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Abstract

The influence of defects at the metal-organic fraomk (MOF) surface on the microscopic structure of
a MOF/polymer composite has been studied by a ctatippal methodology that combines density
functional theory calculations with force field-legismolecular dynamics simulations. This has been
applied to composites formed by ZIF-8 and two ddfe polymers of intrinsic microporosity: PIM-1
and PIM-EA-TB. Analysis of the MOF/polymer intermets, surface coverage, polymer
conformation/stiffness and a full characterizatairthe interfacial voids are provided. We foundttha
although the nature of the MOF/polymer interactichanges in the presence of defects, the coverage
and conformation of the polymer as well as the rtholpgy of the “interfacial microvoids” remain
practically unchanged from a microscopic point ééw These results suggest that there is no
microscopic evidence that defective MOF surfacestitrally change the geometry of the MOF/polymer

interface and the strength of the physisorptioretiyperactions in play.
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1. Introduction

Metal-organic frameworks are nanoporous crystakiokds composed of metal cations interconnected
by organic linkers. These materials have attractetsiderable attention due to their potential itdiais
applications in diverse areas including sensoy,[das adsorption and separation,[3,4,5,6] andysasa
[7,8,9], among others.[10,11] The presence of defecMOF crystals is well-documented,[12,13] and
they can even be engineered;[14] they can arige ffee absence of organic linkers or metal centers
(point defects), but extended structural defects alao be found. It is very likely that defectsypbn
important role in the increased reactivity thatde#o the chemical instability of MOFs.[15] Howeyver
the presence of defects has also been shown tkég parameter to enhance the MOF'’s properties in
diverse fields including adsorption,[16,17,18,18}atysis,[20,21,22,23] as well as applicationsingly

on electronic[24,25] and mechanical propertiesg2p,

MOF/polymer composites have been widely studied wuéheir applications in membranes for gas
separation.[28,29] The objective is to combineghmessability of polymers with the sieving effett
MOFs. In addition, if a polymer with high permeatyilis selected, such as the polymers of intrinsic
microporosity (PIMs)[30,31], the resulting compesinembrane could potentially exhibit both high

permeability and high selectivity. However, the thgsis of MOF/polymer membranes with good



morphologies and performances is challenging.ecant review, several strategies were presengd th
could lead to an improvement in the design of thesenbranes.[32] Among these strategies was the
tailoring of MOF surfaces in order to modify suaproperties and improve adhesion with the
polymers. Some examples have proven that the demomaf the MOF surface with organic molecules
could be beneficial for some practical applicatioesch as gas separation.[33,34] Another way to
achieve this improvement would be to introduce édés” at the MOF surface. In fact, surfaces are
likely to have a relatively significant concentoatiof “defects”, and it is important to understarav
their presence affects the structure and physicora properties of the surface with respect tasého
of the “defect-free” case. Therefore, a microscagiudy comparing influence of defects at the MOF
external surface on the microscopic propertieshef MOF/polymer interface to those of the “defect-
free” case is of great interest.

Recently, we have developed a computational methggoto model the MOF/polymer interfaces,
integrating high-level quantum calculations withd® field-based molecular dynamics simulations, and
applied it to analyze the microscopic propertiestiod ZIF-8[35]/PIM-1 (scheme in Fig. 1c) [30]
interface as a model system.[36] This computatidoal has been further used to study a new
composite of the same MOF, with a different polymmamely the ZIF-8/PIM-EA-TB (scheme in Fig.
1d) [31] interface.[37] We have evidenced thatZiie-8/PIM-1 composite exhibits favorable attractive
interactions between the MOF and the polymer, #lcatas anchoring points.[36] In contrast, the ZIF-
8/PIM-EA-TB composite shows no preferential intéi@ts, but instead exhibits a homogeneous set of
interactions that leads to a better surface coeej@g Both composites have been found to have
“microvoids” at the interface, with diameters thain go up to 13 A and 11 A respectively. These
“microvoids” could provide a microscopic-level eaphtion of a sub-optimal compatibility between the
MOF/polymer pairs that has been revealed.[37] Thieative of this paper is to predict whether the

introduction of defects at the MOF surface wouldstically change the microscopic structure of the
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MOF/polymer interface and the interactions in play.a previous contribution [36] the model ZIF-8
surface slab was “defect-free” (see Fig. 1a). Here,introduce a “defect-containing” ZIF-8 surface
slab, which consists of under-coordinated metainatand deprotonated organic linkers (see Fig. 1b),
we present a full characterization of the resuliimgrfaces of the MOF/polymer composites with both
PIM-1 and PIM-EA-TB, and the corresponding resalte compared with those of the “defects-free”
system.

This paper is organized as follows. We first disctise computational methodology that we have
applied for the construction of the defective MQFface/polymer interface, (section 2) followed by a
discussion of the main results obtained for theadttarization of the composite in section 3. Finale

present the concluding remarks in section 4.

2. Methodology

The model interfaces have been constructed by eqgpyre multiscale methodology that we have
previously developed and applied to the ZIF-8/PINaid ZIF-8/PIM-EA-TB “defect-free” (DO)
interfaces.[36,37] Basically, the methodology inwed density functional theory (DFT) calculations fo
optimization of the MOF surface model, which isrtheoupled with a polymer to create an initial
composite model. Force-field Molecular Dynamics (M&mulations are then applied to refine and
optimize this model, and subsequently calculateelqeired properties for a full analysis.

The ZIF-8 “defect-containing” surface slab (D1) wgesherated from the most stable [011] “defect-free”
surface we previously reported. Here the underdinated atoms, which were initially terminated
considering the dissociative adsorption of waterletuaes in the defect-free case,[36] were left
uncapped. As a result, while the DO surface canssttwo types of terminations: OH groups and

imidazole moieties bonded to the Zn external atoman alternate fashion (see Fig. 1a), the Dlaserf



contains uncapped Zn atoms and imidazole moieses Fig. 1b). For the subsequent MD simulations,
the MOF surface model was kept rigid, the flextilbf the surface for this systems has been shown t
have a negligible effect on the interfacial projg={36] All atoms of ZIF-8 were treated as charged
Lennard-Jones (LJ) sites. A full list of the LJ gpraeters and partial charges we have used can bd fou
in the Supporting Information.

The PIM-1 and PIM-EA-TB polymers (see Fig. 1c amdréspectively) were constructed by combining
the Polymaticcode[38] and LAMMPS software,[39] considering bexaf 50 A x 50 A x 150 A. The
bonded parameters were taken from the GAFF forelel.f40] The non-bonded interactions were
modeled as a sum of site to site 12-6 Lennard-J@nggotentials and Coulombic interactions. The LJ
parameters were taken from TraPPE force field,[@dd the crossed potential LJ parameters were
computed by using the Lorentz-Berthelot mixing syé#2] The ESP partial charges for PIM-EA-TB
and PIM-1 were computed by DFT calculations. Furthetails on the polymer models can be found in
our previous publications.[36,37] The full list ffrce-field parameters is available in the Supparti
Information.

After generating the polymer models, two empty lsowere added in thedirection, resulting in boxes
of 50 A x 50 A x 400 A. The polymers were then diquated following the 21-steps MD equilibration
scheme proposed by Hoffmah a[43] (ensembles and thermodynamic conditions aosvehin Table
S4, polymer equilibration). The coordinates of gwymers were unwrapped in tkedirection, and
then the ZIF-8 “defect-containing” surface was atidey putting the two simulation boxes together in
the z direction. Again, a 21-steps MD equilibration wasfprmed, but this time, the constant pressure
simulations were carried out so that the cell cauity change its volume by variations of its length
the z direction (NRT ensemble instead of NPT ensemble, see Tableng#face generation). Here
again, the MOF/polymer interactions were treatedttas sum of a LJ term and a Coulombic

contribution, the crossed LJ potential parametemdcomputed by using the Lorentz-Berthelot mixing
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rules. Statistical data were collected for 10 Mibhwdations in the NVT ensemble for each different
system, with each simulation lasting 10 ns. Thenti@pendent MD initial configurations for these sun
were generated as follows: the polymer as obtairad Polymati¢38] was subjected to 10 different
simulated annealing protocols, which consisted @fcénsecutive heating/cooling cycles in the NVT
ensemble, and the high and low temperatures asasdthe duration of the cycles were varied. This
procedure resulted in 10 independent polymer carditipns, which were subsequently equilibrated
first without and then in the presence of the MQFace slab (21 steps schemes previously described)
All MD simulations were performed using a cutoff 15 A for the vdW interactions, while the Ewald
summation was used for the electrostatic interastid he Berendsen thermostat and barostat [44] were
used in the NVT and NPT/NP simulations respectively, with relaxation timek @1 ps for the
thermostat and 0.5 ps for the barostat. The irter&mulations were performed by using the DLPOLY

classic software,[45] which was modified in ordeatlow for the use of NF ensemble.

3. Results & Discussion

In order to characterize the interactions betwden golymers and the ZIF-8 D1 surface, we have
computed radial distribution functions (RDFs) faffetent MOF/polymer atom pairs. The data are
summarized in Figs. 2 and 3 for the ZIF-8(D1)/PIMahd ZIF-8(D1)/PIM-EA-TB interfaces
respectively.

PIM-1 strongly interacts with the under-coordinadatoms at the ZIF-8(D1) surface through its CN
group, with an average distance of 1.9 A (see Fidnottom left panel). The rest of the MOF/polymer
pairs show much weaker interactions associated etitlracteristic distances greater than 5.0 A. This
behavior differs to that previously observed fa tdefect-free” interface where the CN group of PIM

1 has been found to interact with the NH groupshef ZIF-8 imidazole moiety, with a characteristic

distance of 2.6 A.[36] Regarding PIM-EA-TB, mulépinteractions can be found as in the “defect-
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free” surface case, however the atoms involvednatehe same. In the “defect-containing” interface,
several sites, including the amino groups of thgmer interact with the hydrogens of ZIF-8 (labebsd

H1 and H4 in the force field, see Supporting Infation), with average distances of around 3 A (see
Fig. 3). This range of distance is the same asrttestsured for the ZIF-8(D0)/PIM-EA-TB interface.
[37] However, in that case, the different polyméess interact with the NH groups in the imidazole
moiety, which is absent in the “defect-containimgddel surface.

As a next step, we have studied the polymer coeeatdghe interfaces. Fig. 4 shows the density ef th
MOF and the polymer atoms for ZIF-8(D1)/PIM-1 ankF-B(D1)/PIM-EA-TB as a function of the
coordinate, which corresponds to the direction @edgcular to the MOF surface plane. The profiles ar
similar to those obtained for the ZIF-8(D0)/PIM-hdathe ZIF-8(DO)/PIM-EA-TB interfaces. In all
cases, the density of polymer atoms oscillates ratau constant value. The density then decreases
linearly as it approaches polymer/ZIF-8 interfacgilureaching zero at the MOF surface. Thus, two
distinct regions can be identified: the interfacggion,region A, and a more “bulk-like” regionggion

B. The zlength ofregion A can be used as a parameter to compare the suwifaesage by the
polymers. We define this parameter as the disthet@een the most external Zn atoms in the MOF and
the z value from where the polymer density starts flatng around a constant value. The average
values for the 10 MD runs are (12+4) A and (9+2pAthe ZIF-8(D1)/PIM-1 and ZIF-8(D1)/PIM-EA-
TB composites respectively, where the error bar eeaxsidered as the standard deviation of the values
These values are similar to those obtained foratiedogue “defect-free” composites, (13+2) A and
(9+1) A. Snapshots of the two “defect-containingterfaces are shown in Figf&gions A andB are
labeled and the typical MOF/polymer interactions stnown.

Furthermore, we have studied the free volume Histion at the interface. To this end, two different
methodologies were employed. On the one handytlmennectmethod,[46] and on the other, that

developed by Bhattacharyat al[47] Following the first approach, we superimposadthree-
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dimensional grid with bin sizes of 0.7 A to thefelient interfaces, and classified the grid cubes as
“empty” or “full”. Then, a probe molecule, with tiséze of a positronium particle or a nitrogen malec
(diameter 2.2 A and 3.64 A respectively), was usedample the empty cubes. Finally, the voids are
classified by their volume, and by the diametelytivould have if they were spherical. As its name
indicates, this methodology is supposed to accéamthe connectivity of the voids, provided the bin
size is sufficiently small. The second methodolagmples the voids by introducing a sphere and
increasing its diameter in a given position of gag to the point where it overlaps with the ifaee
atoms.

Figs. S2 and S3 depict histograms for the voidribistion probed by using these methodologies for
regions A andB of the ZIF-8(D1)/PIM-1 and ZIF-8(D1)/PIM-EA-TB iatfaces respectively. The top
and middle panels correspond to theeonnectresults. The top panels show the number of vosda a
function of their equivalent spherical diameter.aller voids are generally more abundant than larger
ones. However, the larger ones represent a largetidn of the total free volume, as illustratedtbg
middle panels. The graphs in the lower panels séiavilar results to those obtained by theconnect
methodology, proving thus that there is low intentectivity between the different voids.

Table 1 shows the values for the maximum equivadphterical diameters for the “defect-free” and
“defect-containing” interfacesrdgions A and B) as well as for the pure polymers. The maximum
equivalent spherical diameter is similar fegions A andB in both cases: (13+2) A versus (10+1) A
for the PIM-1 composite and (12+1) A vs (10+3) A the PIM-EA-TB composite. Comparing these
results with the “defect-free” interfaces, the &rfacial microvoids” iegion A) are similar as well, with
the equivalent spherical diameter being (13+1) A Z&F-8(D0)/PIM-1,[36] and (11+1) A for ZIF-
8(D0)/PIM-EA-TB.[37]

For both the ZIF-8(D1)/PIM-1 and the ZIF-8(D1)/PIEA-TB interfaces,region B shows only

microvoids, and not highly interconnected mesoscopids as in the case of pure polymers, as regorte
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in previous studies by using the same methodoltigy/bulk PIM-1 has been found to exhibit voids of
up to 34 A [48] while PIM-EA-TB shows slightly snied mesopores of 32 A in diameter, as probed by
a positronium particle.[49] This suggests thatitifuence of the MOF surface extends evemetgion

B, similarly to what was found for the “defect-fremiterfaces.[36,37] The size of the microvoids in
region B is similar for both PIM-EA-TB composites: (10+3) Aand (10+1) A, and for PIM-1
composites as well: : (1L0+1) A versus (8+1) A, tfee D1 and DO surfaces respectively.

To obtain further insight on the shape of the vowis computed their associated eccentricity:

whereb anda are the minor and major axis of the ellipse. Fpegect sphere, e = 0, while for a very
elongated ellipse, its value approaches 1. Theilision of the eccentricity values faegion A,
“interfacial microvoids”, for the different interéas is plotted in Fig. 6. Comparing the “defecefrand
“defect-containing” interfaces, the PIM-1 compositeccentricity profiles closely resemble (see top
panels), while for the PIM-EA-TB, the proportion afore spherical-like voids increases to the
detriment of the more elongated elliptical ones nvbensidering the “defect-containing” ZIF-8 surface
The tendency in the relative proportion of sphé+iga voids versus the elliptical ones for thefdient
polymers changes with the considered surface tatbee spherical-like voids are found for PIM-1rha
for PIM-EA-TB in the “defect-free” case, while theverse is true for the “defect-containing” surface
The v_connectmethodology also allows for an estimation of treefvolume fraction of the interface,
by computing the percentage of free cubes withaesp the total number of cubes in the three-
dimensional grid. The estimated free volume fracti® 0.25_+ 0.01 for ZIF-8(D0O)/PIM-1 and ZIF-
8(D1)/PIM-1 composites, and 0.23 + 0.01 and 0.29.82 for ZIF-8(D0)/PIM-EA-TB and ZIF-

8(D1)/PIM-EA-TB interfaces respectively. The erveas taken as the standard deviation for the 10 MD
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runs in each case. These values show that alththhsystems are different in terms of their
microscopic characteristics (interactions and vaddsributions), the total available free volume is
similar for all the composites. In addition, thesdues are comparable to those for the bulk polgmer
namely 0.24-0.26 for PIM-1 and 0.27-0.28 for PIM-ER.[49]

Finally, we have analyzed the conformation of th@lymer at the interface by computing the
distribution of some key dihedral angles in theypwr phases for the “defect-containing” and “non-
defect-containing” cases. The contorted backbomkehagh rigidity are distinctive features that ceeat
permanent porosity with unusually high BET arethim PIMs. It is thus interesting to study the sts

of the polymer at the interface, along with itsgmty. Fig. 7 shows two dihedral angles distribng

for PIM-1. The plot includes the data presenteaum previous contribution for the DO interface in
black,[36] and the new data in red. The profiles @most identical, which means that despite chrngi
the nature of the interactions, the “anchoring fgjischeme gives a very similar polymer conformatio
As mentioned in our previous contribution,[36] whesmparing these results with the pure polymer
ones,[48] the conformation is found to change drally. The degrees of freedom are reduced in the
presence of the surface, and the interfacial potymieven more rigid than the bulk one.

Fig. 8 shows the distribution of a torsional angholving the bicyclic TB units in PIM-EA-TB, forhe

DO and D1 interfaces. As for PIM-1, while the distitions look very similar, they are quite diffeten
from that of the bulk polymer.[49] The bulk polym&rowed two peaks: one high-intensity peak with a
maximum of 95°, and a low-intensity one at -110€rd the high-intensity peak is still present, but
shifted in 25° the maximum is around 119° and I24%he polymer at ZIF-8(D0) and ZIF-8(D1)
interfaces respectively. The low-intensity peakraplaced for a more uniform low-intensity region
between -180° and 20°. This means that PIM-EA-TiBagopt certain angles that were prohibited in the

presence of the MOF, although with a low probapilit
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4. Conclusion

We have modeled two “defect-containing” ZIF-8/PIktsmposites at the atomistic level by applying a
methodology combining DFT calculations and forceldibased MD simulations. Our results are
compared with those of the “defect-free” interfacBse interactions between the MOF and the polymer
depend on the nature of MOF surface. However, #re@l picture remains the same for both PIMs.
PIM-1 interacts through its cyano- function in bathses, with the NH termination at the imidazole
moiety at the “defect-free”, and with the bare Znhe “defects-containing” ZIF-8 surface. This lsdd

a series of “anchoring points” at the surface reigas the presence/absence of defects. For the PIM-
EA-TB interfaces, many polymer atoms are involvedhe interactions, both for the “defect-free” and
“defect-containing” ZIF-8. In the former, the indetions are mainly with the -NH group of the
imidazole moiety, while in the latter, they takag# with the H atoms that are bonded to the C atoms
the imidazolate linkers.

As for the “defect-free” cases, “interfacial micmas” were found, and the systems can be divided in
two distinct regionsregion A, where the polymer density drops linearly with thgtance to the MOF
surface, andegion B, a more “bulk-like” polymer. The coverage of theface by the polymer and the
size of the voids are similar between the “defeeef and “defect-containing” caseRegion B
polymers still differ from the corresponding bulklymers, as was previously found for the “defect-
free” interfaces, so that the influence of the acefin the polymer configuration extends up to more
than 15 A. The probability distribution of the skapf the voids is almost unchanged when comparing
ZIF-8(D0)/PIM-1 and ZIF-8(D1)/PIM-EA-TB, but theres an increase of spherical-like voids in
detriment of the elliptical ones in the “defect-taining” case for PIM-EA-TB composites. The total
free volume fraction is similar in all cases, aondhparable to that of the pure polymers.

The conformation of the PIMs at the interface clengvith respect to their bulk conformations.

Nevertheless, the presence of defects at the sudaes not seem to significantly change the polymer
11



conformation. PIM-1 seems to become more rigichm firesence of the interfaces, while PIM-EA-TB
has a low probability of adopting certain torsiowgles values that were not seen in the bulk.

Overall, the plausible presence of “defects” atM@F surface seems to induce only minor changes on
the characteristics of the interface at the miavpsrscale. Indeed, there are no microscopic featto
support that the presence of defects at the MOfasiwould drastically affect the geometry of the
MOF/polymer and the interactions in play. This segjg that the microscopic structure of the
MOF/polymer interface is mainly dictated by propestsuch as geometry and flexibility, while the
chemical interactions only play a minor role. A tonation of this work will be to consider the syuaf

these composites at the mesoscopic scale.
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Table 1. Equivalent spherical diameters (A) ofbas for the “defect-free” and “defect-containing”

interfaces and for the bulk polymers, obtainedhigwt connecimethod.

Compound Region A Region B
ZIF-8(D1)/PIM-1 (13+2) (1c+1)
ZIF-8(D0)/PIM-1 (13+1)*° (8+1)**
Bulk PIM -1 34
ZIF-8(D1)/PIM-EA-TB (12+1)" (10+3)*
ZIF-8(D0)/PIM-EA-TB (11+1)° (10+1)3
Bulk PIM -EA-TB 32

1-This work, 2-Ref. [36], 3-Ref. [37], 4-Ref. [4&-Ref. [49]
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a) ALL CAPPED

Fig.1. Schemes of model ZIF-8 surfaces: (a) “defemt” surface, (b) “defect-containing”
surface labeled as DO and D1 respectively. Theciretes highlight the N terminal imidazole
atoms, which are terminated by an H in the “defes” surface, and left under-coordinated
in the “defect-containing” surface. The green @scindicate Zn atoms which are terminated
by an OH group in the “defect-free” surface and lehder-coordinated in the “defect-

containing” one. Schemes of PIMs: (c) PIM-1 andR&\-EA-TB.
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Fig. 2. Radial distribution functions for the ZIFE8L)/PIM-1 interface model, for the pairs
(Zn)zir-s ... Xpiv-1. The involved polymer sites are indicated in tobkesnes in red. Results

obtained from four different MD runs.
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Fig. 3. Radial distribution functions for the ZIFESL)/PIM-EA-TB interface model, for the
pairs (Hyirs ... Xpiv-ea-te. The involved polymer sites are indicated in thkeesnes in red.

Results obtained from four different MD runs.
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Fig. 4. Densities of polymer and MOF atoms as action of the z coordinate for
representative configurations of: (a) ZIF-8(D1)/PIMand (b) ZIF-8(D1)/PIM-EA-TB. The

blue dashed lines indicate the limitsrefion A andB.
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Fig. 7. Dihedrals angles distributions for the po&r phase in ZIF-8(D1)/PIM-1 (black full

histogram) and ZIF-8(D1)/PIM-1 (red empty histogjam
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Fig 8. Dihedral angle distribution for the polynmrase in ZIF-8(D0)/PIM-EA-TB (black)

and ZIF-8(D1)/PIM-EA-TB (red).
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