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1 Solid structures

The structures used are distributed around thréfereint topologies : The SOD
structures includes ZIF-8 (HsN,, mim), ZIF-90 (GH3N2O, Ica), ZIF-COOH (GH3N20,
,carbolm), ZIF-NO, (CsH2N4O,, nlm) and ZIF-Cl (GN2H2Cl, cim). The functional groups
are placed on position 2 of the imidazolate linkerZIF-8, sodalite cages are connected by 6-
rings, i.e. windows with 6 Zn atoms. The free ditenef the sodalite cages is about 1.16 nm.
The imidazolate linkers point towards the centrehaf 6-ring, which connects two sodalite
cages. The free diameter of the opening of then§-is about 0.3-0.34 nm. The RHO
topology contains four structures : ZIF-713KGN.Cl; dclm), ZIF-93 (GHgN2O almel m),
ZIF-96 (GH4N4 cyamim) and ZIF-97 (GHgN2O hymel m). The functional groups are placed
in the -4 and -5 positions. According the literatdP!*'¥ these positions are favourable to
produce ZIFs with RHO topology. This topology isnstructed from a body-centered
arrangement in which the largest cage 13.64.8°] cage. (the symbol [.m"....] indicates that
n faces of the cage am-membered rings). Their structures and their capdoi capture
carbon dioxide have been investigated by W. Matial®, who provides solid structures that
were used in this work. The GME series is made fufive solids: ZIF-68 (GHsN2 bim),
ZIF-69 (GH4N,Cl cblm), ZIF-78 (GHsN3O, nblm), ZIF-79 (GHsN, mim), ZIF-81

(C;HsN2Br bblm). GME structures are made up of two different déirtk GHoN4O, nIm
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linkers, which are common to the whole GME famépd another substituted bim (which are
blm, cbim, nbim, mim andbblm). As illustrated in Figure 1, the GME structures de
described as the assemblingkab[43.8°.12] cages forming channels of 12-membered rings,
cross-linkedgme[4°.62.8%] cages andhpr [4°.67] cages in a 1:1:1 ratio. Thgm links occupy
the same position in all solids (two edges which part of thehpr cages), the others
substituted bims occupy the remaining edges. Thstguted bim's point into the voids of the
kno cage. Consequently, depending on the functionaligg, the pore diameter of thkeo
cage vary from 7.3 to 9.9 A. Due to their adjustabre size and highly electrostatic nature
the GME are one of the most studied ZIFs in therdiuré " #°°! A detailed information of
the volume fraction of different pores an chan¢l&ME structure is provided in Table B.

An interesting point for discussion is the permbibof the selected structures for all
gases considered. The concept of pore window isesatmat artificial for judging the
permeability of ZIF materials, due to the high flahkty of the organic linkers. In fact, ZIF-7
and SIM-1 are ZIF materials with small window apees &€ 3 A) that allow CQ and bulky
hydrocarbon molecules to diffuse inside their pdtéé*?

The topological and structural information of thi&- Zolids studied in this chapter are
listed in Table B. The molecular structure of eachterial was taken from the CCBBor
from the original references. In certain cases, re/ligypothetical solids are considered, the

framework has been optimized through VASP peri@fd calculations?



Electronic Supplementary Material (ESI) for RSC Advances
This journal is © The Royal Society of Chemistry 2012

SOD RHO GME

kno gme hpr

Figure 1 : The tiling of the SOD, RHO and GME stuwes representing the subdivisions of
space (top). Schematic representation of the @ifitetypes of cages present in GMEo,
gmeandhpr. Image of topologies were taken from ref.[3],/gf&nd ref.[2], respectively.

Tab. A: Details of pore volume fraction (&) for different channels (hpr) and pores (kno) oft  he
GME structures (see Figure 1 for details).

ZIF-68 1.48 7.44 12966.98 2031.16 14998.14 0.86 0.14 6.63
ZIF-79 1.72 8.67 8509.99 829.16 9339.15 0.91 0.09 8.05
ZIF-81 1.81 8.02 11879.74 985.47 12865.21 0.92 0.08 7.55
ZIF-69 1.88 8.02 12320.75 924.74 13245.49 0.93 0.07 7.59
ZIF-78 5.51 9.25 15722.25 924.74 16646.99 0.94 0.06 9.04

p Rbim and p nim are the dipole moment of the switstl (R) bim and nim linkers. VT hpr and VT knoresponding to the total pore
volume occupy for the hpr channel and kno poréSME. V-free corresponds to the total free voluméhef GME structure.
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Tab. B . List of ZIFs materials used in the QSPR da tabase.

Name Topology Organic Cell volume d, S |HOL| |QOL|
Linker [A%] [A] [A2/d] (D] [D.m]

ZIF-8 SOD melm 4917.50 11.47 1395.14 1.22 8.97
ZIF-90 SOD Icalm 5080.34 10.88 1269.42 3.51 13.46
ZIF-COOH SOD carbolm 5131.07 10 .99 1261.1 1.84 13.83
ZIF-NO, SOD nim 4980.17 10.61 949.78 3.40 12.65
ZIF-Cl SOD clm 4950.98 11.10 1200.41 0.33 3.56
ZIF-71 RHO dcim 23280.71 17.76 1137.2 0.52 10.30
ZIF-93 RHO almelm 22801.20 17.04 968.13 5.65 25.54
ZIF-96 RHO cyamlm 22800.96 16.96 1251.7 5.20 28.02
ZIF-97 RHO hymelm 22983.57 16.48 872.67 5.04 12.72
ZIF-68 GME bim 22871.06 9.90 1060.83 1.48 16.23
ZIF-69 GME cbim 22871.06 7.62 1003.1 1.88 17.05
ZIF-78 GME nblm 22871.06 7.62 928.77 5.51 19.60
ZIF-79 GME mbim 22871.06 7.34 1012.54 1.72 10.49
ZIF-81 GME bbim 22871.06 7.78 984.41 1.81 17.26

dpis the pore diameter calculated with the materiati®® packagesS, is the accessible surface area calculated using the
method developed by Diiren af*® |ﬂo|_| and |Q0|_| are, respectively, the dipole and quadrupole meméthe organic

linkers (see next section for details.). *Hypotbatisolids obtained by periodic DFT simulations
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1.1 Correlative QSPR Method

We can identify two main types of descriptors, samssociated with the solid and
some associated with the adsorbed gases. Witlpribcedure we obtain about 60 descriptors
which are ready to feed into our database. Dubddarge amount of data care must be taken
to avoid redundant information. The correlationwestn descriptors has been analyzed as

follows.

1.1.1 Correlation Between Descriptors

Given that the total number of molecular descrgptoutweighs the number of
molecules in the database (concerning solid linkeard gases), only the most relevant
descriptors are retained for building the predet@SPR equations. For example, descriptors
which are highly correlated, i.e., hold essentidlg same information, with respect to the
target thermodynamic property, can be kept. Theeefa correlation matrix was constructed.
This mxm matrix, with m equal to the number of descriptors plus one fer shmulated

property, contains the correlation coefficientsleBned by Eq. 1 :

Eq. 1 oy =2

where X and Y denote descriptors or simulated sabfehe target property. V and C
are respectively the variance and the covarianbeirexpressions are detailed in Eq. 2 and

Eq. 3 where n runs over the number of moleculgébetiata set.

Eq. 2 Vy :%i(xi_oq)'

and

Eqg. 3 Cixv) :%Z(xi_<x>)(Yi_<Y>)’
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For two descriptors where X and Y are strongly elated, ¢ v) is close to 1. Using
the correlation matrix, only the descriptors thatrelate well with the target property and
poorly correlate with another descriptor can beseoved. Materials Studio 5.0 software was
used in this work to analyze the correlation betwdescriptors as well as to perform the

QSPR model&”

1.1.2 Multivariance Analysis

In most cases, QSPR studies consist of determamnrgguation which gives a reliable
property reproduction. In this work, we have chogentarget predictive model to be linear as

described by Eqg. 4

Eq. 4 P.. = Ao+ inxi ,

wherei runs over 1 to 5, which corresponds to the maxinmumber of descriptors admitted
in the predictive equation angl are weight factors. The method used to select the
representative descriptors and to optimize thecas®al constants is the Genetic Function
Approximation (GFA) available in the Materials Siudoftware. This approach starts by
establishing an initial population of equations damly chosen. The equation terms are
viewed as strings, and the population evolves fmoiterative operations: selection,
crossover, and mutation. During the evolution pssceéhe constructed equations are scored

using a slightly modified Friedman's lack-of-fitQE) methott” evaluated by:

SSE

5]

whereSSEis the sum of squares of errocss the number of terms in the modelsa scaled

Eq.5 LOF =

smoothing parametep the total number of descriptors contained in abdidel termsM the
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number of samples in the training set @nd a safety factor, it ensure that the denominator
the expression can never be zero. By adding monestéo the regression models, the SSE
may reduce, but also the values of ¢ and p incré&asesequently it tends to increase the LOF
score. Thus the choice of LOF model favour the #guos with a low number of descriptors.
The equations evolve until the convergence is oskri.e., the scores are not further
improved. Among all returned equations the bestiptee equation is the one having the

lowest Mean Absolute Error (MAE), defined as:

sim. calc| '

Eq. 6 MAE=EZH:|P -P
N5

where,i runs over the n compounds of the data sef, Bnd R, are respectively the
experimental and the calculated property. Figurep2esents a schematically the evolution of

equations on the GFA approach.

l

Initial population eql, eih,..., equ
P, P, .. Py

Selection I

AL +AL XL+ + AL XL A+ A XH 4+ AN X

\/

Cross-over ALEN, XL+t ,\N®
Mutation AN XL+ A X

Figure 2: Schematic representation of equationutaosl on the GFA approach.

Before carrying out calculations using the GFA apgh, the total database was splitted

into two data subsets:
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The training setwhich represents 90% of the database. This imdee to build the
predictive models, and is chosen to be represgatafithe solids and gases in the database;

The test setconstituted from the remaining solid/gas coupléshe database. There are
viewed as external values and used to test thagtiredpower of the equations and to select
the best predictive model. This Training/Test getso used is commonly used in QSPR
studieg?® ]

2  Simulation details
2.1 Simulation Methods:

The ESP fitting methodology has been applied bpgishe Jagu& package: the B3LYP
functional combined with the pseudo potential LaDP2for the transition metal and the

doublef basis set 6 31G** for the rest of the atoms wasdiag.

To design the isoreticular series and localise diystallographic positions of each solids,
periodic DFT optimisation were performed using VA&®RIE. Then the atomic positions
were frozen, and the host-guest interaction enegmyy was constructed before the MC

simulation.

To compute fugacity simulations in the isobarict®rmal ensemble (NPT) combined with
the particle insertion method were perforfifefdr pressure choose. Probabilities for MC bias
move were set to 0.63 for rigid-body translatiod35 for rigid-body rotations (except for

monoatomic gases such as Ar and,}CEind 0.02 for volume changes.
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The complete list of force field parameters to diéscthe solid-gas interactions are listed in
Tables Cto G

Tab. C: ESP partial charges for GME structures pres  ented in Table B. The charges of the R-bim,
b) charges of the nim

Zn 1.07 1.04 1.08 1.02 1.095  1.0525  0.0008
N 063 -0.63 -0.6 -0.66 -0.67  -0.6300  0.0006
C, 0.55 0.5 0.5 0.55 0.51 0.5250  0.0008
C, 0.225 0.1 0.2 0.33 0.25 0.2138  0.0089
Cs 049  -0.245  -0.12 -0.38 019  -0.3088  0.0259
Cs 014  -0175  -0.35 -0.3 013 -0.2413  0.0100
Cs 0.008 0.01 0.27 0.08 -0.13  0.0920  0.0152
Cs 013 -0.37 -0.4 -0.38 -0.19  -0.3200  0.0162
cl -0.2 - - - - -0.2 -
Br - -0.2 - - - -0.2 -
N - - - 0.76 - 0.76 -
o) - - - -0.51 - -0.51 -
C - - -0.15 - - - -
H - - 0.02 - - - -

Zn 1.07 1.04 1.08 1.02 1.095 1.0610 0.0009
N -0.5 -0.45 -0.48 -0.45 -0.53 -0.4820 0.0012
C1 0.52 0.5 0.52 0.46 0.54 0.5080 0.0009
Cc2 -0.12 -0.14 -0.1 -0.085 -0.1 -0.1090 0.0005
C3 -0.12 -0.14 -0.1 -0.085 -0.1 -0.1090 0.0005
N 0.62 0.62 0.6 0.66 0.6 0.6200 0.0006
O -0.48 -0.48 -0.5 -0.49 -0.46 -0.4820 0.0002
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Tab. D: ESP partial charges for SOD structures pres  ented in Table B.
Zn 1.100 0.900 0.850 0.792 0.790 0.945 0.0117
N -0.540 -0.290 -0.310 -0.120 -0.170 -0.3875 0.0130
Cl 0.640 0.435 0.480 0.450 0.470 0.5212 0.0077
C2 -0.080 -0.150 -0.200  -0.300 -0.320 -0.135 0.0027

H 0.144 0.133 0.173 0.172 0.173 0.1541 0.0003

Cl - - - - -0.230 - -
C -0670 0570 0.300 - - . :
0] - 0620  -0.520  -0.530 - ] _
N - - - 0.710 - : :
H 0.144 0400  -0.030 - . ] )

R

¢

1

NET

Vv

LGy

SOD

—10-—
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Tab. E: ESP partial charges for RHO structures pres  ented in Table B.

Zn 0.94 1.05 1.18 1.108 1.0695  0.0103
N, -0.4 0.5 -0.56 -0.34 -0.4500  0.0097
C 0.51 0.32 0.21 0.31 0.3375  0.0157
N, -0.4 -0.5 -0.56 -0.67 -0.5325  0.0128
C, 0.09 0.35 0.305 0.49 0.3088  0.0275
Cs 0.09 0.1 0.1 -0.36 -0.1175  0.0342
H, -0.06 0.055 0.085 0.046 0.0315  0.0040
cl -0.15 - -0.92 - - -
H/CIO - -0.02/0.45/-0.56 - - - -
C/H - -0.50/0.16 - -0.76/0.18 - -
CIN - - 0.39/-0.6 - - -
N/H - - -0.7/0.35 - - -
C/H,/O/H - - - 0.52/0.18/-0.68/0 - -
e “ N
\3::3:%
Rff R
RHO

- 11 -
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The vdW potential parameters for the force fielddiare summarized on Tab. F:

Tab. F : vdW potential parameters for the elements  used in this work

Non-bonded interactions

Atom Type g(K) o(nm)
Zn 43.084 0.2338
N 23.974 0.3997
@) 20.847 0.3118
Cl 78.872 0.3516
C 36.483 0.3259
H 15.288 0.2440

—12 —
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The gas models used during this work derive froness sources:

Tab. G : List of force fields (FF) used in the QSPR  analysis to represent the adsorbed gases

Molecule | Formula Polar nature Te[K] | Type of FF/family | Ref.
name
Argon Ar non polar 87.3 All atoms 9
Methane | CH, non polar 111.6 United atom il
Anisotropic United 2
Ethane | C,Hs non polaf 184.5 Atom (AUA) ]
Molecular
nitrogen N, quadrupolar 77.9 All atoms £
Molecular 7
oxygen 0)) quadrupolar 90.0 All atoms |
Carbon
dioxide CO, quadrupolar 186.5| Allatoms (EMP2) | 19
Carbon :
monoxide|  C© dipolar 77.9 All atoms E9
Sulfur , 5
dioxide SO, dipolar/quadrupolar | 563 g All atoms >
Hydrogen| ., o dipolar/quadrupolar *1
sulfide 2 potariq P 211.0 All atoms
Aceto- , Hybrid (united atom| 3
nitrile | CHeCN dipolar 383.0 for CHy) [*7
Water H,O dipolar/quadrupolar | 263.0 Hybrid TIP4P &

— 13-
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2.2 Adsorption simulation details

To model the gas adsorption at low coverage, Gi@adonical Monte Carlo (GCMC)
simulations combined with a bias scheme for theriien of the centre of mass off the guests
molecules were performed with the Gibbs Code {*8.3The probabilities bias moV&3
were used with arbitrary proportion: 0.35 for thgid-body translation, 0.10 for rigid-body
rotations (except for monoatomic gases such asrAthHy), and 0.55 for the insertions or

deletions.

All simulations were performed in a simulation bmcorporating 2x2x2 unit cells. LJ
interactions and real-space electrostatic coninbstwere calculated by using a cut off radius
of ~17A. No LJ tail corrections were considér®d but standard long-range electrostatic
interactions were calculated by using the Ewald hod@tlogy with ten vectors on the

reciprocal space and a screening factooh2.5.

2.3 Volumesand surfaces

The free volume was computed by using the voluneegnal in Eqg. 7 in which is the LJ
interaction between a single helium atomejg$10.22 K ;04,~0.258 nm) and the complete

structure of the adsorbent:

Eq. 7 Viee = [ €XpEU (1) K, T)dr

ads

The porosity® is simply the ratio between the free volume £y with respect to the total

unit cell volume (o) (Eg. 8):

Eq. 8 (0: free

—14 -



Electronic Supplementary Material (ESI) for RSC Advances
This journal is © The Royal Society of Chemistry 2012

The accessible surface area was computed from Mosuti® integration technique using a
"probe" molecule which is rolled along the surfaxfethe solid. Then the surface area is
obtained from the ratio of the probe molecules thidt not overlap with other framework

atoms to the total number of attempts.
2.4 |sosteric heat of adsorption computation

Isosteric heats of adsorption gere calculated from EqP3 in which H, is the enthalpy of

the bulk phase and.lis the energy of the adsorbed phase.

dJa}
N Iy

By using a fluctuations method with ideal gas agsiions under Henry's regime, the

Eq. 9 qstsz_|:

isosteric heats can be readily calculated from GQGl@ulation according to Eq. 10, in which
U%y is the intermolecular energy of the adsorbed pleasE N is the number of adsorbed

molecules. The angle brackets denote averages igrédmd canonical ensemble.

USN)=(US(N)

(N9 =(N):

Eq. 10 O = RT—<

Experimentally, the isosteric heat of adsorptiodoat coverage can be estimated by
means of the Van't Hoff equation (Eg. 11):

dinP AH,
Eq. 11 = :
dT |, RT?

A series of adsorptions isotherms at differents pemratures are required. Then at
constant coverage, the pressure is derivate ascéida of the temperature as presented in Eq.
11.

— 15—
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3 Results:
3.1 Analysisof theqs ssimulation resultsin function of the different descriptors

Therefore a series of analysis are proposed, whgtes studied as a function of

variations in the magnitude of a single descripths. an example the two descriptors
proposed are the organic linker dipolar mom«ﬁﬁm and the gas atmospheric boiling
temperaturdy,.

3.11 Variation of gg with |,

@
o
@
o

(2]

o

® 502 GME *SO2 RHO - 502 sop
m N2 . [ mN2 L =N2
ACO2 50 racoz 50 ACO2 *
07 ochd @ =4 |*CH o CH4
3 540 f ¢ ¢ Z40 POy
E E - A a £ .
240 . 230 A 230 a A
< % N A
N A 4 | Bof s * . Bwre * oa
La A A A
20 3 | 4 e o : 1
- e 2 {4 10 m m 10Fre 8 1 *
0 ‘ ‘ 0 . . 0 ‘
6.5 75 85 95 0 1 2 3 4 5 6 0 1 2 3 4 5 6
Dipole moment (D) Dipole moment (D) Dipole moment (D)

Figure 3 : Variation of the isosteric heat of adsor  ption for some selected gases as function of
|QOL| for the three topologies studied.

In Figure 3, we studied the variation of the isostheat of adsorption as a function of

||10L|. Each topology was treated separately and we ehdospresent only the main
representative gases owing different polaritiese Trtfluence of the linkers dipolar moment
|QOL| is not the same for the different gases. As exgaefrr non polar gas, such as £khe
dipolar moment does not impact on tpg¢. For polar gases, the higher the Iinl{<|é(gL|, the

higher will be thegs®. Moreover, the analysis reveals that the degfemlarity of the gas is
important. For example, gases having weak quadanpubment (polarity), such as,Nare

less influenced by solids having highly polar lirkéhan CQ or SQ (which possess high

— 16 —
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quadrupole and dipole moment respectively). Thédrighe gas polarity, the higher will be

the increase ofls when we increashiOL|. We can note that this tendency is strongest for

dipolar gases than for quadrupolar ones.

3.1.2 Variation of qg with Ty

100[ BZIF-68 GME 1007 mzIF71 RHO 100r  mzIFcl sop
DZIF-79 ol DZFST ozIF-8
80f mZIF-81 _ 0 2IF.03 80r  mZIF-COOH
5 mZIF-69 s | B 3 mZIF-90
£ 60 mzIF-78 £60 mZIF-96 E 60f  mZIF-CN
2 £ | 2 mZIF-NO2
¢ 400 g 40 < 40f
i ¢ &
200 20(] 20
° % 87 112 —) o
T —— 112 78 87 T
78 87 112 187 263 s 187 263 383 12 187 263 383
pheric boiling Temp (K Atmospheric boiling Temperature ( K) Atmospheric boiling Temperature ( K)

Figure 4: Variation of the isosteric heat of adsorp  tion of all gases studied as function of T, and
the three topologies studied.

The evolution ofgs® as function ofT}, for all gases was investigated in Figure 4. Each
topology was also treated separately for the saasons explained above. According to the
results, the higher thé&,, the higher will begs’. The value ofTy is correlated with the
cohesive energy intrinsic to the gas molecules.cafe extend this intrinsic cohesive energy
to the surface-gas energy. Thus, the higher thénsmt cohesive energy, the higher the
surface-gas and then, the higlyg? will be. As expected the influence ©f influence seems

independent to the solid topology.

17 -
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3.1.3 Variation of q¢ with H

Similar analyses for other descriptors are comptaue to the difficulty in isolating
their effect ovegs®. We compared different topologies having différpares sizes, but also
having different organic linker with different cheral nature (differentq). It is interesting to
notice that with some rare exceptions (RHO ZIFlaghd SOD SIM-1 havelmel m linker,
it is difficult to obtain two different frameworkopologies with the same organic linkers.
However, one may expect that materials with narpmnes would increase the confinement
effect (this is the case for deallumined zeolitebere the surface chemistry is composed

exclusively by Si and 0}

35
30
25
20
15

a.° (kJ/mol)

10

5
005 007 009 011 0.13 015

Figure 5: Variation of the isosteric heat of adsorp  tion as function of the mean curvature H for
non polar gas. The topology corresponding to the po re curvature points have been indicated.

The variation ofys° with the mean curvature can be observed in FiguWe selected

non polar gases to avoid the solid-gas electrasiatieractions. The variation of the isosteric

— 18 —
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heat is not monotone. The solid topology and trergbal nature of the organic linkers affect
the results obtained. Indeed the mean curvaturgratged by topology, the smaller values of
theH are obtained for the RHO, followed by the SOD &ndlly by the GME structures. The
gs tends to decrease betwddrvalues corresponding to RHO and SOD solids, aockase
between the SOD-GMH values. In addition, it is important to notice ttilsalids with RHO
topologies have bi-substituted organic linkerg tn2), while SOD and GME possess linkers
with only one functional group ¢n= 1). It is possible that although having the lestgpore
diameters (lowH values), the RHO solids have strongest vdW interas than the other two
solids due to the additional functional group. Téxample reveals the limit of descriptérto

appropriately characterize the vdW interactionthefdifferent solids compared in this study.

3.2 Analysisof the QSPR model for gg

It is important to keep in mind that the QSPR mdthised in our analysis (GFA) impose a
linear relation between descriptors (Eq. 4). Howeitas possible to introduce some degree
of non linear behavior by considering mathematicaisformations of the descriptors used in
the database (by taking the inverse, the naturghrithm or the exponential of the
magnitudes). In Table H we summarized the respofithe target properties (increase or
decrease) when a single descriptor is increasel@aeased while keeping constant the other
ones.

After taking into account the expected trends showEq. 4, the most appropriate equation

obtained with the GFA procedure describigdyis shown below,

).,

Eq. 12 q;t =4+ (/]1|Q0L| +/]2[nfg [H])s + (/13 In(Tb ))g + (/]4H d]ﬂod [Ilig

— 19 —
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0
Tab. H . Expected response of the target property ( qst) to an increase or decrease of individual

descriptors. Increments and decrements are represen  ted by (1) and () arrows, respectively.

Descriptor Sense of variation Expected response f(u'gt
= 1 1
i
[Fo | 1 l

1 1
QoL

Qo . )
— 1 1

i
o 1 l
T, 1 1
l l
1 1

Ny
’ ! !
KorH ! !
l i

with H the mean curvatureyrthe number of functional groups per organic linkgg, | and

‘ﬂg‘ are the organic linker and gas molecular dipolanant respectivelyQo.| is the module

of the quadrupolar matrix of the organic linker andl,) is the natural logarithm of the
atmospheric boiling temperature of the adsorbed\¢&scan classify the selected descriptors
according to three type of interactions, i.e.:&ofjas and solid/gas. The different coefficient
A obtained for the correlation is reported in TablBour solids descriptors were taken into
account : the polar nature of the solid (represkfe Qo and po.), the van der Waals

interaction of the solid represented by the degfe®nfinementl and r).

Tab. | Constants ( A) obtained in the QSPR approach for the prediction of the isosteric heat of

0
adsorption ( qSt) as described with Eq. 12. The dipolar moment are  expressed in Debye (D).
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Coefficients Units
Ao - 97.2651 kJ mol-1
A 0.52011 kJ mol-1 D-1 A-1
A2 95.8506 kJ mol-1 A
A 20.1537 kJ mol-1 K-1
A4 9.6137 kJ mol-1 D-2 A

The adsorbed gas is representequprndTy, which are respectively a measure of its
polar nature and its cohesive energy, i.e. thedrighy or Ty , the stronger will be the gas-

gas interactions. The Eq. 12 agrees with the eapens formulated in Table H.
The error obtained to reproduce th® simulated values over thiestand thetraining

sets are presented in Table J.

Tab. J Mean Absolute Error (MAE) as well as the Mea n Absolute Percentage Error (MAPE)

obtained with Eq. 12 for the training and test sets

Set MAE MAPE (%)
Test 6.7 23.8
Training 5.6 24.6

The results obtained using Eq. 12 are encouraging.predicted results agree fairly
well with simulated data for both the test andnirag set. The predictive power of this
equation is hence interesting.

The data set can also be divided as a functiomefgases polarity. The comparison
between the simulation results and the QSPR cdioelas a function of the polar nature of

gas is illustrated in Figure 6. Its predictive a@ay is analyzed in Table K.
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Figure 6 : Comparison of the simulated isosteriathaf adsorption of different gases on different
solids with prediction issued by the QSPR moddlastion of the gas polar nature.

Tab. K . Mean Absolute Error (MAE) as well as the M ean Absolute Percentage Error (MAPE)

obtained with Eq. 12 for the different gases studie = d. The electrostatic nature of each gas is

classified according to: non polar (hp), quadrupola r (Q) and dipolar ( pg)

Gas (polar nature) MAE MAPE (%)
Ar np 2.7 25.2
CH, np 2.9 19.5
CoHe np 4.8 23.4
O, Q(0.99 D.A) 2.6 23.8
N> Q(1.80 D.A) 3.7 34.8
CO, Q (5.06 D.A) 3.4 15.1
cO Hg (0.03 D)Q (0.06 D.A) 3.3 30.3
H,S Hg (1.43 D)Q (2.50 D.A) 6.5 23.8
SO g (1.63 D)Q (7.19 D.A) 6.7 18.3
H,O g (2.18 D)Q (3.04 D.A) 11.7 34.0
CH:CN | pg(4.12 D)Q (1.19 D.A) 13.8 21.6

It is not straight forward to discriminate whicm&li of fluid (non polar, quadrupolar or

polar) is better (or worst) described by the modelseems that there is no particular
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correlation between polar nature of the gases hedobtained deviation. We can notice
however that the lowest MAPE deviations are for,@®d CH and the highest for 0 and
N,. We can observe the following order from loweshighest MAPE,
CO,<SQ<CH;<CHCN<GHg<O,<H;S<Ar<CO<HO<N,

The main deviations obtained in function of thadtdpology is presented in Table L.
Our analysis reveals that the QSPR modekhigris slightly more accurate for the family of
solids with GME topology (17.8%), followed by theHR (23.5%) and SOD (33.1%)
topologies respectively. The main difference betwdamilies (excepting the evident
crystallographic topology) is the degree of confireait and the type of organic linker. GME
has two types of linkers, the nim is common tosallids and it is exposed in the small
channel and, substituted bim which are distributethe large cavities. The GME have the
smallest pores of the three solids studied astiditexd in the Figure 5. The RHO family has
the largest pores but every organic linker posseggunctional groups in positions -4 and -5
instead of one for the other two families. Findhg SOD family have pores sizes ranging in
between of those GME and RHO and have an unique ¢ygfunctionalized Im linker in
position -2. It is extremely difficult to find a ghical explanation that relates the observed

tendency of the QSPR model with any structurakdéhce between the solids studied here
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Tab. L . Mean Absolute Error (MAE) as well as the M ean Absolute Percentage Error (MAPE in

%) obtained with Eq. 12 for the different solids st  udied for all gases studied.

Solid® MAE MAPE(%)
ZIF-68 5.8 21.0
ZIF-69 (Cl) 4.0 13.4
ZIF-78 (NQy) 6.7 20.4
ZIF-79 (CHy) 6.2 17.2
ZIF-81 (Br) 4.6 16.8
Average GME 5.4 17.8
ZIF-8 (CHp) 7.1 49.3
ZIF-90 (OH-CH) 5.9 21.8
ZIF-(Cl) 6.6 50.1
ZIF-(COOH)® 35 18.5
ZIF-(NO,)® 8.4 25.6
Average SOD 6.3 331
ZIF-71 (CI2) 5.2 19.8
ZIF-93 (CO-CH) 4.2 22.2
ZIF-96 (CN-NH) 9.2 34.4
ZIF-97 (CHs-OH) 3.8 17.4
Average RHO 5.6 235

@chemical functionalization is included for clarity)virtual solids.

It is important to mention that, if the QSPR methednly fed with CQ and the SOD

family of solids, a simple correlation is obtaineetween the exponential of dipolar moment
of the solid (o) and g2, such as the behaviour observed in our previousk.Wolf the

analysis is extended to GGnd CH adsorbed over the complete list of solids, a more

complex equation is obtained,
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Eq. 13 In(q;,.H)= 008, |- 0035H ™ +0019Mw, +0.001,

WhereMwy is the molecular weight of the gas. In this cg§eis predicted with an Rabout

0.9 and MAE of about 10.7%. As usual, any physictdrpretation of the obtained equation
is complicated. The important point to keep in misdhe large variation in the form of the
resulting equation as a function of the size ofdatabase used. The difference between Eq.

12 and Eq. 13 clearly illustrates this idea.

In the last part of this section we analyse thelwian observed between a couple of

descriptors, while keeping the rest of descriptoosstant. In Figure 7 we observe the
variation of theq?, as function of the solid and gas dipolar momeuwtbEtter illustrate this

idea, we have considered a factious solid with pdig@meter of 8 A and with linker
quadrupole momeniQp,| equal to 28 D A. The gas is assumed to have h bailing
temperature of 383 K. The highegf values are obtained for the combination of bagfnést
values of the organic linker dipolar momeng(uand gas dipolar momentgju Thegs® value

is correlated to both gas and solids dipolar monetensity. Thegs® value could also be
restricted by one of this dipolar moment intensityleed if one of these descriptors is weak,
the gs° value increases slowly until a limit value everthé other descriptor reaches high
values. This phenomenon is illustrated by the garnd horizontal asymptote delimiting the

border between two ranges@f values at the extreme of dipolar value.
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(kJ/mol)

O 95-105
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04 2

Figure 7. Variation ofj;° with the organic linker dipolar momentdy) and gas dipolar momentJju
In this example we have considered a solid witleghameter of 8 A and |Qs| of 28 D.A together with

36 52 6.8 84
K solid (D)

a gas having a high boiling temperature of 383 K.

The isosteric heat of adsorption is directly ralate the separation and storage ability of a
solid. Thus the selectivity between gases witheddht dipolar moment could be strongly
enhanced using solid with high dipolar moment. Nadess, the choice of one material for

PSA application should be done carefully, becaasenhtgh value of g will strongly impact

on the desorption phase cost.

K gas (D)

3.3 Correlative equation using Artificial Neural Network (ANN)
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The comparison between the simulation results dwed ANN for the isosteric heat of
adsorption at zero coverage can be observed ird-Bjurhe accuracy of the ANN model can
be analyzed from the deviation obtained in reprodyuthe simulated gst°® values. The mean
absolute error (MAE) and the MAPE are used to gbatite errors between predicted and
simulated values. The lower MAE and MAPE, the betiie the predictions. The predicted
results agree fairly well with simulated data fattb the test and training set (R2 of 0.891,
MAE about 3.4 kJ/mol and 5.6 kJ/mol and a MAPE ald&i17 % and 12.3 % for the test and
the training set). The ANN model is more accur&@ntthe correlation given in Eq. 12, the

problem is that this approach do not provide aulsebrking equation.

120
B TRAINING
100 - A TEST
O EXP H
=
S 80
=
£ m
S =
~ 60 - - a | 2
ie]
g = e =
— i ]
3 40 g A
=
20 |:||:|
0 T T T T T

0 20 40 60 80 100 120
g« SIM./q & exp. (kJ/mol)

Figure 8. Comparison of the simulated and experiaiésosteric heat of adsorption of
different gases on different solids with predictaitained using the ANN model. Both sets of
training and test are shown for consistency
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Database:
Solid Topology  Settype Gas (?(j;rigrl]) Qst I(DIS/dm((?I? 11)
ZIF-93 (OH-CH3) RHO TEST CO, 35.910000 32.6350882
ZIF-71 (CI2) RHO TEST CH, 14.990000 13.9096125
ZIF-96 (CN-NH2) RHO TEST CH, 15.420000 23.6340357
ZIF-69(ClI) GME TEST CH, 15.530000 19.2127878
ZIF-CN SOD TEST CO 9.271000 7.48338923
ZIF-81(Br) GME TEST CO 13.180000 14.5362226
ZIF-78(NO2) GME TEST N, 12.990000 13.2837375
ZIF-81(Br) GME TEST Ar 11.720000 14.0958139
ZIF-68 GME TEST H,S 33.100000 38.012356
ZIF-8 SOD TEST SO, 21.880000 29.6858815
ZIF-CN SOD TEST SO, 49.790000 38.5862076
ZIF-90 SOD TEST  CH4CN 82.220000 49.8982612
ZIF-69(ClI) GME TEST CyHe 24.630000 29.3501103
ZIF-78(NO2) GME TEST CyHe 21.170000 30.6764002
ZIF-81(Br) GME TEST CyHe 21.610000 29.1909523
ZIF-8 SOD TRAINING CO, 15.580000 21.1196764
ZIF-90 SOD TRAINING CO, 23.010000 23.9088807
ZIF-CN SOD TRAINING CO, 27.110000 23.6269241
ZIF-COOH SOD TRAINING CO, 19.870000 24.0131402
ZIF-NO2 SOD TRAINING CO, 26.670000 23.7118793
ZIF-Cl SOD TRAINING CO, 15.140000 18.585827
ZIF-71 (CI2) RHO TRAINING CO, 21.250000 24.2484722
ZIF-96 (CN-NH2) RHO TRAINING CO, 36.260000 33.9728955
ZIF-97 (CH2-OH) RHO TRAINING CO, 29.670000 26.3506334
ZIF-68 GME TRAINING CO, 21.250000 26.2208784
ZIF-69(ClI) GME TRAINING CO, 26.750000 29.5516476
ZIF-78(NO2) GME TRAINING CO, 27.570000 30.8779375
ZIF-79(CH3) GME TRAINING CO, 23.090000 26.6093701
ZIF-81(Br) GME TRAINING CO, 24.850000 29.3924895
ZIF-8 SOD TRAINING CH, 12.280000 10.7808166
ZIF-90 SOD TRAINING CH, 11.760000 13.5700209
ZIF-CN SOD TRAINING CH, 10.770000 13.2880643
ZIF-COOH SOD TRAINING CH, 13.870000 13.6742804
ZIF-NO2 SOD TRAINING CH, 11.430000 13.3730195
ZIF-Cl SOD TRAINING CH, 11.450000 8.24696725
ZIF-93 (OH-CH3) RHO TRAINING CH, 18.510000 22.2962284
ZIF-97 (CH2-OH) RHO TRAINING CH, 21.890000 16.0117737
ZIF-68 GME TRAINING CH, 14.180000 15.8820186
ZIF-78(NO2) GME TRAINING CH, 16.030000 20.5390777
ZIF-79(CH3) GME TRAINING CH, 16.030000 16.2705103
ZIF-81(Br) GME TRAINING CH, 15.630000 19.0536297
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