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ABSTRACT: We experimentally and theoretically investigate the thermal conductivity and mechanical properties of poly-
crystalline films of HKUST-1 metal organic frameworks (MOFs) infiltrated with three guest molecules: Tetracyanoquinodi-
methane (TCNQ), 2,3,5,6-Tetrafluoro-7,7,8,8-tetracyanoquinodimethane (F4+-TCNQ), and (Cyclohexane-1,4-diylidene) di-
malononitrile (Hs-TCNQ). This allows for modification of the interaction strength between the guest and host, presenting an
opportunity to study the fundamental atomic scale mechanisms of how guest molecules impact the thermal conductivity of
large unit cell porous crystals. The thermal conductivities of the guest@MOF systems decrease significantly, by on average a
factor of four, for all infiltrated samples as compared to the un-infiltrated, pristine HKUST-1. This reduction in thermal con-
ductivity goes in tandem with an increase in density of 38% and corresponding increase in heat capacity of ~48%, defying
conventional effective medium scaling of thermal properties of porous materials. We explore the origin of this reduction by
experimentally investigating the guest molecules’ effects on the mechanical properties of the MOF, and performing atomistic
simulations to elucidate the roles of the mass and bonding environments on thermal conductivity. The reduction in thermal
conductivity can be ascribed to an increase in vibrational scattering introduced by extrinsic guest-MOF collisions, as well as
guest molecule induced modifications to the intrinsic vibrational structure of the MOF in the form of hybridization of low
frequency modes that is concomitant with an enhanced population of localized modes. The concentration of localized modes
and resulting reduction in thermal conductivity do not seem to be significantly affected by the mass or bonding strength of
the guest species.




INTRODUCTION

Metal-organic frameworks (MOFs) are a class of porous
crystalline materials comprised of a network of metal ions
connected to organic “linker” molecules by coordination
bonds. MOFs have a vast variety of applications including
gas storage, separation, catalysis, and recently, thermoelec-
trics (TE).(1-5) Their versatility stems from highly selective
chemical and mechanical modifications that are achieved by
choice of MOF building blocks (metal node and ligand), their
extremely high porosity/surface area ratio and the ability to
introduce specific guest molecules into the pores of the
framework.(2, 3, 6-8) In particular, tailoring of emergent
properties such as electrical conductivity and thermopower
have been achieved by infiltrating MOF pores with special-
ized guest molecules.(2-4) While the thermal properties of
MOFs have been investigated on idealized structures using
molecular simulations,(9-12) experimental inquiry of infil-
trated MOFs are deficient, and critically important for real-
izing efficient gas adsorption and thermoelectric materials.
(2, 3, 13-15) Gas adsorption is an exothermic process,
where the desorption entropy results in a decrease in guest
material uptake with temperature. Therefore, a guest-host
induced change in the thermal conductivity upon sorption
will control the achievable concentration of gas storage
available to a MOF material. Additionally, MOFs are a very
good candidate as a TE material due to their intrinsic poros-
ity and therefore intrinsically low thermal conductivity and
emergent electrical properties upon infiltration with a guest
molecule e.g, TCNQ. Specifically, significantly enhanced
charge transport has been achieved upon infiltration of elec-
trically conductive guest molecule into the pores.(3, 4) Un-
derstanding the role of guest species on the thermal
transport properties of porous crystals, such as MOFs, is
critical for informing other chemical properties of the sys-
tem and is therefore a crucial property for realizing novel
and efficient TE and gas storage materials.(4, 13)

In a porous crystal containing adsorbed guest mol-
ecules there are, in general, two main mechanisms that in-
fluence the overall heat transfer. These are the thermal
transport through the solid scaffolding, and though the
guest, which are mediated by the guest-host interac-
tions.(16) While MOFs can be modestly electrically conduc-
tive,(17) the primary energy carriers are vibrational modes
because the electrical conductivity is too low to make any
substantial contribution to thermal conductivity.[18] Ther-
mal transport through the guest-host interaction is complex,
and not well understood because competing effects can im-
pact the thermal conductivity. For example, an effective me-
dium approximation suggests that MOF infiltration should
increase the total thermal conductivity, since an adsorbed
molecule increases the number of atoms per unit volume
serving to increase the density while enhancing the total
number of channels that heat can flow through the material
system. Alternatively, the addition of any extrinsic species in
the form of a guest molecule within the pore could promote
a break in the symmetry/periodicity in the crystal and lead
to the hybridization of low frequency modes promoting in-
creased scattering and/or changes in mode character (i.e.,
loss of plane wave/propagating character) which would im-
ply a reduction in thermal conductivity.(18, 19) Further, in
this picture, the guest molecules can also be thought of as
‘rattling’ atoms that produce strong localized modes which
may scatter with MOF vibrational modes, decreasing heat

transfer.(20, 21) In short, the physical mechanisms driving
heat flow processes in porous crystalline material undergo-
ing infiltration require additional examination.

This work experimentally investigates the effects
of infiltration of charge accepting guest molecules with dif-
fering degrees of orbital overlap between the infiltrated
guest and MOF host lattice on the thermal conductivity of
HKUST-1. Our experimental results of thermal conductivity
of the various MOF samples are supported by molecular dy-
namics (MD) simulations, MD-derived spectral energy den-
sity (SED) calculations, and harmonic lattice dynamics (LD)
to elucidate the role of the guest-host interaction on thermal
transport processes. HKUST-1 is a common, easily fabri-
cated MOF constructed from metal nodes of dimeric Cu2+
paddle-wheel units, where each Cu atom is coordinated by
four oxygen from the benzene-1,3,5-tricarboxylate (BTC)
linkers, forming face centered-cubic (fcc) crystals. (22-24)
HKUST-1 contains a three-dimensional network of periodic
square shaped pores (9 x 9 A) with varying levels of polarity
based on their exposure to the metallic coordinatively un-
saturated site (CUS).(25, 26) Molecular structures of the
HKUST-1 building block and guest molecules are detailed in
Figure 1. Before infiltration, the HKUST-1 pristine frame-
work is an insulator that is electrically neutral; it has a par-
tially positive charge on the Cu?+ atoms that is balanced by
the partially negative localized charge on the carboxylate
units within the BTC linker of the polymeric crystal lat-
tice.(27) For the purposes of this study, HKUST-1 is infil-
trated with three charge-accepting molecules, listed here in
order of decreasing guest/host bond overlap: Tetracyano-
quinodimethane (TCNQ), 2,3,5,6-Tetrafluoro-7,7,8,8-tetra-
cyanoquinodimethane (Fs-TCNQ), and (Cyclohexane-1,4-
diylidene)dimalononitrile (Hs-TCNQ). These guest mole-
cules have previously been shown to enhance the electrical
conductivity of the guest@MOF system by more than six or-
ders of magnitude, by introducing covalent and noncovalent
interactions that create continuous charge transport path-
ways through long range order of the donor bridge acceptor
sites, and mixing between the electronic excited and ground
states.(1, 3) It is important to note however, that the electri-
cal conductivity of the guest@HKUST-1 is still relatively low,
which is quite detrimental towards its application as a ther-
moelectric material. TCNQ, Fs-TCNQ, and H4-TCNQ are
strong m-acids that accept electrons from the Cu(Il) dimers
of the HKUST-1. Talin et al. showed that loading of the TCNQ
guest species into HKUST-1 results in approximately eight
molecules per unit cell, or one molecule per pore.(28) Addi-
tionally, there exists strong evidence of coordination occur-
ring between the terminating nitrile groups of TCNQ (which
are cis to each other) and the CUS of the MOF, where this in-
teraction is thought to be responsible for the emergence of
electronic conductivity upon infiltration (Figure 1).(3) Since
the degree of charge transport is closely related to the crys-
tal binding energy, we use the predicted metric for do-
nor/acceptor electronic coupling from Allendorf et al. to
qualitatively rank the degree of guest/host orbital overlap
between each guest species.(3) TCNQ provides the largest
coupling with the MOF, owing to a high degree of orbital
overlap between the TCNQ and the Cu d(z?) orbitals within
the metal node of the MOF. Fluorination of TCNQ results in
added tuning, where an increase in electronegativity causes
an overall reduction in electrical conductivity by disrupting
d orbital overlap between the guest and host.(3) Lastly, Hs-
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TCNQ produces the least charge transport of all guest mole-
cules, due to the lack of a conjugated m network, and there-
fore has the smallest orbital overlap.

To support the thermal conductivity measurements, we
extensively characterize surface anchored metal organic
framework (SURMOF) thin films (250 - 400 nm) and thick
polycrystalline samples (5.5 um) of pristine and infiltrated
HKUST-1 with scanning electron microscopy (SEM), X-ray
diffraction (XRD), infrared spectroscopy, nuclear magnetic
resonance spectroscopy (NMR), pump-probe Brillouin scat-
tering and nanoindentation (Figure 3 and SI Sections S1, S2,
S$4-510) to examine the structural properties and coordina-
tion environment. Pump-probe Brillouin scattering and
nanoindentation measurements demonstrate the role of in-
filtration on the elastic modulus of the MOF samples, which
further elucidates the fundamental role of guest-host inter-
actions on the stiffnesses of the MOFs. Further, we offer an
interpretation of our experimental results with atomistic
MD, SED, and LD simulations to ascertain the guest-host in-
teractions on thermal conductivity, vibrational modes, and
scattering rates. Due to the complex interplay of order and
disorder in these large unit cell crystals with addition of a
guest, we frame our interpretation of the simulated and ex-
perimental results from a disordered framework perspec-
tive. We presume that a combination of extended (phonon-
like propagating modes known as propagons, and non-prop-
agating diffusons) and localized (locons) modes are present
in our MOF systems.(18, 29, 30) We find that the thermal
transport in these infiltrated porous crystalline systems is
not influenced by a loading dependent structural change,
but rather an increase in extrinsic vibrational scattering in-
troduced by guest-MOF collisions, as well as adsorbate in-
duced modifications to the vibrational structure resulting in
hybridization with low frequency modes and a concomitant
increase in mode localization. The infiltrated MOF materials
have a higher degree of localized modes at all frequencies
compared to the un-infiltrated pristine states that is not sig-
nificantly affected by the mass or bonding strength of the
guest species.

RESULTS AND DISCUSSION

SURMOF thin film and thick polycrystalline HKUST-1
MOFs were prepared at two separate institutions, Karlsruhe
Institute of Technology (KIT) and the University of Virginia
(UVA), using a layer-by-layer (LBL) liquid phase epitaxy
(LPE) technique (31) and a solution shearing (32-34) fabri-
cation process, respectively. These methods are described in
detail in the Experimental section. All pristine samples were
activated by heating at 145 °C for 12 hours under a vacuum
of 3.4x10-¢ mbar, which has been shown to be an effective
technique to remove both pre-coordinating solvent mole-
cules and unwanted guest molecules, such as H20 and CO,
that would otherwise prevent the pores from interacting
with the intended adsorbates while maintaining the crystal-
linity and porosity.(24, 35, 36) Activation immediately
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Figure 1: Schematic of the building blocks and guest mol-
ecules of the guest@HKUST-1 system: (top) Cu II dimer
metal node (note that the Cu II paddle-wheel dimer shows
the Cu?* coordinated to eight oxygens from four separate
BTC molecules), BTC linker, and the TCNQ, F4+-TCNQ, and Ha-
TCNQ guest molecules. (Bottom) the full assembly of a single
unit cell of the pristine HKUST-1 is shown along with a
zoomed in representation of the TCNQ@HKUST-1 bonding
environment as described by Allendorf et al. [3]

before measurement acquisition of the pristine HKUST-1 is
a crucial step for realizing a truly pristine HKUST-1 sample,
where upon deactivation, water vapor adsorbed into the
pores causes a reduction in the thermal conductivity (Figure
S9). Pristine HKUST-1 samples were exposed to a saturated
solution of TCNQ, F4-TCNQ, and H4-TCNQ, the details of
which are provided in the SI, to provide a series of pristine
and infiltrated HKUST-1 samples. We measured the thermal
conductivities of the various HKUST-1 SURMOF films and
thick samples in activated pristine and loaded forms with
time domain thermoreflectance (TDTR).(37, 38) We experi-
mentally modify the strength of the coordination between
the guest and host by choosing a fluorinated (F4-TCNQ) and
a hydrogenated (Hs-TCNQ) equivalent to the TCNQ mole-
cule, which adjusts the degree of orbital overlap between the
nitrile functional group from the guest and Cu?+ d-orbital
from the host, and alters the extent of electronic cou-
pling.(39, 40)
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Figure 2: Experimentally measured thermal conductivity
vs. thickness of activated pristine HKUST-1 (black filled
squares) and infiltrated HKUST-1 (open symbols). The re-
ported measured thermal conductivity of a 200 nm thick
film of TCNQ@HKUST-1 (pink filled circle) from Erickson et
al.(2) and a 300 nm pristine HKUST-1 film (black open
square) from our previous work(13) are also shown for ref-
erence. Table S1 lists details on the individual samples.

Figure 2 shows the measured thermal conductivity
as a function of thickness for activated pristine and infil-
trated samples. The previously reported literature value for
the thermal conductivity of TCNQ@HKUST-1 from Erickson
et al.(2) of 0.23 + 0.04 Wm-1K-1 is also shown for reference;
our results for the infiltrated MOFs are in agreement with
this reported value. We note that Eickson et al. (2) used MD
to show that the addition of TCNQ significantly increases the
thermal conductivity, while we show experimentally that in-
filtration with TCNQ significantly decreases the thermal
conductivity of the HKUST-1 system. The discrepancy likely
lies in the assumptions made in the MD. Primarily, Erickson
et al. modeled the TCNQ molecules with non-bonding inter-
actions with the framework, so that the TCNQ molecules
main function was to provide structured additions (in-
creased density) to the framework. As shown from our char-
acterization data (Figure 3) and reported elsewhere, (3, 28,
41) it is more likely that the TCNQ coordinates with the
framework, and therefore behaves very differently (phonon
scatterers) than what was captured by Erickson et al. Re-
turning to our experimental results, the lack of dependence
of the thermal conductivity on sample thickness suggests
that the mean free paths of the heat-carrying propagons are
much less than the film thicknesses or grain sizes (~300 nm,
confirmed from the XRD (see SI Section 1)), which is con-
sistent with prior reports on the mean free paths in these
systems.(42, 43) Additionally, the lack of a classical size ef-
fect also indicates that the dominant vibrational modes that
contribute to the thermal conductivity of the material may
be non-propagating (e.g., diffusons).(18, 44)

In our experimental geometry, TDTR is primarily
sensitive to the thermal effusivity (\/K_CV) of the sample (ex-
cept for the thinnest 250 nm SURMOF HKUST-1 sample,
where TDTR is sensitive to both thermal conductivity and
heat capacity simultaneously, as we discuss in the SI Section
S3), where the thermal conductivity (k) is the fitting param-
eter and the volumetric heat capacity (C,) is taken as a

known parameter (either measured or obtained from the lit-
erature,(2) see SI Section S3). Effective medium theory
would predict that an increase in the density of the material
(upon loading) would result in an increase in the thermal
conductivity due to an increase in the density of the porous
composite. We measure a decrease in the thermal effusivity
upon loading, indicating that the drastic drop in thermal
conductivity cannot be explained by the increase in the den-
sity or volumetric heat capacity. This finding implies a more
complex heat transfer picture where the adsorbate intro-
duces disorder into the system. In fact, previous molecular
dynamics studies on liquid and gas loaded MOF systems
have reported similar thermal trends, concluding that the
reduction in k upon infiltration is due to higher vibrational
scattering rates introduced by the collisions between gas
molecules and the MOF lattice sites. (13, 45) Note that re-
sults for thin film Hs-TCNQ@HKUST-1 are not reported in
Figure 2 due to procedural difficulties in achieving success-
ful diffusion of the highly volatile H4-TCNQ molecule into the
HKUST-1 pores (see SI S1 for details).

Previously, we experimentally observed a characteristic
decrease in the thermal conductivity of HKUST-1 SURMOF
films and single crystals upon infiltration with methanol,
ethanol and water.(13) Prestipino et al. has shown that H20
molecules present in the pores of HKUST-1 chemically bind
to the Cu(ll) sites, resulting in significant modifications to
the first coordination sphere,(24) which structures a hy-
pothesis of the fundamental chemical nature of the infil-
trated species-MOF interaction that can reduce the thermal
conductivity of guest@MOFs. Specifically, hydration results
in the distortion of the intrinsic Cu-O bonds in the Cu(II) di-
mer and lengthening of the Cu-Cu distance, resulting in an
overall increase in cell volume. It is likely that the introduc-
tion of the other polar liquid guest molecules (methanol,
ethanol) in our previous work created similarly complex
guest-host interactions. We can translate this discussion to
posit the fundamental chemical interactions between the
guest molecules and HKUST-1 cages that drive down the
thermal conductivity in the materials studied in his work.
Figure 3 shows characterization data for the thin and thick
MOFs, including SEM, XRD, FTIR, Raman, and nanoindenta-
tion paired with pump-probe Brillouin scattering measure-
ments of the elastic modulus (see SI Sections S1-S2, S5-S6, &
§9-510 for full details) that specify the morphology of each
sample and confirm the presence of different degrees of
guest coordination with the framework. The XRD and SEM
data shown in Figure 3 (a)(b) and (e)(f) respectively, show
that the surface anchored thin films exhibit low surface
roughness and highly oriented growth. This is in contrast to
the thick MOFs, which demonstrate elevated surface rough-
ness and high polycrystallinity. The SEM in Figure 3 (e)-(f)
shows the difference in surface roughness, where the LPE
method produces very low surface roughness (<10 nm) and
the solution shearing method promotes high surface rough-
ness (~1um), as confirmed through profilometry. Further,
the XRD in Figure 3 (a)-(b) confirms that infiltration does
not affect the MOF’s crystalline structure (fcc). Additionally,
ithas been reported that the XRD peak occurring at 20 =~ 5.7
is a diagnostic for the guest molecules binding to the open
metal sites of the framework.(28) Indeed, Figure 3 (b)
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Figure 3: Characterization of samples. (a) XRD data for F4&-TCNQ@HKUST-1 (green), TCNQ@HKUST-1 (red) and HKUST-1 (black)
400 nm thin films and (b) and XRD for the Hs-TCNQ@HKUST-1 (blue), F&-TCNQ@HKUST-1 (green), TCNQ@HKUST-1 (red) and
HKUST-1 (black) 5.5 um thick MOF samples. We see little evidence of excess TCNQ, F4+-TCNQ and Hs-TCNQ that did not diffuse into
the pores. (c) FTIR spectra for 5.5 um thick pristine (black) TCNQ@HKUST-1 (red) and F4-TCNQ@HKUST-1 (green) MOFs compared
to TCNQ (purple) and F4-TCNQ (aqua) molecules in powder form. The respective nitrile stretch is labeled in the spectra, the magni-
tude of the red shift occurring from the guest species in powder form to infiltrated form shows the degree that the TCNQ/F4-TCNQ
interacts with the coordination sites of the framework. (d) Raman spectra for the 5.5 um thick pristine (black), TCNQ@HKUST-1
(red), F4&-TCNQ@HKUST-1 (green) and Hs-TCNQ@HKUST-1 (blue) MOFs. The C=C stretching frequency is labeled. The shift of the
C=C stretching frequency upon infiltration and the additional peaks occurring between 1101 - 1343 cm-! indicate the TCNQ and
F4/Ha-TCNQ derivatives coordinate to the Cu2* ions in the framework. (e) Planar SEM images for the 400 nm pristine polycrystalline
HKUST-1 SURMOF thin films fabricated by LBL-LPE from KIT and (f) 5.5 um thick polycrystalline HKUST-1 samples fabricated using
solution shearing at UVA. (g) Young’s Modulus for 400 nm and 5.5 pm pristine and TCNQ@HKUST-1 samples measured by pump
probe Brillouin scattering and nanoindentation respectively. The results are compared to the lattice dynamics derived Young’'s Mod-
ulus using a Poisson ratio of 0.49, and also to nanoindentation results for a 1pm HKUST-1 film from Bundschuh et al.(46) The inset
shows the full range of indenter displacement on the 5.5um pristine and TCNQ@HKUST-1 samples, however only data in the shaded
region was used for analysis.

F4-TCNQ, and H4-TCNQ is quite different from species to spe-

shows the emergence of a peak at 260 = 5.9 in the infiltrated cies, where new features appear in the F4+-TCNQ, and H4-TCNQ
cases for the thick MOFs that is absent for the pristine HKUST- infiltrated MOFs that are not present in the TCNQ system (see
1 samples. We note that the LBL created SURMOF SI Section S4 for full details). Moreover, the feature at ~507 cm-
TCNQ@HKUST-1 thin films show a feature at 26 =~ 5.87, how- 1 that represents the Cu-O stretch is blue shifted (higher en-
ever this feature is quite weak in the F4-TCNQ@HKUST-1 dif- ergy) for the F4+-TCNQ, and broadened in the H4-TCNQ spec-
fractogram. FTIR spectra for powder forms of TCNQ and F4- trum, demonstrating different interactions of the guest mole-
TCNQ are compared to the infiltrated forms (TCNQ/Fa4- cule in the first coordination sphere of the Cu?* sites. The aro-
TCNQ@HKUST-1) and the pristine MOF in Figure 3 (c). The red matic alkene (C=C) stretch at ~1463 cm-! is red shifted for the
shifts of the nitrile peak of 13 cm for F4-TCNQ/Fs- infiltrated guests, which is also strong evidence of guest coor-

TCNQ@HKUST-1 (from 2225 cm-! to 2212 cm'1), 24 cm! for dination with the MOF. (28) We note that others have also re-
TCNQ/TCNQ@HKUST-1 (from 2223 cm? to 2199 cm), and ported coordination occurring between the TCNQ and TCNQ
broadening of the nitrile stretch indicate the degree that the derivatives with the CUS of HKUST-1.(3, 28, 41)

guest molecules are interacting with the coordinating Cu?* sites
of the paddle-wheel units in the framework.(28) Further, Ra-
man spectra in Figure 3 (d) from the thick samples show that
the bonding environment within the pore between the TCNQ,

Mechanical measurements of the elastic constants of
pristine (in activated and un-activated forms) and TCNQ infil-
trated HKUST-1 using nanoindentation and pump-probe Bril-
louin scattering are reported in Figure 3 (g) and compared to
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our harmonic lattice dynamics calculations and previous
nanoindentation results from 1 um surface-anchored HKUST-1
film prepared using LPE from Bundschuh et al.(46) The full de-
tails of this analysis can be found in the Supporting Information
(Sections S9 & S10). The experimental and lattice dynamics re-
sults presented here indicate that no discernable change in the
Youngs modulus is observed between the pristine HKUST-1
and infiltrated TCNQ@HKUST-1 within uncertainty. We note
that both an increase in the density of the system due to the
presence of guest molecules and an increase in guest/host
bonding would typically lead to an increased degree of re-
sistance toward deformation (increased elastic constants). In-
stead, no measurable change is observed, suggesting that the
unit cell deformation upon infiltration/adsorption may com-
pete with density and bonding effects. We conclude from these
measurements that mechanical softening upon infiltration of
HKUST-1 is negligible, and therefore a loading dependent
structural change can be ruled out from contributing to the re-
duction in the thermal conductivity.

A guest molecule-induced thermal conductivity re-
duction appears in all guest-host bonding environments (Fig-
ure 2). We turn to MD simulations and SED analysis to resolve
the effects of bonding morphology (orientation and number)
on this observed reduction in thermal conductivity and vibra-
tional scattering. Allendorf et al. proposed that each TCNQ
within a pore likely forms two covalent bonds once infiltrated,
occurring between two cis terminating nitrile groups and the
Cu(Il) dimers within the coordinated unsaturated sites (CUS)
(Figure 1). (3) Others have identified other possible phases of
TCNQ within HKUST-1 including a neutral and dimeric species
that do not coordinate to the open Cu?+ sites.(41) The diffusion
of F4/H4-TCNQ in HKUST-1 pores has not been as thoroughly
investigated. These previous works help to inform the likely
morphology of the infiltrated films, yet there still remains un-
certainty in how different variations in the concentration and
bonded orientation of guest molecules within pores will affect
the thermal conductivity of the guest@MOF system.

Therefore, we perform MD simulations by varying
the number of bonds and concentration of guest molecules to
investigate the effect of bonding morphology of the guest mol-
ecule on the thermal properties. Figure 4 (a)-(c) illustrates the
different bonding nature of the systems studied via MD. We
performed simulations with TCNQ infiltrated in three different
states within the MOF pore: formation of two covalent bonds in
a cis configuration (Figure 4 (a)), four covalent bonds forming
a full bridge across the pore (Figure 4 (b)), and an unbonded
“free state” (Figure 4 (c)). The concentration of molecules
within the pore is also varied from one to ten (see SI Section
S11 for full details). We wuse the nomenclature
‘TCNQn=xb=y@HKUST-1" to indicate the adsorbed bonding con-
ditions, where n is the number of TCNQ molecules per pore and
b is the number of covalent bonds formed with the host (b=0
indicates an unbound free state). We estimate that our experi-
mental results resemble the ‘n=1, b=2" MD case, however addi-
tional phases resembling the ‘n=1, b=0" and ‘n=2, b=0" struc-
tures have also been reported to exist within the HKUST-1
pore.(41)
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Figure 4: (a)-(c) Visualizations of the infiltrated pore bonding
morphologies considered for MD simulations. The nomencla-
ture “TCNQn=xb=y@HKUST-1" indicates the adsorbed bonding
conditions, where n is the number of TCNQ molecules per pore
and b is the number of covalent bonds formed between the
guest and host (b=0 indicates unbound, free state). (a) Two co-
valent bonds on one side (cis to each other) of a single TCNQ
molecule (n=1, b=2), (b) a single TCNQ creates four covalent
bonds with the host (n=1, b=4), and (c) single, unbonded “free
state’ TCNQ molecule (n=1, b=0). The concentration of mole-
cules within the pore is varied from one to ten. (d) Normalized
room temperature thermal conductivity comparing the MD
(blue) to the TDTR measured results for HKUST-1 and
guest@HKUST-1 from this study (red) and our previous study
(green).(13) All thermal conductivities have been normalized
to the thermal conductivity of the pristine HKUST-1 (kpyistine)-
We note the experimental data for the 400 nm thin films are
shown for TCNQ and Fs-TCNQ, while the H4-TCNQ results are
from the 5.5 um thick samples. The HKUST-1 infiltrated with
methanol, ethanol and water were 200 nm thick and are from
our previous work (green).(13) The inset shows the experi-
mentally measured thermal conductivity for the guest mole-
cules as a function of molecular weight.

The room temperature MD and experimental results
plotted in Figure 4 (d) for the morphological study of guest-
host interactions show a reduced thermal conductivity upon all
loading cases. In MD, the greatest reduction occurs for the high-
est TCNQ loading density in an unbound state, and the smallest
reduction occurs for a single TCNQ molecule bonded on all
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Figure 5: Spectral energy density (SED) results of pristine HKUST-1 (black) and TCNQ@HKUST-1 infiltrated under two different
bonding conditions, bonded (red) and unbonded (purple), calculated for the {100} crystallographic direction only, where @ is a
representation of the vibrational energy in the frequency domain. The right panel shows the full spectrum of modes, and the left
panel shows a zoom in from 0.5-1 THz. The inset shows the corresponding vibrational mode lifetimes. In the pristine case, many
sharp peaks are observed at lower frequencies (left panel) that indicate vibrational modes with long lifetimes. The lifetimes of the
low frequency modes in the TCNQn=1b=2@HKUST-1 are significantly reduced. In comparison, the higher frequency modes above
~15.3 THz in the pristine case have much shorter lifetimes and therefore do not contribute as much to heat transport. Additionally,
we do not see any associated lifetime changes in the pristine case compared to the bonded infiltrated case for the high frequency

modes (see Sl section S.12 for more detail).

sides by all four terminating nitrile groups. In the former case,
non-bonded TCNQ molecules are free to collide with the frame-
work and scatter vibrational modes, resulting in the greatest
reduction. A larger number of guest molecules results in in-
creased reduction as there are a higher frequency of adsorbate-
framework collisions. In the latter case, the TCNQ is more ste-
rically hindered and oriented within the pore, forming a ‘ther-
mal bridge’, which results in new heat transfer pathways that
compete with the vibrational scattering introduced by the
guest, resulting in the smallest overall reduction in thermal
conductivity. The intermediate cases involve the TCNQ bonded
on one side to the pore (b=2), where the TCNQ can still rattle,
but has less freedom to collide with the adsorbate framework.
Without any direct evidence for the bonding experienced by
the polar liquid guest molecules within the HKUST-1 pores, we
also compare the mass effects of the guests, including the liquid
polar guest molecules from our previous study,(13) to the total
thermal conductivity of the infiltrated MOF system by plotting
the experimentally obtained thermal conductivity to the molec-
ular weight of the guest molecule (Figure 4 (d) inset). The heav-
iest guest (F4-TCNQ) is over an order of magnitude heavier than
the lightest guest (H20). We note that the liquid guests fill the
pores of HKUST-1 with a liquid void fraction between 82%-
100% (~120 molecules per pore), and the TCNQ guests aver-
age one molecule per pore.(28, 47) The experimental results
for the solid TCNQ, and TCNQ analogue guest molecules com-
pared to the liquid polar guests (methanol, ethanol, water)
studied previously, do not show the emergence of an obvious
guest dependent thermal trend; however it is possible that the
effects of bonding morphology revealed from MD may fall
within the uncertainty of our experimental measurements. The
MD and experimental results show a decrease in thermal con-
ductivity upon infiltration and neither the mass nor the bond-
ing morphology of the guest suitably predicts the magnitude of
the reduction.

MD-derived SED calculations were performed in the
[100] crystallographic direction, and help to elucidate the role
of scattering of low frequency vibrational modes introduced by
the guest molecules. SED demonstrates that the vibrational
mode lifetimes are reduced in the frequency range of 0 - 15.3
THz, upon infiltration with TCNQ (Figure 5). We note that vi-
brational mode lifetimes could not be accurately derived above
~3 THz and below ~15.3 THz due to the lack of clearly defined
peaks in this regime (see SI S13). Figure 5 shows that the high-
frequency modes (>15.3 THz) are relatively unaffected by ad-
sorption, however the lifetimes for the low-frequency modes
(0.5-15 THz), are greatly affected by the presence of TCNQ. The
long lifetimes of the low frequency modes in the pristine
HKUST-1 indicate that these modes carry the majority of heat
at room temperature and are responsible for the large reduc-
tion in thermal conductivity upon guest adsorption measured
experimentally. Figure 5 also shows that vibrational lifetimes
< 15.3 THz of the TCNQ in a bonded orientation results in
shorter lifetimes than in the pristine MOF, and the effects of the
free TCNQ pore orientation are so drastic that the peaks disap-
pear (i.e., no modes exist). In total, the MD and SED suggests
that extrinsic adsorbate-MOF collisions increase scattering
rates of extended vibrational modes to drive down the thermal
conductivity, where an unbound adsorbate is more effective
than a bonded adsorbate in diminishing these vibrational mode
lifetimes. Figure 4 (d) shows that the experimentally measured
thermal conductivity of the TCNQ and TCNQ analogue infil-
trated MOFs more closely resemble the ‘b=0" MD cases, alt-
hough their bonding morphology is expected to resemble
‘b=2"(48) This suggests that while extrinsic adsorbate/MOF
collisions likely play a significant role in diminishing the ther-
mal conductivity, the role of the bond between the adsorb-
ate/MOF may not produce a competing ‘thermal bridge’ effect
as suggested by the MD. Instead, it may further aid in reducing
the thermal conductivity though changing the vibrational
structure via intrinsic mechanisms (i.e. hybridizations).
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Figure 6: (a) Vibrational density of states (DOS) for the HKUST-
1 (black) and TCNQ@HKUST-1 (red) compared to the vibra-
tional spectrum of a single isolated TCNQ molecule (blue dotted
lines). The DOS for F4+-TCNQ@HKUST-1 has been left off for
clarity. We see the emergence of new modes upon infiltration
that overlap with the TCNQ molecular modes (pointed out by
the green arrows). (b) Mode resolved inverse participation ra-
tio (IPR) calculated at the I' wave vector only. The blue shaded
region corresponds to the delocalized modes, where the tran-
sition from delocalized to localized modes occurs at an IPR >
0.008, corresponding to eigenvectors that are spread across
20% or less of the atoms in the supercell (125 atoms). (c) Ther-
mal conductivity accumulation from non-propagating modes
(diffusons) calculated from Allen-Feldman theory at 300 K nor-
malized to the k,_p for pristine HKUST-1 and (d) the accumu-
lation of IPR calculated localized modes at the I' wave vector in
pristine HKUST-1 (black), TCNQ@HKUST-1 (red), and Fa-
TCNQ@HKUST-1 (green), and an isolated TCNQ molecule (blue
dotted lines).

To investigate the role of the adsorbate bond on the
vibrational structure of HKUST-1, we performed harmonic lat-
tice dynamics, which captures the effects of bond strength of
the guest/host interaction. The infiltrated cases modeled here
are similar to the ‘n=1, b=2’ case modeled in MD. We reiterate
that the infiltrated MOF’s are crystalline systems that contain
intrinsic disorder stemming both from the introduction of
guest molecules, and from their large unit cells. In particular, a
large number of atoms in the unit cell can result in low lying
optical modes that are close to the acoustic modes, which pro-
duces an increased phase space for scattering events that pro-
motes reduced vibrational mode lifetimes.(49, 50) Indeed, the
LD derived dispersions show evidence of low lying optical
propagons and avoided crossings occurring in the infiltrated
HKUST-1 systems studied here (see SI Section S.12). Addition-
ally, the trend in lifetimes captured by SED (Figure 5 (inset))
shows that the thermal transport in pristine HKUST-1 can be
described by a propagon-diffuson picture, and the addition of a
guest adds disorder, which breaks the crystal periodicity and
creates locons to reduce the thermal conductivity. Therefore,
we offer an interpretation of the heat transport in these par-
tially disordered material by calculating the inverse participa-
tion ratio (IPR), which provides insight into how vibrational
modes with different frequency and localization characteristics

=}
S
o

contribute to thermal conductivity. (51) Additionally, the Al-
len-Feldman (A-F) method for calculating thermal conductivity
also provides insight in the limit where vibrational modes are
defined as diffusons.(52)

Figure 6 (a) shows the vibrational density of states
(DOS) for the pristine, TCNQ infiltrated HKUST-1, and a single
isolated TCNQ molecule. The emergence of a new population of
localized modes within the TCNQ@HKUST-1 system is clear,
which evidently correspond with molecular modes intrinsic to
the single TCNQ molecule.[*5-471 To understand the effect of this
new population of modes we calculate the IPR, which concep-
tualizes the concentration and distribution of delocalized ex-
tended modes (propagons and diffusons) and localized (lo-
cons) modes given by:

Z?I(Zt?;ml uiza)z

(L (Xe=1 uf))?

where N is the number of atoms (624) and u;, is the eigenvec-
tor component for atom i in the direction a.(53) Here, we de-
fine locons as vibrational modes whose eigenvectors spread
across 20% or less of the atoms in the unit cell (corresponding
to 125 atoms, [IPR=1/N =>0.008), which has been shown by oth-
ers to be a reasonable delineation.(53, 54). Figure 6 (b) shows
the IPR results calculated for the vibrational modes at the T’
point of the Brillouin zone. The non-propagating modes be-
come increasingly localized in the infiltrated cases, where
modes outside of the blue shaded region (IPR >0.008) are lo-
calized. To quantify these results, we plot the accumulation of
the total number of locons at the I' point as a function of fre-
quency in Figure 6 (d). In total, the HKUST-1 infiltrated TCNQ
and F4-TCNQ show that 40% and 38% of the modes become lo-
calized respectively, compared to 2% in the pristine HKUST-1,
at the T point. In particular, a high concentration of localized
modes appears between 13-32 THz. Together, Figure 6 (c) and
(d) show that the weaker bonded F4-TCNQ results in slightly
less localized modes than the stronger bonded TCNQ, and that
low frequency non-propagating modes (< 4.65 THz) contribute
considerably to the total thermal conductivity of the infiltrated
material.

The IPR results (Figure 6 (b),(d)) show that the
bonded adsorbate contributes to a substantial population of lo-
calized modes that span a broad range of frequencies. In partic-
ular, these modes are concentrated from 13-32 THz, which cor-
responds to a high degree of overlap with the single isolated
TCNQ molecule vibrational spectrum. This result shows that
the coordinated guest molecules residing in the pores of the
MOF contribute to the reduction of the thermal conductivity of
the MOF through two intrinsic mechanisms resulting in a
change of the vibrational structure of the MOF. First, the hy-
bridization (i.e., avoided crossings) with propagons will tend to
broaden peaks in the vibrational density of states,(55) and such
behavior has been shown to significantly reduce the thermal
conductivity (though the mechanism is still heavily de-
bated).(43, 49) We see evidence of hybridization occurring in
the infiltrated systems captured as low lying optical and acous-
tic coupling in the dispersions and broadening of peaks in the
DOS shown in Figure S. 21. Second, the adsorbates add disorder
into the system resulting in a substantial increase of localized
incoherent vibrational modes over a broad frequency range,
which increases the phase space for scattering events to occur,
thus driving down extended vibrational mode lifetimes (Figure
6 (b)(d)). The localized modes in the DOS appear as delta func-
tions,(55) and are clearly seen from 9.7 - 16.2 THz in Figure 6
(a), though IPR results indicate they occur over a broad range
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of frequencies (Figure 6 (b),(d)). The effect of hybridization and
localized modes over a broad frequency range is evidence that
the coordinated nature of the adsorbate introduces intrinsic ef-
fects, which further contributes to the reduction in thermal
conductivity of the adsorbate-MOF system.

The effects of non-propagating modes (diffusons) are
captured by calculating the normalized thermal conductivity
accumulation function from the A-F method.(52) Figure 6 (c)
shows the A-F thermal conductivity accumulation normalized
to the pristine HKUST-1 thermal conductivity. The results show
that low frequency non-propagating modes (0-4.65 THz) con-
tribute to a higher degree to the thermal conductivity for the
infiltrated HKUST-1, however short wavelength modes > 4.65
THz participate to a larger degree in the pristine case. This re-
sult indicates an increase in the contribution to thermal con-
ductivity of non-propagating modes at frequencies below 4.65
THz when infiltrated, however we see a reduction in diffuson
contribution at higher frequencies, which is consistent with the
frequency distribution of the new population of locons identi-
fied by the IPR. Note that the contribution of propagons is not
included in the A-F thermal conductivity approach. In total, the
A-F derived thermal conductivities show areduction in thermal
conductivity for both the TCNQ and F4-TCNQ infiltrated sys-
tems (21% and 24% respectively), where varying the bond
strength of the guests to the host lattice by ~8%, and the mass
of the guest atom by 35% leads to only a ~3% difference in the
thermal conductivity between the lighter stronger bonded
TCNQ and the heavier weaker bonded F4-TCNQ guest mole-
cules. This indicates that the guest/host bond strength does not

greatly affect the thermal conductivity reduction.

CONCLUSION

Metal organic frameworks offer a unique system to
study the thermal properties of periodic porous material in
pristine and adsorbed states. We measure the thermal conduc-
tivity of SURMOF thin films and thick polycrystalline HKUST-1
fabricated via LBL-LPE and solution shearing respectively, in-
filtrated with TCNQ, F4-TCNQ, and Hs-TCNQ that produce de-
creasing degrees of coordination to the MOF host framework.
We find that the thermal and mechanical properties of the thin
and thick samples are consistent despite very different fabrica-
tion techniques and locations. Upon infiltration with solid elec-
trically conductive guest molecules, the thermal conductivity
decreases by on average, a factor of four for all infiltrated sam-
ples studied in this work, as compared to the pristine HKUST-
1. The reduction in thermal conductivity is due to both extrin-
sic and intrinsic effects of the adsorbate. The presence of the
adsorbate in the pore results in adsorbate/MOF collisions that
serve to extrinsically increase vibrational scattering rates. Ad-
ditionally, the coordinated guest also modifies the vibrational
structure of the MOF though hybridization of modes which re-
duces vibrational lifetimes and also contributes to a change in
the vibrational mode character by promoting an increase in lo-
calized incoherent modes over a broad range of frequencies. In
total, our experimental and LD results show that the degree of
orbital overlap does not greatly affect the degree of thermal
conductivity reduction experienced upon guest adsorption.

We experimentally and theoretically investigated the
role of coordination (by choosing guests that produce varying
degrees of orbital overlap with the MOF) and composition of
guests introduced to the HKUST-1 pore. The MD simulations
revealed that the bonding morphology (i.e., bond concentration
and orientation) may play the largest role in predicting the

magnitude of reduction in thermal conductivity, where an un-
bonded guest molecule that can collide with the pore wall may
produce the largest reduction, and bonds formed between the
guest/host can serve to compete with scattering processes by
acting as ‘thermal bridges’. However, our experimental and LD
results indicate that guest-MOF bonding serves to enhance, ra-
ther than hinder vibrational scattering rates through promot-
ing changes to the vibrational structure of the MOF via hybrid-
ization.

EXPERIMENTAL SECTION

Liquid Phase Epitaxy of Thin Film HKUST-1

Polycrystalline HKUST-1 surface-anchored MOF
(SURMOF) thin films were self-assembled onto the metal side
of Au/SiO2 glass substrates using layer-by-layer liquid phase
epitaxy, the details of which have been previously de-
scribed.(13, 56) The Au substrates were treated with an
MHDA-SAM layer to improve adhesion. In brief, the substrates
were pretreated by Oz plasma cleaning. The MOF precursors
were then iteratively hand sprayed onto the substrate using a
layer by layer (LBL), liquid phase epitaxy (LPE) technique. A
metallic, copper acetate solution (1.0 mM) was sprayed for 15
s, followed by a 25 s spray sequence of the polymeric BTC linker
(0.2 mM). Residual reactants were washed away with a 5 s rins-
ing step with pure ethanol after every individual spray se-
quence. We define a single LBL cycle as both the application of
a single round of the metallic and polymeric linker constitu-
ents. A total of 125,150, and 200 cycles resulted in 250 nm, 300
nm, and 400 nm thick films respectively. Following the comple-
tion of all cycle depositions, the MOFs were activated by ultra-
sonication in dicholormethane and characterized by XRD and
IRRAS (see SI).

Loading of pristine HKUST-1thin films with TCNQ and
F4-TCNQ was done following the procedure described by Talin
et al.(4) The activated pristine MOFs were placed in 2 mM of
TCNQ (F4-TCNQ) dissolved in acetonitrile for 72 hours. After
soaking, they were removed from the loading solution, rinsed
with pure acetonitrile (to remove residual loading molecules)
and dried by a N2 flux. XRD data were collected for both sets of
guest molecules, showing the polycrystallinity of the MOF is
maintained (see SI). Loading with H4-TCNQ was not achieved
within the thin HKUST-1 because we found the H4-TCNQ was
very volatile and would not stay infiltrated within the pore long

enough to acquire measurements.

Solution Shearing of Bulk HKUST-1

A schematic of the solution shearing method for the
deposition of the MOF HKUST-1 films is shown in Figure 7.
Coating blade preparation was performed as described in the
work of Lee et al. and Ghorbanpour et al.(32, 33) In brief, a sil-
icon wafer was cleaned by toluene, acetone and isopropyl alco-
hol, respectively. The wafer was exposed to UV-ozone for ten
minutes. It was immediately treated with 0.1% wt. tri-
chloro(octadecyl)silane in toluene at 50°C for 24 hours. After-
ward, the wafer was placed on a hotplate at 85°C for an hour
and was sonicated with acetone for five minutes. The contact
angle was measured by using DI water. A well-functionalized
coating blade resulted in a contact angle between 95°-100°.

The precursor solution of HKUST-1 was prepared ac-
cording to Ameloot et al.(57) Copper (II) Nitrate hemi(pentahy-
drate) (1.22g, 5.25mmol) was stirred with dimethylsulfoxide
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(5mL, 64.0mmol) until the solution was fully dissolved. Tri-
mesic acid (0.58g, 2.76mmol) was added to the solution and
mixed until it dissolved completely. The solution produces
0.288 M of Cu?* and 0.076 M of BTC.

The solution-shearing device used at UVA to fabri-
cate the MOFs was assembled as described in the work of Ghor-
banpour et al.(33) Before the precursor solution was sheared,
the Trichloro(octyl)silane (OTS)-functionalized coating blade
was washed with toluene, acetone and isopropyl alcohol and
dried with in-house air. The substrate stage was heated to the
desired temperature. The blade was held in place with a top
vacuum stage and an 80 nm Au/SiOz substrate was attached to
the bottom vacuum stage. The blade angle and the gap between
the blade and the substrate stage were approximately set to 1°
and 100um by controlling the micro-manipulating assembly. 5-
10uL of the precursor solution of HKUST-1 was injected into
the smallest gap between the edge of the blade and the sub-
strate in accordance with the dimensions of the substrate and
solution concentration. The solution was deposited on the gold
side of the substrate as the blade moved along the substrate.
After the blade passed the substrate, samples were taken off
from the bottom stage for further analysis by XRD and SEM (see
SI). The resulting MOF’s were approximately 5.5 micrometers
thick.

Coating Blade

Precursor
Solutions \

Evaporative Front

Heated Substrate

Shearing direction

Figure 7: Schematic of the solution shearing method of fabri-
cation and deposition of the thick MOF samples. The MOF self
assembles at the leading edge of the shearing blade.

After HKUST-1 was fully grown on the substrate, it
was moved to the N2-filled glovebox. The HKUST-1 was trans-
ferred to the vacuum oven and heated at 180 °C for 12 hours.
After the heat treatment, the HKUST-1 was cooled down for an
hour inside the glovebox. The cooled HKUST-1 was transferred
to the saturated TCNQ/F4-TCNQ/H4-TCNQ solution (individu-
ally) for 72 hours, respectively.

Thermal Measurements with Time Domain Thermoreflec-
tance (TDTR)

The thermal properties of these samples were meas-
ured by time domain thermoreflectance (TDTR), which is de-
scribed in detail elsewhere.(37, 38) For the TDTR measure-
ments, 80 nm + 3 nm of gold was deposited on top of SiOz sub-
strates by electron beam evaporation at a pressure of 1x10-6
Torr and a deposition rate of 1.0 A/sec. The 80 nm of Au served
to transduce the optical energy from the TDTR laser pulses into
thermal energy. TDTR is a time transient, non-contact, optical
thermometry technique that utilizes a pump-probe experi-
mental configuration centered around the output of a sub pico-
second (ps) laser system. We used a Ti:Sapphire femtosecond
Spectra Physics Tsunami oscillator that emits 90 fs pulses at a

repetition rate of 80 MHz with a wavelength centered at ~800
nm (FWHM of 10.5 nm). The pump path is electo-optically
modulated with a square wave at a frequency of 8.8 MHz creat-
ing a modulated heating event at the sample surface. The re-
flectivity of the gold changes linearly with the surface temper-
ature and this change in reflection is monitored temporally by
the time delayed probe beam. The probe beam is mechanically
delayed in time by a translational mechanical delay stage up to
5.5 ns. The reflected intensity from the probe is measured by a
photodetector. A lock-in amplifier demodulates the signal and
provides amplitude and phase data as a function of pump-
probe delay time in the form of a thermal decay curve. These
decay curves are fit with a heat conduction model to obtain the
thermal properties of the sample.(38, 58, 59) The pump and
probe 1/e2 diameters used in our measurements were 22 and
9.5 um respectively.

We experimentally measure the heat capacity for the
250 nm pristine HKUST-1 and apply that value to all thick-
nesses of the pristine HKUST-1 assuming no size dependence
in the heat capacity. Furthermore, to support our experimental
results, the heat capacity for the infiltrated MOFs are calculated
using LD (see SI for a full description of the heat capacity meas-
urements and calculations), which agree well with our experi-
mentally measured pristine value (Figure S27). According to
LD, infiltration of a guest molecule increases the volumetric
heat capacity upon loading by ~48%; experimentally we see in-
filtration reduces the thermal conductivity of the pristine MOF
by ~70%. See the Supporting Information for more details
about the TDTR experiment.
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