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ABSTRACT: Anhydrous guanine crystals are among the
most widespread organic crystals used by organisms to
produce structural colors. The main advantage of guanine is
its exceptionally high refractive index in the reflecting direction
(∼1.8). For the same reason, guanine is a promising candidate
material for a variety of different optical applications.
Crystallization of guanine is challenging and usually involves
using polar aprotic organic solvents such as dimethyl sulfoxide
(DMSO). Here, we show that the crystallization of guanine
from aqueous solutions is possible under conditions that
provide control over crystal polymorphism and size. Using this approach we were able produce large crystals of the elusive
guanine monohydrate phase. We were also able to rationalize the formation of the different phases obtained as a function of
which tautomer of guanine is stable in solutions of varying pH.

1. INTRODUCTION

Some of the most brilliant colors in nature are produced by the
interaction of light with structured materials, causing reflection
or scattering of light. The use of these biogenic structural colors
has evolved in parallel to pigmentation and many animals use a
combination of the two to produce their coloration.1−4 The use
of structural colors is widespread in organisms of all the animal
kingdoms and also in plants. Examples can be found in
arthropods,5−7 mollusks,8 fish,9−12 birds,13,14 reptiles,15−18 and
in a variety of plants, such as the Pollia condensata fruit.19 The
colors are used for a variety of purposes, such as
communication, thermo regulation,20,21 vision enhancement,
and camouflage.20 There are several advantages of structural
colors over pigment-based coloration for the control of
brightness, hue, directionality, and polarization.22−24 Thin
guanine crystal platelets are used as highly reflective elements
by many organisms.6−8,11,15,16,25−28 The reasons why guanine
crystals have evolved to fulfill this function, and how the
crystals form, are not well understood.
There are three different known phases of crystalline

guanine: guanine monohydrate and two polymorphs of
anhydrous guanine, α and β.29−31Only anhydrous guanine
was reported to be present in biogenic systems.15,28,31,32 Thin
plate-like crystals of β anhydrous guanine produce the
broadband reflectance found in silvery fish and spiders,25,31,33

and block-shaped β anhydrous guanine crystals scatter light,
producing the white color characteristic of certain spiders.25,31

Anhydrous β-guanine is also found underneath the cuticle of
certain crustaceans, such as the sapphirinidae copepods, where
it produces light induced tunable photonic crystals.32,34 The

polymorphic form of anhydrous guanine found in panther
chameleons,15 in different groups of lizards and in mollusc
eyes.8 Interestingly, in all cases where the polymorph was
determined (spiders, fish and copepods), the biogenic crystal
phase was only composed of the β polymorph,31 whereas the α
polymorph was obtained only in vitro.30

The widespread use of anhydrous guanine in nature is
probably due to its exceptionally high refractive index, n ≈ 1.8,
in the reflected direction,25,35 much higher than the refractive
index of water, n = 1.33. This is especially significant in a
multilayer reflector (1D photonic crystal consisting of an array
of thin alternating layers) since the ratio of reflected to
transmitted light at an interface between two materials is
directly related to the difference in their refractive indices.36

The optical properties of anhydrous guanine, together with the
fact that it is nonhazardous and easy to obtain, makes it a
promising candidate material to be incorporated into artificial
systems. In fact, guanine is being used in a variety of products in
industries, such as cosmetics, paints, and jewelry.37−39 Guanine
was recently incorporated into sophisticated systems with
dynamic control over crystal orientation, providing magneti-
cally tunable reflectivity.40,41 However, all these systems use
anhydrous guanine crystals extracted from biological specimens,
namely, fish scales. The use of fish crystals limits the
possibilities of varying crystal dimension, morphology, and
material quantity for industrial applications. The main reasons
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impeding the use of synthetic anhydrous guanine crystals are
guanine insolubility in most solvents, and the difficulty of
obtaining crystals in the desired thin and wide plate
morphology.
The first determined structure of guanine, guanine

monohydrate, was published in 1971.29 The structure of
guanine monohydrate is important since it may provide
significant information on the interactions of water with
guanine and its role in DNA mutations.42−44 Since the
structure of guanine monohydrate was reported, many
theoretical studies were published on the interactions of
guanine and water and on the structure and properties of
guanine monohydrate;45−50 however no experimental studies
and data on guanine monohydrate crystals were reported,
probably because it is very hard to produce. In fact, the
conditions in which the crystals were obtained in the original
publication were so harsh, involving evaporation of a
dimethylamine solution, so as to be practically prohibitive.
Here we show that the crystallization of guanine from

aqueous solutions is not only possible but also provides a
means of controlling the crystal phase formed and the crystal
size. We were also able to rationalize the formation of the
different phases obtained as a function of which tautomer of
guanine is stable in solutions of varying pH.

2. RESULTS AND DISCUSSION
In the structures of α and β anhydrous guanine and guanine
monohydrate, neighboring guanine molecules form extended
hydrogen bonded layers, held together by stacking interactions
between the layers (Figure 1A and B). The α and β polymorphs
of anhydrous guanine are practically identical in the hydrogen-
bonded planes.31 The difference between the two polymorphs
is in the stacking of the layers that are offset one relative to the
next along the c-axis or the b-axis, respectively.
In all different crystalline polymorphs guanine is in the keto-

amino form. While in anhydrous guanine the hydrogens are

attached to N1 and N7 (G1,7 tautomer, Figure 1C), in guanine
monohydrate the hydrogens are attached to N1 and N9 (G1,9
tautomer, Figure 1C). Guanine is practically insoluble in
neutral aqueous solutions. However, in aqueous acidic or basic
solutions, where the molecules are ionized, guanine is much
more soluble (Figure 1D).
We utilize the effect of guanine protonation and deprotona-

tion on its solubility, in order to grow large crystals of guanine.
The process involves dissolving guanine powder in either acidic
or basic solutions, using HCl or NaOH respectively, and then
inducing crystallization by adjusting the pH of the solution.
Using this methodology we were surprised that the crystal
morphologies differ significantly when carrying out the
crystallization in solutions adjusted to different pH regimes.
Under acidic conditions (pH 2), the crystals are elongated
needles (Figure 2A and B), whereas under basic conditions
(pH 10) the elongated crystals have a bulky prismatic
appearance (Figure 2C and D).

We used X-ray powder diffraction to characterize the
crystallographic structure of the crystals with different
morphologies. We discovered that whereas the crystals with
prismatic bulky morphology are α and/or β polymorphs of
anhydrous guanine (Figure 3C), the elongated needle-like
crystals consist of the elusive guanine monohydrate phase
(Figure 3A). Our previous efforts to obtain this phase of
guanine using a large variety of different solvents and
conditions were not successful, and to the best of our
knowledge there have been no reports on the formation of
guanine monohydrate since its structure was published more
than 40 years ago.29

Experimental FTIR and Raman spectra of the monohydrate
phase are not available to date. It is therefore interesting to
observe that the FTIR spectrum of guanine monohydrate is
distinctly different from the spectrum of anhydrous guanine
(Figure 4A). Most evident differences are (i) The broad peaks
at 3420 and 3200 cm−1 and the peak at 1596 cm−1,
corresponding to the water stretching modes υ1 and υ3, and

Figure 1. (A) Crystal structure of the hydrogen bonded layer in
guanine monohydrate viewed down the c axis.29 (B) Crystal structure
of the hydrogen bonded layer in anhydrous guanine in the α or β
polymorph viewed down the a axis.30 (C) The two keto-amino low-
energy tautomers of guanine. The designations G1,7 and G1,9 identify
the nitrogen positions (1, 7, or 9) to which the hydrogen is attached.
(D) The pKa values of guanine, presented using the G1,9 tautomer.
The pKa values are given within a range, due to differences between
the reported values.52−55

Figure 2. Morphology of guanine crystals grown in solutions with
different pH. Crystallization under acidic conditions (pH < 3) results
in the formation of large (1−10 mm) needle-like crystals (A and B).
Crystallization under neutral and basic conditions results in the
formation of prismatic crystals (C and D). A and C: Light microscope.
B and D: SEM.
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the bending mode υ2 respectively, which are present in the
monohydrate but not in the anhydrous phase; (ii) The CO
and NH2 stretching vibrations appear as multiple peaks
between 1633 and 1705 cm−1 in the monohydrate phase,
whereas they appear as two resolved peaks at 1695 and 1672
cm−1 in the anhydrous phase. The Raman spectrum of guanine
monohydrate is also distinctly different from the spectrum of
anhydrous guanine (Figure 4B). Several vibrations are shifted:
specifically, the CO peak at 1675 cm−1 in the anhydrous
phase shifts to 1702 cm−1 in the guanine monohydrate phase.
We then systematically determined which guanine phase is

obtained at different pH values. To this end, we performed the

crystallization at specific pH values from either acidic or basic
solutions, and the crystals obtained were identified either by
FTIR spectroscopy or by X-ray powder diffraction. At
extremely basic solutions (∼pH 14), the disodium guanine
heptahydrate salt is obtained (Figure S1).51 Guanine
monohydrate was obtained from highly acidic solutions (pH
∼1−3), whereas at higher pH (∼4−6) a mixture of both
guanine monohydrate and anhydrous guanine phases was
obtained. In neutral and basic solutions (pH ∼7−13) the
formation of anhydrous guanine is dominant. The kinetically
favored polymorph of anhydrous guanine is the β form, which
in water suspension transforms with time into the α form

Figure 3. X-ray powder diffraction patterns obtained from crystallizations performed at pH 2 and at pH 11. (A) X-ray powder diffraction of the
phase obtained at acidic pH after 24 h (black). There is a very good fit to the calculated diffraction pattern of guanine monohydrate (red). (B) X-ray
powder diffraction of the phase obtained at alkaline pH (black) after 24 h. The powder pattern consists of a mixture of the two α (green) and β (red)
polymorphs of anhydrous guanine. (C) Evolution in time of the anhydrous guanine polymorphs in suspension, followed through the intensity of the
(011) and (002) diffraction peaks in the α polymorph (green lines) and in the β polymorph (red lines). Initially the suspension consists of the pure β
form, which in time transforms into the α form.

Figure 4. FTIR (A) and Raman (B) spectra of anhydrous guanine (blue line) and guanine monohydrate (red line).
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(Figure 3C). At high pH the transformation is much slower
than at neutral or acidic pH (Figure S7). The transformation
requires dissolution-reprecipitation, as demonstrated by the fact
that the material does not transform when kept dry.
2.1. Control of Crystal Size. One of the major challenges

in guanine crystallization is producing large crystals, as both the
monohydrate and anhydrous phases have a tendency to form as
very small crystallites. This was also noted in the studies from
which the crystal structures were determined.29,30 Using pH
induced crystallization, the interplay between the initial guanine
concentration and the rate of lowering the pH allow substantial
control over the crystallization process and ultimately over the
crystal size. By using solutions with relatively low concen-
trations of guanine (0.013 M) and adjusting the pH slowly
(dropwise), thus inducing fewer nucleation events, relatively
large crystals were formed (Figures 2 and S2 C+D). On the
other hand, using solutions with high concentrations of guanine
(0.13 M) and adjusting the pH rapidly (instantly) induces the
formation of very small crystals (Figure S2 A+B).
2.2. Phase Transformation. Heating a crystalline powder

of guanine monohydrate results in the removal of water and
subsequent phase transformation into anhydrous guanine. This
was observed using TGA (Figure 5) and was confirmed by X-

ray powder diffraction and FTIR spectroscopy (Figures S3 and
S4). The transformation, which occurs at relatively low
temperatures (∼95 °C), results in the deposition of aggregates
of polycrystalline anhydrous guanine with a needle-like
morphology (Figure 5 inset A and B). The transformation
from monohydrate to anhydrous crystals can also occur at
room temperature within a few hours if the crystals are kept in
suspension. However, when stored dry under ambient
conditions, guanine monohydrate is stable for at least several
months and no solid to solid transformation occurs (Figure
S5). The transformation within the suspension probably occurs
through the dissolution of guanine monohydrate and the
formation of anhydrous guanine (Figure S6). In acidic
conditions the crystals of guanine monohydrate grow rapidly
and are the first to form in the solution, while the crystals of
anhydrous guanine take much longer to form. If the suspension

is not filtered and dried, anhydrous crystals continue to grow at
the expense of the dissolving guanine monohydrate crystals. A
suspension which initially contained almost exclusively guanine
monohydrate crystals becomes a mixture of both phases within
10 min and within a few hours contains almost only anhydrous
guanine.

2.3. Discussion. Here we show that progressive pH
adjustment not only enables crystallization of guanine from
aqueous solution, but also permits control of the crystal phase
and crystal size. These observations raise the following
questions: (1) What is the chemical mechanism promoting
the formation of different phases at different pH conditions?
(2) Do these observations provide insight into biogenic crystal
formation? (3) Can this approach replace the use of biogenic
fish crystals for industrial purposes? These questions are
addressed below.

2.3.1. Chemical Mechanism of Crystal Formation. Under
extremely basic conditions (∼pH 14), the doubly deprotonated
molecular form of guanine is predominant, namely the amino−
keto tautomer from which deprotonation from N1 and N7 has
occurred (Figure 1D).51 When the guanine ions reach
saturation the guanine disodium heptahydrate salt crystallizes,
producing large single crystals.51 At lower pH, the neutral
molecular form of guanine is formed (Figure 1D). Neutral
guanine molecules have two different stable keto-amino
tautomers (G1,7 and G1,9) (Figure 1C). DFT studies showed
that their energies are close one to the other. While in both the
gas phase and in solutions with relatively low dielectric
constants the G1,7 tautomer is more stable, in solutions with
relatively high dielectric constants the G1,9 tautomer is more
stable.45 Under conditions where the G1,7 tautomer is favored,
anhydrous crystals should form because neighboring guanine
molecules form hydrogen bonds where all hydrogen donors
and acceptors are satisfied.30,31 These hydrogen bond networks
result in layers of guanine molecules held together by stacking
interactions. This kind of crystal molecular arrangement is
energetically stable, and therefore even small amounts of the
G1,7 tautomer in the solution will eventually lead to the
formation of the anhydrous crystal phase. At acidic pH, the
dominant molecular form of guanine is the protonated form
(Figure 1D). The crystal structure obtained under these
conditions is guanine monohydrate, where the guanine
molecule is neutral and the H atoms are attached to N1 and
N9, rather than N1 and N7 as in the anhydrous form. In the
crystal structure of the monohydrate phase the guanine
molecules form hydrogen bonded layers where water molecules
take part in the hydrogen bonding. The incorporation of water
molecules is probably due to the impossibility to form a layer of
guanine molecules where all hydrogen donors and acceptors are
satisfied when using the G1, 9K tautomer (Figure S7).
Following Ostwald’s rule, the crystals of the least stable

guanine monohydrate grow first, while it takes a longer for the
crystals of the anhydrous form to grow. Keeping the guanine
monohydrate crystals in a suspension where the neutral
molecular form of guanine is also present will result in the
anhydrous guanine phase slowly replacing the monohydrate
phase. This transformation occurs only in the presence of a
suspension, via the dissolution of guanine monohydrate crystals
and the precipitation of anhydrous guanine crystals. No
transformation is observed when the crystals are kept dry
under ambient conditions. The phase transformation from
guanine monohydrate to anhydrous guanine by heating,
however, results in anhydrous guanine crystals that still

Figure 5. TGA spectra, showing the transformation of guanine
monohydrate to anhydrous guanine upon heating. The phase
transformation was also confirmed using FTIR spectroscopy and X-
ray powder diffraction (Figure S3+S4); green line, weight (%), blue
line (weight derivative (%/°C). Insets: Light microscope images
through cross polarizers: (A) before heating and (B) after heating.
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maintain the overall needle-like morphology of the mono-
hydrate phase, although the individual anhydrous guanine
crystals are much smaller.
2.3.2. Insight into Biogenic Crystal Formation. The

formation of guanine crystals in biological systems is enigmatic.
Huge amounts of insoluble guanine molecules must be
transported from the cell nuclei (where they are formed) to
the location where crystallization takes place.56 Taking into
account that biological systems set up and control biominer-
alization using strategies that are very different from those used
in vitro, we can still cautiously draw some insight into biological
guanine mineralization from the information obtained in vitro.
It is unlikely that guanine molecules are soluble in the aqueous
cytoplasmic fluids of the cell, because of the very low solubility
of guanine in close to neutral pH aqueous solutions.
Solubilizing guanine using either acidic or alkaline environ-
ments in confined areas is a conceivable in vivo scenario. In fact
similar mechanisms exist in shell-forming organisms such as the
foraminifera57 and in silicon deposition of diatoms.58

The fact that only the β phase of anhydrous guanine phase
was found so far in biological samples, indicates that organisms
stabilize the polymorph that is kinetically favored but
thermodynamically marginally less stable in vitro31(Figure
3C). How this is achieved is not known, although preventing
a dissolution-reprecipitation process from occurring is sufficient
to stabilize the β form indefinitely. We note that both
morphology and optical properties are expected to be the
same for the two polymorphs, because they share the same
fundamental structural units of extended hydrogen bonded
layers coupled with stacking interactions. There is thus no
obvious advantage to one polymorph relative to the other. The
specific guanine polymorph obtained in vivo could also be
influenced by the presence of an amorphous precursor that was
reported for certain fish[12].
The fact that using this methodology guanine crystallization

occurs in an aqueous environment also permits studies on
processes/systems which could not have been studied using
organic solvents such as DMSO or dimethyl amine (DMA).
For example, studying guanine crystallization within liposomes
or in the presence of proteins could contribute to the
understanding of biological processes that are relevant to
biogenic guanine crystal formation.
2.3.3. Replacing Biogenic Fish Crystals for Industrial Use.

The use of aqueous solutions provides a more cost-effective and
environmentally friendly approach that has the potential to
replace the current methodologies for guanine formation, and
specifically the use of biogenic anhydrous guanine crystals
extracted from fish. Fish guanine crystals are used in a variety of
industries including cosmetics and paints.37−39 While for some
of the industrial uses fish guanine is suitable, for others,
controlling the size and morphology of the guanine crystals
could prove to be highly beneficial. Earlier studies on guanine
crystals have shown that control over crystal morphology is
possible.33 A similar approach could be taken using the pH
dependent crystallization reported here (a patent was recently
filed59). Recent studies where biogenic guanine is incorporated
into sophisticated tunable devices show intriguing capabil-
ities,40,41 as in such systems larger and/or thicker crystals of
guanine could allow the production of more efficient synthetic
light reflectors. Furthermore, the methodology presented here
could be used for achieving crystallization of other purines and
pteridines, for which the crystal structures have yet to be
determined. For example the crystallization of xanthine and iso-

xhantopterine is possible using this methodology and studies to
determine their structure are currently taking place.

3. CONCLUSIONS
In conclusion, herein we present a methodology that enables
control over guanine crystal phases, polymorphism and crystal
size, by varying the pH of the crystallization solutions. The
different phases obtained are a function of the guanine
tautomer stable in solutions of varying pH.

4. EXPERIMENTAL SECTION
4.1. Guanine Crystal Formation. Guanine crystals were

produced by dissolving 20−200 mg of guanine powder (Sigma−
Aldrich), in 10 mL solution of either 1 M HCl or 1 M NaOH. The
solutions were then filtered using a PVDF filter (22 μm, Millipore)
and 0.1 mL of 1 M NaOH or 1 M HCl, respectively, were added to the
solutions to ensure that all of the guanine was dissolved. Guanine
crystallization was induced by adjusting the pH of the solution using
NaOH or HCl respectively in a drop by drop manner. The pH of the
solution was followed using a pH meter and the solution was adjusted
to different pH values (1−14). The obtained suspensions were
collected and filtered.

4.2. X-ray Powder Diffraction Measurements. The XRD data
were collected using a Rigaku Ultima III (with Cu Kα radiation). All
XRD data analyses were made with the Jade software package
(Materials Data Inc.).

4.3. FT-IR and Micro-Raman Measurements. FTIR: A few
milligrams of sample were ground in an agate mortar and pestle. About
0.2 mg were left in the mortar, mixed with about 20 mg of KBr, and
pressed into a 3 mm pellet using a hand press (Pike). Infrared spectra
were obtained at 4 cm−1 resolution for 32 scans using a Nicolet iS5
(Thermo).

Micro-Raman: Measurements were made in air at room temper-
ature using LabRAM HR Evolution Microscope. The laser used for
these measurements was 633 nm, with an average power of 20 mW.
The scattered light was measured using a 300 gr/mm grating,
acquiring the Raman spectrum for 10 s and averaging 5 times. The
signal was measured using the Andor EMCCD detector (1600 × 200
pixel front illuminated EMCCD camera cooled to −60C), and
collected with an Olympus UIS2 50x long working distance objective
LMPlanFL N NA 0.5.

4.4. Thermogravimetric Analysis (TGA). Few milligrams of
sample was placed in a platinum pan and heated to 300 °C together
with an empty reference pan. The heating was performed under
nitrogen atmosphere, with a heating rate of 2.5 °C/min using a
Shimadzu DTG-50 instrument equipped with a microbalance. The
baseline spectrum, obtained under the same conditions with two
empty platinum pans, was subtracted from the measurement spectrum.

4.5. Optical and SEM microscopy. Optical images were taken
using a Nikon microscope (Eclipse E600 Pol), with or without
polarizers in cross position. SEM images were taken using LEO Supra
55 and Ultra 55 (Zeiss).
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