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ABSTRACT: Metal organic frameworks (MOFs) are a
leading class of porous materials for a wide variety of
applications, but many of them have been shown to be
unstable toward water. Cu-BTC (1,3,5 benzenetricarbox-
ylic acid, BTC) was treated with a plasma-enhanced
chemical vapor deposition (PECVD) of perfluorohexane
creating a hydrophobic form of Cu-BTC. It was found that
the treated Cu-BTC could withstand high humidity and
even submersion in water much better than unperturbed
Cu-BTC. Through Monte Carlo simulations it was found
that perfluorohexane sites itself in such a way within Cu-
BTC as to prevent the formation of water clusters, hence
preventing the decomposition of Cu-BTC by water. This
PECVD of perfluorohexane could be exploited to widen
the scope of practical applications of Cu-BTC and other

MOFs.

M etal organic frameworks (MOFs) have become a leading

class of porous materials for applications, such as §as
storage,1 separations,2 catalysis,3 and even toxic gas removal. =6
These materials show unprecedented ability to tailor
functionality for targeted chemical interaction. In toxic gas
removal, several studies have shown that MOFs are able to
provide substantial protection as compared to other sorbents.’
Yet, one of the major shortcomings of several classes of MOFs
is their instability in the presence of moisture.” "'

Cu;(BTC), (1,3,5 benzenetricarboxylic acid, BTC) or
HKUST-1 (herein referred to as Cu-BTC), has previously
been investigated for numerous applications, including
ammonia removal.'> The material was found to have an
exceptionally high ammonia loading, but at the expense of
framework stability. Due to a combination of ammonia and
moisture, the structure essentially was shown to completely
disintegrate. Further studies on Cu-BTC by Gul-E-Noor et al.
using 'H and "*C solid-state NMR indicated that moisture itself
is capable of degrading the MOF structure, rendering it
ineffective for use in a multitude of applications.""

Generally speaking, many MOFs that are highly active
toward toxic chemicals, and/or separations are prone to
decomposition due to moisture. Finding a means of stabilizing
these structures would allow for their use in ambient
applications where moisture is omnipresent. Montoro and co-
workers recently investigated a hydrophobic analog of MOF-5
(IRMOE-1) for use in capturing nerve and mustard simulants.*
Yang et al. modified MOF-5 by placing methyl groups on the
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linking units, which exhibited unchanged X-ray diffraction
(XRD) patterns after days of exposure to ambient humidity."
Yet, these methods may change the inherent nature and
chemistry of the MOF, and these methods are not possible for
a full range of MOFs.

Yoo and co-workers recently addressed this issue using a
surfactant-assisted drying technique and found IRMOE-3 to be
stable to ambient moisture after one month.'"* In this
communication, we investigate an alternative method for
postsynthetically modifying Cu-BTC by a plasma-enhanced
chemical vapor deposition (PECVD) of perfluorohexane
(PFH), referred to throughout this manuscript as Cu-BTC
Plasma.

Cu-BTC was purchased from Sigma-Aldrich as Basolite C
300 in powder form. Cu-BTC plasma was produced using a
PECVD method'>'® with a perfluorohexane precursor in a
plasma reactor and is discussed in depth in the Supporting
Information.

After treatment, Cu-BTC plasma was characterized to
determine any structural changes. Powder XRD (PXRD)
patterns (Figure S3, Supporting Information) indicate the
structure of Cu-BTC plasma is analogous to Cu-BTC, and both
match the simulated pattern. There is a decrease in intensity of
peaks that are indicative of long-range order. This is evidence of
pore filling by PFH or nonperiodic minor structural changes.
Upon immersion in water at room temperature, the PXRD
pattern of Cu-BTC completely changed over the period of 24 h
(Figure 1a), signifying major structural changes taking place.
However, the PXRD pattern of Cu-BTC plasma (Figure 1b)
was virtually unchanged over the same period. The PXRD
pattern of Cu-BTC after 4 h of immersion in water shows
characteristics of both the unperturbed Cu-BTC and the 24 h
immersed Cu-BTC. The gradual decomposition of Cu-BTC
has been shown to accelerate with increasing molar equivalents
of water as described in depth by Gul-E-Noor."" The water
stability of Cu-BTC plasma may extend its useful applications
beyond humidity sensing'” and into the realm of desiccants as
its crystal structure is not affected by high-humidity levels.'®

The "F magic angle spinning (MAS) nuclear magnetic
resonance (NMR) spectra of Cu-BTC, Cu-BTC plasma, and
neat PFH can be seen in Figure 2. There are no "°F chemical
shifts in the Cu-BTC spectrum, which is consistent with the
absence of fluorinated material being introduced to Cu-BTC.
The Cu-BTC plasma sample shows a major presence of
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Figure 1. PXRD patterns for (a) Cu-BTC and (b) Cu-BTC plasma
after immersion in water at room temperature for 0, 4, and 24 h.

CuATE Plaima
CwETT
perflcrohanane

80 -0 400

& (ppam)

-110 120 -0 140 150

Figure 2. 'F MAS NMR of Cu-BTC plasma, Cu-BTC, and neat PFH.
All spectra are referenced to an external hexafluorobenzene reference o
~ —16S ppm.

perfluorohexane with chemical shifts at 6 ~ —81, —123, and
—127 ppm. The chemical shifts at 6 # —74 and —78 ppm
correspond to other CF; species that are present in the
material.'” All other chemical shifts in the "F MAS NMR
spectrum of Cu-BTC plasma correspond to spinning sidebands
approximately 6 kHz (the spinning speed of the rotor) away
from the corresponding parent signal. The spinning sidebands
stem from PFH being in a much more restricted environment
when in the Cu-BTC plasma than in the neat sample.”® The
presence of perfluorohexane and a minor presence of other
perfluoro products without evidence of polymerization in Cu-
BTC plasma is consistent with the exposure of perfluorohexane
to plasma by Shard et al.”!

Due to its microporous nature, it is unlikely that plasma
ignition of PFH occurs within the pores of Cu-BTC. The pores
of Cu-BTC have a diameter ~0.9 nm, while the characteristic
plasma debye length is 2 ym < Ap < 7 mm. This supports the
hypothesis that the CF; species that are seen in the '’F MAS
NMR are from the diffusion of reactive CF; species across the
plasma—solid interface.”> Chemical reaction with the internal
surface of the pores occurs as CF; diffuses. As the internal pores
are populated with nonperiodic CF; groups, the diffusion of
PFH becomes more favorable. The presence of CF; groups on
the surface of the pores also adds to the hydrophobicity of the
material, which actually causes the material to float in liquid
water. When '°F MAS NMR was performed on samples of Cu-
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BTC directly exposed to liquid or gaseous PFH followed by
light heating, no presence of fluorinated material could be
detected, meaning the population of the internal pore surface
with CF; groups plays an integral role in PFH loading.

Nitrogen isotherms of Cu-BTC and Cu-BTC plasma (Figure
S4, Supporting Information) show a decrease in BET surface
area from 1468 to 1088 m*/g (25.9%) and in total pore volume
from 1.01 to 0.69 cc/g (31.7%). The BET surface area of Cu-
BTC is consistent with data published elsewhere.”>** The
decrease in surface area is larger than the weight percent of
PFH loaded (determined by TGA), which is consistent with
PFH blocking nitrogen adsorption sites and/or micropore
accessibility. The size and ability of PFH to rotate about its C—
C bonds give it the ability to extend across the window
openings, acting as a strut and effectively block corner sites,
making them inaccessible to nitrogen.

Scanning Electron Microscopy (SEM) images (600X
magnification) of Cu-BTC and Cu-BTC plasma before and
after exposure to 90% relative humidity at 25 °C are shown in
Figure 3 (full images can be seen Figure SS, Supporting
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Figure 3. SEM images of (a) Cu-BTC, (b) Cu-BTC after exposure to
90% humidity, (c¢) Cu-BTC plasma, and (d) Cu-BTC plasma after
exposure to 90% humidity.

Information). Cu-BTC crystals with smooth surfaces, contain-
ing few irregularities and no cracking can be seen for both Cu-
BTC (Figure 3a) and Cu-BTC plasma (Figure 3c) before
exposure to water. The SEM images after exposure to water for
Cu-BTC (Figure 3b) and Cu-BTC plasma (Figure 3d) show a
difference in how the crystal structure reacts to humidity. The
untreated Cu-BTC shows cracking of its surfaces and very little
regularity in its structure. However, the crystal structure of Cu-
BTC plasma was able to withstand the presence of high levels
of humidity while maintaining its smooth surfaces and without
noticeable surface cracking.

Thermogravimetric analysis (TGA) was used to determine
that the desorption of PFH from Cu-BTC occurs at 175 °C
(Figure S6, Supporting Information). Integration of the first
derivative peaks from the TGA data shows that PFH
constitutes 16.1 wt % of the Cu-BTC plasma material when
vacated of all water. The data also shows two distinct water
desorption temperatures, 65 and 115 °C. According to Castillo
et al.> the first siting of water occurs at site I, as seen in Figure
4, when using the convention set forth by Liu et al.** Site I
corresponds to water molecules that are coordinated with Cu
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Figure 4. Representation of sorption sites I, I', I, and IIT in Cu-BTC
viewed along the [100] direction.

atoms. The second siting of water occurs at sites I' (the large
cage interior), this siting occurs through hydrogen bonding
with water molecules adsorbed at site I. Water molecules are
not found at sites II or III by Castillo et al, supporting our
TGA results that only two distinct water desorption events
occur. Site I, which has direct interaction with the Cu atoms,
has a free energy of adsorption of —29.1 kJ/mol, compared to
—8.1 kJ/mol for site I' Therefore site I corresponds to water
molecules desorbing at higher temperatures than site I'>°

Cu-BTC plasma shows a significant decrease in site I' water
desorption. This is further evidence of the siting of the
hydrophobic PFH at site I’ or near enough as to affect water
molecules in this region. Through simulation studies, it has
been seen that nonpolar and quadrapolar molecules typically
site themselves away from the Cu atoms.”*">° Small nonpolar
and quadrapolar molecules, such as methane and carbon
dioxide, are preferentially adsorbed at the interior of the
octahedral cage at site II, followed by sites III and I

Grand canonical Monte Carlo (GCMC) simulations of
adsorption of 32 PFH molecules, corresponding to the loading
levels determined from TGA, were performed on a2 X 2 X 2
unit cell of Cu-BTC. Details of the calculations can be found in
the Supporting Information.”**"*> PFH calculations were
based on those used by Watkins and Jorgensen.> It is observed
that site I' is the preferential site for PFH siting, as can be seen

in Figure S. The bulky nature of PFH makes sites II and III
relatively inaccessible leaving site I' as the only site for PFH
adsorption. It can be clearly seen in the [110] view that PFH
does not site on the axis of the Cu—Cu bonds (Site I). The
siting of PFH away from site I allows for water molecules to still
coordinate with Cu atoms in Cu-BTC, but the hydrophobic
nature of PFH in the pores would prevent the formation of
water clusters at higher humidity levels as suggested for water
siting in MOFs by Kiisgens et al.'"® The prevention of water
molecules from forming clusters at site I' by PFH in Cu-BTC
plasma also supports the decrease in site I’ water desorption in
the TGA data.

Peterson et al. have shown the ability of Cu-BTC to adsorb
large amounts of ammonia.'* The addition of PFH plasma did
not diminish the overall capacity of Cu-BTC for ammonia, as
may be expected by pore filling, but it in fact enhanced its
ammonia capacity (breakthrough curves in Figures S7 and S8,
Supporting Information). The capacity of Cu-BTC and Cu-
BTC plasma at conditions of 0% and 80% RH can be seen in
Table 1. Petit et al. have shown through experimental and

Table 1. NH; Capacities of Cu-BTC and Cu-BTC Plasma

conditions Cu-BTC (mol/kg) Cu-BTC plasma (mol/kg)
0% RH 6.4 8.7
80% RH 10.4 11.8

theoretical methods that ammonia is strongly attracted to the
Cu—Cu dimers in Cu-BTC, which can account for approx-
imately 5 mmol/g of ammonia adsorption.>* The remainder of
ammonia capacity by Cu-BTC can be attributed to other sites
and intermolecular hydrogen bonding. The breakthrough
curves at 80% RH show that even though the initial
breakthrough of Cu-BTC plasma occurs earlier, likely due to
the reduced porosity and surface area compared to Cu-BTC,
there is actually an overall increase in ammonia capacity. The
step-like shape of the breakthrough curve is indicative of a
combination of mass transfer limitations (from the co-adsorbed
PFH) and the migration of ammonia to reactive metal sites.
This enhancement in ammonia capacity by Cu-BTC plasma
can best be explained by the increased stability of Cu-BTC at
both RH conditions. The resulting stability slows and/or
eliminated the collapse of the pore structure and increases the
ability to maintain more of its crystallinity in the presence of

o 9

=~ 1.000e3

Figure 5. GCMC simulations of the adsorption of PFH in Cu-BTC viewed along the [100] (left) and [110] (right) directions.
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ammonia and/or water. The behavior is illustrated in Figure S9,
Supporting Information.

The enhancement of stability of Cu-BTC plasma seems to be
from the ability of PFH to prevent the formation of water and/
or ammonia clusters around the Cu sites as well as the ability of
PFH to act as a strut to prevent the collapsing of pores. It was
suggested by Peterson et al. that 4 equiv of water (or ammonia)
for every Cu—Cu dimer are necessary for the breakdown of Cu-
BTC to Cu(OH),."> With hydrophobic PFH sited in the large
pores, the formation of clusters large enough to break apart Cu-
BTC would be significantly hindered even when subjected to
high humidity values or submersion in H,O.

In summary, we have reported that treatment with plasma
PFH enhances the stability of Cu-BTC against degradation by
water. The overall crystal structure of Cu-BTC is maintained
when submerged in water, and an enhancement of ammonia
adsorption capacities gives Cu-BTC plasma broad appeal for
many potential applications. Future work plans include
extending this work to other MOFs including the highly
water unstable IRMOF series (MOF-S analogs), PECVD of
other perfluororalkanes on Cu-BTC, and testing the long-term
effects of water on PECVD treated Cu-BTC for use in practical
applications.
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Experimental procedures, PXRD patterns, nitrogen isotherms,
SEM images, TGA data, and ammonia breakthrough curves.
This material is available free of charge via the Internet at
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