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SOLID-STATE COPPER(I) SORBENTS FOR OLEFIN SEPARATIONS
CROSS REFERENCE TO RELATED APPLICATIONS

[0001] This application claims benefit of priority to U.S. Provisional Application No.
62/745,837, filed October 15, 2018, which is incorporated herein by reference in its entirety.

FIELD

[0002] The present disclosure relates generally to the field of separating a
hydrocarbon feed gas mixture comprising alkenes and alkanes to produce a separated alkene

product.

BACKGROUND

[0003] The production of polymers such as polyethylene from light gases requires a
high purity feedstock of monomers and co-monomers. Due to the small differences in boiling
points between the light gases in such a feedstock, industrial production of a high purity
feedstock can require the operation of multiple distillation columns, high pressures, and
cryogenic temperatures. As such, the energy costs associated with feedstock purification
represent a significant proportion of the total cost for the production of such polymers.
Further, the infrastructure required for producing, maintaining, and recycling high purity

feedstock is a significant portion of the associated capital cost.

[0004] In order to offset some of the costs and maximize production, it can also be
useful to reclaim and/or recycle any unreacted feedstock gases, especially the light
hydrocarbon reactants, such as ethylene. Ethylene and propylene gases are the most-produced
organic chemicals in the world, with their purification costs accounting for ca. 0.3% of the
world’s total energy consumption.! The high energy costs are driven by the use of cryogenic
distillation, which could be supplemented or replaced by a lower-energy process such as
membrane separation or swing adsorption.>* There has been considerable recent interest in

developing materials for both technologies.

[0005] Adsorbent materials show either kinetic or thermodynamic selectivity for
adsorbing components of a gas mixture and are used in pressure (PSA) and temperature

swing adsorption (TSA) processes to produce high-purity gases. Key parameters for
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adsorbent materials include heat of adsorption, working-capacity, selectivity, sorption

kinetics, and tolerance to contaminants.

[0006] Various classes of adsorbents are known to be suitable for use in PSA systems,
the selection of which is dependent upon the feedstream components and other factors are
generally known to those skilled in the art. In general, suitable adsorbents include molecular

sieves, silica gel, activated carbon, and activated alumina.

[0007] Heat of adsorption value is important for reducing the heat and cooling energy
required to control adsorbent temperature during PSA cycles and control the swing energy
required for a TSA process. S. Seo ef al. combined a solid to liquid phase change (AHmer <
19.9 kJ mol!) with CO, chemisorption (ca. -52 kJ mol!) and noted a significant reduction of
the overall heat of adsorption.” A process design taking advantage of the lower overall heat of

adsorption showed 55% energy savings compared to standard MEA scrubbing technology.

[0008] N. Nijem et al. applied the idea to the well-known phenomena of ‘gate-
opening’ phase changes in metal-organic frameworks, termed ‘intrinsic heat management,’
and shown to reduce the energy released by methane adsorption by 33% compared to non-

‘gate opening’ frameworks.®

[0009] High working-capacity adsorbents are characterized by the observation of
steep ‘steps’ in gas adsorption isotherms. These have been achieved through phase changes
induced by osmotic pressure and chemical interaction and facilitated by flexible ligands,
rearrangement of coordination spheres, or spin-crossover. Alternatively, intermolecular
interactions inducing ordering of the gas (adsorbate) phase such as self-propagating reactions

and clathrate formation.

[0010] High gas selectivities are required to produce a high-purity product from the
adsorbed phase. For ethylene/ethane separation, thermodynamic selectivities of 390:1 have
been reported for adsorbents with surface areas <15 m?g!.” In contrast, porous materials are
limited by the high proportions of non-selective surface area, achieving thermodynamic
selectivities of usually up to ~30:1 and capable of high kinetic selectivity (50-90:1), which
would be useful if technical challenges around preparing thin-film defect-free membrane

materials are overcome.

[0011] Accordingly, there is still a need for more efficient and cost-effective
processes for ethylene separation. There is a further need for sorbents having high

ethylene/ethane selectivities and low heat of adsorption values.

2.
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SUMMARY

[0012] In accordance with the purpose(s) of the invention, as embodied and broadly
described herein, the invention in one aspect, relates to a process comprising: exposing a
trinuclear copper(l) pyrazolate complex to a hydrocarbon feed gas mixture comprising one or
more alkenes and one or more alkanes, to form a product comprising a dinuclear-copper(I)-
alkene complex. In further disclosed aspects, the one or more alkenes comprise ethylene,
propylene, butene, pentene, or isobutylene. In still further disclosed aspects, the one or more

alkanes comprise ethane, methane, propane, butane, or pentane.

[0013] In some aspects, the trinuclear copper(l) pyrazolate complex of the disclosed
process is a [3,4,5-tris(trifluoromethyl)pyrazolyl)Cu]s complex ([(3,4,5-(CF3)3Pz)Cul]s,
[Cus]). In yet other aspects, the dinuclear copper(l)-alkene complex comprises a dinuclear
copper(l)-ethylene complex. In still further aspects, the dinuclear copper(I)-ethylene complex
of the disclosed process is a [3,4,5-tris(trifluoromethyl)pyrazoly)Cu(C2H4)]2 ([3,4,5-
(CF3)3P2)Cu(C>Ha4)]> complex, [Cuze(C2Hy)s]).

[0014] Also disclosed herein is a composition comprising a trinuclear copper(I)
pyrazolate complex, wherein the composition is reversibly transformed to a dinuclear
copper(l)-alkene complex, when exposed to a hydrocarbon feed gas mixture comprising one
or more alkenes and one or more alkanes. In still further aspects, the disclosed composition
comprises a [3,4,5-tris(trifluoromethyl)pyrazolyl)Culs complex ([(3,4,5-(CF3)3Pz)Cul]s,
[Cus]), wherein the composition is reversibly transformed to a [3,4,5-
tris(trifluoromethyl)pyrazolyl)Cu(Cz2H4)]2 ([3,4,5-(CF3)3P2)Cu(C2Ha)]2, [Cuz2+(C2Ha4)2]) when
exposed to a hydrocarbon feed gas mixture comprising ethylene and one or more alkanes

comprising ethane.

[0015] Additional aspects of the invention will be set forth, in part, in the detailed
description, and claims which follow, and in part will be derived from the detailed description
or can be learned by practice of the invention. it is to be understood that both the foregoing
general description and the following detailed description are exemplary and explanatory

only and are not restrictive of the inveniion as disclosed.



WO 2020/081540 PCT/US2019/056286

BRIEF DESCRIPTION OF THE DRAWINGS

[0016] The following drawings illustrate by way of example and not limitation. For
the sake of brevity and clarity, every feature of a given structure is not always labeled in

every figure in which that structure appears.

[0017] FIGs. 1A-1B illustrate structures of (FIG. 1A) [(3,4,5-(CF3);Pz)Cu]s, [Cus]
and (FIG. 2B) [(3,4,5-(CF3)3Pz)Cu(C2Ha) ]2, [Cu2¢(C2Ha4)2].

[0018] FIGs. 2A-2B illustrate molecular structures of (FIG. 2A) [(3,4,5-
(CF3)3Pz)Culs, [Cus] and (FIG. 2B) [(3,4,5-(CF3)3Pz)Cu(C2Ha)]2 , [Cuze(C2Ha)s].

[0019] FIGs. 3 A-3B show (FIG. 3A) ethylene adsorption (solid symbols) and
desorption (hollow symbols) isotherms of [Cus] at 20, 50, and 70 °C; (FIG. 3B) working

capacity from a temperature swing from 50 °C to 70 °C.

[0020] FIG. 4 illustrates a stoichiometry of a reversible transformation of [(3,4,5-
(CF3)3P2)Cu]s, [Cus] (1) to [(3,4,5-(CF3)3Pz)Cu(C2Hy)]2, [Cuze(C2Ha)2] (2) in an ethylene

atmosphere.

[0021] FIG. 5 shows a "’F NMR spectrum of [(3,4,5-(CF3)3Pz)Culs, [Cus] in CDCl3
at room temperature.

[0022] FIG. 6 shows a BC{!H} NMR spectrum of [(3,4,5-(CF3)sPz)Cu]s, [Cus] in
CDCls at room temperature.

[0023] FIG. 7 shows a '"H NMR spectrum of [Cuz2¢(C>H4)>] in CDCl; at room

temperature. This spectrum also shows the presence of free ethylene resulting from the

reverse reaction noted in FIG. 4.

[0024] FIG. 8 shows a 'F NMR spectrum of [Cuz¢(C>H4)-] in CDCl;s at room
temperature. This spectrum also shows the presence of [Cus] resulting from the reverse

reaction illustrated in FIG. 4.

[0025] FIG. 9 shows a PC{'H} NMR spectrum of [Cuz¢(C2H4)2] in CDCl3 at room

temperature. Some disproportionation products noted in FIG. 4 are also present.

[0026] FIG. 10 shows a Van’t Hoff plot for [Cus] binding of ethylene in CDCI3
solution.
[0027] FIG. 11 shows a 'H NMR spectrum of [Cu2#(C>Ha)>] in the presence of

excess ethylene at various temperatures.
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[0028] FIG. 12 shows '"H NMR spectra of [Cu2¢(C>Ha)2] at various temperatures.
[0029] FIG. 13 shows a '"H NMR spectrum of [Cuz¢(C2Ha)>] at 35 °C.

[0030] FIG. 14 shows a '"H NMR spectrum of [Cuz¢(C2H4)2] at -30 °C.

[0031] FIG. 15 shows a '?F NMR spectra of [Cu2#(C>Ha)>] at various temperatures.
[0032] FIG. 16 shows a ’F NMR spectrum of [Cuz2¢(C2H4)2] at 35 °C.

[0033] FIG. 17 shows a "’F NMR spectrum of [Cuz¢(C2H4)2] at -30 °C.

[0034] FIG. 18 shows ethylene adsorption (solid symbols) and desorption (hollow

symbols) isotherms of [Cus] at 20, 50 and 70 °C.

[0035] FIG. 19 shows ethylene adsorption isotherms of [Cus] at 20, 50, and 70 °C

past the ‘step’ associated with phase change and chemisorption.

[0036] FIG. 20 shows the Claussius-Clapeyron plot derived from the pressure where

the step is observed in adsorption isotherms measured at 20, 50, and 70 °C.

[0037] FIG. 21 shows ethane adsorption (solid symbols) and desorption (hollow
symbols) isotherms of [Cus] at 20, 50, and 70 °C.

[0038] FIGs. 22A-22B illustrate (FIG. 22A) an exemplary experimental set up for
measurement of gas adsorption using the pressure drop method in one embodiment; and
(FIG. 22B) an exemplary plot of the pressure vs. time data obtained from an exemplary

experiment in one embodiment.

[0039] FIG. 23 shows the ethene uptake of [Cus] over five exemplary

sorption/desorption cycles. (The time axis has been truncated at 120 min for consistency).

[0040] FIG. 24 shows the effect of 4 acetylene and 4 ethylene adsorption/desorption
cycles on the crystallinity of [Cus] as evident from PXRD, as well as simulated PXRD data
of [Cuz2¢(C2H4)2] and [Cus] for comparison.

[0041] FIG. 25 describes TGA data for [Cuz2#(C2H4)2] and [Cus] using the mass at

125 °C as a reference for the relative mass calculation.
[0042] FIG. 26 shows Infrared (IR) data for [Cuz¢(C2H4)2] and [Cus3].

[0043] FIG. 27 shows Raman data for [Cus] (1), [Cuz2+(C2H4)2] (2) generated from
exposure to ethylene in solution in one exemplary embodiment, and [Cus] (3) produced by

placing [Cuz2#(C2H4)2] under vacuum at 60 °C in one exemplary embodiment.
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[0044] FIG. 28 describes a Raman spectrum of [Cus].
[0045] FIG. 29 describes a Raman spectrum of [Cuz*(C>Ha)-].
[0046] FIG. 30 shows the DSC heating data for [Cu2*(C2H4)2], which converts to

[Cus] during the first cycle. (mol™! refers to mole of [Cuz] equivalents).

[0047] FIG. 31 shows the DSC heating data for [Cuz], (mol™! refers to mole of
[Cus)).

[0048] FIG. 32 shows the DSC cooling data for [Cuz]. (mol! refers to mole of
[Cus)).

[0049] FIGs. 33A-33B show the comparison of (FIG. 33A) an exemplary

experimental PXRD pattern (25 °C) and (FIG. 33B) a simulated PXRD pattern from single
crystal data (-73 °C) for [Cus].

[0050] FIGs. 34A-34B show the comparison of (FIG. 34A) an exemplary
experimental PXRD pattern and (FIG. 34B) a simulated PXRD pattern from single crystal
data (green) for [Cu2.(C2Ha)2] produced via an exemplary solution method in one

embodiment.

[0051] FIG. 35 shows the comparison of the exemplary experimental PXRD patterns
of [Cus], [Cuz2¢(C2H4)2] produced via the solution method, and [Cuz2¢(C2Ha)2] produced by
treating [Cus] with ethylene gas in the solid state. In the latter case, less than 1% of [Cus3]

remains.

[0052] FIG. 36 shows the comparison of the exemplary experimental PXRD patterns
of [Cus] prepared from an exemplary solution and [Cus] prepared by placing a solid

[Cu2¢(C2H4)2] under vacuum at 60 °C for 6 hours.

[0053] FIGs. 37A-37C illustrate fluorine atom disorder and atom labelling scheme
(FIG. 37A), CusNg core (FIG. 37B), and packing of four molecules of (bottom) of [Cus]
(FIG. 370).

[0054] FIG. 38 illustrates atom labelling scheme and asymmetric unit of
[Cu2¢(C2Ha)] (2).

[0055] FIG. 39 illustrates two views showing boat shaped CusN4 core of
[Cuze(C2H4)2] (2).
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DETAILED DESCRIPTION

[0056] The present invention can be understood more readily by reference to the
following detailed description, examples, drawings, and claims, and their previous and
following description. However, before the present compositions, articles, devices, systems,
and/or methods are disclosed and described, i 15 (o be understoond that this invention 1s not
himited to the specific compositions, articles, devices, systems, and/or methods disclosed
unless otherwise specified, as such can, of course, vary. It is also to be understood that the
ternunology used herein is for the purpose of describing particular aspects only and is not

intended to be limiting.

[0057] The following description of the invention is also provided as an enabling
teaching of the invention in its best, currently known aspect. To this end, those of ordinary
skill in the relevant art will recognize and appreciate that changes and modifications can be
made to the various aspects of the invention described herein, while still obtaining the
beneficial resulis of the present invention. It will also be apparent that some of the desired
benefits of the present invention can be obtained by selecting some of the features of the
present invention without utilizing other features. Accordingly, those of ordinary skill in the
relevant art will recognize that many modifications and adaptations to the present invention
are possible and can even be desirable in certain circurnstances and ave thus also a part of the
present invention. Thus, the following description s provided as (Hastrative of the principles

of the present invention and not in limitation thereof,
DEFINITIONS

[0058] Various combinations of elements of this disclosure are encompassed by this
invention, e.g. combinations of elements from dependent claims that depend upon the same

independent claim.

[0059] Moreover, it is to be understood that unless otherwise expressly stated, s in
ne way intended that any method set forth herein be construed as requiring that its steps be
performed in a specitic order. Accordingly, where a method claim does not actually recite an
order o be followed by its steps or it is not otherwise specifically stated 1o the claims or
descriptions that the steps are to be Hmited o a specific order, it 1s no way intended that an
order be inferred, in any respect. This holds for any possible non-express basis for

interpretation, including: matters of logic with respect to arrangement of steps or operational
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flow; plain meaning derived from grammatical organization or punctuation; and the number

or type of aspects described in the specificaton

[0060] All publications mentioned herein are incorporated herein by reference o
disclose and describe the methods and/or materials in connection with which the publications

are cited.

[0061] it is also to be understood that the terminology used herein is for the purpose
of describing particalar aspects only and is not intended to be limiting. As used in the
specification and in the claims, the terre “comprising” may include the aspects “consisting
of” and “consisting essentially of.” It is further understood that the term “comprise” means
“include,” “have,” and “contain,” but is not Hmited to, and is not intended to exclude, for

example, other additives, components, infegers, or steps.

[0062] Unless defined otherwise, all technical and scientific terms used herein have
the same meaning as commmonly understond by one of ordinary skill in the art to which this
invention belongs. In this specification and in the clatms, which follow, reference will be
made to a number of terms which shall be defined herein.

29 ¢n

[0063] As used herein, the singular forms 2, “an” and “the” include plural referents
unless the context clearly dictates atherwise. Thus, for example, reference to a “complex” or
“a composition” inchides aspects having two or more complexes or compositions unless the

context clearly indicates otherwise.

[0064] Ranges can be expressed herein as from “about” one particular value, and/or
to “about” another particular value, When such a range is expressed, another aspect includes
from the one particular value and/or to the other particular value. Similarly, when values are
expressed as approximations, by use of the antecedent “about,” it will be understood that the
particular value forms another aspect. By “about” is meant within 5 % of the value, e.z.
within 4, 3, 2, or 1 % of the value. It will be further understood that the endpoinis of each of
the ranges are sigmificant both in relation to the other endpoint, and independently of the
other endpoint. It i3 also anderstond that there are a namber of values disclosed herein, and
that each value is also herein disclosed as “about” that particular value in addition to the
value itself. For example, if the vahie “107 1s disclosed, then “about 107 is also disclosed. It is
also understood that each unit between two particular units are also disclosed. For example, if

10 and 15 are disclosed, then 11, 12, 13, and 14 are also disclosed.
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[0065] As used herein, the terms “optional” or “optionally” mean that the
sabsequently described event or circumstance may or may not oecur, and that the description

includes instances where sard event or circumstance occurs and nstances where i does not.

[0066] As used herein, the term “substantially,” in, for example, the context
“substantially free” refers to a composition having less than about 1 % by weight of the stated
component. This can inchide, for example, aspects of less than about 8.5 9% by weight, less
than about 0.1 % by weight, less than about G.03 % by weight, or less than about §.01 % by

weight of the stated material, based on the total weight of the composition.

[0067] It is further understood that the term “substantially,” when used in reference to
an amount of composition or a component in a composition, refers at least about 84 %, at
feast about 85 %, at least about 90 %, at least about 91 %, at least about 92 %, at least about
93 %, at least about 94 %, at least about 95 %, at least about 96 %, at least about 97 %, at
least about 98 %, at least about 99 %, or about 100 % by weight, based on the total weight of

the composition, of a specified {eature or component.

[0068] As used herein, the term “substantially,” in, for example, the context
“sabstantially identical reference composition” or “substantially identical reference process”
refers to a reference composition comprising substantially identical components, or process
steps, in the absence of an inventive component. In another exermplary aspect, the term
“substantially,” in, for example, the context “substantially identical reference composition,”
refers to a reference composition comprising substantially identical components and wherein
an inventive component is substitoted with a common or conventionally known in the ant
component. For example, a substantially identical reference process as described herein can
comprise a substantially identical process steps of exposing a copper(l) complex other than a
[3,4,5-tris(trifluoromethyl)pyrazolyl)Culs ([(3,4,5-(CF3)3Pz)Culs, [ Cus]) complex to a

hydrocarbon feed gas mixture comprising one or more alkenes and one or more alkanes.

[0069] As used herein, the term “‘step’ pressure,” refers to a pressure value where a
steep change in pressure as shown in gas adsorption isotherm occurs. It is understood that the
step pressure is been achieved through phase changes induced by osmotic pressure and
chemical interaction and is facilitated by flexible ligands, rearrangement of coordination
spheres, or spin-crossover. Alternatively, the step pressure can be achieved through

intermolecular interactions inducing ordering of the gas (adsorbate) phase such as self-
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propagating reactions and clathrate formation. It is further understood that the ‘step’ pressure

is dependent on a system and can be determined from the system’s gas adsorption isotherm.

[0070] While aspects of the present invention can be described and claimed in a
particular statutory class, such as the system statutory class, this is for convenience only, and
one of skill in the art will understand that each aspect of the present invention can be
described and claimed in any statutory class. Unless otherwise expressly stated, it is in no
way intended that any method or aspect set forth herein be construed as requiring that its
steps be performed in a specific order. Accordingly, where a method claim does not
specifically state in the claims or descriptions that the steps are to be limited to a specific
order, it is no way intended that an order be inferred, in any respect. This holds for any
possible non-express basis for interpretation, including matters of logic with respect to
arrangement of steps or operational flow, plain meaning derived from grammatical

organization or punctuation, or the number or type of aspects described in the specification.

[0071] In certain aspects, the present disclosure relates to a process comprising:
exposing a trinuclear copper(l) pyrazolate complex to a hydrocarbon feed gas mixture
comprising one or more alkenes and one or more alkanes, to form a product comprising a
dinuclear copper(I)-alkene complex. In yet further aspects, the one or more alkenes comprise
ethylene, propylene, butene, pentene, or isobutylene. In still further aspects, the one or more
alkanes comprise ethane, methane, propane, butane, or pentane. It is further understood that
the disclosed herein trinuclear copper(l) pyrazolate complex is exemplary and other copper
pyrazolate complexes can be also used. For example, and without limitation, tetranuclear and
polymeric copper pyrazolate complexes can also be utilized in such processes. In still further
aspects, the formed product can also comprise a mononuclear copper(l)-alkene complex. In
yet further aspects, the formed product can also comprise a copper(l)-alkene complex that
shows less drastic structural changes. In still further aspects, it is understood that the
pyrazolate complexes useful in the inventive processes are not limited to copper metal. In
some exemplary aspects, the pyrazolate complexes can comprise silver (Ag), iron (Fe), nickel

(Ni), or cobalt (Co) metals.

[0072] In still further aspects, the hydrocarbon feed gas can be obtained by any
methods known in the art. In still further aspects, the hydrocarbon feed gas mixture can
comprise one or more alkenes and one or more alkanes. In yet other aspects, the hydrocarbon
feed gas mixture can comprise ethylene, propylene, butene, pentene, isobutylene, ethane,

methane, propane, butane, or pentane or any combination thereof. It is understood that the

-10 -



WO 2020/081540 PCT/US2019/056286

hydrocarbon feed gas can be a raw olefin gas or a pretreated olefin gas. In aspects where the
hydrocarbon feed gas is a pretreated olefin gas, the gas can be pretreated to remove one or
more components depending on the desired application. In some exemplary aspects, the one
or more alkenes present in the hydrocarbon feed gas mixture can comprise ethylene. In yet
other aspects, the one or more alkanes present in the hydrocarbon feed gas mixture can
comprise ethane. In still further exemplary aspects, the disclosed complexes can be used to
separate ethylene from ethane. However, it is understood that such aspects are exemplary and
non-limiting and the complexes described herein can be also used to separate other alkenes
from other alkanes. It is further understood that the processes and the complexes described
herein can be used to separate, for example, propylene gas from other components of the
hydrocarbon feed gas. It is further understood that in some exemplary aspects, the presence of
ethylene in the hydrocarbon feed gas mixture is not required in order to efficiently separate
other alkenes from various alkanes. It is understood that in aspects, where ethylene is not
present, other alkenes, such as propylene, butene, pentene, or isobutylene can adsorb
similarly on a trinuclear copper(l) pyrazolate complex to form a specific dinuclear copper(I)-

alkene complex.

[0073] In exemplary aspects, described herein are processes wherein the one or more
alkenes comprise ethylene, wherein the one or more alkanes comprise ethane, and wherein

the formed product comprises a dinuclear copper(l)-ethylene complex.

[0074] In yet other aspects, the trinuclear copper(l) pyrazolate complex is a [3,4,5-
tris(trifluoromethyl)pyrazolyl)Cu]s complex ([(3,4,5-(CF3)3Pz)Cu]s, [ Cus)). In still further
aspects, the dinuclear copper(I)-ethylene complex is a [3,4,5-
tris(trifluoromethyl)pyrazolyl)Cu{(C:H4)]2 ([3,4,5-(CF3)3Pz)Cu(C2H4) ]2 complex,
[Cuz2s(C2H4)2]).

[0075] In still further aspects, [Cus] of the present disclosure can be formed by: a)
reacting copper (I) oxide with a precursor 3,4,5-(CF3)spyrazole (3,4,5-(CFz)PzH) in a
solvent-free process to form a product comprising a [3,4,5-tris(trifluoromethyl)pyrazolyl)Cul]s

complex ([(3,4,5-(CF3)3Pz)Culs, ([Cus)); and b) extracting [Cus] with a solvent.

[0076] In certain aspects, the disclosed trinuclear copper(l) pyrazolate complex [Cus]
can be used as an adsorbent for ethylene/ethane separations processes. In some exemplary
aspects, the ethylene/ethane separation processes can comprise temperature and/or pressure

swing adsorption and membrane separation. In certain aspects, when exposed to ethylene
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gas, the copper(I) complex [Cus] can adsorb ethylene. In yet other aspects, the adsorption of
ethylene on [Cus] can drive a reversible solid-state transformation to its dinuclear form,

[(3,4,5-(CF3)3Pz)Cu(C2Ha) > ([Cuz2e(C2Ha)2]).

[0077] FIG. 1A depicts a chemical structure of the copper(I) complex [Cus]. In
certain aspects, the complex [Cus] is an air-stable white solid that can be prepared by reacting
copper(l) oxide with 3,4,5-(CF3)3PzH?® in a solvent-free process. In yet other aspects, the
formed complex [Cus] can be further extracted with a solvent. In still further exemplary
aspects, the solvent can comprise a dichloromethane, chloroform, tetrahydrofuran,
acetonitrile, or toluene. In yet other aspects the solvent comprises a dichloromethane. In still
further aspects, the solvent comprises a chloroform. It is understood that in certain aspects,
copper(l) complexes can be sensitive to oxygen and moisture, especially in solutions. In yet
other aspects, the presence of various functional groups can affect the sensitivity of copper(l)
complex to oxygen and moisture. For example, in certain aspects, the presence of high
fluorine content in [Cus] complex can make the complex hydrophobic and/or resistant to
oxidation, especially in the solid state. In such aspects, the [Cu3] complex comprises about
51% by mass content or the 50% by atom count of fluorine. In still further aspects, the [Cus]
complex can comprise about 43% by mass content of fluorine. It was found that the [Cua]
complex comprising about 43% fluorine by mass is also stable in air as a solid material but

can slowly oxidize in a solution.

[0078] In yet further aspects, the disclosed [Cus] complex can be characterized by
any known in the art techniques, for example, and without limitation, by '°F and C NMR,
Raman spectroscopy, single-crystal and powder XRD, or any combination thereof.
Exemplary F and *C NMR spectra of the disclosed [Cus] complex are shown in FIG. 5 and
FIG. 6.

[0079] FIG. 2A depicts the molecular structure of [Cus]. As it is shown in FIG. 2A,
the [Cus] core comprises three copper atoms bridged by three pyrazolyl groups, forming a
nine membered CusNg ring as observed in other copper pyrazolates, such as for example and
without limitation, [(3,5-(CF3)>Pz)Cu]s complexes. However, in contrast to [(3,5-
(CF3)2Pz)Cu]s, which forms columnar structures of zigzag CusNs rings and somewhat close
inter-trimer Cues*Cu contacts,’!! the disclosed [(3,4,5-(CF3);Pz)Cu]s complex crystallizes as
discrete molecules with no inter-trimer Cu atoms at a close distance. In certain exemplary
aspects, the closest inter-trimer Cuee*Cu distance can be at 5.17 1&, which is much longer than

the van der Waals separation of copper atoms, 2.80 A. In some exemplary aspects, and as

-12 -



WO 2020/081540 PCT/US2019/056286

described herein, exposing the disclosed trinuclear copper(l) pyrazolate complex to the
hydrocarbon feed gas, can form a product comprising a dinuclear copper(l)-ethylene
complex. In still further aspects, the dinuclear copper(I)-ethylene complex is formed by
adsorption of ethylene on the trinuclear copper(l) pyrazolate complex. In still further
exemplary aspects, the dinuclear copper(I)-ethylene complex [Cuz+(C2H4)2] can be prepared
by exposing [Cus] to ethylene. In certain aspects, the disclosed Cuz¢(C2Has)>] complex can be

prepared by a solution-based process or by a solid-state based process.

[0080] In some exemplary aspects, the disclosed [Cuz¢(C2Ha4)2] complex can be
formed by a solution-based process. In such exemplary aspects, the disclosed dinuclear
copper()-ethylene complex [Cuz¢(C2Ha)2] can be prepared by treating a dichloromethane
solution of [Cus] with ethylene gas. In such aspects, the structural transformation and
coordination of ethylene can be detected by any known in the art methods, for example, and
without limitation by single-crystal X-ray diffraction (SCXRD). FIGs. 1B and 2B show a
chemical and molecular structure of the disclosed [Cu2¢(C2Ha4)2] complex. FIG. 1B depicts a
chemical structure of [3,4,5-tris(trifluoromethyl)pyrazolyl)Cu(C2Ha)]2 ([3,4,5-
(CF3)3Pz2)Cu(C2H4)]> complex, [Cuze(C2Ha)2]) that is obtained when the complex [Cus] is

exposed to the hydrocarbon feed gas comprising ethylene.

[0081] In certain aspects, [Cuz*(C>Ha4)>] molecules are dinuclear species with a boat-
shaped CuzNs metallacycles. Copper atoms adopt trigonal planar geometry, and ethylene
moieties coordinate with the copper ion in a typical > fashion. In yet other aspects, the
coordination of ethylene can also be directly observed by infrared (IR) and/or Raman
spectroscopy. In still further aspects, the single-crystal structures of [Cus] and [ Cuz2¢(C2H4)]

show that these complexes are dense solids.

[0082] It is understood that in some aspects, the product comprising a dinuclear
copper()-ethylene complex can comprise additional components. FIG. 7 and 8 show a 'H
and F NMR spectra of [Cuz2¢(C2H4)2] in CDCl3 at room temperature, respectively. 'H and
19F NMR spectra indicate that in addition to [Cu2¢(C2Ha)-], free ethylene and [Cus] can also
be present in the solution. Without wishing to be bound by any theory, it is hypothesized that
a partial dissociation of the copper-ethylene adduct can occur to form its precursors. Proton
signals due to free and copper bound ethylene can appear as separate but broad signals
indicating an exchange process on the NMR time scale. A peak at 4.54 ppm, as shown in
FIG. 7, can be attributed to coordinated ethylene, while a peak at 5.34 ppm, as shown in
FIG. 7, can be attributed to free ethylene.
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[0083] Similarly, as can be seen in FIG. 8, the presence of the [Cus] complex,
resulting from the disproportionation of [Cuz¢(C2H4)2] to [Cus] and free ethylene can be
observed. For example, peaks at -54.95 ppm and -59.45 ppm, as shown in FIG. 8, can be
attributed to ethylene coordinated Cu dimer, while peaks at —=55.15 ppm and —60.17 ppm, as
shown in FIG. 8, can be attributed to [Cus3].

[0084] FIG. 9 shows a PC{'H} NMR spectrum of [Cuz¢(C2H4)2] in CDCl3 at room
temperature. Similarly to 'H and '°F NMR spectra, the C{!H} NMR also shows the
presence of [Cus] resulting from the disproportionation of [ Cuz¢(C2H4)>] to [Cus] and free

ethylene.

[0085] FIG. 4 illustrates a stoichiometrical reaction of a reversible transformation of
[(3,4,5-(CF3)3Pz)Cul]s, [Cus] (1) to [(3,4,5-(CF3)3Pz)Cu(C2H4) ]2, [Cu2¢(C2H4)2] (2) in an

ethylene atmosphere.

[0086] It is understood, and as it is shown in detail below, the equilibrium energy for
ethylene binding in a solution can be determined using variable temperature NMR, based on
relative concentrations of C2Ha, [Cu2¢(C2Ha4)2], and [Cus] in CDCl3 solution at temperatures
between 35 and -30 °C. In still further aspects, the binding energy can be found using Van’t
Hoff analysis. In such exemplary aspects, the disclosed compounds can show binding energy
of -28 kJ-mol™!, which is significantly smaller than the -41 kJ-mol™ reported for a Cu(I)
di-imine complex.'? Without wishing to be bound by any theory, this difference in ethylene
coordination energies can be attributed to a combination of ligand field effects and the net

rearrangement energy of the [Cus] to [Cuz*(C2H4),] transformation.

[0087] In yet other aspects, the disclosed dinuclear [ Cuz¢(C2Ha4)>] complex can be
prepared by a solid-state based process. In certain aspects, a solid [Cus] complex can be
treated, for example, with a hydrocarbon feed gas mixture comprising one or more alkenes
and one or more alkanes. In yet other aspects, a solid [Cus] complex can be treated, for
example, with a hydrocarbon feed gas mixture comprising ethylene and one or more alkanes.
Yet in other aspects, a solid [Cus] complex can be treated with ethylene. The structure of the

[Cuze(C2H4)2] complex can be confirmed using PXRD.

[0088] In still further aspects, the process of the instant disclosure can further
comprise a step of desorption of ethylene from the dinuclear copper(I)-ethylene complex. In
such exemplary aspects, the ethylene desorption can result in a regenerated trinuclear

copper(l) pyrazolate complex, as disclosed herein. In certain aspects, the step of desorption
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can be performed at a temperature from about -50 °C to about 200 °C, including exemplary
values of about -40 °C, about -30 °C, about -20 °C, about -10 °C, about 0 °C, about 10 °C,
about 20 °C, about 30 °C, about 40 °C, about 50 °C, about 60 °C, about 70 °C, about 80 °C,
about 90 °C, about 100 °C, about 110 °C, about 120 °C, about 130 °C, about 140 °C, about
150 °C, about 160 °C, about 170 °C, about 180 °C, and about 190 °C. It is understood that the
step of desorption can be performed at a temperature having any value between any two
foregoing values. In still further aspects, the step of desorption can be performed at a pressure
from about 0 bar to about 500 bar, including exemplary values of about 0.01 bar, about 0.02
bar, about 0.03 bar, about 0.04 bar, about 0.05 bar, about 0.06 bar, about 0.07 bar, about 0.08
bar, about 0.09bar, about 0.1 bar, about 0.5 bar, about 1 bar, about 10 bar, about 20 bar,
about 30 bar, about 40 bar, about 50 bar, about 60 bar, about 70 bar, about 80 bar, about 90
bar, about 100 bar, about 150 bar, about 200 bar, about 250 bar, about 300 bar, about 350 bar,
about 400 bar, and about 450 bar. It is understood that the step of desorption can be
performed at a pressure having any value between any two foregoing values. In yet other
aspects, the step of desorption can be performed at a temperature from about -50 °C to about
200 °C and a pressure from about 0.1 bar to about O bar. In yet other aspects, the ethylene
adsorption of the disclosed process can result in an endothermic structural rearrangement of

[Cus] to [Cu2+(C:Ha4)2].

[0089] In certain aspects, the ethylene desorption can be achieved using temperature
in a range from about 50 °C to about 150 °C, as demonstrated by TGA (FIG. 25) and DSC
(FIG. 30) and vacuum in a pressure range from about 0.1 bar to about 0 bar, as demonstrated
through Raman spectroscopy (FIG. 27), and gas adsorption isotherms (FIG. 3A, FIG. 18,
and FIG. 19). Unexpectedly, inventors have found that a significant structural rearrangement
[Cus] <= [Cuz2(C>H4)»] can be fully reversible. Such reversibility of the process can be
further demonstrated through a comparison of experimental and simulated powder X-ray
diffraction, as shown in FIG. 33 through FIG. 36. These “Teflon lined” adducts contain
heavily fluorinated peripheries and weakly coordinating pyrazolates.!? Materials containing
C-F bonds are known to have low intermolecular dispersion and produce porous materials
that undergo small structural changes in response to increasing pressure. Therefore, without
wishing to be bound by any theory, it was suggested that the high degree of fluorination of
[Cus3] can provide a local “fluorocarbon” medium and weak Cu-N interactions to facilitate

such unexpected solid-state transformation.
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[0090] In still further exemplary aspects, the process described herein comprises a
step of separating the one or more alkenes from one or more alkanes. In still further
exemplary and non-limiting aspects, the process described herein comprises a step of
separating ethylene from ethane. Without wishing to be bound by any theory, it is
hypothesized that [Cus] has different ethylene and ethane adsorption properties. In certain
aspects, the ethylene and ethane adsorption properties of [Cus] can be measured using
variable temperature single-gas adsorption isotherms (FIG. 3A-B, FIG.18, FIGs. 19-21). In
other aspects, the use of such isotherms can allow to determine a ‘step’ at which the most gas
loading can occur as a function of temperature. As can be seen in FIG. 3A-B and FIG.18,
most loading occurs at a ‘step’ pressure that increases with increasing temperature. It was
found that in some aspects, the shape of adsorption of isotherm can have a significant
potential for use in the pressure or temperature swing processes, because the pressure or
temperature would only need to be changed by a small amount to bind/release almost the full
capacity of the adsorbent. Similar adsorption isotherms have been observed for phase change
sorption processes in porous solids, H> and N clathrate formation, cooperative insertion of
COg», and the chemisorption of ethylene in small molecule adsorbents. Without wishing to be
bound by any theory, it was hypothesized that for the [Cus] complexes, the ‘step’ can be
correlated to the phase change associated with the rearrangement from [Cus] to
[Cu2¢(C2H4)2]. In certain exemplary aspects, The Claussius-Clapeyron equation can be used
to determine the energy associated with the ‘step.” In some exemplary aspects, the energy
associated with the ‘step,” calculated using Claussius-Clapeyron equation was 38 kJ mol™! per
[Cus] (1321 kJ mol™! per Cu ion/ethylene interaction). Above the ‘step,” Van’t Hoff analysis
of the isotherms can be used to determine chemisorption energy. In some exemplary aspects,
based on Van’t Hoff analysis, the chemisorption energy was found to be only -3 kJ mol™! per
Cu ion. Again, without wishing to be bound by any theory, these values can be reflective of
either only surface adsorption, or a balance between endothermic phase change and

exothermic chemisorption processes.

[0091] In still further aspects, the process described herein exhibits a decrease of a
heat of adsorption by about 50 % to about 85 %, including exemplary values of about 60 %,
about 65 %, about 70 %, about 75 %, and about 80 %, when compared to a substantially

identical reference process comprising a copper (I) complex that is not [Cus].

[0092] In still further aspects, at least a portion of the ethylene adsorption in disclosed

process occurs at a ‘step’ pressure of about 2 kPa to about 30 kPa, including exemplary
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values of about 5 kPa, about 10 kPa, about 15 kPa, about 20 kPa, and about 25 kPa (or about
0.02 bar to about 0.3 bar, including exemplary values of about (.05 bar, about 0.1 bar, about
0.15 bar, about 0.2 bar, and about 0.25bar), and a temperature from about 20 °C to about 75
°C, including exemplary values of about 25 °C, about 30 °C, about 35 °C, about 40 °C, about
45 °C, about 50 °C, about 55 °C, about 60 °C, about 65 °C, and about 70 °C ( or about 293K
to about 348 K, including exemplary values of about 298 K, about 303 K, about 308 K,
about 313 K, about 318 K, about 323 K, about 328 K, about 333 K, about 338 K, and about
343 K).

[0093] In still further aspects, the at least a portion of the ethylene adsorption at the
disclosed ‘step’ pressure comprises greater than 0 % to 100 %, including exemplary values of
about 5 %, about 10 %, about 20 %, about 30 %, about 40 %, about 50 %, about 60 %, about
70 %, about 80 %, about 90 %, and about 95 % of the overall ethylene adsorption. In yet
other aspects, the at least a portion of the ethylene adsorption at the disclosed ‘step’ pressure
comprises more than about 5 %, more than about 10 %, more than about 20 %, more than
about 30 %, more than about 40 %, more than about 50 %, more than about 60 %, more than
about 70 %, more than about 80 %, more than about 90 %, or more than about 95 % of the
overall ethylene adsorption. In still further aspects, the at least a portion of the ethylene
adsorption at the disclosed ‘step’ pressure comprises at least about 5 %, at least about 10 %,
at least about 20 %, at least about 30 %, at least about 40 %, at least about 50 %, at least
about 60 %, at least about 70 %, at least about 80 %, at least about 90 %, or at least about 95

% of the overall ethylene adsorption.

[0094] In still other aspects, differential scanning calorimetry can be used to
investigate the energies of the ethylene desorption process and associated phase change (FIG.
30). As can be seen in FIGs. 30 and 32, the melt and solidification energy of [Cus] was
found to be 23.8-24.3 kJ mol-!. FIG. 30 shows a DSC scan of [Cuz2#(C2H4)2]. This DSC scan
of [Cuz+(C2H4)2] reveals several endothermic processes that occur at 100-130 °C with a total
energy of 60.9 kJ mol-!. Without wishing to be bound by any theory, these processes can be
associated with the combination of melting and ethylene desorption.'* In yet other aspects,
the ethylene desorption energy can be found by subtracting the [Cus] melt energy. Based on
these calculations, it was found that the ethylene desorption energy is about 13 kJ mol™! per
Cu ion/ethylene interaction (based on ethylene loading). The second cycle of the same sample
shows no further gas desorption, indicating complete conversion of [Cuz¢(C2Ha)-] to [Cus]

(i.e. release of all adsorbed ethylene). These results show that the use of inventive complexes
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can overcome the slow desorption kinetics observed for other pressure swing adsorption

processes and position [Cus] as a potential adsorbent for a TSA process.

[0095] Table 1 shows a summary of aggregated ethylene chemisorption/desorption
energies of the [Cus] to [Cuz+(C2H4)2] transformation, as determined by various experimental
techniques.
[0096] Table 1. Aggregated ethylene chemisorption/desorption energies of the
[Cus] to [Cuze(C2Hy)2] transformation, as determined by various experimental
techniques.

Energies associated with ethylene chemisorption (kJ mol)

DSC

Overall per [Cus3] unit 60.9

[Cus] melt energy 24.5

Ethylene desorption energy for [Cus] 36.4

Per Cu — C;H4 interaction 13.1

Adsorption Isotherms

Ethylene adsorption ‘step’ per [Cus] unit -38+2

‘Step’ energy per Cu---C;Hy interaction -13+1

After ‘step’ adsorption per [Cus] unit -8.9

After ‘step’ adsorption per Cu---C>Hy interaction -3

Solution State (NMR)

Overall equilibrium -171 £ 45
Per [Cu3] unit -86 £ 24
Per Cu — C;H4 interaction -28 £ 8
[0097] It can be seen from Table 1 that the aggregated data for the overall energy of

ethylene chemisorption during the [Cus] to [Cuz2e(C2H4)>] transformation are internally
consistent at ca. -13+1 kJ mol™! per copper(I) ion/ethylene interaction. This value is
significantly lower than ethylene adsorption/chemisorption on other copper(I) complexes,
which ranges from -22 kJ mol™ to -55 kJ mol! (Median -36 kJ mol!). Without wishing to be
bound by any theory, the difference can be attributed to the phase change energy associated
with the physical constraints of the solid-state [Cu3] to [Cuz¢(C2Hy)2] transformation. The
solution-state binding energy of -28 + 8 kJ-mol™! captures the same bond-making and bond-
breaking processes of the [Cus] to [Cuz2¢(C2Ha)»] transformation, and thus it can be suggested
that overcoming the intermolecular crystal lattice interactions and the movement of

molecules in the solid can pose a further endothermic barrier to the structural rearrangement.

[0098] In certain aspects, the rate of ethylene chemisorption by [Cus] can be
measured using any appropriate methods known in the art. In certain aspects, the rate of

ethylene chemisorption by [Cus] can be measured using a dead-end adsorption apparatus. It
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was found in some exemplary aspects, that the initial chemisorption (1 min) is rapid at 0.22-
0.27 mOlethylene MOlcompiex”* min! but decreases significantly to 8 x 10 molethyiene MOlcomplex™
min~ and continues to decline over time. Without wishing to be bound by any theory, the
decrease in uptake rate over time can be potentially linked to the low surface area of the
[Cus] complex (0.66 m? g'!). It was hypothesized that transport of ethylene through the
interior of the [Cus] particles is further hindered by the kinetics of the solid-state structural
transition of [Cus] to [Cuz2¢(C2H4)2]. It was found that the ethylene capacity of [Cus] after
120 minutes is 31%, similar to the results obtained for [Ag(6,6’-dimethyl-2,2’-
bipyridine)]|[BF4] (34%), which had close contacts between silver(I) ions, and much lower
than [Ag(6,6’-dimethyl-2,2’-bipyridine)][OTT] (84%), which did not have close contacts
between silver(I) ions’. It is inferred from breakthrough curve measurements that the
adsorption rate of ethylene in porous solids (surface areas >100 m2g™) is much faster than in

these discrete molecules (<10 m?g™).

[0099] Acetylene adsorption is a known issue for the industrial processing of raw
olefin mixtures. Acetylene, however, is not present in the ethylene/ethane pre-feed for
distillation, and therefore, ethylene/ethane separation in such processes is not expected to be
affected by acetylene. In certain aspects, however, the presence of acetylene can affect the
adsorption properties of [Cu3] complex. In such exemplary aspects, the effect of acetylene on
the adsorption properties of [Cus] complex can be determined by exposing [Cus] complex to
acetylene. For example, seven alternate 120-minute acetylene/ethylene adsorption cycles
were measured using a dead-end adsorption apparatus. The acetylene capacity remained
consistent (0.37 mmol-g!) over the cycles, but the ethylene capacity decreased from (0.44 to
0.13 mmol-g!). PXRD data showed a loss of order and patterns unrelated to either [Cus] or
[Cu2¢(C2H4)2]. Without wishing to be bound by any theory, it was hypothesized that the

structure of the complex can be permanently degraded by exposure to acetylene.

[00100] It is understood that the disclosed composition of [Cus] can be used in various
processes. In some exemplary aspects, however, where adsorbents or membrane systems are
needed to treat raw olefin feeds, such olefin feeds need to be pretreated to remove acetylene.
In yet other exemplary aspects, when acetylene is not present in olefin mixtures, for example,
used for cryogenic distillation [Cus] can be used in a distillation/alternative hybrid process. In
still further aspects, the disclosed composition of [Cus] can be used in a pressure swing

adsorption, vacuum swing adsorption, or temperature swing adsorption process.
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[00101] In still further aspects, the disclosed process can be used to separate ethylene
from ethane. In certain aspects, the process does not comprise the adsorption of ethane on the
trinuclear copper(l) pyrazolate complex. In yet other aspects, the process does not comprise

the adsorption of ethane on the [Cus] complex.

[00102] In certain aspects, the disclosed trinuclear copper(l) pyrazolate complex
exhibits a high ethylene/ethane selectivity of from about O to about 136:1, including
exemplary values of about 1:1, about 2:1, about 5:1, about 10:1, about 20:1, about 30:1, about
40:1, about 50:1, about 60:1, about 70:1, abut 80:1, about 90:1, about 100:1, about 110:1,
about 120:1, about 130:1, and about 135:1, as determined from the equilibrium loadings at 1
atm and a temperature from about 20 °C to about 70 °C. In yet other aspects, the
ethylene/ethane selectivity of [Cus] complex determined from the equilibrium loadings at 1
atm is 136:1 (at 20 °C). In yet other aspects, the ethylene/ethane selectivity of [Cus] complex

determined from the equilibrium loadings at 1 atm is 131:1 (at 70 °C)

[00103] Table 2 summarizes ethylene/ethane selectivities of various adsorbents. It can
be seen from Table 2 that the selectivities of the disclosed complexes are higher than those
observed for chemisorption on porous solids (3.6-27 ethylene: 1 ethane), which suffer from
high non-specific surface areas, but are lower than for other silver(l)-based small-molecule

systems (390:1).

[00104] Table 2. Comparison of ethene uptake and ethene/ethane sorption
selectivity values of [Cus] measured in this study with those reported for other solid-
state ethylene/ethane sorbent materials in the literature. (adapted from C. A. Grande et.

al (2010))

Material (mli;tz’:;::;nfz :Z:;l ) T(K) P (atm) Et’;’;:!g‘fzzne Reference
Inventive [Cus] 2.63 343 1 131
Inventive [Cus] 2.76 293 1 136
[Agl2.2- :
bipyridine) [[BF:] 2.38 293 0.9 390
[Ag'(6,6’-dimethyl-
2,2°- 2.18 293 0.9 340 7
bipyridine)][OTf]
PAF-1-SOsAg 4.1 296 1 27¢ 1>
Zeolite SA ~2.3 303 1 —b 16
Zeolite NaX ~4.2 305 1 8¢ 15,17
CuAi0B; ~1.8 298 0.79 3.8¢4 15,18
CoMOEF-74 - - - 6.4¢ 15,19
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, Ethene Uptake Ethene/Ethane

Maerial (mmol eeno/gmateriat) T® P (atm) Selectivity Reference
MgMOF-74 7.2 296 1 5.6¢ 15,19
Cu-BTC 7.2 296 1 3.6¢ 15. 19
NOTT-102 5.8 296 1 3.84¢ 15,19
FeMOF-74 — 318 1 11¢ 15, 20
HOF-4 11.1 296 1 14¢ 21
Ag(D)/phenanthroline- 5.04 203 1 bar |54 "
based polymer
[Ag!(phen-based 15
ligand)]OTH 0.20 293 1 bar 13

Calculated using ideal absorbed solution theory (IAST) for an equimolar amount of ethene and ethane
at 296 K and 100 KPa. "Data not shown. “Approximately determined from Figure 3 in Ref. 1. ‘Ideal
solubility selectivity.

DESCRIPTION OF ILLUSTRATIVE EMBODIMENTS

[00105] The current disclosure provides a number of advantages over known cryogenic
ethylene/ethane separation processes. For example, the disclosure provides a solid-state
ethylene sorbent that could underpin new ethylene/ethane separation processes. The
disclosure also provides processes that include temperature and/or pressure swing adsorption
and membrane separation. This disclosure describes the principle of using an endothermic
structural rearrangement to compensate for an exothermic heat of adsorption--significantly

reducing the net heat of adsorption of ethylene onto an adsorbent.

[00106] The disclosure further provides a synthetic design methodology to reduce the
heat of adsorption for adsorbents designed to adsorb olefins (for example, ethylene) from

paraffins (for example, ethane).

[00107] The limiting energy cost for the sorbent is approximately 1/10th that of
cryogenic distillation, opening the door to energy and cost savings of up to 90%. By
operating in the solid-state and avoiding reaction with trace contaminants in the raw ethylene
feed, the invention overcomes limitations that have previously crippled the development of

separation processes that could provide low-energy alternatives to cryogenic distillation.
EXAMPLES

[00108] The following examples are put forth so as to provide those of ordinary skill in
the art with a complete disclosure and description of how the compounds, compositions,
articles, devices and/or methods claimed herein are made and evaluated and are intended fo

be purely exemplary and are not intended to lmit the disclosure. Efforts have been made to
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ensure accuracy with respect to nombers {e.g., amounts, temperatire, etc.), bot some errors

and deviations should be accounted for.
1.1 Search for comparable ethylene adsorption on copper

[00109] Table 3 shows the ethylene binding energy on the inventive compositions

compared to other known in the art copper and copper-containing materials.

[00110] Table 3. Literature examples of ethylene binding on copper and copper-
containing materials.

g}l):;?ﬁ)adsorptmn CNETEY | Measurement type Reference

-13.8 (step) Isotherm Inventive composition

-3 (past ‘step’) Isotherm Inventive composition

-13.1 DSC Inventive composition

-28.5 NMR (Solution) Inventive composition

-24 Isotherm 23

-36.1 Isotherm 24

-21.5,-23.7 Calculation 2

-54.0 Calculation 26

-25 Isotherm 27

-22 Calculation 28

-82, -119 Calculation 29

-34 Isotherm 30

Exothermic Isotherm 31

-20.1 Isotherm 32

-33.8,-125.4 Calculation 33

-55 Calculation 34

-45.0 Isotherm 3

-88 Isotherm 36

-37.6 Isotherm 37

26 +£8 Calculation 38

-55, -180 Desorption 39

-45 Calculation 38

-11.1, -10.9 Desorption 40

-86.8 Calculation 41

-32 Isotherm 42

-36 Desorption 43

Exothermic Isotherm 44

-42.2 Isotherm 45

-36 Median

-45 Average

1. Experimental Section

1.1 Instrumentation
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[00111] All manipulations were carried out under an atmosphere of purified nitrogen
using standard Schlenk techniques or in a MBraun glove-box equipped with a -25 °C
refrigerator. Solvents were purchased from commercial sources, purified prior to use. NMR
spectra were recorded at 25 °C on a JEOL Eclipse 500 and JEOL Eclipse 300 spectrometer
('H, 500.16 MHz and 300.53 MHz; 1*C, 125.78 MHz, and 75.59 MHz; '°F, 470.62 MHz, and
282.78 MHz), unless otherwise noted. Proton and carbon chemical shifts are reported in ppm
versus MesSi. ’F NMR values were referenced to external CFCls. Melting points were
obtained on a Mel-Temp II apparatus and were not corrected. Elemental analyses were
performed using a Perkin-Elmer Model 2400 CHN analyzer. Raman data were collected on a
Horiba Jobin Yvon LabRAM Aramin Raman spectrometer with a HeNe laser source of
633nm. IR data were collected on a Bruker Alpha FTIR spectrometer with an ATR
attachment. Gas sorption measurements were performed using an experimental apparatus and
method described previously (see Ideal (i.e., Single-Gas) Ethylene/Ethane Uptake Data
section for details). The gas sorption measurements were performed at 20+1 °C with a feed
pressure of 1.02+0.1 atm. Powder X-ray diffraction (PXRD) spectra were collected using a
Bruker D8 ECO or Inel CPS 120 PXRD system with a monochromated Cu Ka radiation
source. 3,4,5-(CF3)3PzH was prepared by reported methods.® 4 All other reactants and

reagents were purchased from commercial sources.

1.2 Materials Preparation

[(3,4,5-(CF3)3Pz)Cu]s ([Cus])).

[00112] Freshly dried 3,4,5-(CFz)sPzH (500 mg, 1.83 mmol) and Cu20O (217 mg, 1.51
mmol) were placed in a Schlenk flask attached to a reflux condenser, slowly heated to 125 °C
and kept for 4 h while stirring. A heat gun was used to meltdown the pyrazole condensed on
the wall of the Schlenk flask, as needed. Excess 3,4,5-(CF3);PzH was removed by
sublimation and the product was extracted into dichloromethane and filtered through a bed of
Celite. The filtrate was collected and the solvent was removed under reduced pressure to
obtain [(3,4,5-(CF3)3Pz)Cu]s as a white powder (1.36 g, 90% based on Cu20). A solution of
[(3,4,5-(CF3)3Pz)Cu]s in CS2 was evaporated to dryness to obtain X-ray quality crystals. M.p.:
110 °C. Anal. Calc. for Ci1sNeF27Cus: C, 21.54; H, 0.00; N, 8.37. Found: C, 21.23; H, <0.1;
N, 8.81. F NMR (CDCl3): 6 (ppm) -55.10 (br s), -60.10 (g, 8.9 Hz) (FIG. 5) *C['H] NMR
(CDCl3): & (ppm) 111.3 (q, 2Jc.r = 40.7 Hz, CCF3), 117.8 (q, 'Jcr=274.7 Hz, CF3), 119.1 (q,
Lcr =266.3 Hz, CF3), 143.3 (q, *Jcr = 39.5 Hz, CCF») (FIG. 6). Comparison of PXRD data
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of bulk material to simulated PXRD pattern based on single-crystal X-ray data and the cell

dimensions also confirm the identity of the product.
[(3,4,5-(CF3)3Pz)Cu(C:H4)]2 ([Cuze(C2Ha)2])

[00113] [(3,4,5-(CF3)3Pz)Cu]s (250 mg, 0.25 mmol) was dissolved in 10 mL of
CH>Cly, ethylene was bubbled for 10 min. The solution was kept at -5 °C to obtain X-ray
quality colorless crystals of [(3,4,5-(CF3)3Pz)Cu(C2H4)]» (245 mg, 90% based on [(3,4,5-
(CF3)3Pz)Culs. M.p. 128 -130 °C. Comparison of PXRD data of bulk material to simulated
PXRD pattern based on single-crystal X-ray data and the cell dimensions confirm the identity
of the bulk product. Room temperature NMR data: '"H NMR (CDCl3): & (ppm) 4.54 (br s,
C2Hy; resonance due to free ethylene resulting from dissociation from copper also observed at
5.34 (br )) (FIG. 7). YFNMR (CDCl3): & (ppm) -54.95 (sept, J = 7.2 Hz), -59.45 (q, I = 7.2
Hz) ([Cus] generated due to ethylene loss from [(3,4,5-(CF3)3Pz)Cu(C2H4)]2 also present in
the mixture and its signals were observed at -55.15 br s), -60.17 (d, Jrr= 5.3)) (FIG. 8).
3C['H] NMR (CDCl3): (selected peaks) & (ppm) 85.6 (s, CH.=CHb; free ethylene signal in
this mixture was found as a broad peak at & 115.6) (FIG. 9) NMR data of [(3,4,5-
(CF3)3Pz)Cu(C2Ha4)]> at -40 °C with added ethylene: 'H NMR (CDCls): § (ppm) 4.51 (br s).
YF NMR (CDCl3): & (ppm) -54.9 (sept, J= 6.5 Hz), -59.3 (g, J = 6.5 Hz). NMR data of
[Cuz+(C2Ha)2] at -80 °C with excess ethylene: 'H NMR (CD2Cl): & (ppm) 4.47 (s). ’F NMR
(CDCl3): & (ppm) -55.1 (m), -59.6 (m). Drying solid [Cu2*(C2H4)>] under vacuum leads to
slow loss of coordinated ethylene (much faster at 60 °C). Solid samples of [Cux*(C2H4)-]

kept at room temperature also lose ethylene slowly over a period of many days.

1.3. Variable temperature 'H NMR spectroscopic study of [Cuz*(Cz2Hz):] with excess
ethylene in solution

[00114] A quantitative variable temperature experiment was then performed using a
known concentration of [Cuz+(C2Ha4)2] to obtain equilibrium constant data (K) at various
temperatures. Peak integrals were combined with the equilibrium expression (Equation 1).
The concentrations of each species were related through 'H and F NMR, i.e. 'H quantifies
the ratio of [Cu2¢(C2H4)2] and free C2Ha, and '°F NMR quantifies the ratio of [ Cuze(C2Ha):]
and [Cus]. The heat of reaction was estimated using a Van’t Hoff analysis (Eqn. 3) (Table 4).
The presented results give the overall equilibrium energy for the equilibrium, which includes
ethylene binding and rearrangement from [Cus] to [Cuz¢(C2H4)2]. The measured heat of

adsorption value of -28.5 kJ mol™! is ca. 10 kJ mol'! lower than other copper(I) complexes
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reported in the literature. Likewise, the entropy change is ca. half (-96 J mol™! vs. -200 J mol-
1. these observations were correlated to the structural rearrangement of [Cus] to

[Cuz2¢(C2Ha)z].
2[Cus] + 6[C>2Ha] = 3[Cuze(C2H4)2]

_ [Cu, - (C2H4)2]3
[Cuz]?[C,H,)®

Equation 1. Equilibrium equation used for binding of ethylene in CDCI3 solution.

—AH AS
ln(K) = W'i‘ F

Equation 2. Equation used for the Van’t Hoff analysis, where K = the equilibrium constant
for the reversible reaction shown above; AH = change in enthalpy (J-mol™!); AS = change in

entropy (J-mol); R = the gas constant (J-mol!-K™); T = temperature (K).

[00115] Table 4. 'H and “F NMR data for [Cus] binding of ethylene in CDCls
solution.

T (K) '"H NMR Integrals F NMR Integrals

Ethylene | [Cuz2*(C2H4)2] | [Cuzs(CoHy)o] | [Cus] | K In(K) 1T

243 0.12 1 1 0.64 817622 | 13.6 0.00411

263 0.19 1 1 0.82 31612 | 104 0.00380

283 0.4 1 1 1.26 154 5.04 0.00353

294 0.9 1 1 1.33 1.07 0.0618 | 0.00340

308 1.5 1 1 2.37 0.0156 | -4.16 | 0.00325
[00116] Table 5. Heat of equilibrium for [Cus] binding of ethylene in CDCls
solution.

AH (kJ mol!) AS (J mol")

Overall equilibrium -171+45 -578+1

Per [Cus] unit -86+24 -289+1

Per Cu — C;H,4 interaction -28+8 -96+1
[00117] Table 6. Heat of equilibrium for Cu* binding of ethylene in solution.

(Examples were searched for using the string “ethylene adsorption energy in solution” in

Scifinder.)

Complex Solvent AH (kJ mol')) | AS (J mol!) Reference
[Cul(di-imine)] CD2Cl2 -41 -200 12
[00118] Van’t Hoff plot for [Cus] binding of ethylene in CDCI3 solution is shown in

FIG. 10. 'H NMR spectrum of [Cu2¢(C2Ha)2] in the presence of excess ethylene at various
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temperatures is shown in FIG. 11. A peak at 4.47 ppm (-80°C) is the signal corresponding to
coordinated ethylene while 5.37 ppm peak is the signal of free ethylene. 'H NMR spectra of
[Cu2¢(C2H4)2] at various temperatures is shown in FIG. 12. This spectrum also shows the
presence of free ethylene resulting from the disproportionation of [Cuz2#(C>Ha4)2] to [Cus] and
free ethylene. A peak at 4.51 ppm (-30 °C) is the signal corresponding to coordinated
ethylene while 4.89 ppm peak is the signal of free ethylene in equilibrium with [Cu2¢(C>Ha)>]
and [Cus]. FIG. 13 shows '"H NMR spectrum of [Cuz¢(C2Ha)2] at 35 °C. This spectrum also
shows the presence of free ethylene resulting from the disproportionation of [Cuz*(C>H4)-] to
[Cus] and free ethylene. FIG. 14 shows '"H NMR spectrum of [Cuz¢(C2Ha)2] at -30 °C. This
spectrum also shows the presence of ethylene resulting from the disproportionation of
[Cuze(C2H4)2] to [Cus] and free ethylene. A comparison to data at 35 °C indicates the shift of
equilibrium towards [Cu2¢(C2H4)2] and the lowering on free ethylene content. FIG. 15 shows
%F NMR spectra of [Cuz2#(C2Ha)] at various temperatures. This spectrum also shows the
presence of [Cus] (labeled as Cu trimer) resulting from the disproportionation of
[Cuze(C2H4)2] to [Cus] and free ethylene. Peaks at -54.87 and -59.31 ppm (-30 °C) are the
signals corresponding to Cu dimer [Cuz2#(C2H4)>] while peaks at -55.11 and -60.17 ppm
correspond to [Cuz]. FIG. 16 shows ’F NMR spectrum of [Cuz2¢(C2Ha)2] at 35 °C. This
spectrum also shows the presence of [Cus] resulting from the disproportionation of
[Cuz2¢(C2Ha)2] to [Cus] and free ethylene. FIG. 17 shows °F NMR spectrum of
[Cuze(C2H4)-] at -30 °C. This spectrum also shows presence of [Cus] resulting from the
disproportionation of [Cuz2¢(C>Ha4)] to [Cus] and free ethylene and shows the reduction of
[Cus] content upon cooling (see 35°C spectrum for comparison) as a result of its reaction

with ethylene to produce [Cuz¢(C2H4)2].

1.4 Ideal (Single-Gas) Ethylene Isotherm Data

[00119] The single-gas sorption isotherms of solid [Cu3] were measured using a
Quantachrome Autosorb AS-1C. Initially, the sample only adsorbed ca. 20% of the
theoretical loading. Repeated cycling at room temperature showed continually increasing
amounts of gas adsorption, and the influence of a conditioning process was hypothesized.
The sample was then held under 1 bar of ethylene at 70 °C for 3 days. Afterward, the
maximum ethylene loadings at 20 °C, 50 °C and 70 °C became reproducible (FIG. 18)
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[00120] Table 7. Ethylene loading of [Cus] with pressure.
Ethylene loading at “Step’ ‘Step Loading’ (mmol
Temperature (K) 100 kPa (mmol g pressure ol
(kPa)
293 2.76 6.0 2.11
323 2.70 8.0 2.50
343 2.63 25.3 2.55

1.5 Van’t Hoff analysis and Langmuir modeling of ethylene adsorption after ‘step’

[00121] Van’t Hoff analysis of the isotherms after the ‘step’ where chemisorption
occurs has shown that the adsorption of ethylene becomes low energy ca. -3 kJ mol™! per

ethylene interaction (Table 9).

[00122] The steepness of the ‘step’ increased with temperature, making the Langmuir
behavior difficult to capture. Applying the Langmuir isotherm model to data around the ‘step’
pressure produced effective results for the data collected at 25 and 50 °C when isotherms
with a resolution of 2 kPa were collected. However, the data at 70 °C did not follow the
same trend, and the model did not capture the underlying physical phenomena. Van’t Hoff
analysis of the Langmuir model for the 25 and 50 °C isotherms produced a heat of adsorption
of -32 kJ mol"'. However, due to the lack of accuracy, it was hypothesized that Claussius-
Clapeyron analysis of the ‘step’ pressure (which has shown to correlate directly to the heat of

adsorption in small molecule adsorbents with step isotherms)’ is a more accurate reflection of

the heat of adsorption).
2[Cus] + 6[C2Hy] = 3[Cu2e(C2Hay)2]
_ [Cu, - (CH,),]?
[Cus]?[C,H,]°
[00123] Equation. 3. Equilibrium equation used for binding of ethylene in the solid-
state.
In(K) = —AH N AS
M= RT TR
[00124] Equation 4. Equation used for the Van’t Hoff analysis where K = the

equilibrium constant for the reversible reaction shown above; AH = change in enthalpy
(J-mol!); AS = change in entropy (J-mol™'); R = the gas constant (J-mol-K!); T =

temperature (K).
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[00125] Table 8. Isotherm data for [Cus] binding of ethylene in the solid-state
under 100.7 kPa of ethylene.
(TIE;“pera‘“re [Ethylenel® | [Cuz (CzHa)¥[Cuz (C2Ha)2P | K | In(K) | UT
293 0.966 432 448 | 6.10 | 0.00340
323 0.966 264 273 1 5.61 | 0.00310
343 0.966 149 153 | 5.03 | 0.00291
[00126] Table 9. Heat of equilibrium for [Cus] binding of ethylene in the solid-
state under 100.7 kPa of ethylene.
AH (kJ mol?) AS (J molY)
Overall equilibrium -17.8+1 -8+1
Per [Cus] unit -8.9+1 -4+1
Per Cu — C;H,4 interaction -3.0+1 -241
Loadi thylene = 22N
oading of e yene—a_P_i_1
[00127] Equation 5. Equation used for the Langmuir modeling. Where o = the

equilibrium constant for the adsorption site; P = pressure of ethylene (kPa); N = number of

adsorption sites present.

[00128] Table 10. Model parameters for [Cus] binding of ethylene in the solid-
state under generated from isotherm data above an ethylene pressure of 60 kPa.
Temperature | ‘a’' from |
(K) model N’ from model K |In(a) | /T
293 19.4 2.76 448 | 2.96 | 0.00340
323 31.8 2.69 273 | 3.46 | 0.00310
343 44.7 2.64 153 | 3.80 | 0.00291

1.6 Claussius-Clapeyron analysis of isotherms and models

[00129] The Claussius-Clapeyron relationship (Egqn. 6) was used to estimate the
energy of the adsorption process at the ‘step’ point using variable pressure and variable
temperature data. Results show that the ‘step’ has an enthalpy of 38 kJmol-1. This adsorption
‘step’ appears to occur at the same pressure for all copper-binding sites in the sample,

resulting in occupancy of all available copper-binding sites to ethylene gas.

AHN 71 1
Pstep (T) = Pstep,To <T> <T_0 - T)
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| < Ptep ) <AH><1 1)
nl——\)=—I)l=—=

P, step,Ty R TO T
[00130] Equation 6. Equation used for the Claussius-Clapeyron analysis where Psep =
the ethylene partial pressure at the step; Pyep, To = the ethylene partial pressure at the step at

293 K; AH = change in enthalpy (J-mol!); R = the gas constant (J-mol*-K!); To = 293 K;

T = temperature (K).

[00131] Table 11. Isotherm data for the phase change of [Cus3] to [Cuz+(C2H4)z]
under increasing ethylene pressure. The data is shown in FIG. 20.

T (K) 1/To—1/T | ‘Step’ pressure (kPa) P/Po In(P/Po)

293 0 2.44 1 0

323 3.17x 10* | 8.02 33 1.19

323 3.17x 10* | 8.85 3.6 1.23

343 4.98 x 10* | 20.6 8.4 2.13

343 4.98 x 10* | 53.5 9.6 2.27

343 498 x 10* | 25.3 10.3 2.34
[00132] Table 12. Data from fitting the Claussius-Clapeyron equation to the phase

change of [Cus] to [Cuz¢(CzH4)2] under increasing ethylene pressure.

Data Source | Slope R? AHethylene/icu3] (KJ mol!) | AHethylenescu (KJ mol!)
Step 4588 0.9817 | -38 -13+1
pressures

1.7 Ethane adsorption isotherms

[00133] Ethane isotherms at 20 °C, 50 °C, and 70 °C were collected after completion
of the ethylene isotherms, and the results are shown in FIG. 21. These results show that

ethane is not chemically adsorbed into [Cus] and does not cause a phase change.

1.8 Measurement of ethylene/ethane adsorption rate using pressure drop method

[00134] These experiments were performed to measure the rate at which ethylene was
adsorbed into the material. Overall the initial adsorption of ethylene occurs at a rate >0.2 mol
mol™! min! for the first minute, slowing to 8 x 10~ mol mol! min™ for approximately 40
minutes, and then slowing further. Without wishing to be bound by any theory, it was
hypothesized that this change in the adsorption rate might represent transitions between rapid
adsorption of ethylene onto copper-binding sites on the surface of the material, followed by
different diffusion regimes within the crystal. Subsequent adsorption/desorption cycles

condition the material, increasing the number of copper-binding sites initially ‘available.’
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These experiments, however, were not intended to show equilibrium loadings and were all

performed at ambient temperature (21 °C).

[00135] The experimental rig used to make these measurements described herein, and
is shown in FIG. 22A.7 [Cu3s] was ground into a fine powder using a mortar and pestle and
placed in the sample chamber (108) having a predetermined volume. Residual gases were
removed from the sample by opening valves 1 and 2 to dynamic vacuum (<0.1 torr) for 3-24
h (102). Valve 2 was closed after degassing, and the feed volume 106 was filled with
approximately 1 bar (14.5 psi) of the gas to be measured. Valve 2 was opened for 1 s, filling
the sample chamber with the gas of interest, and the pressure decrease in the sample chamber
was measured with a pressure gauge (110) over time until a constant pressure (Pr) was
observed (FIG. 22B). The temperature with the feed volume and sample chamber was
measured with a temperature controller 112. The pressure difference, corrected for the empty
cell, (Equations 7 and 8) was used to calculate the amount of gas adsorbed by the sample in

units of molgas. The amount of gas adsorbed was then normalized by the amount of sample.

AP:PL—Pf— APBlank

APpignk = Pi(empty) - Pf(empty)

[00136] Equation 7. P; = the initial pressure (time zero); Pr = the final pressure (time
final).
APV
Mo = T
[00137] Equation 8. ngs = moles of gas adsorbed; V = volume of the sample chamber;

R = the ideal gas constant; T = temperature of the sample chamber.

[00138] Table 13. Measured ethene uptake capacities of fresh [Cus] after 120 min
expressed in different sorbent performance terms. Note the equilibrium pressure is
around 0.4 atm (41 kPa). (FIG. 23)

Run Time Ethene Uptake Ethene Uptake Ethene Uptake % of Full | Ethene/Ethane
min mmozethenJg complex C cethene/g complex mozethene/mOIcamlex Capacity Selectivity
1 120 0.06 1.3 0.06 3 6.2
2 120 0.50 11.1 0.50 23 54
3 120 0.62 13.9 0.62 27 67
4 120 0.62 13.9 0.62 27 67
5 120 0.70 15.6 0.70 31 76
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[00139] Table 14. The ethene uptake rates of [Cus] measured using the pressure
drop method with ca. 1 atm starting feed pressure. The adsorption rate is broken into 3

phases, 0-1 min; 1-40 min; 40-120 min.

Cycle Average rate (0-1 min) Average rate (1-40 min) Average rate (40-120 min)
(10Lethene/MOlcompiex/min) (Mol ohene/mMOlcompier/min) (10l ethene/MOlcompiex/min)

1 0.02 8 x 10™ 1 x 107

2 0.14 8 x 1073 1x103

3 0.27 8x10° 7x10%

4 0.22 9x 1073 1x103

5 0.26 8x 107 2x 107

1.9 Measurement of acetylene/ethylene adsorption rate using pressure drop method

[00140] Resistance to acetylene is considered an important feature of potential sorbents
targeting the application of raw olefin/paraffin separation (this is to avoid the formation of
explosive copper(l) acetylides). The adsorption behavior with acetylene using the pressure
drop method was established. It appears that acetylene can reversibly adsorb and desorb from
[Cus]. However, such behavior has been shown to result in loss of crystallinity. Even further,
it has appeared that the adsorption is not completely reversible, therefore, resulting in
reducing the adsorption capacity of [Cus] for ethylene while remaining the adsorption
capacity of [Cus] for acetylene high. Table 15 shows the ethylene and acetylene uptake
capacities of the inventive complex. Between each run the samples were degassed under
dynamic vacuum (<0.1 torr) for 48 hours, with the exception of before runs 4 and 5, where
shorter degas times of 2 hours under dynamic vacuum were used. The effect of 4 acetylene
and 4 ethylene adsorption/desorption cycles on the crystallinity of [Cus] as evident from

PXRF is shown in FIG. 24.

[00141] Table 15. Measured ethylene and acetylene uptake capacities of the
complex [Cus] after 120 min expressed in different sorbent performance terms. The

equilibrium pressure is ca. (0.9 atm (92 kPa).

Cycle Time Gas Uptake Gas Uptake Gas Uptake
(min) (mmOlgas/ gcomplex) (CCgas/ gcomplex) (mOlgas/ mOlcomplex)
1 (C2Hy) 120 0.44 9.8 0.440
2 (C:H2) 120 0.37 8.3 0.373
3 (C2Hy) 120 0.33 7.4 0.332
4 (C:H2) 120* 0.08 1.8 0.081
5 (C2Hy) 120* 0.03 0.6 0.028
6 (C2H2) 120 0.37 8.3 0.375
7 (C2Hy4) 120 0.13 2.9 0.129
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[00142] Table 16. Ethylene and acetylene uptake rates of solid-state material [Cus]
measured using the pressure drop method with ca. 1 atm starting feed pressure. The

adsorption rate is broken into 3 phases, 0-1 min; 1-40 min; 40-120 min.

Cycle Average rate (0-1 min) | Average rate (1-40 min) | Average rate (40-120 min)
(mOlgas/ mOlcomplex/ min) (mOlgas/ mOlcomplex/ min) (mOlgas/ mOlcomplex/ min)

1(C:2Ha) | 0.11 7 x 1073 7 x 10#

2 (C2H2) | 0.13 4x1073 6x10*

3(C:Hy) | 0.11 3x1073 1x1073

4 (C:H2) | 0.02 2 x 10* 9x10*

5(C2H4) | 0.03 2 x 10* 5x 107

6 (C:H2) | 0.32 2x 1073 0

7 (C2H4) | 0.08 2x 1073 2x10*

1.10 Thermogravimetric analysis (TGA)

[00143] Three TGA studies were undertaken on [Cuz: (C2Ha)z] and [Cus]. The results
are shown in FIG. 25. The TGA results have shown that [Cuz2:(C>Ha)2] loses 2 moles of
ethylene beginning at approximately 50 °C and increasing in rate as the temperature
increases. At a heating rate of 10 °C/min both [Cuz2+(C2H4)2] and [Cu3] sublime at
approximately the same rate and temperature. The temperature profile used was 25 °C to 300

°C at 10 °C/min then holding at 300 °C for 30 minutes.

1.11 Infrared data showing ethylene binding

[00144] Infrared data was used to confirm that ethylene had coordinated to the
copper(l) centres. The data is shown in FIG. 26. The fine structure of the spectrum remained
largely unchanged, indicative of no significant structural changes to the [(3,4,5-

(CF3)3Pz)n,Cuy] core.
1.12 Raman spectroscopy showing ethylene binding

[00145] Ethylene adsorption and desorption was monitored by Raman spectroscopy
(FIG. 27). It was observed that following ethylene adsorption, signals corresponding to
coordinated ethylene are prominent at 1544 cm™, 1280 cm™ and 960 cm. It was further
observed that fine structure between 1100-1200 cm™! also changes considerably upon
ethylene coordination, and returns to the previous state upon exposure to vacuum at 60 °C.
These results demonstrate the reversible transitions between [Cus] and [Cuz2¢(C2H4)s]. FIGs.

28-29 show a Raman spectrum of [Cus] and [Cuz2¢(C>Ha)] respectively.
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1.13 Differential scanning calorimetry (DSC) data

[00146]
[Cu2¢(C2H4)2] and [Cus] (FIGs. 30-32). The first cycle shown in the figures includes energy

DSC was used to investigate the desorption energies and phase transitions of

from unifying distinct crystal populations within the sample. Ethylene desorption appears to
occur in a series of events that co-occur with the melting of the sample. Subtracting the melt
energy of [Cus] from the desorption process gives an ethylene desorption energy of 36.4 k]
mol! per [Cus] unit (13.1 kJ mol! per Cu--C;H4 interaction). This matches the adsorption
energy observed for the ‘step’ in the variable temperature isotherm studies (-38 kJ mol-! per

[Cus] unit). Once [Cus] has been formed by loss of ethylene, the sample consistently melts at

13541 °C and solidifies at 11942 °C with energy of 25+4 kJ mol-'. This is ca. 10-20 °C

different from the results obtained by visual melting point determination.

[00147] Table 17. Heat of desorption and melt for [Cu2+(C2H4)2],
melt/solidification energy of [Cus], and comparison to isotherm and solution
experiments.

DSC (kJ mol'!)

Per [Cus] unit 36.4

Per Cu — C;H4 interaction 13.1

[Cus] melt/solidification energy +24.5

Overall per [Cus] unit 60.9

Adsorption Isotherms H (kJ mol)

Phase change at ethylene adsorption ‘step’ | -38 +2

‘Step’ energy per Cu---C;Hy interaction -13+1

After ‘step’ adsorption per [Cus] unit -8.9

After ‘step’ adsorption per Cu--CzHa 3

interaction

Solution State (NMR) AH (kJ mol)

Overall equilibrium -171 £45

Per [Cus] unit -86 +24

Per Cu — C;H,4 interaction -28 + 8

1.14 Powder X-ray crystallographic data

[00148]

Powder X-ray diffraction was used to characterize [Cuz2¢(C2H4)>] and [Cus],

monitor the transition of solid [Cus] to [Cu2¢(C2Ha):] following exposure to ethylene gas

(confirming that less than 1% [Cu3] remains based on peak analysis), and that [Cus] is re-

generated when ethylene is removed from solid samples of [Cu2¢(C2Ha4)2] by application of

vacuum at 60 °C for 6 hours. The results are shown in FIGs. 33-36.
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[00149] In all experiments, the sample was placed in the sample holder of a two circle

goniometer, enclosed in a radiation safety enclosure. The X-ray source was a 1kW Cu X-ray

tube, maintained at an operating current of 40 kV and 25 mA. The X-ray optics was the

standard Bragg-Brentano para-focusing mode with the X-ray diverging from a DS slit

(0.6mm) at the tube to strike the sample and then converging at a position-sensitive X-ray

Detector (Lynx-Eye, Bruker-AXS). The two-circle 280mm diameter 6-0 goniometer was

computer-controlled with independent stepper motors and optical encoders for the 0 circle

with the smallest angular step size of 0.0001°20. The software suite for data collection and

evaluation was windows based. Data collection was performed by automated

COMMANDER program by employing a DQL file. Data were analyzed by the program

EVA. The summary of the experimental parameters for PXRD collection is shown in Tables

18. Key data points for [Cus] and [Cu2*(C2H4)2] are summarized in Tables 19 and 20.

[00150] Table 18. Experimental Parameters for PXRD collection.
Bruker Powder ECO
Scan Type Coupled Theta-Theta
Scan Mode Continuous
Start 3.0
End 70.0
Step Scan 0.01
Steps 6544
Scan Speed 1°/min
Goniometer Radius 280.00 mm
Sample Rotation in plane 5.0°/min
Anode Cu
Kal 1.56060 A
Ka?2 1.54440 A
Ko?2 ratio 0.5140
KB 1.39224A
Generator kV 40 kV
Generator mA 25 mA
Monochromator Ni 0.02mm Filter
Divergence Slit 0.6mm
Anti-air scatter device Knife-edge
Detector LynxEYE XE PSD
PSD opening 3.0°
[00151] Table 19. Key PXRD data for [Cus].
R-Values
Rexp 3.18
Rexp 5.46
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Rwp 8.84
Rwp’ 15.19
Rp 5.91
Rp’ 12.49
GOF 2.78
DwW 0.57
Background
Chebychev polynomial Coefficient
0 264.7938
1 51.11665
2 -85.359
3 121.1826
4 46.55985
5 -21.25148
6 -9.612418
7 -32.26846
Instrument
Primary radius (mm) 217.5
Secondary radius (mm) 217.5
Corrections
Zero error -0.04106155
LP Factor 0
Miscellaneous
Start X 6
Finish X 40
hkl Phase - 1 Pawley method
Phase name hkl Phase
R-Bragg 13.284
Spacegroup P2:/c
Cell Mass 0.000
Cell Volume (A%) 6032.50979
Wt% - Rietveld 0.000
Double-VoigtlApproach
Cry size Lorentzian 289.4
k: 1 LVol-IB (nm) 184.238
k: 0.89 LVol-FWHM (nm) 257.566
PV_TCHZ peak type
U -0.2988456
\ -0.004251204
W 0.009854906
Z 0
X 0.0001
Y 0
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Lattice parameters
a(A) 24.0648163
b (A) 16.9879630
c(A) 14.7599273
beta (°) 91.28976
[00152] Table 20. Key PXRD data for [Cuz+(Cz2H4)2].
R-Values
Rexp 5.45
Rexp” 11.92
Rwp 9.99
Rwp’ 21.83
Rp 6.86
Rp’ 18.61
GOF 1.83
DwW 0.67
Background
Chebychev polynomial Coefficient
0 187.9562
1 10.44336
2 -51.27976
3 16.23856
4 35.71489
5 -32.61826
6 33.63138
7 9.404404
Instrument
Primary radius (mm) 217.5
Secondary radius (mm) 217.5
Corrections
Specimen displacement 0.01154313
LP Factor 0
Miscellaneous
Start X 3
Finish X 40
hkl Phase - 1 Pawley method
Phase name hkl Phase
R-Bragg 0.557
Spacegroup Pnma
Cell Mass 0.000
Cell Volume (A"3) 4752.25474
Wt% - Rietveld 0.000
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Double- VoigtlApproach

Cry size Lorentzian 183.2

k: 1 LVol-IB (nm) 116.645

k: 0.89 LVol-FWHM (nm) 163.071

PV_TCHZ peak type
U -0.0192523
v -0.0307023
4 0.00550668
Z 0
X 0.0001000286
Y 0

Lattice parameters
a(A) 18.3765097
b (A) 28.8438297
c(A) 8.9656909

1.15 Single crystal X-ray crystallographic data

[00153] A suitable crystal covered with a layer of hydrocarbon/Paratone-N oil was

selected and mounted on a Cryo-loop, and immediately placed in the low-temperature

nitrogen stream. The X-ray intensity data for [Cus] (1) were measured at 200(2) K on a

Bruker D8 Quest with a Photon 100 CMOS detector equipped with an Oxford Cryosystems

700 series cooler, a Triumph monochromator, and a Mo Ka fine-focus sealed tube (A =

0.71073 A), whereas data for [Cu2e(C2Ha)2] (2) were measured at 100(2) K on the same

instrument. Crystals of [Cus] were found to be soft and can shatter relatively easily at 100 K.

Intensity data were processed using the Bruker Apex program suite. Absorption corrections

were applied by using SADABS. All the calculations for the structure determination were

carried out using the SHELXTL package (version 6.14). Initial atomic positions were located

by direct methods using SHELXT, and the structures of the compounds were refined by the

least-squares method using SHELXL within the Olex2 suite. All the non-hydrogen atoms

were refined anisotropically. X-ray structural figures were generated using Olex2. The CCDC

1836466-1836467 contains the supplementary crystallographic data. These data can be

obtained free of charge via http://www.ccdc.cam.ac.uk/conts/retrieving.html or from the

Cambridge Crystallographic Data Centre (CCDC), 12 Union Road, Cambridge, CB2 1EZ,

UK).

[00154] It was found that [Cus] (1) crystallizes in the P2:/c space group with two

molecules of [Cus]in the asymmetric unit. Most of the fluorine atoms of CF3 groups were

shown positional disorder which was modeled effectively.
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[00155] It was further found that [Cu2¢(C2H4)2] (2) crystallizes in space group P2:/c
with two independent molecules in the asymmetric unit. The cell dimensions mimic that of
Orthorhombic crystal system with the [3-angle of essentially 90°. These crystals show
twinning by pseudomerohedry, and the use of Twin Law (-1000-1 00 0 1) during
refinement led to a significant drop in the R-value and improvements in all refinement
indicators. All the non-hydrogen atoms were refined anisotropically. Hydrogen atoms of
ethylene moieties were located on a different map and included in the refinement. The
structure in the Orthorhombic Pccn space group was also considered, solved, and refined (as
suggested by CheckCif as a possibility). However, the final refinement indicators (final R:
was 0.0823 (I > 20(I)) and wR» was 0.2027 (all data), GooF = 1.462) were poor compared to
those of the Monoclinic option (Final R1: 0.0248 (I > 2o(I)) and wR>: 0.0587 (all data); GooF
= 1.029), and indicate that Monoclinic indeed is the correct choice. Table 21 summarizes the
crystal data and structure refinement for [Cus]. Table 22 shows Crystal data and structure

refinement for [ Cuz¢(C2H4)2]. The data is shown in FIG. 37-39.

[00156] Table 21. Crystal data and structure refinement for [Cus]
(1).

Identification code rad322a a
Empirical formula Ci15CusF27Ne
Formula weight 1003.86
Temperature/K 200.0

Crystal system monoclinic

Space group P21/c

a/A 23.9829(8)

b/A 16.6712(6)

c/A 14.0384(5)

a/° 90

p/e 90.3310(10)

y/° 90

Volume/A3 5612.8(3)

V4 8

Pealcg/cm? 2.376

w/mm-! 2.459

F(000) 3840.0

Crystal size/mm? 0.35 x 0.32 x 0.22
Radiation MoKa, (2. =0.71073)
20 range for data collection/® 5.684 to 52

Index ranges -20<h <29, -20<k<20,-17<1<17
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Reflections collected 83538
Independent reflections 11022 [Rine = 0.1013, Rsigma = 0.0447]
Data/restraints/parameters 11022/5682/1365

Goodness-of-fit on F? 1.050
Final R indexes [[>=2c (I)]
Final R indexes [all data]

Largest diff. peak/hole / e A 1.21/-0.74

R1 =0.0681, wR> =0.1528
R1=0.1166, wR2 = 0.1750

[00157]

Table 22. Crystal data and structure refinement for [Cuz2+(C2H4)2] (2)

Identification code
Empirical formula
Formula weight
Temperature/K
Crystal system
Space group

a/A

b/A

c/A

o/°

pr°

v/

Volume/A3

Z

Peatcg/cm?

wmm-!

F(000)

Crystal size/mm?
Radiation

20 range for data collection/®

Index ranges
Reflections collected
Independent reflections

Data/restraints/parameters
Goodness-of-fit on F?

Final R indexes [[>=2c (I)]
Final R indexes [all data]
Largest diff. peak/hole / e A

rad55a
Ci16HsN4F15Cuz
725.34

103.15
monoclinic
P2i/c
8.7832(4)
28.5511(13)
18.1962(8)

90

90.0030(10)

90

4563.1(4)

8
2.112

2.026

2816.0

0.327 x 0.122 x 0.088

MoKa, (2. =0.71073)

5.708 to 56.68

-11£h <11,-38<k<38,-24 <1<
24

59586

11354 [Rie = 0.0288, Rsigma =
0.0209]

11354/0/786

1.029

R; =0.0248, wR> =0.0573
R1 =0.0285, wR2 =0.0587
0.57/-0.26
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[00158] The above specification and examples provide a complete description of the
structure and use of illustrative embodiments. Although certain embodiments have been
described above with a certain degree of particularity, or with reference to one or more
individual embodiments, those skilled in the art could make numerous alterations to the
disclosed embodiments without departing from the scope of this invention. As such, the
various illustrative embodiments of the devices are not intended to be limited to the particular
forms disclosed. Rather, they include all modifications and alternatives falling within the
scope of the claims, and embodiments other than the one shown may include some or all of
the features of the depicted embodiment. For example, components may be omitted or
combined as a unitary structure, and/or connections may be substituted. Further, where
appropriate, aspects of any of the examples described above may be combined with aspects
of any of the other examples described to form further examples having comparable or
different properties and addressing the same or different problems. Similarly, it will be
understood that the benefits and advantages described above may relate to one embodiment

or may relate to several embodiments.

[00159] The claims are not intended to include, and should not be interpreted to
include, means-plus- or step-plus-function limitations, unless such a limitation is explicitly

recited in a given claim using the phrase(s) “means for” or “step for,” respectively.

[00160] In view of the described processes and compositions, hereinbelow are
described certain more particuiarly described aspects of the inventions. These particularly
recited aspects should not, however, be interpreted o have any limiting effect on any
different claims containing different or more general teachings described herein, or that the
“particular” aspects are somehow limited in some way other than the inherent meanings of

the fanguage and formulas literally used therein.

[00161] Aspect 1: A process comprising: exposing a trinuclear copper(l) pyrazolate
complex to a hydrocarbon feed gas mixture comprising one or more alkenes and one or more

alkanes, to form a product comprising a dinuclear copper(I)-alkene complex.

[00162] Aspect 2: The process of aspect 1, further comprising a step of separating the

one or more alkenes from the one or more alkanes.

[00163] Aspect 3: The process of aspects 1 or 2, wherein the one or more alkenes

comprise ethylene, propylene, butene, pentene, or isobutylene.
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[00164] Aspect 4: The process of any one of aspects 1-3, wherein the one or more

alkanes comprise ethane, methane, propane, butane, or pentane.

[00165] Aspect 5: The process of any one of aspects 1-4, wherein the one or more

alkenes comprise ethylene.

[00166] Aspect 6: The process of any one of aspects 1-5, wherein the one or more
alkenes comprise ethylene, wherein the one or more alkanes comprise ethane, and wherein

the formed product comprises a dinuclear copper(l)-ethylene complex.

[00167] Aspect 7: The process of aspect 6, wherein the step of separating comprises

separating ethylene from ethane.

[00168] Aspect 8: The process of aspects 6 or 7, wherein the dinuclear copper(I)-
ethylene complex is formed by adsorption of ethylene on the trinuclear copper(I) pyrazolate
complex.

[00169] Aspect 9: The process of any one of aspects 6-8, further comprising a step of

desorption of ethylene from the dinuclear copper(I)-ethylene complex.

[00170] Aspect 10: The process of aspect 9, wherein the step of desorption is
performed at a temperature from about -50 °C to about 150 °C and a pressure from about 0

bar to about 500 bar.

[00171] Aspect 11: The process of aspects 9 or 10, wherein the ethylene desorption

forms a regenerated trinuclear copper(l) pyrazolate complex.

[00172] Aspect 12: The process of any one of aspects 1-11, wherein the trinuclear
copper(l) pyrazolate complex is a [3,4,5-tris(trifluoromethyl)pyrazolyl)Cu]s complex
([(3,4,5-(CF3)3Pz)Cu]s, ([Cus)).

[00173] Aspect 13: The process of any one of aspects 6-12, wherein the dinuclear
copper(D)-ethylene complex is a [3,4,5-tris(trifluoromethyl)pyrazolyl) Cu(C2H4)]2 ([3,4,5-
(CF3)3PZ)CU(C2H4)]2 complex, ([Cllz’(C2H4)2]).

[00174] Aspect 14: The process of aspect 13, wherein the ethylene adsorption causes

an endothermic structural rearrangement of [Cus] to [Cuz2¢(C2Ha)o].

[00175] Aspect 15: The process of any one of aspects 12-14, wherein at least a portion
of the ethylene adsorption occurs at a ‘step’ pressure of about 2 kPa to about 30 kPa and a

temperature from about 20 °C to about 75 °C (from about 293 K to about 348 K).
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[00176] Aspect 16: The process of any one of aspects 12-15, wherein the step of

exposing comprises exposing a solid-state [Cus] to the hydrocarbon feed gas mixture.

[00177] Aspect 17: The process of any one of aspects 12-16, wherein the step of
exposing comprises exposing a dichloromethane solution of [Cus] to the hydrocarbon feed

gas mixture to produce [Cuz*(C>Ha)s].

[00178] Aspect 18: The process of any one of aspects 12-17, wherein the ethylene

desorption from [Cuz2¢(C>H4)-] to regenerate [Cus] is performed in a solid-state.

[00179] Aspect 19: The process of any one of aspects 12-18, wherein the step of

exposing results in a reversible solid-state structural transformation [Cus] to [Cuz2¢(C2Ha)2].

[00180] Aspect 20: The process of any one of aspects 6-19, wherein the process does

not comprise adsorption of ethane on the trinuclear copper(l) pyrazolate complex.

[00181] Aspect 21: The process of any one of aspects 12-20, wherein an adsorption
selectivity of ethylene/ethane on [Cus] is from about 1:1 to about 136:1 when measured at a

temperature of 20 °C and an equilibrium loading at 1 atm.

[00182] Aspect 22: The process of any one of aspects 12-21, wherein an adsorption
selectivity of ethylene/ethane on [Cus] is from about 1:1 to about 131:1 when measured at a

temperature of 70 °C and an equilibrium loading at 1 atm.

[00183] Aspect 23: The process of any one of aspects 12-22, wherein the process
exhibits a decrease of a heat of adsorption by 50 to 85 % when compared to a substantially

identical reference process comprising a copper (I) complex that is not [Cus].

[00184] Aspect 24: The process of any one of aspects 12-23, wherein [ Cus] is formed
by: a) reacting copper (I) oxide with a precursor 3,4,5-(CF3)spyrazole (3,4,5-(CF3)PzH) in a
solvent-free process to form a product comprising a [3,4,5-tris(trifluoromethyl)pyrazolyl)Cul]s

complex ([(3,4,5-(CF3);Pz)Culs, ([Cus)); b) extracting [Cus] with a solvent.

[00185] Aspect 25: The process of aspect 24, wherein the solvent comprises
dichloromethane.
[00186] Aspect 26: The process of aspects 24 or 25, further comprising removing the

solvent to form a solid-state [ Cua].

[00187] Aspect 27: A composition comprising a trinuclear copper(l) pyrazolate

complex, wherein the composition is reversibly transformed to a dinuclear copper(l)-alkene
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complex, when exposed to a hydrocarbon feed gas mixture comprising one or more alkenes

and one or more alkanes.

[00188] Aspect 28: The composition of aspect 27, wherein the one or more alkenes

comprise ethylene, propylene, butene, pentene, or isobutylene.

[00189] Aspect 29: The composition of aspects 27 or 28, wherein the one or more

alkanes comprise ethane, methane, propane, butane, or pentane.

[00190] Aspect 30: The composition of any one of aspects 27-29, wherein the one or

more alkenes comprise ethylene.

[00191] Aspect 31: The composition of any one of aspects 27-30, wherein the one or

more alkanes comprise ethane.

[00192] Aspect 32: The composition of aspect 31, wherein the trinuclear copper(I)
pyrazolate complex comprises a [3,4,5-tris(trifluoromethyl)pyrazolyl)Cu]; complex ([(3,4,5-
(CF3)3Pz)Culs, ([Cus]), wherein the composition is reversibly transformed to the dinuclear
copper(I)-alkene complex comprising a [3,4,5-tris(trifluoromethyl)pyrazolyl)Cu(C2H4)]2
([3,4,5-(CF3)3P2)Cu(C2Ha) ]2, ([Cu2¢(C2Ha4)2]) when exposed to a hydrocarbon feed gas

mixture comprising ethylene and one or more alkanes comprising ethane.

[00193] Aspect 33: The composition of aspect 32, wherein [Cuz¢(C2H4)2] is formed by

an ethylene adsorption on [Cus].

[00194] Aspect 34: The composition of aspects 32 or 33, wherein an ethylene

desorption transforms [Cuz*(C2H4)2] to [Cus].

[00195] Aspect 35: The composition of any one of aspects 32-34, wherein the
composition exhibits an adsorption selectivity of ethylene/ethane on [Cus] of from about 1:1

to about 136:1 when measured at a temperature of 20 °C and an equilibrium loading at 1 atm.

[00196] Aspect 36: The composition of any one of aspects 32-35, wherein the
composition exhibits an adsorption selectivity of ethylene/ethane on [Cus] of from about 1:1

to about 131:1 when measured at a temperature of 70 °C and an equilibrium loading at 1 atm.

[00197] Aspect 37: The composition of any one of aspects 32-36, wherein the

reversible transformation is an endothermic structural rearrangement of [Cus].

[00198] Aspect 38: The composition of any one of aspects 32-36, wherein the

reversible transformation is a solid-state transformation.
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CLAIMS

What is claimed is:

1.

10.

11.

A process comprising:

exposing a trinuclear copper(l) pyrazolate complex to a hydrocarbon feed gas
mixture comprising one or more alkenes and one or more alkanes, to form a

product comprising a dinuclear copper(l)-alkene complex.

The process of claim 1, further comprising a step of separating the one or more

alkenes from the one or more alkanes.

The process of claim 1 or 2, wherein the one or more alkenes comprise ethylene,

propylene, butene, pentene, or isobutylene.

The process of any one of claims 1-3, wherein the one or more alkanes comprise

ethane, methane, propane, butane, or pentane.

The process of any one of claims 1-4, wherein the one or more alkenes comprise

ethylene.

The process of any one of claims 1-5, wherein the one or more alkenes comprise
ethylene, wherein the one or more alkanes comprise ethane, and wherein the

formed product comprises a dinuclear copper(I)-ethylene complex.

The process of claim 6, wherein the step of separating comprises separating

ethylene from ethane.

The process of claim 6 or 7, wherein the dinuclear copper(I)-ethylene complex is

formed by adsorption of ethylene on the trinuclear copper(l) pyrazolate complex.

The process of any one of claims 6-8, further comprising a step of desorption of

ethylene from the dinuclear copper(I)-ethylene complex.

The process of claim 9, wherein the step of desorption is performed at a
temperature from about -50 °C to about 150 °C and a pressure from about 0 bar to

about 500 bar.

The process of claim 9 or 10, wherein the ethylene desorption forms a regenerated

trinuclear copper(l) pyrazolate complex.
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12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

The process of any one of claims 1-11, wherein the trinuclear copper(l) pyrazolate
complex is a [3,4,5-tris(trifluoromethyl)pyrazolyl)Cu]s complex ([(3,4,5-
(CF3)3Pz)Culs, ([Cus)).

The process of any one of claims 6-12, wherein the dinuclear copper(I)-ethylene
complex is a [3,4,5-tris(trifluoromethyl)pyrazolyl) Cu(C-Ha)]> ([3.4,5-
(CF3)3Pz)Cu(C2H4)]> complex, ([ Cuzs(C2H4)2]).

The process of claim 13, wherein the ethylene adsorption causes an endothermic

structural rearrangement of [Cus] to [Cuz*(C2Ha)2].

The process of any one of claims 12-14, wherein at least a portion of the ethylene
adsorption occurs at a ‘step’ pressure of about 2 kPa to about 30 kPa and a

temperature from about 20 °C to about 75 °C (from about 293 K to about 348 K).

The process of any one of claims 12-15, wherein the step of exposing comprises

exposing a solid-state [Cus] to the hydrocarbon feed gas mixture.

The process of any one of claims 12-16, wherein the step of exposing comprises
exposing a dichloromethane solution of [Cus] to the hydrocarbon feed gas mixture

to produce [Cuz*(C>Ha4)s].

The process of any one of claims 12-17, wherein the ethylene desorption from

[Cuz+(C2H4)2] to regenerate [ Cus] is performed in a solid-state.

The process of any one of claims 12-18, wherein the step of exposing results in a

reversible solid-state structural transformation [Cus] to [Cuz2¢(C2Ha)s].

The process of any one of claims 6-19, wherein the process does not comprise

adsorption of ethane on the trinuclear copper(l) pyrazolate complex.

The process of any one of claims 12-20, wherein an adsorption selectivity of
ethylene/ethane on [Cus] is from about 1:1 to about 136:1 when measured at a

temperature of 20 °C and an equilibrium loading at 1 atm.

The process of any one of claims 12-21, wherein an adsorption selectivity of
ethylene/ethane on [Cus] is from about 1:1 to about 131:1 when measured at a

temperature of 70 °C and an equilibrium loading at 1 atm.
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23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

The process of any one of claims 12-22, wherein the process exhibits a decrease
of a heat of adsorption by 50 to 85 % when compared to a substantially identical

reference process comprising a copper (I) complex that is not [Cus].
The process of any one of claims 12-23, wherein [Cus] is formed by:

a) reacting copper (I) oxide with a precursor 3,4,5-(CFz;)spyrazole (3,4,5-
(CF3)3PzH) in a solvent-free process to form a product comprising a
[3,4,5-tris(trifluoromethyl)pyrazolyl)Culs complex ([(3,4,5-(CF3):Pz)Cul]s,
([Cus));

b) extracting [Cus] with a solvent.
The process of claim 24, wherein the solvent comprises dichloromethane.

The process of claims 24 or 25, further comprising removing the solvent to form a

solid-state [ Cus].

A composition comprising a trinuclear copper(l) pyrazolate complex, wherein the
composition is reversibly transformed to a dinuclear copper(I)-alkene complex,
when exposed to a hydrocarbon feed gas mixture comprising one or more alkenes

and one or more alkanes.

The composition of claim 27, wherein the one or more alkenes comprise ethylene,

propylene, butene, pentene, or isobutylene.

The composition of claims 27 or 28, wherein the one or more alkanes comprise

ethane, methane, propane, butane, or pentane.

The composition of any one of claims 27-29, wherein the one or more alkenes

comprise ethylene.

The composition of any one of claims 27-30, wherein the one or more alkanes

comprise ethane.

The composition of claim 31, wherein the trinuclear copper(l) pyrazolate complex
comprises a [3,4,5-tris(trifluoromethyl)pyrazolyl)Cu]s complex ([(3,4,5-
(CF3)3Pz)Culs, ([Cus]), wherein the composition is reversibly transformed to the
dinuclear copper(l)-alkene complex comprising a [3,4,5-

tris(trifluoromethyl)pyrazolyl)Cu(C2Ha)]2 ([3,4,5-(CF3)3Pz)Cu(C2H4)]>2,

-50 -



WO 2020/081540 PCT/US2019/056286

33.

34.

35.

36.

37.

38.

([Cu2¢(C2H4)2]) when exposed to a hydrocarbon feed gas mixture comprising

ethylene and one or more alkanes comprising ethane.

The composition of claim 32, wherein [Cu2¢(C2H4)2] is formed by an ethylene

adsorption on [Cus].

The composition of claim 32 or 33, wherein an ethylene desorption transforms

[Cuz¢(C2H4)2] to [Cus].

The composition of any one of claims 32-34, wherein the composition exhibits an
adsorption selectivity of ethylene/ethane on [Cus] of from about 1:1 to about
136:1 when measured at a temperature of 20 °C and an equilibrium loading at 1

atm.

The composition of any one of claims 32-35, wherein the composition exhibits an
adsorption selectivity of ethylene/ethane on [Cus] of from about 1:1 to about
131:1 when measured at a temperature of 70 °C and an equilibrium loading at 1

atm.

The composition of any one of claims 32-36, wherein the reversible

transformation is an endothermic structural rearrangement of [Cus].

The composition of any one of claims 32-36, wherein the reversible

transformation is a solid-state transformation.
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