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Abstract

The glassy state of zeolitic imidazolate frameworks (ZIFs) has shown great potential for energy-
related applications, including thermoelectrics and solid electrolytes. However, their thermal
conductivity (k), an essential parameter influencing thermal dissipation, remains largely unexplored.
In this work, using a combination of experiments, atomistic simulations, and lattice dynamics
calculations, we investigate x and the underlying heat conduction mechanism in ZIF glasses with
varying ratios of imidazolate (Im) to benzimidazolate (bIm) linkers. The substitution of blm for Im
tunes the node-linker couplings but exhibits only a minor impact on the average diffusivity of low-
frequency lattice modes. On the other hand, the linker substitution induces significant volume
expansion, which in turn suppresses the contributions from lattice vibrations to x, leading to
decreased total heat conduction. Furthermore, spatial localization of internal high-frequency linker
vibrations is promoted upon the substitution, reducing their mode diffusivities. This is ascribed to
structural deformations of the bIm units in the glasses. Our work unveils the detailed influences of
linker substitution on dual heat conduction characteristics of ZIF glasses and guides the x regulation

of related hybrid materials in practical applications.

Keywords: Metal organic frameworks; Thermal conductivity; Linker substitution; Lattice

dynamics.
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I. INTRODUCTION

Metal-organic frameworks (MOFs) are hybrid materials assembled from metal nodes and organic
linkers. Due to their high porosity and internal surface area, they show great potential in various
applications, such as gas storage 2, chemical separation *, and catalysis #. These applications usually
involve significant heat generation and dissipation >°, influencing the practical performance of
relevant storage or separation devices. Therefore, an essential property that needs to be well-
understood is the thermal conductivity (x), which determines the material’s ability to conduct heat,
and thus the inherent temperature change in the MOF device and in turn its optimal operating
conditions ¢. Considering their numerous topological frameworks and tunable compositions, MOFs
are also interesting objects for understanding heat transport in complex organic-inorganic (hybrid)
solids 7. Of particular interest are the respective roles of the inorganic and organic components in

thermal conduction as well as the related structure-property relationships.

Considering these theoretical and practical significances, great efforts have been dedicated to
clarifying the variation of « in different MOFs and the underlying heat transfer mechanisms. Both
experimental 82 and molecular dynamics (MD) simulations '3 have consistently identified that
most MOF crystals possess extremely low x values (typically below 1 W m! K-, e.g., 0.32 W m!
K-! for MOF-5 8 and 0.69 W m™! K-! for HKUST-1 °). This limited heat conduction ability can cause
a temperature rise of 100-250 K in MOF samples when they are loaded into high-pressure vessels
with CHy4 or CO, 9, greatly increasing the risk of thermal failure. On the other hand, the low x values
make MOFs potential candidates as thermoelectric materials when combined with high electrical
conductivity and thermopower %1, Both aspects have promoted further research into how x of
MOFs can be adjusted. In particular, MD simulations have been used to investigate the effects of
pore size, shapes 7, defects '8, functional groups '°, mechanical strain 2°, and guest filler infiltration?!
on heat transport, reporting an overall decrease in x with increasing pore size and fraction of lattice
defects 718, Importantly, Wieser et al. identified the node-linker coordination bond to be the primary
bottleneck for heat conduction in MOFs 2223, There has also been recent interest in the heat transport
of other analogous covalent-organic frameworks (COFs) 2*2¢ and hydrogen-bonded organic

frameworks (HOFs) 27, in which x can be tuned by varying porosity 2, pore size 4, and electrostatic

3
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interactions 27

Although significant progress has been made in understanding heat transport in crystalline MOFs,
interest in the heat transport of the new family of glassy MOFs (accessible through melt-quenching
of some MOF families ?%?°) has only recently emerged. Among them, zeolitic imidazolate
framework (ZIF) glasses are particularly interesting, as they exhibit good glass-forming ability and
processability, and have thus been identified as candidates for, e.g., grain-boundary-free glass
membranes 3! and high-performance anodes >3 or electrolytes ** for lithium-ion batteries. Recent
experiments and MD simulations have found that glassy ZIFs exhibit higher « than their crystalline
counterparts %3, in contrast to the common reduction in x upon glass formation. This was ascribed
to the increase in density upon vitrification combined with longer mean free paths *¢. This higher
of the glass phase is beneficial for promoting thermal dissipation processes, and understanding the

x of various MOF glasses is thus vital to facilitate their potential applications.

In general, disordered glass structures are known to trigger a diffusive-like heat conduction picture
3738 distinct from the particle-like phonon transport in crystals. The inherent disorder of glass phases
also invalidates traditional computational methods (e.g., Boltzmann transport equation) to estimate
phonon properties. Therefore, specifically developed theories must be used to properly evaluate x
of glass materials ***°. That is, the employed methods and clarified principles for crystalline MOFs
cannot be directly referenced in the case of glassy MOFs, sparking our interest in further
investigations of their heat conduction behavior and mechanism. Unlike the long-range periodic
topologies in crystalline MOFs that highly influence phonon propagation and thus x values, x of
disordered MOF glasses is mostly dominated by their composition and interatomic interactions, as
these determine vibrational characteristics and corresponding diffusive heat conduction. To this end,

4143 akin to their

the compositions of MOF glasses can be modified by mixing the organic linkers
crystalline analogs. For instance, the molar ratio of the two linkers imidazolate (Im, C3H3N>") and
the larger benzimidazolate (bIm, C7HsN2') can be tuned in a rather wide range (from 4.7:1 to 99:1)
in ZIF-62 #1. This linker substitution has been identified as an effective approach to regulate the

melting behavior #' as well as the electronic and optical properties * of ZIF glasses. However, the

impact of such linker substitution on thermal conductivity remains unexplored.
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In this work, we employ a lattice dynamics-based method along with a recently developed machine-
learning (ML) potential for ZIF materials® to clarify the heat transport properties of ZIF glasses
with varying Im/blm linker ratios. We firstly validate this theoretical approach by comparing
simulated results with experimental measurements of glass structures (using neutron scattering) and
thermal conductivity (using time-domain thermoreflectance) of ZIF-62 glass. Then, by identifying
the dual vibrational patterns in ZIF glasses, we discuss how linker substitution influences vibrational
modes and the corresponding contributions to heat conduction. These findings provide insights into
the heat transport of ZIF glasses and other similar MOF materials, ultimately guiding the design of

their structures and compositions to realize preferred thermal properties for practical applications.

II. EXPERIMENTAL METHODS

A. Synthesis of ZIF glass

To prepare the ZIF-62 (Zn(Im); 75(bIm)o2s) glass, we followed the procedure described in Ref. 3.
Briefly, crystalline ZIF-62 was first prepared using a traditional solvothermal method. Solutions of
0.6 M Zn(NOs3)2, 4.0 M Im, and 0.5 M blm in N, N-dimethylformamide (DMF) were mixed in a
Zn/Im/blm molar ratio of 1:13.5:1.5, totaling 65 mL, and further diluted with 10 mL of DMF. The
solution was stirred at room temperature for 30 minutes and then heated to 403 K for 48 hours. The
obtained crystals were filtered, washed with DMF and dichloromethane, and dried at 373 K. Glasses
were then prepared by making a green body of crystalline ZIF-62 with a diameter of 13 mm by
compressing 200 mg of crystal under a uniaxial pressure of 40 MPa. The pellet was then moved to
a furnace, heated to 733 K at a rate of 10 K min™! in an argon atmosphere, held isothermally for 5
minutes, and then cooled to room temperature at a rate of 10 K min™!. The subsequent sample

characterizations were consistent with our previous study 3.

B. Neutron scattering experiment

Time-of-flight (TOF) neutron scattering experiments were performed using the Nanoscale-Ordered
Materials Diffractometer (NOMAD) at the Spallation Neutron Source (SNS) of Oak Ridge National
Lab to obtain the neutron differential correlation functions D(r) of synthesized ZIF-62 glass. The

glass sample (~200 mg) was loaded into quartz capillaries with an inner diameter of 2.8 mm and an

5
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outer diameter of 3 mm. The measurement was conducted for an accelerator proton charge with a
measuring time of about 34 min. The collected neutron data were processed by autoNOM, a
collection of Python and IDL programs specifically developed for NOMAD. A more comprehensive

description of data treatment can be found in Ref. 6.

C. Thermal conductivity measurement

The non-contact time-domain thermoreflectance (TDTR) technique was employed to characterize
the x of the ZIF-62 glass sample. TDTR is a powerful and versatile pump-probe method to measure
the thermal properties of various bulk materials and thin films, especially for pm-sized samples *7.
The synthesized ZIF glass with the size of about 3x3x1 mm?® was first polished and its surface was
then pre-coated with 80-nm-thick aluminum (Al) film serving as the optical transducer. During the
TDTR experiment, a pump beam deposited a periodic heat flux on the Al film adjacent to the sample;
a delayed probe beam was used to detect the corresponding temperature evolution of the metal film
through the reflectance change (see Fig. Sla). In this work, a laser with a wavelength of 785 nm
was split into a pump beam with 6 mW and a probe beam with 3 mW. The pump beam was
modulated at 4.12 MHz. The reflected probe beam was converted into electrical signals by a
photodiode detector. A radio frequency lock-in amplifier then outputted an in-phase (Vi) signal and

an out-of-phase (Vou) signal at the modulation frequency.

When processing the TDTR data, the ratio between the in-phase and out-of-phase signals (Vio/Vout)
was fitted by the heat conduction model 47 to derive the unknown thermal properties of the sample
(see Fig. S1b). Note that the Vin/Vou signals have adequate sensitivity to the x of the ZIF glass (see
Fig. S2), which thus can be accurately determined. Particularly, we used the laser beam with a small
spot size of » = 12 um to obtain the intrinsic « of the glass sample from its local regions. Using a

48 we estimated the local

heat diffusion model considering realistic experimental conditions
temperature rise due to the TDTR laser heating to be about 20 K. Such a temperature rise was
included in the subsequent TDTR analysis and the final measurement temperature was thus 310 K.
The final x result was taken as the average from six separate measurements on different sample

areas (see Table S1). The sensitivity analysis and the description of the determination of several

input parameters for TDTR analysis are given in the Supplementary Material. A more detailed

6



o

ublishin

-
o

E
I

150

151

152

153

154

155

156

157

158

159

160

161

171

172

173

174

175

176

177

introduction to the TDTR technique and data processing can be found in Ref. 474,

III. COMPUTATIONAL METHODS

A. Glass preparation

The atomic structure of crystalline ZIF-62 (from the work of Widmer ez al. *°) with the idealized
composition of Zn(Im); 75(blm)o2s was utilized as the starting configuration, in which Im linkers
were randomly substituted by blm, or vice versa, to create a series of mixed linker models (Zn(Im),-
x(bIm)y, x = 0-1). Note that we limited the maximum fraction of blm linkers to 50% (x = 1.0), which

51 The atomic

has been experimentally realized in mechanically-induced amorphous ZIFs
interactions for these various ZIF glass models were described by a recently developed ML force

field for ZIF materials (training details and validation of this force field can be found in Ref. 43 and

our data repository at https://github.com/OxideGlassGroupAAU/DeepZIF).

Based on the constructed crystalline models, ZIF glasses were then prepared using the melt-
quenching process. Specifically, due to the requirement of third-order force constant data
(computationally scaling (3N)*, where N is the number of atoms) and a significant computational
expense in the x calculations, we employed unit cell configurations of only 272 atoms for Zn(Im),
and 368 atoms for Zn(Im)io(bIm)io. This resulted in large density fluctuations during the
simulations, and we thus pre-calculated the densities of larger-size glasses by melt-quenching 3x3x3
crystalline models under the isothermal—isobaric (NPT) ensemble at 1 bar. These density values
were then employed to scale the initial sizes of the unit cell crystalline models. Based on this, and
under the canonical (NV'T) ensemble and periodic boundary conditions, the models were firstly
relaxed at 10 K for 7.5 ps and heated up to 300 K, followed by a further equilibrium for 12.5 ps.
The system was subsequently heated to 1500 K, with a period of 50 ps to melt the crystals. The
produced liquid was relaxed for another 50 ps and subsequently quenched to room temperature at a
cooling rate of 5 K/ps, thus transforming the liquid into a glassy state. All MD simulations were
carried out using the LAMMPS package > and a time step of 0.25 fs. The temperature was controlled
by the Nosé—Hoover thermostat with a damping parameter of 25 fs, and pressure (when pre-
determining the density values using the NPT ensemble) was controlled by the Nosé—Hoover

barostat with a damping parameter of 250 fs. Finally, we used the R.N.G.S. package >3 to analyze
7
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ring statistics of the simulated glasses, whose structural characteristics were further characterized

by the simulated D(r) and coordination numbers using the .S.A.A.C.S. code 3.
B. Thermal conductivity calculations

The quasi-harmonic Green-Kubo (QHGK) method 3%4° based on the kALDo package 3° was
employed to calculate x of the simulated ZIF glasses with varying Im/blm ratios. QHGK is a novel

unified lattice dynamics approach to treat both crystalline and amorphous materials, giving « as
1 o B
Kap =;Zijcij viaj‘[ijvija (1

where V' is the volume of the system, ¢;;, T; j» Vij are the generalized specific heat, mode lifetime,

and velocity, respectively (for detailed formula derivations please see Ref. 4°), « and S denote
directions, and subscripts 7 and j refer to the index of the eigenvectors of the dynamical matrix.

Using the last three terms in Equation (1), the mode diffusivity D; can be expressed as

It has been verified that QHGK yields x results in satisfactory agreement with equilibrium MD
simulations under the Green-Kubo formulation (GK-EMD) *. In addition, compared with the GK-
EMD approach, the QHGK method can be used for extracting thermal transport properties and
analyzing per-mode contributions. To calculate x of the prepared ZIF glasses, we quenched the
structures to 0 K followed by an energy minimization. Then, the required second- and third-order
force constants were obtained through the finite displacement method implemented in the
LAMMPS package, with a displacement length of 1.0x10-° A. The subsequent QHGK calculations
were performed at 300 K and considering the classic phonon populations. The final « results were
taken as the average of four replicated calculations using different quenched glass models. For

comparison, we also calculated x using the GK-EMD approach *° (see Supplementary Material).

To test for size effects in the final estimation of x, we prepared the Zn(Im); glass using an extended
crystalline box (2x1x1 supercell), finding a x value close to that of the unit-cell-quenched glass
(Kunitcell =042 £ 0.01 W m_l K_l; Ksupercell = 044 =+ 0.01 W m_l K_l). Besides, our GK-EMD

calculations based on the unit-cell and 2x2x2 supercell configurations also yielded consistent results

8



204

205

206

207

208

209

210

211

212

213

214

223

224

225

226

227

within error bars (see Fig. S3). This small size effect is in accordance with the previous finding that
the mean free paths of ZIF glasses are below 1 nm, i.e., smaller than the typical length of our

simulation boxes (~1.4 nm) %,

C. Lattice dynamics analysis

Several lattice dynamics parameters were further evaluated to characterize the vibrational features
of ZIF glasses. First, the second-order force constants were used to calculate the dynamical matrix,
whose diagonalization gives the 3N eigenvalues w? (i = 1, 2, ..., 3N) and corresponding normalized
eigenvectors e;, where N is the number of atoms in the system. The partial vibrational density of

states (VDOS) of each atomic species is then given by %7

1 2
VDOS(w)=1- 2 X4 e; | 3(w-m), 3)

where N, is the number of specific atomic species « (o =Zn, N, C, H for ZIF glasses studied here),
and e;,; is part of eigenvector e; that contains the component of atom j. Adding the partial VDOS of

all atomic species gives the total VDOS of the system.

The phase quotient (PQ) is another effective parameter to analyze the vibrational dynamics of
amorphous materials 3. As introduced by Allen and Feldman 3%, PQ characterizes the extent to
which an atom moves in the same or opposite direction relative to its nearest neighbors (for the
typical phonon picture, denoted as acoustic and optical modes, respectively). Based on the

calculated eigenvectors, the definition of PQ for specific atomic species « is

ij\ial € ;€
PQ)= ok 4)
ZJ»:l € i ek,i|

where ey, is the eigenvector of the nearest neighboring atom & of the atom j. Atomic species a
moving in the perfect in-phase pattern with respect to its nearest neighbors yields PQ = 1, while a

PQ value of -1 corresponds to every atom moving in the opposite direction of its neighbors.

Finally, the so-called participation ratio (PR) was calculated to analyze the vibrational localization

effect,
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where u; ;

=e, i/y/M; is the atomic amplitude and M; is the mass of atom ;. If the vibrational
mode behaves as the propagative pattern in which all atoms participate equivalently, its PR value is
1. On the other hand, the PR values of the diffusive-like modes in amorphous materials usually do

not exceed 0.6 3, while localized vibrations are typically discerned as the modes with PR < 0.15.

IV. RESULTS AND DISCUSSION

A. ZIF glass structures

Before modeling the vibrations and heat conduction of the simulated ZIF glasses, we first analyze
their atomic-scale structures. Fig. 1a shows the representative structural features in the simulated
ZIF glasses. We find that the Zn-Zn pair exhibits a characteristic amorphous structure, differing
from the original long-range-ordered crystalline framework (see Fig. S4 for snapshots of ZIF glasses
with various compositions). This disorder is also evident from the radial distribution function (RDF)
for the Zn-Zn atom pairs, wherein the significant peaks of the crystalline phases above 7 A vanish
and quickly approach a value of ~1 (i.e., a randomicity) upon glass formation (see Fig. S5a and S5b).
In contrast, the Zn-N RDFs for both crystalline and glassy phases (Fig. S5c and S5d) are relatively
similar, signifying the reconstruction of short-range Zn-N linkage networks during the melt-
quenching process . Consequently, apart from a small fraction of three-fold coordinated Zn (~ 6%),
most Zn atoms in the glassy phases preserve four-fold coordination. This observation is in line with
ab initio MD results °', with the deviation from purely tetrahedral sites possibly due to the extremely
high cooling rates used in the MD quenching procedure. Furthermore, based on the calculated ring
statistics, the integrity of organic linkers in glassy ZIF's is preserved, as also evident from the nearly

unchanged C-C RDFs (Fig. S5e and S5f).
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FIG. 1. (a) Representative atomic structure of simulated Zn(Im)2«(bIm)x glass, in which the Im and bIm organic
linker units are highlighted. (b) Simulated X-ray D(r) of Zn(Im)1.75(bIm)o2s glass as obtained from unit cell and
supercell crystalline models. Available experimental data 2® and the simulated result from the previous ReaxFF MD
simulations 33 are also shown for comparison. The first peak of the experimental D(r) below 1 A was considered as
an artifact according to Ref. 28, (¢) Simulated neutron D(#) of Zn(Im)1.75(bIm)o.s glass as obtained from unit cell and
supercell crystalline models. The result from our neutron experiment is also shown for comparison. (d) Simulated
X-ray D(r) curves of ZIF glasses with varying linker components. The inset illustrates the peak assignment in the
short-range node-linker structure. (e¢) Changes in mass density and atomic number density of the simulated ZIF

glasses upon linker substitution.

Next, we validate the accuracy of the simulated glassy structures by calculating the X-ray D(r) of
Zn(Im); and Zn(Im);.75(bIlm)oos glasses (i.e., regular ZIF-4 and ZIF-62) and compare them with
both previous reactive force field (ReaxFF) MD simulations 2 and available experimental X-ray
total scattering data %%. As shown in Fig. S6a and Fig. 1b, the experimental X-ray D(r) curves of

Zn(Im); and Zn(Im):.75(bIm)o.os glasses possess several distinct peaks corresponding to the short-
11
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range-order features below 6 A (see Fig. 1d for the detailed assignment of these sharp features to
atomic pairs). These features, however, cannot be adequately reproduced by previous ReaxFF
simulations, as suggested by significant peak shifts. By contrast, the ML potential utilized in this
work exhibits superior performance. It reliably reproduces the experimental peak positions and
intensities, albeit with slight shifts of simulated curves towards higher », possibly due to density
differences. It should be emphasized that X-ray D(r) is more sensitive to Zn-N polyhedral .
Therefore, to further check our simulated structures, we also measure the neutron D(r) (more
sensitive to the arrangement of organic linkers) of our synthesized Zn(Im);.75(bIm)o .25 glass sample,
which we, together with previously published neutron result of Zn(Im), glass %, compare with our
simulated neutron D(r) in Fig. 1c and Fig. S6b. From this comparison we find very good consistency
between experimental and simulated spectra, although some experimental peaks are sharper. This
indicates that our ML-based simulations can provide reasonable descriptions of the overall structural
characteristics of ZIF glasses, which is one of the key factors for accurate predictions of

corresponding vibrational features and heat conduction.

We further compare the simulated X-ray D(7) under different linker ratios to investigate the effects
of linker substitution on the glass structures (Fig. 1d). Interestingly, despite the emergence of small
peaks at ~3.6 A with higher fractions of bim units (the additional Zn-C pair), the total D(r) curves
of the various ZIF glasses exhibit similar features, with only minor differences in peak intensities.
This demonstrates the similar short-range structural characteristics of the glasses, especially for the
Zn-Zn and Zn-N sublattices (see Fig. S7 for corresponding partial X-ray D() curves). Nevertheless,
a significant structural expansion upon adding the larger blm units is observed, including decreased
mass density but increased atomic number density for higher bim/Im ratio (Fig. 1e). The latter can
be attributed to both volume expansion and increased atomic numbers. The calculated densities of
the Zn(Im), and Zn(Im); 75(bIm)o 25 glasses are 1.55 g cm3 and 1.51 g cm?, respectively, in good

agreement with the experimental observations of 1.62 g cm3and 1.57 g cm™, respectively 28,
B. Vibrational characteristics

Based on good agreement between the simulated structures and the experimental results, we next

study the vibrational characteristics of the simulated glasses by analyzing the partial vibrational

12
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density of states (VDOS). Fig. 2a depicts the partial VDOS for the different atomic species in the
representative Zn(Im).o(bIm) o glass (see Fig. S8 for the partial VDOS of other glasses). We find
that the VDOS curves of the inorganic nodes (Zn) and organic linkers (C, H, N) exhibit contrasting
frequency ranges, i.e., the former has an upper boundary of approximately 10 THz, while the C, H,
and N vibrations feature broad modes extending up to 100 THz. This large vibrational mismatch,
arising from the mass difference between the inorganic and organic units, is an inherent feature of

ZIFs (and other MOFs) and it is commonly regarded as the main origin of their extremely low x .

More importantly, our VDOS calculations have revealed dual vibrational patterns of hybrid ZIF
glasses that are distinct from those of conventional inorganic glasses, i.e., a band gap emerging at
around 10 THz across all the simulated VDOS (see Fig. 2a and Fig. S8). Visualization of the
eigenvectors allows us to pinpoint the low-frequency modes below the gap as the lattice modes
contributed by the motions of all atomic species (see the example of eigenvector visualization in the
inset of Fig. 2a). Each vibrational mode can be further elucidated by calculating the so-called phase
quotient (PQ), which describes the in-phase acoustic-like (PQ = 1) or out-of-phase optical-like (PQ
= -1) behavior of the modes. As displayed in Fig. 2b, below 10 THz, the C, H, and N atoms
consistently exhibit positive PQ values close to 1, indicating that the atoms move in almost the same
directions with respect to their nearest neighbors, providing nearly rigid linker units. Conversely,
from 0 to 10 THz, the PQ for Zn gradually evolves from 1 to -1, signifying the transformation from
the in-phase to out-of-phase patterns of Zn motions relative to their neighboring N atoms. Therefore,
we note that these vibrations below ~10 THz should be treated as the lattice modes composed of the
relative motions between metal nodes and rigid organic linkers. Regarding the high-frequency
vibrations above the gap, the visualization of eigenvectors shows that these are internal linker modes
composed of only the C, H, and N motions (see the inset of Fig. 2a). This can be further clarified
from the fluctuation of PQ values between -1 and 1 for C, H, and N atoms at frequencies above 10
THz (Fig. 2b). Within these vibrational patterns, the relative in-phase and out-of-phase motions of

the constituent atoms enable the significant flexibility of the organic linkers.
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FIG. 2. (a) Partial VDOS curves of different atomic species in the representative simulated Zn(Im)1.o(bIm);.o glass.
The insets represent the visualizations of node-linker vibrations to distinguish lattice and linker modes (see the main
text for the clarification of these two mode patterns), wherein the black arrows denote the normal mode displacement
vectors. (b) Mode phase quotient parameters of different atomic species in the representative simulated

Zn(Im)1.0(bIm)1.0 glass as a function of frequency.

C. Thermal conductivity

In the following, we study the heat transfer properties of the ZIF glasses. First, based on the
simulated structures, the x values at 300 K are determined using the QHGK method (see black
symbols in Fig. 3a). For typical Zn(Im), and Zn(Im); 75(bIm)o .25 glasses, the simulated x values are
0.424+0.01 W m! K! and 0.39+0.01 W m™! K°!, respectively, deviating from the previous results
based on ReaxFF MD simulations (0.72 W m™ K-! for Zn(Im), glass and 0.95 W m™' K! for
Zn(Im); 75(bIm)o 25 glass) 3°. This discrepancy may be ascribed to the different simulated structural
characteristics using the ReaxFF force field %. To verify the accuracy of our x calculations, we
experimentally synthesized the bulk Zn(Im); 75(bIm)o 25 glass (for other compositions, e.g., Zn(Im),
glass, it tends to foam strongly during melting, thus hindering the formation of large bulk samples).
We then measured its x using the non-contact time-domain thermoreflectance (TDTR) technique,
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which has the advantage of focusing on local dense sample areas to extract intrinsic thermal
properties 47. The derived x from six separated measurements on different sample regions is found
to be 0.33+0.04 W m™' K*!, in good agreement with our simulated result of 0.39+£0.01 W m™' K'1. In
contrast, the previously reported experimental values are somewhat lower (0.12 W m™' K-! for
Zn(Im), glass and 0.13 W m™! K-! for Zn(Im); 75(bIm)o2s glass), which could be ascribed to the
difference in the characterization method (laser flash analysis of powder pellet samples *3). The
porous micro-structures can lead to large thermal contact resistance between grains and
consequently a lower value of x compared to that of the bulk structure. Such a challenge in
accurately characterizing the physical properties of MOF materials with small grain sizes has been
widely discussed %, In this regard, the present theoretical calculations with the ML force field can
not only accurately simulate the ZIF glass structures, but also well describe the interatomic

interactions, thus offering an effective strategy to compute the intrinsic « values of ZIF glasses.
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FIG. 3. (a) Total thermal conductivity and partial contributions from lattice modes and linker modes as a function
of the fraction of bIm linkers in the simulated ZIF glasses. The experimental thermal conductivity value of the
Zn(Im)1.75(bIm)o.2s glass from the present TDTR measurements is also shown for comparison. (b) Cumulative

thermal conductivity for the different simulated ZIF glasses as a function of the vibrational frequency.

Comparing the ZIF glasses with varying bIm/Im ratios, the QHGK calculations predict a decrease
in x with an increasing fraction of blm linkers, from 0.42 W m™! K-! for Zn(Im); glass to 0.35 W m-
I'K-! for Zn(Im); o(bIm); o glass. This change can be reproduced by GK-EMD calculations (see Fig.

15



o

ublishin

-
o

E
I

359

360

361

362

363

364

365

366

367

368

369

370

371

372

377

379

380

381

382

383

384

385

386

S3) and should not be solely attributed to the decreased mass density, considering both the varying
volumes and compositions of the studied glasses. Note that we have distinguished the dominant
coherence components ¢’ (off-diagonal terms 3%, see Supplementary Material) of heat transport in
the various ZIF glasses and found that they feature an approximate constant contribution of ~85%
(see Fig. S9). We have also checked the dependence of x on atomic coordination, another key
parameter that possibly influences the heat conduction of amorphous materials %, but found no
evident correlation between x and the average Zn-N coordination numbers (see Fig. S10). Therefore,
we attempt to elucidate the origin of the decrease in x based on the identified dual vibrational
characteristics. In detail, based on the per-mode x information of the QHGK method, the total x
values can be decomposed into two parts, i.e., Kiatice and Kiinker, by sSummarizing the partial
contributions of each lattice and liker modes, respectively (Fig. 3a). This decomposition shows the
limited heat conduction abilities of numerous high-frequency linker modes, as also reasoned by the
sluggish increase of mode-cumulative x above 10 THz (Fig. 3b). Furthermore, their contributions
remain almost constant for various linker ratios (Fig. 3a). In contrast, the lattice modes of ZIF
glasses account for more than half of the total x. This main contribution is manifested as the rapid
increase of the mode-cumulative x in the low-frequency range (Fig. 3b). However, Kiauice decreases
as the structures incorporate more blm linkers (Fig. 3a), i.e., the decrease in Kiasice governs the

observed reduction in x of the ZIF glasses with increasing blm/Im ratio.

D. Thermal diffusivity

To understand the changes in lattice and linker contributions to the total x, we analyze the per-mode
diffusivity D;, which quantitatively describes the energy-carrying capability of each vibrational
mode. Fig. 4 shows the spectra of mode D; for ZIF glasses with different linker constituents.
Specifically, the D; values of low-frequency lattice modes exhibit a complex evolving trend. That
is, increasing the fraction of blm linkers leads to a “sharper” shoulder with the higher peak value at
around 6 THz, but noticeably reduced D; for the modes below 2 THz. Here, it is worth emphasizing
that the QHGK method shares a similar conceptual basis with the well-known Allen-Feldmann

theory 373, where thermal diffusion is accomplished by mode correlation. Therefore, the observed
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variations in lattice D; upon linker substitution represent the evolution of mode couplings, which
can be further elucidated by investigating the low-frequency partial VDOS. In particular, the
vibrational match between Zn and N atoms should be highlighted as it controls the thermal transport

between inorganic and organic parts, namely, lattice contributions.

1.0 ,
wl
A e St X =000
— LB QE :; P i}ulm n:n:::{} X= l:'.lﬁ_
W 1z X =050
e é'm T ¥ =075
E pe 5 = - & ¥ =100
ai: wa ny 1.0
= Glann-Z e 3. EEy,
£ 04
b=
Z L2+
L]

-

10
Fraquercy (THE]

FIG. 4. Spectra of mode diffusivity of ZIF glasses with varying linker components. The red and blue arrows mark
the regions of increased and decreased mode diffusivities with higher fractions of blm linkers. The inset shows the

changes in mode-average diffusivities of lattice and linker modes.

From partial VDOS results, we find that the prominent peaks of Zn-VDOS at around 7.5 THz and
9 THz in the Zn(Im), glass (red curve in Fig. 5a) experience significant shifts towards lower
frequencies upon blm linker substitution, ultimately manifesting as a strong peak at ~6.5 THz in the
Zn(Im);.o(bIm), o glass (Fig. 5b). Alongside the changes of Zn-VDOS, the strong peak of N-VDOS
at ~6 THz in the Zn(Im); glass (blue curve in Fig. 5a) diminishes and transforms into a more
uniformly distributed pattern across a wide frequency range in the Zn(Im); o(bIm), o glass (Fig. 5b).
Consequently, there is an intensified Zn-N vibrational match in the intermediate frequency range of
4-8 THz for the high-linker-ratio glass, characterized by reduced intensity difference between Zn-
VDOS and N-VDOS (see Fig. 5b). This enhanced match facilitates thermal diffusion between Zn
nodes and N atoms through stronger vibrational coupling ®, in accordance with the “sharper”
shoulder of the lattice D; (Fig. 4). Furthermore, we observe decreased intensities of both Zn and N
VDOS below 2 THz, which are possibly the origins of the lower D; in the same frequency range.
Surprisingly, despite these changes of spectral D; and related vibrational couplings for lattice modes,

their mode-averaged D displays relatively minor fluctuations (see the inset of Fig. 4). This is a
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412 FIG. 5. Low-frequency partial VDOS for different atomic species in the simulated (a) Zn(Im): and (b)
413 Zn(Im)1.0(bIm)1.0 glasses. The red and blue curves represent the VDOS of zinc and nitrogen atoms, respectively,
414 whose couplings highly influence the thermal diffusion in the ZIF glasses. The black and grey curves represent the
415 VDOS of the carbon and hydrogen atoms, respectively, in the organic linkers. Note that the enhanced intensity and

416 additional peak at around 7 THz of carbon atoms in the Zn(Im).0(bIm)1.0 glass are due to additional blm units.

418  Regarding the linker modes, we have observed reductions in mode D; (see Fig. 4; Fig. S11 shows
419  the corresponding distribution histogram) and mode-averaged D (see the inset of Fig. 4) with
420  increasing blm/Im ratio. Nevertheless, there are numerous peaks for the high-frequency linker
421 modes in partial VDOS curves (see Fig. 2a and Fig. S8), making it difficult to identify mode
422  coupling. As an alternative, we study the linker vibrations via the participation ratio (PR), an
423  important parameter for characterizing the spatial localization of vibrational modes in amorphous
424  materials. Interestingly, a positive correlation between mode D; and PR is found for the present ZIF

425  glasses (see Fig. S12). This observation agrees with the well-established principle that spatially
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extended modes (large PR values) tend to have high thermal diffusivity 7°. As shown in Fig. 6a, the
high-frequency linker modes possess significantly lower PR values compared with most lattice
modes. The latter entails the collective motions of both metal nodes and organic linkers, thus easily
spanning the entire hybrid lattice (see examples of mode visualizations in Fig. S13). In contrast, the
linker modes are spatially confined within the organic units, accounting for their lower mode D;
(Fig. 4). More importantly, we find a pronounced effect of linker substitution, as observed from the
suppression of the PR values of linker modes (see Fig. 6a for decreased PR values above 10 THz,
and Fig. S14 for the corresponding distribution histogram). We consider the mode at around 28 THz
as an example, which represents the motions of multiple linker units distributed in the wide space
of the Zn(Im); glass (Fig. 6b) and has a PR value of around 0.25. However, in the Zn(Im); o(bIm); o
glass with bIm linkers, the mode PR diminishes to 0.1, aligning with the vibration being spatially
confined to a more localized region (Fig. 6¢). The contrasting PRs indicate more severe localization
of linker vibrations upon increasing blm/Im ratio, which is the origin of the decrease in thermal

diffusivity (Fig. 4).
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FIG. 6. (a) Mode participation ratio (PR) of the simulated ZIF glasses with different linker components. (b-c)
Visualization of spatially localized linker modes at around 28 THz in simulated (b) Zn(Im)2 and (c¢) Zn(Im):.o(bIm)1.0
glasses. The black arrows denote the normal mode displacement vectors of atoms. (d) Distribution of C-C-C-C
dihedral angle of bIm units in various ZIF glasses. (¢) Distribution of the angle between the normal vectors of the 5-

and 6-ring sections of blm in various ZIF glasses.
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The strong mode localization in glass materials is known to be highly correlated with their inherent
structural disorder '. This motivates further investigations into the structural features of the organic
linkers beyond those intuitively reflected by the D(#). Specifically, in contrast to the planar Im rings
in the Zn(Im), glass, both the Im rings and six-membered benzene rings (in blm) within the
substituted glasses exhibit deviations from perfect planarity, as seen from the non-zero values of the
N-C-C-N (Fig. S15) and C-C-C-C dihedral angles (Fig. 6d). Intriguingly, by further analyzing the
distributions of these angles, we observe more pronounced ring deformations in glasses with more
bIm units. Furthermore, we also compute the normal vectors of both the 5- and 6-membered rings
in blm. The increase in the angle between them with increasing blm/Im ratio (Fig. 6¢) validates the
greater distortions of the individual blm units. In other words, these results suggest that by adding
more bulky ligands (blm), additional structural disorder is introduced in the ZIF structure. This
disorder consequently enhances the spatial localization of linker modes and leads to their low

thermal diffusivities.

E. Heat conduction mechanisms

Finally, we discuss the detailed heat conduction mechanism, considering the lattice and linker
contributions. To this end, we consider the microscopic definition of k for glass materials, x = Z¢;D;,
where c¢;is the volumetric heat capacity of mode i (simplified as kz/V in the classical limit where k3
is the Boltzmann constant and ¥ is the volume), and D; is the mode diffusivity, with the summation
encompassing all modes. This suggests that the heat conduction in ZIF glasses is determined by
mode number (equal to 3N where N is the atomic number), volume, and mode diffusivity.
Specifically, the extended nature of lattice modes across large lattice space (Fig. S13) enables their
relatively high D; and consequently a predominant contribution to the total x (Fig. 3a). Moreover,
the thermal diffusion through lattice vibrations is highly controlled by the mode couplings,
suggesting the possibility of regulating x by tuning the composition and thus the lattice dynamics.
Indeed, we have here found that replacing Im with bIm modifies the node-linker couplings (Fig. 5)
and spectral lattice D;. Nevertheless, due to the non-monotonic changes of lattice D; over the wide

frequency ranges (Fig. 4), the corresponding mode-average D remains nearly unchanged.

20



o

ublishin

-
o

E
I

474

475

476

477

478

479

480

481

482

483

484

485

486

490

491

492

493

494

495

496

497

498

499

500

Additionally, through mode recognition, we find only a slight increase in the lattice mode number
with increasing bIm/Im ratio (see Fig. S16). Thus, the reduced xiatice should be primarily ascribed
to the decreased ¢;, in turn resulting from the considerable volume expansion. To further confirm
this, we have calculated the Bridgman parameter g = (dlnx/dIn}V’), which provides a convenient way
to check the volume dependence of heat transport. The calculated g value of the present ZIF glasses
is about 3.8, which is indeed similar to the values of other glassy systems (e.g., 3.7 for glassy atactic

polypropylene 7? and 2.8 for glassy polyvinyl acetate 7).

Concerning the linker modes, these internal motions possess low D; values as they are restricted in
localized lattice space (Figs. 6b and 6¢). Moreover, the remarkable deformations of linker units
(Figs. 6d and 6e) trigger even more severe vibrational localization and diminished D; (Fig. 4).
Nevertheless, the additional number of internal vibrations stemming from incorporated blm should
not be ignored. The significantly increased linker mode number (Fig. S16) with a higher blm/Im
ratio compensates for the suppressed values of D; and ¢; and leads to the approximately constant

linker contribution (kiinker) to total x.

V. CONCLUSIONS

We have used a recently developed ML potential to theoretically investigate the effect of organic
linker substitution in ZIF glasses on their lattice dynamics and heat conduction. The accuracy of
these calculations has been confirmed by experimental validation of glass structures through neutron
scattering and x value through TDTR. Vibrational analysis and decomposition of the contributions
to x show that the incorporation of larger blm linkers suppresses x of ZIF glasses by reducing the
contributions from lattice modes, while maintaining almost constant contributions from high-
frequency linker modes. We mainly attribute the decreased lattice contributions with increasing
bIm/Im ratio to the volume expansion. The almost unaffected contribution from the linkers, however,
is due to both decreased mode diffusivities and increased mode numbers. More significantly, we
highlight the essential role of node-linker vibrational couplings in the thermal diffusion of lattice

modes. To this end, tailoring the composition to achieve relatively strong node-linker bonds or small
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mass differences between building blocks can enhance mode couplings and thus heat conduction of
MOF glasses. Finally, our calculations show reduced thermal diffusion from internal linker
vibrations with increasing blm/Im ratio, which is due to severe localization effects induced by
deformations of the larger blm units. This highlights the important role of structural disorder in
minimizing x. Our findings provide valuable insights into the heat conduction mechanisms of ZIFs
and other MOF materials and may guide their design toward tailored x values for relevant thermal

dissipation or thermoelectric applications.
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