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[bookmark: _Hlk97299658]ABSTRACT：
[bookmark: _Hlk117517832][bookmark: _Hlk114824255][bookmark: _Hlk117520035][bookmark: _Hlk90556204][bookmark: OLE_LINK38][bookmark: _Hlk135228875][bookmark: _Hlk114825376][bookmark: _Hlk114825398][bookmark: _Hlk135228886]Isostructurality is a potential tool to design crystals with tailored arrangements, especially for multicomponent systems, but research into its formation mechanism is still limited to date. Herein, a family of spironolactone (SPI) isostructural and non-isostructural solvates was investigated to explore the selective formation of isostructural crystals. The SPI framework, dominated by van der Waals forces, is robust and flexible with different solvent molecules in its channels playing the same structural role. The formation of SPI isostructural solvate is a delicate energy balance between the energy loss caused by the expansion of the SPI framework and the addition of SPIsolvent interactions. Besides the size and functional groups of solvent molecules, the directionality of the SPIsolvent interactions should be also carefully considered in the isostructurality-based crystal design. In addition, weak interactions seem to be regarded as potential design elements for the organic host architectures.
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[bookmark: _Hlk114823996][bookmark: OLE_LINK18][bookmark: _Hlk117518428][bookmark: OLE_LINK3][bookmark: OLE_LINK24][bookmark: _Hlk114824902][bookmark: _Hlk132126479][bookmark: _Hlk114824340][bookmark: _Hlk114824397]Isostructurality is defined as different types of molecules occupying the same (or very similar) crystalline arrangements, which is a useful guide for predicting and designing crystals.1,2 Isostructurality of organic crystals has been proved to be more prevalent than expected, particularly in multicomponent systems, such as a series of related steroids and their solvates.3-12 The control of isostructurality can overcome dissimilarities in shapes and functional groups of different molecules and systematically fine-tune physicochemical properties following the same blueprint.7,13-15 Isostructural compounds can be served as heteronuclear seeds to discover desired solids,4,16-20 and it has also turned out to be feasible for the construction of porous crystal materials.21-24 Therefore, it is important to deeply investigate the formation mechanism of isostructurality to build molecular crystals with tailored arrangements. However, as the opposite phenomenon of polymorphism, isostructurality has attracted much less attention from scientists, and consequently, research into its formation mechanism and applicability is still limited. Most efforts have been dedicated to the analysis of isostructural packing patterns, the calculation of structural similarities, and the preparation of isostructural cocrystals based on equivalent functional groups.25,26 In addition, isostructural crystals are designed mainly on forces with a specific strength and direction, like hydrogen bonds and halogen bonds, with little concern for weak hydrogen bonds and van der Waals forces.10,27,28 Deep comprehension of these weak interactions is essential to expand new design strategies and applications for multicomponent crystals.
[bookmark: _Hlk90888508][bookmark: OLE_LINK17][bookmark: _Hlk117518477][bookmark: _Hlk90888213][bookmark: _Hlk90493165]The reason for isostructurality is that structurally equivalent replacements are feasible without significantly disturbing the already established close packing, i.e., the different substituents act as the same structural role in crystals.1,7,28 Some related studies have focused on the construction of equivalent one-dimensional building blocks through minor alterations in substitution pairs, but isostructurality in local environments hardly leads to the gradual 2D/3D order. Even with the most frequent chloro-methyl exchange, the outcomes of isostructurality are only in about 30% of cases.28,29 In other situations, isostructural solvates as examples, isostructurality is achieved by introducing changes in guest molecules, where the whole host remains essentially intact. Herein, the tolerance of crystal packing would be much higher, even with the replacement of the entire guest molecules.11,12,30 This depends on how much the guest differs in terms of electrostatic and steric properties. However, there are no uniform and applicable criteria for designing isostructural crystals to date. Questions are raised as to how to assess equivalent substitutions and why some replacements do disrupt stacking patterns while others do not.31-35
[bookmark: _Hlk117518710][bookmark: _Hlk114825234][bookmark: _Hlk135213543][bookmark: _Hlk114825207][bookmark: _Hlk114825218]The objective of this work is to investigate the selective formation of isostructural crystals. The model compound spironolactone (SPI, Figure 1) features a relatively rigid steroid ring and three hydrogen-bonding acceptors but no hydrogen-bonding donor, which facilitate the formation of a complex solvate landscape.36-39 We studied families of solvent molecules, corresponding to nine isostructural and two non-isostructural SPI solvates. This offers a rare opportunity to explore how incremental changes in the molecular size of guests and intermolecular interactions influence the arrangements of isostructural crystals,5,40,41 especially for the van der Waals forces-controlled host framework. Experiments and calculations allowed us to explore the similarities and dissimilarities of crystal packing, the variation of unit-cell parameters, the stability of the SPI framework, the interactions between solvents and SPI molecules, and then the principles behind the formation mechanism of isostructural solvate were unraveled.
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[bookmark: _Hlk117519279]Figure 1. Molecular structures of spironolactone (SPI) and solvents.
[bookmark: _Hlk117515224][bookmark: _Hlk132202650][bookmark: OLE_LINK27][bookmark: OLE_LINK6]In our previous work, the solvate screening of SPI in a series of alcohol, ester, and acid solvents resulted in 10 solvates.39 We got three new single crystal structures of SPI solvates here (Table S1 and S2), including SIPA (isopropanol solvate), SEF (ethyl formate solvate) and SMA (methyl acetate solvate). The unit cell parameters of SIPA were used to confirm its isostructurality without further analysis, due to the high R factor. It is intriguing to perceive the isostructural attribute of form I, SMeOH (methanol solvate), SEtOH (ethanol solvate), SNPA (n-propanol solvate), SIPA, SEF, SMA, SEA (ethyl acetate solvate) and SFA (formic acid solvate), as their PXRD patterns and lattice parameters are nearly identical (Figure S1-S3), while SAA (acetic acid solvate) and SPA (propanoic acid solvate) have different crystal arrangements with above solvates. Many studies have stated that isostructural solvates can only be available in solvents with specific interaction groups or particular molecular volumes/shapes.3,42-45 However, herein the solvent molecules as guests in isostructural solvates have diverse functional groups (hydroxyl, ester and carboxyl) and variable volumes (37~95 Å3). The AA and PA solvent molecules have similar sizes and hydrogen-bonding donor propensities to other solvent molecules (Figure 2), but their crystal architectures cannot be in line with isostructural solvates. Three questions then arise: (1) what are the reasons for the formation of SPI isostructural solvates from alcohols, esters, and FA? (2) why cannot isostructural solvates be prepared from AA and PA? (3) what are the key factors of the selective formation of isostructural crystals? 
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[bookmark: _Hlk117520422][bookmark: _Hlk132096207]a Donor- summation of the hydrogen-bonding donor propensities.46,47
b Energy-The strongest interactions between solvent and one SPI molecule in experimental structures.
[bookmark: _Hlk117520379]Figure 2. Properties of some selected solvents. Molecules, which form isostructural solvates, are marked green, and those form non-isostructural solvates are marked red.
[bookmark: _Hlk117515272][bookmark: OLE_LINK31][bookmark: OLE_LINK33][bookmark: OLE_LINK32][bookmark: OLE_LINK25][bookmark: _Hlk132121961][bookmark: _Hlk132121972][bookmark: _Hlk132119861][bookmark: _Hlk132119976]The pair-wise energies were calculated by CrystalExplorer (details in ESI) to quantify interactions of SPI molecule pairs in the host (Table S3) and visualized in the SPI energy framework (Figure 3).48,49 Three adjacent SPI molecules interact by dispersion forces (-29.7, -29.7, and -15.2 kJ/mol) into a triangular frame, propagated to a chain along the a-axis. Four SPI molecules constitute a quadrilateral frame between two anti-parallel chains (-21.0 kJ/mol), which infinitely repeat and extend to a wrinkled 2D layer. The triangular and quadrilateral frames are alternately arranged and form some variable channels with the guests captured inside. SPI molecules are aligned parallel along the c-axis, which maximizes the van der Waals interactions. The 3D structure of the SPI host is supported by the stacking of steroid rings between different layers which is the strongest interaction in the entire structure, estimated as -48.3 kJ/mol (Figure S4). There are no typical hydrogen bonds, such as O-HO, but several weak interactions (dispersion forces and C-HO) play an important role in the occurrence of isostructurality for SPI solvates. The similar energy frameworks of SMeOH, SEtOH and SEF are also depicted in Figure S5. As our previous discussions on the desolvation processes, the host of isostructural solvates did not collapse, and only shrank in volume after the removal of guests, then transformed to form I.39,50 This indicates the effective interactions between SPI molecules maintain the stability of the SPI framework.34,44
[bookmark: OLE_LINK23][image: ][image: 图示
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[bookmark: _Hlk111558409]Figure 3. Energy framework (total energy) for form I, viewed along the c-axis. The energy scale factor is 80. The pair-wise interaction energies with magnitudes larger than -10 kJ/mol have been omitted. H atoms have been omitted for clarity. The strength of pair-wise interaction is labeled.
[bookmark: _Hlk117515312][bookmark: OLE_LINK4][bookmark: _Hlk132225093][bookmark: OLE_LINK50][bookmark: OLE_LINK21][bookmark: OLE_LINK22]The stoichiometry and SPIsolvent interactions in isostructural solvates are different due to the incorporation of diverse guests (Table 1 and Table S2). The ratio of SPI to solvent is 1:1.5 for SMeOH and SFA, 4:1 for SEtOH and SMA, and 2:1 for SEF and SEA. The MeOH and FA molecules situate in channels and discrete voids (Figure 3), where strong hydrogen bonds are present (Figure 4a and S6a), and the contribution of SPIsolvent interactions are relatively high. In SEtOH, SEF, SMA, and SEA, solvent molecules in channels attach to the SPI framework by various weak interactions (C-HO) (Figure 4b and S6b). The poor hostguest interactions fail to effectively confine the guest within the available channel, resulting in the disorder of some solvent molecules. Herein, the replacement of the interaction sequence O-HO with C-HO allows isostructurality to be maintained in different SPI solvates.51 That is, whether solvent molecules form strong and/or weak interactions with SPI molecules, these don’t disturb the already established close packing of the SPI framework and they are structurally equivalent replacements.
[bookmark: OLE_LINK13][bookmark: OLE_LINK14][bookmark: OLE_LINK11][bookmark: OLE_LINK12]Table 1. The main interactions between solvent and SPI molecules in SPI isostructural forms.
	SPIsolvent interactions
	SMeOH
	SFA
	SEtOH
	SEF

	Included interaction types
	O-HO1 O-HO4
	O-HO1 O-HO4
	O-HO4
	C-HO4

	Energya kJ/mol
	-146.1
	-132.7
	-46.8
	-42.5

	Interaction contribution a

	SPISPI / %
	65.2
	65.0
	85.0
	86.4

	SPIsolvent / %
	33.3
	30.6
	12.8
	11.8

	solventsolvent / %
	1.4
	4.4
	2.2
	1.8


a The total interaction energy between SPI and solvent molecules is based on an equivalent set of interactions in each structure.
(b) SEF
(a) SMeOH
Hydrogen bond
Van der Waals forces

Van der Waals forces
Steric hindrance

Figure 4. IGM (Independent Gradient Model) scatter plots of the channel iso-surface of structures (a) SMeOH, (b) SEF. Sign(λ2)ρ denotes the product of electron density, ρ, and the sign of the second largest eigenvalue of the Hessian matrix of ρ, sign(λ2). Blue-prominent attractive weak interaction, green-van der Waals interaction, and red-prominent repulsive interaction.52
[bookmark: OLE_LINK1][bookmark: OLE_LINK26][bookmark: _Hlk132104102][bookmark: OLE_LINK19][bookmark: OLE_LINK20][bookmark: OLE_LINK8][bookmark: OLE_LINK49]The values of Z are 4 and Z are 1 in all SPI isostructural forms, but their frameworks show quite substantial flexibility in terms of unit-cell parameters. The volume difference between the smallest form I and the largest SFA is around 300 Å3. The insertion of the guest into the channel pushes the SPI molecules away in b/c-axis directions from the position seen in form I (Figure 5), which serves to elongate the c-axis a lot. Alcohols and esters with a volume of smaller than 95 Å3 can enter the channels (Table S1). The host of SPI isostructural solvate is an elastic grid with channels that can be adapted to the steric demands of different guest molecules.53 The stability of the SPI framework can be assessed by framework energy in Table 2. Solvent molecules bond the steroidal rings of two adjacent layers more tightly, but force the SPI molecules around the channel farther apart, leading to a slightly decreased stability of the whole SPI framework compared with form I. But this energy loss of the host can be compensated by the introduction of the SPIsolvents interactions which are brought by solvent molecules, leading to the formation of isostructural crystals with lower energy (Table S7).
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Figure 5. Packing diagrams of Form I colored by the element, SMeOH colored by purple, and SEtOH colored by green. The solvent molecules cause the SPI molecules to extend outwards, as indicated by arrows, causing expansion of the unit cell compared to Form I.

Table 2. Comparison of the main pair-wise interaction energies in SPI isostructural frameworks.
	SPI forms
	Form I
	SMeOH
	SFA
	SEtOH
	SEF b

	SPISPI stacking of steroid rings

	Distance Å
	6.23
	6.08
	6.16
	6.11
	6.14

	Energy kJ/mol
	-48.3
	-52.3
	-52.1
	-50.8
	-49.3

	SPISPI in quadrilateral frameworks

	Distance Å
	10.31
	12.41
	12.63
	12.55
	12.67

	Energy kJ/mol
	-25.0
	-23.8
	-22.5
	-21.7
	-20.0

	Total framework energy a kJ/mol
	-319.4
	-285.8
	-282.4
	-310.6
	-310.4


a The sum of SPISPI interactions based on an equivalent set of interactions in each structure.
b Because the three ester solvates were very similar, SEF was chosen as the example here.
[bookmark: _Hlk117515347][bookmark: _Hlk132117170][bookmark: _Hlk132116120][bookmark: _Hlk132115442][bookmark: _Hlk132116713][bookmark: _Hlk132208750]Additional trials were conducted (Table S4-S5), including cross-seeding and solvent-vapor diffusion experiments,9,17,54,55 to investigate whether isostructural solvates of AA and PA exist. However, our efforts to produce these solvates failed, and the tendency for SPI to crystallize as non-isostructural SAA and SPA became evident again from these attempts. Then computational generations of ideal isostructural solvates of AA and PA were carried out to explore why they were unavailable. As shown in Table S6, FA/EtOH molecules in channels of SFA and SEtOH were replaced by AA/PA molecules with the same stoichiometry. Those with the lowest energy were assigned as SAA-replace and SPA-replace for further analysis.42,56
[bookmark: OLE_LINK15][bookmark: OLE_LINK16]The crystal lattice energies of SAA-replace and SPA-replace are lower than those of the neat polymorphs and higher than those of experimental SAA and SPA, which indicates these isostructural solvates may exist but be very unstable (Table S7). In all isostructural solvates, the width of channels is ca. 6.5 Å, which increases to 7.7 Å in SPA-replace (Figure 6 and S7). The hydroxyl groups of the solvents in isostructural solvates interact with the O4 of SPI, and then their hydrophobic alkyl chains point along channels. These solvents are perpendicular to the surrounding SPI molecules and held by weak van der Waals forces. However, due to the strength and orientation requirements of hydrogen bonds, if PA or AA were also located at the exact position of these solvent guests, hydrogen bonds would be inefficient, and a higher steric hindrance also exists (Figure S8). Just like SAA/PA-replace, AA and PA molecules prefer to run parallel to SPI molecules on channel sides. The increasing size of the channel decreases the interactions between SPI molecules, which is hardly balanced by additional SPIsolvent interactions. Thus, the isostructural AA and PA solvates cannot be obtained in experiments.
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[bookmark: _Hlk132221796]Figure 6. Projection of the structures of (a) SEtOH and (b) Optimized SPA-replace along the b-axis in channel parts. (The width of channels is represented by the distance between two C9 atoms of SPI molecules on both sides of the channel)
[bookmark: _Hlk117515368][bookmark: _Hlk132210232][bookmark: _Hlk132221703][bookmark: _Hlk132224175]The crystal packing and energy framework of SAA and SPA are shown in Figures S9-S11. The AA and PA molecules in SAA and SPA disrupt the isostructural SPI framework since they provide electrostatically enhanced hydrogen bonds that compensate for the broken SPISPI interactions. The interactions of the stacking of steroidal rings and hydrogen bonds of SPIsolvent in SAA and SPA are more effective than the calculated isostructural ones (Table 3). Although the SPI framework of SAA is less stable than that of isostructural solvates, the AA molecule (AA/PA: SPI=1:1) provides more SPIAA interactions in a non-isostructural crystal structure, resulting in lower lattice energy (Table S7). Thus, AA and PA solvents prefer to form non-isostructural SAA and SPA rather than isostructural solvates.
Table 3. Comparison of interactions in SPI non-isostructural solvates.
	SPI forms
	SAA
	SPA
	SAA-replace
	SPA-replace

	
	SPISPI stacking

	Distance Å
	5.99
	6.17
	6.11
	6.16

	Energy kJ/mol
	-54.2
	-52.6
	-50.8
	-52.1

	
	Hydrogen bonds

	Angle 
	177.0
	178.2 a
	174.0
	167.4

	O-O distances
	2.68
	2.73
	2.63
	2.69

	Energy kJ/mol
	-44.7
	-36.7
	-42.5
	-32.6


a Only one hydrogen bond of SPIPA in channels was listed.
[bookmark: _Hlk117515386][bookmark: OLE_LINK7][bookmark: OLE_LINK10]The understanding of the isostructural phenomenon is a very challenging task, as it may arise from geometrical similarities of guests (shape and size) and/or chemical factors (the stability of host and the interactions between hostguest). When investigating the tolerance of the host framework to the guest, the directionality of the hostguest interaction is an important factor that must be considered carefully. In this work, the interactions between SPI molecules are efficient, so there is no requirement for specific strong interactions with solvents to maintain the stability of the isostructural framework. This also explains the fact that the SPI framework has a low solvent selectivity. For the ester solvates, solvent molecules expand SPI pairs a little without reducing the energy of the SPI framework decrease much. This energy loss can then be compensated by weak interactions brought by solvent molecules. For SMeOH and SFA, guest molecules increase the cell volume a lot and decrease the stability of the host, which can be balanced by adding strong hydrogen bonds of SPIsolvent molecules, and then the corresponding SPI isostructural solvates are formed. Because of the strong directionality of hydrogen bonds and the strong steric resistance of the alkyl chain, AA and PA molecules which are in the same position as isostructural solvents will considerably increase the size of channels and lead to an unstable SPI framework, so isostructural AA and PA solvates cannot be obtained. The criteria for SPI isostructural crystals are (a) a guest with a suitable volume should fit into the stable host; (b) the guest can form sufficiently efficient hostguest interactions, which can compensate for the energy loss associated with changes in framework volume, and (c) these lead to energetically favorable isostructural crystals, which are also potential for other similar molecules. It is a delicate balance between the changed energy of the host framework and added hostguest interactions.
[bookmark: _Hlk90489748][bookmark: _Hlk90892434][bookmark: _Hlk132114501]To our knowledge, the reported multi-component isostructural organic solids are designed by charged-assisted hydrogen bonds or multiple hydrogen bonds.3,10,28 The SPI framework seems to provide new insights that van der Waals forces can be a feasible strategy for constructing frameworks. The absence of dominant directional interactions in the host ensures that changing neighboring molecules is less energy costly. The advantages of using several types of weak interactions give flexibility and adaptability to the host framework. As Galcera, J. said, the organic frameworks are not porous themselves, but they can rearrange for selective molecular inclusion in the presence of suitable guests, i.e., the hosts are dynamic structures.10,23
[bookmark: OLE_LINK5][bookmark: OLE_LINK28][bookmark: _Hlk134559984][bookmark: _Hlk90496764]A series of isostructural and non-isostructural solvates of SPI allows us to study the selective formation of isostructural crystals. Similarities and differences in crystal packing among SPI forms were analyzed based on the calculation of energy frameworks and lattice energies. The van der Waals interactions are important to the stability of SPI frameworks. Effective SPIsolvent interactions can compensate for the energy loss in the expansion of the framework due to the introduction of solvent molecules, which is crucial for the formation of isostructural solvates. For instance, the SPIEtOH interactions (-46.8 kJ/mol) can offset the energy loss of framework for the incorporation of EtOH molecules (8.8 kJ/mol), leading to the formation of SEtOH. The strong directionality of hydrogen bonds between AA/PA and SPI molecules can enlarge the channel and hinder the formation of SPI isostructural solvates. The formation of SPI isostructural solvates is a delicate energy balance between changing the host framework and adding hostguest interactions. The size of the guest (37~95 Å3), the strength and direction of the hostguest interaction should be considered in the isostructurality-based SPI crystal design. Besides, this work demonstrates that weak interactions in the host structures can also be considered as effective design elements in crystal engineering. We hope it will shed some light on the design and application of isostructural crystals.
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The selective formation of isostructural crystals was investigated with a family of spironolactone isostructural and non-isostructural solvates. The formation of isostructural solvate is a delicate energy balance between the energy loss caused by the expansion of the framework and the addition of hostguest interactions. The directionality of the hostguest interactions should be carefully considered in the isostructurality-based crystal design.
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