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Abstract

5-Nitrobarbituric acid (dilituric acid) has been used as a chemical microscopic reagent for the qualitative
identification of alkali metal (Group IA) and alkaline earth (Group I1A) cations. This methodology was based on the
characterization of observed crystal morphologies, since a unique crystal habit could be associated with each adduct
product. To understand the scientific foundations which permitted chemical microscopy to function as a useful
analytical technique, the products formed between dilituric acid and the Group IA and IIA cations were characterized
using polarizing optical microscopy, powder X-ray diffraction, thermal analysis and solid-state nuclear magnetic
resonance. It was found that the origins of the different crystal morphologies associated with each of the adduct arose
from the ability of the systems to form various hydrate species, which could also contain structural variations due to
cation/diliturate packing patterns. © 1997 Elsevier Science B.V.
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1. Introduction

One of the most important analytical tech-
niques used during the first half of this century
was chemical microscopy. For this approach of
analysis, derivatives of the analyte species were
prepared, crystallized and identified by means of
the morphological characteristics of the resulting
adducts [1]. For example, Dunbar and his associ-
ates used a series of reagents to develop specific
tests for amines [2,3], carboxylic acids, anhydrides
and acid chlorides [4,5], aldehydes and ketones
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address: Acute Therapeutics, Inc., 88 Courter Avenue, Maple-
wood, NJ 07040, USA.

[6]. hydroxy compounds [7], amino acids [8] and
cations [9]. In another extensive series of studies,
Clarke and coworkers developed sensitive micro-
chemical tests for the determination of alkaloids
[10,12,16], anesthetics [11], antihistamines [13], an-
timalarials [14] and analgesics [15].
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During the course of this type of work, it was
found that S5-nitrobarbituric acid (dilituric acid),
was the reagent of choice for the identification of
primary and secondary amines because of its easy
preparation and purification, its moderate solubil-
ity, and its acidic nature and consequent ability to
react with basic compounds [17]. Most important,
however, was the high degree of crystallinity and
ease of recrystallization associated with its adduct
compounds. It was also noted at this time that the
solubility of the potassium salt and the solubilities
of the salts of divalent alkaline earth cations, were
extremely low. This finding was exploited by
Francis, who developed chemical microscopic
identification techniques for cations which were
based solely on the morphology of isolated pre-
cipitates [18].

Workers skilled in the art could therefore read-
ily use precipitation with dilituric acid as a means
to identify the alkali metal (Group IA) or alkaline
earth (Group IIA) cations entirely on the basis of
observed crystal morphologies. One of the more
intriguing aspects of these investigations and the
never-asked question, was why should each and
every adduct exhibit a unique crystal morphology
in the first place?

To more fully understand the scientific founda-
tions which permitted chemical microscopy to
function as a useful analytical technique, a de-
tailed structural investigation into the solid state
behavior of dilituric acid and its insoluble cation
salts was conducted. Materials were characterized
using polarizing optical microscopy, powder X-
ray diffraction, thermal analysis and solid-state
nuclear magnetic resonance, with the ultimate aim
of deducing the underlying principles governing
the production of characteristic crystal morpholo-
gies.

2. Experimental
2.1. Chemicals

Dilituric acid was obtained from the Aldrich
Chemical Company (Milwaukee, WI) in the

highest purity available and was used without
subsequent purification. Alkali metal or alkaline

earth chlorides or nitrates were used as the source
of cations, and were obtained as reagent grade
materials from Aldrich.

2.2. Preparation of cation adducts

The diliturate adducts were prepared by sus-
pending 1 mmol of dilituric acid and 1 mmol of
metal cation in 5-10 ml of deionized water, shak-
ing vigorously for 1 min, and then heating at 60°C
until the contents were completely dissolved.
Upon cooling to room temperature, the deriva-
tives precipitated as crystalline products which
were allowed to air-dry prior to their analysis.
Each adduct was prepared in duplicate and the
optical microscopic characteristics of each lot
compared. In every instance, identical adduct
products were produced.

2.3. Equipment

2.3.1. Polarizing optical microscopy

Optical microscopic investigations were con-
ducted on a Nikon Labophot-2 compound micro-
scope system, at magnifications between 40 x and
200 x (depending on the particle size). Samples
were immersed in mineral oil, and held on the
slide under a cover glass. The samples were
viewed using ordinary illumination, and between
crossed polarizers to evaluate the degree of crys-
tallinity. Hot-stage microscopic characterizations
were carried out using a simple Kofler device.

2.3.2. Thermal analysis

Measurements of thermogravimetry were ob-
tained on a Perkin-Elmer TGA-7 thermal analysis
system. Approximately 5 mg of sample was placed
on the pan, and inserted in the TG furnace. The
sample was then heated at a rate of 10°C min !,

up to a final temperature of 250°C.

2.3.3. Powder X-ray diffraction

The X-ray powder patterns of the samples were
obtained using a Philips model APD 3720 powder
diffraction system, equipped with a vertical go-
niometer configured in the #/2-0 geometry. The
K-« line of copper (1.544056 A) was used as the



H.G. Brittain /J. Pharm. Biomed. Anal. 15 (1997) 11431155 1145

Fig. 1. Morphology of recrystallized dilituric acid. obtained using optical microscopy at a magnification of 200 x .

radiation source. Each sample was scanned be-
tween 2 and 40° 2-6, at a scan rate of 0.02 degrees
2-0s 1,

2.3.4. Solid-state nuclear magnetic resonance

Solid-state '*C-NMR spectra were acquired at
Spectral Data Services, (Champaign, IL) at a field
strength of 270 MHz. All spectra were obtained
using the cross polarization, magic angle spinning
(CP/MAS) pulse sequence.

3. Results and discussion
3.1. Dilituric acid trihydrate

The solid-state characteristics of the dilituric
acid reagent were first evaluated to assemble a
background of appropriate data to be used during
the interpretation of analogous data obtained on
the derivative species. Dilituric acid was accord-
ingly recrystallized according to the protocol used
for generation of the adduct precipitates and sub-
jected to the full range of characterization. As
shown in Fig. 1, the compound was obtained as

tabular plates, which were found to exhibit only
first-order birefringence owing to their thinness.

The water content of recrystallized dilituric acid
was obtained using thermogravimetry. The TG
thermogram consisted of a 23.8% weight loss by
150°C and a further loss of approximately 17% by
190°C. The first weight loss is assigned to the loss
of lattice water, and correlates well with the theo-
retical weight loss of 23.9% anticipated for an
authentic trihydrate phase. The second weight loss
is certainly associated with the exothermic decom-
position of the compound. The thermogravimetry
observations were confirmed using hot-stage mi-
croscopy, where the evolution of decomposition
products over these temperature ranges was ob-
served for solid immersed in mineral oil and ob-
served visually during the heating process.

The single-crystal structure of dilituric acid tri-
hydrate has been reported in the literature {19]. In
the reported structure, the dilituric acid molecules
form hydrogen-bonded sheets which are essen-
tially coplanar, and parallel to the (010) plane.
The water molecules are hydrogen-bonded in the
channels formed by the 3-dimensional placement
of the sheet planes. The recrystallized dilituric
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acid formed in the present study was obtained as
a highly crystalline product, as evident by its
well-defined X-ray powder diffraction pattern
(Fig. 2).

As illustrated in Fig. 3, the solid-state '*C-
NMR spectrum of dilituric acid consisted of three
resonances observed at 112.7, 152.4 and 163.1
ppm. Since there are only four carbon atoms in
the molecule (all contained in the ring structure),
assignment of the observed resonances is not
difficult. Following the numbering system shown
earlier, the resonance at 112.7 ppm is assigned to
carbon-5, the carbon at which the nitro group is
bound. The resonance at 152.4 ppm is assigned to
carbon-2 and the resonance at 163.1 ppm is as-
signed to the magnetically equivalent nuclei at
carbon-4 and carbon-6. These assignments are
based on the conclusions deduced from solution-
phase studies, where it was concluded that car-
bon-5 resonated at 112.9 ppm, carbon-2 at 149.9
ppm, and the magnetically equivalent carbons-4/6
at 159.6 ppm [20].

Intensity

Scattering Angle (degrees 2-6)

Fig. 2. Powder X-ray diffraction pattern of recrystallized
dilituric acid.
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Fig. 3. Solid-state '*C-NMR spectrum of recrystallized dili-
turic acid.

3.2. Adducts formed with Group 1A cations

As noted in previous work [18], the crystalline
products formed between dilituric acid and Group
IA cations each differed from each other with
respect to their morphological properties. These
differences are illustrated in Fig. 4, where it may
also be noted that the morphologies of the ad-
ducts are readily distinguishable from that of the
dilituric acid reagent as well. The Li-DLA adduct
was observed to form as irregular equant parti-
cles, the Na-DLA adduct as flat triangular prisms,
the K-DLA and Rb-DLA adducts as tabular crys-
tals and the Cs-DLA adduct as elongated tabular
crystals. The relatively thin nature of the isolated
adducts was evident in the low degree of birefrin-
gence obtained for each species, which was gener-
ally of first-order.

Thermogravimetric analysis was used to obtain
the water content of the diliturate derivatives and
to deduce the solvation state within the isolated
adducts. This information is summarized in Table
I. With the exception of the Li-DLA adduct
(which was obtained as a dihydrate species), the
products formed between dilituric acid and the
Group IA cations were all anhydrous. Unlike the
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(a)

(©)

Fig. 4. Morphology of the products formed between dilituric acid and Group IA cations. Optical photomicrographs (obtained at
a magnification of 200 x ) are shown for (a) Li-DLA, (b) Na-DLA, (¢) K-DLA, (d) Rb-DLA and (e) Cs-DLA.
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Fig. 4.
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dilituric acid reagent, the Na-DLA, K-DLA, Rb-
DLA and Cs-DLA products did not exhibit a
secondary decomposition when heated to 190°C.
The Li-DLA adduct lost only 6.8% between 150
and 190°C, which is significantly less than that of
the dilituric acid reagent itself.

Even though four of the five adducts of Group
IA cations with dilituric acid were anhydrous in
nature, their crystal structures were all found to
be different from each other. As evident in Fig. 5,
the X-ray powder patterns of all adducts were
found to be mutually non-equivalent, and also
not equivalent to that of the dilituric acid reagent.
Since most of the adducts were obtained in the
same state of hydration, it must be concluded that
the different cations lead to the existence of differ-
ent packing patterns within the various crystal
lattices. Assuming that the crystal structure is
based on the networking of diliturate species, and
that these sheets are linked by the included

Fig. 4.

cations, it follows that the driving force for pro-
ducing the differing packing patterns would be
associated with the varying ionic radii of the
cations. The significant decrease in the diliturate/
cation radius ratio which takes place as one trans-
verses from lithium down to cesium manifests
itself in the various crystal structures, and the
different crystal structures in turn lead to the
existence of different crystal morphologies.

The solid-state '*C-NMR spectra of the Group
IA adducts each consisted of three resonances,
and the measured spectra strongly resembled that
obtained for the dilituric acid reagent. A summary
of the NMR data is provided in Table 2, where it
may be seen that the resonance positions noted
for carbon-2 and the magnetically equivalent nu-
clei at carbon-4 and carbon-6 are barely different
from the analogous resonances detected for the
dilituric acid reagent. A small, but significant,
downfield shift of the resonance associated with
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Table 1

Thermogravimetric analysis of the adducts of dilituric acid with Group LA and IIA cations

Cation Volatile content, RT- Theoretical volatile content for the #n-hydrate ~ Hydration state  Volatile content, 150-
150°C (%) species (n) 190°C (%)

Free acid  23.8 239 3 17.1
Lithium 12.3 12.2 2 6.8
Sodium 0 0 0 0
Potassium 0 0 0 0
Rubidium 0 0 0 0
Cesium 0 0 0 0
Beryllium  22.9 23.0 3 0
Magnesium 12.1 12.1 1.5 11.5
Calcium 3.9 4.1 0.5 6.3
Strontium 0 0 0 13.2
Barium 2.5 2.8 0.50 0

carbon-5 (the carbon containing the nitro group)
was consistently observed for each of the adduct
species. Since the tendency of Group 1A cations is
to interact exclusively with oxygen donor atoms
whenever possible, the NMR findings indicates

Li-DLA

Na-DLA

intensity

T T T T T T

10 15 20 25 30 35
Scattering Angle (degrees 2-0)

Fig. 5. Powder X-ray diffraction patterns of the Li-DLA,
Na-DLA, K-DLA, Rb-DLA and Cs-DLA adduct products.

that the bonding between the diliturate moiety
and the metal cation is predominantly with the
oxygens of the nitro group at the 5-position, and
not with the ketone oxygens of the barbiturate
ring.

3.3. Adducts formed with Group I1A cations

It was found that not only did the crystalline

products formed by dilituric acid with the Group
IIA cations differ from each other in their mor-
phological properties, they also differed in mor-
phology relative to the adducts of the Group 1A
cations and from that of the dilituric acid reagent
as well. Examples of the crystal morphologies
obtained for the Group IIA cation adducts are
illustrated in Fig. 6. The Be-DLA product was
observed to form as flat rods, the ends of which
were frequently found to be capped. On the other
hand, the Mg-DLA product could only be ob-
tained as a microcrystalline powder of indetermi-
nate  morphology. The Ca-DLA adduct
precipitated in the form of long thin rods, while
the Sr-DLA product consisted of small bundles of
needle-like crystals. Finally, the Ba-DLA product
formed as thick, almost equant rod-like crystals.
Most crystals exhibited only first-order birefrin-
gence, although a significant number of the Ba-
DLA crystals were sufficiently thick so as to
enable the observation of higher-order birefrin-
gence colors.
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Table 2

Solid-state **C-nuclear magnetic resonance bands obtained for the adducts of dilituric acid with Group IA and 1IA cations

Cation Chemical shift, Carbon-5 (ppm)  Chemical shift, Carbon-2 (ppm) Chemical shift. Carbons-4,6 (ppm)
Free acid 112.7 152.4 163.1
Lithium 113.9 152.2 162.5
Sodium 113.8 152.6 162.6
Potassium 113.6 152.8 162.5
Rubidium 113.7 152.7 162.2
Cesium 113.5 152.3 162.5
Beryilium 113.3 151.9 162.8
Magnesium  112.5 151.6 163.1
Calcium 114.2 151.9 162.6
Strontium 112.8/116.0 152.6 160.4/164.4
Barium 116.2 151.9 160.1

The water content (and hence the solvation state)
of the Group IIA cation diliturate adducts was
established using thermogravimetric analysis, and
this information has been included in Table 1. The
variety of hydrate formation associated with the
Group IIA cation adducts was found to be more
extensive than was noted for the Group IA cation
products. The Be-DLA product formed as a trihy-
drate species, the Mg-DLA product was obtained
as a l.5-hydrate and the Ca-DLA and Ba-DLA
adducts were obtained as 0.5-hydrate species. The
Sr-DLA product was obtained as an anhydrate
phase.

Unlike the dilituric acid reagent, the Be-DLA
and Ba-DLA failed to exhibit a secondary decom-
position when the sample heating was continued to
190°C. This behavior may be contrasted with that
noted for the other Group IIA cation adduct
species, where the Mg-DLA compound lost 11.5%
between 150 and 190°C, the Ca-DLA adduct lost
6.3% and the Sr-DLA derivative lost only 13.2%.
The lack of a secondary decomposition within the
temperature range studied is taken as indicating an
enhancement in crystal lattice energy relative to
that of the dilituric acid reagent.

Given the variation in hydration state observed
for the Group IIA cation adducts with dilituric
acid, 1t is not surprising that each product yielded
a unique crystal structure. This behavior is illus-
trated in Fig. 7, where it is evident that the X-ray
powder patterns of all derivatives are mutually
non-equivalent and not equivalent to dilituric acid.

It 1s likely that the differing packing patterns which
would exist owing to the varying ionic radii of the
cations would yield variability in the nature of the
cation/anion packing. This situation would cer-
tainly yield a variety of crystal structures, which
would yield the range of different crystal morpholo-
gies observed for the isolated solids.

For most of the Group I1A cation adduct species
with dilituric acid, the solid-state *C-NMR spectra
consisted of three resonances. A complete summary
of all observed NMR peaks is collected in Table 2.
The resonance positions noted for carbon-2 were
not affected by process of adduct formation and
these remained essentially invariant around 152
ppm in all of the Group IIA cation adducts. For
the Be-DLA, Mg-DLA, Ca-DLA and Ba-DLA
adducts, the magnetically equivalent nuclei at car-
bon-4 and carbon-6 were found to barely differ
from the analogous resonances measured for the
dilituric acid itself. These compounds all exhibited
the same definite downfield shift of the resonance
associated with carbon-5 (the carbon containing
the nitro group) as had been observed for the
Group A cation derivative species. These NMR
results indicates that the bonding between the
diliturate moiety and the Group I1A metal cations
is with the oxygens of the nitro group at the
S-position, and not with the ketone oxygens of the
barbiturate ring.

The solid-state '*C-NMR spectrum of the Sr-
DLA adduct was found to be anomalous in that the
resonance bands associated with carbon-5
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(b)

Fig. 6. Morphology of the products formed between dilituric acid and Group A cations. Optical photomicrographs (obtained at
a magnification of 200 x ) are shown for (a) Be-DLA, (b) Mg-DLA, (c) Ca-DLA, (d) Sr-DLA and (¢) Ba-DLA.

and carbons-4/6 were split into two resonance netically equivalent for each. Given the splitting
bands. This observation would suggest that the in resonance bands derived from the carbon
Sr-DLA adduct crystallizes with two molecules in atoms containing the carbonyls adjacent to the

the unit cell, and that only carbon-2 is mag- S5-nitro group, it is possible that the solid
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contains a mixed bonding combination. Within this
view, half of the adduct species would form with
the metal cation binding simply to the oxygens of
the 5-nitro group. The other half of the adduct

Fig. 6.

species would exist as a result of chelate formation,
where the metal cations would bridge between the
oxygens of the 5-nitro group and with the adjacent
ketone oxygen of the barbiturate ring.
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The solid-state '*C-NMR spectrum of the Ba-
DLA adduct was found to consist of a three band
pattern, but the carbon-5 and carbon-4/6 peaks
were observed at the resonance bands indicative
of the postulated chelation. The spectral trends
observed for the Ca-DLA, Sr-DLA, and Ba-DLA
adduct species are illustrated in Fig. 8, which
illustrates the shift in NMR resonances which
takes place on passing from the middle to the
bottom of Group IIA.

4. Conclusions

The variety of morphologies observed for the
Group IA and IIA cation adducts with S-nitro-
barbituric acid (dilituric acid) have been found to
arise from the ability of this system to form
numerous hydrates upon crystallization of the
isolated solids. As demonstrated by the non-
equivalence of X-ray powder patterns, each of the
hydrate species exhibits a unique crystal structure.
None of the crystalline adducts were found to be
isomorphous, and this property is manifested in

Fig. 6.

differing crystal morphologies. When solids of
equivalent hydration are obtained from solution,
the differing cation/diliturate radius ratio values
result in differing packing arrangements in the
solids. These packing arrangements yield the vari-
ety of observed crystal structures and this poly-
morphism becomes evident in new crystal
morphologies.

The ability of the S5-nitrobarbituric acid system
to yield crystal morphologies which are diagnostic
for the identification of Group IA and IIA cations
can therefore be understood through the ability of
the systems to form various hydrate species,
which also contain structural variations due to
cation/diliturate packing patterns.
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Fig. 7. Powder X-ray diffraction patterns of the Be-DLA.
Mg-DLA. Ca-DLA, Sr-DLA and Ba-DLA adduct products.
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