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ABSTRACT: Carmine is a red pigment made from dried
cochineal, a scale insect that has been a source of brilliant scarlet
reds in clothing and art for more than two millennia, with records
dating back to 700 BC. Since the 16th century, it has been
intensely traded all over the world and was one of the most
important trade goods for the Spanish empire at its economic peak.
Despite still being used on an industrial scale, with hundreds of
metric tonnes produced annually, the exact molecular and crystal
structures of the dyestuff remains undetermined. Notably, both Hydrogen-bonded
modern-day commercial carmine and pigments prepared following complexes
historical recipes show strikingly similar diffraction patterns,

indicating a common crystalline structure. Here we show that

the crystal structure of carmine can, at last, be determined using three-dimensional electron diffraction measurements, revealing a
tetranuclear complex that assembles into a nanoporous supramolecular structure with pore diameters of approximately 1.8 nm, held
together by intermolecular hydrogen bonding. Our results establish a definite structure of carmine, unveiling a surprisingly
complicated arrangement in a long-used commodity with economic and cultural impact, while also highlighting the serendipitous
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creation of a man-made supramolecular material that dates back hundreds if not thousands of years.

hroughout history, few colors have evoked such a sense of

power and prestige as red—associated in many cultures
with warmth, love, and desire, but also blood, war, and
sacrifice. During the European medieval and Renaissance eras,
brilliant red pigments were greatly sought after and a costly
color to wear. Indicative of great wealth and power, garments
of crimson and scarlet hues were almost exclusively worn by
aristocrats and members of royal families." The high status of
red was largely a consequence of the scarcity of the pigments
themselves: while madder root (Rubia tinctorum) dyes—which
could exhibit colors from red to orange—were relatively
common in past centuries, obtaining strong shades of red from
the root was an arduous process that remained a trade secret
between dyers of the Ottoman empire." Alternative sources of
striking scarlets and crimson hues at the time included
brazilwood (Paubrasilia echinate) as well as various insects that
were used to produce pigments such as kermes (specifically the
insect Kermes vermilio), St. John’s blood (obtained from
Porphyrophora polonica), and Armenian red (Porphyrophora
hameli). The latter two were considered some of the finest red
dyestuffs at the time, which combined with the scarcity of the
insects due to hardships in their cultivation made the pigments
incredibly valuable. However, it turned out that native
Peruvians had developed a spectacular and far more powerful
red dye. In the early 1500s, as Spanish conquistadors reached
America, this very limited supply chain was disrupted, opening
the door to a dyestuft that would be transported and traded
across the world for centuries to come, making a long-standing
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impact on art and culture,” and completely replacing the prior
use of St. John’s blood and Armenian red.

The source of this spectacular dye was cochineal (Figure
1a), a scale insect closely related to those from which St. John’s
blood and Armenian red are sourced. The stationary females of
the species live on and feed off of cacti, and would be easy prey
for a range of predators, were it not for the strongly colored
deterrent they produce: carminic acid (Figure 1b). Carmine—
the pigment derived from carminic acid—was central to many
people of ancient America,' and evidence for its presence been
found in samples that are over 2,000 years old.” Through
breeding and harvesting cochineal for centuries, the species
now classified as Dactylopius coccus came to be—the females of
which are significantly larger than their wild ancestors and
contain >20 wt % carminic acid.* The cultivation of cochineal
favorably took place in the highlands of southern Mexico,
owing to the dry and warm climate of the region.

Historically, preparation of carmine involved drying and
grinding cochineal and subsequently extracting carminic acid
(Figure 1c). To precipitate carminic acid from aqueous
solutions, a mordant would be used—typically a colorless
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Figure 1. (a) Sketch of the domesticated cochineal (Dactylopius coccus), adapted from illustrations made by Nicolaas Hartsoeker in 1694.° (b)
Carminic acid, the colorful molecule produced by the cochineal. (c) Schematic illustration of carminic acid extraction from dried and ground
cochineal (dark red to black in color) and preparation of carmine pigment through the addition of a mordant, typically alum (potassium aluminum
sulfate), affording a brilliantly red powder. (d) The tetranuclear molecular complex of carmine as determined by three-dimensional electron
diffraction measurements, showing carminate dianions coordinating to octahedral AI** cations and square antiprismatic Ca** cations (oxygen: red
spheres), with two deprotonated phenol groups chelating toward the aluminum cations (R = glucose). The tetranuclear unit is also held together by
bridging hydroxide anions, giving a charge-balanced motif, where the three oxygens coordinating toward each calcium are attributed to water

molecules.

inorganic substance. Being common reagents in the production
of pigments and dyes, mordants induce aggregation, creating
precipitates known as lake pigments: products of low solubility
and high fastness that attach to fabrics or can be filtered off.”
While detailed historic recipes are few and hard to come by,
one of the most commonly used and naturally occurring
mordants is alum (potassium aluminum sulfate), which was
used by Aztec dyers to make carminic acid adhere to their
fabrics.

Farming of cochineal and production of carmine would
prove a profitable endeavor for centuries, and the annual
import of cochineal to Spain averaged more than 100 metric
tonnes by the end of the 1500s.° Two decades later, in 1803,
cochineal exports were valued at more than two million pesos,
corresponding to roughly 30% of silver exports, making it one
of the most valuable trade goods for the Spanish empire at the
time.” Carmine is still used today in a range of applications,
particularly as a natural alternative to synthetic red dyes, and is
listed in Europe as additive E120 when used in food. The
production of pure carmine in recent years fluctuates between
20—50 metric tonnes in Peru alone,® with a global cochineal
production of ~800 metric tonnes annually.”

Due to its widespread historic and present-day use, the
actual structure of carmine, and a possible explanation for its
particular brilliance and fastness, has seen much speculation.
Detailed investigations of carmine have so far included solid-
state nuclear magnetic resonance (NMR) and mass spectrom-
etry measurements.' * Single-crystal X-ray diffraction (SCXRD)
studies of other pigments based on molecules of related
structures have been performed, but not on carmine due to
difficulties in growing sufficiently large crystals of the long-used
dyestuff.'"' This lack of a structural and compositional
understanding not only hinders the identification of carmine
in historical samples or present-day products, but also impacts
its use as a biological staining agent: carmine and carmine-
derived staining agents are frequently used in histological
applications, where it has been observed that variations in
composition can compromise the overall staining pro-
cesses.'”"? Notably, different carmine and carmine-derived
formulations are used to stain different tissues or biochemical
targets, highlighting the importance of understanding their
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structure and composition, and ultimately what interactions
govern the staining process for which they are used.'*

Several models of carmine have been proposed, with
previous investigations hinting at a tetranuclear structure
containing four carminic acid molecules and some oxygen
species, as well as calcium and aluminum cations, in a proposed
ratio of 2:1:1 between carminic acid, calcium, and
aluminum.'%"? Notably, evidence suggests that particularly
bright-red ‘crimson lake’ is only obtained when both calcium
and aluminum ions are present, while purple hues are obtained
using alternative preparation methods lacking calcium.” Such
an effect has also been observed for madder lake pigments, in
which cation identities have been observed to influence the
color of the pigment by modifying the charge distribution
within the complex.'" Even so, the exact arrangement of the
constituents of carmine remained unknown. In particular, the
coordination environments of the aluminum and calcium
cations and their bonding to the carminate dianions remains
ambiguous, as does the identity and arrangement of different
oxygen species in the form of either hydroxide or coordinated
water molecules.'”'*®

Using state-of-the-art electron crystallography methods, as
described below, we present the molecular and crystal
structure of carmine, unveiling a complex in which a core of
two aluminum cations and two calcium cations are bridged by
hydroxide groups, forming a butterfly shaped motif (Figure
1d), similar to that observed in previously described alizarin
dyes."! The pairs of phenolate groups on the carminic acid
molecules are found to be chelating to the AP** cations, and
one of the phenolates and one anthraquinone carbonyl chelate
to the Ca®*, which concur with previous spectroscopic
measurements,'’ while the carboxylic acid group and its
neighboring phenol group remain uncoordinated. This
confirms the speculated 2:1:1 ratio between carminic acid,
calcium, and aluminum. However, as detailed below, there is
more to the structure of carmine than the complex itself, such
as its intermolecular interactions, that result in a rather
unexpected crystal structure.

First, to put the structure of carmine into context, one needs
to prepare the pigment in a historically relevant manner. A
great source of historical recipes for dyes and pigments is the
archives of the British manufacturer Winsor & Newton,
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founded in 1832, which to this day specializes in fine art
products, including so-called lake pigments such as carmine.
The Winsor & Newton Archive of 19th Century Artist’s
Materials contains recipe books and process records from the
company’s activities during the 19th century and includes a
total of 443 records pertaining to cochineal products.” The
main manufacturing method used by Winsor & Newton,
labeled “Finest Orient Carmine”, involves grinding dried
cochineal and extracting the carminic acid under acidic
conditions (see details in the Supporting Information)."
Milk, boric acid (presumably used as a buffer), and alum are
then added in succession to the obtained deep-red filtrate,
ultimately yielding a brilliantly red and crystalline precipitate,
as confirmed by powder X-ray diffraction (Figure 2a, 19th-
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Figure 2. (a) Powder X-ray diffraction (PXRD) patterns of carmine
from various sources as well as the simulated pattern from the
structure determined by three-dimensional electron diffraction (3D
ED). (b) Schematic illustration of the collection of 3D ED data, as
well as a transmission electron microscopy image of a carmine crystal
(chemical supplier) on a holey carbon-covered copper grid (scale bar,
0.5 um). (c) Integration and merging of electron diffraction data, as
well as unit cell parameters after further refinement against PXRD
data, corresponding to a unit cell volume of 41,805(17) A%,

century recipe). Notably, carmine was purchased from
different sources, including modern-day chemical and art
suppliers (see the Supporting Information for details); they
were also crystalline and exhibited strikingly similar X-ray
powder diffraction patterns compared to the sample prepared
from the historic recipe (Figure 2a), indicating that they
possess a common crystal structure.

Considering the apparent crystalline nature of carmine and
its composition—a naturally occurring and phenol-bearing
organic molecule combined with metal cations—other
historically relevant formulations and materials come to
mind, such as iron gall inks'® and bismuth subsalicylate,17
the structures of which have only recently been elucidated. A
growing class of modern-day materials of similar composition
are metal—organic frameworks and metal-bearing hydrogen-
bonded organic frameworks—crystalline porous materials that
have garnered attention for a large range of applications.'®'” In
such framework-type materials, a central concept is the
supramolecular assembly of the constituent building units
into porous structures, yet they can often only be obtained as
microcrystalline powders, and elucidation of their structures is
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often a challenging task.”’ However, continuous advancements
in characterization methods lead to new insights across all
branches of the physical sciences, including studies of atomic-
scale arrangements. Of particular relevance to microcrystalline
compounds and studies of the long-range order within them is
the transmission electron microscopy (TEM) technique of
three-dimensional electron diffraction (3D ED),”" also known
as microcrystal electron diffraction (microED). The technique
allows for the collection of single-crystal diffraction data from
micro- and nanocrystalline samples (Figure 2b) and has proven
powerful for determining the crystalline arrangements of
samples previously difficult to characterize due to their small
crystallite sizes, including gharmaceuticals,zz_24 macromole-
*7*7 and materials.”**’ Notably, electron diffraction
techniques has been used to aid in the structural character-
ization of a range of synthetic pigments of commercial
significance.’’ ™
To determine the structure of carmine and shed light on the
composition and underlying structure of this long-used
pigment, the sample that appeared most well-diffracting was
chosen for 3D ED measurements (Figure 2a, chemical
supplier). Once inside the electron microscope, the bright
red powder was revealed to be comprised of microcrystals
(0.3—0.6 um) that exhibit a pseudo-octahedral morphology
(Figure 2b, Figure S1). Several 3D ED data sets were collected
at a temperature of 98 K (Table SI, Figure S2; see the
Supporting Information for details) and could successfully be
indexed to a body-centered tetragonal lattice. With a unit cell
volume larger than 40,000 A* (Figure 2c), the volume of the
repeating unit approaches those typically seen for macro-
molecules, indicating the presence of large structural motifs.
Structure solution from the 3D ED data revealed that carmine
is indeed built up by butterfly shaped tetranuclear units, as
illustrated in Figure 1d.'>"" As aforementioned, the coordina-
tion of the carminate dianions to the aluminum and calcium
cations in the structure occurs through the catechol and
quinone oxygens rather than the carboxylic acid groups. These
functional groups chelate the cations and likely form stronger
metal—ligand interactions with the trio of oxygens permitting a
doubly chelating motif. Such a preference of phenolate over
carboxylate has also been observed in structures containing
gallic acid,®>** another naturally occurring molecule bearing
both phenol and carboxylic acid functional groups. The
coordination environment of the aluminum and calcium
cations in carmine are completed by bridging hydroxide
groups at the center of the tetranuclear complex, as well as
water molecules coordinating toward the calcium cations,
yielding aluminum and calcium cations in octahedral and
square antiprismatic coordination environments, respectively.
This gives a molecular formula of
Al,(OH),(C,,H;,40,3)4Ca,(H,0)s. The composition was
also confirmed by energy-dispersive X-ray spectroscopy (see
the Supporting Information for details), indicating an
aluminum and calcium content in agreement with that
expected (0.89 atom % each, excluding hydrogen content)
from the determined structure (0.97 + 0.1 atom % aluminum,
1.04 + 0.1 atom % calcium, excluding hydrogen content).
The most striking feature of the solid-state structure of
carmine is the arrangement of the tetranuclear units, forming a
supramolecular framework with voids that are ~18 A across at
their maximum width (Figure 3), with aperture sizes of 13 A.
This occurs as four carmine units meet at what may be best
described as hydrogen-bonded nodes in the structure (Figure
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Figure 3. (a) Asymmetric unit of the crystal structure of carmine. (b) Assembly of four tetranuclear units, forming hydrogen-bonded nodes
approximating a tetrahedral shape, leading to the diamond-like connectivity of the structure, with edges of the net coinciding with the tetranuclear
complex. (c) View of the supramolecular structure of carmine, showing a hydrogen-bonded arrangement that results in a structure with 18 A wide
pores (solvent molecules have been excluded for clarity). Black lines: unit cell.

3b), forming tetrahedron-like units held together by up to 30
hydrogen bonds at their center (Figure S4), stabilizing the
porous structure. Topogically, the connectivity of the supra-
molecular arrangement, comprised of four-coordinated tetra-
hedron-like units, is the same as that of diamond (Figure 3b).*

The structure model initially obtained by 3D ED measure-
ments could successfully be refined against powder X-ray
diffraction (PXRD) data collected on the same sample (Figure
S3 and Table S2), further validating the structure. It should be
noted that the PXRD data show significant reflections to a
limited resolution (~3 A, Figure S3) and only permit
refinement of the carminate dianions as rigid bodies. However,
taken together with the structure solution from 3D ED and
previous results from spectroscopic investigations,10 the
refinement serves to validate the structure on a bulk scale.
This also shows that the characteristic low-angle peak in the
PXRD pattern, at 26 ~ 3.5° (Cu Ka radiation, Figure 2a), can
be used as a fingerprint-like indication of crystalline calcium—
aluminum carmine being present in a sample. This effectively
paves the way for a noninvasive and precise characterization
method for identifying carmine pigment in both commercial
and historical samples, especially considering the non-
destructive nature of X-ray diffraction measurements. Addi-
tionally, establishing a well-defined crystal structure and
composition of crystalline carmine could aid also regulatory
matters in commerce, possibly distinguishing pigments of
different qualities and origins.”

Considering the long history of carmine production,®®” the
complexity of its supramolecular structure is surprising, as
modern-day chemists have only in the last handful of decades
started to categorize supramolecular assemblies and the
formation of framework-type materials, as well as their
interactions with other matter, including biomolecules and
textiles.”®*” This shows that complex supramolecular struc-
tures and nanoporous materials have been synthesized
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hundreds or perhaps even thousands of years ago; we only
just recently started to look for and consciously create them.
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Data Availability Statement

All diffraction and transmission electron microscopy data are
available through the data repository Zenodo, including
powder X-ray diffraction patterns, three-dimensional electron
diffraction data sets, and micrographs. DOI: 10.5281/
zeno0do.14278562 and 10.5281/zenodo.14933194.
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