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Dithienylethenes (DTEs) are a promising class of organic photoswitches that

can be used to create crystalline solids with properties controlled by light.

However, the ability of DTEs to adopt multiple conformations, only one of

which is photoactive, complicates the rational design of these materials. Herein,

the synthesis and structural characterization of 19 crystalline solids containing a

single DTE molecule are described. A novel D–D analysis of the molecular

geometries obtained from rotational potential energy surface calculations and

the ensemble of experimental structures were used to construct a crystal

landscape for DTE. Of the 19 crystal structures, 17 contained photoinactive

DTE rotamers and only 2 were photoactive. These results highlight the

challenges associated with the design of these materials. Overall, the D–D

analysis described herein provides rapid, effective and intuitive means of linking

the molecular structure to photoactivity that could be applied more broadly to

afford a general strategy for producing photoactive diarylethene-based crystal-

line solids.

1. Introduction

Crystal engineering is a powerful tool used to design and

synthesize new materials with specific physical and chemical

properties by exploiting the role that individual inter-

molecular interactions play when forming crystalline solids

(Nangia & Desiraju, 2019). Without a doubt, crystal engi-

neering has been central to the development of crystalline

materials tailored for a wide range of chemical applications

including pharmaceuticals (Karimi-Jafari et al., 2018;

Duggirala et al., 2016; Guo et al., 2021), biosensors (Fu et al.,

2023), gas separation and storage (Shekhah et al., 2018; Cheng

et al., 2022), and electronics and optics (Kandambeth et al.,

2022; Jiang et al., 2021; Dar & Rashid, 2021).

Traditionally, crystal structures are viewed as repeating

patterns of atoms, molecules or ions arranged in a three-

dimensional lattice. However, a particularly powerful concept

in crystal engineering is to instead view the same crystal

structure as a rich structural landscape in which the position of

a molecule in a single crystal is a data point on this landscape

(Desiraju, 2021). Different crystallizing conditions can lead to

the formation of different crystal structures, each with its own

unique set of properties. Therefore, it is important to assess a

wide variety of crystallizing conditions to produce crystalline

solids (Samanta et al., 2021; Tothadi & Desiraju, 2012; Singh et

al., 2016; Ranjan et al., 2020; Rajkumar & Desiraju, 2021).

Consequently, a wide variety of crystalline solids includingPublished under a CC BY 4.0 licence



polymorphs, hydrates, solvates, co-crystals and metal–organic

frameworks can help deepen our understanding of how the

molecule of interest is impacted by the surrounding crystalline

environment and vice versa. This includes identifying supra-

molecular synthons and non-covalent interactions that are

important in the formation of crystals, which inevitably affects

the physical and chemical properties of crystalline solids, such

as their solubility and melting point.

The changing crystalline environments directly impact the

molecule of interest and ultimately the functionally important

properties of the crystal, including water sorption (Reutzel-

Edens & Bhardwaj, 2020), electronic properties (Narayanan et

al., 2017; Sun et al., 2019), detonation properties (Land-

enberger et al., 2015; Kent et al., 2018; Aakeröy et al., 2015b)

and thermal stability (Aakeröy et al., 2015a; Angevine et al.,

2022b,a) among others. Likewise, photoactivity in the solid

state is another property heavily influenced by crystal struc-

ture (Yelgaonkar et al., 2020; Campillo-Alvarado et al., 2020;

Borchers et al., 2022).

Dithienylethenes (DTEs) are a promising class of molecules

for use in organic solid-state photoswitches. DTEs are

attractive because they are solid-state reactive, both isomers

are thermally stable and they are fatigue resistant (Fukami-

nato et al., 2001; Herder et al., 2015; Kitagawa et al., 2013;

Kobatake et al., 2000, 2002, 2007; Shibata et al., 2002).

However, the rational design process for DTE-based crystal-

line solids is complicated by their conformational flexibility.

The two thiophene rings can rotate around the central ethyl-

ene bridge, which gives rise to parallel and anti-parallel

rotational isomers (Zhang & Tian, 2018; Rice et al., 2020; Cox

et al., 2016). DTE molecules are considered to be potentially

photoactive in the solid state when they adopt the antiparallel

geometry and have an interatomic distance between the two

active carbon atoms of less than 4.2 Å (see infra) (Kobatake et

al., 2002). If neither of these conditions are met, the molecule

is not expected to be photoactive. That said, the geometry of

the DTEs within the crystalline structure profoundly affects

their functionality as a photoswitch. Thus, the development

and assessment of the crystal structure landscape for these

materials will play a critical role in the rational design of future

DTE-based materials with desired molecular geometries.

Herein we report the synthesis of (Z)-1,2-bis(2-methyl-5-

(pyridin-4-yl)thiophen-3-yl)-1,2-diphenylethene (DTE), a

bulky acyclic DTE molecule with a pyridyl functionalized

thiophene pendant groups (Fig. 1). We incorporated DTE into

19 different crystalline solids such as polymorphs, co-crystals,

coordination polymers and metal–organic frameworks. Single-

crystal X-ray diffraction (SCXRD) analysis revealed that only

2 of the 19 crystal structures contained DTE in the photo-

active geometry. These findings led to the development of a

novel scalar-based approach to parametrizing the DTE

geometry, which may be applied more broadly to this class of

photoactive molecules.

2. Methods

2.1. Synthesis and characterization

All reagents were purchased from commercial sources and

used as received unless otherwise noted. 1H NMR spectra

were obtained on a Varian Inova-400 or Varian Inova-500

operating at 400 and 500 MHz, respectively. 1H NMR peaks

are referenced to residual solvent signals in CDCl3 at

7.26 p.p.m. (Gottlieb et al., 1997). SCXRD data were collected

on a rotating anode source or using synchrotron radiation. Full

details of the synthesis and characterization are provided in

the supporting information (Fig. S1) which includes a detailed

list of co-formers and linkers used for synthesizing crystals

(Fig. S2).

2.2. Nomenclature

Each of the 19 crystal structures comprise one or two

crystallographically unique DTEs. The following naming

convention will be used to differentiate between these struc-

tures and their crystallographically unique DTEs. Each crystal

structure is assigned a number X and labelled DTE-[X]. If

DTE-[X] has one crystallographically unique DTE in the

asymmetric unit, DTE itself will be referred to as DTE-X. If

DTE-[X] has two crystallographically unique DTEs in the

asymmetric unit, DTE-Xa or DTE-Xb will be used to refer to

individual DTEs, whileDTE-Xa/b will be used to refer to both

DTEs.

2.3. Computational methods

All calculations were performed using density functional

theory (DFT) with the computational software suite Gaus-

sian09 (Revision D.01; Frisch et al., 2013). The hybrid func-

tional !B97X-D with the 6-31G(d) basis set was used for all

calculations (Chai & Head-Gordon, 2008). DTE and the

methyl-substituted variation were geometry optimized in the

anti-active geometry. The vibrational frequencies of each

optimized DTE were calculated to verify that each geometry

was a true energetic minimum.

Relaxed potential energy surface (RPES) scans were

performed on the optimized DTE and its methyl-substituted

variant. The torsion angle �A[C18, C1, C8, C11] was rotated

by�1� increments creating a clockwise (CW,�1�, negative) or

counter-clockwise (CCW, +1�, positive) rotation about the

C1—C8 bond (Fig. 1). After each 1� increment, a geometry

optimization was performed on the molecule while keeping

�A rigid. These rotation and geometry optimization processes

were performed in succession until all values of �A within
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Figure 1
Chemical structure of (Z)-1,2-bis(2-methyl-5-(pyridin-4-yl)thiophen-3-
yl)-1,2-diphenylethene (DTE).



�180� were examined for a total of 360�. All resulting energies

were converted from Hartree to kcal mol�1.

In addition to �A, three other parameters were used to

assess the geometries of DTE (Fig. 2): the relative orientation

of methyl groups at the active carbon atoms (�B), the

interatomic distance between the active carbon atoms (Dactive)

and the interatomic distance between the methyl carbon

atoms bonded to the active carbon atoms (DMe-Me). The

relative orientation of methyl groups at the active carbon

atoms is defined as the torsion angle �B[C12, C11, C28, C29].

Dactive is defined as the interatomic distance between carbon

atoms C11 and C28. DMe-Me is defined as the interatomic

distance between carbon atoms C12 and C29.

3. Results and discussion

3.1. Summary of crystal structures obtained

A total of 19 DTE-[1–19] single crystals containing DTE

were analysed using SCXRD. Two neat crystal structures of

DTE (DTE-[1,2]) are polymorphs. Four crystal structures

(DTE-[3–6]) are co-crystals with multitopic carboxylic acids.

Four crystal structures (DTE-[7–10]) are isostructural coor-

dination polymers with the metals cobalt, nickel, zinc and

cadmium. Crystal structures DTE-[11,12] are two unique

coordination polymers with copper coordinated to iodine and

bromine, respectively. The remaining crystal structures (DTE-

[13–19]) were produced from MOF syntheses in which zinc

and DTE were solvothermally reacted with various multitopic

carboxylic acids. Five of the crystal structures (DTE-

[3,4,6,14,15]) possess two crystallographically unique DTEs.

Altogether, the present work includes a total of 24 unique

DTE geometries arising from 19 crystal structures. By visual

inspection, 6 of the molecules (DTE-4a/b,5,6a/b,11) were

assigned to the P3/P4 conformation. A total of 16 molecules,

DTE-1,2,3a/b,7–10,12,13,14a/b,15a/b,16,17, were assigned the

AP2 conformation, and the two remaining molecules, DTE-

18,19, were assigned the AP1 conformation. The conformer

assignments and structural parameters for the experimental

DTE geometries are provided in Table S1 of the supporting

information. Additionally, the photoactivity of each crystal

structure was confirmed by irradiating a single crystal with UV

light. The single crystal was deemed photoactive if it showed

any observable colour change, otherwise it was deemed

photoinactive.

3.2. Relaxed potential energy scan

The RPES plot forDTE reveals eight energetic minima and

eight energetic maxima split evenly between each scan

direction [Fig. 3(b)]. The four sets of energetic minima

correspond to four discrete conformers: two conformers with

antiparallel geometry (DTE-AP1 and DTE-AP2) and two

conformers with parallel geometry (DTE-P3 and DTE-P4).

Fig. 3(a) depicts each geometry from 2 different perspectives.
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Figure 2
Representation of DTE identifying the atoms used to calculate the parameters ’A (orange solid line), ’B (green solid line), DMe-Me (red dash line) and
Dactive (purple dash line).

Figure 3
(a) The four (+)-DTE conformers viewed from front and side
perspectives. (b) RPES plot for DTE. Filled shapes represent +1�

increments, while empty shapes represent �1� increments. AP1 (black,
square), AP2 (red, circle), P3 (green, triangle) and P4 (blue, diamond).



The orientation of the vectors C11 C12
�����!

and C28C29
�����!

char-

acterizes each geometry. The antiparallel geometry is char-

acterized by the two vectors pointing in approximately

opposite directions, whereas the parallel geometry occurs

when two vectors point in a similar direction.

The torsion angles (�A) and energies relative to the lowest-

energy conformer DTE-P3 (�E) are summarized in Table 1.

These four conformers will be used to analyse the conformers

observed in the single-crystal structures.

The DTE-AP1 and DTE-AP2 conformers can be inter-

converted by rotating each thienyl moiety in the same direc-

tion. This concerted rotation of the thienyl moieties results in

�A increasing from 51.46� for DTE-AP1 to 127.46� for DTE-

AP2. Consequently, Dactive also increases during this process

from 3.45 Å for DTE-AP1 to 5.19 Å for DTE-AP2. The

photoactivity of dithienylethenes is well established and

requires the antiparallel geometry and for Dactive to be less

than 4.2 Å. ThoughDTE-AP1 andDTE-AP2 have the correct

geometry necessary to be photoactive, only DTE-AP1 is

potentially photoactive (Dactive = 3.45 Å). This indicates that

Dactive is the most significant distinction in photoactivity

between the two antiparallel conformers. The two parallel

conformers can be interconverted in a similar way to the two

antiparallel conformers. Although Dactive is less than 4.2 Å for

the two parallel conformers (DTE-P3 and DTE-P4), their

geometry prohibits any photoactivity.

The energy differences between each scan direction are

0.00 kcal mol�1 for DTE-AP1, 0.15 kcal mol�1 for DTE-AP2,

0.00 kcal mol�1 for DTE-P3 and 1.83 kcal mol�1 for DTE-P4.

The larger energy difference between each scan direction for

DTE-P4 is caused by a difference in the degree of planarity

between the pyridyl rings and thiophene rings (Fig. S3).

An RPES scan on a similar molecule in which the pyridyl

rings were substituted with methyl groups resulted in no

significant scan-dependent differences in energy for any of the

conformers (Table S2, Fig. S4). Furthermore, the �E values

for the two methyl-substituted parallel conformers (P3 and

P4) were almost identical at�0.36 kcal mol�1. Thus, theDTE-

P3 and DTE-P4 conformers will be generally described as a

singular species of quasi-enantiomers and labelled DTE-P3/

P4.

The increase in energy of each conformer as they approach

their respective energetic maximum is caused by an increas-

ingly unfavourable steric interaction between the phenyl rings

on the backbone and the methyl group bonded to the active

carbon. This interaction is seen as the phenyl rings and methyl

groups rotating in a concerted effort to reduce their interac-

tion with each other. Smaller energetic barriers are observed

between the anti–anti and para–para rotamers, whereas the

larger barriers are observed between the anti–para and para–

anti geometries.

3.3. DTE scalar-based parameterization

The DTE conformer type is critically important to the

photoactivity of a crystalline solid and has been traditionally

assigned by visually inspecting the DTE molecule itself.

However, this method can be time-consuming and subjective.

To address this issue, we developed a series of DTE para-

meters (Dactive, DMe-Me and �B) that can be quickly calculated

and used to unambiguously determine the conformer type and

visualize the crystal landscape.

The first parameter, Dactive, provides some information, but

it is not enough information to unambiguously determine the

type of conformer. As mentioned earlier, the photoactivity of

DTE molecules depends on both the molecular geometry and

the value ofDactive. DTE molecules withDactive > 4.2 Å are not

expected to be photoactive. However, the photoactivity of

DTE molecules with Dactive < 4.2 Å depends on the orienta-

tion of thiophene rings. Thus, we attempted to combine Dactive

with two different vector-based parameters that represent the

orientation of the thiophene rings such as �B [Fig. S5(a)].

Since enantiomeric pairs of any given DTE molecule have the

same values but opposite signs, we were unable to unam-

biguously assign rotamers using them [Fig. S5(b)]. Therefore,

the parameters for a given DTE conformer may be indis-

tinguishable from those of the enantiomer of a different

conformer [Fig. S5(c)].

The use of scalar-based parameters, namely interatomic

distances, eliminates complications arising from the sign of the

relative orientation of vectors. Likewise, these values are

invariant to structure inversion. In other words, enantiomeric

pairs will possess identical values. Therefore, we combined

Dactive with another scalar-based parameterDMe-Me to describe

the photoactive nature of DTE molecules. When used toge-

ther, these two parameters describe how the thiophene rings

are orientated relative to each other. The plot of DMe-Me

versus Dactive for the calculated DTE geometries takes on the

shape of a broken ellipse (Fig. 4).

The lowest-energy calculated structures (�E <

5 kcal mol�1) for each of the conformers fall into one of three

distinct regions. Region I, which contains the lowest-energy

AP1 conformers, is characterized by Dactive < DMe-Me and

Dactive < 4.20 Å. Region II, whereDactive >DMe-Me andDactive >

4.20 Å, contains the AP2 conformers. Region III, whereDactive

’DMe-Me andDactive < 5.0 Å, comprises the P3/P4 conformers.

Some overlap between regions does exist for the calculated

structures. For example, the calculated structures for the two

antiparallel conformers are present where 3.70 Å < Dactive <

4.70 Å and 5.20 Å < DMe-Me < 6.70 Å. However, this overlap

only occurs for high-energy structures of a given conformer

research papers

4 of 6 Travis B. Mitchell et al. � Scalar geometric parameterization for crystal landscapes IUCrJ (2023). 10

Table 1
Relative energy (�E) and selected structural parameters for DTE RPES
scans.

Conformer �E (kcal mol�1) �A (�) �B (�) Dactive (Å) DMe-Me (Å)

(+)DTE-AP1 1.11 51.46 173.76 3.45 4.47
(+)DTE-AP2 2.04 127.46 �84.97 5.19 7.25
(+)DTE-P3 0.00 �133.54 �29.77 3.87 3.91
(+)DTE-P4 0.04 �55.54 30.42 3.86 3.90
(�)DTE-AP1 1.11 51.46 173.76 3.45 4.47
(�)DTE-AP2 1.89 132.46 �94.49 5.18 7.22
(�)DTE-P3 0.00 �133.54 �29.91 3.87 3.91
(�)DTE-P4 1.87 �54.54 37.95 3.97 3.92



(�E > 5 kcal mol�1), and the geometries for which are unli-

kely to be observed in a crystalline solid.

D–D analysis (Dactive–DMe-Me analysis) of the crystal

structures confirmed that the experimental DTE geometries

were clustered into the three regions described above. As

anticipated, we found that the structures containing the AP1,

AP2 and P3/P4 conformers are exclusively located in regions I,

II and III, respectively. In fact, it is notable that most of the

experimental structures are observed near the lowest-energy

calculated structures. Though crystal packing forces may lead

to slight deviations from the calculated minimum structures,

the observed structures agree well with the minimum energy

structures for each conformer type.

4. Conclusions

We found that 17 of the 19 observed DTE crystal structures

(89.5%) contained a photoinactive conformer. Of these, 13

included the AP2 rotamer and 4 included the P3/P4 rotamers.

The photoactive AP1 rotamer was only observed in 2 of the 19

crystal structures (10.5%). These results highlight the chal-

lenges associated with the design and synthesis of functional

DTE-based crystalline materials. These challenges can be

applied more broadly to any conformationally flexible system

in which a specific conformation is desired in the crystalline

phase. In the present case, the desired photoactivity is directly

linked to the DTE conformation, which is not easily controlled

in the crystalline state.

Future work will include higher level computational

methods on gas phase and solvated DTE to improve the

accuracy of rotamer energies. Periodic calculations using

experimental crystal structures will be challenging, as these

systems are large and complex. However, these calculations

could provide valuable insight into the non-covalent interac-

tions responsible for the stabilization of a given conformer

within a structure.

The D–D analysis presented herein provides a rapid,

effective and intuitive means of relating experimental and

computational DTE geometries for the construction of the

crystal landscape. The determination of the crystal landscape

for this DTE, and more broadly for all diarylethenes, will

provide structural insights that will link the supramolecular

interactions found in crystalline solids to the observed

conformers, and thus provide a basis for the rational design of

next-generation photoactive crystalline materials. Crystal

structure landscape analyses based on important geometric

parameters and other key properties of interest will serve as

an indispensable tool for the broader crystal engineering

community.
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Daniels, A. D., Farkas, Ö., Foresman, J. B., Ortiz, J. V., Cioslowski, J.
& Fox, D. J. (2013). Gaussian 09 Revision D.01. Gaussian Inc.,
Wallingford, CT, USA.

Fu, X., Ding, B. & D’Alessandro, D. (2023). Coord. Chem. Rev. 475,
214814.

Fukaminato, T., Kobatake, S., Kawai, T. & Irie, M. (2001). Proc. Jpn.
Acad. Ser. B, 77, 30–35.

Gottlieb, H. E., Kotlyar, V. & Nudelman, A. (1997). J. Org. Chem. 62,
7512–7515.

Guo, M., Sun, X., Chen, J. & Cai, T. (2021). Acta Pharm. Sin. B, 11,
2537–2564.

Herder, M., Schmidt, B. M., Grubert, L., Pätzel, M., Schwarz, J. &
Hecht, S. (2015). J. Am. Chem. Soc. 137, 2738–2747.

Jiang, M., Zhen, C., Li, S., Zhang, X. & Hu, W. (2021). Front. Chem. 9,
764628.

Kandambeth, S., Kale, V. S., Shekhah, O., Alshareef, H. N. &
Eddaoudi, M. (2022). Adv. Energy Mater. 12, 2100177.

Karimi-Jafari, M., Padrela, L., Walker, G. M. & Croker, D. M. (2018).
Cryst. Growth Des. 18, 6370–6387.

Kent, R. V., Wiscons, R. A., Sharon, P., Grinstein, D., Frimer, A. A. &
Matzger, A. J. (2018). Cryst. Growth Des. 18, 219–224.

Kitagawa, D., Nishi, H. & Kobatake, S. (2013). Angew. Chem. Int. Ed.

52, 9320–9322.
Kobatake, S., Shibata, K., Uchida, K. & Irie, M. (2000). J. Am. Chem.

Soc. 122, 12135–12141.

Kobatake, S., Takami, S., Muto, H., Ishikawa, T. & Irie, M. (2007).
Nature, 446, 778–781.

Kobatake, S., Uchida, K., Tsuchida, E. & Irie, M. (2002). Chem.

Commun. pp. 2804–2805.

Landenberger, K. B., Bolton, O. & Matzger, A. J. (2015). J. Am.

Chem. Soc. 137, 5074–5079.

Müller, P., Muller, P., Herbst-Irmer, R., Crystallography, I. U., o ,
Press, O. U., Spek, A., Schneider, T. & Sawaya, M. (2006). Crystal
Structure Refinement: a Crystallographer’s Guide to SHELXL.
Oxford University Press.

Nangia, A. K. & Desiraju, G. R. (2019). Angew. Chem. Int. Ed. 58,
4100–4107.

Narayanan, A., Cao, D., Frazer, L., Tayi, A. S., Blackburn, A. K., Sue,
A. C. H., Ketterson, J. B., Stoddart, J. F. & Stupp, S. I. (2017). J. Am.

Chem. Soc. 139, 9186–9191.

Rajkumar, M. & Desiraju, G. R. (2021). IUCrJ, 8, 178–185.

Ranjan, S., Devarapalli, R., Kundu, S., Saha, S., Deolka, S., Vangala,
V. R. & Reddy, C. M. (2020). IUCrJ, 7, 173–183.

Reutzel-Edens, S. M. & Bhardwaj, R. M. (2020). IUCrJ, 7, 955–964.

Rice, A. M., Martin, C. R., Galitskiy, V. A., Berseneva, A. A., Leith,
G. A. & Shustova, N. B. (2020). Chem. Rev. 120, 8790–8813.

Samanta, K., Samanta, J. & Natarajan, R. (2021). Cryst. Growth Des.

21, 166–190.

Shekhah, O., Chernikova, V., Belmabkhout, Y. & Eddaoudi, M.
(2018). Crystals, 8, 412.

Sheldrick, G. M. (2008). Acta Cryst. A64, 112–122.

Sheldrick, G. M. (2015a). Acta Cryst. A71, 3–8.

Sheldrick, G. M. (2015b). Acta Cryst. C71, 3–8.

Shibata, K., Muto, K., Kobatake, S. & Irie, M. (2002). J. Phys. Chem.

A, 106, 209–214.

Singh, S. S., Vasantha, K. Y., Sattur, A. P. & Thakur, T. S. (2016).
CrystEngComm, 18, 1740–1751.

Sun, L., Wang, Y., Yang, F., Zhang, X. & Hu, W. (2019). Adv. Mater.

31, 1902328.

Tothadi, S. & Desiraju, G. R. (2012). Phil. Trans. R. Soc. A. 370, 2900–
2915.

Yelgaonkar, S. P., Campillo-Alvarado, G. & MacGillivray, L. R.
(2020). J. Am. Chem. Soc. 142, 20772–20777.

Zhang, J. & Tian, H. (2018). Adv. Opt. Mater. 6, 1701278.

research papers

6 of 6 Travis B. Mitchell et al. � Scalar geometric parameterization for crystal landscapes IUCrJ (2023). 10


