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Field
The present disclosure relates to moisture indicators that include bis(glyoxime)-transition

metal complexes.

Background

Moisture indicators are used, for example, to determine the amount of moisture or
humidity in the vicinity of the indicator. One type of moisture indicator changes color upon
exposure to moisture or humidity. In some embodiments, colorimetric moisture indicators change
color reversibly when exposed to moisture or humidity and will revert to their original color upon
removal from this exposure. In other embodiments, colorimetric moisture indicators change color
irreversibly so that after initial exposure to moisture or humidity the indicator remains colored and
does not reversibly change back to its original color state.

Cobalt chloride has been widely used as a moisture-indicating medium. For example, the
use of cobalt chloride for determining the moisture content of paper has been disclosed. Silica
gel-supports that include iron (II) or iron (III) salts or with copper chloride have also been used as
moisture indicators. Also lanthanide-halide based humidity indicators have been disclosed
wherein an adsorbent support such as silica gel is impregnated with, for example, europium halide
salts. However, cobalt and lanthanides are expensive and cobalt has some environmental concerns.
Supports with iron salts or copper chloride do not show strong absorptions in the visible

electromagnetic spectrum and are hard to detect.

Summary

There is a need for colorimetric moisture indicators that are not based on cobalt and that
are economical. There is also a need for colorimetric moisture indicators that have a highly
visible color across a wide range of humidity levels and that can change qualitatively and/or
quantitatively with a change in humidity.

In one aspect a composition is provided that includes a solid metal oxide support and
a bis(glyoxime)-transition metal complex bound to the support. The solid metal oxide support can
include an oxide of aluminum, silicon, or a combination thereof. The bis(glyoxime)-transition

metal complex can have a square planar configuration and, in some embodiments, the transition
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metal can include nickel, copper, rhodium, iridium, platinum, palladium, gold, or a combination
thereof.

In another aspect, a colorimetric moisture-indicating sensor is provided that includes a
solid metal oxide support and a bis(glyoxime)-transition metal complex bound to the support. The
visible spectroscopic reflection spectrum of the moisture-indicating sensor changes quantitatively
and reversibly according to the amount of moisture in contact with the sensor. The solid metal
oxide support can be selected from aluminum oxide and silicon oxide. In some embodiments, the
transition metal is nickel. In these embodiments, the moisture-indicating sensor is reversible and
changes color depending upon the amount of moisture in the environment contacting it. In some
embodiments, the amount of moisture in contact with the sensor can be determined by measuring
the visible spectroscopic reflection spectrum of the sensor. In some embodiments, the intensity
change in the visible spectroscopic reflection spectrum can be measured at wavelengths that range
from 460 nm to 560 nm. In other embodiments, the visible reflection spectroscopic color intensity
change can be expressed by the change in the Hue number obtained from the spectrum.

Finally, in another aspect, a method of detecting moisture is provided that includes
providing a composition of a solid metal oxide support and a bis(glyoxime)-transition metal
complex bound to the support and then exposing the composition to a moist atmosphere. In some
embodiments, the transition metal is nickel. In these embodiments, the visible spectroscopic
reflection color intensity change is reversible and dependent upon the amount of moisture in the
environment contacting it. In some embodiments, the amount of moisture in contact with the
composition can be determined by measuring the visible spectroscopic reflection of the
composition. The visible spectroscopic reflection spectrum of the composition can be measured,
for example, in the wavelength range of 460 nm to 560 nm. The visible spectroscopic reflection
color intensity change of the composition can be quantitative and reversible. The amount of
moisture in contact with the composition can also be expressed in Hue number.

In this disclosure:

"bis(glyoxime)-transition metal complex" refers to a complex that has two glyoxime
moieties complexed to a transition metal; the glyoxime moieties may have alkyl or other groups
substituted for hydrogen at the ortho positions, for example, dialkylglyoximes where alkyl can be
methyl, ethyl, or phenyl;

"glyoxime" refers to vicinal dioximes of substituted or unsubstituted orthoketones;

"Hue number" refers to the degree to which a stimulus can be described as similar to or
different from stimuli that are described as red, green, and blue and can be calculated using known

mathematical techniques described further herein;
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"humidity" and "moisture" are used interchangeably;

"visible spectroscopic reflection color intensity change" refers to the difference observed
between two color states and can be expressed in difference in Hue number; and

"visible spectroscopic reflection " refers to measurements of reflections that are typically
in the near UV-visible region of the electromagnetic spectrum—{from about 350 nm to about 830
nm; it is understood that the actual reflection spectrum of a particular composition may be
influenced by solvent, solvation, interference of thin surface coatings, and other environmental
parameters such as temperature.

The provided compositions, sensor, and methods provide an alternative to the use of
cobalt-based moisture-indicating sensors. Additionally, the provided sensors and methods can
provide reversible and quantitative indications of the amount of moisture in the environment to
which the sensor is exposed.

The above summary is not intended to describe each disclosed embodiment of every
implementation of the present invention. The brief description of the drawings and the detailed

description which follows more particularly exemplify illustrative embodiments.

Brief Description of the Drawings

Fig. 1 is a graph of the reflection intensity of the reflection spectrum of an embodiment of
the provided moisture indicator at 0% and 60% relative humidity.

Fig. 2 is a graph of the relative intensity at 0% and 60% relative humidity of the reflection
spectrum of Fig. 1.

Figs. 3a-c are graphs of the relative intensity of the reflection spectrum at 520.46 nm, the
hue number, and the corresponding relative humidity at 21.7°C, respectively as a function of time
for the embodiment shown in Figs 1-2 as the relative humidity is alternated from 0% to 60%.

Figs. 4a and 4b are graphs of the Hue number and relative humidity as a function of time

of the same embodiment of the provided moisture indicator.

Detailed Description
In the following description, reference is made to the accompanying set of drawings that
form a part of the description hereof and in which are shown by way of illustration several
specific embodiments. It is to be understood that other embodiments are contemplated and may
be made without departing from the scope or spirit of the present invention. The following

detailed description, therefore, is not to be taken in a limiting sense.
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Unless otherwise indicated, all numbers expressing feature sizes, amounts, and physical
properties used in the specification and claims are to be understood as being modified in all
instances by the term "about." Accordingly, unless indicated to the contrary, the numerical
parameters set forth in the foregoing specification and attached claims are approximations that can
vary depending upon the desired properties sought to be obtained by those skilled in the art
utilizing the teachings disclosed herein. The use of numerical ranges by endpoints includes all
numbers within that range (e.g. 1 to 5 includes 1, 1.5, 2, 2.75, 3, 3.80, 4, and 5) and any range
within that range.

Current commercially available humidity indicator cards (HICs) rely on inorganic salts
such as cobalt (II) chloride to provide visual indication by color intensity change upon exposure to
various levels of relative humidity (RH). There are a variety of commercially available HICs that
contain an array of humidity sensors (typically appearing as spots) calibrated for various RH
levels, but generally each humidity sensor spot makes use of the same chemistry. Spots that are
designed to indicate low RH typically make use of just a small amount of the indication chemistry,
and as a result, the color tends to be very pale. Another problem with the use of inorganic salts for
humidity indication is that the color intensity change (for example, blue to pink for cobalt (II)
chloride) can be difficult to ascertain, and hence determine the humidity exposure level.

Cobalt (II) chloride is typically used in commercial HICs. Recently, cobalt (II) chloride
has come under regulatory scrutiny. Compositions that include a solid metal oxide support and a
bis(glyoxime)-transition metal complex bound to the support can be used for colorimetric
moisture or humidity determination. Depending upon composition, humidity sensors can be
constructed which can quantitatively and reversibly determine the humidity level of the
atmosphere to which the sensor is exposed. In other embodiments, the provided compositions can
be used to irreversibly determine humidity.

Compositions are provided that include a solid metal oxide support. The provided solid
metal oxide support can be relatively colorless and capable of adsorbing or bonding to
chromophoric species. In some embodiments, the provided solid metal oxide supports include
oxides of silicon, aluminum, or combinations thereof. Inorganic polymers (geopolymers) formed
by reaction of a reactive solid aluminosilicate source such as a dehydroxylated clay with alkali
silicate solution containing acid-base indicators as possible color-changing humidity indicators
have been disclosed, for example, in MacKenzie et al., Materials Letters, 63, 230-232 (2009). In
other embodiments, the provided solid metal oxide supports can include alumina or silica gels,
beads, or solid supports. Additional exemplary support types include polymers such as ion-

exchange resins, carbonate, sulfate, phosphate, and hydroxide supports. Additional metal oxide
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materials that can be used in the provided compositions, sensors and methods include titania and
zZirconia.

The provided compositions include a bis(glyoxime)-transition metal complex bound to the
support. By bound it is meant that there is an attractive interaction between the bis(glyoxime)-
transition metal complex and the solid metal oxide support. The attractive interaction can include
covalent bonds, ionic bonds, dative bonds, metallic bonds, hydrogen bonds, van der Waals forces,
electrostatic forces, chemisorption, physisorption, or any other interaction that attracts the
bis(glyoxime)-transition metal complex to the solid metal oxide support. Typically when a
bis(glyoxime)-transition metal complex is bound to a solid metal oxide support, it is not removed
by successive or continuous rinsing with a solvent of the complex.

The bis(glyoxime)-transition metal complex includes two glyoxime moieties that form a
complex with transition metals. Common glyoxime moieties include dialkylglyoximes such as,
for example, dimethylglyoxime and diethylglyoxime. Common glyoximes that may also be useful
in the provided compositions include diphenylglyoxime and bis(thiophenyl)glyoxime.
Additionally, morpholine and piperidine have been reacted with anti-chloroglyoxime to give
morpholineglyoxime and piperidineglyoxime. Since the transition metal ion complexes with the
heteroatoms of the glyoxime species (nitrogen and oxygen, for example) it is contemplated that
other substituents on the glyoxime molecule may be useful compositions if they do not interfere
with the ability of the two glyoxime moieties to complex with a transition metal ion. When
complexed, the bis(glyoxime)-transition metal complex typically has a square planar
configuration. The bis(glyoxime)-transition metal complex can include ions of rhodium, iridium,
platinum, palladium, gold, nickel or copper which are well known by those of ordinary skill in the
art to form square planar coordination complexes with glyoxime moieties like dimethylglyoxime.
A structure of an exemplary nickel bis(dimethylglyoxime) complex, bis-(dimethylglyoximato)

nickel (II), is shown in Structure (I) below:
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Using some of the above-identified compositions, colorimetric moisture-indicating sensors can be
constructed. For example, when the solid metal oxide support is aluminum oxide, silicon oxide,
or a combination thereof, and when the bis(glyoxime)-transition metal complex includes nickel
and two dimethylglyoxime moieties (the complex shown in Structure (I)) a reversible colorimetric
moisture-indicating sensor can be formed.

The color of the embodied moisture-indicating sensor can change quantitatively and
reversibly according to the amount of moisture (or humidity) in contact with the sensor. For
example, a provided composition that includes bis(glyoxime)-transition metal complex (bis-
(dimethylglyoximato)-nickel (II)) has a strong absorption at wavelengths from about 460 nm to
about 570 nm with a peak at a wavelength of around 520 nm. The visible absorbance peaks or
reflection valleys of many other bis(glyoxime)-transition metal complexes having a square planar
configuration are well known.

The amount of moisture to which the colorimetric moisture-sensor is exposed can be
measured spectroscopically, for example, by reflection. Since the provided colorimetric moisture-
indicating sensor is a solid, the change in color can be measured by reflecting light off of the
surface of the solid and measuring the loss of intensity from wavelengths absorbed by the surface.
In some embodiments, the absorbance at a given wavelength can be measured using an optics
spectroscopy system that is configured for reflection spectroscopy. An exemplary optics
spectroscopy system suitable for this measurement is Model Jaz-EIL350, available from Ocean
Optics, Dunedin, FL.. Typically, a spectrum from a white piece of paper can be used as a
reference spectrum when measuring reflection intensity.

Also provided is a method of detecting moisture. The method includes providing a
composition that includes a solid metal oxide support and a bis(glyoxime)-transition metal
complex bound to the support and then exposing the composition to a moist atmosphere. The
visible spectroscopic reflection intensity in the wavelength range of 460 nm to 560 nm and color,
which is expressed to the Hue number, of the composition changes quantitatively and reversibly
according to the amount of moisture (humidity or relative humidity) in contact with the
composition. By quantitatively it is meant that the reflection intensity in the wavelength range of
460 nm to 560 nm and the Hue number, expressed by color, has a one-to-one correlation to the
amount of humidity. By reversible it is meant that when the composition is exposed to one set of
humidity conditions it has a specific absorption. When the set of humidity conditions is changed,

the composition changes color to give a different specific reflection spectrum. And, when the
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composition is returned to the initial set of humidity conditions, the spectroscopic reflection
spectrum (or color) returns to the original specific absorption. The provided method further
includes measuring the visible spectroscopic reflection spectrum of the composition exposing it to
a moist atmosphere.

Objects and advantages of this invention are further illustrated by the following examples,
but the particular materials and amounts thereof recited in these examples, as well as other

conditions and details, should not be construed to unduly limit this invention.

Examples

Example 1 - Preparation of Nickel-Dimethylglyoxime-Alumina (Ni**-dmg/Al,Os spheres) System
Alumina beads (SASOL Germany GmbH, Alumina Spheres 1,8/210, 207 mz/g, 1.8 mm
diameter spherical beads) (3.78 g) were immersed in a 0.1 M nickel acetate tetrahydrate aqueous
solution (10.38 g), and the mixture was mixed by turning in a jar for more than one hour. The
supernatant was then decanted, and the light green colored beads were then washed with
deionized water, repeating the decant-wash cycle several times until the solution remained
colorless. After several decant-water wash cycles to remove residual free nickel ion from the
reaction vessel, 2.93 g of (16.4 mM dimethylglyoxime / 0.17 M potassium hydroxide (aq))
solution was quickly added to the vial containing the beads. The beads and solution rapidly
changed to a red color, and the mixture was further shaken by hand for two minutes before
decanting and washing the beads several times to remove any species not strongly adsorbed on the
alumina. The mixture was vacuum filtered in a Buchner funnel (Whatman filter paper #5) and the
red colored beads were collected and dried on a glass dish at 70°C under dynamic vacuum
overnight (~16.5 hours). The resulting beads were uniformly light yellow-green in color and

weighed 4.00 g.

Humidity control and optical measurements

The color intensity changes at various humidity levels were observed using an ocean
optics spectroscopy system (available from Ocean optics, Model Jaz) and a digital camera
(available from Sony, Model DSC-S85 with Tiffen close-up lenses 43mm +10 close-up and 43mm
+7 close-up in series). The humidity was generated by passing dry air flow over a 500 ml
temperature controlled water jacketed flask. The air stream of dry air was regulated by a
Matheson gas flow meter. Around 250 ml of distilled water was contained in the flask and dry air

was delivered to evaporate water. Proper humidity was generated by controlling the temperature
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of circulating water which was connected to a Heating/Cooling Circulator (available from VWR,
Model 1160S). In order to obtain step changes of humidity level, humid air and dry air were
mixed. TEFLON tubing was used throughout the delivery system. The humidity and temperature
was monitored and recorded with an iTHX-M Humidity Meter (available from Omega
Engineering Inc. of Stamford, Connecticut). Dry or humid air was introduced to a test chamber
made of two glass plates and rubber spacers.

The Ni**-dmg/Al,O; spheres were held between glass fibers inside the chamber. The
ocean optics optical probe was located above the spheres to measure reflection spectra. A
spectrum from a piece of white paper was used for a reference spectrum for reflection intensity.
The wavelength range of spectra was from 340.58nm to 1031.1 nm. Humidity, temperature, and
reflection spectra were simultaneously obtained. The obtained reflection spectrum was converted
to color (Hue number) as follows. The measured reflection spectrum was constructed to CIE XYZ
color space using color matching matching CIE 1931 2° Standard Observer function. The CIE
XYZ color space was linear transformed to National Television System Committee (NTSC) RGB
space using N'TSC color space chromaticity coordinates (xzg=0.67, yg=0.33. xg =0.21, y=0.71,
xg =0.14, yp=0.08). Then, Hue number which is one of the main properties of a color, was
computed from RGB values. Hue is defined as the degree to which a stimulus can be described as
similar to or different from stimuli that are described as red, green, and blue. The color can be
correlated to a location (Hue) in the color wheel from O degree to 360 degree. All mathematical
process was done by a customized LABVIEW program (software available from National
Instruments of Austin, Texas). The conversion from spectra to Hue number was confirmed by
measuring spectra from color printed papers with known Hue numbers, calculating Hue numbers
from spectra and comparing Hue numbers from spectra with the known Hue numbers of standard
color printed papers. Hue numbers from spectra were consistent with the known Hue numbers of

standard color printed papers.

Example 2 - Preparation of Copper-Dimethylglyoxime-Silica Glass System

A copper-dimethylglyoxime solution containing 0.74 g of the supernatant solution of
“saturated”, basic dimethylglyoxime (3.75 g dimethylglyoxime + 14.80 g 1 M potassium
hydroxide + 69.54 g deionized water) and 2.05 g of 5 wt% copper sulfate pentahydrate aqueous
solution was prepared by direct mixing of the separate aqueous solutions.

A drop of the copper-dimethylglyoxime solution was cast onto a glass microscope slide
and dried for 10 minutes at 70°C in air. The dried drop was light green in color, and half of the

dried drop was immediately covered with transparent pressure sensitive adhesive tape. The entire
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glass slide was then immersed in an atmosphere of 94% relative humidity at 22°C (vessel
containing equilibrated, saturated potassium nitrate aqueous solution) for 12.5 minutes. The
covered part of the dried drop remained light green in color, while the exposed portion changed in
color to a yellow-brown. Reheating the slide at 70°C in air did not appear to regenerate the light

green color.

Example 3 - Preparation of Nickel-Dimethylglyoxime-Aluminosilicate System

41.67 g of Aluminosilicate 4A molecular sieve beads (Alfa Aesar, Molecular sieves, 4A,
1-2 mm) were mixed with nickel(Il) acetate tetrahydrate (4.08 g) and deionized water (50.11 g),
and the mixture was jar rolled for 1 hour to give a mixture of very light green solids and light
green solution. The beads were vacuum filtered and washed with water before drying several days
in air at 75°C. The dried beads were added directly to a basic, aqueous solution of
dimethylglyoxime (0.76 g dimethylglyoxime, 14.36 g 1M potassium hydroxide (aq), 77.85 g
deionized water) resulting in a rapid color intensity change to a red color upon immersion into
solution. The mixture was then jar rolled overnight to give a mixture of red fine particles, red
molecular sieve beads and red colored solution. The mixture was vacuum filtered (Whatman #5
filter paper) and washed once with water. The red colored beads were collected and placed in a
glass dish to dry overnight in air at 75°C. After drying, the beads lost significant intensity of red

coloration, and contained a mixture of yellow to red colored beads.

Example 4 - Preparation of Nickel-Dimethylglyoxime-Silica System

Silica gel 60 (Alfa Aesar, 150-230 mesh, 500-600 mz/g) (1.80 g) was immersed in
5 wt% nickel acetate tetrahydrate aqueous solution (7.62 g) and allowed to sit for one hour. The
silica gel was then vacuum filtered over a Whatman #5 filter paper and thoroughly washed with
deioinized water to remove residual, free nickel ions in solution. The damp, white beads were
then transferred to a glass vial followed by the rapid addition of 5.53 g of basic, dimethylglyoxime
solution (0.11g diphenylglyoxime, 10.39 g 1M potassium hydroxide, 47.38 g deionized water).
The gel particles and solution quickly changed to a red color, and after two minutes of mixing, the
mixture were vacuum filtered over a Whatman #5 filter paper and washed with deionized water.
During washing, free floating nickel dimethylglyoxime surface films were carefully removed from
the surface of the water over the beads to minimize mixing of the nickel dimethylglyoxime
residues and the nickel dimethylglyoxime impregnated silica gel. After allowing the gel particles

to partially dry on the filter under vacuum suction, the partially damp beads were further dried in a
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vacuum oven at 70°C overnight (~16.5 hrs) in air. The resulting dried gel beads were yellow in

color.

Example 5 - Preparation of Nickel-Diphenylglyoxime-Alumina System

Alumina beads (SASOL Germany GmbH, Alumina Spheres, 207 m*/g, 1.8 mm diameter
spherical beads) (3.51 g) were immersed in 5 wt% nickel acetate tetrahydrate aqueous solution
(8.54 g) and allowed to sit for one hour. The supernatant was then decanted and the light green
colored beads were washed with deionized water. Several decant and wash cycles were
performed to remove residual, free nickel ions in solution before the rapid addition of 11.12 g of
basic, diphenylglyoxime solution (0.07 g diphenylglyoxime, 4.87 g 1M potassium hydroxide,
15.10 g deionized water). An orange colored solution quickly formed above the beads, and after
five minutes of mixing by hand, the beads changed from a light green color to an orange color.
Several decant wash cycles were again performed to remove soluble species and residual nickel
diphenylglyoxime particles, and the wet beads were then dried in a vacuum oven at 70°C

overnight (~16.5 hrs) in air. The resulting dried beads were uniformly dark yellow in color.

Examples 6-12
General Procedure

The support material (see Table 1) was immersed for 10-15 minutes in an aqueous 5 wt%
nickel acetate tetrahydrate solution, followed by deionized water washing and decanting cycles (at
least 3 times) in a small 10 mL glass vial until the supernatant solution was colorless. After final
decanting, a small amount of dimethylglyoxime (dmg) solution (Formulation: 0.12 g
dimethylglyoxime + 11.54 g 1M potassium hydroxide (aq) + 28.34 g deionized water) was added
to the vial, and the mixture was mixed for 30-120 seconds before water washing/decant cycles
were performed (at least 3 cycles) in small 10 ml. glass vial until the supernatant solution was
colorless. The wet solids were then transferred to a small glass Petri dish, and allowed to dry in an
oven at 110 °C between 15-3960 minutes in air. More details for specific supports are found in

Table 2 below.

Table 1
Materials for Examples 6-12

Example Support Supplier Details Support Type

AMBERLITE IRC-50 C.P. Ion Exchange Resin, Polymeric
6 weakly acidic, carbonxylic (polymethacrlic) type | Mallinckrodt Chemical Works (carboxylated,
cation exchange resin — medium porosity weakly acidic)

AMBERLYST -15 Ion Exchange Resin, strongly Polymeric

7 acidic, macroreticular resin with sulfonic Sigma-Aldrich, Stock#216380 | (sulfonated, strongly
functionality acidic)

-10-
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3 DRIERITE 100% Anhydrous Calcium Sulfate, 8 W.A. Hammond Drierite Co. Sulfat
mesh Ltd., Stock#13005 uate
. . Alfa Aesar, Stock#33398, Carbonate,
9 Zinc Carbonate Hydroxide, Reagent Grade Lot4D01M42 Hydroxide
. . . Fisher Scientific Co.,
10 Calcium Phosphate, Monobasic, Purified Grade Stock#C-121. Lot#724573 Phosphate
Zirconium oxide, 1/8" pellets, catalyst support, Alfa Aesar, Stock#43814, .
11 99% Lot#G111A1 Metal oxide
- . ' Alfa Aesar, Stock#44429, .
12 Titanium (IV) oxide, 1/8” pellets, catalyst support L ot4K 14T044 Metal oxide
Table 2
Details of Examples 6-12
Support | Ni soln Immersion Drme soln Immersion Drying
Example ?I; @ Time (g ) Time time Wet Color Dry Color
£ £ (mins) £ (secs) (mins)
6 0.35 3.80 15 2.51 30 3960 Bright Pink Red
7 0.10 3.25 15 4.93 60 3960 Dark Pink | Grey-Brown
8 0.91 4.49 15 2.20 30 15 Light Pink White
9 0.50 437 10 234 30 20 Bright Pink O;iﬁie'
10 0.82 4.77 15 246 120 120 Light Pink White
11 1.28 3.74 15 244 30 30 Pink Yellow-
Pink
12 0.76 4.66 10 2.24 30 30 Light Pink Yellow

Fig. 1 is a graph of the reflection spectra of intensity of the exemplary Ni**-dmg/ALO;
spheres at RH 0% and RH 60%. Fig. 2 is a graph of the relative intensity spectra with respect to
the initial spectrum measured at RH 0%. Relative intensity clearly decreases around the
wavelength of 520 nm as the relative humidity increases.

The sample used for Figs. 1 and 2 was then exposed to periods of 60% RH followed by
periods of 0% RH as shown on the graphs in Fig. 3a-3c. Fig. 3a shows the relative intensity of the
reflection at 520 nm as a function of time of these samples. Fig. 3b shows the Hue number and
Fig. 3c shows the relative humidity as a function of the same time. The changes of relative
intensity at 520 nm (Fig. 3a) and Hue number (Fig. 3b) are strongly correlated to the controlled
humidity (Fig. 3c). The change of color in Ni**-dmg/AlL,Q; spheres upon humidity exposure is
highly reversible and reproducible as shown in Figs. 3a-3c. The Hue number at RH 0% is around
83 which corresponds to green color and that at RH 60% is around 49 which corresponds to
reddish color. The response time to obtain the saturated Hue number at RH 0% and 60% was
less than 5 mins as is displayed in the graphs of Figs. 3a-3c.

Figs. 4a and 4b show the change of color with the steps of controlled humidity level.
Clear steps of color intensity change were observed at each stepped humidity level. The measured

Hue number, indicative of color intensity change is shown in Fig. 4a as a function of exposure

time while the corresponding relative humidity is shown as a function of the same exposure time
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in Fig. 4b. These figures show that the color intensity changes in the Ni**-dmg/Al,Os spheres
were based on equilibrium among Ni** complexation ligands such as water, alumina surface, and
dmg. Due to the equilibrium at each humidity level, the color expression of Ni**-dmg/Al,O;
spheres at each humidity level is distinctive.

It was also observed that the color intensity change depends upon the support surface to
which the Ni**-dmg ligand was bound. Freshly precipitated, red-colored Ni(dmgH), solid
(unbound) upon exposure to 60% RH did not result in a color intensity change to light green when
the solid was placed on a watch glass in these humidity conditions. Ni**-dmg complexes bound to

silica gel surfaces were also found to produce reversible color changing materials.

Following are exemplary embodiments of a bis(glyoxime)-transition metal complexes and

moisture indicators made therewith according to aspects of the present invention.

Embodiment 1 is a composition comprising: a solid metal oxide support; and a

bis(glyoxime)-transition metal complex bound to the support.

Embodiment 2. A composition according to embodiment 1, wherein the bis(glyoxime)-

transition metal complex comprises a bis(dimethylglyoxime)-transition metal complex.

Embodiment 3 is a composition according to embodiment 1, wherein the solid metal oxide

support comprises an oxide of aluminum, silicon, or a combination thereof.

Embodiment 4 is a composition according to embodiment 1, wherein the bis(glyoxime)-

transition metal complex has square-planar configuration.

Embodiment 5 is a composition according to embodiment 4, wherein the transition metal
in the bis(glyoxime)-transition metal complex comprises rhodium, iridium, platinum, palladium,

gold, nickel, copper, or a combination thereof.

Embodiment 6 is a composition according to embodiment 5, wherein the transition metal

in the bis(glyoxime)-transition metal complex comprises nickel, copper, or a combination thereof.

Embodiment 7 is a composition according to embodiment 6, wherein the bis(glyoxime)-

transition metal complex comprises bis(dimethylglyoximato)-nickel (II).
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Embodiment 8 is a colorimetric moisture-indicating sensor comprising: a solid metal
oxide support; and a bis(glyoxime)-transition metal complex bound to the support, wherein the
visible spectroscopic reflection spectrum of the moisture-indicating sensor changes quantitatively

and reversibly according to the amount of moisture in contact with the sensor.

Embodiment 9 is a colorimetric moisture-indicating sensor according to embodiment 8,
wherein the bis(glyoxime)-transition metal complex comprises a bis(dimethylglyoximato)-

transition metal complex.

Embodiment 10 is a colorimetric moisture-indicating sensor according to embodiment 8,

wherein the solid metal oxide comprises an oxide of aluminum, silicon, or a combination thereof.

Embodiment 11 is a colorimetric moisture-indicating sensor according to embodiment 8,

wherein the bis(glyoxime)-transition metal complex has a square-planar configuration.

Embodiment 12 is a colorimetric moisture-indicating sensor according to embodiment 8,
wherein the solid metal oxide support comprises aluminum or silicon and the bis(glyoxime)-

transition metal complex comprises bis(dimethylglyoximato)-nickel (II).

Embodiment 13is a colorimetric moisture-indicating sensor according to embodiment §,
wherein the amount of moisture in contact with the sensor is determined by measuring the visible

spectroscopic reflection spectrum of the sensor.

Embodiment 14 is a colorimetric moisture-indicating sensor according to embodiment 13,
wherein the sensor quantitatively changes reflection spectrum in the wavelength range of 460 nm

to 560 nm.

Embodiment 15 is a colorimetric moisture-indicating sensor according to embodiment 14,

wherein the sensor quantitatively changes Hue number.

Embodiment 16 is a method of detecting moisture comprising: providing a composition,
the composition comprising: a solid metal oxide support; and a bis(glyoxime)-transition metal

complex bound to the support, wherein the visible spectroscopic reflection color intensity change

13-
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of the composition is quantitative and reversible according to the amount of moisture in contact

with the composition; and exposing the composition to a moist atmosphere.

Embodiment 17 is a method of detecting moisture according to embodiment 16, wherein
the bis(glyoxime)-transition metal complex comprises a bis(dimethylglyoxime)-transition metal

complex.

Embodiment 18 is a method of detecting moisture according to embodiment 16, further
comprising measuring the visible spectroscopic reflection spectrum of the composition after

exposing the composition to a humid atmosphere.

Embodiment 19 is a method of detecting moisture according to embodiment 16, wherein
the solid metal oxide support comprises aluminum, the bis(dimethylglyoxime)-transition metal
complex comprises nickel, and the visible spectroscopic reflection color intensity change is

measured by reflection spectroscopy in the wavelength range of 460 nm to 560 nm.

Embodiment 20 is a method of detecting moisture according to embodiment 19, wherein
the visible reflection spectroscopic color intensity change intensity change is measure by the

change in the Hue number.

Various modifications and alterations to this invention will become apparent to those
skilled in the art without departing from the scope and spirit of this invention. It should be
understood that this invention is not intended to be unduly limited by the illustrative embodiments
and examples set forth herein and that such examples and embodiments are presented by way of
example only with the scope of the invention intended to be limited only by the claims set forth
herein as follows. All references cited in this disclosure are herein incorporated by reference in

their entirety.
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What is claimed is:
1. A composition comprising:
a solid metal oxide support; and

a bis(glyoxime)-transition metal complex bound to the support.

2. A composition according to claim 1, wherein the bis(glyoxime)-transition metal complex

comprises a bis(dimethylglyoxime)-transition metal complex.

3. A composition according to claim 1, wherein the solid metal oxide support comprises an

oxide of aluminum, silicon, or a combination thereof.

4. A composition according to claim 1, wherein the bis(glyoxime)-transition metal complex

has square-planar configuration.

5. A composition according to claim 4, wherein the transition metal in the bis(glyoxime)-
transition metal complex comprises rhodium, iridium, platinum, palladium, gold, nickel, copper,

or a combination thereof.

6. A composition according to claim 5, wherein the transition metal in the bis(glyoxime)-

transition metal complex comprises nickel, copper, or a combination thereof.

7. A composition according to claim 6, wherein the bis(glyoxime)-transition metal complex

comprises bis(dimethylglyoximato)-nickel (II).

8. A colorimetric moisture-indicating sensor comprising:
a solid metal oxide support; and
a bis(glyoxime)-transition metal complex bound to the support,
wherein the visible spectroscopic reflection spectrum of the moisture-indicating sensor changes

quantitatively and reversibly according to the amount of moisture in contact with the sensor.
9. A colorimetric moisture-indicating sensor according to claim 8, wherein the

bis(glyoxime)-transition metal complex comprises a bis(dimethylglyoximato)-transition metal

complex.
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10. A colorimetric moisture-indicating sensor according to claim 8, wherein the solid metal

oxide comprises an oxide of aluminum, silicon, or a combination thereof.

11. A colorimetric moisture-indicating sensor according to claim 8, wherein the

bis(glyoxime)-transition metal complex has a square-planar configuration.
12. A colorimetric moisture-indicating sensor according to claim 8, wherein the solid metal
oxide support comprises aluminum or silicon and the bis(glyoxime)-transition metal complex

comprises bis(dimethylglyoximato)-nickel (II).

13. A colorimetric moisture-indicating sensor according to claim 8, wherein the amount of

moisture in contact with the sensor is determined by measuring the visible spectroscopic reflection

spectrum of the sensor.

14. A colorimetric moisture-indicating sensor according to claim 13, wherein the sensor

quantitatively changes reflection spectrum in the wavelength range of 460 nm to 560 nm.

15. A colorimetric moisture-indicating sensor according to claim 14, wherein the sensor

quantitatively changes Hue number.

16. A method of detecting moisture comprising:
providing a composition, the composition comprising:
a solid metal oxide support; and
a bis(glyoxime)-transition metal complex bound to the support,
wherein the visible spectroscopic reflection color intensity change of the composition is
quantitative and reversible according to the amount of moisture in contact with the composition;
and

exposing the composition to a moist atmosphere.

17. A method of detecting moisture according to claim 16, wherein the bis(glyoxime)-

transition metal complex comprises a bis(dimethylglyoxime)-transition metal complex.
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18. A method of detecting moisture according to claim 16, further comprising measuring the
visible spectroscopic reflection spectrum of the composition after exposing the composition to a

humid atmosphere.

19. A method of detecting moisture according to claim 16, wherein the solid metal oxide
support comprises aluminum, the bis(dimethylglyoxime)-transition metal complex comprises
nickel, and the visible spectroscopic reflection color intensity change is measured by reflection

spectroscopy in the wavelength range of 460 nm to 560 nm.

20. A method of detecting moisture according to claim 19, wherein the visible reflection

spectroscopic color intensity change intensity change is measure by the change in the Hue number.
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