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ABSTRACT: The structure of the perfluoro cyclopentene diary-

lethene photoswitch 3,3’-(perfluorocyclopent-1-ene-1,2-diyl)bis(2-

ethyl-6-iodobenzo[b]thiophene 1,1-dioxide) (C,sH;cF¢,O,S,) 1

at 100 K has a tetragonal (I4,/a) symmetry. The compound has a

halogen-bonded network structure described by the uninodal five-

connected joa net. This net is related to another uninodal six- E‘OH ’ Acem"e >4
connected net sfo. Analysis using the Cambridge Structural

Database (CSD) shows that the majority of structures with the

perfluoro cyclopentene diarylethene motif, >85%, have a C.--C 14,/a P2,/c Fdd2

distance of around 3.5 A where a new single bond will develop

during photoswitching, whereas compound 1 falls in a second smaller category with C---C distances of around 4.2 A. The
photochemical reaction of 1 under UV light in ethanol gave a closed form that crystallized as ethanol solvate 2a in the P2,/c space
group, and recrystallization in acetone gave the nonsolvated form 2b crystallizing in the space group Fdd2. We did not observe, and
do not believe that it is possible, to photoswitch 1 in the solid state as the C---C distance where a new single bond will develop is very
long.

[l Metrics & More | @ Supporting Information

B INTRODUCTION

Diarylethene (DAE) photoswitches are identified as one of the
prime families of photochromic materials." Since their

diyl)bis(2-ethyl-6-iodobenzo[b]thiophene 1,1-dioxide). This is
the green part of an all-photonic full color RGB system,*
symmetrically decorated with iodine atoms to allow for the

Downloaded viaCHALMERS UNIV OF TECHNOLOGY on February 23, 2024 at 13:40:07 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

serendipitous discovery in 1988,” demonstrations of DAE
applicability have been made over an 1mpresswe range of
research d1sc1p11nes, including chemlstry, ~ nanotechnol-
ogy, O life science,"'™"® materials science,'®™"* and informa-
tion processing.'” > One of the reasons for the versatility of
these photoswitches is the possibility of specific applications by
introducing substituents of varying kinds to tailor-make the
physicochemical properties while maintaining the photo-
chromic behavior: the high thermal stability of both isomeric
forms, excellent photostability, and the possibility of highly
enriching both isomeric forms by light exposure. Moreover, a
subset of DAEs displays very intense emission only in one of
the two isomeric forms,”>** which is a sought-after property in
the design of fluorescent materials.

About 600 structures of open forms are known in the
Cambridge Structural Database (CSD),”* whereas closed
forms are known in only about 60 cases, most of these with
disorder or other crystallographic problems likely arising from
their photochemical preparations, back-isomerization to the
open isomeric form during lengthy crystallization, or instability
of the closed form in an X-ray beam.”’

Herein, we describe the crystal growth and structures to a
high precision of the open 1 and closed 2a and 2b forms of
such a derivative, DAEg (3,3'-(perfluorocyclopent-1-ene-1,2-

© 2024 The Authors. Published by
American Chemical Society

7 ACS Publications

formation of halogen-bonded network. The intermolecular
interactions are shown to be substantially different in all three
forms.

The distinct parts of these molecules will make many
different intermolecular forces compete, such as homo- and
hetero-halogen---halogen bonding, weak hydrogen bonding,
and potentially also 7—x stacking. To evaluate their different
impact, it is valuable to have examples with very similar or
identical molecules to study, especially as the halogen:--halogen
interaction is still a matter of some debate.”” >’

Compounds with C—F bonds among these intermolecular
interactions are important for two reasons. First, the increasing
number of C—F-containing pharmaceuticals™ makes crystal
engineering with this type of compound more important in
tailoring their properties in a drug formulation. Second, the
removal of per- and polyfluoroalkyl substances (PFASs) in
drinking water treatment is still very much a problem,”" and
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Figure 1. Photoswitching response of the fluorescent DAEg. We present the crystal growth and structures of the open form 1 and two crystal

varieties of the closed form, 2a and 2b.

Table 1. Crystallographic Data and Structure Refinement Parameters for 1, 2a, and 2b

formula
Ml'

crystal system
space group
temperature (K)
a (&)

b (A)

¢ (4)

a ()

B

r ()

V (A%

VA

Dx (Mg m™)

p# (mm™)
crystal size (mm)
T T
measured, independent, and observed [I > 26(I)] reflections
Ry

R[F* > 206(F*)] wR(F?)

GOF

no. of reflections

no. of parameters

Ao Apin (e A7)

Flack parameter

CCDC no.

1 2a 2b
CysHy6F6l, 048, CysHi6F1,0,8,-C,HsO CysHi6F6l, 048,
812.30 858.36 812.30
tetragonal monoclinic orthorhombic
I4,/a P2,/c Fdd2
100.0 (1) 119 (2) 112.2 (2)
34.1082 (3) 8.0302 (1) 51.7499 (6)
34.1082 (3) 22.7905 (3) 25.0685 (2)
9.35233 (10) 15.8993 (2) 8.27894 (8)

90 90 90

90 99.053 (1) 90

90 90 90

10880.2 (2) 2873.52 (6) 10740.18 (19)

16 4 16

1.984 1.984 2.009

20.27 19.25 20.53

021 X 0.06 X 0.05 0.07 X 0.06 X 0.05 0.11 X 0.10 X 0.06
0.84S, 1.000 0.406, 0.578 0.737, 0.920

30405, 5762, 5298
0.034

R,= 0.029, wR,= 0.069
1.06

27611, 5763, 5428
0.032

Ry= 0.023, wR,= 0.053
1.05

49983, 5424, 5398
0.034

Ry= 0.023, wR,= 0.062
1.04

5762 5763 5424

354 386 354

0.94, —0.79 0.66, —0.57 0.84, —0.76
—0.007 (4)

2242050 2266015 2266016

intermolecular interactions that could be built into a filter
device to selectively pick up PFAS molecules could be a viable
approach. In general, halogen bonding in cocrystals of open
perfluoro cyclopentene DAEs has yielded porous structures
responsive to various stimuli,”>*> and halogen-bonded photo-
responsive systems based on other chromophores were
reported by Resnati et al.***

The present study investigates crystals obtained from
irradiation experiments in solution and their intermolecular
interactions. The solid-phase conversion and interconversion
of these phases, if possible, are other matters that we plan to
address in a future study.

B EXPERIMENTAL PART

Materials and Physical Measurements. The parent open form
DAEg(0) 1 was prepared as described previously”> and was obtained
as a yellow solid with melting points between 213 and 214 °C using a
Gallenkamp melting point instrument and between 210 and 212 °C
by TGA/DSC (Mettler Toledo TGA/DSC 3*, Figure S7). The
acetone and ethanol used were of analytical grade. For ring closure
experiments, 3 mg of 1 was dissolved in 3 mL of solvent and UV
irradiation was performed with a UMV-57 UV lamp at 302 nm, from
Analytik Jena, Upland, CA, United States, for 1 h. Slow evaporation at

20 °C for 2—S5 days followed by crystal growth at 7 °C gave suitable
crystals for structure determination. The closed form of 2a, an ethanol
solvate, was prepared by dissolving 1 in ethanol and irradiating with
UV light at 302 nm. Subsequent slow evaporation at 7 °C gave
crystals of 2a mixed with crystals of 2b and 1. Room-temperature
evaporation of the ethanol solution followed by reirradiation and
recrystallization in acetone at 7 °C gave crystals of the nonsolvated
closed form 2b. Compound 2b is an amber solid with melting points
of 230—232 °C (with simultaneous decomposition) by using a
melting point instrument and 228—230 °C by DSC (Figure S7).

Irradiation of open form crystals 1 in the solid state produced no
changes in these crystals.

Crystal data collection and structure refinement details are
summarized in Table 1. Suitable single crystals of the three forms
were mounted on Hampton loops or MiTeGen mounts. Data were
collected using an XtaLAB Synergy-R HyPix diffractometer operating
at 100 K for 1, 119 K for 2a, and 112 K for 2b for the single-crystal
measurements and at 278 K for the powder diffraction measurements.

Single-crystal data were measured using @ scans of 0.5° per frame
using Cu Ka radiation. The diffraction pattern was indexed, and the
total number of runs and images was based on the strategy calculation
from the program CrysAlisPro,”® and the unit cell was refined using
CrysAlisPro.*®

Data reduction, scaling, and absorption corrections were performed

. . 36 - . .
using CrysAlisPro.” A Gaussian absorption correction was performed

924 https://doi.org/10.1021/acs.cgd.3c00767
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using CrysAlisPro.*® Numerical absorption correction was based on a
Gaussian integration over a multifaceted crystal model, and empirical
absorption correction was performed using spherical harmonics, as
implemented in the SCALE3 ABSPACK scaling7 algorithm.

Structures were solved by the SHELXT’’ structure solution
program using Intrinsic Phasing and refined by Least Squares using
version 2016,/6 of SHELXL 2016/6.>” All nonhydrogen atoms were
refined anisotropically. Hydrogen atom positions were calculated
geometrically and refined using the riding model, except for the
hydrogen atom of the ethanol hydroxyl group in 2a that was localized
from the difference density map and its position refined.

Powder X-ray diffraction (PXRD) measurements were carried out
at 278 K using a Rigaku Synergy-R X-ray diffractometer with Cu Ka
radiation.

Cambridge Structural Database. CSD version 5.44 (April
2023) was used for all ConQuest searches. For statistical runs, only
organic structures without disorder and with an R factor less than 10%
were selected. The suitable crystal structures were analyzed with the
Mercury 2023.1.0 software. Aromatic iodine structures were searched
by using two linear three-atom units (connected by aromatic bonds
where the central atom is a carbon with an iodine substituent and the
two other atoms are any nonmetal (X—C(I)-X with X = any
nonmetal and “—” an aromatic bond). Intermolecular I---I distances of
up to S A were then selected to make sure that we cover all cases,
although S A is very long. The total number of hits for this search was
3810.

B RESULTS AND DISCUSSION

The parent open form DAEg(o) compound 1 was prepared
according to the literature and recrystallized from dimethyl-
formamide. The closed form 2a, an ethanol solvate, was
prepared by dissolving 1 in ethanol and irradiating with UV
light at 302 nm. Subsequent slow evaporation at 7 °C gave
crystals of 2a and recovered starting material. Room-temper-
ature evaporation of the ethanol solution followed by
recrystallization and reirradiation in acetone gave crystals of
the nonsolvated closed form 2b after crystal growth at 7 °C.
PXRD and TGA/DCS data of 1 and 2b are presented in the
Supporting Information (SI).

The completeness of the photochemical conversion was
confirmed by UV—vis spectroscopy (see Figure 2), but as the
crystallization was ongoing for several days, some thermal
reversion to the open form could be detected. This was done
by accidentally picking crystals of the open form 1 in the
closed form preparations and detecting the unit cell of 1 during

35000 +
30000 +
25000
20000 +
15000 —

10000

Molar absorption coefficient (M-'cm™)

5000 \

T T
400 500

Wavelength (nm)

T
300

Figure 2. Solution UV—vis spectra of the open form 1 (dotted) and
the closed form 2 (solid) in acetonitrile.

925

crystal screening. This easily happens because the three crystal
forms have similar yellow colors (in the bulk 1 is a clearer
yellow and 2b is more amber) and morphology. We also
needed to grow relatively large crystals for the closed forms 2a
and 2b to minimize the measuring time. The reason was
because the samples tended to lose crystallinity after 2—3 h in
the X-ray beam.

The van der Waals radii of Bondi’® were employed to
estimate the halogen---halogen (X--X) interactions in different
compounds, and the relevant distances are recorded in Table 2

Table 2. X--X Interactions in 1, 2a, and 2b“

compound XX d (A) d — Zvdw (A) % 0, — 6,(°)
1 Lyl 4.131(1) +0.17 +43  46.93(8)
Ly Las 4.032(1) +0.07 +1.8  48.14(8)
L+ Ly 4.115(1) +0.15 +3.9  47.13(8)
Ly L 4.220(1) +0.26 +6.5  64.28(8)
FyFyy  2.833(1) —0.11 -3.6
2a Fy,Fys  3.001(1) +0.06 +2.1
FygFy  2.778(1) -0.16 =S5
LyFy  3.695(3) +0.24 +7.0  31.37(7)
LyFys  3.746(3) +0.29 +84  24.37(7)
2b ) PR AN 4.112(1) +0.15 +3.8  39.50(1)
Fy-Fy  3.116(1) +0.18 +6.0
Fy,Fp,  2.881(1) —0.06 -2.0
LyFy  3.817(3) +0.36 +10.6  81.8(3)

“For iodine, we also list the C—I---X-C angle differences 6, — 0,.

if they were less than the sum of the van der Waals radii + 10%
(this we note is already long, but estimates of these radii may
differ a couple of percent units). Tables S1—S3 in the SI list
other types of interactions that do contribute to the
stabilization of various structures.

Structure of DAEg(o) 1. Crystallographic data are
presented in Table 1. The open form 1 crystallizes in the
space group I4,/a with Z = 16. The structure has interactions
such as C—H:-O and C—H:-F and is further stabilized with
C—F-z and S—O---7, showing shortest distances at 3.001(1)
and 3.472(1) A, respectively. The molecular structure (Figure
3) is unremarkable except for the distance between the alkyl-
substituted carbons. In this case, C1—C15 is at 4.290(4) A,
where the new single bond will develop in the closed form.

The photoswitching properties in the solid state are
probably dependent on the distance between the alkyl-
substituted carbons, in this case CI and C15, 4.290(4) A,
and it has been suggested that this distance needs to be shorter
than 3.5 A for solid state photoswitching to be viable. Indeed,
irradiation of open form crystals 1 in the solid state produced
no changes in these crystals.

Surveying the CSD”* for similar structures reveals two
distinct conformational spaces dependent on the torsion angle
between the ethene unit and the alkyl-substituted carbon; see
Figure 4 (this is more or less the only degree of freedom that
these molecules have). The majority of structures, >85%, have
a C--C distance of around 3.5 A, whereas 1 falls in the
category with a smaller number-of-hits maximum around 4.2 A.
The reason for this correlation is obscure but may be related to
steric crowding around these carbons. It would be useful to be
able to design this distance to be short, as this would imply a
handle on controlling the mechanochemical properties of these
crystals.””

https://doi.org/10.1021/acs.cgd.3c00767
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Figure 3. Molecular structure of DAEg(0) 1. Displacement ellipsoids
are drawn at the 50% probability level. We do not expect or indeed
observe any photoswitching in the solid state (Figure 1) as the
distance between C1 and C15, 4.290(4) A, is much longer than the
suggested limit of 3.5 A. See also Figure 4.

The solid state packing of 1 is directed by halogen---halogen
bonds* extending the molecular structure to a network in
three dimensions. The analysis of such compounds by the
unifying concept of network topology has greatly helped our
understanding and description of such diverse materials as
allotropes of elements, metal—organic frameworks, and ice
polymorphs,*" but examples with halogen--halogen bonds are
still rare.*> Moreover, the description of new nets, especially if
they are uninodal (only one kind of vertex in the asymmetric
unit of the most symmetric embedding), adds value to the
entire field. We will see here how two new nets emerging from
the structural description of 1 are relevant to the large class of
metal—organic frameworks known as rod-MOFs.*

Although these halogen---halogen interactions are not as
strong as the “activated” N---I or I---I interactions, where one
frequently sees intermolecular atom--atom distances on the
order of 75% of the sum of the van der Waals (vdW) radii,** an
analysis of organic structures with aromatic iodines in the CSD
reveals an attractive interaction as the structures versus I---I
distance plot has a clear maximum (corresponding to a
minimum in the potential energy) (see Figure S, left).

We can even observe a hint of two types of preferred
distances, something to be expected if the interaction conforms
to what has been found for the stronger halogen bonds.
Indeed, in the right graph, absolute values of the C—I---I angle
differences 6, — 0,*" are used as an additional parameter; two
distinct areas can be perceived in the heat plot. These angles
correspond to the classification of the halogen---halogen
interactions into two types: a longer type I where the two
C—I---I angles are roughly the same and a stronger type II
where the angles come close to 90 and 180°.** In Figure S
right, we see the type II interactions for short distances, just
around the sum of the vdW radii for I (4.08 A) and angle
differences from 40° and up. We also indicate the values found
for 1 by black circles in the right graph. (The values for the
four shorter interactions in 1 are 4.032(1) A, 155.58(8)°,
107.44(8)°; 4.115(1) A, 133.25(8)°, 86.12(8)°; 4.131(1) A,
146.6(8)°, 99.67(8)°; and 4.220(1) A, 137.76(8)°, 73.48(8)°.)

These I-I interactions form chains, or rods, along the c¢ axis
(see Figure 6). Each iodine has four type 1I interactions, and
while these are somewhat fluid in their interangle dependence,
they may still be structure directing. Overall, this results in a
3D network where the rods are connected by perfluorocyclo-
pent-1-ene-diaryl linkers and here the network is emphasized
in purple; see Figure 6.

This motif of interconnected rods with parallel channels is
familiar to anyone interested in the structure and topology
analysis of metal—organic frameworks, where such compounds
go under the name “rod-MOFs”.*> The network analysis of
these materials is important from both a description and a
synthesis planning perspective and has recently been
debated. "~

Taking the type II interactions into account, every jodine
atom can be assigned as a five-connected node (or vertex) and
the topology analyzed using SYSTRE.** The most symmetric
form (embedding) of the so-formed joa net is displayed in
Figure 7, left. The joa net is uninodal (one kind of vertex) with
four different links (edges; the edge transitivity of this net is
thus 4) and a point symbol {47.6%} signifying that it contains
four rings and six rings (the superscripts sum to the number of
possible link pairs emerging from a node), and it has not
previously been described.
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Figure 4. Analysis of structures from the CSD for perfluorocyclopent-1-ene-diaryl derivatives reveals two distinct conformational spaces dependent
on the torsion angle between the ethene unit and the alkyl-substituted carbon. DAEg(0) 1 has a C---C distance of 4.290(4) A and torsion angles of

73.8(4) and 66.2(4)°, conforming to these data.
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Figure 6. Left and middle: The I---I interactions form chains or rods along the ¢ axis, in 1. Right: Overall, this results in a 3D network where the
rods are connected by perfluoro DAE linkers and here the network is emphasized in purple.

joa 5-c uninodal net : sfo 6-c uninodal net sfo 6-c uninodal net

Figure 7. Left: most symmetric form of the uninodal (one kind of vertex) five-connected joa net describing DAEg(o) 1. The red links correspond
to the perfluorocyclopentene DAE, and the blue links correspond to the halogen-bonded rods. The edge transitivity of this net is 4. Middle: Adding
a link to this net, making another connection between the rods, results in the six-connected uninodal sfo net with edge transitivity 2. Right: squares
and flattened octahedra visible in the most symmetric form of this net.

Inspecting the joa net, we observed that a six-connected 2a crystallizes in P2,/c with Z = 4. The asymmetric unit
network could easily be constructed by adding one set of contains one molecule of the closed form and an ethanol
linkers; see Figure 7, right. We initially suspected that this solvent. There are no I interactions but two F--F (see Table
would be a known net and that the joa net thus could be easily 2); the reason is that the structure is strongly governed by O—
derived from an existing net. However, the topology analysis H---O, C—H--O, and C—H:--F interactions. Some weaker
revealed this to be yet another unknown net, again uninodal interactions like C—H--z, C—I--x, and S—O---x are also
but with only two types of links and the point symbol {4'.6*}. observed with the shortest distances at 2.068(1), 3.720(1), and
In view of the squares and flattened octahedra visible in the 3.822(1) A, respectively. The ethanol molecule hydrogen
most symmetric form (Figure 6, right), this net is called sfo. bonds to O31 in the closed form as indicated in Figure 8 (O--

Structures of DAEg(c)-EtOH 2a and DAEg(c) 2b. H: 2.08(5)°; O-+0: 2.894(3)° O—H--O 168(5)°) but has no
Crystallographic data are presented in Table 1. Compound other significant interactions.
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highlighted with their percentage contributions to the total surface.

On the other hand, the nonsolvated closed form 2b was
solved in Fdd2 with Z = 16. There is only one molecule of 2b
in the asymmetric unit. It contains interactions such as C—H--
O and C—H---F, which are dominant in the structure and
further stabilize with C—H-z and C—F--z (2.600(1) and
3.526(1) A, respectively). The molecular structures (Figure 8)
are unremarkable and identical for the DAEg(c) unit in the
two cases, all the way to the hydrogen positions on the ethyl
groups (overlap RMSD 0.173, max D 0.469 as calculated by
Mercury; see also Figure S1).
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The intermolecular interactions are, on the other hand, very
different. Besides the obvious hydrogen-bonding interactions,
there are a few features that differentiate the three compounds
in this study. We do so by using Hirshfeld surface analysis,*’
and the most pertinent results are shown as the so-called
fingerprint plots where individual atom—atom interactions
have been selected and are shown in Figure 9 (additional plots
can be found in Figures S2—S4 in the SI).

First, we note the different I---I interactions in these three
structures.
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Figure 12. Packing diagrams for DAEg(0) 1 and DAEg(c) 2a (with the ethanol molecules in pink) and 2b project along the shortest unit cell axis

for each structure.

It is clear from Figure 9 that the I--I interaction is only
prominent and possibly structure directing in open form 1. H--
O interactions (19.4, 19.1, and 11.7%, respectively) are of
course prominent in all structures and are also pointed out in
Figure 9. H---H contacts (16.2, 21.3, and 17.9%, respectively)
may be repulsive or attractive in nature”’ (we see no
tendencies of a preferred intermolecular distance in the
CSD; see Figure S5), and the same may be true for the F---F
(5.8, 6, and 2.8%, respectively) although a preferred
intermolecular distance can be seen in analysis of the CSD
(see Figure SS). Despite the aromatic rings present in the
structure, we see no signs of z—x stacking, and the C.---C
contacts are negligible (1.0, 1.6, and 0.5%). The F---H contacts
(16.0, 15.1, and 23.6%, respectively) may indicate some weak
hydrogen bonds, but what also stand out in a comparison are
the I---F interactions (0.0, 3.9, and 3.2%, respectively) (see
Figure 10), specifically their absence in 1 and the marked
pointed maxima in 2a and 2b.

Additional Hirshfeld fingerprint plots are found in the SL

If we look at intermolecular C—I---F—C distances and C—I---
F angles in the CSD, we see a maximum number of hits at
3.6—3.8 A, which indicates that this is a preferred I---F
distance, suggesting that the I---F interaction is of attractive
nature around this distance and in the region 80—100° (Figure
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11). This broadly corresponds to the shortest I---F distances in
2a and 2b, which are also indicated in the figure.

Packing diagrams of 1, 2a, and 2b are given in Figure 12,
where some of the discussion above can be traced. It is difficult
to pinpoint any individual interaction as the structure-directing
agent, and the existence of two distinct crystal forms of
DAEg(c) 2 indicates that this is a delicate balance between a
number of factors.

B CONCLUSIONS

This type of DAE photoswitch has only one degree of freedom,
and it should be possible to design, maybe with the help of
computational simulations, similar compounds that can
undergo the photoswitching reaction also in the solid state.
We have also identified several intermolecular interactions that
may be important for the structures of both the open and
closed forms of DAEs. Among these, the halogen---halogen
interactions seem the most important from a practical point of
view, although none of these individual interactions can be
singled out as dominant, as all three forms display very
different contributions in their crystal structures. Nevertheless,
we have shown that halogen---halogen interactions are
important interactions in all these structures and can
contribute to the crystal engineering design of photoswitching
molecules.
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