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Executive Summary

The objective of this research program isto conduct the fundamenta research necessary to
develop an array of chemically sdective sensors, based on highly selective molecular recognition
agents and highly sengitive fluorescence techniques, that can be coupled to fiber optics for
remote anaytica gpplications. These sensors will be of great vaue to DOE for the safe and
cost-effective in Situ characterization of high level waste tanks and other gpplications where
remote senang will prevent workers from being exposed to chemicas or radiation. We are
developing afluorophore-sdlective ligand combination needed for a Cs+ selective fluorescence
sensor. Calix[4]bis-crown-6-ethersin the 1,3-dternate conformation have been shown to possess
ahigh degree of sdlectivity for cesum over sodium and moderate selectivity for cesum over
potassum. Severd systemsinvolving the preparation of anew class of caixarene-based
ionophores having attached fluorescent probe molecules were demonstrated. Cyanoanthracene
attached to the benzyl group of a benzo crown was prepared as the first generation of acesium
selective optical sensor. The fluorescence of the 9-cyanoanthracene is quenched by the benzo
moiety of acrown ether owing to a Photoinduced Electron Transfer (PET) process. It has been
shown that binding of the oxygen eectron pairs of the benzo moiety upon metd ion
complexation partialy suppresses the PET process, dlowing the fluorescence of the
cyanoanthracene to increase. The synthesis of a 1,3-dternate di- deoxygenated cdix[4]arene-(9-
cyano- 10-anthrylmethyl)-benzocrown-6 as the second generation cesium sdlective fluorescent
probe has been accomplished. This probe shows a 54-fold fluorescence enhancement response
upon cesium complexation, which is the best result we have achieved to date. The observed
seectivity ratios (Na/Cs and K/Cs) are consistent with data reported for other 1,3-aternate
cdix[4]diakoxy-crown-6 derivatives.

Preliminary work was carried out to trand ate these solution results to organic filmswith
the god of trandating to chemicaly modified beads. Polymer incluson membranes (PIMs)
based on celulose triacetate and trihexylphosphate or polyvinylchloride and octanol were
prepared and investigated. Only modest enhancements in emission were noted, and the rigid
confirmation of the receptor-fluorophore combination within the PIM may be &t fauilt.

In anew concept for utilization of these sensor eements, the application to the
development of logic devices has been pursued. The high sdlectivity exhibited by calix[4]crown-
6 ethers towards the complexation of dkai meta ions has been exploited to synthesze a
supramolecular fluorescent recognition agent capable of detecting both potassium and cesum
ions in solution by PET. The newly synthesized probe aso behaves as an integrated logic gate
combining an OR and aNAND gate for Sgna transduction. Thisisthe first example of an



integrated molecular logic device with feed back to the input of one logic dement from the
output of another.



Research Objectives

The objective of this research program is to conduct the fundamenta research necessary
to develop an array of chemically-selective sensors, based on highly selective molecular
recognition agents and highly sensitive fluorescence techniques, that can be coupled to fiber
optics for remote andytica gpplications. The ability to detect and measure specific chemicals
and radionuclides directly ingde ahigh level waste tank using a remote sensing device could
result in considerable benefits with regard to both cost savings and safety issues. An array of
fiber optic sensorswill be of great vaue to DOE for the safe and cost-€effectivein Stu
characterization of high level waste tanks and other applications where remote sensing will
prevent workers from being exposed to chemicas or radiation. In this gpproach to the design of
sensors, agents for selective molecular recognition such as crown ethers are immobilized in an
organic polymer matrix that mimics the organic medium in an agueous- nonaqueous extraction
system. The matrix is attached to an optica fiber for remote detection of metal complexation by
photonics measurements.

Sdlection of the complexation agent and solvent are derived from our knowledge of metd
ion specificity in the anal ogous agueous- non-aqueous solvent-extraction chemistry. We
additiondly utilize our knowledge of synergidtic effects for enhancing both the selectivity and
the loading in the solvent extraction of dkai metals from tank waste by proper design of the
polymeric matrix and by incorporating appropriate co-extractants into the matrix. The objective
isto maximize the sdectivity for and the degree of binding (loading) of the desired metd ion by
the sensor's solid matrix while maintaining sability in the highly akaline environment of tank
waste. Thisnove gpproach to the design of photonics-based sensors should result in increased
chemica sdectivity, which a present is afundamentd limitation of many chemica sensor
devices. When fully implemented, this scheme will utilize an array of sensor Sites, each with
optimized sdectivity for one of the components in the andlyte.

Methods and Results

This project focused on the underlying fundamenta principles of sensor technology that
are specificaly gpplicable to the problems of designing an array of fiber optic-based sensors for
usein high-level waste tanks or monitoring waste streams in processing applications.
Inexpengive direct-reading, chemica sensors for these applications may have the required
sengtivity, but they often lack the required selectivity or the tolerance for the harsh mediatypica
of DOE applications (tank waste). Many of the problems with selective chemica sensors can be
eiminated by combining well desgned molecular recognition agents with a supporting matrix
that can withstand the harsh environment and that can enhance the selectivity for the desired
andyte. Itisimportant to recognize that, although desirable, it is not necessary for the molecular



recognition agents to be absolutely sdective. With an array of sensors, each with some cross-
reactivity, it is possible to train the sensor to recognize cross reactivity patterns and to extract the
concentrations of individua anaytes (meta ions) from the generated signal pattern. Neurd
network, principal components, or partid least squares analysis programs could be used to train
the sensor array.

A chemica sensor device or system is composed of four main components: a receptor for
the target molecule or class of molecules being sensed, amatrix with the dud task of
immobilizing the receptor and enhancing the receptors sdectivity, a method by which the
sensing event can be converted into an energy form which can be measured and quantified
(transduction), and a means by which the signd's can be analyzed or interpreted. The refinement
and integration of al of these componentswill be required for the development of aviable
sensor. Our approach to the design of sensorswill be to immobilize agents for sdlective
molecular recognition, chosen from solvent extraction processes, in amatrix that mimicsthe
organic medium in an agueous- honagueous extraction. 1n solvent extraction experiments usng
cesium selective ionophores, the properties of the diluent can have a tremendous effect on the
degree of loading of theionophore with cesum *. While there is considerable precedent for
incorporating metal-ion selective agents into solvent impregnated membranes 2, the selection of
the organic carrier solvent for the matrix, as well as the selection of co-extractants or other
synergistic agents, can influence both the degree of complexation of the metad ion by the
ionophore and the selectivity over other metd ions. In this manner, the matrix will enhance both
the separation and the achievement of chemical sdlectivity.

The transduction part of the sensor will be based on coupling the separation/molecular
recognition agents with a photonics-based detection scheme. Our approach isto utilize
complexation of the separated species by an agent or ligand containing a fluorophore, where
communication between the meta ion binding Ste and the fluorophore will signa the presence
of abound meta ion. Such compounds containing both a binding site in communication with a
fluorophore are referred to as fluorescent chemosensors, and have been the focus of much
research in recent years* Our work has focused on the fluorescence turn-on mechanism. A
fluorophore (such as 9-cyanoanthracene) is connected by a methylene linker arm to the benzene
ring of a benzo-crown ether which functions as the metd cation receptor Ste. The lowest Singlet
excited state of 9-cyanoanthracene (fluorescent state) is a good electron acceptor and can be
quenched by electron transfer from the 1,2-dialkoxybenzene group (good eectron donor) of the
crown ether in the absence of ametd ion. However when ameta cation is bound to the oxygen
atoms of the crown ether, the presence of the positively charged center changes the
thermodynamics of the quenching reaction (because the metd- coordinated 1,2-diakoxybenzene
is no longer such agood eectron donor) alowing the anthracene moiety to fluoresce (turn on).



The fluorescence turn on results from a decrease in the rate of photoinduced electron transfer
(PET) reaction ° which can not compete with the rate of fluorescence. PET, in which an dectron
istransferred from the oxygen donor atoms to the excited anthracene, is arapid reaction which
competes with and quenches normd fluorescence from anthracene in the aosence of ametd ion.
Thus by binding the oxygen lone pairs through complexation with cesium, the fluorescence of

the molecule is switched on.

The trandation of proven solution-based selective chemica separations to a receptor-
transducer platform has been a chdlenge in sensor technology. 1n our approach, we have tested
polymer incluson membranes (PIMs) in which athin matrix or membrane to contains the
elements of the system responsible for separation and selectivity. The next Sep isto trandate
these results to more practica micron-sized chemicaly modified beads. The properties of the
matrix containing the molecular recognition agent can influence the sdlectivity and the sengtivity
of the sensor. Our genera approach will rely on partitioning the andyte into the matrix
containing the molecular recognition agent as part of the means of achieving sdectivity. This
gpproach is common in solvent extraction, and partitioning the analyte of choice to a different
environment prior to bringing it in contact with the transducer element is expected to be
successul.

However, trandation of proven chemistry to aform suitable for sensor applications by
attaching the fluorophore- complexation agent combination to a solid support may ether diminish
or enhance the performance when compared to the behavior in solution. Diminished sensing
capability could be attributed to new congtraints being placed on the chemica system by the
rigidity of the support environment. For photoinduced eectron transfer (PET)-based
fluorophores, in which meta ion binding activates the fluorescence, surface attachment or
embedding of the assembly in a matrix can lead to reduced conformationa freedom and changes
in eectronic properties. These two new sources of potentia congtraints on the chemica sensing
system could change either the kinetics or the thermodynamics of the dectron transfer quenching
reaction.

A sensing device of the sort we envision with an organic matrix in an aqueous medium
can be conddered as a biphasic liquid syssem smilar to the classicdl liquid-liquid extraction
system. In both cases, a common interface separates the agueous and organic phases, and ionic
gpecies of interest are distributed between these phases. Digtribution of a solute between two
immiscible liquids upon their contact is an equilibrium process which depends on the
partitioning of the meta ion, accompanied by a counterion, between phases, metd ion-ligand
complex formation, and ion association in the organic phase. Comprehension of what type of
coordination environment of the solute in each phase provides the most energeticaly stable state
of metd ion isthe basisfor the prediction of its digtribution behavior. While the properties of



the agueous phase with respect to coordination of metd ion are rather invariant, organic solvent
and macrocyclic receptor can be chosen to satisfy separation needs. Extractability of the metal
ion greatly depends on the magnitude of the complex formation congtant in the organic phase.
The enhancement of the complexation stability constant is desired for most separations, and this
isthe target of the proper receptor design. The organic solvent influences the complex formation
congant through solvation of the metal ion and the ligand. It is commonly recognized thet the
gability of the complex increases when the cation is poorly solvated. Thisimplies that solvents
of low dielectric congtant, large molar volume, and low hydrogen bond acceptance index b favor
complex formation. Solvents with these properties are normally chosen for practica separations.
However, transfer of the ion from agueous to non-polar organic phase takes the mgority of the
energy released upon complexation, and overdl result is often low separation efficiency. Thus,
in many cases polar solvents are preferred. Since crown ethers possess electron donating
capahilities, they readily interact with different solvents. To this end, the solvent effects not only
the complexing properties of the ligand but aso the fluorescence properties of reporter groups. It
isimportant to note that, in many cases, sdlectivity of cation binding by a macrocyclic receptor is
dtered when homogeneous liquid system is replaced by biphasic separation system.
Nonethd ess, knowledge of the homogeneous association congants is necessary for the initia
prediction of the separation efficiency, sdectivity, and opticd activity. Thus, investigation of the
complexation behavior in the homogeneous medium is of primary importance in the design of an
effective sensor, and this has been the focus of the mgority of the work conducted in this project.
Fiber Optic Sensors. Individud opticd fibers can be converted into sensor eements by
ataching the probe molecule in an appropriate matrix to the distd tip of the fiber. When light at
an excitation wavelength is focused onto the proxima end of the fiber, the fluorescent label on
the distal end or on the core becomes excited. Isotropically emitted light from the fluorophore is
captured by the same fiber and sent back to the proximal end where a detection system separates
the excitation light signd from the emitted signd. However we would like to develop arrays of
sensor dements. Single strands of trangparent materials such as glass, pladtic, or fused slicacan
propagate light over long distances with minimd attenuation. Since light undergoes thousands
of reflections per meter asit is guided down the length of the fiber, the position a which an
individud ray exits the fiber will not correspond to the position at which it entered the fiber. &7
Images cannot be carried over conventiona optica fibers because the light sgna's become
mixed and spatia resolution is not preserved. Imaging opticd fibers have been created that
contain an array of thousands of densely packed individua optica fibers fused into a coherent
unitary bundle® These fibers are prepared by bundling larger opticd fibersinto a preform that is
melted and pulled by arotating drum to form the resulting fiber "thread”, which has an identica
structure and aspect ratio to the initid preform but is reduced in diameter. Typica imaging arrays



contain between 5000 and 50,000 individua fibers, each 3to 7 nmin diameter, creating atotd
array diameter of 300 to 1000 mm. Each fiber carriesits own light Sgnd; consequently, such
arrays can be used to build up images with a pixd- by-pixe image recongruction Smilar to that
of an insect's compound eye.

Recently, Wat and coworkers have used coherent imaging fibers to make fiber-optic
chemical sensors, in which sensors are made with spatialy- discrete sensing Stes for multiandyte
determinations. These multi dement
or array sensors have been applied to
anumber of topicsincluding such
diverse topics as vapor recognition in
an arttificia nose’ 112 and DNA
sequence andys 13.14.15,16,17

Theided chemicd sensor
measures the in situ concentration of
andyte continuoudy, reversbly,
inexpengvdy, and rgpidly. In most
dtuations where measurements are
taken, it isimportant to measure severd parameters Smultaneoudy. One of the benefits accrued
by usng an imaging fiber in the fabrication of amultianayte fiber-optic chemica sensor isthe
ability to selectively address the separate opticd pathways of the imaging fiber during the
indicator immobilization procedure. Walt and coworkers have devel oped randomly encoded
array sensors based on microwells etched on the tip of an imaging fiber optic.'® Thedista end of
afiber's core can be selectively etched rdative to the cladding when exposed to various chemica
etching agents such as hydrofluoric acid. Wells of different depths are created depending on the
strength of the etching agent and the exposure time*® The figure shows a scanning force
micrograph image of the etched surface of an optica imaging fiber. In thisimage, a section of an
aray containing wells about 2 mm deep is shown. At the bottom of the wells are the dista ends
of the fiber that compose the array. Thus, each well is opticaly wired so that it can be tested
individudly. Latex or slicabeads can be loaded into the wels either by dipping the etched fiber
into a bead- containing solution or by goplying asmadl diquot of bead solution directly to the
fiber tip. Upon drying, the beads are held firmly in the wells. (See AFM image)) An aomic
force microscope image of the surface is shown in the figure. Polymer bead microspheres with
the molecular recognition agent are prepared and then gpplied to an optic fiber that has been
etched. The beads position themsalves in the microwd s when the sizes are well matched.
Microspheres having different molecular recognition agents for probing each ion or physicd
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property are prepared. By changing the fluorescent groups as the chemidry is changed will
alow molecular recognition agents with different selectivities to be encoded separately.

Using a charge coupled device, the fluorescence from each of the different sensing
regionsimmobilized on the imaging fiber can be spatidly resolved. The creetion of spatialy
discrete sensing Sites on asingle optical sensor solves many of the problems associated with
designing multianalyte optical sensors such as spectra overlap of multiple indicators and the
need to use individud optical fibersfor each andyte

In this project, these optical imaging fibers will be employed as a generic architecture for
immohilizing the chemically sdective molecular recognition agentsin a matrix designed to
enhance the sdlectivity for ion binding. The strategy for obtaining selective measurements from
an optica sensor array will explore anew senang paradigm. Firg, fluorescert ion-sengtive
compounds, each of which preferentialy binds one of the condtituents of tank waste- Na', K™,
Cs", or Sr**- will beimmobilized in different regions of the array, identifiable by the
spectroscopic signature of the fluor. Because each compound possesses some cross reactivity for
the other ions, interferences would be a problem if the sensor relied exclusively on complexation
to one compound. By immobilizing a number of receptor compounds, we will ook
smultaneoudy at the fluorescence response pattern due to metal complexation. Using pattern
recognition agorithms (e.g. Principd Components Andysis, Partid Least Squares) we should be
able to deconvol ute the precise concentrations of each meta ion from the array’ s response
paitern. This gpproach is smilar to one used by us to detect organic vapor mixtures with an
array of cross-reective fluorescent polymers, 292

Imaging fiber arrays possess the same advantage for environmental monitoring and
sengng gpplications as conventiond sngle core fibers. The low attenuation alows the fibersto
be used remotely, often hundreds of meters from the instrument to which they are connected.
The amdl sze of the fibers minimizes the well diameter needed for down-hole measurements or
the penetration needed for in-tank monitoring. In addition, the optica basisfor the
measurements provides immunity toward eectromagnetic interference. Findly, multiple sensors
can be interfaced to the same ingrument providing multiplexing capabilitiesif severd sampling
zones or monitoring Stes are required, thereby leveraging the instrument capabilities.

Development of Fluorescent Turn-on Ligands. Cdix[4]bis-crown-6-ethersin the 1,3-
dternate conformatior’ have been shown to possess a high degree of sdlectivity for cesium over
sodium (Cs/Naselectivity 3 10 in sdlected diluents ), and moderate selectivity over potassium
(CK selectivity 3 107 in sdlected diluents™?® ). Ligands based on this and other crown ether
ligands were chosen for investigation in this program. Because these calix crown ligands have
such high sdlectivity for Cs™ over other akai metal ions, significant effort has been directed
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towards their use in the sensing, monitoring, and remediation of *3’Cs, a fission product present
in the wastes generated during the reprocessing of irradiated nuclear fuels®* The need for
sengtive cesum sensors has led to the study of modified caix[4]arene crown-6 ethers as
fluorescent cesum probes. 1,3-Cdix[4] big(9-cyano- 10-anthrylmethyl)- o-benzocrown-6 (see
gructure in the figure) has been synthesized as afirst generation cesum selective fluorescent
probe, and its emission behavior in the presence of Li*, Na“, K*, and Cs" ions has been
examined. This fluorophore was shown to be an effective fluorescence turn-on group, exhibiting
aten-fold increase in fluorescence when Cs™ binds to the oxygens of the benzo crown moeity.
This molecule was prepared by the synthetic route shown in the reaction scheme at the bottom of
this page. The fluorescence of this bis crown system as afunction of Cs™ concentration shows
two plateau regions, indicating both crown sites are being complexed. Thisis somewhat
surprisng in light of solvent extraction results with a highly lipophilic derivetive of 1,3
calix[4]arene bis(t-octylbenzylcrown-6) in 1,2-dichloroethane solvent 2°. In the later case the
lower didlectric constant of the medium necessitates a higher concentrations of Cs™ to promote
complexation of the second ion. Measurementsin a 1:1 CH;OH-CH,Cl, medium show that 1,3-
dternate caix[4]- bis-o-benzocrown-6 and 1,3-dternate diakoxy caix[4]-o-benzocrown-6 ethers
bearing a cyanoanthracene fluorophore exhibit 8-12 fold fluorescence enhancement in the
presence of cesumion.?® The KcdKk and KedK gy of 13-38 and of 1.3-2.5, respectively,
indicate that the observed selectivities are generally consstent with data reported for other 1,3-
dternate calix[4]-crown-6 derivatives using UV absorption and potentiometric measurements.?’
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High Fluorescence

We have synthesized four derivatives of adkyl pyrene covaently bonded to aza- 18-
crown-6 at the nitrogen position, Py(CHy),, , (n = 1-4), to study the effect of spacer length on the
emission properties of pyrene fluorophore upon complexation of akali metd ions by the crown
moiety, in the absence of akali meta ions, the parent molecule is weekly fluorescent because its
emisson is partialy quenched by photoinduced dectron transfer (PET) from nitrogen lone pairs
to the excited singlet Sate of pyrene. Complexation of akai metal ions (e.g. K*) by the crown
moiety prevents the nitrogen lone pair from participaing in PET and resultsin an enhancement
in the observed emission from pyrene (fluorescent turn on). Because the PET effect could be
exerted through bonds as well as space, its magnitude may show a dependence on chain length.
We have examined the fluorescence behavior of these pyrene aza-crown ether derivativesin the
presence of akai metd ions to determine the magnitude of such an effect and itsimpact on the
sengtivity of the fluorescent probe for detection purposes. Our results indicate that maximum
efficiency for PET between the pyrene moiety and aza-crown ether is achieved when nisless
than or equal to 3.

Recently, it was reported’” that 1,3-aternate dideoxygenated calix[4]-crown-6 ethers
exhibit enhanced selectivity for cesum over potassum and rubidium compared with their 1,3
dternate diakoxy-calix[4] crown-6 derivatives. In an effort to take advantage of this higher
cesium to potassum selectivity, we synthesized a new cesum selective probe. We have
synthesized 1,3-aternate di-deoxygenated calix[4]arene- (9-cyano- 10-anthrylmethyl)-
benzocrown-6 (2) and 1,3-dternate cdix[4]arene-(9-cyano- 10- anthrylmethyl) - benzocrown-6 (3)
as second generation cesum sdlective fluorescent probes. (See structures on the next page)
Probe (2) shows 54 fold fluorescence enhancement response upon cesum complexation while
(3) exhibits only 8-fold enhancement. The sdlectivity ratios for (2) to complex cesum over
potasium and rubidium (Kcd/Kk and Kcd/Krp) are about ten fold higher than those of (3) for the
sameions. The observed sdlectivity ratios are consstent with data reported for other 1,3-
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dternate cdix|[4]didkoxy-crown-6 derivatives. The sdlectivity ratios for thisligand to complex
cesum over potassum and rubidium (K cf/Kk and Kcd/K rp) are about ten fold higher than the
firs generation ligand. The observed sdectivity ratios are consistent with data reported for other
1,3-dternate calix[4]diakoxy-crown-6 derivatives. Our results suggest that these new calix-

OO 4009
CN o/\/o\/\,

CsCO3

crown 1 exhibits not only enhanced cesum sdlectivity (both Kcd/Kk and KcdK rp), but also show
a fluorescence turn-on response significantly higher than any previoudy reported cesum sensor.
The emission behavior of (2) (1x10® M) in CH,Cl,:MeOH(1:1) in the presence of five
different dkai meta cationsis shown in the figure on the next page. The fluorescence quantum
yidd of (2) is enhanced 54.3 times when fully complexed with cesium at ca 6x10° M of cesium.
Thisisthe most dramatic emission response upon cesum
complexation of any cesum optical sensors reported to date. In
comparison, the fluorescence of (3), 1,3-dternate dialkoxy-
cdix[4]arene- (9- cyano- 10-anthrylmethyl- benzo- crown- 6, with the
same fluorophore but based on a dightly different caix[4]arene
ow platform, showed only 8.2 fold enhancement when fully complexed
[o 0] with cesum.?* The dramatic fluorescence increase of 2 compared
to 3 could be attributed to changesin the binding cavity of 2. The
more senditive response of 2 to cesum complexation suggestsa
sronger interaction between cesum cation and the ether oxygens
of the benzo group in 2. Furthermore, the interaction of cesum ion

> < with phenyl groups which reside on opposing sides of the crown
/ ether cavity of 2 is expected to be wesker than that of cesium and
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phenalic ether ring in 3. Thisin turn can then result in a greater charge dispersion onto the
oxygen of the crowns and subsequently stronger interaction between cesum and the benzo
moiety. Although Rb* and K™ complexation cause the fluorescence of 2 to increase (42.6 and
35.2 fold, respectively), their maximum responses occur at higher concentrations (6x10°M and
2x10° M, respectively), suggesting that their association constants with 2 are much wesaker than
that of cesium. Na" and Li* show little effect on the fluorescence of 2, indicating awesk
complexation of 2 by theseions. The 1:1 complexation constant were calculated from
fluorescence intensity-metal ion concentration profile in the figure. The complexation congtant
of 2 with cesium (4.0x10° M%) is about one-third of the value obtained for 3 (1.2x10° M%),
However, reflecting the increased sdectivity of 3 for cesium, the complexation congtants of 2
with Rb* (3.02x10° M) and K* (1.15x10* M) are significantly lower than those of 2 (Rb*:
9.12x10° M and K*: 3.2x10° M), resulting in the selectivity ratios of KcdKrp = 13.3 and
KcdKk =348. These selectivities are ~10 fold higher than those calculated for 3 and other 1,3-
dternate diadkoxy-cdix[4]-crown-6 derivatives, consistent with those previoudly reported®’ and
emphasizing theimportance of 2 as a cesium sdlective sensor in low Cs™ concentrations.
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In order to evaluate the role of solvent on fluorescence response, we measured the
fluorescence enhancement of 2 with cesum in MeOH and observed only a 6.5 fold enhancement.
This could be due to the fact that PET quenching is more efficient in polar MeOH environment
than in CH,Cl,:MeOH (1:1) mixture. In addition, the complexation constants of 2 with cesum
and potassium are much smaller in MeOH than in the 1:1 CH,Clo:MeOH mixture (8.6x10° M ™
and 3.0x10° M respectively).

The high seectivity exhibited by cdix[4]crown-6 ethers towards the complexation of
dkdi meta ions has aso been exploited to synthesize a supramolecular fluorescent recognition
agent capable of detecting both potassium and cesium ionsin solution by PET.?® The new probe
serves as adua optical sensor to signal the presence of (a) potassium ions (as low as 10° M) in
the presence of cesium ion (at concentrations as high as5 x 10 M) under basic conditions and
(b) cesum ions (107 M) in acidic mediawithout any interference from potassium ion a
concentrations as high as 10° M. The newly synthesized probe aso behaves as an integrated
logic gate combining an OR and a NAND gate for Sgnd transduction. Thisisthe first example
of an integrated molecular logic device with feed back to the input of one logic dement from the
output of another. The new probe serves as adua optica sensor to Sgna the presence of (a)
potassium ions (as low as 10°® M) in the presence of cesium ion (at concentrations as high as 5 x
10™* M) under basic conditions and (b) cesium ions (10”7 M) without any interference from
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potassium ion at concentrations as high as 10° M in acidic media. Thisinteresting application of
our work was accepted for publication as a communication in the Journd of the American
Chemica Society. A full paper describing the details has been submitted for publication.

Translation of Solution Results to an Organic Matrix. Traditiondly, fluorescent
potential-sengtive sensors for akai ions that are based on neutra or ionizable ionophores
incorporated into aliquid membrane using a poly(vinylchloride) (PVC) polymeric support. The
origin of the widespread application of PV C can be understand from brief historical overview.
To function properly, aliquid membrane has to possess good stability, be able to solubilize and
hold the carrier, and have geometry optima for the fast trangport rates. Bulk and emulsion liquid
membranes suffer from the ingtability and difficulty in recovering the receiving phase.
Supported liquid membranes offered an important advantage over bulk liquid membranes since
they possess asmal volume compared to the large interface. Supported liquid membranes
usudly suffer from degradation of the organic layer by different mechanisms; leaching of the
carrier into the agueous solution and emulsion formation are the most sgnificant problems. A
possible approach to overcome these difficulties is to combine the trangport carrier with a
plagticized polymeric membrane. The first polymer inclusion membranes (PIMs) were based on
the poly(vinylchloride) (PVC) polymeric network.?® An attractive feature of the PIMs is that
they possess greetly enhanced chemica and mechanica stability in comparison with other liquid
membranes.*® PV C-based membranes have been successfully used in potentiometric sensors
such asion-selective eectrodes or for the field-effect tranastor, which do not require high fluxes
of eectroandyticaly active speciesto function.®! These membranes did not find wide spread
acceptance for cation separation because they exhibited low ionic permesbility.?°32 Itis
commonly recognized that when neutra ionophores are used as sensing agents, high distribution
of the ionic species into the membrane phase is highly desired in order to increase the optical
response in the low concentration region. A search for the polymeric materid that can promote
digtribution of theionsinto PIM is of greet importance. Later investigations demongtrated
highly efficient trangport of ionic species and excdllent long-term gtability by the cdlulose
triacetate (CTA) supported PIMs.3334 |n contrast with PVC membranes, such PIMs contain
more solvent (typicaly as much as 70-80%) due to the high affinity between NPOE and CTA.*
Gel-like CTA membranes absorb smal amounts of water (about 29%) that makes CTA not only
an inert polymer support but also a crucid membrane component that promotes even hydration
of the bulk membrane. In contast, water forms clustersin PVC membrane®® The evenly
hydrated CTA phaseis especidly important for the transport of ionic species.

Recently the feasihility of the transport of dkai metd ions, and cesum ion in particular,
through PIMs containing CTA as support, an organic solvent, and cdix|[4]arene-crown-6 ligands
as extractants®” was demonstrated. It was of interest to test the applicability of the CTA PIMs
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for the purpose of developing amethod of monitoring Cs™ quantitatively in a complex agueous
media using cdixcrown fluorescence agents incorporated into membrane. As previoudy noted,
two different ligands containing cyanoanthracene fluorophore were demonstrated to selectively
bind Cs" among other akai meta ions. * In anided situation, the intensity of the fluorescence
sgnd of PIM-based sensor with fluorophore-ligands such as these would be directly
proportional to the Cs" concentration in the agueous solution. To meet this requirement, two
problems have to be solved. Firgt, an efficient uptake of the Cs™ ions by membrane méateria
should be achieved. Secondly, the probe fluorescence should be effectively quenched in the free,
uncomplexed state and selectively enhanced by Cs™ complexation. For aPIM with agiven
polymeric materid (CTA in this study) and containing an extractant of a certain composition,
both factors are considered to be primarily afunction of amembrane solvent. The effect of the
membrane solvent that serves not only as a solvent but also as a plagticizer in a polymeric
membrane, on the facilitated transport of ionic species across PIMs has been studied*® The
requirements on the membrane solvent are demanding. To produce a stable membrane able to
efficiently incorporate ionic species, the solvent should possess the following festures:

be immiscible with water, non-volatile, inert to the polymeric support;

be capable of soluhilizing the carrier and the complexing agent and it mugt minimize the
partitioning of the carrier into the aqueous phase;

have asuitable dilectric constant and suitable chemica properties to achieve ahigh
vaue of the extraction constant;

have high interfacid tensgon to diminish wettability of the polymeric support;

solvate the backbone chain of the polymer.

In the survey experiments, the fluorescence response of the PIMs was measured using
aqueous phase of (1) deionized water and (2) 0.07 M CsClO 4 and then theratio of the sgnd
intengities was caculated and used for the purposes of a comparison of the performance of the
different PIMs. When using PV C-octanol based PIMs, no change in the fluorescence was
observed in changing from water only to the CSClO4 solution.  Attention was given to the CTA
system, and the effect of the membrane solvent on the change of the fluorescence response of the
PIMs when agueous phase of water was replaced by 0.07 M CsCIO 4 solution was studied with
ligands 2 and 3. It was not possible to obtain PIMswith Isopar® L without modifier, presumably
due to low viscosity of this solvent and itsinability to solvate CTA backbone. Both THP and
DDM solvents formed PIMs of excellent mechanicad stability. No change of the film was
observed upon its contact with agueous solution. Similar enhancement of the intensity of the
fluorescence signa of PIMs containing THP and DDM without modifier was found upon

17



exposure to the Cs™ containing agueous solution. This behavior can be atributed to the similar
donor-acceptor functiondity and polarity of both solvents, Comparison of the two ligands
incorporated into PIMs with THP and DDM indicated that in both cases ligand 2 demonstrated
superior performance. Fluorescence response of the PIM containing 2 was increased by about
2.3 times upon complexation of Cs" ions while only 1.3 times enhancement was observed with
ligand 3. This observation is congstent with the previous results obtained in homogeneous
solutior™® and can be explained by structural and conformational properties of the ligand. Cs' ion
is positioned indde the cavity of ligand 2 closer to the oxygen atoms adjacent to the benzo group
of the crown ether moiety. This causes more sgnificant withdraw of the eectron densgity from
the benzocrown moiety, the group responsible for quenching the cyanoanthracene group of 2.
The fact that PIM fluorescence response was enhanced upon exposure to the Cs™ containing
agueous phase is very promising because it verifies that (1) Cs™ ions are successfully extracted
into PIM phase and (2) both THP and DDM solvents are compatible with fluorophore probe.

The following modifiers were studied in combination with THP and Isopar® L solvents
1-decanol, 1H,H,5H- octafluoro- 1-pentanal, 1-(1,2,3,3-tetrafluoroethoxy) - 3-[ 4- (¢-amyl)phenoxy] -
2-propanol, nonylphenol, and 4- sec- butyl- 2- (dpha- methylbenzyl)phenol (BAMBP). PIMs
containing ligand 3 were used in these experiments. The amount of modifier incorporated into
membrane was 10 ww% of total solvent. Little or no enhancement of the fluorescence sgnd
was obsarved using PIMs containing Isopar® L solvent, irrespective of the modifier employed.
This result can be attributed to the low polarity of this kerosene-like solvent which isinsufficient
to provide for effective eectron transfer between fluorophore and benzo group of the ligand as
well asits ability solvate ionic species. When the THP membrane solvent was used, the modifier
BAMBP was found to enhance the PIM fluorescence response most efficiently. A signd
increase as large as 1.8 times was observed using PIMs containing ligand 3. In summarizing this
survey, we concluded that PIMs containing either THP or DDM solvent with BAMBP modifier
are the materids of choice for further experiments.

This preiminary investigation shows promise for the congtruction of a Cs sensor based
on the CTA PIMs containing caixcrown fluorophores. Excellent mechanica and chemica
gability of the CTA PIMsaswdl as biologica and environmentd integrity of the CTA materid
opens wide application range for such sensors. THP and DDM solvents in combination with
BAMBP modifier are shown to be suitable for the effective cesum uptake into PIM phase and
compatible with fluorophore probes. Sensitivity of the PIM toward Cs' ion can be increased by
means of addition of NaB into the PIM phase. However, it is desred to enlarge the linear
dynamic range of the quantitative PIM response to the Cs” ions for lower concentrations. For
this purpose, the following strategies are proposed: (1) modification of the composition of the
fluorophore probe to decrease its sengtivity to solvent environment; (2) test of the effect of the
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PIM polymeric support on the performance of the fluorophore; (3) search for the novel organic
modifiers as wel as lipophilic anions which can efficiently enhance cesum uptake and
fluorescence response in the PIM phase.

Relevance, Impact, and Technology Transfer

Dueto ther rdatively high abundance within the waste, and because of their approximate
30-year hdf lives, 1*"Cs and ®°Sr are the most important radioactive fission products of Hanford
Sitetank wagtes. Systems for disposing of retrieved Hanford Site tank wastes involve remova
of the bulk of the *"Cs and ®°Sr to obtain low level waste (LLW) that can be disposed of in
near-surface facilities. For economic reasons involved in designing, congtructing, and operating
acesum and grontium remova fadility, it is particularly important to establish an accurate
measure of the tota inventory of radioactive and stable isotopes of cesum and strontium in the
177 underground tanks at the Hanford Site.

Recent determinations of the inventories of **”Cs and *°Sr radionuclides have been
performed *°(Kupfur et d 1999; *'Kirkbride et a 1999;*? Hanlon 2000). For comparison
purposes, it is convenient to consider separately the amounts of these two radionuclidesin the
Hanford double shell tanks (DSTs) and single shell tanks (SSTs). The inventories of cesum and
grontium within double shdll (DST) and single shell tanks (SST) areincluded in Tables 1 below.

Theratio of tota cesium to **”Csisfairly constant for DST and SST wastes (C§**'Cs =
25and 2.9 for DST and SST wagtes respectively, Table 1). In addition, on atank by tank basis,
the totl cesium to 3’ Csrratio does not vary significantly from these values. The resson for the
constancy in the stable-cesium to ’Csrratio is due to the constant relative fission yidd of 1*3Cs
(stable cesium isotope) and 13’Cs (the primary radio-cesium product) and other cesium isotopes
from 2%°U. In addition, extensive mixing and blending of wastes between tanks by repested
wadte evaporation campaigns, resulted in the homogenization the soluble species within the
wadte (including the Csisotopes). The concentration of tota cesum is aso fairly constant
between the double shell and single shell tanks. The concentration of total Cs between double
shell and single shell waste differs by only afactor of two; 9.0 E-5M (double shell) compared to
4.6E-5M (sngle shdl) (Table 2). Sight variationsin the total cesum and the isotopic ratio will
occur due to 1*3Cs (stable cesium) being introduced into the tanks as an impurity isthe sodium
hydroxide used in tank waste neutralization. Additionally, the 3’Cs content is sowly decreasing
with time due to the decay of this radio-nudide (hdf-life =30y).

Two double shell tanks exhibit amuch lower C§**’Cs ratio than the average for dl tanks. The
double shell tanks, 241-AZ-101 and 241-AZ-102 have a Cs/*'Csrratio of 1.78 and 1.72
respectively compared to 2.5 for al double shell tanks. The reason for thisanomaly is that tanks
241-AZ-101 and 241-AZ-102
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Table 1. Cesum Inventories within Hanford Underground Tanks. From Best Basis Inventory
[40,41,42].

Cs, tota Ratio,
Tanks 1370 (stiaie Cs+ tota cesil.Jm/rajio-
Cs) cesum
MCi Kg Kg Cs/°'Cs
Double
Sl 32 367 907 25
(28 tanks)
Sngle Shdl
24 271 783 2.9
(149 tanks)
Totd
554 637 1690 2.7
(al tanks)

received newly processed PUREX waste within the last 15 years. Thiswaste was purposely not
mixed with older, lower-activity waste. The 13”Cs content in these tanks is significantly higher
than that in other tanks, explaining the low Cs**Cs ratio for these two waste tanks.

The Tanks Focus Area description of needs (SR01-2054-S5) specificdly mentionsthe
need for ared-time sensor of S in aflowing liquid stream, and sensors based on fiber optics or
other principles were mentioned. Interference from cesum, transuranics, and the bulk chemical
congtituents sodium, potassum, calcium, nitrate, nitrite, and hydroxide must be tolerated.
Although it was not mentioned, duminum in the chemica form of the tetrahydroxyduminate
anion must be tolerated aswell. The array of sensors, alowing the interference to be specificaly
measured and accounted for, is the basis of our method. Optical sensors can be immediately
adapted to highly adkaline solutions, but the desired sengtivity has not yet been achieved. Needs
satement SRO1-2054- S indicates that Sr-90 must be removed to alevel of 4to 10 nCi/mL. The
specific activity of S-90is143.5 Ci/g and Sr-90 makes up about 1% of the total S in atypicd
waste tank. Therefore, the desired detection limitsfor Sr(I1) as achemica speciesisin therange
3t08" 10°® M/L. Basad on our resultsin solution, thislevel should be readily achieved by an
optical detection method for Cs”. Thereis every reason to believe that detection at thisleve for
Sr®* could be achieved as well.

In summary, the concentrations of total Cs" in HLW is of the order of magnitude 10* M
and the concentration of total S* is of the order of magnitude 103 M. Inthecall for proposds,
the ability to detect Sr** at 4-10 nCi/mL is specifically mentioned. Converting from specific
activity to concentration and multiplying by 100 to correct to tota Sr, the lower limit for
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detectionis3” 10 M. This should be reedily detectable with the sensor elements under
congderation.

Project Productivity

This project was productive as judged by the number of publications. We accomplished
the objective of designing fluorescent turrn-on ligands that are highly sdective for cesum over
the other akdi metal ions. However we were not able to redize a highly sengitive cesum
selective sensor dement in a solid matrix that could be attached to a fiber optic.
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Crown-6 Ethers,” Submitted for publication to Chemistry: A European Journal.

H-F.J, R. Dabestani, G. M. Brown and R. L. Hettich, “ Synthesis and sensing behavior of
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H-F J, R.T. Dabestani, and G.M. Brown, “ Supramolecular Fluorescent Probe Activated by
Protons to Detect Cesum and Potassum lons Mimics the Function of aLogic Gate’ J. Am.
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Interactions

Thework semming from this program was recognized for an award at Oak Ridge Nationa
Laboratory:

2000 UT Battelle ORNL Research Accomplishment Award for Significant Accomplishmentsin
Previous Y ear for designing cesium-sdlective sensors based on novel supramolecular recognition
agents.

Brown and Dabestani attended (and presented a poster) the first Environmental Management
Science Program National Workshop in Chicago, July 1998, and presented both a poster and a
platform presentation at the the second conference at Atlantain 2000:

Reza Dabestani, Hai-Feng Ji, Peter V. Bonnesen, Tatiana G. Levitskaiaand Gilbert M. Brown,
and David W. Wt “Opticd Senang of Cesum Using Highly Sdlective Cdix[4]arene-Crown-6
Derivatives,” Second Environmental Management Science Program National Workshop,
Atlanta, GA, April 25-27, 2000

The Pl wasinvited to make a presentation at Mercer University.

Gilbert M. Brown, Hai-Feng J, Reza Dabestani, Tatiana G. Levitskaia, Peter V. Bonnesen,
Phillip F. Britt, Eric Finot and Thomas G. Thundat “Development of Cesum and Other Alkdi
Metal lon Selective Sensors,” Mercer University, Macon, GA, April 11, 2000.

Additiona presentations resulted from thiswork were given at severd Nationa and Southeast
Regiond ACS Mestings.

Discussons of our results were hdd with Phil McGinnis of the Tanks Focus Area.
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Patents
No invention disclosures or patents resulted from this work.

Future Work: Incorporation of Fluorescent Ligands into Matrices and Attachment to
Fiber Optics. The success of this gpproach depends on the intringc binding affinity of the
complexing agents for the ions of interest and the nature of the polymer microenvironment in
which the complexing agent isimmobilized. PIM based experimentsshould be continued to help
define the requirements for good partitioning of the metd ions to the matrix and the didectric
constant requirements for good PET quenching/unquenching. Work should be done on ways that
the caix-crowns can be immobilized on the surface of polymer beads. One method thet this
might be accomplished isin hydrophobic polymers by smple entrapment. Polymers such as
polysiloxanes and polymethylmethacrylates can be polymerized on the bead surfaces. The calix-
crowns will be dissolved in the organic prepolymer solution prior to polymerization., and
polymerization will occur, entrgpping the caix-crowns within the polymer matrix. The caix-
crowns have no water solubility and will therefore remain within the polymer matrix. In order to
facilitate meta ions to partition favorably into the polymer, it may be necessary to add modifiers.
The sensor elements should a so be tested with redl tank waste or process waste samples from
ether the DOE’ s Hanford Ste or the Savannah River Site.
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