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ABSTRACT: The layer-by-layer epitaxial growth of HKUST-1
(Cuy(btc), where btc = 1,3,5-benzenetricarboxylate) thin films is
measured by quartz crystal microbalance with dissipation monitoring
(QCM-D), X-ray diffraction (XRD), and scanning electron micros-
copy (SEM) as a function of the number of layers (20—80 layers) for
—OH and —COOH functionalized surfaces. Up to approximately 40
layers, the film growth proceeds by a layer-by-layer mode controlled
by the chemical functionalization of the surface. For example, on
hydroxylated SiO,, film growth is in the preferred [222] direction.
Beyond 40 layers, for both —COOH and —OH functionalized
surfaces, the crystallite grain size increases and ~50—100 nm
octahedral crystals are formed. Independent of the surface functional
groups (—COOH and —OH), the octahedral crystals form with the
{200} planes oriented parallel to the surface. By monitoring changes in
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mass and dissipation, the QCM data provides evidence for the change in growth behavior. The stability of the films, determined
by measuring CO, adsorption isotherms, depends on film properties (morphology and grain size) as well as film age. For films
deposited on hydroxylated SiO, surfaces, CO, uptake decreases rapidly within a few days after film synthesis with the 40 layer
films ({222} planes) exhibiting a more pronounced decrease than the 80 layer films ({200} planes, octahedral crystals). The
decrease in CO, uptake is attributed to the differing propensities for water uptake in thin films of different morphologies as
evidenced by water vapor adsorption isotherms and Raman spectral changes.

B INTRODUCTION

Metal organic framework (MOF) thin films are important for
numerous applications, including optoelectronics, chemical
sensing, electronic devices, and membranes for separation.'®
As a result, multiple methods for growing MOF thin films are
under development.">*'® Such methods include deposition
from solvothermal mother solution,'’ colloidal deposition,12
layer-by-layer (LBL) liquid phase epitaxy,'*~"”
assisted thermal deposition.'®

Highly relevant, for example, are thin films of HKUST-1
(Cuy(btc),, where btc = 1,3,5-benzenetricarboxylate) with
unsaturated Cu’* metal centers. The structure of HKUST-1
consists of two large central cavities (9 A) surrounded by
smaller 5 A cavities.'” The HKUST-1 film orientation depends
on both the functionalization of the surface and the synthesis
method used for crystal nucleation and growth.”*>?' The
solvothermal method generally produces a low density of
scattered large crystals. In contrast, the LBL method produces
homogeneous conformal films with tunable crystallographic
preferred orientations”> >° that depend on the specific
functional groups of the surface.”® For example, HKUST-1
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films grow with the [222] preferred orientation on a —COOH
terminated self assembled monolayer (SAM) when deposited
using the solvothermal method and in the [200] direction when
using the LBL method.*"*”*® Growth of HKUST-1 on
hydroxylated SiO, surfaces only occurs using the LBL method;
no deposition is observed under solvothermal conditions.”’
Using the LBL method, films deposited on a hydroxyl
terminated SAM grow in the [222] preferred crystallographic
orientation, while on a carboxylic acid terminated SAM a [200]
preferred orientation is observed for 100 nm (40 layer) films.”®
Investigation of film growth and stability with varying number
of layers using the LBL method may be important for many
applications involving sensors and selective separations. Thus
far, film growth studied by the QCM technique has been
limited to 40 layer films.”® This work examines the growth
mechanism and stability of HKUST-1 films with varying layers
of deposition from 20 to 80 layers. One layer refers to a
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Figure 1. XRD patterns of HKUST-1 films grown on: (Left) —COOH functionalized gold QCM surface for 40 layer (a, blue line) and 80 layer films
(b, black line) and (Right) hydroxylated SiO, for 20 (a), 40 (b), 60 (c), and 80 (d) layer films.

complete cycle of the precursors: copper acetate (Cu,(AcO),)
and 1,3,5-benzenetricarboxylic acid (H;btc) separated with an
ethanol rinse. The in situ growth was monitored using a Quartz
Crystal Microbalance with Dissipation monitoring (QCM-D)
at 22 °C on hydroxylated SiO, and —COOH functionalized
gold surfaces to investigate the attachment mechanism as a
function of the number of layers. For rigidly attached materials,
changes in the resonant frequency of the QCM relate to the
mass change. Simultaneously examining plots of frequency
versus dissipation can provide mechanistic insight.*’ The
morphology and crystallographic orientation of the films are
studied with XRD and SEM.

Most MOFs decompose after contact with water vapor as a
result of either ligand replacement or hydrolysis.>*~**
Condensation of water in the pores with proximity to the
metal—organic linkage is considered an important mechanism
in decomposition.35 In the case of the Cuy(btc), framework,
water condensation is required for structural decomposition.
The coordination of the water to the Cu—Cu bond distorts the
secondary building unit (ie., the ligand and metal coordination
cluster that forms a MOF subunit),>**” without breaking the
Cu-carboxylate bond.**** Recent work by DeCoste et al.
showed that the external surface of HKUST-1 crystals and the
bulk material degrade with different rates depending upon the
relative humidity (RH) and temperature. The surfaces of the
crystals degraded more rapidly at 40 °C and 90% RH compared
to those at 25 °C and 90% RH. However, the bulk material
degraded more rapidly at 25 °C and 90% RH. Differences in
degradation rates were attributed to the higher water uptake
and clustering at the voids between the individual crystals and
in the pores of the framework under each of these conditions.>
After 28 days at 40 °C and 40% RH, HKUST-1 retained ~70%
of its adsorption capacity. Because the instability of MOFs to
water vapor is a major obstacle for many applications, we
examine thin film stability as a function of age, the number of
layers, and film morphology. The stability of the thin films with
time is investigated under mild ambient conditions, 25 °C and
20% RH, by monitoring the decrease in CO, uptake (derived
from gas phase QCM measurements) as a function of days post
synthesis and Raman spectroscopy to obtain information on
chemical changes.

B MATERIALS AND METHODS

Thin Film Synthesis. HKUST-1 thin films were synthesized using
the LBL method at 22 °C by flowing 1 mM of H,(btc) and 0.2 mM
Cu,(AcO), ethanolic solutions for S min, separated with 10 min
ethanol rinses, on a functionalized surface. Surfaces were either gold
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with a —COOH terminated SAM or hydroxylated SiO,.** The gold
surfaces were functionalized ex situ using a 16-mercaptohexadecanoic
acid SAM. The cleaned Au sensors were immersed for 24 h in a 0.2
mM ethanolic (200 proof) solution of the SAM with 10% acetic acid.”>
The SiO, surfaces were cleaned with 2% sodium dodecyl sulfate (SDS)
and exposed to a UV/ozone Procleaner plus chamber for 10 min,
resulting in a hydroxylated surface. All chemicals were purchased from
Sigma-Aldrich and used as received; ethanol ACS 200 proof (>99.5%)
was used.”®

Details on QCM-D Measurements. A liquid phase Biolin
Scientific Q-Sense E4 quartz crystal microbalance system measured
the frequency and dissipation changes during HKUST-1 syn-
thesis.”>*% A separate gas phase system (Q-sense QVH 401 High
Vacuum Holder) was used for CO, and H,O uptake experiments. SiO,
and Au coated AT-cut quartz sensors with a fundamental frequency of
S MHz were used to measure HKUST-1 deposition and subsequent
CO, uptake. The third harmonic resonant frequency was used for
calculating the mass for the gas and liquid phase measurements using
the Sauerbrey equation.*” The Sauerbrey equation relates the change
in mass (Am) with the change in frequency (Af) using the following
equation: Am = (c/n)Af, where ¢ = —17.7 ng/Hz.cm? and n=
harmonic number.

X-ray Diffraction. Grazing angle XRD (0.2°) was performed to
study the preferential crystallographic orientation of the films.
Experiments were performed on the X-ray microdiffraction beamline
12.32 at the Advanced Light Source (ALS) of Lawrence Berkeley
National Laboratory (LBNL). A monochromatic beam of 8047 eV
(corresponding to a wavelength of 1.5406 A of Cu Ka emission) was
selected using a silicon (111) monochromator crystal. The X-rays were
focused to a spot-size of 1 X 1 um? using two dynamically bent X-ray
mirrors.

CO, and H,0 Isotherms. A gas phase QCM installed in a vacuum
chamber was used for CO, and H,O isotherm measurements. Changes
in the resonant frequency were recorded as a function of pressure
(measured with an MKS baratron gauge) and the adsorbed mass was
calculated using the Sauerbrey equation. The frequency of the QCM
crystal was recorded before and after film deposition and used to
calculate the mass of HKUST-1 film to determine the mass of
adsorbed gas per mass of HKUST-1. H,O and CO, adsorption
capacities were calculated using the equation: 6 [mmol/g] = (AfgaS X
1000)/ (Afsample M), where Afqumple is the change in frequency due to
HKUST-1 deposition compared to the sensor prior to HKUST-1
deposition, M is the molar mass of the gas, 6 is the adsorbed amount
in millimol/g, and Af,, represents changes in frequency with gas
adsorption. Variations in the frequency due to changes in gas pressure
and temperature were corrected according to the following
equations:“’“

Af = C,AP Af = —Cof AT

where P = pressure in Torr and C, = 1 X 107 X f, constant
independent of nature of gas, C; = ~4 X 1077 deg™' constant
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depending on design and manufacturing of crystal, and f, is the
fundamental frequency.

Raman Measurements. Raman spectra were collected with a
WITEC micro-Raman using a 532 nm laser. The laser power of 1
mWatt was used to prevent sample degradation and was measured
with a power meter mounted on the objective turret.*** A spot size of
1 pym X 1 ym was used.

B RESULTS AND DISCUSSION

HKUST-1 Thin Film Growth. The first section presents
properties of the films (crystallinity and morphology) examined
using XRD and SEM while the second section discusses the
film growth studied with the QCM-D technique.

Film Crystallinity and Morphology. HKUST-1 films with
varying number of layers were grown on —COOH and
hydroxylated SiO, QCM substrates using the LBL liquid phase
epitaxy method and characterized by XRD (Figure 1). Figure 1
(left panel) displays XRD patterns for 40 layer (a) and 80 layer
(b) HKUST-1 films grown on —COOH functionalized gold
surfaces. Both films are preferentially oriented with the [200]
direction parallel to the surface (higher intensity peaks for
reflections from the {200} planes compared to reflections from
other orientations). With increased layer deposition, the full
width at half-maximum (fwhm) of the X-ray peaks decreases as
a result of microstrain, defects present in the films, and/or an
increase in grain size. XRD patterns of HKUST-1 films grown
on hydroxylated SiO, surfaces for 20 (a), 40 (b), 60 (c), and 80
(d) layers are shown in the right panel of Figure 1. Films made
of 20 and 40 layers show stronger reflections from the {222}
planes than the {200} planes, indicating the film is oriented
with {222} planes parallel to the surface, which is consistent
with previous studies on 40 layer films.”® A change in
crystallographic orientation of the films occurs from {222}
for the 40 layer film to {200} for the 80 layer film (Figure 1
right panel (d)). X-rays probe the entire depth (or thickness) of
the film, indicating that the entire film, not just the surface
layers, is mostly oriented in the [200] direction. For the 60
layer film (pattern c), reflections from both the (400) and
(222) planes are observed suggesting a transition zone. The
shift in the reflection of the (400) plane to higher 26 position
for the 60 layer film (compared to the 80 layer film) indicates
that these crystallites at the initial growth (transition zone)
experience strain (compression of the lattice parameter induces
a shift to higher 26 position) due to close crystallites oriented in
the [222] direction.”® The fwhm of the XRD peaks for
HKUST-1 grown on the hydroxylated SiO, surface decreases
with an increasing number of layers (26 decreases from 0.53°
(40 layers) to 0.3° (80 layers)) indicating an increase in
crystallite size. Due to the grazing incident experimental
conditions (0.2°), the intensity of the (200) plane reflection is
not always detectable (i.e, 60 layer sample (c)). The low
reflection position of the (200) plane partially overlaps the
direct beam. Therefore, depending on the position of the beam
on the sample, incident angle, and conditions of the beamline
mirrors, the (200) plane reflection may be strongly affected by
removal of the incident beam background signal.

Figure 2 shows SEM images of 40 layer (left panel a, c) and
80 layer HKUST-1 films (right panel b, d) grown on —COOH
SAM functionalized gold (top panel a, b) and hydroxylated
SiO, (bottom panel ¢, d) surfaces. Large octahedral crystals are
observed for the 80 layer films in contrast to the 40 layer films
(right panel of 2) consistent with the sharper XRD peaks
observed for the 80 layer films. Typically, the octahedral crystal

2950

ACV SpotMagn.  Dots WD [y ] uwm
300KV 30 35000x SE 81,

iob Mago-~ <Dt WD

Q:M"_‘”‘. (S22

Figure 2. SEM images of HKUST-1 films: (Top) grown on —COOH
terminated Au surface (a, left panel) a 40 layer film and (b, right
panel) an 80 layer film; (Bottom) grown on hydroxylated SiO, surface
(¢, left) 40 layer film and (d, right panel) an 80 layer film. The top half
of octahedral crystals (pyramids) is shown for clarity, with the {200}
planes colored in blue and the {222} planes colored in red.

morphology is reported for HKUST-1 and results from the
faster §rowth rate on the {200} planes as compared to the
{222}.%* Umemura et al. showed that octahedral morphol-
ogy is a result of the {200} plane, because four connectivity is
intrinsically more favorable, ie., the relative energy is more
stable than the {222} with three connectivity (AEgy,.. >
AE,.).* The connectivity number refers to the number of
nearest neighbors in forming the 2D nucleation on the {222}
and the {200} faces.

The results presented above demonstrate that the growth
mode changes with increasing layer number from a layer-by-
layer to grain growth. The resulting crystals, in films of more
than 40 layers, are oriented independently of the chemical
functional groups of the surface with the {200} planes growing
at the expense of crystallites with other orientations. To probe
film growth on a layer-by-layer basis, discussed next, the QCM-
D technique allows monitoring changes in the frequency and
dissipation. Changes in the resonant frequency of the QCM
crystal relate to the mass deposited during the reaction at each
layer, while changes in dissipation with deposition provides
insight into the rigidity of the adsorbed layer and conforma-
tional changes.>

In Situ Study of Deposition from QCM Data. Frequency
Changes with Deposition. The deposition of HKUST-1 was
monitored in situ using a liquid phase QCM-D to measure both
the mass (calculated from the Sauerbrey equation relating
change in frequency to mass) and the dissipation change as a
function of the number of layers. A decrease in resonant
frequency results from the addition of mass. Areal mass change
curves for the metal and H,(btc) linker (separated by an
ethanol rinse) at layers 1, 10, 40, and 80 are shown in Figure 3
(left). The orientation of a 40 layer HKUST-1 film grown on
hydroxylated SiO, and —COOH SAM results from the copper
acetate of the first layer binding to the surface functional groups
through the apical water in the case of the hydroxylated SiO,
and through a metathesis reaction replacing the acetate for the
—COOH SAM. The differences in the attachment mode of the
copper acetate at the first layer for both functionalizations result

DOI: 10.1021/acs.cgd.5b00384
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Figure 4. Change in areal mass for deposition of H(btc) (left) and Cu,(AcO), (right) at each layer for an 80 layer film. The film was deposited on

hydroxylated SiO, surface.

in variations of the btc linker mass deposition (four btc needed
for the [222] orientations as compared to two btc for the
[200]) (Figure S1 of Supporting Information). After the
ethanol rinse of the copper acetate, when H;(btc) flows, the btc
links adjacent copper dimers. Layer 10 shows btc linker and
copper acetate deposition curves that are due to a reaction of
each component with the underlying copper acetate or
—COOH group of the linker. The slight decrease in mass
observed with the ethanol rinse is due to removal of
physisorbed species.

Figure 3 (right) plots the increase in areal mass of the copper
acetate and the H;(btc) linker deposited as a function of layer
number. At each layer, the mass change was calculated as the
difference of the mass at the beginning and end of the precursor
flow. This mass change was then added to the total mass
deposited. The linker deposition (curve a) increases linearly
with the number of layers. However, the copper acetate
deposition (curve b) has an inflection point at around layer 27,
showing a nonlinear increase in mass deposited with increasing
layer number. Figure 4 shows the change in areal mass for
H;(btc) (left) and copper acetate (right) for each layer as a
function of layer number. For the first 10 layers, more mass
deposition for Hy(btc) is observed than for subsequent layers
(Figure 4). This indicates that more Hy(btc) is needed during
the initial nucleation and development of the first layers than
subsequent film growth. Similar trends are observed for both
hydroxylated SiO, and —COOH surfaces (Figure S2 of

Supporting Information). Small alternating variations in mass
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between layers 10 and 50, more apparent for the btc linker than
the copper acetate, is consistent with deposition of layers at half
a unit cell.”® The copper acetate mass deposition has a peak at
about layer 5 and then after layer 10 gradually increases with
each layer in contrast to the Hy(btc) mass deposition. Multiple
regions of growth for multilayers were also previously reported
for LBL deposition of polymers.””>> The observation of an
increase in copper acetate mass deposition could indicate the
availability of more adsorption sites (possibly at the edges of
the crystals) for copper acetate with film growth.

Dissipation Changes with Film Deposition. The QCM-D
technique allows studying conformational changes during the
deposition of the linker and the metal on the individual layer
basis during film formation. Monitoring the change in
dissipation as a function of layer number provides insight
into the structural properties of an individual layer. Dissipation
is measured by monitoring the decay rate of a QCM’s
oscillation after excitation at the resonant frequency. When the
adsorbed mass is soft or not firmly attached it does not follow
the oscillation of the QCM crystal perfectly, resulting in an
increase in the measured dissipation. Changes in dissipation can
therefore be attributed to changes in roughness or rigidity of
the adsorbed layer during adsorption.’”>>>* Figure 5 shows a
plot of the change in dissipation (AD) as a function of the
change in frequency (AF). At around layer 40 the plot of AD
versus AF shows an increase in slope, indicating the occurrence
of a different process where the film becomes less rigid with
each additional layer.””® The rise in dissipation could also be

DOI: 10.1021/acs.cgd.5b00384
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Figure S. Change in dissipation (AD) and frequency (AF) for an 80
layer film grown on a hydroxylated SiO, surface. An increase in
dissipation with decreasing frequency is observed. This indicates that
with increasing mass uptake the film is becoming less rigid.

related to the increase in roughness caused by the larger
crystallite sizes (SEM images, Figure 2), which induces liciuid
trapping and compressional (sound) wave generation.50’53’ ¢
Changes in the dissipation at each individual layer show
variations in conformation with deposition of both the copper

acetate and H(btc). The top part (panels a, b) of Figure 6
shows raw frequency (black, curve a) and dissipation (red,
curve b) as a function of time for deposition at layer 15 (left)
and at layer SO (right). The dissipation curves of both the metal
and the btc linker at layer 15 are distinctly different than curves
at layer 50.

Plotting the data in D—F (AD versus AF) removes time as
an explicit parameter and shows how much the dissipation (or
film rigidity) changes as a function of the change in mass at
each layer (bottom panel, Figure 6). D—F plots are widely used
in protein, cell, and polymer adsorption to study conforma-
tional and density changes.>* If the relation between AD and
AF is linear throughout the btc or copper acetate deposition,
then the process has a consistent conformational change.
Discontinuities in the AD—AF relation indicate variations in
the deposition during formation of the layer (btc or copper
acetate cycles). D—F plots of the third overtone for deposition
at layers 15 and S0 are shown in the bottom panel of Figure 6
(panels ¢, d) (D—F plots with a range of 10 layers are shown in
Figure S3 of the Supporting Information). The bottom left
panel of Figure 6 shows D—F plots at layer 15; the change in
frequency (mass deposition) does not induce a dissipation
change for either the metal or the btc linker, indicating a rigid
attachment to the underlying layer (the attached component
follows the oscillation of the crystal).** During the ethanol
rinse, variations in dissipation might result from slight changes
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Figure 6. Top: Frequency (black curve a) and dissipation (red curve b) changes of Hj(btc) and Cu,(AcO), for HKUST-1 deposited on
hydroxylated SiO, surface with time at layer 15 (left) and at layer SO (right). Bottom: D—F plots for HKUST-1 film with deposition of Cu,(AcO),
and Hjbtc linker at layer 15 (left) before orientation change and increase in crystal size and at layer 50 (right). Two different regions for the H;(btc)
linker at layer 50 are observed. Frequency decrease is associated with an increase in mass deposition. X-axis plotted from higher to lower frequencies

(mass deposition increase).
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in density of the layer (rearrangement) or incorporation of
ethanol during the rinse.

The bottom right panel of Figure 6 shows the D—F curve at
layer 50 of the btc linker and the copper acetate, which appear
distinctly different. At layer 50 the copper acetate deposition is
accompanied by a linear increase in dissipation that is reduced
after the ethanol rinse. A linear increase indicates that the
adsorbed layer is not rigidly attached; however, the film has the
same conformation throughout the deposition. The nonrigid
attachment can result from the copper acetate connecting with
only one link to the underlying layer. The dissipation after the
ethanol rinse does not return to its initial value at the beginning
of the deposition, indicating that some of the deposited copper
acetate remains less rigidly attached. The flexible attachment of
the copper acetate results in many possible attachments for the
btc and rearrangements that contribute to changes in the film
growth. Note that this behavior is dissimilar to that at layer 15
where the dissipation does not change during linker/copper
deposition. On the other hand, for the btc linker, two distinct
regions are apparent, a first region having no change in
dissipation with frequency decrease (increase in mass
deposition, rigid attachment similar to layer 15), and the
second with a linear increase in dissipation as a function of
frequency decrease (nonrigid attachment). Region 1 is
consistent with a rigid attachment where the btc is connected
with its three carboxylates in-plane to the underlying rigidly
attached copper acetate layer. Region 2 is consistent with a less
rigid attachment of the linker (partial coordination with one or
two of the COOH groups to the underlying surface) possibly to
the nonrigidly attached copper acetate. The two different
adsorption processes relate to the change in the mass curve
shape, having two or more regions as compared to the copper
acetate (left panel, Figure 3). This indicates that the attachment
of the btc depends on the nature of underlying copper acetate
sites (how many connections the copper has to the underlying
layer). The ethanol rinse results in a decrease in dissipation,
indicating that ethanol assists in the rearrangement of the
attached linkers at region 2 and the increase in rigidity. The
decrease in dissipation after the ethanol rinse following btc is
greater than that following copper acetate deposition. This
indicates that the added btc results in the rigid attachment and
connects previously deposited copper dimers.

The gradual increase in the mass and dissipation with copper
acetate deposition at high layer number (see also Figure 4)
strongly suggests that the copper acetate acts as a nucleation for
the change in film growth. Changes in the attachment of the
copper acetate and the btc linker with layer number results in
the growth of the most energetically favored planes ({200} for
HKUST-1) which is not controlled by the surface functional
groups.

Thin Film Stability. MOF thin films have attracted
attention for applications such as chemical sensing, optoelec-
tronic devices, and as membranes for CO, capture."*>” One
obstacle in their use in gas separation is their degradation in
humid conditions. This is particularly important for using
MOFs to capture CO, from flue gas which usually contains
~10—15% water vapor.>® A detailed study on HKUST-1
powder decomposition by DeCoste et al. was previously
performed under varying temperature and humidity conditions
(40% RH and 90% RH at 40 °C, and 90% RH at 90 °C).>
Here, to determine the influence on film properties under
conditions similar to those of flue gas (0.1 bar CO, pressure),
CO, adsorption capacities were studied as a function of aging
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under milder conditions (20% RH at 25 °C). Changes in film
morphology, crystallinity, and framework bonding were
examined using SEM, XRD, and Raman spectroscopy. Our
results show that CO, uptake decreases approximately by 70%
for films after only 3 days. However, no discernible changes in
the XRD patterns were observed. Raman spectroscopy confirms
the framework degradation and SEM images exhibit changes in
film morphology, particularly at the octahedral crystal surfaces.

CO, Uptake in Fresh HKUST-1 Films. To characterize the
adsorption properties of freshly synthesized HKUST-1 films
(gas adsorption performed directly after synthesis and
activation), CO, adsorption isotherms were measured using a
gas phase QCM. Frequency changes of the third harmonic were
recorded as a function of CO, pressure at room temperature for
activated (heated 120 °C at 107 Torr) fresh films of varying
number of layers (Figure 7). Figure 7 shows the CO,
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Figure 7. CO, adsorption isotherms for HKUST-1 thin films made of
40 and 80 layers grown on hydroxylated SiO, and —COOH
functionalized gold surfaces.

adsorption isotherms for 40 and 80 layer films deposited on
hydroxylated SiO, and —COOH functionalized gold surfaces.
CO, uptake of the thin films is similar to that for HKUST-1
bulk samples.*” Neutron scattering measurements showed that
CO, in HKUST-1 binds to the unsaturated copper metal
centers through enhanced electrostatic interactions with the
lone pair electrons on the CO, oxygen.°*®" Therefore, any
changes in linker—metal bonding due to degradation of the
framework by water would alter its CO, adsorption capacities.

CO, Uptake in HKUST-1 Aged Films. CO, adsorption
capacity of HKUST-1 thin films was monitored as a function of
storage time at 25 °C and 20% RH. HKUST-1 films of 40 layers
grown on hydroxylated SiO, surfaces were selected because
they form homogeneous smooth and oriented films that can be
used as a model system for MOFs deposited on porous silica,
alumina, and oxides (see Film Crystallinity and Morphology).
The left panel of Figure 8 shows CO, adsorption isotherms of a
40 layer HKUST-1 activated (heated in vacuum) film grown on
a silicon dioxide surface for a film directly after synthesis (black
squares), after 1 week (blue circles) and after one month
(brown triangles) of synthesis stored at ~20% RH and 25 °C.
The right panel of Figure 8 shows a comparison of CO,
adsorption capacities of an activated (heated in vacuum) 80
layer (triangles, curve a), and a 40 layer HKUST-1 films grown
on hydroxylated SiO, (squares, curve b) surfaces and measured
after 1 week of storage at 25 °C and 20% RH. The differences
in CO, adsorption capacity after aging compared to the initial
values indicate that films with larger crystallites (80 layers) are
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Figure 8. Left: CO, sorption isotherms measured for 40 layer films activated (heated in vacuum at 120 °C) directly after synthesis (squares), after 1
week (circles), and after 1 month (triangles). The CO, uptake decreases drastically with film age. Right: Comparison of CO, adsorption isotherms of
an 80 layer (curve a) and a 40 layer (curve b) film after 1 week of synthesis and storage at 25 °C and 20% RH.
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Figure 9. Panel a: Raman spectra of a fresh 40 layer HKUST-1 thin film (top black spectrum) and after 30 days (bottom blue spectrum). Peaks at
1300 and 1715 cm™" indicate degradation of the older framework (bottom blue spectrum). Panel b: SEM image of an 80 layer HKUST-1 film
measured 30 days post synthesis. Comparison with Figure 2 (bottom right) clearly indicates morphology changes due to degradation. Both films
shown here were grown on a hydroxylated SiO, surface. Aged films were stored in a drybox at 20% RH and 25 °C.

slightly less susceptible to degradation by water than films with
smaller crystallites (less rough, 40 layers). Approximately 45%
reduction in CO, adsorption capacities at 680 Torr for an 80
layer film as compared to ~73% for a 40 layer film. CO, uptake
for HKUST-1 films is significantly reduced after 1 week.
However, even after a month no change in the XRD patterns
(Figure S4) is observed; indicating the retention of crystallinity
and order. Hence, XRD does not serve as an indicator of the
film CO, adsorption performance. The decrease in CO, uptake
likely indicates a change in the chemical nature of the
unsaturated metal centers where CO, adsorbs. The reduction
in CO, uptake with aging as compared to the fresh sample
depends on the CO, pressure and is as summarized in Figure
SS. Approximately 4.5% reduction in the CO, uptake from the
value adsorbed in a fresh film is observed at 76 Torr as
compared to 45% at 680 Torr for an 80 layer film (~48% for a
40 layers film at 76 Torr). The lower decrease in CO, uptake
with aging, at 76 Torr as compared to 680 Torr, indicates that
the films can be still be functional for CO, separation from flue
gas (76 Torr, 0.1 bar CO,).

A recent molecular simulation study of water adsorption in
HKUST-1 shows that water preferentially adsorbs in the large
channels (channels with the copper sites pointing into the
pores) and in the smaller apertures that connect the large
channels and the small tetrahedral pores. However, water does

2954

not adsorb in the tetrahedral pockets or in a second type of
large channels (channels with the copper metal centers not
pointing into the pores) because of the hydrophilicity of the
benzenetricarboxylate linkers.'” The preferred water adsorption
in the first large channel is due to the unsaturated metal centers
decorating the channel walls. However, water confinement in
the small apertures (apertures connect the tetrahedral pockets
with the larger channels) and the cooperative effect of
hydrogen bonding with the adsorbed water in the larger
channel were thought to be the reasons for the favored
adsorption at the small apertures. The {222} planes constitute
the small tetrahedral cages (~3.5 A), while the {200} planes
constitute the larger pores (~9 A). Differences in degradation
can be attributed to the water adsorption mechanism. In the 40
layer case, water can only enter though a single location,
through the {222} planes with the constricted apertures.
However, the 80 layer film is composed of larger crystallites
with crystallite boundaries and exposed {200} faces providing
larger access pores for water to enter, therefore possibly
reducing the potential for hydrogen bonding of water to the
MOE.

Bonding Changes and Film Morphology. Vibrational
spectroscopy is sensitive to changes in the MOF chemical
functional groups.***°* The left panel of Figure 9 (panel a)
shows Raman spectra of a fresh HKUST-1 film (top spectrum)
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and after one month of storage at 25 °C and 20% RH (bottom
spectrum). The appearance of vibrational modes at 1300 cm™
for the v(OH) and 1715 cm™ for (COOH) indicate the
partially coordinated benzenetricarboxylate linker.*> The
observed chemical degradation of the films is similar to that
reported for powder HKUST-1.>*** Replacement of the linker
by attachment of water to the metal center causes partial
decoordination of the linker. Reheating (activating) the samples
in vacuum at 190 °C after aging does not restore the sample’s
CO, adsorption capacity. Hence, the process is irreversible
(data not shown). Normally, the btc linker attaches to three
different copper dimers. One mechanism for reduction of the
metal center oxidation state in HKUST-1%* is replacement of
the carboxylic attachment at one of the copper sites by water,
which also forms crystal defects. Reduction of the metal center
oxidation state could explain the lower CO, uptakes measured
for the aged samples. Lower CO, adsorption capacities were
previously observed for Cu,O as compared to CuO due to
differences in the oxidation state of the copper.® The right
panel of Figure 9 (panel b) shows the morphology change in an
80 layer HKUST-1 thin film due to degradation. From the SEM
image it is evident that the degradation occurs at the
boundaries and surfaces of the crystallites.

Water Adsorption in HKUST-1 Thin Films. To confirm
the influence of film properties on water incorporation, the
water adsorption isotherms for 40 and 60 layer films were
measured and are shown in Figure 10. The water adsorption
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Figure 10. Water adsorption isotherm for a 60 layer HKUST-1 film
grown on a hydroxylated SiO, (cyan circles, curve a) and a 40 layer
film on hydroxylated SiO, (blue squares, curve b).

curve for the 60 layer film (cyan circles, curve a) has two steps
indicating two different adsorgtion processes and is similar to
that for powder HKUST-1.°” The two steps are due to
occupation of the hydrophilic larger pores (water adsorbs on
copper sites) followed by occupation of the small tetrahedral
cages at higher water vapor pressure.””*® The water adsorption
curve for the 40 layer film (blue squares, curve b) has a single
step adsorption indicating adsorption of a monolayer of
water.”>%7®® Because water enters the film through the
constricted smaller tetrahedral pores, hydrogen bonding close
to the surface facilitates the attack on the metal—linker bond.

B CONCLUSIONS

HKUST-1 thin films grown using liquid phase epitaxy initially
follow the layer-by-layer growth mode. Above about 40 layers,
the film growth proceeds via octahedral crystals oriented in the
[200] direction in the polycrystalline film, independent of the
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surface functional groups. XRD and SEM measurements show
an increase in crystallite size with increasing number of layers.
Dissipation changes indicate that the growth proceeds from a
layer-by-layer reaction characteristic of a rigid deposition (<40
layers), to a less rigid attachment (possible rearrangement
during deposition) on new sites (>40 layers).

The stability of the thin films under mild conditions was
evaluated by measuring CO, adsorption isotherms as a function
of aging. Films degrade within a few days (~70% reduction in
CO, adsorption at 680 Torr after 8 days). Degradation results
from replacement of one or more of the linker —COOH by
water at the metal sites in the ordered thin films. The amount
of reduction in CO, uptake caused by film degradation depends
on the film thickness. Eight days after synthesis, CO, uptake in
40 layer films (on a per gram basis) is one-half that of 80 layer
films. This indicates that film degradation is affected by
morphology and orientation. This study indicates that future
work on installing protective hydrophobic groups on the film
surface, to minimize water incorporation, is of paramount
importance if MOF membranes are to be used in gas
separation. Moreover, the desire to control film crystallographic
orientation and morphology necessitates future work in
coordination modulation chemistry (introducing an agent
that coordinates to specific sites) to tailor the film growth.
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