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Synthesis and structures of polyiodide radical
cation salts of donors combining
tetrathiafulvalene with multiple thiophene or
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Received 2nd July 2020, is described, from which a group of six radical cation salts with polyiodide ions were formed and

Accepted 13th September 2020 structurally characterised. Typically, they contain complex networks of pentaiodide or triiodide anions or
both, in some cases including further iodine, with networks of eight, ten, twelve or sixteen iodine atoms.

Donor monocations form face-to-face pairs, but tetrakis-substituted donors are slipped along their main
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Introduction

Derivatives of both the organosulfur donor tetrathiafulvalene
(TTF) 1, and also thiophene-based materials, especially
oligomers and polymers, are well known for exhibiting
electrical conductivity, often after partial oxidation."* The
TTF system has been extended to give BEDT-TTF 2 whose
radical cation salts have provided conductors, semi-
conductors and superconductors.” New materials with
conductive properties have been prepared by combining
either TTF or the BEDT-TTF system with thiophene or
oligothiophenes in a number of ways. Ring fusion leads to
compounds such as 3-5 (Scheme 1). Spin ladders have been
prepared from 3 and 4, and donor 3 has shown promising
properties for organic transistors, while 5 has been oxidized
up to its tetracation.*® Skabara et al. have built molecules
such as 6 and 7 which combine terthiophene and
sexithiophene with one or two TTF-based units fused along
the backbone,” as well as derivatives of dithiopheneTTF 3
with four oligothiophene chains.® Several BEDT-TTF
derivatives containing an isolated thiophene in a side chain
have been reported, e.g. 8 and 9, and the latter investigated
for its suitability for use in transistors.” To maintain the
possibility of conjugation between TTF and thiophene, the
two systems have been linked with a single bond as in 10 and
11."° The former is particularly interesting as it shows a large
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axis so the donor side chains can wrap around each other.

phototransistor response to light (1 = 525 nm) attributed to
charge transfer from TTF to the thiophene. We are interested
in molecules where these two systems are linked with a sulfur
atom. New chemistry developed by Shao et al. for installation
of a wide variety of aryl groups on to the thiolate groups of
1,3-dithiole-dithiolate 12 has opened up the route to prepare
such compounds."' Here we report the synthesis of TTF
materials 15A-15E, 17A, 19A and 19C-19E containing
thiophene, 2,2-bithiophene or 2,2":5',2"-terthiophene side
chains linked to the TTF through sulfur (Scheme 2), along
with their first charge transfer salts. Most compounds involve
links to the position adjacent to heterocyclic sulfur, except for
15B where the substitution is to the 3-position of thiophene.
Compound 15A, with four thiophen-2-yl groups, was reported
by Shao,'’ along with the formation of a supramolecular
framework by its radical cation salt with a Keggin-type
phosphonomolybdate anion."?

Discussion

Synthesis of donors

1,3-Dithiole-2-thiones 14A-14C, bearing two thiophen-2-yl,
thiophen-3-yl or bithiophen-2-yl groups, were prepared in
high yield (74-80%) by reaction of 13, the zinc complex of
the dithiolate 12, with the appropriate iodo-thiophene or
-bithiophene. The reaction is catalysed by copper(i) oxide and
ethyl acetoacetate following the methodology of Shao
(Scheme 2). However, reaction of 13 with 2-iodo-(5,2";5'2")-
terthiophene led to the precipitation of the thione 20 with
just one terthiophene group attached. This suggests that this
is the limiting point in extending the synthesis to higher
unsubstituted polythiophenes. To increase the solubility of

This journal is © The Royal Society of Chemistry 2020
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Scheme 1 Structures 1-12.

the monosubstituted thione and the subsequent donors, the
thiones 14D-14E with hexyl side chains on the bi- or
terthiophene residue were prepared in 61 and 89% yields.
This followed the same methodology using zinc complex 13
and the appropriate iodoaromatic.'**

The disubstituted thiones 14A-14E were converted to
tetrasubstituted TTF donors 15A-15E by self-coupling of each
thione in trimethyl phosphite in good yields (58-90%).
Disubstituted derivatives of the EDT-TTF system, with an
ethylenedithio bridge at one end of the TTF system, 19A and
19C-19E, were prepared by cross-coupling of the particular
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thione with oxo compound 18, in 39-49% yields. Donor 17A,
with an vinylenedithio bridge on the TTF system, was
prepared by cross-coupling of thione 14A with the vinyl
bridged oxo compound 16" in 23% yield.

Cyclic voltammetry studies on the donors confirmed their
ready oxidation with a pair of reversible redox peaks (Table 1
and Fig. S2 in ESIf). For the tetrasubstituted TTF donors
15A-15D the mid-point redox peaks were in the ranges 0.57-
0.62 V and 0.94-1.02 V. For the disubstituted donor with the
conjugated vinylenedithio bridge 17A these mid-point
potentials are at similar positions of 0.63 and 1.02 V, but for
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Scheme 2 Synthetic routes to new donor molecules. Side chains (TH) are designated by letters A to E.

the disubstituted donors with the -CH,CH,- bridge, 19A and
19C-19E, these two potentials are a little lower at ca. 0.54
and 0.94 V. The donors which carry bithiophene units also
show an irreversible oxidation peak in the range 1.45-1.50 V,
while donor 19E with terthiophene units show a lower
irreversible oxidation peak at 1.15 V. This extra oxidation in
15C and 19C which contain bithiophenes may relate to the
bithiophenes of two separate donors adding to one another
as in the polymerisation of polythiophenes. For 15D and 19D,
the bithiophenes are end-capped with hexyl groups so this is
not possible. A bond may have formed between the two

Table 1 Cyclic voltammetry data for donors 15A-15D, 17A, 19A and
19C-19E“*

Donor E; (V) E, (V) E; (V)
15A 0.59 0.97

15B 0.60 0.94

15C 0.62 1.02 1.50¢
15D 0.57 0.99 1.457
17A 0.63 1.02

19A 0.54 0.94

19C 0.54 0.95 1.467
19D 0.55 0.96 1.44¢
19E 0.54 0.94 1.15

“ Measured in 0.1 M tetrabutylammonium hexafluorophosphate in
DCM at 20 °C, substrate concentrations ca. 0.01 mM, and scan rate
of 0.1V s~*. ? Full scans shown in the ESLt © 15E too insoluble to get
a response. ¢ Not reversible. If potential window set 0-1.1 V the E,
and E, peaks remain reversible.
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bithiophenes of a single donor. A full electrochemical
investigation will need to be made on these and similar
compounds.

Preparation and properties of radical cation salts

Radical cation salts were prepared by slow diffusion of a
solution of iodine in hexane into a solution of the donor in
dichloromethane. Crystalline products were obtained with
donors 15A and 15B carrying four thiophene groups, and the
disubstituted donors 17A, 19A (two polymorphs) and 19C.
The latter was the only complex obtained with a donor
bearing bithiophene groups. Donor 15E with four 5"-hexyl-
terthiophene groups did not appear to react with iodine, but
donor 19E with two such groups gave a black amorphous
deposit. Six crystalline products were characterised by X-ray
crystallography (Table 2).

Complexes of donors 15A and 15B

Donors 15A and 15B are very similar in structure and differ
only in the point of attachment of the four thiophenes to the
TTF-tetrathiol unit, alpha or beta to the thiophene sulfur.
They form very similar complexes of formula: donor’.I5~ with
comparable unit cells in the monoclinic space group P2,/n
with one donor monocation and one I anion
crystallographically unique (Table 2).

In the crystal structure of 15A.I; the donors form
centrosymmetric face-to-face radical cation pairs. At one end

This journal is © The Royal Society of Chemistry 2020
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Table 2 Crystal data for radical cation complexes

15A.15 15B.1; 17A.1,.1.51,
Formula CooH1s51015 CaoHisS1515 C16HgS10l6
M,/g mol™ 1295.54 1295.4 1282.22
Temp/K 150 150 150
Crystal system Monoclinic Monoclinic Monoclinic
Space group P24/n P24/n C2/c
alA 13.5430(2) 13.6653(3) 11.5148(3)
b/A 16.3848(3) 16.1342(4) 18.1689(5)
c/A 16.6552(3) 17.0452(4) 29.3477(12)
af° 90 90 90
pI° 102.5943(19) 105.183(2) 91.157(3)
y/° 90 90 90
V/A® 3606.86(12) 3626.92(15) 6138.6(3)
zZ 4 4 8
plg em™ 2.386 2.371 2.775
Ry [T > 20(1)] 0.0354 0.0492 0.0979
WR [all data] 0.0695 0.1181 0.1835
CCDC No. 2011618 2011619 2011620
(19A),.15.1, 19A.1, 19C.15.0.51,
Formula C32H2052018 Ci6H10S1013 C24H1451216
M,/g mol™ 1024.39 903.54 1448.47
Temp/K 150 293 150
Crystal system Monoclinic Triclinic Triclinic
Space group P2, P P
alA 9.0576(10) 11.8075(2) 10.2097(6)
b/A 28.632(2) 14.6651(3) 10.9057(6)
c/A 10.5799(10) 16.9675(3) 17.3954(12)
al° 90 92.604(2) 90.663(5)
Bl° 100.212(10) 106.484(2) 102.294(6)
e 90 107.727(2) 93.878(5)
V/A® 2700.3(5) 2655.43(9) 1887.5(2)
zZ 2 4 2
plg cm™ 2.520 2.260 2.549
Ry [T > 20(1)] 0.0718 0.0399 0.0620
wR [all data] 0.1608 0.0887 0.1011
CCDC No. 2011621 2011622 2011623

of the donor monocation the two thiophene groups are
directed out to the side of the TTF (torsion angles, S(TTF)-
C(TTF)-S-C(thiophene): 0.1 and 9.0°), while at the other end
they are directed out of the donor plane but to different
degrees (torsion angles, S(TTF)-C(TTF)-S-C(thiophene): 47.9
and 75.4°) (Fig. 1). Within the radical cation pair one TTF
unit is slipped along the main axis by ca. 3.7 A relative to the
other. This allows the two thiophene groups projected up
from the TTF to wrap around the end of the other donor
which has the thiophene rings projected to either side
(Fig. 1). This paired motif was also observed in the radical
cation salt of 15A with a phosphonomolybate ion."” This
isolates the TTF sulfur atoms from contacts with other TTF
units. The six S:--S contacts between the tetrathio-TTF
moieties of the radical cation pair lie in range 3.3727(15)-
3.5531(16) A (Table 3). The overlapping thiophene groups are
tightly packed together, each linker sulfur atom makes a
short contact to a thiophene ring of the other donor
(S*--S(thiophene): 3.439(4), S-:-C(thiophene): 3.472(7) and
3.48(6) A) and there are further contacts between overlapping
thiophene rings: S---C: 3.36(7)-3.521(16) and C---C: 3.47(8)-
3.585(18) A (Table 3). There is rotational disorder about the

This journal is © The Royal Society of Chemistry 2020
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S-C(thiophene) bond for the two thiophene groups which are
projected out to the side of the TTF, in ratios 3:2 and 2:1
for the two rings. Such disorder, in which a thiophene ring is
rotated by 180° about the S-C(thiophene) bond is quite
common for thiophene and polythiophene derivatives, since
both orientations of the ring have similar steric demands.
This mode of disorder occurs in the polyiodide salts of 15B,
19A (monoclinic phase) and 19C discussed here. The radical
cation pairs are packed in layers positioned between
networks of pentaiodide ions, which contain rings composed
of eight iodine atoms and sixteen iodine atoms (Fig. 2,
Table 4). Thiophene rings penetrate the pentaiodide layers.
There are S---I contacts involving the TTFs in the range 3.70-
3.80 A, and involving the two sulfur positions of a disordered
thiophene ring of ca. 3.67 A. The conformations and mode of
packing of cation pairs and the separation between layers
means there is no good pathway for electrical conduction.
Indeed measurement of resistivity for all six crystalline
radical-cation salts discussed here showed that all of them
have a room temperature resistance too high to be measured
by the multimeter.

The corresponding complex from donor 15B adopts a very
similar crystal structure (Fig. 3) with the main differences
being that all four thiophene rings have a degree of
rotational disorder (range: 73:27 to 88:12), and there are
some small changes to the pentaiodide network (Table 4).
Indeed, the structure of the pentaiodide ion can be
considered as an iodine molecule forming a halogen bond to
a triiodide ion (Table 4)."°® For these two salts this halogen
bond would be 3.2565(6) A long, with an I-I-i---I-T angle of
95.6°, in 15A, and 3.1808(6) A long, with an angle of 97.3°, in
15B. Some comparisons of contacts in 15A.I5 and 15B.I5 are
shown in Table 4. A wide range of polyiodide networks have
been reported, in particular, though not exclusively, with
nitrogen containing cations.'®'” Shao has reported a very
similar polyiodide complex 22.15 where the thiophenes in 15A
and 15B are replaced by 4-fluorophenyl groups (Scheme 3)
(vide infra) and the radical cation pair adopts a similar
structure."® The tetraphenyl analogue 21 also forms a penta-
iodide salt, containing the same structural motif for the
radical cation pair but the pentaiodide anions are organised
“end-to-end” to form a chain."

Complexes of unsymmetrical donors 17A, 19A and 19C

Donors 17A, 19A and 19C are closely related and have just
two side chains: 17A and 19A with two thiophenes and 19C
with two bithiophenes. The latter two donors have an
ethylene bridge at one end, but donor 17A differs from donor
19A by having a C(H)=C(H)- bridge rather than and a -CH,
CH,- bridge. All three formed complexes on reaction with
iodine, with 19A forming two complexes of different
stoichiometries, (19A),.Is.I; and 19A.I; from the same
experiment.

The monoclinic phase from 19A and iodine, in space
group P24, contains a face-to-face pair of donor monocations,

CrystEngComm, 2020, 22, 6632-6644 | 6635
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Fig. 1 Crystal structure of 15A.ls: face-to-face pair of donor radical cations showing the interlocking of the thiophene rings (top left), the
orientations of the thiophene rings on a donor cation (top right), and the matching of thiophene ring orientations in the dimer (bottom). Only the

major orientation for each of the two disordered thiophenes is shown.

a triiodide and a pentaiodide anion in the asymmetric unit
(Fig. 4). There is a short I'--I contact between the two ion
types (3.531(2) A), while between different I /I;” motifs there
is a much longer separation (3.904(2) A). The TTF parts of the

Table 3 Interatomic contacts in 15A.15 and 15B.Is/A

Contact type 15A 15B

S-S, between TTFs ~ 3.3727(0.0015)  3.4311(16)

S-S, TTF to linker -S- 3.4108(15), 3.3783(16) 3.5450(18)
3.5531(16)

Thiophene to linker ~ 3.439(4) S-- 3.539(12), 3.77(5), 3.36(6),

-S- 3.472(7), 3. 48(6) 3.53(2) S+-C
S---C

Inter-thiophene in 3.67(5) S-S 3.636(11) S-+-C

donor pair 3.36(7) S-+-C 3.567(6) S+--C
3.36(7) S++-C 3.54(3) S'+-C
3.521(16) S-C  3.38(3) C-+-C
3.47(8)C:~:C  3.43(6) C---C
3.554(9) C--C  3.48(9) C---C
3.585(18) C-+-C

Shortest S---I from 3.7026(12) 3.7201(12)

TTF 3.7204(11) 3.7775(11)
3.7511(11) 3.7456(12)
3.7920(11)

Shortest S--1 from  3.8776(13) 3.8573(12)

linker S 3.7934(11) 3.8279(13)

S--I from thiophene  3.672(8) 3.8087(17)

S 3.671(4) 3.851(2)
3.78(2) 3.870(17)
3.8690(19) 3.888(3)

6636 | CrystEngComm, 2020, 22, 6632-6644

donor cations are almost directly opposed with four S---S
contacts between them in the range 3.241(8)-3.547(8) A and
two more short S---S contacts between linker S atoms and
dithiin S atoms (3.500(8) and 3.564(9) A). The cation pairs lie
with their main axis at ca. 60° to the a axis, and there are two
short S-S contacts between adjacent pairs (3.442(8) and
3.586(8) A). All four thiophenes show some rotational
disorder. On both donor cations, one thiophene is oriented
to the side (torsion angles, S(TTF)-C(TTF)-S-C(thiophene):
0.2 and 11.7°) and the other directed up and away from the
donor cation partner, though to different degrees (torsion
angles, S(TTF)-C(TTF)-S-C(thiophene): 68.0 and 95.2°). The
stacks are separated by the polyiodide ions, and the only
close inter-stack contacts are sulfur-carbon interactions
between thiophenes (Fig. 5 and 6). There is also an
interaction between one of the thiophenes and a terminal
ethylene group (Table 5 and Fig. 6). Three iodine atoms of
the pentaiodide and all the triiodide atoms make one or
more short contacts to sulfur in the range 3.587(6)-3.773(6)
A

The second phase, 19A.I;, crystallises in the triclinic
crystal system in space group P1 with two donor radical
cations and two triiodide anions in the asymmetric unit.
Each of the radical cations is part of a centrosymmetric face-
to-face pair. In one of these the centre of symmetry lies
directly between the central double bonds of the two EDT-
TTF systems, and there are close S:-*S contacts of 3.3038(15)

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 Network of pentaiodide ions in the crystal structure of 15A.15 (top, left), the packing of donor cation pairs in a layer (top, right) and the layer
structure showing how some thiophene rings penetrate through the pentaiodide layers (bottom).

and 3.4397(16) A between the TTF units. In the second one
the donor is slipped along its long axis by ca. 1.40 A relative
to the other and the centre lies between carbons at the
termini of the central bonds (Fig. 7). The shortest contact
between the TTF moieties is between these two carbon atoms
(3.356(8) A), while S-S contacts are longer since the TTF
units are not opposite each other. The disposition of the

thiophenes follows the pattern of one directed out to the side
of the donor pair, and one up and away from it (torsion
angles, S(TTF)-C(TTF)-S-C(thiophene): 7.6 and 67.0°, and
19.5 and 62.7°). The triiodide ions are isolated from one
another and do not form a network, but both make two short
contacts to sulfur atoms of a donor cation's dithiin ring
(3.7130(12)-3.7628(12) A), as has been observed in salts of

Table 4 Molecular dimensions of pentaiodide species in salts of 15A, 15B, 19A, 19C and their /,---/,, interactions

b

A

alA b/A c/A d/A al®
15A.15 2.7974(5) 3.0631(5) 3.2565(6) 2.7671(6) 95.600(12)
15B.I; 2.7981(5) 3.0854(5) 3.1810(6) 2.7910(6) 97.342(13)
(19A),.1,.15 2.806(2) 3.046(2) 3.176 (2) 2.763(2) 80.77(5)
19C.15.0.51, 2.8882(10) 2.9337(10) 3.2094(9) 2.7565(9) 87.66(2)

I5 -1, middle

I ---Is end/end/A 15 ---Is end/middle/A I ---I3” end/end/A to I,/A
15A.15 3.8655(6) 3.4084(6) — —
15B.I; 3.9327(5) 3.5541(6) — —
(19A),.1,.15 — — 3.531(2)/3.904(2) —
19C.15.0.51, 3.5713(10) — — 3.4236(11)

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 Crystal structure of 15B.Is showing a donor cation pair (left) and the relation between donor cation pairs and the pentaiodide network.

Only the major orientation of each thiophene ring is shown.

other donors.”® The triiodide anions sandwich the donor
cation pair both above and below and on either side with the
long molecular axes for the donor and triiodide aligned, as
shown in Fig. 7, and thus this complex has no promising
pathways for electrical conduction.

The iodine complex of donor 17A crystallises in the
monoclinic space group C2/c with one donor monocation
accompanied by two triiodides and three iodine molecules,
all five of which lie on centres of symmetry. The crystal
structure is composed of alternate layers perpendicular to the
b axis, one of face-to-face donor radical cation pairs with
their main axes lying at just 11° to the c¢ axis, and the other a
network of triiodide and iodine molecules (Fig. 8). The
network is formed by lines of end-to-end triiodides which are
bridged with iodine molecules to form rings containing
twelve iodine atoms. However, there are also “crosslinks”
between the I;7/I, layers formed by further iodine molecules

21 Ar = phenyl
Ar—S s s S—Ar 22 Ar = 4-fluoro-phenyl
I; < j[ 23 Ar = 3-fluoro-phenyl
Ar—S * s—aAr

24 Ar = 3-methyl-phenyl

25 Ar = 4-methoxyphenyl
Scheme 3 Donors 21-25, tetraphenyl analogues of 15A and 15B.

Fig. 5 View down the a axis for (19A),.Is.I3 showing the stacks of
donor cation pairs separated by the pentaiodide and triiodide ions.
Closest inter-stack contacts are between thiophenes.

which cross the donor cation layers. As observed in other
cases, one thiophene is displaced to the side of the door
cation pair, and one directed up and away (torsion angles,
S(TTF)-C(TTF)-S-C(thiophene): 7.5 and 72.8°). The former
set of thiophene groups protrude through holes in the I;7/1,
layers. The iodine network contains lines of the two unique

Fig. 4 Crystal structure of (19A),.1s.13: a donor radical cation pair (left) and the crystal packing diagram showing the packing of the radical cation
pair with Is™---Is” motifs (right). Only the major orientation of each thiophene ring is shown.
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Fig. 6 The network of intermolecular sulfur-carbon short contacts in
(19A),.15.13. Minor disordered components and hydrogen atoms are
omitted for clarity.

Table 5 Intermolecular contacts in (19A),.1s.Is/A

Thiophene---thiophene Thiophene---thiophene

S(19B)---C(31) 3.29(6) S(20B) +-C(13) 3.46(5)
S(19B)-+(C32) 3.26(7) S(20B)---C(13B) 3.38(6)
S(19B)---C(31B) 3.50(9) S(20B)-C(14B) 3.43(6)
S(19B)-++(C32B) 3.34(6) S(20B) --S(10) 3.552(19)
Thiophene---ethylene bridge

C(11)---C(21) 3.27(5)

C(12B)-+-C(21) 3.51(5)

triiodides organised alternately, with I;"---I;” separations of
3.5560(19) A, which are connected within the layer by two
unique iodine molecules with I;"--'I, contacts of 3.394(2) or
3.5390(18) A. The links between layers viaz a third iodine
molecule have I;™--'I, contacts of 3.4010(19) A. Within the
radical cation pair one donor cation is displaced by ca. 1.35 A

View Article Online
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along the main axis relative to the other with S---S contacts
between TTF units of 3.351(7) and 3.486(7) A. The layer
structure precludes S--*S contacts between different donor
cation pairs.

The complex formed by donor 19C, which contains two
bithiophene side chains, by reaction with iodine has formula
19C.I5.0.5(I,) and crystallises in the triclinic space group Pi.
Donor cations are located in centrosymmetric face-to-face
pairs with four S---S contacts between the TTF units of
3.369(4) and 3.394(4) A. The donor cation pairs stack
alternately with a (I5 ), unit along the a + b direction, where
the two pentaiodide anions form a centrosymmetric
approximately oblong motif with two I5 ---Is~ contacts of
3.5713(9) A, and angles of 87.66(2) and 88.29(3)° at the
corners of the motif (Fig. 9). These dimeric units are linked
to those in neighbouring stacks by iodine molecules located
on centres of symmetry, with I5™---I, contacts of 3.4236(11) A.
Some similar cyclic “I;,> units have been reported before
but are closer to assemblies of triiodide and iodine.”’ In
contrast, tetramethylammonium pentaiodide form a network
containing “squares” with twelve iodine atoms.>* Within the
bithiophene wunits the thiophene rings are organised
predominantly in ¢trans mode with angles of 25.2 and 26.9°
between the planes of the two rings, though one terminal
ring has 72:28 trans:cis rotational disorder. Donor cation
pairs are aligned side-by-side along the b axis but there are
no short S---S contacts between the EDT-TTF donor edges
(shortest 3.994(4) A). However, there is a short S---C contact
(3.47(3) and 3.48(7) A for major and minor disordered
components respectively) between thiophene rings of
bithiophene groups attached to donors related by a
translation along the a axis (Fig. 10). In common with the
other five salts, this material was also an insulator at room
temperature.

A considerable number of radical cation salts of
organosulfur donors with polyiodide anions are known,
prepared either by chemical oxidation with diffused iodine or
by electrocrystallisation with tetrabutylammonium triiodide.
However, design of salts is complicated because of the
diversity of different polyiodide ions, I3, Is", I,” which can be
formed, though I;” is most common. Further variables are

Fig. 7 Crystal structure of 19A.l5 showing the orientations of the isolated triiodide ions (left) and how they isolate the radical cation donor pairs (right).

This journal is © The Royal Society of Chemistry 2020
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Fig. 8 For the crystal structure of 17A.15,0.51, the conformation of the donor cation (top left) and the triiodide/iodine network (top right), the layer
structure viewed down the c axis with the b axis horizontal showing iodine molecules which bridge between the triiodide/iodine layers (middle),
and the layer structure viewed down the a axis with the b axis vertical showing penetration of the triiodide/iodine layers by thiophene groups
(bottom).
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Fig. 9 Crystal structure of 19C.I5.0.5], showing the conformation of the donor cation (top, left), the combination of I~ ions into a cyclic motif and
its contact to iodine molecules, the cyclic motif and the iodines both lie on centres of symmetry (top, right); and pairs of face-to-face radical
cations separated by the (Is7), motifs which are linked by iodine molecules along the c direction, showing close contacts in blue (bottom).
Anisotropic displacement parameters drawn at the 50% level, only the major conformation of each bithiophene is shown.

e

Fig. 10 Crystal structure of 19C.15.0.5l, showing S---C contacts <3.5 A between thiophene rings of different donor cation pairs (magenta), as well
as S---S contacts within a donor pair (blue). The two sets of contact lie roughly orthogonal. lodine molecules and pentaiodide ions are omitted.

inclusion of additional iodine molecules or solvents and the
different valence states for the donors. BEDT-TTF 2, for
example, forms at least seven different phases with iodine,
usually several in the same experiment.>® Three of these
contain layers of triiodides which lie between blocks of
tightly packed donors, and interface with their ethylene

This journal is © The Royal Society of Chemistry 2020

bridges, with different electrical properties depending on the
dispositions of the triiodides. In a further phase triiodides lie
among the donors parallel to the donors’ main axes, and
additional iodine molecules are included in another phase.
Two further phases have sheets of ET/triiodide separated by
sheets of I~ or Is>". It is thus particularly difficult to control

CrystEngComm, 2020, 22, 6632-6644 | 6641
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Scheme 4 Structures of donors 26-29 which also form polyiodide salts.

or predict the formation of radical cation salts prepared with
iodine, compact donor with limited
conformational freedom like BEDT-TTF. For less symmetrical
donors there appears to be a strong tendency for the
triiodides to lie side by side with donors which breaks up the
S-S contacts needed for conductivity as in the salts with
chiral donors 26-27 (Scheme 4).>>>* In the former case, three
different phases are formed, but only one is semiconducting.
In the case of the chiral bis(pyrrolo)TTFs 28-29 (Scheme 4),
the neutral donors form chiral stacks related by 4; or near 4;
axes, but their triiodide salts forego this packing
arrangement entirely, preferring to align triiodide ions side
by side with donors.>® The shortest S---I contacts lie in the
range 3.58-3.70 A.

Shao has reported details of polyiodide complexes of
donors 22-23 (Scheme 3), analogous to 15A and 15B, in
which the four thiophenes are replaced by 4-fluorophenyl
and 3-fluorophenyl groups respectively. The former forms a
22.13.1, complex and the latter forms a salt of the donor
dication of 23 with a polymeric polyiodide chain crosslinked
with iodine molecules.'® Related donors 24 and 25 with four
3-methylphenyl or 4-methoxyphenyl groups (Scheme 3) also
form salts of their dications accompanied by networks
composed of triiodide anions and iodine molecules.'® This
illustrates how difficult it is to predict which polyiodide
complex will form, especially bearing in mind, as Shao points
out, that the dication 23 has formed from the least readily
oxidized donor among compounds 21-25 according to cyclic
voltammetry measurements. Crystal packing forces control
the product formed, but there are numerous combinations to
consider. The donor cations in 22.13.I, are paired just as in
the pentaiodide salts of 15A and 15B with two 4-fluorophenyl
groups wrapping around each end of the donor pair. The
trilodide and iodine species form an almost identical
network to those in 15A.I; and 15B.I; with fused six and
sixteen membered rings, with closest I---I contacts between
the I;” and 1, species of 3.33 and 3.36 A, slightly longer than
in the networks from 15A and 15B where we chose to

even with a
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consider these to be Is~ anions. We assigned all our six salts
to contain the monocations of donors, primarily to balance
the charges on the polyiodide anions. The length of the
central double bond in the TTF unit is sensitive to the
charge, varying from 1.34 to 1.39 to 1.42 A as the charge
increase from zero to +1 to +2, though this is difficult to
determine accurately in the presence of several iodine atoms,
but they lie in range 1.35(2)-1.40(3) A. The infra-red spectra
of the salts also contain a common stretch in the range
1324-1331 cm™. In summary, iodine may be an easy oxidant
to use, but it is difficult to control the products produced.
Furthermore, small changes in conditions may produce other
phases. Design is much more feasible with larger organic-
type acceptors, with only the stoichiometry and solvent
inclusion as variables.

Conclusions

A series of TTF donors carrying two or four thiophene,
bithiophene or terthiophene substituents have been
synthesized, and their first crystalline radical cation salts
prepared by reaction with iodine. These all contain face-to-
face pairs of monocation donors. In the pentaiodide salts
with donors containing four thiophenes, 15A and 15B, the
thiophene side chains wrap around each other, enabled by a
mutual shift along the main axis of the donors. Where there
are just two substituents the TTF units are nearly directly
opposed, and side chains are projected away from the donor
pair, one to the side and one above. Solubility becomes an
issue for those donors containing terthiophenes, and further
substitutions will be needed to provide more applicable
materials. Nevertheless, cyclic voltammetry shows that for
donor 19E a third oxidation process associated with the
terthiophene is observed just above the typical TTF processes.
The polyiodide salt of donor 19C which contains
bithiophenes shows contacts between bithiophene rings, and
such interactions could become important in electroactive
materials with this combination of TTF and polythiophene

This journal is © The Royal Society of Chemistry 2020
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groups. Four of the crystal structures contain pentaiodide
ions, which may also be considered as a I -1, unit, and they
show some variability in their geometries with their I-I-i---1-T
angle lying between 80.8 and 97.3° and the longest I-I bond
lying in the range 3.176-3.256 A.

Experimental

Full details of experimental procedures are given in the ESL}
Crystal structure data has been deposited at the Cambridge
Crystallographic Data Centre, with numbers as in Table 2.
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