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Abstract

Extensive efforts over the last several decades have focused on the possibility of
“crystal engineering” metal-organic framework (MOF) materials with bulk properties
tailored toward specific applications. However, beyond their bulk structure, MOF inter-
faces and surfaces can also play an important role in governing the materials properties
relevant to many applications, including both interfacial mass and/or charge trans-
port. We presently examine the diversity of stable surface structures / terminations of
zeolitic imidazolate frameworks (ZIFs), a sub-class of MOF's, under a variety of condi-
tions that are characteristic of either gas-phase, “post-synthetic” conditions (relevant
to many MOF applications) or solution-phase conditions (typical of those used dur-
ing MOF synthesis). We construct surface phase diagrams to predict the most stable
ZIF surface terminations as a function of external parameters (including temperature,
adsorbate pressures, and pH), making explicit comparison against prior experimental
observations, when possible. We find that the resulting phase diagrams can be used to
explain the results of prior experimental studies of ZIF terminations across a variety
of conditions and provide important insights into the factors that govern the structure

of ZIF interfaces.

Introduction

The synthesis of metal organic frameworks (MOFs) has attracted significant research focus
over the past two decades due to the possibility of “crystal engineering” MOFs with spe-
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cific structures and/or properties tailored toward myriad possible applications,
gas storage,*® separation®7 catalysis,®? chemical sensing!'® and drug delivery. 2 As such,
there is a now vast literature devoted to the examination of the relationship between a MOF’s

structure and its associated bulk properties (e.g. surface area, adsorption isotherms).!® How-

ever, it is becoming increasingly clear that, beyond this bulk structure, MOF surfaces and



interfaces play a vital role in governing both their synthesis (e.g. crystallization)!* and
in many of their practical applications (e.g. mass transport, conductivity, surface cataly-
sis). 1519 Nonetheless, detailed studies regarding MOF interfaces have only begun to appear
relatively recently, and there remain substantial gaps in our present knowledge regarding the
structure and relative thermodynamic stability of MOF surfaces.

Herein we focus specifically on zeolitic imidazolate frameworks (ZIFs), a sub-class of
MOFs composed of Zn*' cations coordinated via bridging imidazolate-based ligands. ZIFs
are often observed to exhibit high chemical and thermal stability,?° which, in addition to
their intrinsic nano-porosity, yields many exciting applications.?!?? ZIF-8 is a prototypical
ZIF with solidate (SOD) topology and 2-methylimidazolate (mim) linkers that has been the
subject of numerous syntheses and characterization studies, including those focused in its
interfacial structure. In many cases, these studies appear to present conflicting result for
the ZIF surface termination, perhaps due to differences in the ZIF synthesis (e.g. room
temperature vs. solvothermal, aqueous vs. organic solvent) or characterization conditions.
Using in situ AFM, Moh et al. monitored the growth of ZIF-8 under solvothermal condition.
They performed step height analysis of the resulting AFM deflection images, identifying
a [Zn(mim),]” surface termination motif and the presence of nonframework species on the
surface.?® Tian et al. utilized X-ray photoelectron spectroscopy (XPS) to identify the involve-
ment of carbonates, water/hydroxides, uncoordinated amines and mim in the termination
of a ZIF-8 thin film under ultrahigh vacuum; those authors explained the presence of car-
bonates via exposure to ambient CO, from air.?* A high-resolution TEM (HRTEM) study
by Zhu et al. revealed an ‘armchair’-type termination involving 2-methylimidazole (Hmim)
capping of ZIF-8 (110) surfaces during crystal self-assembly. 2

Corresponding computational studies of ZIF-8 surface structures/terminations are also

scarce. Chizallet et al. demonstrated the existence of both acidic (Zn*") and basic (N

moieties and OH groups) sites at the external surfaces of ZIF-8 via CO adsorption using



density functional theory (DFT) calculations in conjunction with Fourier transform infrared
(FTIR) spectroscopy.?® Sholl and coworkers computed surface energies of various possible
ZIF-8 facets ({110} and {100}), but they did not attempt to discern the most stable termi-
nations as a function of external conditions.?” Later, using combination of DFT and molec-
ular dynamics, Semino et al. modeled a ZIF-8/polymer interface and also examined several
possible ZIF terminations.?® Finally, a density-functional-based tight-binding (DFTB) ex-
amination of ZIF surfaces was conducted by Zhu et al.. Their calculated surface energies
were used to support an ’armchair’-type surface termination, consistent with a prior HRTEM
study.?” Note that, in all these cases, the computational analysis of the ZIF terminations
focused on energies (vs. free energies) and thus cannot be utilized to make predictions
about the thermodynamically stable surface termination under varying conditions of tem-
perature, linker/adsorbate concentrations or solution pH. Chizallet and Bats investigated
various external ZIF surface sites with different Zn coordination number and their stability
as a function of temperature and adsorbate (H,O and CO,) pressure, using a finite cluster
model for the ZIF surface. However, such a gas-phase model cannot account for the role of
solvent during the synthesis process, solution pH, nor the concentration of the linker group.
In contrast, the goal of the present work is to perform a computational analysis of the surface
structure(s) and thermodynamic stability of ZIF interfaces under a wide range of synthetic
and post-synthetic conditions.

Ultimately, the surface structure and termination of ZIF crystallites is controlled by a
combination of thermodynamic and kinetic factors. Nonetheless, the relative thermodynamic
stability of various ZIF terminations is ultimately governed by their relative surface free
energies. Herein we utilize these surface (free) energies to generate a surface phase diagram,
which determines the surface termination of ZIFs under thermodynamic control. Such phase
diagrams play a key role in predicting the observed surface structure, particularly during

high-temperature synthesis or after prolonged reaction times. Briefly, we first build ZIF



surface models consisting of various possible terminations, using DFT to calculate their
surface free energies in vacuum. We then utilize molecular dynamics (MD) simulations in
the presence of explicit solvent to calculate solvation effects, where appropriate, yielding
results that are relevant to both synthetic and post-synthetic conditions. The resulting
phase diagrams provide a consistent framework that can be used to explain the results of
prior experimental studies of ZIF terminations across a variety of conditions and provides

important insights into the factors governing the structure of ZIF interfaces.

Methods

In this section, we detail our methodology for calculating the surface free energies of various
ZIF surfaces and surface terminations under a variety of experimentally-relevant conditions;
these surface energies in turn enable the construction of a ZIF surface phase diagram, dictat-
ing the thermodynamically most stable ZIF termination as a function of the relevant external
parameters (e.g. temperature, pressure). We focus specifically on the (110) facet of ZIF-8,
due to the prevalence of this facet in common rhombic dodecahedron crystals and the avail-
ability for corresponding characterization data (including HRTEM, AFM and XPS);?325:27:30
note that this surface contains only a single, low-energy cut that consists with cleaving the
weak Zn-Im coordination bonds. In the construction of these phase diagrams, we account for
the influence of temperature, adsorbate pressures / concentrations (solvent and/or Hmim)
and, in solution, pH. We focus on two important regimes: post-synthetic conditions, i.e.
under vacuum or humid air; and synthetic conditions, i.e. under solvent exposure (typically

water or dimethylformamide [DMF]), potentially with excess Hmim.



Surface Free Energy

The thermodynamically most stable surface (i.e. the facet, or specific termination thereof)

is the one that minimizes the surface free energy, (T, p),3' where

AT0) = 5z (G (9 AN~ 3 Nl21) )

and G, denotes the Gibbs free energy of a surface “slab” with total surface area of 24, N;
is the amount of component i contained in (or adsorbed on) the slab, and y; is the chemical
potential of component i at temperature 7" and pressure p. In words, Eq. (1) denotes the free
energy change per unit area for generating a surface from the bulk, accounting for possible
surface adsorption of additional species from a reservoir (either the air or solution).

Using Eq. (1), we construct surface phase diagrams by plotting the surface free energy
of various surface terminations as a function of the temperature, pressure, and/or adsorbate
chemical potentials, with the equilibrium surface given by the one with the lowest surface free

energy. 32 This general framework has been successfully utilized in a wide variety of contexts,
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including the studies of the surfaces of alloys,?* semiconductors and metal oxides;

we presently apply it to the examination of ZIFs.

Surface Phase Diagrams in Gas Phase

For the gas phase, we consider a ZIF-8 (110) slab in equilibrium with an atmosphere of
gaseous water and Hmim. (Note that we have not explicitly considered adsorption of CO,
which, along with water, is an important component of ambient air and could be important
in some regimes, although likely not for three-coordinate Zn atoms that dominate the surface

of large ZIF crystallites.??) The surface free energy, v, is given by:
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Here 115, 2 is the bulk Gibbs free energy of ZIF-8 per formula unit (out of a total of Nz,),
and Nemim / Nu,0 are the number of excess surface adsorbed Hmim / water molecules over
the bulk stoichiometric ratio. Appmim and Aus,o represent the relative chemical potentials,
Apx = px — p5 (X=Hmim, H,0), and p5 is the chemical potential at standard conditions
(298K, latm). Note that a similar procedure was utilized by Amirjalayer et al. to calculate
the relative stability of several terminations of the MOF HKUST-1 on the basis of DFT.2

All slab terminations were constructed symmetrically between the two interfaces to bal-
ance surface dipoles, using a 15 A vacuum gap to further minimize their periodic interactions.
The Vienna Atomistic Simulation Package (VASP)#346 was utilized to conduct periodic
DFT calculations of these surface slabs. These calculations utilized a projector-augmented
wave (PAW)4748 treatment of core electrons in conjunction with a 600 eV energy cutoff.
All structural optimizations utilized the PBE generalized gradient approximation exchange-

19 with the atom positions of first two layers of the surface relaxed with

correlation functiona
fixed slab volume. Due the the large unit cell, the Brillouin zone was sampled only at the '
point. Dispersion corrections were added via an empirical Grimme D3 correction.® In these
optimization calculations, the energy was converged to 107% eV and forces were converged
to a tolerance of 0.01 eV /A.

At the finite temperature, the Gibbs free energy of surface slab was computed by adding
zero-point and entropy contributions to the DET total energy, Ggup(T) = Egay + AZPE —

T'Sgap- The pV term is neglected here because it makes only a trivial contribution to the



surface free energy.®! Zero-point and entropy contributions were calculated using harmonic
frequency analysis on the top layer of the surface (dashed red rectangle in Fig. 2 ). Similar
approaches were used to compute the chemical potential of the molecular absorbates (H,O
and Hmim), with the addition of rotational and translational contributions; details can be

found in the SI.

Surface Phase Diagrams in Solution

Building on the above gas-phase surface phase diagrams, we also generate solution-phase
diagrams by accounting for the differences in the associated experimental conditions as well
as solvation effects. Note that, for simplicity, we consider only charge-neutral surface termi-
nations (i.e. we do not consider charged surface terminations, which must be balanced by a
diffuse double layer of ions from solution).

Since construction of a phase diagram requires only relative (and not absolute) surface
free energies, we take as a reference a gas-phase ZIF termination with two excess adsorbed
water molecules and two mim (“surfy/,”, see Fig. 2¢). In the gas-phase, the surface energy

of other terminations, relative to surfy/,, is given by

1 vac vac
A’}/(g) = ﬂ[ Slab = Msurfq,y T NHmimMHmim(Q) - (NHZO - 4):U’H20(g)] (3)

Note that there are two water molecules absorbed on each side of the surf;/, termination
and thus the total number of excess water molecules is 4 (see the last term in Eq. (3)).

Next we add a solvation correction to Eq. (3) to obtain the corresponding solution-phase



relative surface free energy,

Arlag) = 51 (G4, + MG, — (G, + AGEL, )
— Ntmimemim(@q) — (N0 — 4) pti,0(1)] (4)
1 vac SO
= ﬂ[A surfay /o + AAGsuler/Q - NHmim/’LHmim(CLQ) - (NHQO - 4)/’LHQO(Z)]
Here AGUT,, | = Giiay — Gty , 1 the relative (gas-phase) free energy of the terminations,
and AAGS fapy = AGs, — AGL Juj, 18 the corresponding relative solvation correction.

Because water is the majority species in dilute aqueous solutions, we approximate the
water chemical potential as a constant for a given temperature, um,0(l) ~ g o(c = 55M),
yielding our working expression,

_ L
2A
- (NHzo - 4)N§2O(C = 55M)) — Ntmim Aftimim (C)]

[AGY,  + AAGE. . — Nimimftim (€ = 1M)

surfa/o surfa/o

Ay(c)
(5)

where Aftmim (€) = fHmim(€) — Ui (¢ = 1M), and pg,.;. (c = 1M) represents the standard

chemical potential of Hmim in aqueous solution.

Evaluation of Solvation Corrections

Utilization of Eq. (5) requires the evaluation of several quantities: AGY%¢ faj2 Ui (€ = 1M),

,u%o (¢ =55M) and AAG?? . ; AGY*, can be easily obtained from gas phase calculation,

sur fa/9? sur fa/a

as described in the prior section. We compute pg,...(c = 1M) via correction from the

corresponding gas-phase chemical potential, ug . (p = latm),

(€ = LM) = i (p = Latm) + AGE (6)

sol(Hmim)
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sol(Hmim)» Was evaluated by adding the solvation

The standard solvation free energy, AG
free energy obtained via the experimentally-measured air-water partitioning coefficient of
imidazole (Him)5? to the simulated solvation free energy difference between Hmim and Him.
The simulated Gibbs free energy change of solvation was computed via thermodynamic
integration (TI), by gradually tuning the adsorbate-solvent interaction using a coupling

parameter, A\, which slowly decouples the solute and solvent interaction. The free energy

difference between these two states was computed as:

Ao = /01<6U“)>AdA ™)

O\

Complete details can be found in the SI.
We compute /@20(@ = B55M) via equilibrium with the experimentally-measured vapor

pressure,

H%O(C = 55M) = l‘%o(? = latm) — AG?ap(HQO)

Pua
= 4§ o(p = latm) + RTlnp—@p

where p,,, is measured liquid water vapor pressure at 298K (0.031 atm).”

To evaluate the relative solvation free energy of various terminated ZIF-8 surfaces, we
utilized TI coupled with the so-called dual topology approach, involving the alchemical
transformation / thermodynamic cycle demonstrated in Fig. 1. Using a pair of such alchem-

ical mutations, one in vacuo and the other in solution, we obtained the required solvation

correction as AAG* = AG? AG!

sol — sol =BG, — MG,

For these alchemical TT calculations, we utilized an initial simulation box that was con-
structed with a (2 x 2 x 1) ZIF-8 (110) surface slab solvated with 1420 water molecules
generated using the Packmol® package. The ZIF-FF® and TIP4P-Ew®® force fields were

applied to describe ZIF surface and water, respectively. The cut off radius for van der Waals
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Figure 1: Thermodynamic cycle used in alchemical transformation of surface termination
"surfy /" to 7surfy /37

and Coulomb interactions were set to 13 Aand 10 A. Point charges were assigned to each
atom using the DDEC®"?® method. Electrostatic and van der Waals interactions were de-
coupled using separate Age. and A4, parameters, using 10 equally spaced points for each
region; several additional points were added for \,4, in regions of rapid change. Van der
Waals interactions were scaled using a soft-core potential to avoid singularities. NPT simu-
lations were run using the LAMMPS®? simulation package. We utilized 5 ns for equilibration
and a subsequent 10 ns production run for each A. The temperature was fixed at 300 K using
Nose-Hoover thermostat and a 1 fs timestep. The pressure was controlled via a Nose-Hoover
barostat (damping time of 1000 fs). The particle-particle particle-mesh (PPPM)® method

was used to calculate the electrostatic interaction.

Surface Phase Diagrams in DMF Solvent

Surface phase diagrams in DMF solvent were calculated analogously to the aqueous case.
Beginning with the corresponding gas-phase results, we computed solvation corrections via
TI. We treat pupyr (the solvent chemical potential) as a constant evaluated for the pure

liquid. For the TT simulations, the initial simulation box was constructed with a (2 x 2 x 1)
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ZIF-8 (110) surface slab and 330 DMF molecules, using the OPLS-AA force field for DMF. %!

Results and Discussion

Surface Structures

We list all possible surface terminations in Table 1 and organize them in three categories:
those enriched in the Hmim linker (L), over the stoichiometric ratio; those with a stio-
chiometric amount of Hmim, but potentially additional adsorbed solvent (Znl,); and those
deficient in Hmim as compared to the stoichiometric ration (Zn-rich). Since our surface
slab is symmetrically terminated on both sides, we denote the surface terminations based
on the number of adsorbed Hmim(mim)/H,O(OH) on a single side. For example, we refer
to the bare/stoichiometric surface configuration with two dangling imidazolate linkers (and
no adsorbed solvent) as “surfy/”. Here the 2 denotes two imidazole-like groups (Hmim or
mim), and 0 indicates no water-like groups (H,O or OH) present on the surface termination;
this stoichiometric termination is shown in Fig. 2a, alongside four additional possible termi-
nations. For each termination type, the corresponding VASP-optimized configuration and
energy are shown in the SI.

Starting with the bare stoichiometric surface, surfy g, we consider the adsorption of ad-
ditional adsorbates (H,O or Hmim). We find that adsorption of additional Hmim is quite
favorable, with a binding energy of 1.98 eV; this large binding energy originates both from
direct coordination of the Zn and N and hydrogen bonding between adjacent Hmim and
mim linkers, as shown in Fig. 3a. In the case of water adsorption, we find that dissociative
adsorption of a single water (1.59 eV) is more stable as compared to associative chemisorp-
tion (0.72 eV). As shown in Fig. 3b, the dissociative configuration yields not only a stable
hydrogen bond between adjacent Hmim and mim, but also a stronger Zn-O bond compared

to Zn-H,O chemisorption.
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Table 1: Summary of Surface Terminations of ZIF-8(110)

Category Termination Number of Configurations® Ngmim Nn,0

surfy 3 4 0

L-rich surfs /o 3 2 0
surfz /g 6 2 2

surfy /o 3 0 0

ZnL, surfy/q 9 0 2
surfy /o 12 0 4

surfy /; 3 -2 2

surfy /o 9 -2 4

surfy /3 6 -2 6

Lot surfo o 3 -4 4
surfy/3 3 -4 6

surfy /4 3 -4 8

a. The number of configurations listed here shows the possible combinations of relative linker
positions. DFT energies of the most stable configurations for each termination are shown in SI.

Figure 2: Structure of ZIF-8 (110) surface with (a) stoichiometric termination surfy o (left);
examples of (b)surfy/g, (c)surfye, (d)surfy/s, (e)surfy,s (right), alongside a schematic depic-
tion
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Figure 3: ZIF-8 (110) surface termination with (a) one Hmim adsorbed (i.e. surfss); (b)
one water dissociated adsorption (i.e. surfy/;)

Surface Phase Diagram in Gas Phase

Based on the above DFT-calculated energies / free energies of the various ZIF surface ter-
minations, we utilize Eq. (2) to calculate the corresponding surface energies as a function
of Apgmim and Apm,o at room temperature (298K), typical of post-synthetic conditions
(humid air) under which ZIFs might be utilized, and also representative of those used during
ex situ ZIF characterization studies. These surface energies were used to construct a two-
dimensional surface phase diagram, where the Hmim and H,O concentrations are given as
either partial pressures or relative chemical potentials; see Fig. 4.

We find that the surfy/, termination (red region) is the dominant surface structure ex-
cept at extremely low partial pressures of Hmim. Such low partial pressures (lower than
10719 bar) are not unreasonable under post-synthetic conditions, where the only free Hmim
likely originates from desorption from the surface. At sufficiently low partial pressure of
Hmim, water becomes the dominant surface species. Under such conditions, when the par-
tial pressure of water is larger than 102 bar, the surface is fully covered by water and surface
imidazolate linkers are replaced by hydroxyl groups, yielding the surfy/4 termination; this

transition is explored in more detail below, vide infra. As the partial pressure of water drops,
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Figure 4: ZIF-8 surface phase diagram at 298K in gaseous atmosphere
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this replacement is incomplete, and may even expose undercoordinated Zn sites. When the
partial pressure of water is extremely low (lower than 1072° bar), the stoichiometric (under-
coordinated) surfy ) termination becomes the most stable phase (yellow region), due to the
low partial pressure of all available adsorbates.

Focusing specifically on the case of a ZIF surface under humid air (50% relative humidity,
~0.016 atm H,0%), we examine the corresponding cross-section of the two-dimensional
phase diagram (white dashed lined). The resulting one-dimensional surface phase diagram
is shown as a function of partial pressure of Hmim in Fig. 5. We show only those terminations
corresponding to full surface coverage, since all partial coverages are unstable under these
conditions (see SI for details). We find that the surface termination evolves from surfyy to
surfy/4 at a (very low) Hmim partial pressure of about 107'* bar. Under such conditions, and
given 50% relative humidity, the water concentration is sufficiently high that the replacement
of surface Hmim/mim species by H,O/OH is complete.

A practical challenge in applying this phase diagram is to identify a “reasonable” Hmim
partial pressure, which in turn determines the equilibrium surface termination. We utilize
the following argument to make a qualitative estimate: Given a typical ZIF-8 crystal size of
1 um, the external surface area (assuming spherical crystals) is approximately 10 m?/g;3
we postulate that only those adsorbates present on the external crystallite surface are prone
to loss/desorption. Assuming a 1g sample enclosed in a 1 m? container and equilibrated at
room temperature, the desorption of even ~1% of the surface Hmim from the initial surface
would yield a Hmim partial pressure of 107!° atm. Even under this low partial pressure,
Fig. 4 demonstrates that the equilibrium surface remains fully covered with imidazole (Hmim
or mim) species, surfy/y. These conclusions are essentially independent of the water partial
pressure, until extremely low Hmim partial pressures (such as might be achieved by prolonged
drying under vacuum). These results are also consistent with high resolution transmission

electron microscopy (HRTEM) experiments by Zhu et al. on the ZIF-8 (110) surface.?
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full coverage terminations shown)



In their work, ZIF-8 crystals were synthesized in aqueous solution at room temperature
with a large Hmim excess.?® However, the HRTEM images were taken post-synthesis after
the crystals were washed and dried for an extended period at 363 K, which should allow
for quasi-equilibration of the surface, as outlined above. Their HRTEM results showed an
‘armchair’-type termination, with surface Zn?" ions capped by Hmim, and consistent with

the prediction the surface phase diagram.

Surface Phase Diagram in Aqueous Solution

Given the growing prevalence of room temperature (vs. solvothermal) synthesis methods
for ZIFs, which often employ aqueous (vs. organic) solvents, we further examine the sur-
face phase diagram in aqueous solution at room temperature. As mentioned previous, we
consider only the charge-neutral surface terminations and limit our discussion to those with
full coverage: surfy/, surfy;;, surfy/y, surfy s, surfyy. These solution-phase surface phase
diagrams can be obtained from the prior gas-phase diagrams by accounting for solvation
effects, as in Eq. (5). We report our results both in terms of excess Hmim chemical potential
and concentrations, using Appmim = —kTINCHmim/c®, where ¢® = 1 M; the resulting phase
diagram is shown in Fig. 6.

In contrast to the gas-phase, post-synthetic scenario, quantifying an appropriate Hmim
concentration is more straightforward under synthetic conditions. Note, however, that two
distinct regimes are relevent, depending on whether excess or stoichiometric Hmim were
utilized during the synthesis. In the former case, significant (~molar) concentrations of
Hmim remain in solution after crystallization. In the latter case, in contrast, it is likely
that only very low Hmim concentrations will persist, governed by the extremely largely
complexation constant for imidazole species by Zn ( 10'34).54 Note that in both cases, the
appropriate Hmim concentration, ¢gmim, should be properly interpreted as the excess (free)

solution-phase Hmim upon completion of the crystallization.
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As shown in Fig. 6, when the excess Hmim concentration is greater than ~10mM, the
equilibirum surface is entirely imidazole covered, surf, ). However, as the excess Hmim con-
centration further decreases, solvent progressively incorporates on the surface, transforming
from surfy/o to surf;;3. When the excess Hmim concentration drops to substantially lower
values (~ 107 M), the ZIF-8 (110) surface becomes entirely terminated with hydroxyl
groups and water molecules, surfy/;. Comparing this 1D surface phase diagram with the
corresponding gas-phase results, we see qualitatively similar trends (i.e. the expected tran-
sition from Hmim- to water-covered, with changing Hmim concentration) but substantial
differences in the transition regimes. In particular, this gas-phase transition region occurs
only for extraordinarily small Hmim partial pressures, which are unlikely to be realized in
most situations. In contrast, the solution-phase transition concentration should be easily
achievable, depending on the synthetic details.

To make a more direct connection with experimental results, we can also account for
the role of solution pH. In particular, the excess cgmim varies with solution pH according to
the speciation of imidazole. Since the pKa of Hmim is 15.1, we focus on the regime where
pH < pKa and the dominant solution-phase imidazole species are Hmim and protonated
H,mim™ (excluding the minority mim~). Note that of these majority species, only Hmim

can coordinate with the surface (since Hymim™

contains no free N groups); this also ensures
that the dominant surface terminations will remain charge neutral. We utilize the known
equilibrium constants for Hmim to calculate its speciation with pH (and ¢gpmim, in particular);
see the SI. We then use these results to construct a surface phase diagram at a fixed total
Hmim concentration (all imidazole species) of 1M at various pH values; see Fig. 7.

We find that the resulting equilibrium surface termination exhibits a strong pH depen-
dence, which can divided into three regimes. For pH > 5.7, the imidazole speciation is

dominated by Hmim. In this case, the excess concentration of Hmim is sufficiently high that

the ZIF surface is imidazole covered (surfy/). However, as the pH decreases, protonation of
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Figure 6: ZIF-8 surface phase diagram at 298K in aqueous solution
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the Hmim becomes increasingly important, lowering the free Hmim concentration. In this
regime, we see partial replacement of Hmim by solvent species, reflecting surf; ;3 termination
(marked as purple) in the plot. At even lower pH (~<3), the Hymim" species dominate
and the solvent termination is essentially complete, with the surface dominates by water and

-OH groups.

Ay (meV/A”)

pH

Figure 7: ZIF-8 surface phase diagram at 298K as a function of pH in aqueous solution

The above discussion and pH-dependent surface phase diagram clearly predict a wa-
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ter/hydroxyl terminated ZIF surface at low pH (~< 5.7). These conclusions are consistent
with direct experimental evidence obtained via both X-ray photoelectron spectroscopy (XPS)
and Fourier transform infrared spectroscopy (FTIR) characterization of ZIF-8 {110} facets
under mildly acidic conditions.?” Pang et al. synthesized ZIF-8 rhombic dodecahedra crys-
tallites at room temperature in water and subsequently exposed them to an aqueous SO,
solution. They observed a decrease of N 1s peak intensity and the increase of O 1s peak
intensity in XPS spectra, suggesting that surface imidazolates were replaced by hydroxyls
during a degradation process under mildly acidic conditions. This observation was accom-
panied by an increase in the IR adsorption intensity in the OH stretching region (3400-3500
cm™') in the FTIR spectra, further supporting the Zn(OH), termination. In addition, they
authors also observed more obvious degradation with increasing SO, concentration via SEM.
Similar phenomena were found by Avci et al. upon the exposure of ZIF-8 crystal samples
to HCI solutions.% In both cases, these results are consistent with the predictions from the

pH-dependent ZIF surface phase diagram.

Surface Phase Diagram in DMF Solution

Using similar approach, we replace the water solvent with DMF; an important difference
in this case arises due to the aprotic nature of DMF, ruling out terminations involving
dissocative adsorption. We consider the following full-coverage surface terminations: surfy,
surfs/;, and surfy/,, where the second index now refers to the number of adsorbed DMF
molecules. In addition, since DMF is often used in solvothermal ZIF synthesis, we compute
the surface free energies at a higher temperature of 373K; the resulting surface phase diagram
is shown in Fig. 8.

Just as in the case of room-temperature aqueous solution (Fig. 6), we find that the surface
phase diagram in DMF predicts an imidazole-terminated surfy /o surface outside of low Hmim

concentrations. As the Hmim concentration decreases below the ~ 10uM regime, DMF
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incorporation begins (surfs;;) and this process continues as the free Hmim concentration
drops below ~ 1uM (surfy/,). Note that the transition from a fully-imidazole to a partially-
solvent-covered termination occurs at substantially lower Hmim concentrations as compared
to the aqueous case. This difference arises because the gas-phase binding energy of a single
DMF molecule (1.30 eV) is smaller than the dissociative binding energy of a single water
(1.59 eV); in turn, both solvent species display a smaller binding energy as compared to
Hmim (1.98 eV). Given that the solvation free energy differences between water and DMF
are modest compared to these binding energy differences, it is primarily the relative solvent
binding energies that govern the differences in the phase diagrams.

In connecting to prior experimental observations under DMF, it is important to note
that most solvothermal ZIF syntheses utilize a stoichiometric ratio of Zn to Hmim (1:2), in
contrast to room temperature aqueous syntheses that often employ a large excess of Hmim.
In other words, upon completion of the reaction, we would expect only very small residual
concentrations of free Hmim. A rough order-of-magnitude estimate for the residual Hmim
can be obtained by using the solubility constant for ZIFs ( 10'3),%* which would predict a
saturated concentration of imidazole species of ~ 107°M. In this regime, the surface phase
diagram predicts partial DMF surface incorporation, i.e. surfs;;. This result is consistent
with the prior experimental observations by Attfield and coworkers.?® In their work, ZIF-
8 substrate crystals were initially prepared using a stoichiometric ratio of Zn:Hmim under
solvothermal conditions (373 K) in DMF. In situ AFM was then used to monitor the growth
of the crystalline {110} facets in a diluted methanol/DMF solution. Via step heights analysis,
those authors demonstrated that the ZIF-8 crystal surface plane were not terminated with
pure secondary building units (i.e. [Zn(mim),)*), but rather involved surface Zn®* ions
coordinated to 3 linkers (from the underlying bulk ZIF) and one solvent. This conclusion,
based upon AFM analysis, is consistent with our predicted solvent-terminated surface under

such conditions.
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Figure 8: ZIF-8 surface phase diagram at 373K in DMF solution
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Conclusions

Using a combination of DFT-calculated energetics and MD-calculated solvation effects, we
have constructed surface phase diagrams for ZIF materials that are valid over a wide range of
conditions. In the case of gas-phase “post-synthetic” conditions, we find that ZIF surfaces are
almost inevitably terminated primarily by imidazole-related species (“surfy/”), rather than
solvent. This termination remains stable even under high relative humidity and extremely
low Hmim partial pressure, and thus we expect that it would be altered only via prolonged
heating under vacuum (to remove any desorbed Hmim).

In the case of solution, the situation is more complex. Under high solute-phase imidazole
concentrations, a fully imidazole terminated surfy o surface remains quite stable. However, at
low pH, where the free (unprotonated) Hmim concentrations becomes low, partial (surf;/;)
and even total (surfy/s) solvent incorporation may occur. These predictions are consistent
with prior experimental observations of ZIF evolution under acid exposure, which was shown
to result in water/hydroxyl incorporation as detected via both IR and XPS.?" Small free
Hmim concentrations can also arise from the use of stoichiometric Zn:Hmim ratios, e.g. as
is common in solvothermal synthesis — cases where in situ AFM has also shown evidence for
surface solvent incorporation, consistent with our phase diagram predictions.??

Although kinetic factors (beyond thermodynamics) can also play an important role in
the observed ZIF surface termination, these phase diagrams nonetheless outline the crucial
driving forces that ultimately govern the stability of various ZIF terminations. We anticipate
that these diagrams may provide a useful predictive tool in understanding how ZIF surface
structure may be altered / controlled as a function of both synthetic and post-synthetic
conditions, with associated impacts on ZIF interfacial properties, including those governing

surface mass transport barriers.
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