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Abstract: 5-Methyl-2-[(2-nitrophenyl)amino]-3-thiophenecarbonitrile is a crystalline compound rich in 
conformational polymorphs largely owing to the flexible torsion angle that leads to distinct colors, earning 
it the moniker ROY (Red-Orange-Yellow). Guanidinium organosulfonate hydrogen-bonded frameworks 
form six crystalline inclusion compounds with ROY, described here, in which the framework limits 
conformational twisting out of plane. Three of the six inclusion compounds enforce greater planarity 
and -conjugation than any of nine ROY polymorphs that have been characterized by single crystal X-ray 
diffraction.
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Introduction
Hydrogen bonding guides the assembly of molecular components into organized supramolecular 

structures, from natural systems such as DNA to the design and synthesis of new materials. This themed 

issue is dedicated to Jean-Marie Lehn, who demonstrated in the early 1990s how hydrogen bonding can 

generate assemblies by molecular design, including cocrystals with molecular “strands” and “ribbons”1,2 

and polymeric liquid crystals.3 The concepts emerged in parallel with other reports that illustrated the 

utility of hydrogen bonds in materials design, from hydrogen-bonded supramolecular polymers4,5 to 

hydrogen-bonded assemblies and frameworks,6, 7, 8, 9, 10 the subject of this contribution. Nearly 

contemporaneous with the honoree, Etter and Ward reported a series of compounds based on a 2D 

network assembled through complementary hydrogen-bonding between guanidinium (G) and sulfonate (S) 

groups of organosulfonates.11Since that time, our laboratory has created a large family of GS frameworks 

built from this 2D network with cavities having sizes and shapes that can be regulated by the choice of 

organosulfonate and the framework architecture, enabling the encapsulation of a large variety of guest 

molecules, 12,13 including laser dyes and other luminophores. 14, 15 Supramolecular hosts have been reported 

to exert influence on the conformation of their flexible guest molecules, suggesting an opportunity to 

regulate crystal properties through manipulation of guest conformation using the diverse library of GS 

frameworks.16,17 Herein, we describe the inclusion of 5-methyl-2-[(2-nitrophenyl)amino]-3-

thiophenecarbonitrile – also known as ROY for its Red, Orange and Yellow crystal polymorphs – in 
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various GS frameworks (Fig. 1). ROY has become the most vivid example of conformational 

polymorphism, a term coined by Bernstein and Hagler in 1978, 18 wherein crystal packing forces and 

molecular conformation are strongly interdependent, sometimes resulting in differently colored crystal 

forms.19, 20, 21, 22 ROY molecules sequestered in GS host frameworks focuses conformational analysis on 

the interactions of the chromophores with the framework, as opposed to interactions with one another. 

Results and Discussion
ROY is associated with eleven polymorphs, including nine with associated crystal 

structures.23,24,25,26,27,28,29 ROY owes its rich polymorphic behavior to the conformational flexibility of the 

S-C-N-C linkage, characterized by the torsion angle thio (Fig. 1B). The ROY polymorphs are 

distinguished by their lattice energy, crystal entropy and conformational energy.24 The thio values 

influence the conjugation in ROY, leading to the range of colors among the polymorphs, For example, 

thio = 21.7o for the red form, 34.0 < thio < 52.6 for the orange forms, and 104.1o < thio < 112.8o for the 

yellow forms.

GS frameworks have proven highly versatile for guest inclusion because of the unusual persistence of 

two-dimensional (2D) guanidinium sulfonate (GS) network, which usually adopts a quasi-hexagonal 

symmetry owing to complementary 3-fold symmetry and hydrogen bond donors and acceptors. The 

pendant organic substituents attached to the sulfonate moiety project from the GS network, serving as 

pillars (for disulfonates with -SO3
- groups on opposite ends) that support lamellar stacking as well as 

inclusion cavities between the sheets. The resilience of the GS network to a wide range of pillars and 

guests can be attributed to the strength of the charge-assisted hydrogen bonds and a unique structural 

compliance through puckering (defined by θIR, Figure 1) of the GS sheet about a hydrogen-bonded hinge 

connecting adjacent GS ribbons, which provides a “shrink-wrapping” pathway for achieving close 

packing with retention of the hydrogen bond connectivity in the GS network. Moreover, the 2D character 

of the GS network permits an indefinite number of “projection topologies” defined by the pattern of “up-

down” orientations of the organosulfonate groups from opposite sides of each GS sheet. This enables the 

lamellar architectures to form inclusion cavities with various sizes and shapes – as a consequence of 

templating by the guest molecules during crystal assembly – thereby accommodating a wide range of 

guests. The frameworks alone typically are colorless (guanidinium azobenzenedisulfonate, G2ABDS, is 

an exception here), suggesting that the GS frameworks can sequester ROY molecules and enable 

determination of its conformation and associated color in a sequestered environment. 
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Fig. 1. (A) The quasihexagonal GS hydrogen bonded sheet illustrating the hydrogen-bonded major ribbons (one of 
these is highlighted in grey). (B) Molecular structures of the components in the guanidinium organosulfonate 
frameworks used herein and the molecular structure of ROY. The S-C-N-C torsion angle is denoted as θthio. The 
numbers beneath the organosulfonate pillars correspond to their respective ROY inclusion compounds.

Crystallizations of GS⊃(ROY) inclusion compounds were performed at the microscale by slow 

evaporation of solvent from solutions containing the guanidinium organosulfonate apohost and 

ROY. ROY crystals often formed concomitant with the inclusion compound; therefore 

crystallization was performed with an excess of the apohost to favor inclusion compound formation 

(see Supporting Information). The concomitant formation of ROY crystals prevented confirmation 

of inclusion compound stoichiometry by NMR spectroscopy and complicated determination of 

inclusion compound phase purity by powder X-ray diffraction (PXRD). Although the possibility of 
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polymorphism can never be excluded, polymorphism has never been observed in guanidinium 

organosulfonate compounds, and there was no evidence of polymorphism by visual inspection and 

Raman spectroscopy among the single crystals of each inclusion compound.

For example, crystallization of ROY with guanidinium 4,4’-biphenyldisulfonate (G2BPDS) by slow 

evaporation of methanol:acetonitrile solutions containing the dissolved G2BPDS apohost afforded single 

crystals of G2BPDS⊃ (ROY)2/3 (1) as orangish-red {010} plates (Fig. S1, Table 1, Table S2). Single 

crystal X-ray diffraction confirmed the bilayer architecture (Fig. 2, Fig. S2), in which the long axes of the 

ROY molecules are aligned along one-dimensional channels flanked by the BPDS pillars (Fig. 3). Despite 

the non-integral stoichiometry, the ROY molecules are commensurate with the channel axis, with two 

ROY molecules commensurate with three pillars along the GS ribbons. The torsion angle thio of the ROY 

molecules is 10.5o, smaller than that of the red form R of ROY (21.7o), signaling more  conjugation of 

the phenyl and thiophene rings. The single crystal structure suggests that the near-planar conformation of 

ROY is a consequence of enforcement due to confinement in the narrow 1D channel (ca. 6.5 Å). 

Fig. 2. Schematic representation of (A) bilayer, (B) zigzag and (C) double brick architectures in GS frameworks 
reported here.

Table 1. Structural and spectroscopic data for GS⊃ROY inclusion compounds.

G2BPDS 
(1)

G2BSPE
(2)

G2ABDS 
(3)

G2SDS 
(4)

G2BSPOE 
(5)

G2ADS 
(6)

Color

Architecture

Red

Bilayer

Red

Bilayer

Red

Bilayer

Red

Bilayer

Red

Double-brick

Yellow

Zigzag

thio (degrees) 10.53 14.32/14.74 16.15/17.33 24.13 32.56 56.38

CN (cm-1) 2208 2215 2205 2215 2224 2228
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The bilayer architecture also was observed for the G2BSPE, G2ABDS and G2SDS inclusion compounds 

with ROY. In these cases, however, the longer pillars result in the long axis of ROY aligned nearly 

parallel to the long axis of the pillars, reminiscent of enforced alignment of oligothiophene guests in GS 

frameworks.30 Crystallization of ROY with guanidinium 1,2-bis(4-sulfonatophenyl)ethane (G2BSPE) 

afforded single crystals of G2BSPE⊃ROY (2) as red {001} plates (Fig. S1), along with a mixture of 

several ROY polymorphs. Single crystal X-ray diffraction revealed the bilayer architecture (Fig. S3), with 

torsion angles for the two ROY molecules in each asymmetric unit of thio = 14.3o and 14.7o. In this case, 

the long axes of the ROY guests are nearly parallel to the long axes of the pillars. 
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Fig. 3. Crystal structures of inclusion compounds 1 - 6 (top to bottom) and their respective views from the top (second 
column), their respective ROY conformations (third column). 
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Crystallization with guanidinium azobenzenedisulfonate (G2ABDS) produced single crystal slabs of 

G2ABDS⊃(ROY)3/4(methanol)1/4 (3) as (101) plates (Fig. S1). Although these crystals were red, 

azobenzene alone is red masking the true color of ROY. Nonetheless, ROY in 3 adopted two 

conformations with torsion angles of 16.2 o and 17.3o, which would be consistent with the “red” form of 

ROY. Although this compound adopts the bilayer architecture (Fig. 3, Fig. S4), the unit cell (a = 35.698(9) 

Å; b = 7.334(2) Å; c = 48.5788(13) Å) is unusually large and the ROY guest arrangement is unusual for 

GS inclusion compounds. The large lattice constant along the <101> direction is a consequence of 

unusual ordering of the guest molecules, wherein each channel contains alternating ROY tetrads and 

ROY pairs. This is a consequence of an unusual hydrogen-bonding pattern in the GS sheets consisting of 

a repeating pattern of four GS ribbons with the customary quasi-hexagonal motif connected by hydrogen 

bonds through the so-called “shifted ribbon” motif, which is occasionally observed in GS compounds (Fig, 

3, Fig. S5). The nitro groups of ROY molecules in the tetrad are oriented opposite to the nitro groups of 

the ROY pairs. Crystallization with guanidinium 4,4’-stilbenedisulfonate (G2SDS) afforded single crystal 

G2SDS⊃ROY (4) as <100> needles (Fig. S1). Although 4 crystallizes in a bilayer architecture (Fig. 3, Fig. 

S6), the torsion angle thio of 24.1o is considerably larger than observed in compounds 1 – 3. The long 

axes of ROY, like in BSPE frameworks, are parallel with the long axes of pillars. 

Crystallization with guanidinium 1,2-bis(4-sulfonatophenoxy)ethane (G2BSPOE) afforded single crystals 

of G2BSPOE⊃ROY (5) as red <100> needles (Fig. S1), but with the double-brick architecture (Fig. 2, Fig. 

3, Fig. S7), in which the projection of pillars on pairs of adjacent GS ribbons alternate across each GS 

sheet. The formation of the double-brick framework may be attributed to the large volume of the BSPOE 

pillar, which can frustrate inclusion of ROY in the smaller inclusion cavities of the bilayer architecture. 

The flexibility of BSPOE appears important, however, as the GS sheet puckers significantly such that the 

framework conforms to the ROY guests, which are nestled in pockets surrounding by two pairs of 

BSPOE pillars. The torsion angle thio = 33.2o, is significantly higher than those in bilayer architectures. 

Unlike the aforementioned compounds, the ROY thiophene ring is substantially offset from the phenyl 

ring of the BSPOE pillar, suggested negligible π-π interactions and structure-directing influence.

Crystallization with guanidinium 2,6-anthracene disulfonate (G2ADS) afforded single crystals of 

G2ADS⊃(ROY)2 (6) as yellow {001} plates (Fig. S1), with the orthorhombic zigzag brick architecture 

(Fig. 2, Fig. 3, Fig. S8), in which the projections of the ADS pillars alternates in a zigzag manner across 

each GS sheet. This architecture, which typically is associated with larger inclusion cavities compared 

with the bilayer architecture, is likely a manifestation of the larger volume and greater rigidity of the ADS 

pillar compared with BPDS (185 Å3 versus 166 Å3). Pairs of ROY molecules were encapsulated in the 

pockets flanked by ADS pillars. The torsion angle is thio = 56.4o. The ROY thiophene ring is nearly 
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perpendicular to its neighboring ADS pillar, indicating negligible π-π interaction and structure-directing 

influence. 

The thio values for the included ROY molecules are in the range 10.5o ≤ thio ≤ 56.4o, similar to the thio 

values for the red and orange ROY polymorphs. The Raman spectra for 1 – 6 revealed CN stretching 

mode frequencies that decreased with decreasing torsion angle thio, aligned with the trend reported for the 

red and orange ROY polymorphs (Fig. 4) and attributed to increased -conjugation as thio approaches 

zero.28 The confinement of the inclusion cavities in the GS frameworks exerts packing forces that result 

in thio values far below those for the yellow forms or the recently reported “pumpkin orange” form.29 

thio is smaller in inclusion compounds 1 – 3 than in the red ROY polymorph, which has the lowest value 

of thio among the polymorphs. This molecular flattening of ROY can be attributed to the ability of GS 

inclusion compounds to “shrink wrap” around the guests and achieve close packing through variable 

pillar conformations, puckering of the GS sheet, and adopting different framework architectures, all on 

display in compounds 1 – 6. This feature is evident from the nearly uniform packing fractions of the 

inclusion compounds, which average 0.70 ± 0.02. (Table S2).  Moreover, close inspection of the crystal 

structures of compounds 1 - 4, which have the smallest values of thio, reveals near-parallelism of 

(pillar)phenyl-ROY(phenyl) and (pillar)phenyl-ROY(thiophene) planes, with substantial ring-ring () 

overlap, and interplanar distances comparable or somewhat less than the sum of the van der Waals radii 

for these rings (Fig. S9). In contrast, only the (pillar)phenyl-ROY(phenyl) rings are parallel in 5 and 6, 

enabling larger values of thio, decreased -conjugation, and larger CN stretching frequencies. Vibrational 

Stark spectroscopy has demonstrated that the vibrational frequency of nitriles, especially aromatic nitriles, 

can be sensitive to the surrounding electronic field.31 The π-π interactions between the pillar phenyl rings 

and the ROY thiophene ring in compounds 1 – 4, as well as the coerced planarity from confinement, 

likely contribute to the trend in CN stretching frequencies.
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Fig. 4. Dependence of the CN stretching frequency on the ROY torsion angle, thio, for inclusion compounds 1 – 6 
and for the ROY polymorphs (denoted by their reported labels).

Conclusions
Molecular building blocks with hydrogen bonding substituents have now produced a tremendous number 

of supramolecular assemblies and molecular frameworks. The guanidinium organosulfonate frameworks 

continue to surprise with their versatility, encapsulating a wide range of guest molecules, here confining 

ROY in channels and pockets that prevent severe conformational twisting out of plane. Among the nine 

solved crystal structures of ROY, the torsion angle thio ranges from 21.7o to 112.7o. The GS frameworks 

here, however, constrain the twisting of ROY, with an upper limit of thio = 56.4o in one of the inclusion 

compounds and three others with a value of thio less than the lowest value among the polymorphs. These 

observations suggest that the properties of chromophores can be regulated by design of suitable molecular 

frameworks, particularly those that are amenable to adjustments in framework metrics with retention of 

generic architecture. 
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Electronic Supplementary Information (ESI) available
Experimental and characterization details and additional figures. Crystal Stucture available in the 

CCDC 1992984-1992989. For ESI and crystallographic data in CIF see DOI: 10.1039/x0xx00000x
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