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C O N S P E C T U S

Diamond and graphite are polymorphs of each other: they have the same composition but different structures and prop-
erties. Many other substances exhibit polymorphism: inorganic and organic, natural and manmade. Polymorphs are

encountered in studies of crystallization, phase transition, materials synthesis, and biomineralization and in the manufac-
ture of specialty chemicals. Polymorphs can provide valuable insights into crystal packing and structure-property relation-
ships. 5-Methyl-2-[(2-nitrophenyl)amino]-3-thiophenecarbonitrile, known as ROY for its red, orange, and yellow crystals, has
seven polymorphs with solved structures, the largest number in the Cambridge Structural Database.

First synthesized by medicinal chemists, ROY has attracted attention from solid-state chemists because it demonstrates the
remarkable diversity possible in organic solids. Many structures of ROY polymorphs and their thermodynamic properties are known,
making ROY an important model system for testing computational models. Though not the most polymorphic substance on record,
ROY is extraordinary in that many of its polymorphs can crystallize simultaneously from the same liquid and are kinetically sta-
ble under the same conditions. Studies of ROY polymorphs have revealed a new crystallization mechanism that invalidates the
common view that nucleation defines the polymorph of crystallization. A slow-nucleating polymorph can still dominate the prod-
uct if it grows rapidly and nucleates on another polymorph. Studies of ROY have also helped understand a new, surprisingly fast
mode of crystal growth in organic liquids cooled to the glass transition temperature. This growth mode exists only for those pol-
ymorphs that have more isotropic, and perhaps more liquid-like, packing.

The rich polymorphism of ROY results from a combination of favorable thermodynamics and kinetics. Not only must there
be many polymorphs of comparable energies or free energies, many polymorphs must be kinetically stable and crystallize
at comparable rates to be observed. This system demonstrates the unique insights that polymorphism provides into solid-
state structures and properties, as well as the inadequacy of our current understanding of the phenomenon. Despite many
studies of ROY, it is still impossible to predict the next molecule that is equally or more polymorphic. ROY is a lucky gift
from medicinal chemists.

Introduction
Diamond and graphite have the same composi-

tion but different structures and properties. This

phenomenon, polymorphism, is known for many

substances, inorganic and organic, natural and

manmade. It is encountered in studies of crystal-

lization, phase transition, materials synthesis, and

biomineralization; it is important in the manufac-
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ture of drugs, explosives, dyes and pigments, and chocolates.

Polymorphs are valuable for understanding crystal packing

and structure-property relations;1 for example, they have

been used to test the third law of thermodynamics2 and the

relation between molecular arrangement and chemical reac-

tivity.3

This Account is concerned with the rich polymorphism of

an organic substance, 5-methyl-2-[(2-nitrophenyl)amino]-3-

thiophenecarbonitrile, also known as ROY for its red, orange,

and yellow crystals (Figure 1 and Table 1).4-7 ROY is currently

the top system for the number of polymorphs of known struc-

tures in the Cambridge Structural Database (CSD),8 which

archives structures of organic and organometallic crystals.9

First prepared by medicinal chemists,10 ROY has been stud-

ied by solid-state chemists. Besides the seven known struc-

tures, ROY has three other polymorphs whose structures have

not been determined. The latest CSD search that names ROY

the most polymorphic8 was performed with carefully defined

criteria for data quality.11 That search also found 58 sub-

stances with three polymorphs, 11 with four, 2 with five, and

zero with six.

ROY is not the most polymorphic substance on record.

Water, for example, has 10 or more solid phases. The poly-

morphism of ROY is remarkable, however, in two respects.

First, all known polymorphs have been prepared near ambi-

ent conditions; many can even crystallize simultaneously from

the same liquid. In contrast, the polymorphs of some sub-

stances are formed under extremely different conditions. High

FIGURE 1. Polymorphs of ROY. The number 1-10 indicates the order of discovery. The polymorphs have different colors, melting points,
and molecular conformations (most pronounced in the torsional angle θ).

TABLE 1. Crystal Structures and Selected Properties of ROY Polymorphsa

form Y YT04 R OP ON YN ORP

crystal system monoclinic monoclinic triclinic monoclinic monoclinic triclinic orthorhombic
space group [No.] P21/n [14] P21/n [14] P1̄ [2] P21/n [14] P21/c [14] P1̄ [2] Pbca [61]
description yellow prism yellow prism red prism orange plate orange needle yellow needle orange-red plate
a, Å 8.5001 8.2324 7.4918 7.9760 3.9453 4.5918 13.177
b, Å 16.413 11.8173 7.7902 13.319 18.685 11.249 8.0209
c, Å 8.5371 12.3121 11.9110 11.676 16.3948 12.315 22.801
R, deg 90 90 75.494 90 90 71.194 90
�, deg 91.767 102.505 77.806 104.683 93.830 89.852 90
γ, deg 90 90 63.617 90 90 88.174 90
Z 4 4 2 4 4 2 8
Dcalc, g cm-3 1.447 1.473 1.438 1.435 1.428 1.431 1.429
θ (deg) 104.7 112.8 21.7 46.1 52.6 104.1 39.4
νCN, cm-1 2231 2224 2212 2226 2224 2222 2217
mp, °C 109.8 106.9 106.2 112.7 114.8 99 97
∆Hm, kJ/mol 27.2 26.6 26.0 25.5 25.1 24.2 24.2
H - HY, kJ/molb 0 0.9 1.4 1.9 2.6 3.0 4.1

a Empirical formula C12H9N3O2S. MW ) 259.29. The structures were determined at 20-23 °C. b From fitting melting and eutectic melting data.4,6,7
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pressure is needed to produce all but the ordinary ice; silica

(SiO2) polymorphs are obtained by hydrothermal growth

(R-quartz), high-pressure synthesis (coesite and stishovite),

phase transformation, and other means. In this property, ROY

is similar to other organic substances whose polymorphs can

crystallize “concomitantly”.12 Second, the known polymorphs

of ROY are sufficiently stable kinetically to be studied under

the same conditions; all seven crystal structures of ROY have

been determined under ambient conditions. In contrast, the

polymorphs of some substances (e.g, water, ammonium

nitrate, and n-alkanes) exist only in separate regions of tem-

perature and pressure.

The possibility to crystallize many polymorphs from the

same liquid makes ROY especially useful for studying the pro-

cess of crystallization. To this end, ROY has found use in two

lines of research. The first pertains to the manner in which

crystallization occurs in a liquid that can form many poly-

morphs, a question important for the industrial control of poly-

morphism. A common answer to this question is that the first

step of crystallization, nucleation, defines the polymorph(s) of

the final product.12,13 This view does not describe the crystal-

lization of ROY7 and other substances because an early nucle-

ating polymorph can nucleate another, faster-growing

polymorph and it is the latter that goes on to dominate the

crystallization product.

A second line of study to which ROY polymorphs have con-

tributed pertains to an anomalously fast mode of crystal

growth in organic glasses.14-16 The phenomenon is of inter-

est for understanding the stability of amorphous materials,

especially amorphous drugs, against crystallization. The crys-

tal growth in some organic liquids shows a remarkable tran-

sition from being diffusion-controlled to “diffusionless” as the

liquid is cooled to the glass transition temperature.17,18 With

ROY, it is possible to study which polymorphs develop this

growth mode and which do not, thereby learning the depen-

dence of the phenomenon on crystal structure. The philoso-

phy of using polymorphs to study crystallization follows the

tradition of using polymorphs to establish structure-property

relations.3 In a similar manner, polymorphs have been used

to determine whether the activation barrier of crystal growth

is controlled by liquid dynamics or properties of the

crystal-liquid interface.19 Below I will review the structures,

properties, and structure-property relations of ROY poly-

morphs and their role in understanding the process of crys-

tallization. I will also speculate on the possibility of discovering

even more polymorphs of ROY.

Structures of ROY Polymorphs
ROY is conformationally flexible and a chiral object unless in

a planar conformation. Each polymorph of known structure

has one crystallographically independent molecule (Z′ ) 1) in

centrosymmetric packing and therefore two mirror-related

conformations. It is noteworthy that ROY can adopt different

conformations in different polymorphs. The largest conforma-

tional difference is seen in the torsional angle θ (Figure 1),

which ranges from 21 to 104°. Spectroscopic data indicate

that ROY exists as many conformers in a liquid, with the “per-

pendicular” conformer (θ ≈ 90°) being slightly favored over

the “co-planar” conformer (θ ≈ 0°).4,20 The process of crystal-

lization therefore converts a wide range of conformers in the

liquid to only two mirror-related conformers in each known

polymorph.

Figure 2 shows the radial distribution functions of molec-

ular centers of mass in ROY polymorphs. This function is one

measure of the molecular environment in each crystal struc-

ture. For a molecule in YT04 (bottom histogram), the nearest

12 molecules are approximately equally distant (6.9-8.2 Å)

and these distances are comparable to the “diameter” of ROY.

In contrast, for a molecule in ON (top histogram), the neigh-

bors are distributed more anisotropically: the two closest are

3.9 Å away and the next is 8.4 Å away (the two molecules at

7.8 Å are actually two molecular layers away). Significant dif-

ferences in molecular packing exist not only for the poly-

FIGURE 2. Radial distribution functions of molecular centers of
mass in ROY polymorphs. By this measure, the molecular
environment becomes more anisotropic from bottom to top.
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morphs composed of different conformers but also for those

composed of similar conformers. Thus, the molecular confor-

mations are similar in ON and OP and in YN, Y, and YT04 (see

their θ values in Table 1), but the corresponding radial distri-

bution functions differ significantly.

Besides the distribution of molecular centers of mass, other

aspects of molecular packing in ROY polymorphs have been

analyzed. With respect to hydrogen bonding, an intramolecu-
lar hydrogen bond exists between the amino group and the

nitro group (Figure 1) in all known polymorphs, thus consum-

ing the best hydrogen-bond donor and making strong inter-
molecular hydrogen bonds improbable. It follows that ROY

solids are well described as being bound mainly by van der

Waals forces. The energies of intermolecular interactions have

been calculated one molecular pair at a time to rank their rel-

ative contributions to the cohesive energy of each poly-

morph.21 The molecular environments in different ROY

polymorphs have also been analyzed in detail with the aid of

Hirshfeld surfaces22 and “crystallization forces”.23

Properties of ROY Polymorphs and
Structure-Property Relations
We now consider a few properties of ROY polymorphs and

their relation to crystal structures. The properties considered

include crystal colors and spectra, thermodynamic properties,

kinetic stability, and crystallization properties.

Crystal Colors. A striking feature of ROY polymorphs is

their red, orange, and yellow colors. The different colors result

from the polymorphs’ different visible absorption spectra and

are reasonably well explained by the conformational differ-

ences between the polymorphs.20 As the torsional angle θ
(Figure 1) approaches zero, a greater degree of π-conjuga-

tion exists between the thiophene and phenyl aromatic rings,

which should lead to a red shift of the visible absorption spec-

trum. This trend is observed experimentally and approxi-

mately reproduced by computation.20 The isolation of

different conformers in crystal polymorphs permits an evalu-

ation of computational models of electronic structures and

transitions against experimental data. The newly matured

time-dependent density functional theory reproduced the best

the observed wavelengths, oscillator strengths, and directions

of electronic transition dipole moments, outperforming con-

figuration interaction singles, and even ZINDO, a semiempiri-

cal model specially calibrated on electronic spectra.20

Although the conformational differences approximately

explain the different colors of ROY polymorphs, a few discrep-

ancies are too large to be discounted. They suggest inade-

quacies of the present theories, errors from ignoring

intermolecular interactions, or both. The same holds for other

spectral data. For the solid-state NMR spectra,24 theoretical cal-

culation can reproduce many observed features, but signifi-

cant disagreements exist. For the CN stretch frequency (Table

1), a decrease is expected as θ approaches zero, again

because of greater π-conjugation. This prediction broadly

agrees with the experimental data, but significant discrepan-

cies exist; for example, polymorphs Y and YN have similar

molecular conformations, but their CN stretch frequencies are

significantly different.

Thermodynamic Properties. The relative free energies of

seven ROY polymorphs have been obtained (Figure 3) using

a differential scanning calorimetry method.25,26 This method

relies on the melting and eutectic melting data of polymorphs

to calculate their free-energy differences. In Figure 3, the ref-

erence polymorph is Y, the most stable under ambient condi-

tions, and each polymorph line ends at its melting point

(intersection with the liquid line, L). A pair of polymorphs can

be related monotropically (same order of stability at any tem-

perature) or enantiotropically (stability order changing with

temperature). For example, Y is more stable than ON below

70 °C but less stable above 70 °C. These free-energy rela-

tions have been confirmed using polymorphic conversions.

The polymorphs for which data exist span a relatively small

range of free energy: ca. 1.5 kJ/mol at 40 °C. Their relative

enthalpies cover a range of 4 kJ/mol. In reference to the pol-

ymorphs, the liquid is much higher in energy: +18 kJ/mol

above Y under ambient conditions. The enthalpies of the pol-

ymorphs follow the order Y (lowest) < YT04 < R < OP < ON <
YN < ORP (highest), which is presumably their stability order

FIGURE 3. Free energies of ROY polymorphs relative to Y. L
indicates liquid.
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at 0 K. The thermodynamic properties of ROY polymorphs are

typical for organic polymorphs observed under ambient

conditions.25,28 Thus, what distinguishes ROY is not the

unusual properties of its polymorphs but the abundance of

them observed within “expected” ranges.

There have been attempts to calculate the energy differ-

ence between ROY polymorphs.21,23,27 Figure 4 compares

their results with experimentally determined energy differ-

ences (taken to be the enthalpy differences, a valid approxi-

mation at 1 bar). There is no satisfactory agreement between

experiment and theory and between the various computa-

tional methods. By one study,21 polymorph ORP is more ener-

getic than the ROY liquid under ambient conditions. This

comparison demonstrates the difficulty of calculating the small

energy differences between polymorphs and the importance

of experimental data for testing computational models.

Densities and Their Relation to Energies. The ROY pol-

ymorphs of known structures (Table 1) span a range of 3% in

density at room temperature. There seems no simple expla-

nation for the density differences observed, although high

density is apparently correlated with more isotropic packing as

measured by the radial distribution function of molecular cen-

ters of mass (Figure 2). The denser polymorphs generally have

lower enthalpies (Figure 5), with the notable exception of

YT04, which is the densest but the second lowest in enthalpy.

The density range observed is again typical of organic poly-

morphs under ambient conditions in the CSD.28

Kinetic Stability. For each set of polymorphs at a given

temperature and pressure, only one is stable in the thermo-

dynamic sense. Polymorphic conversions can be so slow, how-

ever, that polymorphs can coexist under the same condition.

Diamond, less stable than graphite under ambient conditions,

persists “forever”. For many organic polymorphs, such kinetic

stability exists even near their melting points, allowing the

observation of congruent melting (melting without prior phase

transition).26 Kinetic stability also allows the observation of

several organic polymorphs to crystallize from the same liq-

uid,12 which requires that polymorphic conversion be slow on

the time scale of crystallization.

ROY has many kinetically stable polymorphs. Under ambi-

ent conditions, polymorph Y is the most stable thermodynam-

ically, but ON, OP, R, and YT04 can persist for at least many

years. The others polymorphs are shorter-lived (YN and ORP

for weeks to months; RPL, Y04, and R05 for hours to days),

though they are long-lived enough for many studies. For this

system of polymorphs, kinetic stability approximately follows

thermodynamic stability: higher free-energy polymorphs tend

to be shorter-lived. The kinetic stability of ROY polymorphs

has enabled the determination of seven crystal structures

under ambient conditions (Table 1), the measurement of their

congruent melting, and the study of their crystallization from

the same liquid (see below).

Crystallization. A supercooled liquid of ROY is thermody-

namically allowed to crystallize many polymorphs. Below 100

°C, at least seven polymorphs have lower free energies than

the liquid (Figure 3). Which polymorph(s) actually crystallize is

a question of practical and fundamental interest. According to

Ostwald, the liquid will crystallize first as the least thermody-

namically stable polymorph, which then converts to the next

least stable, and so on to the most stable.29 Others envision

no such thermodynamic control and allow independent crys-

tallization of different polymorphs.12 Although crystallization

consists of nucleation and growth, a common view is that the

initial nucleation defines the product polymorph(s).12,13

These views do not describe the crystallization of ROY.

Near room temperature, the pure melt of ROY crystallizes sev-

eral polymorphs spontaneously (YN, Y04, ON, and R05), yield-

ing crystals of different colors.7 This observation contradicts

FIGURE 4. Relative energies between ROY polymorphs measured
experimentally and calculated with different methods.21,23,27

FIGURE 5. Relative enthalpies and densities of ROY polymorphs.
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Ostwald’s prediction. Moreover, the initial nucleation may not

define the product polymorph(s). In the process shown in Fig-

ure 6, a yellow polymorph (Y04) nucleates first but cannot

consume the remaining liquid because a faster-growing poly-

morph (red, R05) nucleates on it.7 Through seeding, more

cases of cross-nucleation between polymorphs can be

observed, in which the seed polymorph shows slow or no

apparent growth and induces the crystallization of another

polymorph. This phenomenon has been observed in other

systems30-34 and in Lennard-Jones liquids by molecular sim-

ulation.35 The new polymorph is found to be more or less

thermodynamically stable than the initial one but always grow

faster or as fast as the initial one. This phenomenon indicates

that the initial nucleation may not define the product poly-

morph, and other important factors are the relative growth

rates of polymorphs and cross-nucleation between poly-

morphs.

The possibility for liquid ROY to crystallize many poly-

morphs has proven useful for studying a fast mode of crystal

growth that is activated as organic liquids are cooled to the

glass transition temperature, Tg, and continues deep into the

glassy state.17,18 Greet and Turnbull were apparently the first

to notice the phenomenon in 1967.17 By comparing the

observed crystal growth rates with those calculated on the

assumption that crystals cannot grow faster than molecules

can diffuse, they found that crystal growth in liquid o-terphe-

nyl is accurately described as diffusion-controlled over a wide

range of temperature above Tg but is orders of magnitude too

fast near and below Tg. This growth mode, named GC for

glass-to-crystal, is not anticipated by current theories of crys-

tal growth,36 which generally assume that diffusion defines

the kinetic barrier to crystal growth. The activation of the GC

mode marks a transition from diffusion-controlled to diffusion-

less crystal growth. To our knowledge, this transition has been

observed only in organic glass formers, although fast crystal

growth is known in inorganic glasses (e.g., amorphous sili-

con and metallic glasses). The GC mode is important for

understanding the stability of amorphous materials against

crystallization and especially the stability of amorphous drugs,

which are often stored and used near Tg.

ROY polymorphs have been used to study the effect of

crystal structure on the existence of GC growth.14-16 Of the

seven polymorphs whose growth can be studied near Tg, three

(ON, YN, and R05) do not show GC growth, while four others

(YT04, Y, R, and OP) do. As a result, the growth rates of the

two groups of polymorphs differ by 103-104 times (Figure 7).

The structures of the polymorphs showing GC growth are

more isotropic, as measured by the radial distribution func-

tion of molecular centers-of-mass (Figure 2), and perhaps more

“liquid-like” than those not showing GC growth. We hypothe-

size that given sufficient similarity between crystal and liquid

structures, GC growth can occur via molecular motions native

FIGURE 6. Cross-nucleation between two polymorphs of ROY.
From liquid ROY at room temperature, Y04 (yellow) nucleates first
but grows slowly; R05 (red) nucleates on Y04 and grows rapidly to
dominate the product.

FIGURE 7. Comparison of the time scales of crystal growth and
liquid relaxation. τu is the time required for the crystal to grow one
molecular layer: τu ) a/u, where a is the molecular diameter and u
is the crystal growth rate. τR is the liquid’s structural relaxation time.
For some polymorphs (ON, YN, and R05), τu is substantially longer
than τR, and their growth can be described as under the control of
bulk diffusion. For the other polymorphs, a new mode of crystal
growth (GC mode) is activated near the glass transition temperature
and characterized by τu being substantially shorter than τR. The GC
mode is too fast to be controlled by bulk diffusion.
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to the glassy state, without involving substantial diffusion in

the bulk material.

Discovery of ROY Polymorphs
Medicinal chemists at Eli Lilly first synthesized ROY as a

reagent to prepare the schizophrenia drug olanzapine.10 ROY’s

polymorphism was studied not so much for its pharmaceuti-

cal relevance as for the many polymorphs of different colors.

In the industrial process, ROY is crystallized from solutions

(e.g., DMSO and ethyl acetate). Early batches of ROY contained

red prismatic crystals (polymorph R). The first signs of poly-

morphism were crystals of different colors formed in the

supercooled melt and occasional yellow crystals in crystalli-

zation products and in materials aged at elevated tempera-

tures. For ROY, recognizing polymorphism was made easier by

the different colors and the concomitant crystallization of

polymorphs.

Solution crystallization yielded the first six polymorphs:4 R,

Y, ON, OP, YN, and ORP. A seventh, RPL, was obtained by

vapor deposition on single-crystal substrates.5 The next three

were found during the study of pure-melt crystallization:6,7

Y04, YT04, and R05. Among these, YT04 is noteworthy

because it is the densest under ambient conditions and the

second lowest in energy. Such a polymorph might be

expected to be among the first discovered by solution crys-

tallization. But it was not. It was discovered by the transfor-

mation of a metastable polymorph (Y04) crystallized from the

melt. The seeds thus obtained were then used to grow single

crystals from solution.

ROY has also been crystallized from liquids in contact with

polymer surfaces37 or gold islands38 and from liquids held in

capillary tubes39 or in porous solids.40 These studies showed

that the polymorphic outcome can be altered by changing

crystallization conditions but reported no new polymorphs.

To date all but one polymorph of ROY have been discov-

ered by crystallization from melt or solutions near ambient

conditions. This method of discovering polymorphs is com-

mon for organic substances (e.g., pharmaceuticals). By this test,

ROY is remarkably polymorphic. There are, however, other

methods for discovering polymorphs that have not been

applied to ROY, a few of which will be discussed below.

Can Other Polymorphs of ROY Be Found?
One argument for the possibility to find more polymorphs of

ROY is that the known polymorphs cover a relatively small

range of energy: 4 kJ/mol for the seven for which data exist

(Table 1). On average, these polymorphs are 16 kJ/mol below

the liquid in energy under ambient conditions. If the density

of crystalline states remains the same (seven polymorphs per

4 kJ/mol) as the crystal energy rises, there should be dozens

more polymorphs before the crystal energy reaches the liq-

uid energy. One could make the same argument in terms of

free energy: the known ROY polymorphs are within ca. 1.5

kJ/mol in free energy at 40 °C, whereas the liquid lies ca. 5

kJ/mol higher.

There seems no compelling argument for a sharp decrease

of the density of crystalline states with increasing energy. No

such decrease has been observed in computational studies of

crystal energy landscapes of organic molecules.41 In making

this analysis, we have treated the liquid (or glassy) state as a

natural upper limit for crystal energies (a crystal more ener-

getic would melt with release of heat). This need not be the

case, however, if we allow superheated polymorphs. Stisho-

vite, a silica polymorph synthesized at high pressure and

quenched to the ambient pressure, has higher energy and free

energy than the silica glass under ambient conditions.42,43

The relatively low energies of the known ROY polymorphs

could be a result of their method of preparation. The poly-

morphs for which enthalpic data exist can crystallize from low-

viscosity solvents and persist under ambient conditions. Their

structures were solved using solution-grown, high-quality sin-

gle crystals, implying that they are stable against polymor-

phic conversion even in contact with solutions. There could be

other polymorphs that are unobservable under such condi-

tions. The chemical potential of a pure liquid generally

decreases upon dilution with a solvent. The solution, as a

result, may be under-saturated relative to some polymorphs.

A low-viscosity solvent, meanwhile, may accelerate polymor-

phic conversions, making some polymorphs too short-lived to

be isolated. It is also possible that undiscovered polymorphs

are too slow to crystallize, though this effect need not hand-

icap only high-energy polymorphs.

The above analysis suggests that crystallization from pure

melt could more effectively trap less stable polymorphs. For

ROY, melt crystallization has indeed yielded polymorphs (Y04

and R05) not observed by solution crystallization. These poly-

morphs are shorter-lived and probably more energetic than

those crystallized from solutions. In similar observations, melt

crystallization of indomethacin yields a less stable polymorph

(δ) than solution crystallization (R and γ);19 melt crystalliza-

tion of triglycerides can yield the least stable polymorph

known (R), whereas the most stable polymorph � is obtained

by solution crystallization or “tempering” less stable poly-

morphs.44

Vapor deposition can produce solids not readily obtained

by other routes.45 This method has yielded one known poly-
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morph of ROY (RPL),5 but otherwise not been extensively

explored. While liquid crystallization places the liquid energy

as the upper bound for crystal energy, vapor deposition need

not impose such a limit. There has been a long tradition of

using pressure to discover polymorphs.46,47 Many high-pres-

sure polymorphs do not survive decompression, but some do

(e.g., diamond). It would be interesting to determine whether

pressure yields new polymorphs of ROY.

Another route to solid structures inaccessible by liquid crys-

tallization is removing the volatiles in another solid. Porous sil-

ica prepared by removing water and organic components

from solution-precipitated “water glass” have different struc-

tures and energies from the high-density polymorphs.43 Gen-

tle dehydration of trehalose dihydrate yields an anhydrous

polymorph that has substantially higher energy than the melt-

crystallized polymorph.48 For some solvated organic crystals,

desolvation does not substantially alter the crystal lattice,

yielding a porous, high-energy, and hygroscopic solid.49 This

method has so far been irrelevant for ROY because no sol-

vated crystals have been observed.

What could undiscovered polymorphs of ROY be like? This

question is probably best answered with a computational

search of ROY’s polymorphic space, perhaps with models cal-

ibrated on the known structures. The known crystal structures

of ROY are free of disorder and centrosymmetric. It would be

of interest to learn whether ROY could be crystallized in dis-

ordered structures (e.g., rotator phases) and chiral structures.

Is ROY Extraordinary? If so, Why?
ROY has no more polymorphs on record than water or silica;

ROY polymorphs have structures and properties within the

norm for molecular solids; the color and conformational poly-

morphism of ROY, though noteworthy, is known for other sub-

stances. What makes ROY extraordinary, however, is the

abundance of polymorphs that are kinetically stable and can

crystallize simultaneously from the same liquid. In these prop-

erties, ROY differs from many richly polymorphic substances,

whose polymorphs exist only in separate regions of temper-

ature and pressure and are prepared under very different con-

ditions. Another way to appreciate ROY is to note that if the

molecule is altered, fewer polymorphs are observed under

comparable conditions.50,51

It remains poorly understood what makes ROY so polymor-

phic. One indicator of this insufficient understanding is the fact

that despite many studies, it is still impossible to predict the

next molecule that is equally or more polymorphic. To explore

the origin of its polymorphism, it is natural to think about

whether ROY has an unusually high number of crystal struc-

tures per unit energy or free energy, a question perhaps

answerable computationally. Attention has been paid to

whether lower lattice energy is achieved at the cost of con-

formational strains and whether the increase of crystal energy

is balanced by the decrease of crystal entropy so that the net

change of free energy is small.4,6 It seems reasonable to

believe that ROY’s conformational flexibility contributes to its

rich polymorphism. The intermolecular interactions have been

scrutinized in the known ROY polymorphs.21-23 While reveal-

ing rich details of local interactions, these analyses have pro-

vided limited insight on what makes ROY so polymorphic.

Chemical approaches have also been used to explore the ori-

gin of ROY’s polymorphism: the ROY molecule was modified

to see whether the resulting substance is more or less

polymorphic.50,51

While it is still unclear whether there is a structural basis for

ROY’s polymorphism, it is clear that kinetic factors must enter

the inquiry. It is necessary to understand how different struc-

tures can be comparably stable kinetically and can crystal-

lize at comparable rates to be observed. This is a problem of

a different nature, requiring an understanding of the nucle-

ation, growth, and kinetic stability of different polymorphs.

Bridgeman believes polymorphism is more prevalent in

organic substances than in inorganic substances.46 He bases

this conclusion on the greater number of polymorphic transi-

tions observed if organic substances are subjected to compa-

rable changes of temperature and pressure. He attributes this

difference to the lower melting points of organic substances:

a search for polymorphs over the same temperature-pressure

range would cover a greater portion of the stability field of

organic solids than inorganic solids. Consistent with his obser-

vation is the general experience that new polymorphs are

often found upon recrystallizing organic substances (e.g., phar-

maceuticals) near ambient conditions and that it is not uncom-

mon for several organic polymorphs to crystallize concom-

itantly from the same liquid.12 In this context, ROY is perhaps

an extreme example of organic polymorphism.

Conclusions
ROY is currently the top system in the Cambridge Structural

Database for the number of polymorphs of known structures.

The kinetic stability of ROY polymorphs allows many to be

studied under the same conditions. Because thermodynamic

properties are known for many polymorphs, ROY is an ideal

system for testing computational models. The possibility to

crystallize many polymorphs from the same liquid makes ROY

especially valuable for studying the process of crystallization.

This way of using polymorphs to study structure-property
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relations follows a well-established tradition in solid-state

chemistry. Studies of ROY have revealed a new mechanism of

crystallization in polymorphic systems, cross-nucleation

between polymorphs, which invalidates the view that the ini-

tial nucleation defines the final polymorph of crystallization.

Studies of ROY have shown that the activation of a fast mode

of crystal growth in organic glasses favors crystal structures

that are more isotropic and perhaps more liquid like.

It seems possible to discover even more polymorphs of

ROY. This speculation is based on the fact that the known pol-

ymorphs have relatively low energies and are obtained by

methods (melt and solution crystallization) that favor kineti-

cally stable polymorphs. There could be more polymorphs that

are more energetic and shorter-lived but nonetheless obtain-

able under other conditions.

The origin of ROY’s polymorphism remains to be under-

stood and is probably a combined result of favorable thermo-

dynamics and kinetics. Not only must there be many

polymorphs of similar energies or free energies, the poly-

morphs must be kinetically stable and able to crystallize at

comparable rates to be observed. The complexity of this prob-

lem is well captured by the fact that despite many studies, it

is still impossible to predict the next molecule that is equally

or more polymorphic. ROY is a lucky gift from medicinal

chemists.
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