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ABSTRACT
pyridyl)-TTF, L2 = 4,4’-diiodophenyl) were synthesized by slow diffusion with different solvent systems.

In this paper, two cocrystals 1 and 2 with the same chemical composition [L1.L2 ] (L1 = bis(4'-

Cocrystals 1 and 2 were characterized by single-crystal X-ray and the purity of these two cocrystals was confirmed
by PXRD data. The photocurrent responses of these two cocrystals were also tested. Only cocrystal 1 could
generate photocurrent signal when exposed to light. From the crystal structure analysis, the possible reason may

come from the different biphenyl conformations in L2.
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1 INTRODUCTION

Organic cocrystals combined with two or more different
molecules with non-covalent interactions, such as hydrogen
bonds, halogen bonds, charge transfer (CT), and z-z inter-
action!™. And the cocrystal strategy is a powerful and reliable
tool to prepare new solid materials. However, to get ideal
cocrystal, it is usually using strong intermolecular interaction,
selecting appropriate solvent and donor (D) and acceptor (A)
building blocking for the assembly to the ordered structure.
Therefore, the nature of organic compound and crystal
engineering play a crucial role in organic cocrystals®?. Crystal
engineering has paid much attention to the cocrystal by using
the hydrogen bond, coordination bond and other types of
noncovalent interaction to control the directional motifs for
the synthesis of functional supramolecule. Among various
non-covalent interactions, halogen bonding (XB) is one of the
impotent directional tools to self-assemble organic cocrystals
to from various supramolecule with special properties®™ 4. In
XB bonding, the carbonbound halogen atom (Cl, Br, 1) acts as
an acceptor for the lonepair electrons of a heteroatom (i.e., N,
O, P, S). Halogen bond-driven cocrystalli- zation could also

be a tool for generating functional materials, such as catalysis,
sensors, organic optoelectronic materials, and so on®7.
Tetrathiafulvalene (TTF) and its derivatives have been used
as a type of excellent redox-active ligands to construct
multifunctional materials due to their excellent reversible
redox properties’®%. However, the solid-solid of neutral TTF-
based molecule is usually governed by van der Waals force
which has no direction. As a result, the polymorphs of the
crystals have uncontrolled structure formation*). Chemists
have paid much attention to introduce addition interaction
sites or substituents to the TTF core, which is an efficient way
for directing the supramolecular assembly and offering
multifunctional molecular materials®*? *3!. The pyridyl group
could not only act as a coordination group for the chelating
ability to metal ions, but also be used as an acceptor unit for
the halogen bond with a halogen atom (CI, Br, )!*4. Recently,
Dai and our group have reported a new type of TTF molecule,
in which the pyridine is directly linked to the TTF core, as a
new ligand which is an analogue of 4,4-bipyridinel*> ¢,
Moreover, novel MOFs compounds based on the ligand are

reported, which show redox-active and photoelectric proper-
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ties. But the cocrystals based on the ligand, especially
assembled by the XB bond, are relatively rare.

We herein selected bis(4’-pyridyl)-TTF [TTF(py),]™" as
the functional ligands to synthesize two novel XB bond base
cocrystals. The photoelectric active electrodes of them were
prepared, and their photocurrent properties were also studied.

2 EXPERIMENTAL

All reagents and solvents were obtained from commercial

channels with reagent grade and used directly without further
purification. And the ligand L1 was prepared according to the
reported method™. The chemical structures of L1 and L2 are
shown in Scheme 1. The PXRD data of compounds 1 and 2
were collected by Bruker D8 focus X-ray diffractometer with
CuKa radiation of wavelength A = 1.5418 A in the scanning
range of 26 from 5°to 90<at room temperature. CHI660E
electrochemical workstation was used to carry out the
photocurrent response experiments.

~O~-

L2

Scheme 1. Chemical structures of L1 and L2

2.1 Synthesis
2.1.1 Synthesis of compound 1

The bis(4"-pyridyl)-TTF, L1 (36.0 mg, 0.1 mmol), 4,4'-
diiodophenyl and L2 (42.0 mg, 0.1 mmol) were dissolved in
10 mL CH,CI, and stirred for 30 mins. Slow diffusion of
n-hexane into the resulting solution at room temperature
afforded deep-red crystals of XB compound 1. Crystals were
washed and filtered with hexane and dried at room
temperature. 16.4 mg, yield: 21% based on L1. Anal. Calcd.
(%) for C14HgINS,: C, 43.98; H, 2.37; N, 3.66. Found (%): C,
43.96; H, 2.34; N, 3.67.
2.1. 2 Synthesis of compound 2

Compound 2 was prepared by a similar method to 1 expect
the slow diffusion solvent change from n-hexane to ether.
Dark red crystals were obtained. Crystals were washed and
filtered with ether and dried at room temperature. 19.5 mg,
Yield: 25% based on L1. Anal. Calcd. (%) for
Cy4H19CdN,O,S,: C, 41.90; H, 1.31; N, 3.49. Found (%): C,
41.87; H, 1.35; N, 3.45.
2.2 Structure determination

A suitable single crystal was selected for data collection
CCD diffractometer

equipped with graphite-monochromatic MoKa

performed on a Bruker APEX-II
radiation
(A=0.71073 A) at room temperature. The software of
CrysAlisPro Agilent Technology was used for collecting the
frames of data, indexing the reflections, and determining the
lattice constants, absorption correction and data reductiont®!,

Using Olex2!%, the structure was solved by the ShelXT?"
structure solution program using Intrinsic Phasing and refined
by full-matrix least-squares method with the SHELXL?Y on
F2. All non-hydrogen atoms were refined anisotropically.
Hydrogen atoms were located using the geometric method.
Compound 1 crystallizes in triclinic system, space group P1
with a = 7.2592(2), b = 9.1334(3), ¢ = 10.5281(4) A, V =
677.40(4) A% Z = 2, C4HgINS,, M, = 382.24, D, = 1.874
glem®, F(000) = 370, the final R = 0.0204 and WR = 0.0602
for 3110 observed reflections (I > 24(l)). Compound 2 is of
monoclinic system, space group P1, with a = 9.4548(6), b =
9.5677(6), ¢ = 15.6249(10) A, V = 1377.44(15) A%, Zz = 4
CuHgINS,, M, = 382.24, D, = 1.843g/cm®, F(000) = 740, the
final R = 0.0430 and wR = 0.0469 for 6361 observed
reflections (I > 20(1)). Selected bond distances and bond
angles are listed in Table 1.
2. 3 Electrode preparation and photocurrent
measurement

Photocurrent response experiments were tested by
CHI660C electrochemistry workstation. Cocrystals 1 and 2
were stuck evenly on ITO glass (1.0 cm <1.0 cm, 100 Q/mL).
A 150 V Xe lamp served as light source, which is 20 cm away
from the ITO electrode. ITO glass coated with samples was
installed as the working electrode, Pt as the counter electrode,
and saturated calomel electrode (SCE) as the reference
electrode. 0.1 M Na,SO, solution was used as the supporting

electrolyte with the impressed voltage to be 0.8 V. The light
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source keeps working continuously, and the illumination and
shielding of the light source to the sample are manually

controlled through a light shielding plate. The sample was
measured and recorded at an interval of 20 s.

Table 1. Selected Bond Lengths (A) and Bond Angles (< for 1 and 2

Cocrystal 1
Bond Dist. Bond Dist. Bond Dist.
1(1)-C(14) 2.103(2) C(9)-C(14) 1.375(4) C(10)-C(11) 1.386(3)
C(11)-C(11)#1 1.490(5) S(1)-C(1) 1.727(3) S(1)-C(2) 1.727(3)
C(L)-C(L#2 1.337(5) C(4)-C(5) 1.390(4) C(5)-C(6) 1.376(4)
C(7)-C(8) 1.398(4) N(1)-C(7) 1.309(5) N(1)-C(6) 1.322(5)
Angle &) Angle & Angle &)
C(10)-C11-C(11)#1 121.5(3) C(12-C(11)-C(11)#1  121.8(3) C(9)-C(14)-1(1) 119.66(19)
C(13)-C(14)-1(1) 121.14(19) C(2)-S(1)-C(1) 94.55(12) C(7)-N(1)-C(6) 116.6(3)
C(1)-C(L)#2-S(1) 122.1(3) C(1)-C(L)#2-5(2) 123.7(3) C(4)-C(3)-5(2) 117.96(19)
C(8)-C(4)-C(3) 122.2(2) C(8)-C(4)-C(5) 116.4(3) C(6)-C(5)-C(4) 119.7(3)
N(1)-C(6)-C(5) 124.0(3) N(1)-C(7)-C(8) 124.0(3) C(4)-C(8)-C(7) 119.3(3)

Cocrystal 2
Bond Dist. Bond Dist. Bond Dist.
I(1)-C(18) 2.112(4) 1(2)-C(9) 2.101(4) S(1)-C(27) 1.741(4)
S(1)-C(26) 1.762(4) N(1)-C(21) 1.310(8) N(1)-C(25) 1.319(9)
N(2)-C(6) 1.301(8) N(2)-C(7) 1.317(9) C(1)-C(1)#3 1.357(8)
C(21)-C(22) 1.394(7) C(22)-C(23) 1.380(7) C7)-C@NH4 1.388(8)
Angle 9 Angle 9 Angle 9
C(27)-S(1)-C(26) 94.57(19) C(1)-S(3)-C(2) 95.07(19) C(21)-N(1)-C(25) 115.5(5)
C(6)-N(2)-C(7) 115.3(5) S(3)-C(1)-S(4) 114.6(2) C(L)#3-C(1)-S(3) 123.1(4)
C(1)#3-C(1)-S(4) 122.3(4) C(3)-C(2)-S(3) 116.4(3) C(4)-C(2)-S(3) 118.2(3)
N(2)-C(6)-C(5) 124.8(6) C(10)-C(9)-1(2) 118.8(3) C(14)-C(9)-1(2) 121.5(3)
C(13)-C(12)-C(15) 121.7(4) C(14)-C(13)-C(12) 121.8(4) C(17)-C(18)-1(2) 120.8(3)
C(19)-C(18)-1(1) 118.7(3) N(1)-C(21)-C(22) 123.3(6) C(23)-C(22)-C(21) 120.2(5)
C(22)-C(23)-C(26) 122.3(4) C(24)-C(23)-C(22) 115.6(5) C(27#4-C(27)-S(1) 122.6(4)

Symmetry codes: #1: 3-x, -y, 2-z; #2: —X, 1-y, —z; #3: 2-X, 2-y, 3-z; #4: -1-X, -y, -1-zZ

3 RESULTS AND DISCUSSION

3.1 Description of the crystal structures

Cocrystals 1 and 2 have been stabilized in the solid state
through strong halogen bonding N-I interactions, with the N
atom from the pyridine of bis(4’-pyridyl)-TTF and | from 4,4"-
diiodophenyl. The NI distances in cocrystals 1 and 2 range
from 3.076 to 3.033 A, which are shorter than the sum of van
der Waals radii for nitrogen (1.55 A) and iodine (1.98 A)?2,
The N-I interactions are approximately linear, with the angles
ranging from 174.49 to 175.20< Selected bond lengths and
bond angles for 1 and 2 are listed in Table 2.

1 was obtained as a deep-red block crystal from a
CH,Cl,/hexane solvent system by slow diffusion method and
belongs to the triclinic space group P1. For 1, half of each L1
and L2 molecule was found in the asymmetric unit (Fig. 1a).
X-ray diffraction data revealed that two components of the co-
crystal assemble into a 1D chain held together by I-N halogen
bonds (I-N (A): 3.09 A) (Fig. 1b). These interactions lead to
segregated stacking of L1 and L2. Along the c-axis, L1 and
L2 molecules are found to from a segregated stacking mode
and the interlayer distances are 3.697 A for L1 and 3.263 A
L2, respectively. The dihedral angle of the two phenyl groups
in L2 is almost 0< implying they are coplanar (Fig. 1c).
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(b)
Fig. 1. (a) One-dimensional chain structure of 1, (b) Intermolecular stacking of 1,
(c) Fragment of a supramolecular halogen-bonded chain in the structure of 1. Halogen bonds are shown as blue dotted lines

2 was obtained as a dark red block crystal from a
CH,Cl,/ether solvent system by slow diffusion method and
belongs to the triclinic space group P1, For 2, one of each bis
(4'-pyridyl)-TTF and 4,4’-diiodophenyl molecules was found
in the asymmetric unit. X-ray diffraction data revealed that the
two components of the co-crystal assemble into a 1D chain
held together by I-N halogen bonds (I-N (A): 3.03 to 3.07 A)
(Fig. 2a). These interactions lead to segregated stacking of L1
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and L2. Along the c-axis, L1 and L2 molecules are found to
from a segregated stacking mode with the interlayer distances
being 3.574 A for L1 and 3.349 A L2, respectively (Fig. 2b).
The dihedral angle of the two phenyl groups in L2 being
38.95°means the two phenyl conformations is “non-planar”,
and the segregated distances of L1 and L2 have some
differences (Fig. 2c).
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Fig. 2. (a) One-dimensional chain structure of 2, (b) Intermolecular stacking of 2,
(c) Fragment of a supramolecular halogen-bonded chain in the structure of 2. Halogen bonds are shown as blue dotted lines
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3.2 PXRD and photocurrent response properties
3.2.1 PXRD analyses

In addition to elemental analysis, powder patterns for the
bulk samples were compared with the calculated patterns
from the crystal structures to verify the purity of the samples.

—— Simulated 1
—— Compound 1

0.5

Intensity
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@

The experiment data of compound 1 and 2 fit well with those
simulated from the single crystal, as shown in Figs. 3a and 3b.
Furthermore, the main peaks in Fig. 3 match well, which may
also confirm the purity phase of these two cocrystals.
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Fig. 3. XRD patterns for the experimental and calculated results of compounds 1 and 2

(The above is for the calculated and the below for the experimental data)

3. 2. 2 Photocurrent response properties

Cyclic voltammetry experiments were carried out to test the
electrochemical properties of cocrystals 1 and 2. The
precursor L1 displayed two single electron redox couples,

E'yp = 0.62 V (TTF +/TTF) and E?, = 0.91 V (TTF/TTF +),

which are similar to that of other TTF derivative. Compared
with L1, two reversible pairs of single electron oxidation
potentials could also be found, E';, = 0.61 V (TTF +/TTF)
and E%, = 0.92 V (TTF+/TTF +) for 1 and E, = 0.61 V
(TTF +/TTF) and E?, =0.90 V (TTF*+/TTF- +) for 2 (Fig. 4).

Current

— L1
—— cocrystal 1
—— cocrystal 2

T
0.0 0.2 0.4

T
0.8 1.0 12 14

Potential (V)

Fig. 4. Cyclic voltammograms of complexes 1, 2 and L1

In cocrystals 1 and 2, only the two phenyl conformations in
L2 are different, so the cyclic voltammetry of 1 and 2 is
almost the same with that of ligand L1. These results
illustrated that cocrystals 1 and 2 show redox-active
properties and are easy to oxidize. Even though the donor-
acceptor (D-A) compounds based on TTF derivatives usually
show photoelectroactivity, there are still no TTF-based XB
cocrystal with photocurrent response property to be reported.

The photocurrent measurements of cocrystal 1 and 2 were
performed and shown in Fig. 5.

Once irradiated with Xe light, the photocurrent of cocrystal
1 was instantly obtained at the highest value. More, the
photocurrent of 1 immediately returned to its initial level
when the Xe light was off. These on-off photocurrent
phenomena could repeat several times, which hints that
cocrystal 1 is stable enough in such conditions. However, we
could not observe this phenomenon in cocrystal 2. The results
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may come from the different packing mode and the two

positivize the effectively photoinduced electron transfer

phenyl conformations in L2 of the cocrystals. And the process.
coplanarity of the two phenyl conformations in L2 may
15
Compound 1
Compound 2
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Fig. 5. Photocurrent responses of 1 and 2

4 CONCLUSION

We have successfully prepared two new cocrystals based on
TTF derivatives by slow diffusion with different solvent
systems. We found that the cocrystal packing modes were
different due to the change of solvent system. And the results

of photocurrent based on cocrystals 1 and 2 were studied,
suggesting that the crystal packing greatly affects the
photocurrent intensity. The coplanarity of the biphenyl
conformations in L2 may be preferable for the photoelectron
conversion.
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