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Abstract

Two-dimensional (2D) materials deriving from graphenehsas graphdiyne and 2D polypheny-
lene honeycomb (2DPPH), have been recently synthesize@xdnibit uniformly distributed
sub-nanometer pores, a feature that can be exploited fdilgason applications. Accurate
first principles electronic structure calculations areorégd showing that graphdiyne pores per-
mit an almost unimpeded helium transport while it is muchendifficult through the 2DPPH
openings. Quantum dynamical simulations on reliable neweffields are performed in order
to assess the graphdiyne capability for helium chemicalisoimpic separation. Exception-
ally high He/CH selectivities are found in a wide range of temperatures lwhigely exceed
the performance of the best membranes used to date for heltnaction from natural gas.
Moreover, due to slight differences in the tunneling prolitis of 3He and*He, we also find

promising results for the separation of the fermionic ipetat low temperature.
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Introduction

Membranes using nanoporous two-dimensional (2D) maseaigd emerging as attractive candi-
dates for applications in molecular separations and ilateast? In particular, graphene-based
material$ exhibit vantage points with respect to conventional 3D mialte by virtue of their ther-
mal and chemical stability as well as a low molecular weigid afficient transport capability.
Graphene sheets do not have pores for molecular sievingnaniditroduction of sub-nanometer
pores is required to obtain sufficient molecular permeaibes can be achieved by means of “top-
down” fabrication methods able to create holes in suspegdaghene sheefsyhich, however,
are in general not sufficiently controllable. “Bottom-ugs@mbly processes represent a valuable
alternative and have permitted the synthesis of new 2D matgexharacterized by regular and uni-

formly distributed sub-nanometer pores. The most promisixamples are graphdiyh@and 2D



polyphenylene honeycomb (2DPP&)n the former, peculiar triangular pores arise from carbon
chains formed by two conjugated C-C triple bonds that linjaegint benzene rings. In the latter,
the resulting structure is instead similar to that of gragghleut with one missing hexagon per unit
cell which is passivated by hydrogens, leading to almostutar openings (see Fig. 1.a). The
successful synthesis of these materials has led to impdhearetical studies devoted, firstly, to
their application as effective single-layer membraneggts separation and water filtration tech-
nologies=11 and, secondly, to the tailoring of related porous 2D stmestiny changing pore shape
and size through the incorporation of functional grodpe®

In this work we want to assess the capability of the recentiytesized graphdiyne and 2DPPH
materials as efficient membranes for helium separationagijans. As it is well known, helium
is an irreplaceable natural resource and its growing dermaadariety of industrial and scientific
applications, together with ongoing production deficiescihas recently led to shortages of this
element® Specifically, the lighter isotop€He, is crucial for large neutron-scattering facilities
and the depletion of its stockpiling might also affect funantal researcH in ultracold physics
and chemistry. Natural gas remains the richest and mostssibbe source of helium even if its
concentration is less than 1% in most of the helium-prodyeiells. Unfortunately most of the
natural-gas plants treat helium as a valueless gas and vetiié atmosphere. Therefore advanced
and efficient technologies for its “in situ” recovery are ligdesirable.

Existing methods for performing both the chemical sepanatif He from natural gas and the
separation of He isotopes require energetically costlyrigpies, such as cryogenic distillation and
pressure-swing adsorptidf.In principle membrane-based gas separation has a much oerer
modynamic cosf and recent theoretical works have proposed the use of 2D ne@eb for the
chemical8:13:20%and isotopié12:21:2%separation of He gas. In particular, studies on He permeabil
ity through 2DPPH membranes were already addrés®bdt, to our knowledge, the graphdiyne
capability for He separation has not been investigated\eteover, in our opinion, the reliability
of the He—2DPPH penetration barriers, obtained by mearseafénsity functional theory (DFT)

and second-order Mgller-Plesset perturbation (MPa¢thodology, might need a deeper analysis.



The paper is organized as follows. Section 2 refers the ctatipnal methodologies for elec-
tronic structure calculations as well as the quantum mechhtools used to calculate the pene-
tration probabilities. In Section 3 we present our resuttscerning the barriers and the quantum
simulations using new force fields, optimized from the elmat structure calculations. The paper

ends with Section 4, in which some conclusions are sumndrize

Computational Methods

The electronic structure calculations have been carriedtdbe “coupled” supermolecular second-
order Mgller-Plesset perturbation theory (MP2€)evel of theory by using the Molpro2012.1
package?* The geometry of the systems is that of Fig. 1.a, and for thegpae have considered
the following bond lengthg® 1.431 A for the aromatic C-C, 1.231 A for triple C-C, 1.337 Ar fo
the single C-C between two triple C-C bonds, 1.395 A for tmglsi C-C connecting aromatic
and triple C-C bonds and 1.09 A for C-H bonds. The aug-cc-p&fTtzasis set was employed
for the pore structures, while the aug-cc-p\¥dasis has been used for rare gases and methane
molecule. All considered molecular structures are treatatgid bodies: the atoms composing the
investigated pores are frozen in their initial positiond #ime molecular configuration of methane
is not allowed to relax during the calculations. The intémacenergies have been further corrected
for the basis set superposition error by the counterpoighadef Boys and Bernardi/

For the calculation of the transmission probabilities ¢ #tom/molecule through the pores
we have employed a model that makes use of wave packet ptogagadhis technique is spe-
cially well suited for this syste#¥ since it is not necessary to invoke any periodicity and de-
fects and many other interesting features can be natuedMbntinto account. The time-dependent
Schrédinger equation was solved by propagating wave paaketpotential energy surface that is
symmetric with respect to the origiW,(—z) = V(z), wherez represents the distance between the

atom and the membrane. The initial wave packét is



P(zt=0) = (ZITT'(TG))lm

xexp{ = [a(z-2)+ p(z—20)] }. (1)

wherea = 0.434i a.u.,7 is a sufficiently large distance (typically 12-16 A), apds chosen such
thatp?/(2u) is close to the barrier height, whepeis the mass of the colliding particle. The wave
packet is represented in a grid frame= —L to z= L (L= 50 A) and is propagated using the split
operator method® The transmission probability is obtained by evaluatinggtabability current

at the barrierf = 0)31.32

P(E) = pim( 2= 0 35 o ). @

whereyg is the stationary wave function. It is computed from the keruransform of the time-

dependent wave packet,

U@ = 5 [ e iz ©

with

a(E)=C / dzd%y(z,t = 0) (4)

wherek = /2E /handC = /u/(RK). Itis important to note that, with this choice for the normal
ization of the stationary wave function, the probabilityremt of Eq. (2) becomes adimensional
and, in addition, it exactly corresponds to the transmispimbability22:23

Finally, the temperature-dependent transmission préibabP(T), was computed from nu-
merical integration oP(E), weighted by a one-dimensional Maxwell-Boltzmann disttibn of

molecular velocities.



Results and Discussion

Penetration Barriers

In Fig. 1.a we report the molecular structures that can bsidered as the smallest precurso¥s

of graphdiyine and 2DPPH and which are here used to study ploees. It can be seen that,
inside the pores, smaller black figures are also depicteeir Binea corresponds to the effective
pore size which has been estimated by considering the vavaigis (vdW) radii of the acetylenic
carbon bonds, for graphdiyne, and of the inner hydrogen sitéon 2DPPH £ 1.6 A and 1.3 A,
respectively). The side length of the inner triangle is 3, %0k graphdiyne, and the diameter of the
inner circle is 0.8 A for 2DPPH. In the same way, the helium vdiameter is 2.6 A%(represented
by a double-headed arrow in Fig. 1.a) and it is smaller thargtaphdiyne pore side but larger than
the diameter of the 2DPPH circular opening. This comparémady suggests that He penetration
should be easy in graphdiyne pores and more difficult whenipgshrough the 2DPPH smaller
pore.

A more quantitative assessment comes from electronictateicalculations. The prototypical
systems of Fig. 1 are small enough to allow the use of the hggél (and computationally ex-
pensive) MP2C approach and, at the same time, they are laaysgle to describe the interaction
features of the pores, as demonstrated by test calculationbich we have considered further
prototypes of increasing size. The accuracy of the MP2C aakthich is particularly suited to
recover non-covalent weak interactions, has been recasfigssed by extensive calculations of
rare gas—fullerer® and -coronen® interaction energies and it was concluded that the MP2C re-
sults are in good agreement with density functional thesyniyymetry adapted perturbation theory
(DFT-SAPT)¥ calculations, with the advantage of a significantly lowemepaitational cost. In
Fig. 1.b we report the calculated potential energy profitesohe helium atom perpendicularly
approaching the 2D structures. In particulais the distance between helium and the geometric
center of the pores. It can be seen that the penetratiorebé&tefined as the energy difference

betweenz=0 ande, Eppg) is high (about 0.516 eV) for 2DPPH but becomes much loweoijab



0.033 eV) for graphdiyne.

The He—2DPPH penetration barrier was previously obtairyechéans of MP2 and DFT cal-
culations and found to be 0.522ind 0.438 eV, respectively. Our estimation is in between the
previous calculations and closer to the MP2 value. Presgaéshould be considered as the refer-
ence one since, to our knowledge, the employed dispersivaated DFT approachhas not been
sufficiently tested on this specific system. In fact we haverd@ned that the calculated penetra-
tion barrier may vary depending on both the adopted densitgtfonal and 'a posteriori’ empirical
dispersion correction. Also, in our opinion the MP2 estiimat has been obtained by using basis
sets (cc-pVDZ and cc-pVTZ) not sufficiently extended, theglacting diffuse functions that we
have found to be important to properly describe the inteagh this system. Moreover the stan-
dard MP2 approach lacks the correction included in the MP2thoe?2 which is indeed needed
to improve the description of non-covalent interacti§fg\s an example, we have estimated that
by using the same basis set the penetration barrier at thel&BRof theory would be about 7%
larger than present MP2C value. As for the He—graphdiyntesyst should be stressed that the
calculated barrier of few tens of meV is not only much lowenrthhat for 2DPPH, but also repre-
sents an energy gap comparable with other proposed 2D walatetiich, however, have not been
fully synthesized yet. They include partially nitrogen tionalized porous graphete(about
0.025 eV) and porous graphene-E-stilbedé(hbout 0.050 eV).

Barrier heights could be further reduced if the optimizatédthe position of the atoms defining
the pores is taken into account. In fact, related additicaédulations at the density functional
level of theory (DFT) have been performed by consideringtii¢periodic” structure of a single
graphdiyne layer and we have found that the barrier can lbywabout 15% due to the deformation
of the pores (see Fig. S1 of the Supporting Information).

To examine the efficiency of the two kinds of pores for heliuarrpeation in more detail,
we have considered a simple Arrhenius behavior for the sliffu rateD as a function of the
temperaturd: D(T) = AoeﬁfTﬂ, whereEpg is the computed penetration barrier. Asitis custumary

in this contexf-1*2%ye have taken the same diffusion prefactg=10's 1 for both pores. The



related diffusion rates are reported in Fig. 1.c and it casd®n that graphdiyne exhibits a much
higher permeability than 2DPPH in an ample range of tempegabeing the difference of about

eight orders of magnitude at room temperature. These sadakrly show that, due to its “ad hoc”

pore size, a graphdiyne membrane is much more suited th@bfREH one for helium permeation

and in the following we will focus on the former, analyzingdatail its separation capabilities.

In order to investigate the separation of helium from ndtyas, we have considered neon and
methane as limiting cases of the complex mixture of alkandsare gases therein usually present.
Thus, additional accurate energy profiles are reportedgn Fi(upper panel) and compared with
that of helium. It should be pointed out that methane is aersid as a pseudo-atom, so that the
reported energy profile is actually an average of differenéptial curves(see Supp. Inf. and Fig.
S2). We find that this approximation is reasonable since tiesion timet. (the average time
taken to cross the barrier) is about 2.5 times larger thamavtbeage CH rotational periodt;, for
temperatures ranging from 100 to 3003&2°We have found that the penetration barfigg (also
reported in Table 1) for Ne and GHihcreases up to 0.106 and 1.460 eV, respectively, suggestin

high impediment to the passage of methane.

Force Fields and Quantum Dynamical Simulations

To assess the separation capability of the graphdiyne pesssave computed transmission prob-
abilities for the passage of these species by means of teperdient wave packet simulations. A
new force field, optimized on the benchmark MP2C electrotmiccsure results, has been obtained
to this end. It provides the basic features of the interaciiothe full configuration space, and

therefore it is suitable for performing molecular dynansaulations. Specifically, for describing

the non-covalent interaction between the rare gas (andametim the pseudo-atom limit) and the
carbon atom forming the graphdiyne net structure the Imguidvennard-Jones (ILJ) pair potential

function®? is used:



Vige(R) = & [n(x)%a (3) v G)G] ©

wherex is a reduced pair distanee= £, ande andR, represent the well depth and equilibrium
distance of the rare gas(methane)-carbon interactiopectisely. Moreovern(x) is expressed
by4! n(x) = B + 4.0 x> wheref is a parameter defining the shape of the potential and depgndi
on the nature and hardness of the interacting partners. ftimained ILJ parameters are reported
in Table 1. They have a physical meaning, since they have bk&ined by fine tuning initial
data estimated by exploiting the polarizability values g interacting partners. In the case of
the graphdiyne pore, the average effective polarizahiitthe C atom has been used. In partic-
ular, a value equal to 1.1 consistent with that reported by Gavezz8tiiescribing the average
behavior of C atom in various aliphatic and unsaturated oudéss, has been adopted to estimate
the dispersion energy contribution and th@arameter associated to each rare gas (methane)-C
interacting pair (see also Ré%). Moreover, many-body effects have been also taken intowatc

in the evaluation of th&q, values according to Réf

Additional MP2C energy curves for approaches of the atomléoube) to different sites of
the graphdiyne pore have been computed and taken into ac(smenFig. 3) in order to more
extensively test the features of the involved force fieldthie upper panel of Fig. 2 (and in Fig.
3) we present a comparison between MP2C and ILJ curves andyagy@wed agreement can be
observed which confirms the reliability of the proposed édiields.

For simplicity we have just considered a one-dimensiomaidmissiof? of the atom through
the center of a graphdiyne pore, where the interaction piateimave been obtained by summing up
ILJ pair potentials between the atom (molecule) and thehimigng carbon atoms of a graphdiyne
sheet until convergence. Values of the penetration barobtained in this way are reported in
Table 1. Thermally weighted transmission probabilit’é3 ) have been computed and used to
estimate selectivities of the different molecular combores X /Y, defined as the probability ratios
S=PX/PY. The temperature dependence of these selectivities ismrasin the lower panel of

Fig. 2. Exceptionally high selectivities can be noticedHi®/CH, and Ne/CH combinations in a

9



wide range of temperatures and they are aboét a8d 163, respectively, at room temperature.
As for the He/Ne combination, the corresponding selegtiigtabout 27 at room temperature,
suggesting a less efficient capability for the separatiothese species, but in any case larger
than 6, the value considered acceptable for industrialiegns®® It should be noticed that
the predicted selectivities could be actually reducedefltwering of the penetration barrier due
to deformation of the pores is taken into account: for thevieeaspecies the larger lowering is
expected (see Fig. S1) even if we do not consider that thesteflan alter significantly the very
favourable He/ClHand Ne/CH probability ratios we have found. Further effects due tatbglect
of both the interaction and competition of single compos@mthe gas mixtures are not expected
to provide significant deviatiod$ in the obtainedS behavior at least around and above room
temperature.

Our results clearly indicate that the combination of a vaghtHe diffusion rate (Fig. 1) and
very high He/CH and Ne/CH selectivities (Fig. 2) makes graphdiyne a very promisingemal
for the separation of He and Ne from the hydrocarbons coadiin natural gas (higher alkanes,
also present in natural gas, are expected to have even simaliemission probabilities due to
their larger size). As a matter of fact, due to the very low e &le concentrations in most
of the natural gas reservoirs, very high selectivities (@H®00*) are required. This stringent
requirement is indeed largely overcome by present estimstind, to our knowledge, not achieved
by the polymeric membranes proposed up to date (correspgseiectivities are about 160.

The high permeability that we have found for He-graphdiyas éncouraged us to study the
possibility of separation of its isotopic variants. In peutar, the separation dHe and*He could
be achieved by taking advantage of slight differences inttimaeling probabilities of the two
isotopes and by exploiting them in multistage procegéeghich involve the passage of the gas
through a number of graphdiyne layers. To this end we havepated transmission probabilities
for 3He and*He as functions of kinetic energy. The results are given énupper panel of Fig. 4.
It can be seen that, for kinetic energies lower than the icialdsarrier (see last column of Table 1),

the3He transmission probability is significantly higher thaattbf*He, while the opposite occurs

10



for higher kinetic energies. For this reason, it makes semg&eep the gas temperature as low as
possible in order to exploit the low energy side of the traission curve.

Thermally weighted transmission probabilities as welllsdorrespondingHe/*He selectiv-
ity as a function of temperature are reported in Fig. 4 (lopemel). It should be stressed that,
for simplicity, we have assumed a (classical) Boltzmantrihistion for kinetic energies of both
isotopes instead of the intrinsic quantum statistics ahfenic ®He and bosoniéHe atoms. How-
ever, if a mixed nonideal quantum gas was considered, anlaxger3He/*He selectivity would
be expected since the Fermi-Dirac distribution is broaldanthe Bose-Einstein one. Therefore,
present estimation for the isotopic selectivity at 77 Kldjnitrogen temperature) is about 1.04
and increases rapidly at low temperatures reaching thetattle reference value of8at about
20 K. However, as the temperature drops, the transmissaiyapilities considerably decrease, as
well as the He flux. In fact at 20K thtHe transmission probability, even if larger than thatidée
and of the classical limit (see lower panel of Fig. 4), is guétw and in the range of 19.48 The
overall flux is the transmission probability multiplied dyetfrequency of gas collisions with the
pore, which, according to the kinetic theory of gaseﬁ’,ﬂW whereP is the pressure of the
speciesT the temperature ardthe Boltzmann constant. If we assume a 100% porous sheat, ide
gas conditions and a pressure of 3 bar we can estimate anbpped* of the total helium flux: at
77K itis about 3.710~2 moles cn? s~ while at 20K is about 1.208 moles cm? s71, a value
leading to a permeang2equal to 1.5.0°8 moles cm2 s~1 bar ~1 which is slightly lower than

the limit of 6.7.10-8 moles cm? s~1 bar ~14° considered acceptable for industrial applications.

Conclusions

In summary, by means of electronic structure MP2C comprtatiwe have shown that graphdiyne
is much more suited than 2DPPH for helium permeation sinogatves a much lower penetration
barrier (of the order of few tens of meV). Additional caldidas of the interaction of neon and

methane with a graphdiyne pore have allowed us to setupblelfall force fields which have
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been used to compute quantum mechanical probabilitieseladtwities for the passage of gases
through the openings. We have found exceptionally faveréld/CH, and Ne/CH selectivities in
a wide range of temperatures which largely exceed the pedoce of the best membranes used
for helium chemical separation. Thermally weighted helturmeling calculations have been also
performed to show selective transmissionsidé versus'He. For temperatures below 100K the
3He/*He selectivity becomes appreciably larger than 1, reachimacceptable value of 6 at about
20K. We thus propose that, in addition to its promise for logér? and watet! purification, a
graphdiyne based membrane can be efficiently used for hekyparation applications addressed to
filtering natural gas and, possibly, isotopic mixtures. @albasis of present results, since species
other than helium are assumed to provide penetration banibose values increase with their
vdW diameter, we consider that graphdiyne pores should@i@ade favorable selectivities for
He/Ar, He/Kr and He/N gas combinations which could permit optimal separationetitim from
heavier rare gases and hydrothermal spring gases, theddtterily composed of nitrogeft

A full assessment of the capability of graphdiyne for heligotopic separation would actually
require three-dimensional simulations in order to betséngate the helium permeance at low tem-
peratures and to take into account for zero-point energcesffdue to in-pore vibrational modes.

Work in this direction, by using the ILJ full force field, is progress.
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used for graphdiyne pore—methane computations are reporgditional figures. This informa-

tion is available free of charge via the Internet at httptfpacs.org.

References

(1) Wun-gwi, K.; Sankar, N. Membranes from Nanoporous 1D 2DdMaterials: A Review of

Opportunities, Developments and Chellendg&sem. Eng. ScR013 104, 908—-924.

(2) Zhao, Y.; Xie, Y.; Liu, Z.; Wang, X.; Chai, Y.; Yan, F. Twbimensional Material Membranes:

An Emerging Platform for Controllable Mass Transport Apptions.Small2014 in press.

(3) Jiao, Y.; Du, A.; Hankel, M.; Smith, S. C. Modelling CarbMembranes for Gas and Isotope
SeparationPhys. Chem. Chem. PhyX)13 15, 4832-4843.

(4) Fischbein, M. D.; Drndic, M. Electron Beam Nanosculgtof Suspended Graphene Sheets.
Appl. Phys. Lett2008 93, 113107.

(5) Li, G.; Li, Y.; Liu, H.; Guo, Y.; Li, Y.; Zhu, D. Architectue of Graphdiyne Nanoscale Films.
Chem. Commur201Q 46, 3256—3258.

(6) Bieri, M.; Treier, M.; Cai, J.; Ait-Mansour, K.; Ruffiey¥.; Groning, O.; Groning, P.;
Kastler, M.; Rieger, R.; Feng, X.; et al. Porous Graphenag-dimensional Polymer Syn-

thesis with Atomic PrecisiorChem. Commur2009 45, 6919-6921.

(7) Blankenburg, S.; Bieri, M.; Fasel, R.; Millen, K.; Pigiedi, C. A.; Passerone, D. Porous
Graphene as Atmospheric Nanofilt8mall201Q 6, 2266—2271.

(8) Schrier, J. Helium Separation Using Porous GrapheneldanesJ. Phys. Chem. Let201Q
1, 2284-2287.

13



(9) Cranford, S. W.; Buehler, M. J. Selective Hydrogen Pcation Through Graphdiyne Under
Ambient Temperature and Pressudanoscale2012 4, 4587-4593.

(20) Lin, S.; Buehler, M. J. Mechanics and Molecular Fiitvat Performance of Graphyne

Nanoweb Membranes for Selective Water Purificatianoscale2013 5, 11801-11807.

(11) Bartolomei, M.; Carmona-Novillo, E.; Herndndez, M. Campos-Martinez, J.; Pirani, F.;
Giorgi, G.; Yamashita, K. Penetration Barrier of Water tigh Graphynes’ Pores: First-
Principles Predictions and Force Field OptimizatidrPhys. Chem. Lete014 5, 751-755.

(12) Hauser, A. W.; Schwerdtfeger, P. Nanoporous Grapheambfanes for EfficientHe/"He
Separationd. Phys. Chem. Let2012 3, 209-213.

(13) Brockway, A. M.; Schrier, J. Noble Gas Separation ust@ESX (X=1,2,3) Nanoporous
Two-Dimensional Polymersl. Phys. Chem. @013 117, 393—-402.

(14) Lu, R.; Meng, Z.; Rao, D.; Wang, Y.; Shi, Q.; Zhang, Y.;IK&.; Xiao, C.; Deng, K. A
Promising Monolayer Membrane for Oxygen Separation fromnidal Gases: Nitrogen-

substituted Polyphenylensanoscale2014 6, 9960-9964.

(15) Ambrosetti, A.; Silvestrelli, P. L. Gas Separation iadporous Graphene from First Princi-

ple CalculationsJ. Phys. Chem. @014 118 19172-19179.

(16) Nuttall, W. J.; Clarke, R. H.; Glowacki, B. A. Resourc&op Squandering HeliunNature
2012 485, 573-575.

(17) Halperin, W. P. The Impact of Helium Shortages on BasssdarchNature Physic2014
10, 467-470.

(18) Das, N. K.; Chaudhuri, H.; Bhandari, R.; Ghose, D.; $&nSinha, B. Purification of Helium
from Natural Gas by Pressure Swing AdsorptiGuarr. Sci.2008 95, 1684—-1687.

(19) Bernardo, P.; Drioli, E.; Golemme, G. Membrane Gas B#jmam: A Review/State of the Art.
Ind. Eng. Chem. Re2009 48, 4638-4663.

14



(20) Hu, W.; Wu, X.; Li, Z.; Yang, J. Helium Separation Via Bas Silicene Based Ultimate
MembraneNanoscale2013 5, 9062—9066.

(21) Hauser, A. W.; Schrier, J.; Schwerdtfeger, P. Heliumnrieling through Nitrogen-
Functionalized Graphene Pores: Pressure- and Tempei2twen Approaches to Isotope

Separationd. Phys. Chem. @012 116, 10819-10827.

(22) Mandra, S.; Schrier, J.; Ceotto, M. Helium Isotope Emment by Resonant Tunneling
through Nanoporous Graphene BilayeltsPhys. Chem. 2014 118 6457-6465.

(23) Pitonék, M.; Hesselmann, A. Accurate Intermolecufaéedaction Energies from a Combina-

tion of MP2 and TDDFT Response Theody.Chem. Theory Comp201Q 6, 168—-178.

(24) Werner, H.-J. et al. MOLPRO, Version2012.1, a Packdgebdnitio Programs. 2012; see-

http://www.molpro.net.
(25) Pel, Y. Mechanical Properties of Graphdiyne Sheht:sica B2012 407, 4436—-4439.

(26) Kendall, R. A.; Dunning, T. H.; Harrison, R. J. ElectrAffinities of the First-Row Atoms
Revisited. Systematic Basis Sets and Wave FunctibrShem. Physl992 96, 6796—6806.

(27) Boys, S.; Bernardi, F. The Calculation of Small Molecuinteractions by the Differences
of Separate Total Energies. Some Procedures with ReducedsBvlol. Phys.197Q 19,
553-566.

(28) Hernandez, M. I.; Campos-Martinez, J.; Miret-Artés, Soalson, R. D. Lifetimes of
Selective-Adsorption Resonances in Atom-Surface El&statteringPhys. Rev. B994 49,
8300—-8309.

(29) Heller, E. J. Time-Dependent Approach to SemiclasBigaamics.J. Chem. Physl975 62,
1544-1555.

(30) Feit,M.D.;Jr.,J. A. F.; Steiger, A. Solution of the &athinger equation by a spectral method.
J. Comput. Physl982 47, 412—-433.

15



(31) di Domenico, D.; Hernandez, M. |.; Campos-MartineZ Jime-Dependent Wave Packet

Approach for Reaction and Dissociation in+HH,. Chem. Phys. LetR001, 342, 177-184.

(32) Zhang, D.; Zhang, J. Z. H. Full-Dimensional Time-Degent Treatment for Diatom-Diatom
Reactions: The b+rOH ReactionJ. Chem. Physl991, 101, 1146-1156.

(33) Miller, W. H. Quantum Mechanical Transition State Theand A New Semiclassical Model

for Reaction Rate Constants.Chem. Physl974 61, 1823.

(34) Tang, K. T.; Toennies, J. P.; Yiu, C. L. Accurate AnatgtiHe-He van der Waals Potential
Based on Perturbation TheoBhys. Rev. Lettl995 74, 1546-1549.

(35) Hesselmann, A.; Korona, T. On the Accuracy of DFT-SAMP2, SCS-MP2, MP2C, and
DFT+DISP Methods for the Interaction Energies of Endohle@@mplexes of the C(60)
Fullerene with a Rare Gas AtorRhys. Chem. Chem. Phy¥)11 13, 732—743.

(36) Bartolomei, M.; Carmona-Novillo, E.; Hernandez, M. Campos-Martinez, J.; Pirani, F.
Global Potentials for the Interaction Between Rare Gasdssaaphene-Based Surfaces: An

Atom-Bond Pairwise Additive RepresentatianPhys. Chem. @013 117, 10512-10522.

(37) Hesselmann, A.; Jansen, G.; Schitz, M. Density-FanatiTheory-Symmetry-Adapted In-
termolecular Perturbation Theory with Density Fitting: AeW Efficient Method to Study
Intermolecular Interaction Energies.Chem. Phys2005 122 014103.

(38) Levine, R. D.; Berstein, R. Bvolecular Reaction Dynamics and Chemical Reactj\vix-

ford University Press, New York, 1987.

(39) The collision time was estimatedtas= L/(v), L being the range of the interaction (specifi-
cally, the distance from the van der Waals minimum to thei®drrand(v), the mean speed
at a given temperature. Methane rotational time was cordpagt = 37t/ [B,/J*(J* + 1)],
whereB is the rotational constang* is the most probable angular momentum at a given

temperature, and the factor three accounts for the symraethe molecule.

16



(40) Pirani, F.; Brizi, S.; Roncaratti, L.; Casavecchig,®appelletti, D.; Vecchiocattivi, F. Be-
yond the Lennard-Jones Model: A Simple and Accurate PatelRtinction Probed by High
Resolution Scattering Data Useful for Molecular DynamigaBations.Phys. Chem. Chem.

Phys2008 10, 5489-5503.

(41) Pirani, F.; Alberti, M.; Castro, A.; Teixidor, M. M.; @aelletti, D. Atom-Bond Pairwise Ad-
ditive Representation for Intermolecular Potential Ege3grfacesChem. Phys. Let2004
394, 37-44.

(42) Gavezzotti, A. Calculation of Intermolecular Intetan Energies by Direct Numerical Inte-
gration over Electron Densities. 2. An Improved PolarmatModel and the Evaluation of

Dispersion and Repulsion EnergidsPhys. Chem. R003 107, 2344—-2353.

(43) Alberti, M.; Aguilar, A.; Lucas, J. M.; Pirani, F. Comiteze Role of CH;-CH4 and CH7tTIn-
teractions in the gHg-(CHs)n Aggregates: The Transition from Dimers to Cluster Fesgur

J. Phys. Chem. 2012 116, 5480-5490.

(44) Pirani, F.; Cappelletti, D.; Liuti, G. Range, Strengtid Anisotropy of Intermolecular Forces
in Atom-Molecule Systems: An Atom-Bond Pairwise AdditiwviApproach.Chem. Phys.
Lett. 2001, 350, 286—296.

(45) Zhou, Z. Permeance Should Be Used to Characterize tidulvity of a Polymeric Gas
Separation Membrand. Membr. Sci2006 281, 754—756.

(46) Zolandz, R. R.; Fleming, G. IMembrane HandbogkHo, W. S. W., Sirkar, K. K., Eds.;
Kluwer Academic Publishers: Dordrecht, The Netherlan@9,12 pp 78-94.

(47) Diez, B.; Cuadrado, P.; Marcos-Fernandez, A.; Pr&lamd, A, T.; Palacio, L.;
Lozano, A. E.; Hernandez, A. Helium Recovery by Membrane &gsaration Using Polgf
acyloxyamide)sind. Eng. Chem. Re2014 53, 12809-12818.

17



(48) It should be noticed that, due to the pore relaxatios, reduction of the He penetration
barrier can also lead to a high&te trasmission probability which at 20K would be about
2.1078. The corresponding permeance would also increase th®.4moles cn? s~1 bar

~1leading to a better agreement with the acceptable valuadusirial applications.

(49) We assume that any particle reaching the surface willyd encounter a pore and that it will
experience a potential energy barrier equals to that nainthk plane of the pore. In a more

realistic simulation the helium flux is expected to be lower.

(50) PermeanceQ) is defined as the ratio between the flux and pressure drogsatne pore,

Q = Flux/AP. In the present case we are assunmifig 1 bar.

(51) Das, N. K.; Barat, P.; Sen, P.; Sinha, B. Enrichment dfufie from Hydrothermal gases.
Curr. Sci. India2003 84, 1519-1524.

18



7S Pt
a) BYd W o
F R L o W o, (g
» Y ) i o ol
» ® e W o N
L |, R IR
b = ) i
y R e b T o B o
E_X < < e <
@ 2)
500 [ —
\
r \‘ b) 1
400\ -
> | a
£ \
= 300= —— graphdiyne 7]
> B \ --- 2D polyphenilene honeycomb 7
\

200 —

100

o
P~
N
w
S
ol
(o2}
~
[oe]

N
N

N
S)
m

[
oo

-1

e
SRS

N O o & A NRp NV A O ®
T
\
\

Diffusion rate, s
\
‘\I ‘\I ‘\I ‘HI ‘HI

BB rrere
» L0, 0,0 0

| L L
100 200 300
Temperature, K

IN
o
S

Figure 1: a) Molecular structures used to study the nanespairgraphdiyne(1) and 2D polypheny-
lene honeycomb (2). The black triangle and circle depiatsitie the pores represent their effective
available area to be compared with the van der Waals diarottiee He atom (red double-headed
arrow). b) Energy profiles obtained at the MP2C level of tgdor He perpendicularly approach-

ing the geometric center of graphdiyne and 2DPPH pores. ©®sRar He diffusion through the
pores as functions of temperature (see text).

Table 1: Penetration barrier(Epg) for He, Ne and CH,; passage through graphdiyne pores.
Parameters for the rare gas (methane)-carbon Improved Lenard Jones (ILJ) pair potential
(see Eg. 5), used to obtain the full force fields, are also reped, together with the resulting

penetration barriers after a pair-wise summation over a grgphdiyne sheet. g and € are in
meV, Ry in A, and 3 is dimensionless.

ILJ force field

EpB(M PZC) Rm & B EPB(I LJ)

He 33.90 3.595 1.209 7.5 36.92
Ne 105.76 3.671 2388 7.5 109.17
CHy 1460.31 4046 7.763 7.5 1454.70
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Figure 2: Upper panel: Energy profiles obtained for heliuepmand methane perpendicularly
approaching the geometric center of the graphdiyne poreghdrcase of methane the resulting
curve is the average of four limiting configurations (see. F82). Red dots refer to the MP2C
level of theory results while solid curves represent ediiona obtained with optimized Improved
Lennard Jones (ILJ) force fields (see text). Lower panele@kities for different molecular
combinations as functions of temperature(see text).
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Figure 3: Interaction profiles for the approach of the helatom to three different sites (H, B1
and B2) of the graphdiyne pore. Circles correspond to the ®d2initio results while solid lines
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Table of Content

Graphdiyne is a novel two-dimensional material deriving fom graphene that has been
recently synthesized and featuring uniformly distributed sub-nanometer pores Accurate cal-
culations are reported showing that graphdiyne pores pamalmost unimpeded helium transport
which can be employed for its chemical and isotopic sepamatiexceptionally high He/Clise-
lectivities are found which largely exceed the performamicie best membranes used to date for
extraction from natural gas. Moreover, by exploiting stigiferences in the tunneling probabil-
ities of 3He and*He, we also find promising results for the separation of theifenic isotope at

low temperature.
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