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(57) Abstract: A method of separating one or
more valuable metal cations from an ionic solu-
tion by (a) contacting the ionic solution with an
activated photoisomerizable host molecule con-
taining a photoisomerizable moiety and a host
moiety, where the photoisomerizable moiety has
first and second states, and where the host moiety
has a greater affinity for a metal cation when the
photoisomerizable moiety is in the first state (act-
ive binding state) than when the photoisomeriz-
able moiety is in the second state (release state),
so that an ion-host molecule association is formed,
and (b) separating the ion-host molecule associ-
ation from the ionic solution. Also disclosed are
photoisomerizable host molecules, a method of re-
covering valuable metals from a waste stream us-
ing the photoisomerizable host molecules, and an
apparatus comprising a photoisomerizable host
molecule attached to a support.
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LIGHT-ACTIVATED CATION SEPARATION

FIELD OF THE INVENTION

The invention is related te the separation of specific metals from ionic selutions, including the
recovery of metal values from mdustrial waste streams. The invention 18 also related to the ase of
photoisomerizable host roolecules to selectively bind and release specific metal ions, particularly

in the presence of other, potentially Interfering metal ions.

BACKGROUND OF THE INVENTION

Waste streams of soluble cations derived from mining ov other indusirial operations are typically
overlooked as useful feedstocks for the extraction of precious metal cations and other types of
metal cations such as rave earth and actimde species. Frequently, it is ditficult 1o isolate a desired
metal cation by precipitation from agueous solution because the concentrations of the desired
cation is on the order of a few handred ppm while other species may be present in concentrations
on the order of several percent. When the desived ion is precipitated the precipitation of all other
species must be suppressed, but even when that happens the species remaining in solution can

adsorb onto the surfaces of the precipitate.

Even if the desired separation is possible, large volumes of material must be subjected to unit
operations such as centrifugation or filtration followed by washing the precipitate free of
adsorbed species. Freguently, these processes provide low recoverjes, discharging much of the
valuable chemical species in the chemical waste streams. Alternative proc-esses employ liquid
extraction involving nonaqueous fluds in conjunction with chelation methods. There are also
nea-conventional methods such as ion flotation, where a surface active reagent 1y added to the
solution and atiracts the colligend (non-swrface active metal 1on (or complex of interest) 1o the

vapor-higuid interface for removal as a foam phase.

While these methods can be effective, the toxicity of the required organic solvents poses a
significant health hazard. lon exchange resings avoid this problem since they can be fine-toned to
extract the ion of interest [rom solution by passing the solution over the resin bed. The 1ons

trapped by the resin can be isolated by a second washing step where a concentrated solution of a
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different 1on displaces the ion captured by the resin into the washing solution. However, this

washing step leads to degradation and fouling of the resin, and thereby himits its lifetime.

Thus, there continges to be a need for more effictent methods of recovering valuable metals from
tonic solutions, in particular front waste streams derived from nuning or other industrial

operations.

BRIEF SUMMARY OF THE INVENTION
One aspect of the wvention is directed to a method of separating one or more metal cations from
an lonic solution, the method comprising the steps off

{a} contacting the ionic solution with a photoisomerizable host melecule comprising

a photoisomerizable motety and a host motety, where the photorsomenzable motety

has first and second states, and wherein the host moiety has a greater affinity for a

metal cation when the photoisomerizable motety is in the first state {active binding

state} than when the photoisomerizable moiety 18 in the second state {release state),

so that an ion-host molecule association is formed; and

{b) separating the ion-host molecule association from said ionic solution.

Another aspect of the present invention is directed to a method of separating one or more
metal cations from an ionie solution, the method comprising the steps of:

{a)contacting the ionic solution with an activated photoisomerizable host molecule so
that an ton-host molecule association is formed, wherein the host molecule bas a

structure selected from the group consisting of Formulae (la) to (Idx

Alxioa? {Ia)
Al Xy A7 (1)
Al (X ), ATy Icy
(A X AT X0y Ay (XA (D

where nand »” are independently selected from an integer between 1 and 100,
inclusive; m and m* are independently selected from an futeger between § and
10,000,000, inclusive; AY, A%, A7 and A” ave independently selected from the group

consisting of host moieties that selectively bind or bond said one or more metal cations;

b
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and X', X7, and X" are independently selected from the group consisting of groups that
photeisomerize 1o or from an active binding state configuration i which at least one of
the active binding state host moteties selectively binds or bonds the one or more metal

cations of interest; and
{b} separating the ion-host molecule association from the lonic solution;

where, when the photoisomerizable host molecule is in its active binding state configuration,
the host moieties selectively hind one or more metal eations selected from the group
consisting of Group H metals, Group HI metals, rave carth metals, transition metals, coinage
metals, platinum group metals (Os, Ir, Ry, Rh, Pt, Pd), metalloids (B, Si, As, Te and As),
main group 13 metals, main group 14 metals, main group 15 metals, main group 16 metals

and actinides,

In one embodiment, the main group 13 metals ave Al, Ga, In and T1. In another embodi-ment,
the main group 14 metal is Pb. In yet another embeodiment, the main group 15 metal is Bi. In

another embodiment, the main group 16 metal is Po.

The method can further comprise the step oft

{cy recovering the bound metal cation from said 1on-host molecule association.

The method can still further comprise the step oft

{d) recovering the photoisomerizable host molecule,

Al A% A% and A7 are preferably cation-binding or bonding moieties independently selected from
macrocvelic molecules, chelating agents, complexing agents and metal organic frameworks that
selectively bind or bond said cations to be separated from the ionic solution. Macrocycelic
molecules can be independently selected from, without imitation, the group consisting of crown
ethess, cryptates, cryptands, and cyclodextrins. Chelating agents can be independently selected
from, without limitation, carboxylates {e.g., acetate, stearate, acrylates, polyearboxyiates, ete.),
aminopolyvearboxylates {e.g., EDTA, DOTA, ete.), polyalkene amines {e.g., ethylene diamine,
DETA, TETA, TEPA, PEHA, etc.), acetoacetonates, dinls {e.g. catecholates, ethviene glveol,

glc.), phosphon-ates {e.g.. DMMP, NTMP, HEDP, etc.), polyols, polyesters, and natarally
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occurring chelating agents that can be 1solated from yeast, grass, legumes, or other natural

sources {e.g., phytochelating (PC2-PCLI).

The photoisomerizable groaps, X', X and X7 of Formula (Ia) to {Id) are mdependently selected

from the group consisting of Formula (1)
R R B =R R AR (ID)

where B! and B are independently selected from CR or N, where R 15 H, lower alkyl, lower

haloatkyl, halogen, lower alkoxy or lower haloatkoxy;

R’ and R? are independently selected from aryl or heteroaryl; and
R and RY are independently selected from a bond, ©, S{Qh, where 07 = -2, NR, (CHae,
where m™ = 1-12, or (CHRMCH; Oy, where R™ s H or lower alkyl,

In preferred embodiments of the invention, the photoisomerizable X groups are selected from —

Nz=Nw, wCH=CH-, ~N=CH- and ~CH=N-

Preferably the photoisomerizable X groups have the strocture of Formoula (1), where R and R
E e 3 T 523 . PR IR % i
are phenyl, R™ and R” are each a bond, and B' and B are nitrogen (-N=N-: azobenzene); or R

and R* are phenvl, R*and R® are each a bond, and BY and B” are CH (-CH=CH-; stitbene).

The ionic solution can further comprise alkali and/or alkaline earth andfor fron cations, and the
host moieties have a greater binding affinity for at least one of the other {valuable) cations in the

ionie solution.

The photoisomenizable host molecule can be covalently bonded to a particle or sabstrate support,
such as a metailic and/or a ceramic and/or a polymeric and/or an organic material. Steps (a) and
{b} of the above method can be performed within a colomn which containg the particles or

support,

Fuarther, the photoisomerizable host molecule can be dissolved in, suspended in or supported by a
medium that is immiscible with the ionic solution. The medium can be a lguid membrane or a

chromatography stationary phase. The stationary phase can be an ion exchange resin,
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The method of the invention selectively binds or bonds valuable wetal cations, even in the
presence of about 1% to about 10% by weight of other jonic species. The valuable metal cations
tnclude rare carths, transition metals, coinage metals, and platinum group metals, In one

preferred embodiment the rare earth metal cation is scandiam,

Another aspect of the Invention i¢ directed to a method of recovering valuable metals from g

waste stream., comprising the steps of

{a) contacting said waste stream with a phototsomerizable host molecule
comprising a photoisomerizable moiety and a host moiety, wherein the
phototsomerizable moiety has first and second states, and wherem the host motety
has a greater affinity for said metal 1ons when the photoisomerizable moiety is in
the first state (active binding state) than when the photoisomenizable moiety 15 in
the second state (release state), to form an ion-host molecule association;
{b}  separating the resulting 1on-host molecule association from the waste stream;
and
{¢)  recovering the bound metal cation from the lon-host molecule assocation;
wherein the valuable metals comprise one or more metals selected from the group consisting
of coinage metals, platinom group metals {Os, I, Ru, Rh, Pt Pd), metalloids (B, Si, As, Te
and Ax), main group 13 metals, main group 14 metals, main group 15 metals, main groap 16
metals and actinides.
In a specific embodiment, step (a) involves contacting the waste stream with a

photeisomerizable host molecule of Formula (Ia) to (Id) as shown above:

In one embodiment, the main group 13 metals are Al, Ga. In and T1. In another embodiment, the
main group 14 metal is Pb, In vet another embodiment, the main group 15 metal is Bi. In

another embodiment, the main group 16 metal is Po.

The waste stream can comprise the valuable metals in concentrations of about 10 ppm to about
5300 ppm. Further, the waste stream can comprise iron and/or alkall metals and/or alkaline earth

metals in about 1% 1o about 10% by weight.

i
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Another aspect of the invention is divected to the photoisomerizable host molecules themselves,
which compounds comprise a photoisomerizable moiety and a host moiety, where the
photoisomerizable maotety has fivst and second states, and wherein the host moiety has a greater
affinity for a metal cation when the phototsomertzable motety is in the first state (active binding
state} than when the photolsomerizable nwoiety 18 1n the second state (release state), where the
muetal cation is selected from the group consisting of Group 1 metals, Group Hi metals, rare earth
metals, transition metals, coinage metals, platinum group metals, metalloids, main group 13
metals, main group 14 metals, main group 15 metals, main group 16 metals and actinides, In
some embodiments of the invention the photoisomerizable host molecule has a structure selected

from the group consisting of Formulae (Ia) to (1d), as defined above,

Yet another aspect of the invention is direct to an apparatus comprising the photoisomerizable

host molecule, as disclosed above, attached to a support.

BRIEF DESCRIPTION OF THE DRAWINGS
Figure 1 shows the chemical structures of representative macrocyelic hosts which are suitable as

host moeieties for the photoisomerizable host molecules,

Figure 2 depicts a representative photoisomerizable host molecule in the active binding state,

binding a Sm cation, and in the refease state, releasing the Sm cation.

DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS

New technology is needed which provides a higher level of selectivity of separation from tonic
solution of the desired metal values, such as rare earth elements, including certain transition
metals which have been historically referred to as rare earths, such as scandium, For the
purposes of the present invention, the elements Sc, Y and Lu are also considered rare earth
clements, In order to meet this need, one embodiment of the present ioveation ulilizes specially
designed photoisomerizable host molecules, such as crown ethers, which hind rare earth cations

to torm rare earth cation complexes.

The binding of rare earth cations by simple crown ethers was first observed in work involving

the reaction of rare carth chlorides with 18-crown-6. Rare earth cation complexation with

6
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appropriate erown ethers has been characterized by large stability constants, indicating a high
level of thermodynamic stability, No heat of reaction has been observed with the post-Gd™*
lanthanide cations {Th*", Dy™, Ho™, Er'", Tm™, Yb™, Lu™). For the earlier elements in the rare
earth series {La™, Ce™, Pr'™, Nd™, Sm™, Bu™, and Gd™), all reaction enthalpies are reported to
be positive. This implies that the observed stabilities are entropic in origin. With increasing

atomic number, the rare earth complex stabilities reportedly decrease.

The interactions of crown ethers with rare earths are also very sensitive to the structore of the
crown ether. For example, it has been found that 18-crown-0 actoally binds with rare carth
cations only up to Gd. Experiments with di-benzo-18-crown-6 indicated that com-plexes

-

precipitated enty with La™, Ce™, Pr', and Nd™, and no other sare earth species. Thus different
types of crown ethers having what would seem to be small structural modifications, such as the
presence of benzene rings (benzo ring fusion), can alter the spectrum of lanthanide cations that
effectively binds with each crown ether. Subsequent-ly, stmiple solvent extraction,
chromatography, ion tlotation, or passing through a liquid wmembrane can be used in conjunction
with complex formation to effectively separate different sets of elements in the lanthanide series,
These rare carth-selective methods are also effective in excluding other types of metal tons
{interfering ions) such as transition metal cattons and Group Hia, IVa, Va, Via, and VHa cations.
Further, alkali and alkaline carth ions can also be excluded with the proper cheice of host

molecule,

We have now discovered photoisomerizable host molecules represented by Formulae (Ia}, (Ib),

{Iey and (Id) which selectively bind and release rare earth or other valuable cations:

Al XA {fa)
Al (X p AT (1b)
Al (X ATy (e
Uk\ g Xl)m """ 4“\3 """ UX: """ Jn Ag T {XS """" £ A4;}:zx' ’\}f-h

where A, A%, A'and A% are independently selected from moleties that selectively bind or bond
one or more metal cations, preferably valuable metal cations, and X' X7 and X7 are
independently selected from the group consisting photoisomerizable moleties. According to an
embodiment, photoisomerizable moieties include -electron delocalized chromo-phose

photoisemerizable groups, also known in the art as photoswitches,
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Further, photoisomerizable host molecules of the present invention can be designed and their
selectivity can be tuned to bind any specific metal cation or group of metal cations in the

periodic table,

VALUABLE METALS

For the purposes of the present mvention, “valoable metals™ and “valuable metal cations”™
metals and platinim group metals (Os, Ir, Ry, Rh, P, Pd), metalioids (B, 81, As, Te and As),
main group 13 metals, main group 14 metals, main group 15 metals, main group 16 metals

and actinides,

in one embodiment, the main group 13 metals are Al, Ga, In and T In another embodiment, the
main group 14 metal is Pb. {n vet another embodiment, the main grovp 15 metal v Bi. In

another embodiment, the main group {6 metal is Po.

Coinage metals include gold, silver, copper and nickel. Platimem group metals include iridium,
osmmivm, palladium, platinum, rhodiom, and ruthentum. Actinides can be recovered from nuclear
waste streams,

HOST MOLECULES

Host-guest chemistry describes complexes that are composed of two or more molecules or iong
that are held together in unique structural relationships by forces other than those of full covalent
bonds. Host-guest chenustry encompasses the concept of molecular recognition and interactions
through non-covalent bonding. Non-covalent bonding is critical 1n maintaining the three~
dimensional structure of large biomolecules, such as proteins and nucleic acids, and is involved
in many biological processes in which large molecules bind specifically but transiently with one
another. Comunonty identified types of non-covalent interactions operative in host-guest
chemistry include hydrogen bonding, onic bonding, van der Waals forces and hydrophobic
interactions. For the purposes of the present invention, host molecules or host moieties are
defined as those structures which reversibly bind or bond a specific metal cation or group of
cations by means of the host-guest interactions described above, and “bond” refers 1o bonding by

other than covalent sharing of electrons.
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Commons host moieties nclade, without Himitation, cyclodextring, calixarenes, cacarbiturils,
porphyrins, metallacrowns, crown ethers, cryptands, zeolites, cyclotriveratrylenes, eryptophanes
and carcerands, For the purposes of the present invention, chelating agents can also be
considerad to be host moteties. Chelating agents can be independently selected from, without
limitation, carboxylates {e.g., acetate, stearate, scrylates, polycarboxylates},
aminopolyearboxyiates (e.g., EDTA, DOTA, etc ), polvalkene amines (e.2.. ethylene diamine,
DETA, TETA. TEPA, PEHA, etc.), acetoacetonates, diols {e.g. catecholates, ethylene glyeol),
phosphonates {e.g., DMMP, NTMP, HEDP, etc.}, polyols, polvesters, and naturally occuorring
chelating agents that can be isolated from veast, grass, legumes, or other natural sources {2.g.,

phytochelating (PC2-PCI D), ete).

There are crown ethers reportedly selective for groups of specific cations, including Gd and Yb;
Sm, Eu, Th, and Dyi BEu, Th, Gd; La and Ew Er and Euy Ce and Nd: Gd, Th, Dy, Ho, Er, and
Tay; and La, Ce., Pr, Sm, Eu, Gd. and Th. Some compounds claimt to be selective for the entire
are earth series, and others are suitable for all but one rare earth cation, such as Pm. Sc- and La-
sefective compounds are known. Thus, three novel solid cryptates of a cage-tvpe NaOg-
heteroatom hexabenzocryptand (L) with RE(HH) (RE = Sc, La) chlorides and La nitrate
respectively, have been prepared and characterized by IR and "H NMR spectroscopy, TG-DTA
analyses and molar conductances. The compositions of these cryptates was determined to be
RELCLL4H,0 (RE = S¢, Lay and LaxNO»DeL#2H0. An attractive feature of the reported rare
earth cryptate molecules is thelr water solubility, Certain cryptate molecules can also
differentiate between rare earth cations. In addition, crvptates can even differentiate between +2
and +3 oxidation states for Eu and Sm. In typical solution processes, rare carth metal separations
from other cations have been considered nearly timpossible to achieve. However, we have now
discovered host molecules with unprecedented rare carth selectivity, such that separations of rare

earths from other metals are even casier to achieve than separating rare earths from one another.

One embodiment of the present invention is directed to the use of cryptands, optionally in
combination with crown ethers, as the binding or bonding moleties of photoisomerizable host
molecules for selective extractions of valuable cations, due to the enhanced selectivity of
eryptands. Cryplands ave crown ethers that have some or all of their oxygen atoms replaced with

nitrogen atoms. As for crown ethers, eryptands can be modified by the addition of

@
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photoresponsive groups, such as azo-benzene, which serve as a photo-switch. For the purposes
of the present invention, crown ethers and cryptands will be referred to as “macrocyclic
compounds”, or "macrocvelic hosts”, or “macrocychics”, The group of suitable macrocyclic
compounds also includes other host moieties, as disclosed for A', A%, A% and A? of Formula (Ja)

to (k)

Although not wishing to be bound by any particular theory, in general the cation binding
selectivity of the photoisomerizable host molecules of the invention 1s believed to depend at least

on the following:

{1} the shape of the host moieties and preoyganization within the host moieties,
{ii) the size-match of the host cavity to the guest cation,

{111} the cation charge and type, and

{iv} the dopor atom charge and type.

Donor atoms are generally recognized to be the heteroatoms oxygen, nitrogen and sulfur. Thas,
crown ethers, containing only oxygen atoms, and thewr corresponding isosteres having one or
more oxygen atoms replaced with a nitrogen or sulfur atom, are considered to be appropriate host

moicties for the purposes of the present invention.

Although not wishing to be bound by any particular theory, it is believed that the Hard-Soft
Acid-Base {HSAB) principle applies to the binding of the photoisomerizable host molecules of
the invention with particular cationic species, as reflected in (i) and (v} above. The HSAB

principle comprises at least the following elements:

1. Hard acids prefer hard bases and soft acids prefer soft bases;

2. A hard acid is a small, highly charged and non-polarizable acceptor atony;
3. A soft acid is a large, not highly charged polarizable atom;

<. A hard base is a small highly electronegative nonpolarizable donor atom;

3. A soft base is a large, highly polarizable donor atom.

Becanse of the relatively rigid structures of cryptands, crown ethers and related host moieties,

thermodynamic stabilities of the cryptate complexes strongly depend on the match of the cation
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size and crown ether or cryptand cavity diameters. For example, when we go from Hd-crown-4
to 21-crown-7, the cavity size changes frony 1.2 to 4.3 A in terms of the ionic radivs, For
cryptands, going from {1.1. tjervptand to [3.3. 3)cryptand, the cavity size changes from 1.0 w0 48
Al Geometry and symmetry of the binding sites are also important factors influencing the
propertios of eryptand complexation, One way to improve metal ion selectivity by oxygen—
nitrogen donor eryplands is to provide a host that has a cavity that is size-matched with the
cation, while maintaining a symmetric spherical-coordination array. High selectivity for a small
cation can be obtained when the eryptand is able to form a number of six-membered chelate
rings with the metal ton, while the requirements of the high-vvmmetric donor atom array and
stze-matched cavity are met. On the other band, imtroduction of benzene rings and other sinular

groups to cryptands usually decreases metal ion binding and selectivity.

For the purposes of the present invention, eryptands can alse include what are comumonty known

as macrobicyclic compounds and pelyeyclic compounds,
The general types of macrocyelic hosts can be described as:

1. Crown ethers, and their aza and thia analogs,

o]

. Coranands,

14

. Crytands,
. Podands,

A A

. Lariats {using C- or N-pivot atoms).

See Figure 1 for representative examples of the above. Al of these macrocyelic hosts are

suttable as host modeties for the photoisomerizable host molecules of the present invention.

At best, the known molecular design principles for macrocyclic hosts are highly generalized, and
do not delineate a precise approach to making rare earth-selective molecules. One challenge is to
exchude certain ions known to prefer macrocyclic hosts, such as alkali and alkaline carth cations,
while being selective for rare earth cations. Thus, bases such as CaCO; and KOH, used to
nentralize many types of indestrial and muning wastes, will interfere with rare earth recovery
from virtually every mineral waste stream as well as many industrial waste streams, where ppm

levels of rare earth and other valuable metals are ubiquitous. We have now solved thiy problem

11
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with the photoisomerizable host molecules disclosed heretw.

From a commercial perspective, macrocyclic hosts have utility in value-added applications that
permit the use of high cost tagging moteties, such as floorescent markers for biomedical and
photonic applications. However, for rare earth or other valuable metal extractions from bulk
mineral and/or industrial waste streams, a suitable method to recyele the macrocyelic host s
required due to high volume requirements for such bulk separations, as well as due to the cost of

the macrocyclic hosts themselves,

Muany separation processes that could use macrocycelic hosts do not offer the option to recycle
these hosts, Isolation of rare earth complexes can be accomplished in at least two ways. First, a
complex can be formed in aqueous media and then extracted with an immiscible nonaqueous
solvent. However, this approach requires expensive and/or toxic nonagquenus solvents. Further, a
method for destabilization of the rare earth complex and recovery of the rare earth metal is
necessary, Second, the extractant, comprising the non-agueouns solvent, can be used as a
erystallization medium by drying. or by the addition of another solvent to induce crystallization.
Third, the dried nonaqgueous extract can be freed of solvent by igniting in a furnace to bum off
the solvent and form a product oxide. In all of these cases, the macrocyclic host is either
destroyed or cannot be recyeled, thereby leading to high process costs. Such approaches would
not be suitable for a low cost large-scale process for the recovery of kile- to mega-ton guantities
of rare varth or other valuable metals, There is a need for rare earth cation extraction processes
that overcome the high cost of macrocyelic hosts via either recycling-based or multi-use-based

appreaches.

it order 1o address this need, one embodiment of the present invention is direeted to chenucally
grafting the crown ether to a high surface area porous polymer resin. Thus, the porous resin
becomes capable of selectively binding the rare earth or other valuable mwetal species. However, a
method for recovery of the bound cations s also requared. Elutriation requires a long resin
lifetime in order to justify its cost, The use of temperature modulation is also possible to cause
the release of the bound rare earth cations as long as it does not compromise the integrity of the

resin and thereby reduce its long term use. A temperature is chosen so thenmal degradation of
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gither the polymer or the photoisomerizable host molecule does not limit the wsetul ifetime of

the resin.

PHOTORESPONSIVE HOST MOLECULES AND PHOTOSWITCHES

Whether solutions or resing are utilized in an extraction, ton flotation or other partitioning
process, we have now discovered a way to destabilize an 1on-host molecale association so as to
release the bound cation in a manner that does not degrade the host molecule. Thus, we have
designed and prepared photoresponsive host molecules of Formulae (Ia) to (d) which are
selective for rare earth cations or other valuable metal cations. In some enabodiments the
photoisomerizable moiety contains at least one double-bonded functional groop which
photoisomerizes between corresponding ofs- and trans-isomers, one isomer of which is
characteristic of the active binding state of the photeisomerizable host molecule. and the other of

which s characteristic of the release state of the photoisomerizable host molecale.

In one embodiment an azobenzene photoswitch (X7 in Formula (1a))

Alxtoaal {1a)

is used to Hok two cation-binding or bonding host moieties (A' and A™y; the azabenzene unit
photoisomerizes thereby interconverting trans- and cis-isomers. Although not wishing to be
bound by any theory, it is believed that the selective photoresponsive binding behavior is
attributed to conformational distortion of the host mwoieties, which is induced by the eis/rans-

photoisomerization of the photoswitch moiety.

i

hyv . N
Ne =

7y or heat

FFaRS-ar0benzens cis~-azobenrene

Thus, an important aspect of reversible photo-controlied hosting of iony 1s covalent bonding of
the receptor host motieties, sach as a macrocyclic compound or chelating agent, to a photoswitch
that is able to undergo substantial changes apon exposure to light such that the receptor host

moieties are able to accommodate metal cations far mose selectively than when a compound
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comprising only one or more host moieties, absent the photoswitch, 1s used. Thus, the

photoswitch, such as azobenzene, distorts the host moieties to make them more selective.

Such photoresponsive host molecules can be ntegrated into a polymer support, such as cross-
tinked polystyrene beads, The polymer support serves as a fixed point to impose the
conformational changes of the immobilized functional molecules. Photoresponsive

complexation occurs reversibly,

The present invention 1s not {imited to azobenzene photoswitch moieties, but can utilize any
functional group which vndergoes a photo-induced stroctural change that impacts the
conformation, and hence, the cation selectivity of the host molety when exposed to light.

General types of photoswitch moieties include the following:

. Groups that photoisomerize geometrically, such as groups containing a double-bonded

functional group, exemplified by Formula (1), vide infra. including azobenzene, stilbene, and

2.27-aropyridine:

[ )

. Groups that photodimerize, such as polyether-containing anthracenes;

()

. Groups that photoisomerize in other ways, such as spire compounds and chromenes:

b

. Groups that photocyclize, such as diaryiethylenes; and

14

. Groups that photodissociate.

Another snitable photoswitch motety 1s a stilbene group. Heterocyelic analogs of stilbene and
azobenzene are also suitable, such as 2.2%-azopyridine, as are isosteres of the central azo or
ethviene double bond. In some embodiments, appropriate light-sensitive photo-ywitch moteties
have the -electron delocalized chromophore structure of Formuola (1D:

R RE B =R R—RY (1D
wherein B’ and B are independently selected from CR or N, where R is H, lower alkyl, lower

haloalkyl, halogen, tower alkoxy or lower haloatkoxy:
R' and R are independently selected from aryl or heteroaryl: and

R and R are independently selected from a bond, O, S{O},, where n™" = §-2, NR, (CH )

where m™ = 1-12, or {CH{R™ICHO)yy, where R7 1s H or lower alkyl. For the azobenzene

14
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photoswitch, R'and R are phenyl, R and R* are each a bond, and B' and B” are N. For the

stilbene photoswitch, R’ and R are phenyl, R* and R” are each a hond, and B' and B” are CH.

For the purposes of the present invention, the term “lower atkyl” denotes branched or
unbranched alkyl groups of 1 to about & carbon atoms, preferably 1 to 4 carbon atoms.

2% iy

Analogous definitions apply to the terms “lower haloalky!l”, “lower alkoxy™, “lower haloalkoxy™,
“tower alkylamine”™ and “lower dialkylamine™. The term “ary!” denotes aromatic groups of 6 to
about 14 carbon atoms, optionally substituted with 1 fo about 4 groups selected from lower alkyl,
lower haloalkyl, halogen. lower alkoxy, lower haloalkoxy, hydroxy, nitvo, amino, lower
alkviamino, lower diatkovlamine, B(OH),, and P(=03OH),. The term “hetercaryl” denotes an
aromatic group of 4 to about 14 carbon atoms containing at least one heteroatom selected from
the group consisting of O, S and N, optionally substituted with 1 to about 4 groups selected from
lower alkyl, lower haloalkyl, halogen, lower alkoxy, lower haloalkoxy, hydroxy, nitro, amino,

lower alkylamino, lower dialkylaminoe, B(OH},. and P(=O)YOH),.

One of the important properties of azobenzene (and denvatives and analogs thercof) is the photo-
interconversion of frans- and cis-isomers, also known as photeoisomerization. The two isomers
can be switched with particular wavelengths of light: ultraviolet light, which corresponds to the
energy gap of the -a™ (S2 state) transition, for frans-to-cis conversion, and blue light, which is

sguivalent to that of the p-ar® (81 state) transition, for cis-to-traays somerization.

For a variety of reasons, the «y isomer is less stable than the frans-tsomer (for instance, it has a
distorted configuration and is less delocalized than the trans configuration). Thus, cis-
arobenzene will thermally relax back to the trans via cis-to-trans isomerization. The trans-
1sonter is more stable by approximately S0 kl/mol, and the barrier to photoisomerization is
approximately 200 ki/mol. Thus, cis-prany isomerization of the azobenzene molety represents a
model photochemical process in which one stereotsomer is favored thermally and the other

stereolsomer is favored photochemically.

Visible light can better assist with the retum to the rrans state. However, if necessary, thenmnal
energy can be used mstead of photons; but the major disadvantage of thermal interconversion is
the substantially longer switching times, which can be on the order of seconds, minutes, hours or

days for thermal isomerization, versus picoseconds for optical isomerization. It is important t©

it
(]
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also note that mechanical stress and even electrostatic stimulation can also cause
photoisomerization, The desired mode of isemerization is the one that induces the l2ast amount
of damage to the host molecule with prolonged use, while being capable of isomerization in a
tirae-frame that allows the metal cation separation process to proceed in a manner that iy

technologically and economically attractive.

Photoisomerization 1o the active binding state may occur prior to contacting the photo-
isomerizable host molecule with the lonic solution, while contact is occwiring, or after it has
occurred. For those host molecules that photoisomerize 10 an active binding state con-figaration,
methods according to the present invention therefore include steps in which the host molecule is
iHluminated with a wavelength of photons that photoisomerize it to the active binding state
contfiguration, in which at least one of the active binding state host moieties selectively binds or

bonds the one or more metal cations to be separated.

It i noted that the cis/trans-isomerization of certain photoswitch moieties can also be
accomplished by adjusting the pH. Further, cis/irans-isomerization of certain photoswiich
moieties can also be accomplished by redox chemistry, that is by adding an electron to, or
rernoving an electron from, the photoisomerizable host molecule, or the photoswitch moiety

itsedl

Methods according to the present invention may bind or bond cations of interest to the host
molecule and leave waste 1ons 1n the onic solution. Other methods according to the present
tnvention may bind or bond the undesived waste jons thereby enriching the tons of interest in the

tonic solution relative to any remaiging waste jons.

{ne embodiment of the present invention is directed o the separation of the rare earth cations by
utilizing photoswitching host molecules such as (18-crown-6}-azobenzene-(18-crown-6), where
Al and A" are {§-crown-6 and X is azobenzene, either dissolved in a polar or non-polar selvent
for hquid-liguid extraction, 1on flotation, or attached to a pelymer support for elutriation by
chromatographic or Hauid membrane techniques. Design of the appropriate photoisomerizable
host molecales having the desired cation selectivity 15 an important aspect of the present

mvention. Aside from the use of photoisomeric hosts, metal lon selectivity can be imparted by

selection of the specific macrocyclic hosts, secondary functionalities such as benzyl or benzo

16
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groups, the number, sites and geometry of the secondary functionalities on the macrocyclic host,

as well as the type, number and relative placement of the photoswitching moieties.

The same can be said tor more common chelating hosts such as those described above, While
more common chelating hosts are considered to lack the metal jon selectivity of macrocyelics,
the stereochemistry imparted by a photoswitch group can impart selectivity not seen with the
chelating agent as an independent molecule, Thus, another embodiment of the invention is to
utitize EDTA-azobenzene-EDTA, where Aland A% are EDTA and X' is azohenzene, aither
dissolved in a polar or non-polar solvent for iguid-Haguid extraction, ton flotation, or attached o

a polymer support for elutriation by chromatographic or Hguid membrane techniques.

In another embodiment of the present invention the macrocyelic hosts are cyclodextring, which
can be natural, synthetic or semi-synthetic, and are known to solubilize lanthanides via
specificity for lanthanides. To date, no photoswitching moieties, sach as an azobenzene group,

have been reparted 1o modulate the eyclodexstrin binding of lanthanide or rare carth cations,

In vet another embodiment of the invention, macromolecules such ay metal organic frameworks
{MOFs), synthesized from natural or synthetic intermediates, have been found to bind and
release rare earth cations via photoisomernization. Rare earnth-MOF complexes have been
described in the art, but very little information relating to 1on exchange is avatlable, and there are
no reports of azobenzene or another photoswitching moiety being incorporated into a MOF

structare.

In some embodiments of the invention, the method of separation can also be considered to be a
method of purification of the desived metal. In some embodiments, the inventive method of
separation provides an enrichment of the desived metal cation of about 20% to about 100%.
Preferably the enrichment of the desired metal cation is about 30% to about 99.999%. More
preferably the enrichment of the desired metal cation 15 about 75% to about $9.99%., Sull more
preferably the envichment of the desired metal cation is about 85% to about 89.9%. Most

preferably the enrichment of the desired metal cation is about 9% to about 99%.

17



WO 2013/185002 PCT/US2013/044662

In other embodiments, the inventive method of separation provides an envichment of the desired
metal cation of about 14% to about 100%, preferably about 20% to about 80%, more preferably
about 30% to about 80%, still more preferably about 40% 1o about 70%, and most preferably

about 30% 1o about 606,

A first embodiment of the invention s directed to a method of separating one or more metal

cations from an ionic solation, the method comprising the steps of:
{a} contacting the ionic solution with a photoisomerizable host molecule comprising
a photoisomerizable moiety and a host moiety, where the phetoisomerizable motety
has first and second states, and wherein the host molety has a greater affinity for a
metal cation when the photoisomerizable moiety is in the first state {active binding
state) than when the photoisomerizable motety is in the second state {release state},
30 that an ion-host molecule association 1s formed; and

(b} separating the ion-host molecule association from said ionic sohution.

A second embodiment of the mvention is directed to & method of separating one or more metal

cations from an fonic solution, the method comprising the steps oft

{1y  contacting the tonic solution with an activated photoisomerizable host
molecule 50 that an ion-host molecule association is formed, wherain the host

molecule has a strocture selected from the group consisting of Formulae (Ia) to (Id):

Aoy’ al (Ia)
AleXy, A7 (Ib)
AL (X ANy (Te)
(A XN e A (K ) A Yoed X e AT

where n and 17 are independently selected from an integer between | and 100,
inclusive, preferably between { and §, more preferably between 1 and 3,
inclusive: m and m” are independently selected from an integer between § and
10,500,800, nchusive; ,f‘-“s._!, s‘»\g, A’ and A% are independently selected from the
group consisting of host moieties that selectively bind or bond said one or mose
metal cations; and X', X%, and X° are independently groups that photoisemerize to

or from said active binding state configuration in the presence or absence of light,

18
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as appropriate to said photoisomerizable group, i which at least one of the active
binding state host moietiexs selectively binds or bonds the one or more metal

cations to be separated; and

{b} separating the ion-host molecule assoctation from the ionic solution:
wherem, when the photoivomerizable host molecule iv in ity active binding state
configuration, the host moieties selectively bind one or more metal cations selecied from the
group consisting of Group H metals, Group IH metals, rare earth metals, transition metals,
coinage metals and platimum group metals (Os, Ir, Ru, Rh, Pt Pd), metatloids (B, Si, As, Te
and AS), main group 13 metals, maim group 14 metals, main group 13 metals, main group 16

metals and actinides.

in one embodiment, the main group 13 metals are Al Ga, Inand T, In another embodiment, the

main group 14 metal is Pb. In yet another embodiment, the main group 15 metal 1s Bi. In

another embodiment, the main group 16 metal is Po.

For the purposes of the present invention, the term “lonic solution™ generally refers to an
agueous solution comprising various ionic species, but the solution can also be aqueous OR
organic, such as aqueous methanol or aqueous ethylene glycol, or organic, Suitable organic
solvents for the lonic solution include, without limitation, lower aleohols, such as methanol and
ethanol; glycols, such as ethylene glycol, propylene glycol, 1.3-propanediol and glveerol; glveol
derivatives, such as 2-methoxyethanol; polyethers, such as poly-ethylene glyeol and
polypropyiene glycol; and end-capped polyethers, such as methylated polyethylene glycols.
Suitable waste streams for which the invention 18 useful for separa-ting valuable cations, mclude,
withowt Himitation, those derived frowm mining, nuclear, catalyzed reactions or other industrial

operations.

it some embodiments, m and w0 above are integers independently selected from O to 1,000,000;
in some embodiments moand M are integers independently selected from 1 to 10,000 in some
embodiments m and m’ are integers independently selected from 10 1o 1000; in other
embodiments m and m’ are integers independently selected from 0 to 6; in other embodiments m

and m’ are integers independently selected from 0 to 3: in other embodiments m and m’ are
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tegers independently selected from 1 to 60 in other embodiments m and m’ are integers

independently selected from {10 3.

Another embodiment of the present invention further comprises the step of!

(€y  recovering the bound metal cation from the ion-host molecule association.

Yet another embodiment of the mvention further comprises the step of

{d} recovering the photoisomerizable host molecule.
in another embodiment of the fnvention, host moteties AlLAY . A% and A* are cation-bindin g host
moieties independently selected from the group consisting of macrocyclic malecules, chelating
agents, complexing agents and metal organic frameworks that selectively bind said cations to be
separated from the ionic selution. The macrocvelic molecuies can be independently selected
from the group consisting of crown ethers, eryptates, cryptands, and cyvclodextrins, The
chelating agents can be independently selected from, without limitation, carboxylates {e.g.,
acetate, stearate, acrvlates, polv-carboxylates, ete.), aminopolycarboxylates {e.g., EDTA, DOTA,
gte.), polyalkene amines {e.g., ethylene diamine, DETA, TETA, TEPA, PEHA, ete.},
acetoacetonates, diols (.o, catecholates, ethylene glycol), phosphonates (e.g., DMMP, NTMP,
HEDP, etc.), polvols, polyesters, and naturally occwrring chelating agents that can be isolated

from yeast, grass, legumes, or other natural sources {e.g., phytochelating (PC2-PCL ).
) . C g s . . . S R 1
In another embodiment of the inventicn, the photoisomerizable X groups X', X" and X7 are
mdependently selected from the group consisting of Formula (I
5 1 2 S bl 533 4
R R =B R RY (D
where B' and B” are independently selected from CR or N, where R is H, lower alkvl, Tower
haloalkyl, halogen, ower alkoxy or lower haloalkoxy;
R'and R are independently selected from aryl or heteroarvl: and

R* and R are independently selected from a bond, O, S{O)- where n7 = §-2, NR, (TH) .
where m™ = 1-12, or {(CHIR ™ ICHO), where R 15 H or lower alkyl.

I one embodiment, the photoisomertzable group X ¢ selected from -N=Ne, ~CH=CH-, ~

Nz=CH- and ~CH=N-, Preferably X is chosen so that R and R are phenvi, R*and R are each a

[
=



WO 2013/185002 PCT/US2013/044662

: 1 2 e NN v, 4 ,
bond. and B and B” are nitrogen (-N=N-; azobenzene group): or R’ and R are phenyl, R® and

R" are each a bond, and B' and B~ are CH (-CH=CH-; stilbene group).

In one embodiment of the invention the ionic solution further comprises alkali and/or alkaline
earth and/or won cations, and the host moieties have a greater binding affinity for at least one of
the other cations in the ionic solution.

In another embodiment of the invention the photoisomerizable host molecule is covalenily
bonded to a particle or substrate support. The particle or subsirate support can comprise a

metallic and/or a ceranc and/or a polymeric and/or an organic material,

One embodiment of the mvention is directed to a method wherein steps (a) and (b} are performed

within a column containing the particles or support.

In one embodiment of the invention the photoisomerizable host molecule 1s dissolved in,
suspended in or supported by a medium that s immiscible with the lonic solution. This medium
can be a hquid membrane in certain embodiments. In other embodiments this medium is a
chromatography statinnary phase. o some embodiments the stationary phase is an fon exchange

resin,

in some embodiments of the mvention, when the photoisomerizable host molecule is 11 118 active
binding state configuration, at least one host moiety selectively binds or bonds rare earth metal
cations, In one preferred embodiment of the invention the rare carth metal cation i scandium,
It other embodiments of the invention the rare carth metal cation is selected from the group
consisting of fanthanum, certum, praseodymium, neodymium, promethium, samarivm,
guropiam, gadolintum, terbium, dysproshwn, hobmium, erbiom, thelium, yvtterbiom, Tutetiom,

scandium and vitrium.

In other embodiments of the invention at least one host molety selectively binds or bonds ppm
concentrations of rare carth metal cations in the presence of about 19 to about 10% by weight of
other lonic species, preferably about 1% to about 5%. most preferably about 1% to about 2% of
other ionic species. In a preferred embodiment of the invention, when the photoisomerizable
host molecule 1s in its active binding state configuration, at Ieast one host moiety selectively

binds or bonds ppm concentrations of {ransition metal cations in the presence of about 1% to
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about 10% by weight of other 1onic species, preferably about 1% to about 5%, most preferably

about 1% to about 2% of other ionic species,

In another preferred embodiment of the mvention, when the photoisomerizable host molecule i
in its active binding state configuration, at least one host moiety selectively binds or bonds ppm
concentrations of actinide cations in the presence of about 1% to about 10% by weight of other

tonic species, preferably about 1% to about 3%, most preferably about 1% to about 2% of other

1O0IC ¥pecies.

I still another preferred embodiment of the invention, when the photoisomerizable host
molecule is in #y active binding state configuration, at least one host moiety selectively binds or
bonds ppm concentrations of coinage metal cations in the presence of about 1% to about 0% by
weight of other ionic species, preferably about 1% to about 5%, most preferably about 15 to
about 2% of other ionic species. In another preferred embodiment of the invention, when the
photoisomerizable host molecule 15 in ity active binding state configuration, at least one host
moiety selectively binds or bonds ppm concentrations of platinum group metal cations i the
presence of about 146 to about 10% by weight of other 1onic species, preferably about 1% to

about 3%, most preferably about 1% to about 29 of other tonic species.

in one embodiment of the invention at least two host moteties are selected from the group
consisting of [1.1.1jcryptand and {2.1. Teryptand. In another embodiment of the invention at
least two host moieties are selected from the group consisting of {3.3.2]cryptand and
[3.33]crvptand. In yet another embodiment of the invention at least two host moleties are
sefected from the group consisting of eyvelen and EDTAL In still another embaodiment of the
mwvention at least bwo host moteties are selected frorn the group consisting of 15-crown-3 and
[2.2 1leryptand. In another embodiment at least two host moieties are selected from the group
consisting of EDTA and DMMP. In yet another embodiment at least two host moieties are
selected from the group consisting of Pinan monothia-1d-crown-4 and Pinan monothia-19-

crown-5.

in one embodunent of the iInvention at least two host moieties are crown ethers, and the
photoswitch is azobenzene. In another embodiment of the invention at least two host moieties
ave cryplandy, and the photoswitch is azobenzene. In yet another embodiment of the invention at
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least two host moleties are cyclodextring, and the photoswitch is azobenzene. In still another
embodiment of the invention at least two host moieties are crown ethers, and the photoswiich is
stilbene. In another embodiment at least two host moieties are cryprands, and the photoswitch is
stilbene. In yet another embodiment at least two host moleties are eyclodexiring, and the

photoswitch is stitbene.

n a further embodiment of the invention at least one host moeiety is a crown ether, another host
moiely 1s a cryptand, and the photoswitch is azobenzene. In another embodiment of the
invention at least one host motety is a crown ether, another host motety 18 a cyclodextrin, and the
photoswitch is azobenzene. In vet another embodiment of the invention at least one host moiety
is a eryptand, another host moiety is a cvelodextrin, and the photoswiteh 1y azobenzene. o still
another embodiment of the vention at least one host moiety is a crown ether, another host
moiety is a cryptand, and the photoswitch is stilbene. In another embodiment at least one host
ety 1s @ crown ether, ancther host moiety s a cyclodexinn, and the photoswiteh is stitbene.
In yet another embodiment at feast one host moiety 18 a eryptand, another host moiety is a

cyclodextrin, and the photoswitch is stitbene,

. Q : » Sy . 2 § 4 K} i 4 " i .
In cerain embodiments of the invention, the A groups A*, A%, A" and A” independently comprise
a macrocyelic molecule, chelating agent, complexing agent or metal organic framework that

selectively binds or bonds the cations to be separated from the ionic solution.

Another aspect of the invention s divected to a method of recovering valuable metals from a

waste streamn, comprising the steps of:

{a}  contacting said waste stream with a photoisomerizable host molecule
comprising a photoisomerizable moiety and & host moiety, wherein the
photoisomerizable moiety has first and second states, and wherein the host moiety
has a greater affinity for said metal ions when the photoisomerizable moiety is 1
the first state (active binding state) than when the photoisomerizable moiety is in
the second state {release state}, to form an ion-host molecule association:

{b} separating the resulting ion-host molecule association trom the waste stream;
and

{c}  recovering the bound metal cation from the ion-host molecule association;
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wherein the valuable metals comprise one or more metals selected from the group consisting of
coinage metals, platinum group metals (Os, Ir, Ru, Rh, Pt, Pd), metalloids (B, Si, As, Te and As),
main group 13 metals, main group 14 metals, main group 15 metals, main group 16 metals and

actinides.

Yet another embodiment of the vention is divected to a method of recovering valoable metals

from a waste stream, comprising the steps of:

{a) contacting the waste stream with a photoisomerizable host meolecule of

Formula (Ia} to (Id) to form an ion-host molecule association;

{by  separating the resulting jon-host molecule association from the waste streamy

and
{¢}  vecovering the bound metal cation from the ion-host molecule association;

where the valuable metals comprise one or more metals selected from the group consisting of
group metals, metalloids, main group 13 metals, main group 14 metals, main group 13 metals,

main group 10 metals and actinides.

In certain embodiments of the recovery methods, the photoisomerizable host molecule has a

structare selected from the group consisting of Formulae (Ia) to {Id), shown above,

In a further embodiment of the invention the waste stream comprises the valuable metals in

concentrations of aboat 10 ppm to abowt 500 ppm.,

In yet another embodiment of the invention the waste stream comprises tron andfor atkah metals
and/or alkaling carth metals in about 19 to about 10% by weight, preferably about 1% to about

56, most preferably aboat 1% to about 2% by weight,

Another aspect of the invention is divected to the photoisomerizable host molecules themselves,
which compounds comprise a photoisomerizable moiety and a host meoiety, where the

photoisomerizable moiety has first and second states, and wherein the host motety has a greater
affinity for a metad cation when the photoisomerizable moiety is in the first state (active binding

state} than when the photoisomerizable mofety 18 in the second state (release state), where the
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metal cation is selected from the group consisting of Group I metals, Group HH metals, rare earth
metals, transition metals, coinage metals, platinum group metals, metalloids, main group 13
metals, main group 14 metals, main group 15 metals, main group 16 metals and actinides. In
some embodiments of the tnvention the photoisomerizable host molecule has a strocture selected

from the group consisting of Formulae (1a) to (Id}, as defined above,

Yet another aspect of the invention is direct to an apparatus comprising the photoisomerizable
host molecale, as disclosed sbove, attached to a support. The photoisomerizable host molecule
can be covalently bonded to said support, or attached via nen-covalent bonds. The support can
comprise a metallic andfor a ceramic and/or a polymeric and/or an organic material. Further the

support can be a chromatography stationary phase. such as an ion exchange resin,

EXAMPLES
The following examples are intended be lustrative of the preferred embodiments of the

mvention, and do not limit the scope of the invention i any way.

Example |. Photoisomerizable host molecule for photo-exiraction of a rare earth fon:

Synthesis of a bis{crown ether), benzo-15-crown-3

The bistcrown ether}, benzo-15-crown-3, is prepared from 4" -nitrobenzo- 1 5-crown-3 by zinc
powder reduction in the presence of KOH. Benzo-15-crown-5 is synthesized from 4'-nitrobenzo-
1S-crown-3 as follows: One gram of NaOH in 1 ml. of water and 5.1 g {0.33 mol) of 4°-
nitrobenzo-13-crown-3 in 30 mil. of benzene are heated at 70-80 "C. The solation is stirred
vigorously, and 16 g of KOH and ca. 4 g of zine powder were added. Atter § b, the hot solution
is filtered and the solid is washed with 30 mL of methanol. Airis introduced into the combined
solution for 4 h. The solution 18 then acidified asing concentrated hydrochloric acid, precipitated
KC being filtered off. The resultant filtvate is concentrated 1 vacuo, Benzo-15-crown-5 is
isolated from the residual solid by chrom-atography (silica gel. 3:1 chloroform-acetic acid). This
provides a compound of mp 187188 °C (yellow needles): yield 9.1% IR (KBr disk} g.,+ 1394,
VCOC 1120-1140em-'; mass spectrum: m/z 563(M™). Anal. (CaHaeNaDy) C, HL N

The bis{crown ether) compound is placed in a non-aquecus phase such as p-dichlorobenzene as

used in a liquid membrane, as depicted in Figure 2. The molecule is shown to capture Sm™ from

[
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an ageeons phase containing 300 ppm Sm™, 5 wit% Fe'* and 700 ppm A" in the “In Phase™ and
transfer it to the “Out Phase”, Photoisomerization is achieved with a 600 watt mercury UV famp
placed approximately 10 cm away from the reaction vessel for a 4 I period to capture the S
Transfer of the Sm™ is accomplished by irradiation with a Xe lamp for 4 hours. The transter and
purification is determined by chemical analysis of the “In Phase™ and “Out Phase™ using multi-
slement inductively coupled plasma speciroscopy. on chromatography s used to check ICP

results,

An analogons procedure using crvptands instead of crown ethers connected to the azobenzene

. . . R .t e
structure provides compounds selective for other rave earth jons, such as Sm™ or Sm™.
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CLAIMS

What 1s clatmed 1

1. A method of separating one or more metal cations from an ionic solution, the

method comprising the steps of!

{a) contacting said ionic solution with a photoisomerizable host molecule
comprizing a photoisomerirable moiety and a host moiety, wherein the
photoisomerizable moiety has first and second states, and wherein the host moiety
has a greater affinity for a metal cation when the photoisomenizable molety 1% in the
first state {active binding state} than when the photoisomerizable motety is in the

second state {release state}, so that an ion-host molecule association is formed: and

{h} separating said ton-host molecule association from said fonie solution.
2. The method of claim 1, further comprising the step of;

{c) recovering the bound metal cation from said 10n-host molecule association.
3. The method of claim 2, further comprising the step of:

{d} recovering the photoisomerizable host molecule.

4, The method of claim 1, wherein said photoisomerizable host molecule has a

structure selected from the group consisting of Formulae {Ia) to {Idj:

Alxia? (Ia)
Al A7 {Ib)
Al (X g A {lcy
(A X AT (Ko AN X A e (1

whereln 0 and 0 are independently selected from an integer between | and 160,
mnclusive; mand m’ are independently selected from an integer between U and 100,000,000,
inclosive: A, A%, A" and A are independently selected from the group consisting of host
moieties that selectively bind or bond said one or more metal cations to he separated: and X', X7,
and X are independently selected from the group consisting of groups that photoisomerize (o or

from an active binding state configuration in the presence or absence of light, as appropriate to

27
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said photoisomerizable group, 1n which at least one of said host moieties selectively binds or

bonds said one or more metal cations.

3 The method of claim 4, wherein, when sard photoisomerizable host molecule is in

an active binding state configuration, said host moieties selectively bind or bond one or move
metal cations selected from the group consisting of Groap I metals, Group H metals, rave earth
metals, ransition metals, coinage metals, platinam group metals, metalloids, main group 13

metals, mam group 14 metals, main groap 15 metals, main group 16 metals and actinides.

N ~ . . 2 3 E . N N P

6. The method of claim 4, wherein A', A% A” and At are cation-binding moieties
independently selected frony the group consisting of macrocyelic molecules, chelating agents,
complexing agents and metal organic frameworks that selectively bind said cations to be

separated from said solution.

b e P 2 R “ M "
7, The method of claim 6, wherein Ai., A A and At are macrocyetic molecules
mdependently selected from the group consisting of crown ethers, cryptates, crypiands, and

cyvelodextring.

: ~ - - A 2 3 . .
8. The method of claim 6, wherein A", A%, A” and A” are chelating agents
independently selected frony the group consisting of carboxylates, aminopolycarboxviates,
polyalkene amines, acetoacetonates, diols, phosphonates, polvols, polyesters, and naturally

cccurring chelating agents,

- . oy IS s . . N o o
9. The method of claim 4, wherein X', X” and X are independently selected from

the group consisting of Formala (1)
RLR-B=p RRY (D

wherein B’ and B” are independently selected from CR or N, where R is H, lower alkyl, lower
haloalkyl, halogen, fower alkoxy or lower haloatkoxy;

RY and R* are independently selected from aryl er heteroaryl: and

R* and R are independently selected from a bond, O, S{O}), where n” = 0-2, NR, {CH;)y,

where m” = {12, or {CH{R"ICH0%. where R7 15 H or lower alkyl.

16 The method of claim 9. wherein X is ~N=N—, -CH=CH-, -N=CH-or
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~CH=N-

11, The method of claim 1, wherein said tonic solution further comprises alkali and/or
atkalme earth andfor ron cations, and said host moieties have a greater bmdmg affinity for at

least one of the other cations in said solution,

12, The method of claim 1, wherein said photoisomerizable host molecule s

covalently bonded to particles or a substrate support.

13, The method of claim 12, wherein said particles or substrate support comprises a

metailic and/or a ceramic and/or a polymeric and/or an organic material.

14, The method of claim 12, wherein steps (a) and (b} are performed within a column

containing said particles or support.

15, The methed of claim 1, wherein said photoisomerizable host molecule is

dissolved in, suspended in or supported by a medium that is immiscible with said lonic sohution.

16, The method of claim 13, wherein said mediom 15 a hqund membrane.

ot
~.3

The method of claim 15, whevein said mediom 1s 3 chromatography stationary

phase.
18.  The method of claim 17, wherein said stationary phase ix an ion exchange resin.

19, The method of claim |, wherein when said photolsemerizable host molecule is in
said active binding state configuration, at least one host moiety selectively binds or bonds rare
earth metal cations.

20, The method of claim 19, wherein at least one host motety selectively binds of
bonds ppm concentrations of rare earth metal catiouns 1 the presence of about 1% to about 0%

by weight of other 1onic species.
21 The method of claim 20, wherein said rare earth metal cation is scandium,

22, The method of claim 1, wherein when said photoisomerizable host melecule is in

said active binding state configuration, at least one host molety selectively binds or bonds ppm

29
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concentrations of transition metal cations in the presence of abouot 1% to aboat 10% by weight of

other ionic species,

23, The method of clanm 1, wherein when said photoisomerizable host molecule 15 10
said active binding state configuration, at feast one host moiety selectively binds or bonds ppm
concentrations of actinide cations in the presence of about 1% to about 10% by weight of other

fonic species.

24. The method of claim 1. wherein when said photoisomerizable host molecule is in
said active binding state configuration, at least one host moiety selectively hinds or bonds ppm
concentrations of coinage metal cations in the presence of about 19 to about 10% by weight of

other 1onic species.

23, The method of claim 1, wherein when said photoisemerizable host molecule is in
said active binding state configuration, at least one host moiety selectively binds or bonds ppm
concentrations of platinum group metal cations 1 the presence of about 1% to about 109 by

weight of other ionic species.

26, The method of claim 9, whevein R’ and R are phenyl, R™ and R” are each a bond,

p T .
and B! and B~ are nitrogen.

27.  The method of claim 9, wherein R' and R* are phenyl, R* and R™ are each a bend.
and B! and BY are CH.

28, The method of claim 4, wherein at least two host moleties are selected from the
arongp consisting of {11, Heryptand and {2.1. 1 Jervptand.
group ting of [1.1 Heryptand and {211 Jeryptand

28 The method of claim 28, wherein at least two host moieties are selected from the

group consisting of {3.3.2}eryptand and {3.3.3]cryptand.

30, The method of claim 28, wherein at least two host moieties are selected from the

group consisting of cvelen and EDTA.

31 The method of claim 28, wherein at least two host moieties are selected from the

group consisting of 158-crown-$ and [2.1. Heryptand.

Ll
—
o]
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3. The method of claim 30, wherein at leagt two host modeties are selected from the

group consisting of EDTA and DMMP,

33, The method of claim 31, wherein at least two host modeties are Pinan monothia-

{d-crown-4 and Pinan monothia-19-crown-3.

34, The method of claim 19, wherein said rarve earth cation 1y selected from the group
consisting of lanthanum, certum, praseodymium, neodymium, promethium, samarivm,
epropiam, gadolintum, terbium, dysprosiwm, hobnium, erbiom, thelium, ytterbiom, lutetiom,

scandiwn and yvitrium,

. e “ Y . ki 1 5. ) .
35, I'ie method of claim 4, wherein A', A%, A" and A* independently comprise a
macrocychic molecule, chelating agent, complexing agent or metal organic framework that

selectively binds or bonds said cations to be separated from said solution.

36, A method of recovering valuable metal ions from a waste sfream, comprising the
steps of
{1} contacting said waste stream with a photoisomerizable host molecule
corprising a photoisomerizable moiety and a host moiety, wherein the
photoisomerizable moiety has first and second states, and wherein the host moiety
has a greater affinity for said metal lons when the photoisomerizable mojety iy in
the first state (active binding state) than when the photoisomerizable moiety is in

the second state (release state), to form an ion-host molecule association;
{b} separating said ion-host molecule assoctation from said waste stream; and

{¢) recovering the bound metal 1ons from said ion-host molecule association:
wherein said valuable metals comprise one or more metals selected from the group consisting of
Group I metals, Group HI metals, rare earth metals, transition metals, coinage metals, platinom
group metals, metatlotds, main group 13 metals, main group 14 metals, main group 15 metals,

man group 16 metals and actimides.

37 The method of claim 36, wherein said waste stream comprises said valuable

metals in concentrations of about 10 ppm to about 500 ppm.
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38 The method of claim 36, wherein said waste stream comprises iron and/or alkali

metals and/or alkaline earth metals in about 1% to about 10% by weight

39, The method of claim 36, wherein said photoisomerizable host molecule has a

structure selected from the group consisting of Formulae {Ia} to {Id):

AN LAY {1a)
Al X', A7 (1)
Al (X oy ATy

wherein n and n” are independently selected from an integer between 1 and 100,
inclusive; my and oy’ are independently selected from an integer between () and 100,000,000,
inctusive; A', A%, A and A” are independenty selected from the group consisting of host
moieties that selectively bind or bond said one or more metal cations to be separated; and X‘, \‘
and X* are independently selected from the group consisting of groups that photoisemerize to or
from an active binding state configaration in the presence or absence of Hght, as appropriate to
said photoisomerizable group, in which at least one of said host moieties selectively binds or
bonds said one or more metal cations,

43, A compound comprising a photoisomerizable host molecule, comprising a
photoisomerizable moiety and a host moiety, wherein the photoisomerizable moiety has first and
second states, and wherein the host motety has a greater affinity for a metal cation when the
photoisomerizable moiety 18 in the first state (active binding state) than when the
photoisomerizable moiety 15 in the second state {release state), wherein said metal cation is
selected froro the group consisting of Group H metals, Group HI metals, rave earth metals,
transition metals, coinage metals, platinam group metals, metalloids, main group 13 metals, main

group 4 metals, main group 15 metals, main group 16 metals and actinides.

41, The compound of clatm 44, where the compound has a structure selectad from the

group consisting of Formuldae (Ia) to (1dy

Alxi 3 {In
Al Xy, A® {1b}

L
£
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Al—((X'—), A"y (fe)
(AL e AT Oy AN (X A (1)

wherein n and 17 are independently selected from an integer between 1 and 100,
mclusive, mand m” are independently selected from an integer between 0 and
100,000,000, inclusive; AL A* A and A% are independently selected from the group
consisting of host moieties that selectively bind or bond one or more metal cations to be
separated; and X', X7, and X" are independently selected from the group consisting of
groups that photoisemerize to or from an active binding state configuration in the
presence or absence of light, as appropriate to said photoisomerizable group, in which at

least one of said host moieties selectively binds or bonds said one or more metal cations,

42, The compound of claim 41, wherein A', A®, A% and A” are cation-binding
moteties independently selected from the group consisting of macrocyclic molecales, chelating
ageuts, complexing agents and metal organic frameworks that selectively bind said cations to be

separated from said solution.

43, The compeund of clabm 41, wherein A', A%, A% and A® are macroeyelic molecales
independently selected from the group consisting of crown ethers, cryptates, cryptands, and

cyclodextrins,

44, The compound of claim 41, wherein A’ A%, A" and A" are chelating agents
independently selected from the group consisting of carboxylates, aminopolvearboxviates,
polvalkene amines, acetoacetonates, diols, phosphonates, polvols, polyesters, and natuvally

occurring chelating agents,

45, The compound of claim 41, wherein X', X% and X are independently selected
from the group consisting of Formuda (1)

.

RL.R*-Bl=g R-RY (D

whesein B' and B are independently selected from CR or N, where R is H, lower alkyl, lower
haloalkyl, halogen. lower alkoxy or lower haloatkoxy:

R' and R are independently selected [rom aryl or heteroaryl; and

(2]
Lad
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R and R are independently selected from a bond, O, S{Q),, where n7 = 4-2, NR, (CHjy,

where m” = 1-12, or {CH{RCH Oy, where R” s H or lower alkyl.

46, The compound of claim 45, wherein X 18 ~N=N-, ~CH=CH-, ~N=CH- or
~CH=N-

47.  The compound of claim 43, wherein R and R” are phenyt, R” and R are each o

v 2 .
bond, and B and B~ are nitrogen.

Y vy g el i 4 2 3 ] .
48, The compound of claim 43, wherein R and R are phenyl, R® and R7 are each a

bond, and 8 and B are CH.

44, Fhe compound of claim 41, wherein A', A°, A7 and A7 independentdy comprise a
macrocychic molecule, chelating agent, complexing agent or metal organic framework that

selectively binds or bonds said cations to be separated from said solution.
S An apparatus, comprising the compound of claim 40 attached to & support,

31, The apparatus of clamm 3, wherein said compound comprises a photo-
isomerizable host molecule has a structure selected from the group consisting of Formulae

() to {1d)

AleXl o A® {fa}
:’\i ______ {:AXI _______ )n {_,:'3 ﬂh}
Al—{(X ), AT, {Ic}
(A X e A e Xy AT X e A e (1)

wherein o and n” are independently selected from an integer between 1 and 100, inclusive; m and
m’ we independently selected from an integer between 0 and 100,000,000, inclusive; AL, A%, A
and A are independently selected from the group consisting of host moieties that selectively
bind or bond said one or more metal cations to be separated; and X', X7, and X are
ndependently selected frons the group consisting of groups that photoisomerize to or from an
active binding state configuration in the presence or absence of light, as appropriate to said
photoisomerizable group. in which at least one of said host moieties selectively binds or bonds

said one or more metal cations,
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} ey . . - o 2 3 4 . .. e
3. The apparatus of claim 31, wherein A', A7, A" and A7 are cation-binding moieties

independently selected from the group consisting of macrocyclic molecules, chelating agents,

complexing agents and metal organic frameworks that selectively bind said cations to be

separated from said solution.

53, The apparatus of claim 51, wherein A', A%, A% and A" are macrocyelic molecules
independently selected from the group consisting of crown ethers, cryptates, cryptands, and

cyclodextrins,

54, The apparatus of claim 51, wherein A', A%, A" and A” are chelating agents
independently selected from the group consisting of carboxylates, aminopolycarboxylates,
polyalkene amines, acetoacetonates, diols, phosphonates, polvols, polyesters, and naturally
occurring chelating agents,

35, The apparatus of claim 51, wherein X', X7 and X are independently selected

front the group consisting of Formula (1)
RLRE-B'=p*-RRY (IO

wherein B’ and B® are independently selected from CR or N, where R is H, lower alkyl, lower
haloalkyl, halogen, lower alkoxy or lower haloalkoxy:

R' and RY are independently selected from aryl or heteroaryl: and

R* and R are independently selected from a bond, O, S(0),. where 07" = 0-2, NR, {CHu o,

where m” = 1-12, or {CHIRCHO) e, where R” 15 H or lower alkyl.

36, The apparatus of claim 35, wherein X is -N=N-, ~-CH=CH-, -N=CH-~ or

~CH=N-

37, The apparatus of claim 50, wherein said photoisomerizable host molecule ix

covalently bonded to said support.

58, The apparatus of claim 50, wherein said support coraprises a metallic and/or a

ceramic andfor a polymeric andfor ag organic material.

L
(]
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39, The apparatus of claim 30, wherein said support is a chromatography stationary

phase,
60.  The apparatus of clanm 39, wherein said stationary phase ix an ion exchange resin,

61.  The apparatus of claim 55, wherein R and R” are phenyl, R” and R” ave each a

bond, and B! and B* are nitrogen.

62, The apparatus of claim 55, wherein R' and R” are phenyl, R* and R” are each a

bond, and B’ and B are CH.

63, The apparatus of claim 51, wherein Al A%, AMand A independently comprise a
macrocyelic molecule, chelating agent, complexing agent or metal organic framework that

selectively binds or bonds said cations to be separated from said solution.
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