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Supplementary Note 1. Molecular dynamics (MD) simulations  

Force field 

HKUST-1 has a simple cubic structure with 624 atoms in the unit cell and an experimentally-

measured lattice constant at room temperature of 2.63 nm.1 HKUST-1 contains large pores of diameter 10 

Å connected by channels of diameter 3.5 Å to smaller tetrahedral pores of diameter 5 Å. For the 

interactions between atoms in HKUST-1, we used the force field developed by Zhao et al.2 The simulation 

cell size was set based on the experimental lattice constant. This value was also used in the development 

of the force field for HKUST-1 by Zhao et al.2 The initial atomic configurations for the MD simulations 

involving adsorbates were taken from snapshots of equilibrated Grand canonical Monte Carlo (GCMC) 

calculations3 at different pressures (details are provided below). The adsorbate-filled MOF structures were 

not relaxed. The average pressure in all simulations were between 4000 and 6500 bar, including the 

pristine case. 

Different adsorbates were simulated including water, methane, hydrogen, methanol, and ethanol. 

Methane was modeled as a point particle with the TraPPE force field.4 Methanol and ethanol were also 

modeled using the TraPPE force field for alcohols.5 The potential for methanol contains three sites (CH2, 

O, and H), with bond stretching and bending potentials between sites. The potential for ethanol contains 

an additional site (CH3) and a dihedral term. Water was modeled using a modified version6 of the SPC/E 

potential7 that considers fully-flexible intramolecular interactions. For hydrogen, a three-site model 

including charges on all sites and an LJ interaction on the center of mass developed by Darkrim and 

Levesque was used.8 An LJ cutoff distance of 12 Å was used for all simulations. Lorentz–Berthelot mixing 

rules9 were used to model the van der Waals interactions between the adsorbate and the framework atoms. 

The electrostatic interactions were handled using the Particle–Particle–Particle–Mesh (PPPM) solver with 

a relative error in the forces of 10-5. The MD simulations were performed using the Large-scale 

Atomic/Molecular Massively Parallel Simulator (LAMMPS)10 software with a time step of 0.5 fs and with 

periodic boundary conditions applied in all directions. 

Green-Kubo calculation of thermal conductivity 

The Green-Kubo formula for thermal conductivity is11 

    (S1.1) 

Here, the i-th diagonal element of the thermal conductivity tensor ( ) at temperature T is calculated by 

integrating the heat current autocorrelation function (HCACF) over time. The HCACF is extracted from 
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equilibrium molecular dynamics (MD) simulations. In Eq. (S1.1),  is the Boltzmann constant, V is the 

volume of the simulation box that contains the system of particles and J(t) is the microscopic heat current. 

To obtain thermal conductivity values, we averaged over the x-, y-, and z-directions. 

The microscopic heat current is calculated from11 

  (S1.2) 

where  and  are the velocity vector and instantaneous energy of particle j. The quantities and  

are the displacement vector and interacting force between particles i and j. The parameter N is the total 

number of particles and  is the number of particles for species .  denotes the average partial 

enthalpy of species  and is given by 

   ,  (S1.3) 

where  and  are the time-averaged kinetic and potential energies of particles of species . 

For determining thermal conductivity, a system size of 2×2×2 unit cells was used. The systems 

were initially equilibrated under NVT conditions at a temperature of 300 K for 300,000 time steps and 

further equilibrated for 300,000 time steps under NVE conditions. Finally, NVE simulations were run for 

an additional 1,000,000 time steps where the heat current was calculated every 10 time steps. For all cases, 

we performed this procedure for eight simulations starting from random velocity distributions. The 

HCACFs were calculated using a correlation time of 50 ps and then averaged and integrated for the 

thermal conductivity prediction. Thermal conductivity values were obtained from the plateau region of 

the HCACF integral (see Eq. S1.1) that corresponded to 20 ps (the 20-40 ps time window) for the pristine 

MOF and less than 40 ps (the last 40 ps) for the loaded MOFs. 

Grand canonical Monte Carlo simulations  
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GCMC simulations were performed using the RASPA simulation software12  to determine the 

amount of adsorbed methane, hydrogen, water, methanol, and ethanol in HKUST-1. All GCMC 

simulations were performed at a temperature of 300 K. 

All GCMC simulations of adsorption included an M-cycle equilibration period followed by an M-

cycle production run, where M was 5000.  A cycle consists of n Monte Carlo steps; where n is equal to 

the average number of molecules. All simulations included random insertion, deletion, translation, and 

rotation moves of molecules with equal probabilities.  Atoms belonging to the crystal structure were held 

fixed at their crystallographic positions.  

For the methane loading, pressures of 1 and 35 bar were considered. For water, pressures of 0.1 

and 1 bar were considered and the rest of the considered water densities were fractions (1/4, 1/2, and 3/4) 

of that at the highest water density (at 1 bar). For methanol and ethanol loading, a pressure of 1 bar was 

used, while for hydrogen a pressure of 100 bar was used.  

Heat capacity calculation  

The heat capacity of HKUST-1 required in the TDTR and FDTR thermal conductivity 

measurements was calculated using harmonic lattice dynamics calculations as implemented in the GULP 

software package13. In this method, the heat capacity is calculated using  in which g 

is the phonon density of states,  is the phonon frequency, and fBE is the Bose-Einstein distribution. The 

calculated heat capacity at a temperature of 300 K is 780 J/kg-K. We note that the heat capacity calculated 

using lattice dynamics in the classical limit is consistent that from our MD simulations based on 

. 

For the loaded cases, effective medium theory was used to calculate the required densities and heat 

capacities under the assumption of fully loaded pores at a void fraction of 0.7. The volumetric heat 

capacity and density of a loaded MOF are calculated as 𝐶 = 𝐶𝑀𝑂𝐹 + 𝜑𝐶𝑎𝑑𝑠𝑜𝑟𝑏𝑎𝑡𝑒  and 𝜌 = 𝜌𝑀𝑂𝐹 +

𝜑𝜌𝑎𝑑𝑠𝑜𝑟𝑏𝑎𝑡𝑒  where 𝐶𝑀𝑂𝐹  and 𝜌𝑀𝑂𝐹  are the volumetric heat capacity and density of the MOF and 

𝐶𝑎𝑑𝑠𝑜𝑟𝑏𝑎𝑡𝑒  and 𝜌𝑎𝑑𝑠𝑜𝑟𝑏𝑎𝑡𝑒  are the volumetric heat capacity and density of adsorbate. 𝜑 is the void fraction. 

The specific heat capacity is calculated by dividing 𝐶 by 𝜌. 
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Supplementary Figure 1.1. Predictions of reduced thermal conductivity in HKUST-1. a, MD 

simulations were performed on HKUST-1 with and without various adsorbates. Depicted are snapshots of 

an HKUST-1 simulation box (left) without adsorbed water and (right) water at saturation loading (liquid 

density). b, In all cases, whether the pores were saturated with gas or liquid adsorbates, we observed a 

decrease in thermal conductivity. Here kp refers to the thermal conductivity of pristine HKUST-1. 
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Supplementary Figure 1.2. Radial distribution function (RDF) of adsorbed water in HKUST-1 at 

various densities. The distribution labelled “water” corresponds to bulk water, and the other distributions 

are labelled by the number of water molecules per unit cell of HKUST-1 (with 21.8 corresponding to the 

saturation loading case). 

Spectral energy density calculation of phonon frequencies and lifetimes 

We applied the spectral energy density (SED) method14 to calculate phonon lifetimes. In this 

method, the SED is calculated from 

𝛷(𝛫, 𝜔) =
1
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  (S1.4)  

where 𝜥 and 𝜔 are the wave vector and frequency. 𝜏0 is the integration time, which should be larger than 

the largest mode lifetime, N is the number of unit cells in the supercell, 𝑚𝑏 is the mass of atom b in the 

unit cell, 𝑢̇𝛼 (
𝑙
𝑏

, 𝑡) is the 𝛼 -th component of velocity of atom b in unit cell l, and 𝑟𝑙 is the position vector 

for unit cell l.  

The calculated SED for each 𝜥 contains a number of peaks that is equal to the number of phonon 

branches in the dispersion curve (3 times the number of atoms in the unit cell). The lifetime of each phonon 

mode is equal to the inverse of the full-width at half-maximum (FWHM) of a Lorentzian function fit to 

its peak. In all SED calculations, we saved the velocities of all atoms every 5 fs in production EMD 

simulations run for 1,000,000 time steps (time step=1 fs). SED curves for the [100], [110], [111], and 

[000] directions, for all 3 adsorbates + the pristine case, are shown in Supplementary Figure 1.3. We fitted 
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Lorentzian peaks to the 6 lowest and 2 highest modes for the [100] direction in the pristine system to get 

phonon lifetimes (see fits in Supplementary Figure 1.4.). 

 

 

Supplementary Figure 1.3. SED for the [100], [110], [111], and [000] directions, for all 3 adsorbates and the 
pristine case (no adsorbates). Two different loadings for water are shown, saturation density (full water) 

corresponding to 21.8 water molecules per nm3, and a low density (water) of 0.66 water molecules per nm3. 
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Supplementary Figure 1.4. Fitted Lorentzian peaks to the 6 lowest and 2 highest modes for the [100] direction in 

the pristine system. 

  



9 

 

 

Supplementary Note 2. Fabrication of HKUST-1 thin films (SURMOFs) 

Cu3(BTC)2 SURMOFs were grown on a modified Au/Al substrate on SiO2 using the LBL-

method15. Before deposition, surface modification and cleaning of the Au/Al substrates was carried out 

using O2 plasma cleaning16. The HKUST-1 SURMOFs used in this work were fabricated using a spray 

system17 for Cu3(BTC)2 as described in detail in an earlier publication18.  The spray times were 15 s for 

the copper acetate solution (1 mM) and 25 s for the BTC solution (0.2 mM). Each spray step was followed 

by a rinsing step (5 s) with pure ethanol to remove residual reactants. A total of 90 cycles (≈ 200 nm), 150 

cycles (≈ 300 nm) and 190 cycles (≈ 350 nm) hand-spray growth cycles were used for all Cu3(BTC)2 

SURMOFs samples investigated in this work. Before further processing, all SURMOFs samples were 

activated by ultrasonication in dichloromethane solution for 2 min to remove residual solvents from the 

SURMOFs pores and characterized by X-ray diffraction (XRD). The XRD, IRRAS and UV-Vis results 

obtained for the Cu3(BTC)2 SURMOFs are characteristic and comparable to already published work in 

the field19,20. 

SURMOF characterization - X-ray Diffraction (XRD) 

Each sample was characterized by using a Bruker D8 Advance equipped with a Si-strip detector 

(PSD Lynxeye©; position sensitive detector) with Cu Kα1,2 radiation (λ = 0.15418 nm) in θ–θ geometry, 

variable slit on primary circle. Scans were run over various ranges with step width of 0.024° 2θ and 84 

seconds, for higher order peaks up to 336 seconds per step. The 2θ angle scanning range to observe 

corresponding peak to deposited film is picked up from 5° to 60°. 
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Supplementary Figure 2.1 PXRD of HKUST-1 SURMOF thin films 150C (≈ 300 nm) on Al/Si as well 

as on Au/quartz substrates. 

SURMOF characterization - Infrared reflection absorption (IRRA) spectroscopy 

IRRA spectra were measured using the infrared spectrometer (Bruker VERTEX 80) purged with 

dried air. The spectra were recorded in grazing incidence reflection mode at a fixed angle of incidence of 

80° relative to the surface normal using mercury cadmium telluride (MCT) detector. 

Predeuteratedhexadecanethiol SAM on Au/Ti/Quartz substrates were used for reference measurements.  
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Supplementary Figure 2.2 IRRAS of SURMOFs thin films 90C (≈ 200 nm) on Al/Si as well as on 

Au/quartz substrates. 

SURMOF characterization - Scanning electron microscope (SEM) 

HR-SEM cross-sectional measurements have been performed on a Zeiss HR-SEM (Gemini Class) 

at 3-5 kV to check the continuity, compactness, and homogeneity of the different prepared (loaded and 

unloaded) HKUST-1 thin films (see Fig. 2 in manuscript and Supplementary Fig. 2.3 below). 

 

Supplementary Figure 2.3 HR-SEM images of prepared HKUST-1 SURMOFs of varying thicknesses. 
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SURMOF characterization - Quartz microbalance (QCM) 

The mass changes as well as the uptake of guest molecules in the HKUST-1 SURMOF have been 

recorded by a QCM Model QE401-F1206 from Q-Sense (LOT Distributor). Data evaluation have been 

performed with Q-Software from Q-Sense. The HKUST-1 SURMOFs were grown on 16-

mercaptohexadecaonic acid (MHDA) functionalized QCM sensors using the quasi-LPE method. For 

functionalization, the sensors were rinsed by pure ethanol then dried in a dry N2 stream and kept in a 

20µM ethanolic MHDA solution for three days. Subsequently, the sensor was removed and rinsed with 

pure ethanol. The QCM cell was equipped with a sensor and the frequency was monitored by the system. 

To build HKUST-1 SURMOF 1 mM of ethanolic solution of Cu (CH3COO)2.H2O and BTC 0.2 mM 

ethanolic solution of linker (benzene-1,3,5-tricarboxylic acid). The metal solution was run for 8 min then 

rinsed by pure ethanol for 4 min followed by linker for 10 min then rinsed by pure ethanol for 4 min, this 

is one cycle. The cycle was repeated for 200 times. Finally, the formed HKUST-1 was rinsed with pure 

ethanol for 14 hours. So, the thickness was build up in around 230 nm. The crystalline structure of the 

HKUST-1 on QCM sensor was confirmed by X-ray diffraction. The diffraction reflexes at 6.7° (200), 

13.4° (400), demonstrate the crystallinity of the HKUST-1 SURMOF as well as the oriented growth in 

[200] orientation. The mass change of the sample on the QCM sensor was determined using the the 

Sauerbrey equation (Δ𝑚 = −𝐴 ∙ Δ𝑓; A is a device specific parameter, in this case 17.7 ng cm-2 Hz-1). The 

sample thickness was determined from the change of the resonance frequency Δ𝑓during the synthesis. A 

SURMOF mass of 31µg/cm-2 was determined, which corresponds to a thickness of about 230 nm 

considering the density of ethanol filled HKUST-1 is about 1.53g cm-3. 

 

Supplementary Figure 2.4 Growing of HKUST-1 SURMOF determined by QCM 
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The uptake of water was performed using a setup described in prior work21. The setup may be 

shortly explained, a gas system using argon as a carrier gas is connected to the QCM cell to allow flow 

through the cell. For uptake experiments the flow is diverted to pass through a washing bottle filled with 

water. The uptake of H2O in the gas phase is performed by connecting a gas flow system to the QCM cell. 

A flow rate of 99 mL min-1 Ar flow was used as the carrier gas in the experiment. Before the adsorption 

of probe molecule, a stable baseline was achieved under Ar flow at 60oC. The argon flow is firstly enriched 

with the vapor of the H2O by passing through the reservoir of the guest molecules. H2O possesses a 

saturation vapor pressure of about 3.1 kPa at room temperature22.  The enriched gas flow is then passed 

through the QCM cell, where the guest molecules diffuse into the SURMOF permitting the uptake to be 

studied by the mass change of the SURMOF on the QCM sensor. It should be noted that the concentration 

of argon in MOFs of type HKUST-1 at 60 °C and a pressure of about 1 bar is very small. Therefore, the 

argon molecules in the pores as well as the diffusion of argon during the uptake of the guest molecules 

can be neglected and the activated MOF pores can be considered as empty.  

The flow rates of the gases through the QCM cell need to be set large enough to ensure that the 

uptake by the SURMOF in gas phase is controlled by diffusion in the nanopores and not by convection 

through the QCM cell. In this case, 99 mL min-1 is set for the gas flow. Switching from the pure gas flow 

to the enriched gas flow, results in the uptake of the guest molecules into HKUST-1 SURMOF. The mass 

changes are recorded by the QCM. The uptake of H2O was repeated several times to avoid the possible 

deviation. All experiments were performed at a temperature of 60 °C. Before each experiment, the sample 

was activated in a flow of pure argon at 60 °C for several hours, to guarantee that no molecules, such as 

ethanol, or water were adsorbed in the pores and to guarantee reproducible results. Calculation yielded a 

filling of around 120 water molecules per unit cell. Then after calculation, we found that the big pore of 

HKUST-1 was uptake around 20 molecules, and the whole unit cell absorbed around 120 molecules of 

H2O.  

 
Supplementary Figure 2.5 Uptake and release of H2O over time in HKUST-1 SURMOF monitored by 

QCM  
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Supplementary Note 3. Fabrication of HKUST-1 single crystals 

Synthesis of HKUST-1 

In an 8 dram 1,3,5-benzenetricarboxylate (500 mg, 2.38 mmol) and oxalic acid dihydrate (60 mg, 

0.48 mmol) were dissolved in 10 mL of EtOH and 1 mL DMF mixture. In a separate vial Cu(NO3)2·3H2O 

(1.65 g, 6.8 mmol) was dissolved in 9 mL of H2O and was added to linker solution. The resulting milky 

suspension was sonicated and placed in 80 °C pre-heated oven for 48 h. The insoluble white precipitate 

can be easily removed using density separation by adding fresh ethanol and pipetting out the white 

suspension above the crystals. This can be repeated until the white suspension is completely removed. The 

resulting blue HKUST-1 crystals were further washed with ethanol and dried under vacuum at 150 °C 

prior to N2 isotherm measurements.  

Characterization details  

Nitrogen isotherm measurements were carried out on a Micromeritics Tristar II 3020 at 77 K. 

Samples were activated at 100 °C for 1 h and 150 °C for 16 h under vacuum on Micromeritics Smart 

VacPrep instrument and outgas rate below 0.05 mmHg/min was achieved. Pore size distribution was 

calculated using DFT model provided by MicroActive software (Micromeritics). The calculated BET 

surface area for HKUST-1 was 1805 m2/g and the total pore volume was 0.6 cc/g. 

 

Supplementary Figure 3.1 Nitrogen adsorption isotherm for HKUST-1 at 77 K. Blue circles = 

adsorption, orange circles = desorption. 

Powder X-ray diffraction (PXRD) of HKUST-1 was measured at room temperature on a STOE-

STADIMP powder diffractometer equipped with an asymmetric curved Germanium monochromator 
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(CuKα1 radiation, λ = 1.54056 Å) and one-dimensional silicon strip detector (MYTHEN2 1K from 

DECTRIS). The line focused Cu X-ray tube was operated at 40 kV and 40 mA. The activated powder was 

sandwiched between two Kapton foils and measured in transmission geometry in a rotating holder. 

Intensity data from 2 to 55 degrees two theta were collected over a period of 15 min. The instrument was 

calibrated against a NIST Silicon standard (640d) prior to the measurement. 

 

Supplementary Figure 3.2 Powder X-ray diffraction (PXRD) of large HKUST-1 single crystals. We 

collected two PXRD patterns from the same batch of crystals, where in one case they were fully desolvated 

(red) and in the other partially desolvated (orange) for which the peaks are much sharper. The simulated 

PXRD shown here (black) was made with preferred orientation on the (311) plane (as opposed to the 

simulated PXRD shown in the manuscript that used no preferred orientation setting). 
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Supplementary Note 4. Time-domain thermoreflectance (TDTR) measurements 

Experimental Analysis 

This section offers an in depth description of the experimental and analysis procedures used to 

obtain the thermal conductivities of thin film pristine and infiltrated SURMOFs with time domain 

thermoreflectance (TDTR)23–26. The Al/SiO2 and Au/SiO2 substrates fabricated for this study consisted of 

80 nm of Al or 75 nm of Au electron-beam evaporated onto bulk amorphous SiO2 substrates at a base 

pressure of 2x10-6 Torr. The metal layer served to transduce the optical energy from the TDTR laser pulses 

into temperature excursions within the sample; the frequency-dependent temporal decay of which was 

then measured. The Au/SiO2 substrates were fabricated in addition to the Al/SiO2 substrates to rule out 

the effects of additional reactions that the aluminum coated samples may have experienced when exposed 

to water, along with any transducer or metal/SURMOF interface effects on the measured SURMOF 

thermal conductivity.  

TDTR is a non-contact, optical thermometry technique that utilizes a pump-probe experimental 

configuration. A Ti:Sapphire femtosecond Spectra Physics Tsunami oscillator emits sub-picosecond 

pulses at a repetition rate of 80 MHz with a wavelength centered at ~800 nm (bandwidth of 10.5 nm). The 

output of the Ti:Sapphire laser is split into a pump and probe path. The pump path is electro-optically 

modulated with a square wave. The pump beam passes through the transparent SiO2 substrate and heats 

the aluminum or gold layer, which creates a modulated heating event at the sample surface. The heat 

transfers to both the SiO2 and the SURMOF film. The reflectivity of the aluminum (or gold) changes 

linearly with surface temperature and is monitored temporally by the probe beam. The probe is delayed in 

time by a translational mechanical delay stage up to 5.5 ns, and its reflected intensity from the sample is 

measured by a photodetector. Since this change in reflectivity of the probe pulses due to pump heating is 

very small (on the order of 10-4 – 10-6), a lock-in amplifier is used to demodulate the signal and provides 

amplitude and phase data in the form of a thermal decay curve which is analyzed with an appropriate 

thermal model to derive the thermal properties of interest17,18,21. In this sample configuration, bi-

directional heat conduction must be accounted for in the analysis20. The heat conduction model used to fit 

the data requires knowledge of the heat capacity, thermal conductivity, and thickness of all of the material 

making up the sample. Literature values are assumed for the heat capacity of the aluminum, gold, and 

SiO2
28. We experimentally measure the thermal conductivity of the SiO2 (𝜅 = 1.35 𝑊𝑚−1𝐾−1) and the 

thermal boundary conductance between the transducer and SiO2 layer (GAu/SiO2 = 4.7x107 Wm-2K-1 and 

we are insensitive to the thermal boundary conductance across the Al/SiO2 interface) with TDTR in a 

standard geometry (incident on the air/metal side of the metal/glass sample) before the MOF are deposited 

onto the metal coated side of the metal/SiO2 substrates. The model is very sensitive to the film thickness 
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of the metal film transducers, which were each measured via profilometry and/or picosecond acoustics on 

the exact substrates for each MOF (Supplementary Table 4.1 below). The thermal conductivities of the 

metal films (ᴋAl=120 W m-1K-1, ᴋAu = 312 W m-1K-1) were experimentally obtained using four point probe 

electrical resistivity and TDTR measurements. Lastly, the thicknesses of the MOFs were confirmed 

through SEM after they were deposited onto the SiO2 substrates. 

Supplementary Table 4.1: The thickness of the metal transducer layer measured for each sample 

before the MOF was deposited. 

 

 The layer thicknesses of the aluminum and gold are confirmed by picosecond acoustics29 and 

profilometry, respectively, and the thickness of the SURMOFs are confirmed through SEM.  We take 

advantage of the TDTR experimental configuration to measure both the thermal conductivity and heat 

capacity of the thinnest pristine SURMOF films. This is accomplished by performing TDTR 

measurements at a pump modulation frequency of 8.8 MHz, where the signal is sensitive to both the heat 

capacity and thermal conductivity, and analyzing both the in-phase and the ratio of the in-phase to out-of-

phase components of the probe thermoreflectivity generated by the lock-in amplifier30,31.  Supplementary 

Fig. 4.1 a) and c) show plots of the TDTR signal sensitivity to the thermal conductivity and heat capacity 

of a 200 nm activated pristine HKUST-1 at a pump modulation frequency of 8.8 MHz. Specifically, 

Supplementary Fig. 4.1 a) shows the TDTR sensitivity of the in-phase component of the TDTR signal 

(Vin) and b) shows the sensitivity of the ratio of the in-phase to the out-of-phase components (Vin/Vout) of 

the TDTR signal to the thermal conductivity and heat capacity to the HKUST-1 SURMOF on both Al/SiO2 

and Au/SiO2 substrates32. The sensitivity calculations are a measure of how strongly the thermal model 

depends on the parameter (i.e. thermal conductivity of the MOF) being measured compared to the other 

parameters in the system (i.e. heat capacity of the transducer, TBC between the transducer and SiO2 

substrate, etc.). Supplementary Fig. 4.1 b) and d) display the normalized residuals29 (Z) resulting from the 

model’s fit relative to the obtained thermal decay curve (r) for a single TDTR scan from SiO2/Au/HKUST-

1 given perturbations in alternative parameters of the thermal conductivity (𝜅) and heat capacity (𝐶𝑣).  

𝑍 = (
∑ [𝑟(𝑥𝑜;𝜅𝑒𝑥𝑎𝑐𝑡),𝐶𝑣,𝑒𝑥𝑎𝑐𝑡−𝑟(𝑥𝑜;𝜅𝑝𝑒𝑟𝑡𝑒𝑟𝑏𝑒𝑑,𝐶𝑣,𝑝𝑒𝑟𝑡𝑒𝑟𝑏𝑒𝑑)]2

𝑥0

∑ 𝑟(𝑥𝑜;𝜅𝑒𝑥𝑎𝑐𝑡))2
𝑥0

)
1/2

         (S4.1) 
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The contour plots indicate the range of values that would receive a good fit given the value used 

for the heat capacity or thermal conductivity. The thick black contour line represents a 3% residual error, 

where all values inside that contour line represent the acceptable range of thermal conductivities based on 

a single heat capacity value resulting from a good fit of the thermal model to the data. We see that the in-

phase component of the signal is insensitive to the heat capacity. Therefore we perform an iteration 

procedure where we first fit the in-phase component of the TDTR signal for the thermal conductivity 

(where the input value for the heat capacity will not affect the result for the thermal conductivity) and then 

we use that value as an input to our model and fit the ratio for both thermal conductivity and heat capacity. 

We iterate between these two methods until the value for thermal conductivity converges.  

 

Supplementary Figure 4.1 Sensitivity plots for the thermal conductivity and heat capacity of the 200 nm 

pristine SURMOF grown on both Al and Au to the a) Vin (in-phase) component of the TDTR signal, and 

to the c) ratio (-Vin/Vout) of the TDTR signal at 8.8 MHz modulation frequency. The contour plots show 

the residual (the model fit compared to the obtained thermal decay curve) for a single TDTR scan for a 

200 nm SiO2/Au/HKUST-1 fit to b) the Vin (in phase) signal and d) the ratio. The plots show that the Vin 

signal is insensitive to heat capacity. The thick black contour line represents an error of 3% which indicates 

a good fit of the thermal heat transport model to the TDTR data. 

We measure a pristine activated HKUST-1 volumetric heat capacity of 8.1x105 J m-3 K-1 (see 

Supplementary Figure S4.2). The TDTR signal’s sensitivity to both thermal conductivity and heat capacity 

at a single modulation frequency is limited to the thinnest pristine HKUST-1 MOF films (200 and 250 
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nm). For our SURMOF sample thicknesses considered in this work, we do not expect the heat capacity to 

depend on thickness at room temperature, and therefore we use the volumetric heat capacity measured for 

the 200 and 250 nm pristine HKUST-1 samples as an input to the thermal model for the thicker SURMOF 

samples. Our thermal analysis can also be very sensitive to the thermal boundary conductance between 

the metal and glass layer. Thus, we measure the thermal boundary conductance (G) across the Au/SiO2 

interface before SURMOF deposition as GAu/SiO2= 4.7x107 +/- 9.2x106 W m-2 K-1; we are insensitive to 

the thermal boundary conductance across the Al/SiO2 interface due to its relatively low resistance relative 

to the thermal resistance of the SiO2 substrate. The measured values for the heat capacity of the SURMOF 

films are within 18% of the calculated values (see SI page 4). Slight variations between our measured 

values for the SURMOF heat capacity and the computationally-predicted values are reasonable since it is 

expected that our SURMOF thin films will not be in a perfectly ideal state which is captured in the 

simulations. Supplementary Fig. 4.2 compares the measured and calculated heat capacity values. The 

uncertainty in the heat capacity and thermal conductivity measurements arrives from ±3 nm uncertainty 

in the Al and Au film thicknesses, as well as uncertainties in slight differences in the SURMOF sample, 

as scans were rastered across the surface. In total, the uncertainties in the thermal properties that were 

assumed (either though literature values or measurements) for the metal transducer and SiO2 substrate 

increase the uncertainty in the measured thermal conductivity and heat capacities of our MOF films. We 

use an iterative method of fitting for the thermal conductivity to the in-phase (Vin) signal, where we are 

relatively insensitive to the heat capacity of the MOF (for example, changing the thermal conductivity of 

the MOF by 20% results in a change of the heat capacity of 1%), and then fitting for the ratio (-Vin/Vout) 

for the heat capacity of the MOF. Further, to accurately determine the uncertainty in our multivariable 

TDTR measurements, we considered the mean square deviation of our bi-directional, four-layer thermal 

model to the experimental data using a contour analysis uncertainty calculation for data fit to both the in-

phase (Vin) and ratio (-Vin/Vout). The contour plot (Supplementary Fig. 4.1) displays the thermal model’s 

mean square deviation relative to experimentally measured thermal decay curves (equation S4.1). A large 

RMS value corresponds to a poor fit of the model to the data. We constrain our goodness of fit criteria to 

represent an error of <3%, indicating a good fit of the model to the data. The total uncertainty in our 

measurements account for the scan to scan variability on different spots of the sample, the uncertainty in 

the goodness of fit of our thermal model to our data, and the uncertainty of the metal transducer thickness. 

The metal transducer thickness is the most sensitive parameter and propagates the most uncertainty into 

our thermal measurements. The measured thermal decay curves and the best fit heat conduction model for 

the 200 nm pristine SURMOF sample are shown in Supplementary Fig. 4.3. 
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Supplementary Figure 4.2 Molecular dynamics calculated heat capacity vs. TDTR measured gravimetric 

heat capacity of SURMOF thin films. Only the pristine film was measured because the TDTR experiment 

did not have sensitivity to the heat capacity of the guest@HKUST-1 samples. 

 

Supplementary Figure 4.3 Representative data for a TDTR scan on a 200 nm thick SURMOF deposited 

on an Al/SiO2 substrate (left) and Au/ SiO2 (right), measured at a pump modulation frequency of 8.8 MHz, 

and analyzed with a four layer model for pristine HKUST-1, methanol@HKUST-1, and H2O@HKUST-

1. The ethanol@HKUST-1 data is excluded for clarity. 
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The thermal conductivity vs. film thickness data are plotted in Supplementary Fig. 4.5. The thermal 

conductivity is independent of film thickness, where size effects do not seem to play a role in reducing 

the thin film thermal conductivity compared to the bulk FDTR sample results. In addition, we note that 

that the SURMOFs grown on the SiO2/Au substrates show slightly reduced thermal conductivities 

compared to the SURMOFs grown on SiO2/Al substrates. This could be due to differences in the 

polycrystalline nature of the SURMOFs that is dictated by the Al or Au layer. As shown in Supplementary 

Fig. 2.1, XRD data indicate that both SURMOF systems are polycrystalline, however higher intensity 

peaks within the SiO2/Al/HKUST-1 SURMOFs are indicative of larger grain sizes leading to fewer 

boundaries within the SURMOF material. We perform a Scherrer analysis on the XRD data to further 

understand the differences in polycrystallinity and strain within the samples. 

 
Supplementary Figure 4.5 Thermal conductivity vs. SURMOF film thickness compared to the bulk 

FDTR data. 

Scherrer Equation for analyzing XRD data 

In order to better characterize the structural differences between the HKUST-1 MOFs grown on 

Au and Al substrates we determine the size of the crystallite domains and the strain within the samples 

using Williamson-Hall plots and the Scherrer equation26. This method works by taking advantage of the 

fact that the broadening of XRD peaks is due to three features: broadening that is intrinsic to the XRD 

instrument, contributions from strain, and the size of the ordered crystalline domains. The broadening due 

to the instrument is determined by analyzing a gold calibration sample. The broadening due to the effects 

of crystallite size and strain are represented by the following equations respectively: 
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𝛽𝐿 =
𝐾𝜆

𝐿𝑐𝑜𝑠(𝜃)
,       (S4.2) 

 𝛽𝑒 = 𝐶𝜀 tan (𝜃)  (S4.3) 

Where K is the dimensionless shape factor, 𝜆 is the x-ray wavelength, 𝛽 is the line broadening at 

FWHM after subtracting the instrumental line broadening (in radians), 𝜃 is the Bragg angle, C depends 

on the assumptions made concerning the nature of 𝜀, the inhomogeneous strain. We create Williamson-

Hall plots to understand the components of peak broadening for the MOF samples of interest, where the 

slope is equal to the strain component, and the size component from the intercept (see Supplementary 

Fig.  4.6). Supplementary Table 4.1 shows the results from the Scherrer and Williamson-Hall analysis. 

We see that the MOFs grown on the Au substrates contain larger crystallite sizes compared to the MOFs 

grown on Al substrates, however the domain sizes are on the order of hundreds of nanometers which is 

orders of magnitude greater than the average MFP in the MOFs34. Thus, the increased grain boundaries 

do not explain their reduced thermal conductivity compared to the MOFs grown on Al substrates.  

Supplementary Table 4.1 Results for the Scherrer and Williamson-Hall analysis on the XRD data of 300 

nm HKUST-1 MOFs grown on Al and Au substrates. 

 HKUST-1/Al/SiO2 HKUST-1/Au/SiO2 

K 0.9 0.9 

𝜆 (Å) 1.5406 1.5406 

Instrument Broadening (rad) 1.54e-4 1.54e-4 

Average Crystallite Size (nm) 95.56 174.74 

Strain (C𝜀) 0.00325 0.01458 

 
Supplementary Figure 4.6 Williamson-Hall plots derived from the XRD plots of 300 nm HKUST-1 

SURMOFs deposited on Al/SiO2 and Au/SiO2 substrates respectively. The slope of the line is equal to the 

strain (C𝜀) in the samples, and the y-intercept is indicative of the domain size (
𝐾𝜆

𝐿
).  
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Supplementary Note 5. Frequency-domain thermoreflectance (FDTR) measurements 

High-quality HKUST-1 single crystals were obtained from the Farha group at Northwestern 

University. The average crystal size is approximately 150 microns based on optical microscope images. 

Because it is important to have large, flat and smooth surfaces for laser-based frequency domain 

thermoreflectance (FDTR) measurements, good candidate crystals are carefully selected under the optical 

microscope. FDTR is a non-contact optical technique where continuous wave pump and probe lasers are 

used to measure thermal transport. The pump laser beam (488 nm) is intensity modulated by an electro-

optic modulator at different frequencies and acts as a periodic heat source when it is absorbed at the sample 

surface. This periodic heating causes oscillations of the temperature on the surface at the same frequency 

as the pump beam, but with a phase lag due to the sample’s inherent thermal impedance. The probe laser 

(532 nm) is co-aligned with the pump beam and measures the change in optical signal which is directly 

related to the temperature change of the sample based on thermoreflectance23,35,36. The temperature change 

of the sample is affected by the sample’s thermal properties and is denoted in the phase-lag between the 

incoming pump and reflected probe lasers. The experimental phase-lag, as a function of pump modulation 

frequency, are fitted by an analytical solution to the three-dimensional dimensional heat diffusion equation 

for periodic surface heating of a layered solid by a radially Gaussian source23. The best-fit is achieved 

where the only fitting parameter is the desired sample thermal property – in this case, the HKUST-1 

thermal conductivity. 

 

Supplementary Figure 5.1 10X optical microscope image of the HKUST-1 MOF sample partially 

covered with Au-Pt layer. 
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In FDTR measurements, optical lasers are converted to a thermal source by the transducer layer. 

Typically, a gold (Au) layer of ~60 nm thick is used for this purpose, but our sensitivity analysis indicated 

that we gain more sensitivity on the change in thermal conductivity of MOF crystals when we have a 

lower thermal conductivity transducer layer. Therefore, we lowered the thermal conductivity of the 

transducer by layering Au with platinum (Pt) due to Pt’s low thermal conductivity and we specifically 

used a 30 nm Au (top) - 20 nm Pt (bottom) stacked transducer layer. The Au-Pt layer is sputtered on top 

of the HKUST-1 crystals at 1×10-5 Torr base pressure with an argon flow of 5×10-3 pressure and 25 sccm 

flow rate at room temperature. To ensure liquid adsorbates can enter the inner HKUST-1 crystal structure 

during adsorption measurements, a portion of the crystal is covered with a strip of Kapton tape under the 

optical microscope before sputtering. Supplementary Fig. 5.1 shows the optical microscope image of the 

HKUST-1 crystal that is partially covered with the Au-Pt layer. 

S5.1 Fitting parameters 

Supplementary Table 5.1 below shows fitting parameters that are used for fitting the experimental 

phase lags to the analytically calculated values. “Fitting” indicates that they are the unknown fitting 

parameters. 

Supplementary Table 5.1 Material properties used for fitting in each case.  

Layer materials 

Thermal 

conductivity 

(W/m∙K)* 

Heat capacity 

(J/kg∙K) 

Density 

(g/cm3) 

Length 

(m) 

Au (top) 80 ± 15** 126 ± 3 19.3 ± 0.4 (30 ± 2) E -9 

Pt 80 ± 15** 133 ± 2 21.4 ± 0.1 (20 ± 2) E -9 

Activated (crystal) 0.69 ± 0.21* 775 ± 8*** 0.88 ± 0.1 (150 ± 10) E -6 

Ethanol (crystal) 0.29 ± 0.06* 1,430 ± 140*** 1.43 ± 0.1 (150 ± 10) E -6 

Methanol (crystal) 0.15 ± 0.02* 1,430 ± 140*** 1.44 ± 0.1 (150 ± 10) E -6 

Water (crystal) 0.21 ± 0.04* 2,290 ± 230*** 1.58 ± 0.1 (150 ± 10) E -6 

*Obtained through fitting. **Au and Pt thermal conductivities were determined from the 

Wiedemann-Franz law and electrical conductivity measurements of co-sputtered glass samples. 

***Identical to the values in Supplementary Fig. 4.2 
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Au and Pt thermal conductivities were determined from the Wiedemann-Franz law and electrical 

conductivity measurements of co-sputtered glass samples.  For Au-Pt layer, the same thermal conductivity 

is assumed between Au and Pt as both are highly conductivity metals yet very thin. The actual thickness 

of the transducer layer is measured using X-ray reflectivity (XRR) technique and that of the crystal is 

assumed from the average crystal size from optical microscope images. The heat capacity of the activated 

HKUST-1 crystal before liquid adsorption was co-fit with the thermal conductivity and the combination 

that resulted in the lowest mean square error between data and experiment is reported. It is encouraging 

that this value of heat capacity agrees with that acquired by the thin film experiments in Supplementary 

Figs. 4.1-4.2, and with published experimental values37,38.  Theoretically calculated values of heat capacity 

and density were used for each liquid adsorption case.  We found that if the heat capacity and density were 

left at the activated (un-filled) values, the FDTR data could not be fit, which provides certainty that the 

filled values reported in Supplementary Table 5.1 are correct. Supplementary Fig. 5.2 shows that the 

analytical fit that assumes the theoretically calculated heat capacity for methanol filled HKUST-1 from 

Supplementary Table 5.1 (and Supplementary Fig 4.2) is far better than the fit found using the heat 

capacity of the activated unfilled HKUST-1.  The uncertainties in heat capacity and density in HKUST 

crystal are set conservatively at 10% due to a lack of experimental data available for these properties. 

 

Supplementary Figure 5.2 FDTR Phase lag data vs. frequency for the methanol adsorbed sample. 

S5.2. Thickness analysis 

The X-ray reflectivity (XRR) fit agreed very well with the original data as presented in 

Supplementary Fig. 5.3. The fitted result indicated that the Pt thickness is 21 nm and Au thickness is 30 

nm. When these thicknesses changed by 2 nm, the quality of fit worsened appreciably. 
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Supplementary Figure 5.3 The XRR thickness analysis result. The -2 nm and +2 nm lines show 

the sensitivity in fits with ± 2 nm change in the Au layer. 
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S5.3. Sensitivity analysis 

 

 

Supplementary Figure 5.4 (top) Analytically calculated phase lags as a function of heating frequency 

for different 𝜅𝑡𝑟𝑎𝑛𝑠 when the MOF thermal conductivity changed from 0.7 W/m∙K (solid lines) to 0.1 

W/m∙K (dashed lines). (bottom) The difference in phase lags represented with the solid and dashed lines 

as a function of heating frequency. 

The phase lags as a function of heating frequency are analytically calculated when the thermal 

conductivity of MOF crystal is assumed to be 0.7 W/m∙K and 0.1 W/m∙K for different top transducer layer 

thermal conductivities (𝜅𝑡𝑟𝑎𝑛𝑠). The calculation results are shown in Supplementary Fig. 5.4(top). The 

transducer layer thermal conductivity ranged between 10 W/m∙K (Case 5) and 200 W/m∙K (Case 1) where 

the solid lines represent the 0.7 W/m∙K case and the dashed lines represent the 0.1 W/m∙K case. 
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Supplementary Fig. 5.4(bottom) shows the difference in phase lags between the higher and lower MOF 

thermal conductivity cases for different 𝜅𝑡𝑟𝑎𝑛𝑠 as a function of heating frequency. It is clear that the lower 

𝜅𝑡𝑟𝑎𝑛𝑠 yields a higher phase lag difference, which is equivalent to higher sensitivity for measuring the 

thermal properties of MOF crystals. 

S5.4. Measurements data table 

Data for the loaded single crystal HKUST-1 MOFs are listed in Supplementary Table 5.2. 

Different numbers in crystals and data points in the second and third columns mean that the data collection 

is performed on different crystals and multiple spots on a given crystal. The uncertainties in each data 

point in the last column resulted from the propagation of uncertainties in material properties used for 

fitting. Supplementary Fig. 5.5 shows a histogram of all the measurement results of the activated HKUST-

1 crystal samples to show that the whole data sets did not yield severely scattered 𝜅. This data set 

represents a total of 8 crystals and 21 measurement spots. 

Supplementary Table 5.2 Selected measured 𝜅 of HKUST-1 crystals under different conditions. 

Activated HKUST 

Crystal 1 

Data point 1 0.72 ± 0.27 W/m∙K 

Data point 2 0.69 ± 0.26 W/m∙K 

Data point 3 0.69 ± 0.27 W/m∙K 

Crystal 2 
Data point 1 0.75 ± 0.24 W/m∙K 

Data point 2 0.61 ± 0.25 W/m∙K 

Methanol Crystal 1 

Data point 1 0.31 ± 0.24 W/m∙K 

Data point 2 0.28 ± 0.26 W/m∙K 

Data point 3 0.25 ± 0.23 W/m∙K 

Data point 4 0.34 ± 0.33 W/m∙K 

Ethanol Crystal 1 
Data point 1 0.15 ± 0.08 W/m∙K 

Data point 2 0.16 ± 0.08 W/m∙K 

Water Crystal 1 
Data point 1 0.19 ± 0.09 W/m∙K  

Data point 2 0.24 ± 0.09 W/m∙K 
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Supplementary Fig. 5.5 A histogram of thermal conductivity measurements of pristine HKUST-1 

crystals after thermal activation. This data set represents a total of 8 crystals and 21 measurement spots. 
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Supplementary Note 6. Sintered sphere model for thermal conductivity 

We derived an analytical model for thermal conductivity based on sintered spheres. This model 

examines the reduced thermal conductivity of the adsorbates within the infiltrated MOFs by considering 

the geometry of the liquids after MOF adsorption, where the adsorbed liquids can be thought of as point 

contacts where channels between the pores are similar to the necks between particles characteristic of 

sintered spheres made from compacted powders. In this model, we start with the total thermal conductivity 

(𝜅𝑇) of the guest@HKUST-1 system represented as the sum of two parallel resistors 

𝜅𝑇 = (1 − 𝜑)𝜅𝐻𝐾𝑈𝑆𝑇−1 + 𝜅𝐿𝑖𝑞𝑒𝑓𝑓
,  (S6.1) 

where 𝜅𝐿𝑖𝑞𝑒𝑓𝑓
= 𝜑𝜅𝐿𝑖𝑞  and again, 𝜑 is the void fraction occupied by the liquid. The porosity of the 

is 67.8% and we estimate the water void fraction to be 82% of the pores for the H2O@HKUST-1, while 

the methanol and ethanol infiltrated are estimated at 100% void fraction39. This representation is accurate 

only if the liquid is oriented as slabs or rods that run parallel to the direction of heat flow, otherwise 

𝜅𝐿𝑖𝑞𝑒𝑓𝑓
= 0 (see Supplementary Fig. 6.1). Since the real geometry of the liquid is likely something in 

between these two cases, due to the many channels connecting the pores within the HKUST-1, we consider 

the case where the liquid occupies voids that are somewhat spherical (see Supplementary Fig. 6.1), contact 

one another, and apply models created for sintered spheres40. By treating the infiltrated liquid molecules 

as sintered spheres, we can understand how the geometry imposed by the MOF pores is reducing the 

thermal conductivity of the liquid. Specifically, we calculate the Reimann-Weber equation to derive the 

total effective contact conductivity (𝜅𝑐) of a simple cubic structure of equally overlapped spheres41.  

𝜅𝑐 = 6𝜅𝑇(
1

𝑥
+

1

𝜋
ln (2

𝑥⁄ ))−1,  (S6.2) 

where 𝜅𝑇 is defined above, and x = 𝑎 /𝑅𝑠 is the contact size ratio where 𝑎 is the contact spot radius 

between two spheres and 𝑅𝑠 is the sphere's radius. Supplementary Fig. 6.1 illustrates how these parameters 

were identified within the MOF system. We multiply by six because each modeled sphere contains six 

contact points. For actual spherical sintered spheres, the contact spot radius (𝑎) is a function of the particles 

Young’s modulus (E), Poisson ratio (𝜈), forces between the spheres (F), and the spot radius (𝑅𝑠), shown 

in Eq. S6.3.  
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𝑎 = √
6𝐹 [

1−𝜈𝑀𝑂𝐹
2

𝐸𝑀𝑂𝐹
]

4(
2

𝑅𝑠
)

3

        (S6.3) 

Since it is difficult to define 𝑎 for our system, we simplify our assumptions by solving Eq. S6.2 

for a variety of contact size ratios (𝑥), and set an upper and lower limit for 𝑥 that would describe the 

reduction in thermal conductivity that is seen experimentally upon infiltration of the guest liquid 

molecules. The parameters used for this calculation are shown in Supplementary Table 6.1. We take the 

radius to be the radius of the largest pore in the MOF.  Supplementary Fig. 6.2 shows a plot of the 

Reimann-Weber model for 𝑥 vs. the normalized thermal conductivity (𝜅𝑐/𝜅𝑀𝑂𝐹). The shaded region in 

the figure indicates the range of 𝑥 that would reduce the thermal conductivity of the guest@MOF system 

to the experimentally observed values assuming that the reduction in the total thermal conductivity is 

driven by the reduction to just the liquid’s thermal conductivity. We see that if we use a value of 𝑅𝑠 equal 

to the radius of the largest pore in the MOF, the range of contact spot radii that corresponds to the reduction 

in thermal conductivity are so small that they are unphysical. Therefore, we conclude that although the 

geometry of the MOF may be reducing the thermal conductivity of the liquid material, it is not the 

dominating mechanism for reducing the thermal conductivity of the guest@MOF system.  

Supplementary Table 6.1: Parameters used for the Reimann-Weber sintered sphere calculations. 

 Water@HKUST-1 Methanol@HKUST-1 Ethanol@HKUST-1 

𝜅𝑇 (Wm-1K-1) 0.567 0.363 0.341 

𝑅𝑠 (nm) 0.575 0.575 0.575 

𝑎 (nm) 0.03-0.08 0.04-0.13 0.04-0.14 

  

                

Supplementary Figure 6.1 Orientation of water compared to heat flow and its effect on 𝜅𝐿𝑖𝑞𝑒𝑓𝑓
 (left). 

H2O@HKUST-1 SURMOF represented as sintered spheres (right). 

𝒂 
𝟐𝑹𝒔 

𝜅𝐿𝑖𝑞𝑒𝑓𝑓=𝜑𝜅𝑙𝑖𝑞

= 𝜑𝜅 

𝜅𝐿𝑖𝑞𝑒𝑓𝑓=0

= 𝜑𝜅 

𝜅𝐿𝑖𝑞𝑒𝑓𝑓=?

= 𝜑𝜅 
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Supplementary Figure 6.2 Normalized thermal conductivity for the sintered sphere model. The shaded 

region shows the values of x required to reduce the thermal conductivity of the liquid to reach the thermal 

conductivity values observed experimentally (𝑦 =
𝜅𝑐

𝜅𝑀𝑂𝐹
= 0.42 − 0.14). The labelled lines correspond to 

the value of 𝜅𝑇 used for the Reimann-Weber calculations. 
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