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SELECTIVE METALS DETERMINATION WITH PHOTOREVERSIBLE REAGENTS

Field of the Invention

The present invention relates to a method for
differentiating particular metal ions in a complex mixture.

Background of the Invention

Contamination of our waterways ‘and estuaries with metal
ions has become a major environmental issue because of the
toxic effect these metals have on wildlife, including aquatic
plants and fish. Although these metals may be present in
small quantities, it is known that they accumulate in aquatic
plénts and fish, and may be toxic not only to the aquatic
plants and fish but also to other wildlife and humans for whom
the fish and aquatic plants are a food source. Of particular
concern are toxic metals such as lead and mercury, and
complexing ions such as copper, zinc and cadmium, which are
capable of precipitating protein during the oval stage of fish
development.

Both the federal government and individual states have
placed strict point source effluent release limifations on the
discharge of pollutants into oceans, lakes, and rivers qf the
United States. Other countries in the global community are
following suit. The Uniform National DischargeIStandards
(UNDS) will result in more stringent nationwide‘discharge
regulations for both metals and orgahic poilutants. Thus, it
will be necessary to monitor dischafge water for pollutants in
order to prevent discharge of pollutants in violation;éf
watefway regulations. This is of particular importanée for
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water-borne vessels, as bilge water must be monitored to
prevent discharge of metal pollutants. For example, in
addition to organic pollutants, bilge water analyses of U.S.
Navy ships have identified a number of metal pollutants,
including lead (0.02-2.90 mg/l), copper (0.32-6.4 mg/l) and
zinc (0.08-16.2 mg/1).

A number of fluorochromic and colorimetric dyes have been
‘applied to fiber optic probes to develop sensors for heavy
metal or transition metal ions that are of environmental
concern. However, these probes generally have suffered from a
lack of selectivity and reversibility. The sensors which do
exhibit reversibility usually achieve their reversibility
through relatively weak interactions between the ligand and
the metal, which results in lower sensitiﬁitiesl"Innovative
efforts to overcome these problems have typically relied upon
incorporating both the complexation or*recognition site, and a
light-or-potential induced rejection mechanism into a single -
sensing molecule. Examﬁles in the literature which have had~
varying levels of success include: a ferrocene linked crown
ether, a photochromic azobenzene-“butterfly”, a viologen
- cyclophane, chromenes, spirooxazines, and spiropyrans.

Additionally, current detection methods for metal ions
often require bulky or sensitive instrumentation, making
measurements in the field impractical. As a result,
environmental samples must currently be transnorted to an

analytical laboratory, resulting in significant time delays
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and a greater potential for contamination or sample
degradation during storage. It i1s known that storage can
alter the metal-ion concentration of a sample through
adsorption of the metal on the surface of the container, or by
the growth of.microorganisms that can alter the speciation of
metal ions in the sample.

Kuhn et al., in U.S. Patent No. 5,648,270, disclose
flourescent indicators for identifying metal cations. These
indicators are fluorophore conjugates of pyridyl-based metal
ion chelators. However, this method of detection and assay
requiresbmonitoriﬁg changes in the indicator’s fluorescent
properties, e.g., éuantum yield, lifetime, polérization, or
wavelength, upon binding the target ions by detééting the
resultant light emissions. This requires the use of visual
inspection, CCD cameras, video cameras, photographic'film, or
the use of current instrﬁmentation such as a laser scanning
device, fluorometers, photodiodes, quantum counters,
epifluorescence, microscopes, scanning miéroécopeé, flow
cytometers, fluorescence‘microliter plate readers, or by
ampllfylng the signal with a photomultlpller tube

Other metheds for testlng for metal ions in water are
illustrated in Miyashita, U.S. Patent No. 5,288,592; Sbnte,
U.S. Patent No. 5,912,180; and Byrne, U.S. Patent No.
4,692,117;

Summary of the Invention

It is an object of the present invention to overcome the
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aforesaid deficiencies in the prior art.

It is another object of the present invention to detect
metal ion pollutants at very smali concentrations.

It is another object of the present invention to provide
a method for detecting metal lons using a photoreversible
metal binding ligand in combination with partial least squares
discriminant analysis.

It is another object of the present invention to provide
a reversible method for detecting a plurality of metal ions.

According to the present invention, a photoreversible
metal binding ligand is used to identify metal ions in
sélution. In particular, spiropyrans modified to incorporate
a metal ilon complexation site such as, é—hydroxyquiﬁoline,
onto the backbone of the spiropyran;'été uséd-as.the
photoreversible metal ion sensing reagents;. The4
photoreversible ejection of complexed metal iohs is based upon
the geometric reconfigu:ation resulting from |
photoisomerization of thé photoreversible compound.

Spiropyrans are phoﬁochromic materials which caﬁ
photoisomerize between én “open” and a “closed” form based
upon their exposure to UV or visible light, as shown in Figure
1. When the spiropyran is modified to incorporate a metal ion
complexation site onto its backbone, as in
nitroquinolinospiropyranindoline, NQSP, it becomes possible
for the photoreversible ejection of complexed metal ipns based

upon the geometric reconfiguration resulting from the
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spiropyran-merocyanine photoisomerization, as shown in Figure
5 v

The spiropyrans can be substituted with any substituent
that complexes metal ions as long as the photoisomerization
properties are not inhibited. The important characteristic of
these compounds is their photoreversibilit? and their ability
to photoreversibly eject compleked metal ions from the
molecule. |

.The characteristics required for the spropyrians are that
they complex photoreversibly wifh metal ions and exhibit
spectral changes. Preferably, the spectral changes are in the
visible wavelengths.

In addition to bearing photo reversibility of meﬁal ion
complexation, the NQSP compounds also beﬁefit from speétral
shifts in absorbance that depend upon the type of’metéi ion.
Because of the complexity of the mixture ultimatély envisioned
for analysis by this type of probe molécule ih waste water
samples; and because of the differenfjieéﬁiéﬁbry rules
applicable to each respeétive metal ion, selectivé
determination of metal ion type and concentration is critical
to preventing false alarms. Despite the shifts.in})\.lmax seen
for complexation of different divalent metal ions by the NQSP
compounds, there remains significant overlap of the spectra
for multiple cbmponent samples, necessitating the use of
chemometrics for unraveling the selective contributiog to the

spectra from each complexed metal ion.
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Other researchers have successfully applied chemometric
techniques to metal ion determinations using single metal
chelating ligands,_including 8-hydroxyquinoline-5-sulfonic
acid (HQS), PAR, 1,5-bis-(d-2-
pyridylmethylene)thiocarbohohydrazide (DPTH),
tribromochlorophosphonazo, and 4-nitrophenylfluorone.

However, the present invention is the first applicatioﬁ of
chemometric methodologies to the selective determination of
metal ions; in a photoreversible complexation ligandr

The present invention is particuiarly well suited to
detection of divalent transition metal ions, divalent alkaline
earth metal ions and triply chargedvﬁetél ions:such as
Al (III). The spiropyrams do not react with singly charged
alkali metal ions.

Discriminant analysis models have been built using
partial least-squares discriminant XPLSD) analysis to
different among Zn?', Co?*, Hg?, Cu?', Cd*, and Ni%. PLSD is an
adaptation of the well-known partial leaét—squares regtession
(PLSR) calibration technique for application to.ciassification
problems. PLSD models are particularlj well suifed to
applications involving a large number of highly overlapping
broad analyte signatures such as those fbﬁhd in UV/visible,
fluorescence, and near-infrared spectroscopy.

Brief Description of the Drawings

Figure 1 shows the photoreversible equilibria and metal

complexation of nitroquinolinospiropyranindoline (NQSPj with a




divalent metal ion.

Figure 2 shows a photoreversibility of NQSP (right) and
 [Hg-NQSP]?* (left).

Figure 3 shows a visible spectra of
nitroquinolinospiropyranindoline (NQSP) andvits complexes with
Hg?*, Cd,,, Co%*, Cu?, Zn?, and Ni?' in dicapryl phthalate.

Figure 4 shéws the absorption spectra of 25 uM
nitroquinclinospiropyranindoline (NQSP) in dicapryl phthalate
containing zero-25 UM Zn?%*.

Detailed Description of the Invention

The substituted spiropyrans that can be used in the

present invention are preferably of the formula

wherein Q is a LeWwis base such as oxygen or sulfur;

R, is C,-C,, straight or branched chain alkyl:

R, is a strong electron acceptor such as NO,; NR;R,, wherein
R, and R, are each hydrogen or C,-Cs alkyl; Cs—Cs straight pr

branched chain alkyl or substituted alkyl which can have a
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chemical attachment group such as thiol carboxylic acid, or
SiCl; at the end to allow covalent attachment to a substrate
surface. |
Additionally, R; can optiﬁnally be substituted with an
attachment group such as carboxylic acid, thiol, or S5iCl; for
anchoring the molecule to a substrate.

Photochromic Behavior of NQOSP in Dicaprvl Phthalate

Typical photochromic behavior was observed for NQSP in.
dicapryl phthélate. Irradiation of compound 2 of Figure 1,
the “open” form, with visible light from a 150 W tungsten-
halogen lamp caused the solution to change from purple to
colorless in 28 seconds, which indicated photoisomerization
and the formation of compound 1 of Figure 1, the “clésed” form
(cf. Figure 2). Conversion from 1 to 2 began immediately
after visible irradiation from the flood lamp had ceased, with
the purple color»of 2 returning compléfeiy after 84 seconds.

Similar behavior was observed for the photoisomerization
of 3 to 1. The red color of 3, fcr_example{lchanged to nearly
célorless following visible light 'exposure from a flood‘lamp
for 15 seconds. This transition indicates photoisomerization
of 3 to 1, and is a strong indicator that the complexed Hg?
ions have been ejected into the solution (with approximately
93% ejection efficiency). After visible irradiation ceased,
the red color of the [Hg-NQSP]?* complex ;eturned after two
minutes due to recomplexation of the free Hg? ions in solution

by NQSP.
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Effect of Divalent Metal Tons

The absorbance spectrum of NQSP in dicapryl phthalate has
a Npax at 580 nm, as shown in Figure 3. The addition of
divalent metal ions to NQSP in dicapryl phthalate produces
solutions of various colors with overlapping absorption
spectra. For example, an orange color was observed for the
Zn?*-NQSP complex (A,.x = 524 nm), while a wine-red color was
observed for the Hg?'-NQSP complex (N, = 550 nm); Spectra for
each of the NQSP-divalent metal ion complexes in dicapryl
phthalate studied here are shown in Figufe 3. Spectral shifts
seen in this plasticiser were very similar to those obtained
in organic solvents such as THF and acetonitrile, and each of
the different metal dompiexés exhibited photoreversibility
following irradiation with visible light from a fiood lamp.
Additional spectral properties of NQSP and NQSP-metal ion
complexes are summarized in Table 1. As expeqted, increasing
the concentration of metal ions in solution resuits_in a
linear increase in the absorbance of the hypsochfomic shifted

peak, as shown in Figure 4.
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Table 1. Absorption Properties of NQSP and NQSP-Metal Complexes

Metal Molar Apax (nm) AAg,, (nm) 2
Absorptivity 10° .
(Mcm™)
None - 8 580 -
Cu?* 16 519 61
Zn?t 11 524 56
Hg?* ' 19 550 30
Nizt 9 533 : 47
Co?* 17 ' 518 62
cdzt 18 538 ' 42
® A, (NOSP with no metal) - X, (NOSP with metal)

Single Component Spectra

In PLSD, a y variable is simply an indicator (dummy)
variable composed of either +1 or -1 to indicate the presence
or absence of a particular analyte. The inputs to PLSD are
the spectra (n x m, where n is the nﬁmber of spectra and m is
the number of wavelengths) and the y values (n x 1). PLSD
analysis uncovers the underlying facto}s or lateﬂt,variable
(h) that explain the covariance between the spectré and y.
The product is a multivariate classification model of the
form,

Vi = biXs1 + ...+ bpX; g - (1)

Where y; indicates the presencé (+1) or absence (-1) of
the metal in spectrum I, the x; terms are the spectra, while
the b terms are the multivariate discriminant coefficients.
Because information about both the metal of interest and the
interfering species are encoded in the discriminant .

coefficients, the model accounts for interfering metal ioﬁs.
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This feature enables PLSD to produce classification models for
an analyte even the presence of extreme épectral overlap. A
key parameter in the development of a PLSD is the number of
latent variables or PLS factors. In this work, the number of
PLS factors was chosen to be the value that results iﬁ the
minimum classification error in the training subset.

Metal identification is performed'by compﬁting the scalar
inner product of the spectrum and the PLS diécriminant
coefficients for'that metal (equation 1). If the predicted hY
value 1s greater than zero, then that metal is considered to
be present. For the purposes of the present inveﬁtion, a
separate PLSD was computed for each of the six divalent metal
ions using just the spectra in the training subset. |
Prediction spectra were withheld'from training and only used
to validate the classification performance of the
discriminate.

Initial experiments focused on determining whether the
discriminant analysis could diétinguish améng‘the spectra of
the six different metals.tested. Table 2 gives a breakdown of
the 28 spectra in the single component data set. Seven
spectra were randomly selected as the holdout prediction
(validation) set. The prediction spectra were restricted to
include only those spectra that were not measured at'either
the highest or the lowest concentration for a particular
metal. The prediction subset was also constraiﬁéd to include

only one or two spectra from each metal. Using the random
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number generator from MATLAB, seven spectra (7/28, or 25%)
were randomly selected (A3, A8, Al2, AlB, Al7, A23, A26). The

remaining spectra were placed in the training subset.

Table 2. Single Component Metal Samples

Metal Samples Concentrations (107°M)
Cu® Al, A2, A3, A4, A5 - 5, 10, 15, 20, 25
Zn* A6, A7, A8, A9, AlO 5, 10, 15, 10, 25
Hg?* All, Al2, Al3, Al4, Al5 5, 10, 15, 20, 25
Ni% Al6, Al7, Al8, Al9 5, 10, 15, 20
Co? | A20, A21, A22, A23, A24 1.5, 2.5, 5, 7.5, 10
cag* A25, A26, A27, A28 : 5, 10, 20, 25

A PLS discriminant for each metal was trained using the
21 calibration spectra. lInvestigations were performed to
determine the optimal spectral fange and number of PLS
factors. For this data set, the spectral range was not
critical. 1In all cases, perfect train;ng (126/126 = 100%,
wheré 21 calibration samples x 6 metal ions = 126) and
prediction results (42/42 = 100%, where 7 production samples x

42) could be obtained using the entire spectrum

6 metal ions
(400-700nm) . These results indicate that despite the strong
spectral overlap, PLS discriminants can easily differentiate

among the six different metals studied.
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Table 3. Two-Component Mixture Selectivities

Cu?* Zn%* Hg?* Ni2* Co? ca*
Cu?* - 0.14 0.76 . 0.17 0.17 0.50
Zn?* - - 0.81 0.29 0.21 0.56
Hg?* = - - 0.74 0.84 0.36
NiZ* - - - - 0.26 0.46
Co?* - - - - - 0.60
cd2+ — — — - —_ -

Thus, additional metals can be added to the discriminant
pool without a problem, making it possible to analyze for a
plurality of metal with one reagent.

Two Component Spectra

Based upon the success of thé first phase and the large
selectively (SEL) values determined from net.analyte signal
(NAS), analysis (see Table 3) tests were conducted to
selectively identify metals present within a mixture. An
additional data set was collected usiﬁé the same:experimental
protocol used above. The metals chosen for mixture analysis
were selected to endure a fange of spectral overlaps (i.e.,
SEL). One easy mixture, Cu-Hg, and two challenging mixtures,
Zn—NiAand Zn-Co, were selected. This data set cénsisted of
spectra from a total of 19 binary mixtures éf metéls and is

summarized in Table 4.
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Table 4. Two Component Metal Samples

Sample # Metals Concentxations (10°°M)
Tl Zn% Ni%* 20 10
T2 Zn?* NiZ* 10 10
T3 Zn?* Ni%* 15 10
T4 cu? Hg?* 10 © 10
T5 Cu? Hg?* 15 10
T6 cu® Hg?* 20 10
T7 Zn3 NiZ* 15 10
T8 Zn?* NiZt 15 5
T9 Zn? NiZ+ 15 3

T10 Zn?* Ni?%* 7.5 5
T11 Zn?* NiZt 7 7
T12 Zn* NiZ 4 10
T13 Zn? Ni%* 4.5 3
T14 Zn? Co?* 5 4
T15 Zn%* Co?* 7.5 4
T16 Zn2 Cco?* 10 4
T17 zn?* NiZ* 3 3
- T18 Zn?* NiZ+" 1.5 3
T19 Zn? Ni%*t . 4.5 3

To make the test as challenging as possible, the 28

single-component spectra from phase 1

(Table 2) were used as

the training set (Al1-A28), while the 19 mixture speétra (T1-

T19) were used only for prediction. A single PLS discriminant

was trained for each metal. Stﬁdies were conducted to

determine the optimal spectral range and number of latent

variables for each discriminant. In all cases, the smallest

number of latent variables required to achieve perfecﬁ
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training classification performance was selected as optimal.
There were no missed detections or false alarms in the
training set.

Table 5 presents a summary of the training and prediction
results. The prediction classification performance for PLSD
was better than expected. In 16 of the 19 productioh samples,
both metals were correctly identified. 1In samples T6, T12,
and T17, only one of the two metals was correctly identified
(3 missed detections), and there were no félse detections.
Considering all possible decisions (i9.samples x 6 metal ions
= 114), a prediction classification performance of 111/114 =
. 97.5% can be reported. This is especially remarkable in light
of the fact that the training set consisted of single;

component spectra only.

Table 5. Pattern Recognition Results from the Two-Comi:)onent Mixtures Dataset

Metal Spectral Range Training Prediction
(nm)
Cu 400-558 28/28 . .19/19
Zn - 430-489 28/28 ’ '18/19
Hg 400-699 28/28 18/19
Ni 517-630 - 28/28 ' 18/19
Co 459-630 28/28 . - 19/19
cd 400-558 28/28 19/19

The‘advantages of the sensing methodology of the present.
invention relate to the combinationvof sensitivity,
selectivity, and reversibility. There are numerous dyes that
incorporate one or even two of these sensing charactéristics,

e.g., sensitivity and selectivity, however, none has combined
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all three characteristics into a single probe design for
monitoring metal ion pollutants. Without a reversible metal
ion sensing probe, the irreversible complexation of metal ions
by the sensing dye results in the formation of one-time use
sensors which are costly and inconvenient due to their limited
lifetimes. The selectivity obtained thrdugh using chemometric
modeling permits analysis of more complex metal ion containing
matrices known to contain more than one interfering ion.
Finally, the high molar absdrptivity of NQSP makes ppb sensing
of metal ions feasible using inexpensive, visible wavelength
transmitting fiber optics and associated instrumentation.

For remote observation; the indicator can be incorporated
as part of a fiber.optic probg. In this embodiment of the
invention, the indicator is covalenti§:é£55¢£éd to a fiber‘
optic probe material, typically glass or functionalized glass
(e.g., aminopropyl glass), or the indicator is attached to the
fiber optic probe via an intermediate.polymer such as
polyacrylamide. The indicator solution may alternatively be
incorporated hon—covalenfly within a fiber optic probe, or
sepérated from the sample by a semi-permeable membrane, as
long as there i1s a means fpr the target metal to céntact the
indicator solution. |

Alternatively, the photoreversible dye may be
incorporated in an optical waveguide.dévice or a transmission
spectrometer, or coupled to a substrate by covalent or cher

binding. This coupling is effécted by conventional methods
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which are well known to those skilled in the art.

The photoreversible dye may be supported in any of a
number of plasticizers, nonaqueous solvent, solgels, or other
containment media which are sufficiently nonpolar to support
the metal ion ejection event. Moreover, a membrane can be
used both to support the entrapment media and to permit the
diffusion of metal ions.

The foregoing description of the specific embodiﬁents
will so fully reveal the general nature of the invention.that
others can, by applying current knowledge, readily ﬁqdify
and/or adapt for various applications such specific
embodiments without undue experimentation and without
departing from the generic concept.A Therefore, such
adaptétions énd modifications should and-are infended to be
comprehended within the meaning and range of éqﬁivalents of
the disclosed embodiments. It is to bé understood that the
phraseology or terminology employed'héfeiniiS'for the purpose
of description and not of limitation. The means and materials
for carrying our various'disclosed functions make take a
variety of alternative forms without departing ffom the
invention. Thus, the expressions “means to...” and “means
for...f as may be found in the specification above and/or in
the claims below, followed by a functional statement, are
intended to define and cover whatever structural, physical,
chemical, or electrical element or structﬁres wh;ch may nOw Or

in the future exist for carrying out the recited fpnctﬁon,




18
whether or not precisely equivalent to the embodiment or
embodiments disclosed in the specification above; and it is
intended that such expressions be given their broadest

interpretation.
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ABSTRACT OF THE DISCLOSURE

Photoreversible compounds are used as metal ion sensing
reagents. Particularly, spiropyrans modified to incorporate
a metal ion complexation site such as, 8-hydroxyquinoline,
onto the backbone of the spiropyran, are used as the
photoreversible metal ion sensing reagents.APartial least-
squares discriminant analysis is used to differentiate among

the metal ions in a solution.
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