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Luminescent materials have been prepared from aqueous gels of metal salts of dicarboxylic
and some monocarboxylic acids with the basic amino acid lysine and its related amino acids
ornithine and diaminopimelic acid. The development of an amorphous structure is required
for room-temperature phosphorescence in the solid and is dependent on various factors
including stoichiometry, metal type, and the size of the organic acid. Studies with commercial
grades of lysine prepared from various sources and magnesium oxide or zinc oxide as the
metal oxide indicate that linear aliphatic dicarboxylic acids of three to six carbons in length
produce maximal emission. For a given chain length the photoluminescence intensity
decreases with cation radius according to Li > Na > K for alkali metals and Mg > Ca > Sr
> Ba for alkaline-earth metals. Development of intense fluorescence and phosphorescence
emission correlates to noncrystalline structures, and based on the given method of
preparation, phosphorescence was not obtained with crystalline products. The simple and
rapid preparation of this new biological glass provides a matrix for the further investigation
of the photophysics of organic compounds of biological interest and their interactions with
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different molecular environments.

Introduction

Amorphous substances, formed either from cooling
viscous melts or from liquids after transition from sol
to gel, provide a rigid molecular environment necessary
to induce phosphorescence in the solid state. Oxide
glasses, generally the silicates, are familiar amorphous
solids that can be fabricated into optically transparent
materials in which to study molecular luminescence
phenomena.l~? The most investigated sol—gel glasses
are those prepared from the hydrolysis and polymeri-
zation of metal alkoxides. The typical composition of
sol—gel glasses comprises metal oxides from group IV
elements (Ti, Si, Ge). Recently the observation of room-
temperature phosphorescence from trapped organic
molecules in a porous silica matrix prepared by sol—
gel polymerization has been reported.*

The phenomena of room-temperature fluorescence
and phosphorescence are observed from several aro-
matic organic molecules adsorbed or trapped in solid
matrices.>~7 Various organic materials have been used
to enhance molecular luminescence in the solid state.
Spectroscopic studies of the electronic states of rare-
earth metals and trace organic compounds have been
described for molecules trapped in organic cryptands,
B-cyclodextrin, and polymeric matrices.®~1? Organic
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acids and organic acid polymeric materials such as
sodium acetate and polyacrylic acid are used to promote
long-lifetime room-temperature phosphorescence from
aromatic organic anions adsorbed on surfaces.!1:12

Several large-scale fermentation processes are now
available for production of basic biochemical materials
such as amino acids and organic acids.!® Fermentation
technologies can potentially produce biomolecular ma-
terials which have specially designed chemical, elec-
tronie, optical, and structural properties using biological
or natural sources.!* The combination of sol—gel pro-
cesses with biological systems has been utilized to make
novel composite materials including nanometer-sized
magnetite particles and semiconductor—glass compos-
ites exhibiting quantum confinement effects.?® Biomo-
lecular materials having similar optical properties to
amorphous and crystalline inorganic semiconductors
could be useful for developing new photoactive devices
such as biological photodetectors and molecular sensors.

This paper begins to explore the stability of long-lived
excited electronic states of complex materials of biologi-
cal interest. Studies of the molecular interactions and
aggregations of amino acids and amino acid complexes
with succinic acid have elucidated noncovalent inter-
actions that play a role in the assembly of biomol-
ecules.1516 Metal ions Mg2*, Zn2?*, and Ca?" have im-
portant associations with amino and carboxylic acids in
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many biological processes such as enzyme catalysis,
photosynthesis, and stabilization of protein and nucleic
acid structures.!” Both group I and II metal ions are
known to coordinate with various dicarboxylic acids;
alkaline-earth-metal coordination compounds can also
be formed with dibasic amino acids.!® Although long-
lived excited states leading to phosphorescence are
usually associated with the solid state at low tempera-
ture, intrinsic phosphorescence of proteins in solution
at room temperature can be detected from samples in
which the quenching by molecular oxygen is reduced.!®
Ideally, detection of intrinsic phosphorescence of amino
acids and proteins and study of their interaction with
other molecules would also be possible in the solid state
if these molecules could be trapped in a water-soluble
solid matrix with low permeability to oxygen. Room-
temperature phosphorescence of biochemically impor-
tant molecules adsorbed on solid matrices has been
enhanced in materials containing heavy cations and
anions.?® Aromatic amino acids (tyrosine and tryp-
tophan) and derivatives show enhanced luminescence
when adsorbed on porous supports such as cellulose
impregnated with sodium iodide.2! Although the spec-
troscopic properties of ions in acetate glasses have been
studied,?223 the use of group I and group II cation
coordination complexes of naturally occurring amino
acids with organic acids for the enhancement of photo-
luminescence has not been previously reported.

The inorganic metal salts used in this study are
known to form photoluminescent materials (phosphors)
under high-temperature and nonaqueous environments.
Several natural minerals (calcite, CaCOgs; magnesite,
MgCO;; gypsum, CaSOgH20; lime, CaO; periclase,
MgO; fluorapatite, Cas(PO4)sF) are composed of group
II elements and may contain substitutional impurities
or point defects which give them phosphorescent and
fluorescent properties.2¢=26 Alkali and alkaline-earth
silicate glasses containing rare-earth metals also exhibit
luminescence which is dependent on the presence of
oxides of group I and group II metals.?” This property
has application in the preparation of solid-state laser
glasses.?® In general, interaction of these minerals with
water-soluble organic acids destroys their natural lu-
minescence due to irreversible dissolution and hydration
of their crystal lattice structure.

In this work, metal complexes of several small mono-
carboxylic acids and aliphatic dicarboxylic acids in
combination with the basic amino acids lysine and
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diaminopimelic acid have been fabricated into optically
transparent amorphous materials that promote intense
room-temperature phosphorescence and fluorescence.
The complexation of group II metals with the organic
salt of lysine and selected carboxylic acids enhances the
efficiency of an intrinsic phosphorescence which requires
the development of the glassy state. Room-temperature
phosphorescence of the glass matrices is quenched by
the presence of excess water in these hydroscopic
materials but does not appear to be effected by the
diffusion of oxygen. Thermal processing of these ma-
terials to evaporate excess water removes the quenching
process and full luminescence is recovered.

Experimental Section

Preparation of Metal Complexes. Several commercial
sources of L-lysine, DL-lysine, D-lysine, and L-lysine monohy-
drate can be used. These materials are prepared by various
fermentation processes from different starting materials or by
chemical synthesis. L-Lysine monohydrate (Degussa Corp.,
>98.5% purity) was used as the primary source from fermen-
tation as supplied. DL-Lysine (50% aqueous) from Fluka and
D-lysine (Sigma) are synthetic materials. L-Lysine hydrate,
L-lysine (Aldrich), and L-lysine (Sigma) were alternate sources
of fermentation grade lysine (>98% purity). The general
method for production of the phosphor involves dissolving
0.061 mol (10 g of lysine monohydrate) in 6 mL of water at
60—70 °C and adding 0.061 mol of reagent-grade metal oxide
(MgO, CaO, Sr0, Liz0, BeO, ZnO, BaO) to form a slurry. The
corresponding carboxylic acid (succinic acid is the model
compound) is added, and an exothermic heat of reaction to
form the dissolved metal complex is observed. The tempera-
ture increases to 100 °C, and in several cases a thick, clear
gel is formed.

The dissolution of the metal ion [M] occurs by the following
reaction scheme:

1. Dissolution with organic acid [A],n = 1, 2:
M,,0 + HyA — (2/n)MIH,01*" + A*

2. Complexation of the neutral amino acid [L]

to form a gel:
(2/n)M[H20]"+ +L— MZ,nL[HZO]Q,n'”'

The enhanced water solubility of the metal salts in the
presence of amino acid suggest this coordination scheme. At
40 °C calcium succinate has a solubility of <1 g %, but in the
amino gel the solubility increases to >35 g %.

The gel is dried in a conventional microwave oven for 1-5
min. In some thermally unstable formulations the material
is removed just prior to burning. Alternatively, gels are dried
in a conventional oven at 120 °C for 1 h. The solid is cooled
by placing in a freezer (—5 °C) for 10 min and then brought to
room temperature for evaluation. Hydroscopic materials are
stored in sealed glass vials.

Instrumentation. Excitation and emission spectra were
carried out on an SLM-Aminco Bowmen Series 2 luminescence
spectrometer. Samples were placed on a front surface adapter.
Intensity and lifetime measurements were performed on a
benchtop light meter. A mineral lamp (Spectronics Corp.,
Westbury, NY) source is used to excite the sample at 365 nm
which is mounted in a glass well (1.25 in. diameter (0.008 522
ft2)) on a Polaroid FP-4 shutter. The shutter is placed over a
selenium photovoltaic cell attached to a YFE Digital Light
Meter (Mitchell Instruments, San Marcos, CA). The output
in foot-candles (fc = lumen/ft?) is recorded on a linear chart
recorder with a response factor of 0.1 fc/em. Minimum
detection of the phosphorescence is 0.01 fc. Lifetimes (¢,
seconds) were calculated from a single-component exponential
curve and are reported as the time required to decay 36.8% of
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Table 1. Phosphorescence of Lysine Succinate Salts
Prepared from Metal Ions from Various Periodic Groups

group metal® ionic radius® rel
(charge) (pm) intensity*

1A Li(+1) 68 0.5
IA Na(+1) 97 0.2
IA K(+1) 133 0.05
ITIA Be(+2) 35 0.1
IIA Mg(+2) 66 1.0
IIA Ca(+2) 99 0.2
I1A Sr(+2) 112 0.1
IIA Ba(+2) 135 0.0
IIB Zn(+2) 74 15
IIIA Al(+3) 51 0.0
VA Si(+4) 42 0.05

@ Metal oxides were used to prepare Li, Be, Mg, Ca, Al, and Zn
salts. Hydroxides were used for K, Na, carbonate for Sr and silicic
acid for Si. Hydroxides and carbonates of Mg, Zn, and Ca can be
used with similar results. ¢ Ionic radii from: CRC Handbook of
Chemistry and Physics, 61st ed.; 1980—81. ¢ Phosphorescence
measured after excitation with a mineral lamp at 365 nm. The
relative intensity of phosphorescence is [@/@wmg], Where Qg is the
intensity of the magnesium salt.

its initial value. Initial intensities of brightness are converted
to power by the illumination conversion factor 1 W = 685
lumen and expressed as radiant power, € (microwatts).
Relative intensities are expressed as a ratio to a magnesium
salt of lysine succinate glass standard, @/Qwg. No significant
difference in intensity is observed under vacuum versus air
and consequently all measurements are made under atmo-
spheric conditions. X-ray diffraction data were collected on a
Rigaku D/max-RBX rotating anode diffractometer using Cu
Ko radiation (1 = 1.541 84 A, graphite monochromator). TGA
and DSC data were collected on Perkin-Elmer Series 7 thermal
analyzers.

Results

Various salts of lysine succinate were prepared by the
addition of metal ions from the corresponding metal
oxide. These salts are stable to microwave drying
temperatures and no difference is observed between
microwave or convection drying to remove water. All
salts exhibit a negative dielectric increment with tem-
perature which limits the maximal temperature achieved
by microwave to <523 K which is below the thermal
decomposition temperature (563 K). Table 1 indicates
the relative intensities of room-temperature phospho-
rescence measured with a benchtop light meter for
materials prepared with ions selected from several
periodic groups. Two ions, Mg?" and Zn2?* give the
highest phosphorescence intensity. Emission intensity
appears to decrease for metals within a given group as
the molecular weight increases (Be in group II is an
exception). It is observed that the intensity within each
periodic group is related to the ionic size of the metal
for group I and group Il elements and the atomic charge.
A maximum phosphorescence intensity occurs with ions
having ionic radii between 0.66 and 0.77 A.

The amount of amino acid required to form a glass
matrix is shown in Figure 1. At a constant weight of
the magnesium salt of succinic acid the amount of lysine
monohydrate was increased from 0.1 to 45 wt %. The
phosphorescence intensity of these materials indicates
a transition from low-intensity to high-intensity emis-
sion occurs at about 35% lysine which corresponds to a
2/1 molar ratio of dicarboxylate salt to amino acid.
Above this ratio the phosphorescence increases slightly.

Figure 2 shows the excitation spectrum and the total
luminescence spectrum for the magnesium salt of lysine
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Figure 1. Radiant power, @, of the magnesium-based phos-
phor for various amounts of lysine. The average of three
intensity measurements from the illuminometer (see methods)
are shown for each composition. The molar ratio of succinic
acid and MgO were held constant at 1/1 as the amount of lysine
monohydrate is added. Lysine content is expressed as grams
of lysine (dry basis) per gram of solid (dry basis).
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Figure 2. Room-temperature flucrescence excitation (dotted
curve), total emission (solid curve), and phosphorescence
spectra (dashed curve) of the solid magnesium salt of lysine
succinate. Excitation of total emission and phosphorescence
at 290 nm.

succinate. The total emission spectrum is composed of
a short-lived fluorescence (lifetime of 10—20 ns) and a
long-lived phosphorescence (1-2 s). The excitation
spectra has maxima at 290 and 360 nm. The emission
spectra (ex = 290) shows a maximum fluorescence band
at 400 nm and a phosphorescence band at 489 nm.
Excitation at lex = 365 moves the fluorescence to lower
energy (Aemf = 430 nm) but leaves the position of the
phosphorescence band unchanged. An order of magni-
tude increase in the relative phosphorescence intensity
of the 290 nm excited over the 365 nm excited glass is
found. The emission properties of the zinc salt are
similar but phosphorescence is shifted to the red by 15
nm. The spectrum of the phosphorescence intensity is
similar to the spectral sensitivity of the scotopic eye.
Corresponding measurements of brightness of the phos-
phors could be made with the light meter described in
the Experimental Section. The excitation wavelength
of 365 nm was chosen for these measurements.

The fluorescence and phosphorescence intensities
from succinic acid and the metal oxides are negligible.
Various lysine sources gave a fluorescence which varied
between 2 and 6% of the magnitude of a lysine succinate
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Table 2. Phosphorescence of Lysine-Based Materials with Various Metals and Carboxylic Acids®
Mg Zn Ca
carbon no. acid Q (uW) 7(s) Q@ (uW) r(s) Q@ (uW) 7(8)

Cl carboxylic 2.36(0.15) 1.41(0.05) na® na na na

C2 oxalic 0.67(0.37) 0.55(0.13) na na na na

C3 malonic 17.4(0.3) 1.67(0.09) 23.6(0.15) 1.27(0.05) 13.6(0.1) 1.59(0.04)
C4 succinic 15.1(0.1) 1.73(0.05) 25.0(0.15) 1.24(0.05) 1.28(0.27) 1.10(0.10)
C5 glutaric 25.9(0.1) 1.73(0.05) 30.7(0.15) 1.07(0.05) 2.37(0.37) 1.44(0.13)
Cé adipic 19.7(0.2) 1.64(0.08) 20.7(0.37) 1.01(0.13) na na

Cc7 pimelic 6.93(0.75) 1.33(0.26) 1.36(0.15) 1.24(0.05) na na

C8 suberic 3.21(0.10) 1.38(0.05) 2.03(0.27) 1.41(0.09) na na

C4 malic 6.59(0.27) 1.84(0.10) 6.10(0.24) 1.38(0.09) 1.35(0.50) 1.90(0.18)
C4 aspartic 8.80(0.75) 1.76(0.28) 4.23(0.16) 1.41(0.05) 2.20(0.42) 1.73(0.15)
Cé citric 4.06(0.50) 1.88(0.18) 4.39(0.25) 1.47(0.09) na

@ Phosphors are prepared by dissolving 0.061 mol of lysine hydrate in 6 mL of water and adding 0.061 mol of the corresponding metal
oxide and carboxylic acid (acid form except carboxylic in which metal carbonate was used. The material was dried 60 s in a standard
microwave oven. For measurement 0.5 g of phosphor was placed in sample well of instrument described in the Experimental Section.
The average of three replicates with standard deviation is shown in parentheses is given for intensity and lifetime. Values of fc are
converted to radiant power, @ (microwatts, #W) by multiplying foot-candle values by the area of illumination (0.008 522 ft2) and by the
illumination convertion factor for brightness 685 lumen/W or 1 fc = 12.44 uW. ? na indicates luminescence intensity below 0.01 fc on light
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Intensity

s It s = 2 E »
20

Figure 3. X-ray powder diffraction pattern (CuKa source) of
two samples (squares) in Figure 2. Lower curve for sample
with 21 wt % lysine, upper curve with 33 wt % lysine mixed
and dried with magnesium succinate as described in methods.
The amorphous pattern is typically observed for most materi-
als listed in Table 2.

glass. Very weak phosphorescence is observed from
various sources of lysine. This baseline phosphores-
cence, which could not be removed by recrystallization
or solvent extraction, is <1.5% of the magnitude of a
lysine succinate glass.

Figure 3 shows X-ray diffraction patterns of the
materials before and after the transition to a high-
intensity phosphor. Materials found to be efficient
phosphors are noncrystalline as indicated by the broad
structureless X-ray pattern. All phosphors of high
relative intensity in Table 1 (Q/Qmg > 0.5) salts are
amorphous. An anomalous pattern has been observed
for the Be salt which shows only one amorphous band
at the higher angles and for which Q/Qug < 0.5. Mixed
crystal and noncrystalline patterns are found for Ca,
and Sr salts 0.1 < @/Qug < 0.5. Intense crystalline
bands are observed for Na and K salts, @/Qug < 0.1
which correspond to a mixture of bands observed for the
pure crystalline forms of lysine monohydrate and suc-
cinic acid.

The lysine succinate salts are among a class of
materials which show photoluminescent properties.
Several other lysine salts of various carboxylic acids
have been prepared. Table 2 indicates a series of
materials containing Zn, Mg, and Ca ions. The intensity

of the phosphorescence is maximal in the range of C3—
C6 acids with a slight maximum for C5 dicarboxylic
acids for Zn and Mg and a maximum for the C3 acid
when Ca is used. All materials with measurable pho-
toluminescent properties in Table 2 (Q > 2) are amor-
phous on X-ray diffraction. Materials with moderate
values, 0.5 < @ < 2.0, show a mixture of sharp, intense
X-ray lines associated with either the organic acid or
amino acid and diffuse, weak bands associated with the
glass state.

Three monocarboxylic acids, formic acid and acetic
acid, and carbonate produce photoluminescent materials
with lysine. Carbonate forms active materials only with
magnesium and not with zinc or calcium. Twice the
molar ratio of formate/lysine and acetate/lysine is
required with the magnesium and zinc salts than for
the corresponding dicarboxylic acids to achieve a maxi-
mal photoluminescence. Derivatives of succinic acid
such as hydroxysuccinic (malic), aminosuccinic (aspartic
acid), and tricarboxylic acids (citric) also produce pho-
toluminescent materials (Table 2). Various ketoacids
(o-ketobutyric, a-ketoglutaric, oxaloacetic) and unsatur-
ated dicarboxylic acids (itaconic, fumaric, and maleic
acids) did not make a photoluminescent product. X-ray
studies indicated that the material prepared from the
magnesium salt of lysine fumarate was amorphous,
which suggests some alternative mode of deactivation
from the excited state.

Other amino acids in their naturally purified state
were also explored. The related amino acid ornithine
gave compounds with luminescent intensities about an
order of magnitude less than the corresponding lysine
compound. The precursor to lysine in the bacteria
synthetic pathway, diaminopimelic acid (DAP), gave
strong phosphorescence intensities similar to lysine.
Other amino acids such as arginine, tyrosine, aspartic
acid, glutamic acid, and tryptophan did not substitute
for lysine. Glasses could be formed from magnesium
succinate and several amino acids including glycine,
B-alanine, and y-aminobutyric acid. These amino acids
are unbranched and have a linear carbon chain separat-
ing the carboxyl and amino ends. Unlike lysine and
DAP, these glasses did not show intrinsic luminescent
properties. The dibasic amino acids, aspartic and
glutamic acid, were the only amino acids found which
could substitute for succinic acid in the presence of
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lysine to produce photoluminescent materials. This
observation suggests a unique electronic environment
may be found for proteins in which lysine interacts with
aspartic and glutamic acid via electrostatic interactions
or by metal complexation.

The lifetimes of the room-temperature phosphores-
cence reported in Table 2 range from 1 to 2 s. In all
cases the visual lifetime is longer and extends for about
20—25 s. In general, lifetimes of the zinc salts were
found to be shorter than the magnesium and calcium
salts. The intensity and lifetimes are not changed by
repeated dissolution of these phosphors in hot water and
drying. Room-temperature phosphorescence was ob-
served from glasses containing up to 12 wt % water (3
mol of water/mol of lysine). Although room-temperature
phosphorescence is quenched for most of these materials
at >15% water, several glasses could be prepared which
were phosphorescent while hydrated with 70% water.

Discussion

Molecular substances can be embedded in a glass
structure and immobilized, restricting rotational, and
translational diffusional processes. These processes are
responsible for radiationless decay of energy from
entrapped molecules in the excited singlet or triplet
states. The molecular environment of lysine with
various oxyanions in the solid state has been studied.??
The molecules aggregate to form an S2 head-to-tail
sequence connected by interactions between the side
chain amino group and a neighboring a-carboxylate
oxygen.’® The interacting organic component forms a
suitable environment for a network-modifying ion such
as magnesium to create the amorphous state. Magne-
sium can exclusively form octahedral hexacoordinated
complexes with ligands. The crystal structure of lysine
succinate shows a cavity approximately 7 A in width
between the carbon skeletons of lysine and succinate
in which the metal can coordinate. Larger ions such
as calcium or sodium can distort the ligand interactions
and tend to crystallize as the metal complex of the
organic acid.

If the luminescence occurs from this coordination
sphere, then it is also responsible for increased absorp-
tion into an excited singlet state and subsequent
fluorescence. The size of the coordination center influ-
ences the efficiency of both fluorescence and phospho-
rescence. From the data in Table 2, the energy trans-
ferred and emitted from a triplet state can be calculated
from the product @*r (uJ). For example, comparing C6
(adipic) and C7 (pimelic) acids a 3.5-fold decrease in
energy occurs for the Mg salt and a 12.4-fold decrease
for the Zn salt, indicating a high sensitivity of the C7
triplet state environment to zinc. A decrease of several
orders of magnitude occurs between the Mg salts and
the Ca salts suggesting either a reduced rate of inter-
system crossing or an alternate mechanism for deacti-
vation of the excited state.

An intrinsic coordination center for luminescence may
reside with the organic acid. The lifetime and color of
the luminescent glasses compare to that of phosphores-
cent studies in liquid oxygen reported 40 years earlier
for the series of dicarboxylic acids, oxalic, malonic,
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617.
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succinic, glutaric, and adipic acid.?! Only the electronic
states and luminescent properties of oxalic acid and
derivatives in the glassy state at 77 K have been studied
in detail 32

The presence of reaction products or trace impurities
contributing to luminescence cannot be discounted. The
chemical combination of a diamine and dicarboxylic acid
to form nylon salt precursors and subsequent polymer-
ization to nylon is possible with lysine.33 Intrinsic
luminescence has been previously reported from the
structure of nylon polymers.?+35 Polymerization prod-
ucts however have not been detected from biochemical,
HPLC, and NMR analysis of the products which show
>99% recovery of the free amine groups and succinate
ion. This does not preclude a 5—500 ppm concentration
of a molecular species capable of fluorescence and
phosphorescence. A fluorescing species which is sensi-
tive to thermal history of the amino acid is found in
fermentation-derived preparations of lysine but has
been unidentified. HPLC indicates ppm amounts of
aromatic amino acids phenylalanine and tryptophan in
this preparation which do not contribute to the phos-
phorescence. Yellow pigments are known to occur
during fermentation of lysine from Corynbacteria.3¢
Although the thermal degradation pathway of lysine is
known to produce aromatic compounds such as py-
ridines,37 these materials have been tested and do not
show luminescence. It has been reported that the
commercial origin of lysine and other amino acids plays
a role in the intensity of lyoluminescence.?®8 The pres-
ence of similar luminescent behavior for synthetic and
fermentation-derived lysine obtained from various plant
sources and microorganisms does not support a conclu-
sion of a single impurity derived from the production of
the amino acid.

Physical properties of the glass state and changes
associated with the solid state have been studied by
thermal analysis. The thermal properties of metal salts
of succinic acid have been previously reported.?? The
magnesium and cobalt salts when heated above 430 K
become amorphous as evidenced by X-ray diffraction.
An exothermic transition due to recrystallization from
the glass state is seen by DSC at 583 K. Magnesium
salts of succinic acid which contain lysine indicate that
this transition is present up to 25% lysine (Figure 1).
At a 2/1 molar ratio of succinic acid/lysine the DSC scan
is altered as evidence by the disappearance of the
exothermic transition at 583 K and the appearance of
endotherms at 393 K which correspond to a glass
transition. The inability of the glass to recrystallize is
a demonstration of the stability of this glass state.

The phosphorescence of lysine salts or dicarboxylic
acids is extremely sensitive to slight changes in the

(31) Vishnevskii, A. P. Dokl. Akad. Nauk. SSSR 1948, 63, 503.
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structure of the acid or the alkaline earth metal used.
For example, 7-bonded linear acids shut off lumines-
cence as indicated by the magnesium salt of lysine
succinate (saturated four-carbon carboxylic acid) which
shows luminescent properties whereas, the sait of lysine
fumarate (unsaturated four-carbon acid) does not. Other
examples include substitution of ketoacids for saturated
carboxylic acids (ketobutyric/succinic, oxaloacetic/oxalic)
and differences among a series of linear saturated acids
(Table 2). The ability to control luminescence in the
solid state by chemical modifications in the network-
forming chemicals offers the materials scientist a new
tool for the preparation of interesting optical materials
of biological origin and the spectroscopist the op-

Turk et al.

portunity to explore the interaction of molecular solids
with light.
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