarding the magnetic properties, there is evidence that the interaction between the chain and the enclosing nanotube modifies the coupling constant J, pushing its value towards zero for increasingly narrower nanotubes. For sufficiently small CNTs, we have found that the composite system becomes ferromagnetic, albeit with a very small coupling. A clear trend for the behavior of J was found based on CASSCF calculations as a function of the CNT diameter for both chains considered. The investigation of J with respect to the length of the nanotube was considered for a few selected systems, focusing in particular on Be 5 @CNT(5, 5): a particularly cumbersome case. It was found for "well-behaved" systems that the results obtained did not change upon addition of an extra unit in the carbon nanotube, while two units where needed for Be 5 @CNT (5, 5). It would clearly be of great interest to investigate longer beryllium chains as well, however this corresponds to use even longer nanotubes, for which the additional computational effort required is at the limit of todays capabilities.

To summarize, we have found that the interplay between CNT diameter, length and number of beryllium atoms in the chain can be exploited to create a composite system with tunable magnetic properties. The theoretical and computational challenges to in-vestigate this system are many, and thus in this preliminary work we had to make some tradeoffs. For instance, in the future, relaxation of the complex system should be taken into account in order to allow the chain to go off the principal axis of the nanotube. This should also be complemented by a full study of the potential energy surface to have a more precise prediction about the feasibility of a practical realization of Be n @CNT(m, l).
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Fig. 1

 1 Fig. 1 Edge molecular orbitals included in the active space.

Table 1

 1 Beryllium chains bond lengths in Å

	system state	Internal bond length bond length External
	Be 4	1 Σ g 3 Σ u	2.110 2.109	2.124 2.122
	Be 5	1 Σ g 3 Σ u	2.113 2.111	2.126 2.123
	used the geometry of the singlet state for all calculations car-
	ried out in this work. The carbon nanotubes geometries were
	generated using the nanotube builder provided by the Avogadro
	software			

Table 2

 2 Structural parameters of the CNTs used in this work. The first column reports the chiral indices of the CNTs

	(5, 4)	6.12	17.16
	(5, 5)	6.78	16.01
	(6, 5)	7.47	17.06
	(6, 6)	8.14	16.00

(m, l) diameter [Å] lengths [Å]

Table 3

 3 Summary

	Be 4	56.6	54.3	55.6 52.5
	Be 5	72.8	69.8	71.5 68.0

of electronic energy (with and without zero-point vibrational energy correction), enthalpy and free energy differences between the linear and the cluster geometries. All values are given in kcal/mol System ∆E el ∆E el+ZPV ∆H ∆G

Table 4

 4 Interaction energies (with counterpoise correction) between Be 4 and two different CNTs for both the linear and cluster conformations. All values are given in kcal/mol

	Geometry	CNT(5, 5) CNT(6, 6)
	unrel. chain	-53.2	-28.3
	unrel. cluster	-21.1	-34.5
	rel. cluster	-25.5	-34.9

Table 5 J

 5 coupling constants computed with the CASSCF(2,2) nanotube for different CNT diameters and chain lengths. Note that the last column refers to the distance between the chain and the nanotube, the CNT diameter is given by 2d. All values are given in meV unless otherwise marked

	host/guest	Be 4	Be 5	d [Å]
	CNT(5, 4)	-1.45 +0.06	3.06
	CNT(5, 5)	-4.43 -1.81	3.39
	CNT(6, 5)	-6.99 -0.90	3.74
	CNT(6, 6)			

-7.88 -1.22 4.07 isolated -8.39 -1.19 ∞

Table 6 J

 6 coupling constants computed with the NEVPT2 nanotube for different CNT diameters and chain lengths. Note that the last column refers to the distance between the chain and the nanotube, the CNT diameter is given by 2d. All values are given in meV unless otherwise marked

	host/guest	Be 4	Be 5	d [Å]
	CNT(5, 4)	-4.97	+0.72	3.06
	CNT(5, 5)	-14.54 -6.07	3.39
	CNT(6, 5)	-19.64 -2.83	3.74
	CNT(6, 6)	-20.50 -3.56	4.07
	isolated	-16.37 -2.50	∞

Table 7 J

 7 coupling constants for different CNT diameters and chain lengths obtained with a larger (6, 6) active space. All values are given in meV

	system	CASSCF(6,6) NEVPT2
	Be 4 @CNT(5, 5)	-4.90	-14.88
	Be 4 @CNT(6, 6)	-8.24	-20.70
	Be 5 @CNT(5, 5)	-2.72	-8.29

Table 8 J

 8 coupling constants for Be 5 confined in CNTs with an extra unit added. All values are given in meV

	nanotube CASSCF(2,2) NEVPT2 d [Å]
	CNT(5, 4)	-0.06	+0.06	3.06
	CNT(5, 5)	+0.11	+0.48	3.39
	CNT(6, 5)	-0.93	-2.96	3.74
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