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Abstract: A ligand containing the thiazolo[5,4-d]thiazole
(TzTz) core (acceptor) with terminal triarylamine moieties
(donors), N,N’-(thiazolo[5,4-d]thiazole-2,5-diylbis(4,1-phenyl-
ene))bis(N-(pyridine-4-yl)pyridin-4-amine (1), was designed as
a donor–acceptor system for incorporation into electronical-
ly active metal–organic frameworks (MOFs). The capacity for
the ligand to undergo multiple sequential oxidation and re-
duction processes was examined using UV/Vis-near-infrared
spectroelectrochemistry (UV/Vis-NIR SEC) in combination
with DFT calculations. The delocalized nature of the highest
occupied molecular orbital (HOMO) was found to inhibit
charge-transfer interactions between the terminal triaryla-

mine moieties upon oxidation, whereas radical species local-
ized on the TzTz core were formed upon reduction. Conver-
sion of 1 to diamagnetic 2 + and 4 + species resulted in
marked changes in the emission spectra. Incorporation of
this highly delocalized multi-electron donor–acceptor ligand
into a new two-dimensional MOF, [Zn(NO3)2(1)] (2), resulted
in an inhibition of the oxidation processes, but retention of
the reduction capability of 1. Changes in the electrochemis-
try of 1 upon integration into 2 are broadly consistent with
the geometric and electronic constraints enforced by
ligation.

Introduction

Metal–organic frameworks (MOFs)[1] are a versatile class of ma-
terials capable of displaying a plethora of tunable properties.[2]

Though early research in the field was motivated by the poten-
tial applications of MOFs in molecular storage, catalytic conver-
sion, and chemical separation,[3] focus has shifted in recent
years towards the creation of multifunctional materials that are
capable of responding to external stimuli. A particular chal-
lenge has been the realization of conductivity,[4] magnetism,[5]

and shape memory,[6] properties that underpin potential tech-
nological applications in battery materials and molecular elec-
tronics devices, to name a few.

The design and synthesis of charge-transfer MOFs contain-
ing donor and acceptor functionalities represents an important
step towards the goal of realizing electronically conductive
multidimensional materials.[4a] With the ability to be both re-

duced and oxidized, these systems enable insights into elec-
tron transfer phenomena in three-dimensional coordination
space. To date, however, focus has largely been placed on
monitoring electron transfer and charge mobility between the
ligand components of these materials, rather than within the li-
gands themselves.[7] Whereas the former approach often relies
on strong p-stacking between proximal redox-active units (i.e. ,
by interligand charge transfer) to facilitate long-range interac-
tions, an intraligand approach has the potential to create
MOFs that exhibit short-range, localized charge transfer.

Here, we report a new donor–acceptor–donor (DAD) ligand
(1) incorporating the thiazolo[5,4-d]thiazole (TzTz) core (accept-
or) functionalized with terminal triarylamine moieties (donors),
shown in Scheme 1. Electrochemical, UV/Vis-NIR solution state

Scheme 1. Synthesis of ligand 1. Reagents and conditions: (i) DMF, reflux,
3 h. (ii) CuSO4 18-crown-6, K2CO3, diphenyl ether, 200 8C, 6 days.
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spectroelectrochemical, and DFT calculations are employed to
elucidate the electronic properties of this ligand. The incorpo-
ration of 1 into a two-dimensional framework, [Zn(NO3)2(1)] (2),
has revealed important, fundamental insights into the influ-
ence of donor–acceptor–donor ligands on the electronic prop-
erties of metal-organic frameworks.

The TzTz functionality has received limited attention as
a component of inorganic systems; however, it has been incor-
porated into a number of purely organic polymers to yield ma-
terials with easily accessible reduced states. The electrochemi-
cal nature of the TzTz moiety has only been explored sparingly
in discrete molecules[8] and polymeric systems,[9] and the acces-
sibility, relative energies, and orbital contributions of its redox
states have not been fully elucidated.[10] Instead, focus has
largely been placed on the incorporation of TzTz into charge
transfer systems by coupling the electron accepting (n-type)
behavior of the moiety with that of an electron donor (p-type),
creating extended organic compounds displaying sought-after
electrical properties.[11] Though initially focused on biological
activity, the discovery of the photophysical properties of TzTz
in organic systems has led to the creation of semiconducting
polymers,[12] field-effect transistors[8a] and optical devices.[8b]

The bis(triarylamine) functionality, by virtue of its well-
known ability to generate mixed-valence states upon chemical
and electrochemical oxidation, was selected as the donor
moiety in the present work. In mixed-valence systems where
the triarylamine centers are bridged by conjugated diamagnet-
ic substituents, intervalence charge transfer (IVCT) can arise as
a result of electron transfer between the units in different
formal oxidation states.[13] In turn, this facilitates magnetic in-
teractions,[14] electrical conductivity,[15] and fluorescence,[16]

which have previously been studied in discrete bis(triaryla-
mine) molecules.

The incorporation of redox-active or paramagnetic compo-
nents between charge-transferring triarylamine centers has not
been investigated as a strategy for designing charge-transfer
MOFs, and has seldom been investigated even in small-mole-
cule systems. By contrast, the triarylamine moiety has been in-
corporated into a range of purely organic systems to generate
semiconductivity; however, the electronic properties of these
materials, and the mechanisms of charge transfer in the solid
state, have not been investigated. As a result, the present work
seeks to elucidate the electronic properties of ligand 1 as a po-
tential candidate for the construction of multidimensional as-
semblies that exhibit fundamentally interesting and technolog-
ically relevant charge-transfer phenomena.

Results and Discussion

Synthesis and electronic properties of 1

The synthesis of 1 (Scheme 1) involved the initial preparation
of dibromophenyl-thiazolo[5,4-d]thiazole (BPTzTz) from the
condensation of 4-carboxybenzaldehyde and dithiooxamide.
Coupling this intermediate with excess 4,4’-dipyridylamine
(4,4’-dpa) in a Goldberg reaction afforded 1 in good yield
(81 %). Stoichiometric quantities of copper sulfate and high

temperatures (200 8C) were required for the reaction to pro-
ceed. When lower temperatures were used, a significant de-
crease in the yield was observed for the disubstituted product
(36 %), and the monosubstituted adduct was isolated as the
major product (47 %).

Solution state cyclic voltammetry (CV) was conducted on
1 in [nBu4N]PF6/MeCN electrolyte (0.1 m) with scan rates in the
range 50–200 mV s�1 (see Figure 1). At 100 mV s�1, three pro-

cesses were observed at 0.035, 0.52 and 0.81 V versus Fc/Fc+

in the anodic region, whereas four processes were observed at
�1.24, �1.45, �2.04 and �2.37 V versus Fc/Fc+ in the cathodic
region. A plot of the current against the square root of the
scan rate according to the Randles–Sevcik equation indicated
that all three oxidation processes and the first reduction pro-
cess were reversible, whereas the final three reduction process-
es were quasi-reversible (Figure S1 in the Supporting
Information).

Oxidation properties of 1

Solution state UV/Vis-NIR SEC was conducted on 1 to deduce
the extent of the interaction between the donor and acceptor
moieties, and to elucidate the presence, if any, of charge-trans-
fer interactions between triarylamine centers. In general, the
appearance of stable isosbestic points for each process indicat-
ed that no chemical decomposition occurred, and that the
spectra corresponded to individual redox processes, as identi-
fied by CV (Figure 1). As shown in Figure 2 (shown fully in Fig-
ure S2 in the Supporting Information), three oxidative process-
es were identified (Ox1–3), corresponding to the three redox
waves observed in the anodic region in Figure 1. The first pro-
cess (Ox1) is characterized by an increase in the shoulder peak
at 33 200 cm�1 and a decrease in the bands at 34 050 and
25 600 cm�1, the latter of which undergoes a blueshift to
25 880 cm�1. In contrast, the second process (Ox2) results in
a decrease in the UV peak and the formation of a new band at

Figure 1. CV of 1 in [nBu4N]PF6/MeCN electrolyte (0.1 m) over scan rates in
the range 50–200 mV s�1. The arrow indicates the direction of the forward
scan.
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lower energy (31 220 cm�1), as well as an increased intensity
and blueshift in the band at 25 880 to 26 920 cm�1. The third
process (Ox3) is characterized by an intensification of the
31 220 cm�1 band and the appearance of a shoulder peak at
approximately 30 000 cm�1, and also a decrease of the peak at
26 920 cm�1. Of particular note is the absence of characteristic
triarylamine-based radical or IVCT bands in the visible or NIR
regions in any process.

Given the small spectral changes and low current associated
with Ox1, no major structural or redox changes are envisioned.
DFT calculations suggest that free rotation around the phenyla-
mine bonds enables a change in the optimal geometry upon
application of a low potential, suggesting that the neutral
ligand may convert to a partially charged species with an al-
tered geometry prior to formal redox processes. Given that
a current (albeit weak) is observed for Ox1, electronic changes
must be occurring within the ligand regardless. As both the
FTIR spectrum and elemental analysis indicate the presence of
H2O in the crystal lattice of 1, we postulate that oxidation of
the pyridyl substituents to their respective pyridyl-N oxide spe-
cies occurs during Ox1, leading to only minor spectral shifts
during SEC.

The spectral progressions corresponding to Ox2 and Ox3
were likewise investigated by DFT calculations, and specifically
by the distribution of electron density in the HOMO-1 to
LUMO of 1 (Figure 3). Importantly, the coplanarity of the TzTz
and phenyl functionalities leads to a flat bridge between the
amine centers, resulting in a HOMO that is delocalized over
the ligand backbone. In contrast, the electron density in the
HOMO-1 is localized around the tertiary amine centers. Remov-
ing electrons from the ligand in its ground state therefore re-
moves electron density from the entire molecule, and not just
the triarylamine centers. As a result, upon oxidation, 1 does
not undergo radical formation (as reflected by the lack of low-
energy bands forming during SEC). Instead, di- and tetra-
cation states form upon two sequential 2e� oxidation process-
es. During Ox2, two electrons are removed from the HOMO,
and a further two electrons are removed from the triarylamine
centers (i.e. , the HOMO-1 during Ox3).

The absence of characteristic triarylamine-based radical
bands is thus ascribed to the simultaneous oxidation of the

two triarylamine functionalities to their singly- then doubly-oxi-
dized states. Rather than viewing the donor and acceptor com-
ponents separately, the ligand must be viewed as a delocalized
entity owing to the high degree of coplanarity between the tri-
arylamine centers. In cases where triarylamines are bridged by
lengthy, flexible organic units, the redox-active centers can be
oxidized in isolation, facilitating radical formation and IVCT.[13]

Reduction properties of 1

Four processes were observed during the reductive SEC of
1 (Figure 4 and Figure S3 in the Supporting Information) corre-
sponding to the four redox waves observed in the cathodic
region of the CV shown in Figure 1. Small spectral changes ob-
served in the first reduction process (R1) are likely to arise
from slight geometrical changes and the interaction of the pyr-
idyl units with lattice H2O. During the second process (R2)
a weak band appears at approximately 19 300 cm�1 and is ac-
companied by the appearance of a peak at 26 670 cm�1, the re-
appearance and intensification of the shoulder band at
33 220 cm�1, and the disappearance of the UV peak at
33 940 cm�1 (Figure S3 in the Supporting Information). In the
third process (R3), prominent bands appear in the region
12 500–22 500 cm�1 and the p!p* transition at 25 330 cm�1

disappears, as shown in Figure 4. Though the newly formed
band at 26 670 cm�1 likewise decreases, the UV band at
33 940 cm�1 increases. The fourth process (R4) does not appear
to accompany any significant electronic shift, other than minor
intensity changes in the low-energy radical bands (Figure S3 in
the Supporting Information).

Figure 2. Summary of the oxidation processes captured in the SEC of 1 in
[nBu4N]PF6/MeCN electrolyte (0.1 m).

Figure 3. Molecular orbitals of 1 obtained from DFT calculations.
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The formation of a radical species during R3 was implied by
the appearance of low-energy bands in the region 12 500–
22 500 cm�1 (Figure 4) and further confirmed by EPR spectros-
copy. Ex situ reduction of 1 with lithium naphthalenide (LiNp)
in THF resulted in a spectrum with g = 2.0025 (Figure S4 in the
Supporting Information). According to the geometries of the
LUMO (Figure 3) and LUMO + 1 (Figure S5 in the Supporting In-
formation) orbitals, electron additions are localized on the TzTz
center, as expected from the electron-accepting nature of the
moiety. Whereas initial oxidations occur from delocalized orbi-
tals, reductions occur in localized ones.

Though regeneration of the starting spectrum was observed
for the reductive SEC, applying a potential of 0 V after reaching
Ox3 in the oxidative SEC of 1 resulted in a spectrum correlat-
ing to Ox1, as opposed to that of the neutral ligand (Figure S2
in the Supporting Information). The integrity of the ligand was
verified by collecting the 1H NMR spectra of 1 after the electri-
cal generation of its fully reduced and oxidized species. The
similarity of the proton spectra to the neutral species indicated
that the ligand remained intact during all redox processes.

The formal reduction and oxidation processes are summar-
ized in Table 1. The degree of rotation of the dipyridylamine
moieties upon both reduction and oxidation is also detailed in
Table 1, indicating that slight torsion of the terminal moieties
may occur prior to, or concurrent with, each of the formal
redox processes.

Fluorescence properties of oxidized 1

UV/Vis bands for the neutral ligand at 25 610 and 34 060 cm�1

(and the shoulder peak at ca. 31 800 cm�1) are all assigned to
p!p* transitions. Upon excitation of the yellow solution at
25 610 cm�1, a redshifted fluorescence band was observed at
21 370 cm�1, resulting in a blue emission. Given that the
HOMO is delocalized over the molecule while the LUMO is lo-
calized on the central bridge between triarylamine centers,
electron excitation at 25 610 cm�1 is localized predominantly
on the TzTz center.

Stoichiometric additions of NOPF6/MeCN solution (a 1e� oxi-
dant; 0.87 vs. Fc/Fc+)[17] to a solution of 1 in MeCN resulted in
a change in the fluorescence of the ligand. The addition of
a 1e� portion of the oxidizing agent resulted in a slight de-
crease in the fluorescence intensity at 21 370 cm�1, further indi-
cating that no formal redox process was occurring during Ox1
(Figure S6 in the Supporting Information). Upon a 2e� oxida-
tion, the maximum of the emission spectrum instead occurred
at 23 200 cm�1, whereas the use of excess oxidant resulted in
a fluorescence maximum at 19 800 cm�1; the ligand fluoresces
light blue in its neutral state, royal blue in its 2 + oxidation
state, and green in its 4 + oxidation state. The Stokes shifts
were measured to be 4200, 4180, and 7620 cm�1, respectively,
for each state. Importantly, the fluorescence was not quenched
by the addition of oxidant. Given the distinct transitions associ-
ated with the different oxidation states of 1, the material
shows promise as a potential chemosensor, particularly for the
detection of chemical oxidants.

UV/Vis absorbance and emission spectra of 1 oxidized with
stoichiometric portions of NOPF6/MeCN are shown in Figure 5.
With the exception of 14 + , the UV/Vis spectra correlate well to
the processes identified by oxidative SEC (Figure 2). The devia-
tion of approximately 33 nm between the electrically and
chemically generated 4 + species is attributed to the different
experimental conditions, as well as the different counterions
(and the concentration of these counterions) present in the re-
spective solutions, leading to different solvent reorganization
and ion-pairing energies.

Incorporation of 1 into a metal–organic framework

Single crystals of [Zn(NO3)(1)] (2) suitable for X-ray diffraction
studies were synthesized by slowly cooling a 1:1 MeCN:DMF
solution containing 1 and Zn(NO3)2·x H2O that had been heated
to 120 8C. The structure (shown in Figure 6) consists of octahe-

Figure 4. a) The third process (R3) captured in the reductive SEC of 1 in
[nBu4N]PF6/MeCN electrolyte (0.1 m), and b) a summary of the reduction pro-
cesses captured in the SEC of 1. The arrows in a) show the direction of
change in the spectrum during R3.

Table 1. DFT geometry optimization of the angle between the central di-
phenyl-TzTz fragment and the terminal dipyridylamine fragments of the
neutral and charged states of 1 in MeCN.

Process Charge Angle [8]

Ox3
Ox2
R3
R4

4 +

2 +

0
1�
2�

24
20
45
62
62
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dral ZnII centers connected equatorially to four pyridyl moieties
(of four separate ligands) and axially to two nitrate anions,
which are partially disordered. The resulting two-dimensional
sheets stack such that the ligand phenyl rings overlap the TzTz
centers of the layers above and below, creating a series of
symmetry-generated layers separated by a distance of
3.464(3) �. Because the phenyl rings are almost coplanar with
the TzTz unit (torsion angle = 98), the pyridyl groups adopt
a propeller-like conformation, commensurate with structurally
analogous triarylamine functionalities.[18] An intramolecular dis-
tance of 15.784(4) � separates the triarylamine centers. The
pore dimension viewed along the a-axis measures 4.2 � (be-

tween opposing S1 and N1) by 11.3 � (between Zn centers),
giving the framework one-dimensional, solvent-accessible
channels.

Electronic properties of 2: the effect of structural rigidity

Though the solution state CV of 1 indicated that the ligand un-
dergoes three oxidation processes, solid state CV conducted
on 2 (Figure S7 in the Supporting Information) revealed that
no oxidation processes occur in the framework. To confirm
this, oxidative solid-state SEC conducted on 2 in [nBu4N]PF6/
MeCN electrolyte did not reveal any significant spectral change
over applied potentials in the range 0–2.5 V (Figure S8 in the
Supporting Information), indicating that no significant elec-
tronic or redox change was occurring.

Similarities between the reductive electrochemistry of 1 and
2 are evident. The two cathodic processes observed at �2.12
and �2.44 V versus Fc/Fc+ in the CV of 2 were also followed
using solid-state SEC.[19] The appearance of lower-energy bands
at 15 800 and 18 800 cm�1 in the second process (Figure 7) in-

dicates the formation of a radical species. Unlike the SEC of
the free ligand, however, the intermediate process (R2 in the
SEC of 1) does not occur. This may be due to the rigidity of
the ligand, which is enforced in the solid state: ligation would
prevent the increase in torsion that occurs between TzTz and
triarylamine moieties during the solution state reduction of 1,
thereby altering the number of processes observed. A similar
hypothesis may also be applied to explain the absence of oxi-
dation processes observed in 2, such that electron removal is
inhibited by the decreased rotation permitted by the ligands
in the framework.

The difference in redox behavior between the free and
bound ligand was studied further by exposing 1 and 2 to I2.
Spectra of 1 oxidized with portions of I2 in MeCN indicated
conversion to at least Ox2 (Figure S11 in the Supporting Infor-

Figure 5. UV/Vis absorbance (bold lines) and fluorescence emission (dashed
lines) spectra of 1 in different formal oxidation states, and the coloration ob-
tained upon excitation with a UV lamp at 27 400 cm�1 (365 nm) (inset).

Figure 6. Crystal structure of 2. a) A single 2D sheet of 2, and b) crystal pack-
ing of 2D sheets viewed along the b-axis. Hydrogen atoms and nitrate disor-
der are omitted for clarity.

Figure 7. The second reduction process captured in the solid state SEC of 2
in [nBu4N]PF6/MeCN electrolyte (0.1 m), held at �2.5 V. The arrows show the
direction of change in the spectrum.
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mation), and complete conversion to Ox3 was verified by fluo-
rescence; however, the difficulties associated with spectral as-
signment in the solid state necessitated a different approach
for the analysis of the framework. Thus, the redox properties of
2 were further explored by exposing the material to I2 vapor
and conducting a crystallographic analysis. This was achieved
by coating a single crystal of 2 in paratone-N oil and suspend-
ing it on the inner wall of a small glass vial containing a few
grains of solid iodine, allowing I2 to diffuse throughout the
chamber and penetrate the pores of the framework at a slow
and controlled rate. The initial yellow crystal turned dark red
over three days, suggesting iodine intercalation. The resultant
structure, 2·I2, was characterized by single crystal X-ray diffrac-
tion to ascertain the effects of intercalation on the framework.
A structural comparison of the neutral and doped frameworks
is provided in Figure 8, and is accompanied by photographs of
the crystal upon I2 exposure.

Considerable changes in the structure were observed upon
exposure to I2. In addition to the incorporation of I2 into the
pores, which refined as a statistically disordered I2 molecule
with 26 % occupancy, there are clear changes to the framework
structure, the most pronounced being the disordering of the
TzTz units, whereas previously these had adopted an undulat-
ing configuration along the c-axis (see Figure 8 b). This order–
disorder transformation involves the introduction of mirror
symmetry perpendicular to b, with an associated approximate
halving of the c-axis (from 26.668(2) � to 13.636(2) �) and
a change in space group from P2/n to P2 m.

Though the considerable changes observed crystallographi-
cally indicate that structural variations occur upon iodine expo-
sure, both with regards to crystal symmetry and disorder, the
ligand does not appear to undergo oxidation changes in the
solid state. This is evidenced by the relatively similar bond
lengths in 2 and 2·I2 (although the degree of disorder in the
iodized framework makes this comparison somewhat ambigu-

ous) and by the assignment of I2 rather than associated anionic
species within the pores. This observation is consistent with
the CV results for 2.

Conclusion

The new redox-active DAD ligand 1 was designed to exhibit
charge transfer properties of interest for incorporation into
electronically active metal–organic frameworks. CV and SEC
measurements conducted on the organic ligand indicated
a series of complex electrochemical processes that were clari-
fied using DFT calculations and EPR spectroscopy. The ligand
sequentially loses two electrons upon oxidation to form a dia-
magnetic species in the 2 + and 4 + oxidation states, whereas
reduction causes radical formation. No IVCT interactions be-
tween triarylamine redox centers were evident in either case.
Rather than acting separately as donor and acceptor compo-
nents, the triarylamine and TzTz functionalities in the ligand
act as a single delocalized unit, as reflected in the DFT calcula-
tions for the HOMO of the ground state. The geometry of the
ligand, as well as the incorporation of the electron-accepting
TzTz redox-active moiety, inhibits IVCT between triarylamine
centers within 1. Thus, the coplanarity between triarylamine
moieties, and the resulting delocalization of the HOMO, pre-
vents the terminal functionalities from undergoing localized
oxidation processes.

Though the presence of radicals often quenches fluores-
cence, the sequential oxidation states of 1 exhibited different
fluorescence maxima, further confirming the presence of dia-
magnetic species throughout oxidation. The ligand emits
a light blue, royal blue, and green color upon oxidation from
the neutral, to 2 + and 4 + redox states, respectively.

Upon the inclusion of 1 into a metal–organic framework, 2,
the electronic properties of the ligand were markedly altered.
Though the ligand still underwent radical formation during re-
duction, no oxidation processes were observed. Intercalation
of I2 in the solid state resulted in significant disorder and
a change in crystal packing, but oxidation of the organic unit
did not occur. By comparing the electrochemical nature of the
free and bound ligand, we have demonstrated that the elec-
tronic properties of redox-active ligands can be inhibited upon
inclusion into MOFs, and that the functional properties of mul-
tidimensional materials are not necessarily represented by
those of their components.

Experimental Section

All reagents and solvents employed were commercially available
and used as received without further purification. For electrochem-
ical experiments, MeCN was dried over CaH2 and distilled under N2,
while tetrabutylammonium hexafluorophosphate ([nBu4N]PF6) was
recrystallized three times from absolute EtOH before being dried in
vacuo. 4,4’-Dipyridylamine (4,4’-dpa) was synthesized by following
a literature procedure.[20]

Figure 8. a) Images of a crystal of 2 upon exposure to I2 at various times,
and b) a comparison of neutral 2 and 2·I2 viewed down the a-axis. Hydrogen
atoms are omitted for clarity.
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2,5-Bis(4-bromophenyl)thaizolo[5,4-d]thiazole (BPTzTz)

The compound was synthesized using a modification of literature
procedures.[21] A solution of dithiooxamide (1.2 g, 10 mmol) and 4-
bromobenzaldehyde (4.0 g, 22 mmol) in DMF (40 mL) was refluxed
for 3 h. The mixture was filtered, washed with water, and the resi-
due recrystallized from cyclohexanone to afford BPTzTz as a yellow
solid (1.2 g, 27 %, m.p.>260 8C); 1H NMR (300 MHz, d5-pyridine):
d= 7.98 (d, J = 8.7 Hz, 4 H), 7.69 ppm (d, J = 8.6 Hz, 4 H); 13C NMR
(75 MHz, d5-pyridine): d= 176.7, 141.5, 140.7, 132.5, 128.1,
125.1 ppm; IR (KBr): ~n= 1442, 1068, 1004, 840, 811 cm�1; LR-APCI-
MS m/z 453 [M]+ . HR-APCI-MS m/z calcd for C16H9Br2N2S2:
452.85534 [M]+ ; found: 452.76054; elemental analysis calcd (%) for
C16H8Br2N2S2 : C 42.50, H 1.78, N 6.20; found: C 41.92, H, 1.90; N,
6.15.

N,N’-(Thiazolo[5,4-d]thiazole-2,5-diylbis(4,1-phenylene))-
bis(N-(pyridine-4-yl)pyridin-4-amine (1)

4,4’-Dpa (430 mg, 2.5 mmol), BPTzTz (450 mg, 1.0 mmol), anhy-
drous potassium carbonate (690 mg, 5.0 mmol), anhydrous copper
sulfate (150 mg, 0.90 mmol), 18-crown-6 (36 mg, 0.15 mmol), and
diphenyl ether (10 mL) were heated at 200 8C for 6 days. After the
reaction had cooled, water (20 mL) was added. The aqueous layer
was extracted with CH2Cl2 (3 � 100 mL), and the organic layer dried
over NaSO4. The solvent was removed under reduced pressure and
the residue purified by silica gel column chromatography (using an
elution gradient of 20:1 CH2Cl2 :Et3N to 20:1:1 CH2Cl2 :Et3N:MeOH)
to afford the title compound as a dark yellow solid (510 mg, 81 %,
m.p.>260 8C); 1H NMR (300 MHz, [D6]DMSO): d= 8.46 (dd, J = 4.8,
1.5 Hz, 8 H), 8.12 (dd, J = 6.7, 2.0 Hz, 4 H), 7.37 (dd, J = 6.7, 2.0 Hz,
4 H), 7.06 ppm (dd, J = 4.8, 1.5 Hz, 8 H); 13C NMR (75 MHz,
[D6]DMSO): d= 167.7, 151.3, 151.0, 150.5, 146.2, 130.6, 128.1, 127.2,
117.0 ppm; IR (KBr): ~n= 3038, 1577, 1494, 1339, 1287, 1217, 818,
735, 625, 535 cm�1; LR-ESI-MS m/z 633 [M]+ . HR-ESI-MS m/z calcd
for C36H25N8S2 : 633.15989 [M]+ ; found: 633.16412; elemental analy-
sis calcd (%) for C36H24N8S2·4H2O: C 61.15, H 4.32, N 15.75; found: C
61.36, H, 4.57; N, 15.90.

[Zn(NO3)2(1)] (2)

Single crystals were grown by heating Zn(NO3)2·6H2O (10 mg,
0.03 mmol) and 1 (1 mg, 2 mmol) in a 1:1 MeCN:DMF solution
(5 mL) at 120 8C for 72 h, followed by cooling to room temperature
over 12 h. Heating 1 (40 mg, 0.063 mmol) and Zn(NO3)2·6 H2O
(40 mg, 0.15 mmol) in the same solvent system (15 mL) at 120 8C
for 48 h with stirring yielded a yellow powder of 2 (34 mg, 66 %).

Oxidation of the ligand by NOPF6 : 1 was dissolved in dry MeCN
(6 mL) and oxidized using a stoichiometric amount (1, 2, and 4e�

equivalents) of 5 � 10�3
m NOPF6/MeCN solution, through which N2

was bubbled for 10 min, facilitating the removal of NO.

Reduction of the ligand by LiNp: 1 was suspended in THF (2 mL)
and reduced with a 4e� equivalent of LiNp/THF solution (0.1 m).
H2O (1 mL) was subsequently added to oxidize any remaining
naphthalenide radical and the solution was stirred under Ar for
one hour.

Impregnation of the framework by I2 : A small 2 mL glass vial con-
taining the neutral crystal coated in paratone-N oil was placed
inside a larger 21 mL glass vial containing solid iodine, which was
allowed to diffuse throughout the chamber.

Single-crystal X-ray diffraction

Diffraction data for 2 were collected on a Bruker-Nonius FR951
Kappa APEX II equipped with a MoKa (l= 0.71073 �) radiation
source. For 2·I2, data were collected on an Agilent Technologies Su-
perNova diffractometer, employing CuKa (l= 1.5406 �) radiation.
An Oxford Cryosystems 700 Plus cryostream attachment produced
a continuous stream of N2 at 150 K in both cases. Following har-
vest, crystals were coated in a thin film of paratone-N oil and
mounted on a mohair fiber affixed to a goniometer head. Data re-
duction, integration and absorption corrections were performed
using the Agilent Technologies CrysAlisPro[22] software (version
1.171.35.8) for the SuperNova collection, while the APEX II collec-
tion was processed using SAINT + [23] within the APEX2 software
suite. Crystal structures were solved using SUPERFLIP[24] and refined
within SHELXL-97[25] using the full-matrix least-squares on F2

method.

CCDC-1012472(2) and CCDC-1012473(2·I2) contain the supplemen-
tary crystallographic data for this paper. These data can be ob-
tained free of charge from The Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/data_request/cif.

Crystal data for C36H24N10O6S2Zn (2, M = 822.14): monoclinic, space
group P2/n (no. 13), a = 7.4144(6) �, b = 10.0591(8) �, c =
26.668(2) �, b= 93.175(3)8, V = 1985.9(3) �3, Z = 2, T = 150(2) K,
m(MoKa) = 0.780 mm�1, Dcalc = 1.375 g m�1 m3, 95 334 reflections
measured (5.62�2V�65.74), 7409 unique (Rint = 0.0441, Rsigma =

0.0237), which were used in all calculations. The final R1 was 0.0708
(I>2s(I)) and wR2 was 0.1952 (all data).

Crystal data for C36H24I0.26N10O6S2Zn (2·I2, M = 855.14): monoclinic,
space group P2 m (no. 10), a = 7.3967(13) �, b = 10.0457(13) �, c =
13.636(2) �, b= 102.788(17)8, V = 988.1(3) �3, Z = 1, T = 150(2) K,
m(CuKa) = 3.929 mm�1, Dcalc = 1.437 g m�1 m3, 7437 reflections mea-
sured (12.28�2V�153.06), 2169 unique (Rint = 0.0407, Rsigma =
0.0262), which were used in all calculations. The final R1 was 0.1303
(I>2s(I)) and wR2 was 0.4070 (all data).

Electrochemistry

Cyclic voltammetry (CV) was performed using a BASi Epsilon Elec-
trochemical Analyzer with ferrocene (Fc) as an internal reference.
Measurements were conducted under an inert Ar atmosphere
using a conventional three-electrode cell : a glassy carbon working
electrode, a Pt wire auxiliary electrode, and a Ag/Ag+ quasi-refer-
ence electrode. A [nBu4N]PF6/MeCN electrolyte (0.1 m) was em-
ployed. Solution-state samples were measured with scan rates in
the range 25–250 mV s�1. Solid-state samples were mounted on
the glassy-carbon working electrode by dipping the electrode into
a paste made of the powder sample in MeCN, and measured with
scan rates in the range 100–1000 mV s�1.

Solution state UV/Vis-NIR SEC

Spectroelectrochemistry over the range of 4000–35 000 cm�1 was
performed using a CARY 5000 spectrophotometer interfaced to
Varian WinUV software. In the solution state, the absorption spec-
tra of the electrogenerated species were obtained in situ by the
use of an Optically Semi-Transparent Thin-Layer Electrosynthetic
(OSTLE) cell, path length 0.65 mm, mounted in the path of the
spectrophotometer. Solutions for the spectroelectrochemical ex-
periment contained [nBu4N]PF6/MeCN supporting electrolyte
(0.1 m) and approximately 1 mm of the compound. Appropriate
potentials were applied by using an eDAQ e-corder 410 potentio-
stat and the current was carefully monitored throughout the elec-
trolysis. By this method, the electrogenerated species were ob-
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tained in situ, and their absorption spectra were recorded at regu-
lar intervals throughout the electrolysis. The attainment of
a steady-state spectrum and the decay of the current to a constant
minimum at a potential appropriately beyond E1/2 (for the redox
process in question) was indicative of the complete conversion of
the starting material. The reversibility of the spectral data was con-
firmed by the observation of stable isosbestic points, and the re-
generation of the starting spectrum.

Solid-state Vis-NIR SEC

In the solid state, the diffuse reflectance spectra of the electrogen-
erated species were collected in situ in [nBu4N]PF6/MeCN electro-
lyte (0.1 m) over the range 5000–22 500 cm�1 using a Harrick Omni
Diff Probe attachment and a custom built solid-state spectroelec-
trochemical cell described previously.[19] The cell consisted of a Pt
wire counter electrode and Ag/Ag+ quasi-reference electrode. The
solid sample was immobilized onto a 0.1 mm thick indium tin
oxide (ITO)-coated quartz slide (which acted as the working elec-
trode) using a thin strip of Teflon tape. The applied potential (from
�2.5 V to 3.0 V) was controlled using an eDAQ potentiostat. Con-
tinuous scans of the sample were taken and the potential varied
gradually until change in the spectrum was observed.

DFT calculations

Standard DFT calculations were carried out with Gaussian 09.[26] Ge-
ometries were obtained either in the gas phase or with the inclu-
sion of a solvent continuum. For the gas-phase calculations, geo-
metries were optimized at the B3-LYP/6–31G(d) level. For the con-
densed-phase optimizations, the SMD continuum solvation
model[27] was used in conjunction with M05–2X/6–31G(d),[28] as rec-
ommended for use with the SMD model. The parameters for MeCN
were employed in the SMD calculations to reflect the experimental
conditions. For both the gas- and condensed-phase optimized
structures, the vibrational frequencies of stationary points were in-
spected to ensure that they corresponded to minima on the po-
tential energy surface. In all cases, we found that the two sets of
optimized structures and the associated Kohn–Sham orbitals did
not differ significantly.

Powder X-ray diffraction (PXRD)

PXRD data were obtained using a PANanalytical X’Pert PRO Multi-
Purpose Diffractometer producing CuKa (l= 1.5406 �) radiation,
equipped with a solid-state PIXcel detector. Samples were collect-
ed at a rate of 0.0288min�1 over the interval 5�2q�508 with
a step size of 0.0138. Powder pattern simulations from SCXRD data
were generated using the program Mercury 3.0.[29]

EPR spectroscopy

A cw-EPR spectrum of 1� was obtained on a Bruker spectrometer
(X-band, 9.337 GHz) with a sweep width of 500 G, modulation am-
plitude of 1 G, and microwave power of 3.95 mW. The data were
averaged over 4 scans.
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Experimental and Computational
Studies of a Multi-Electron Donor–
Acceptor Ligand Containing the
Thiazolo[5,4-d]thiazole Core and its
Incorporation into a Metal–Organic
Framework

Give and take : A donor–acceptor–
donor ligand, specifically designed to
exhibit charge transfer, promotes con-
version to diamagnetic cations during
oxidation, each of which fluoresces at
different wavelengths. Upon its incorpo-
ration into a metal–organic framework,
the reducible nature of the thiazolo[5,4-
d]thiazole core is carried forward,
whereas oxidation processes cease
altogether.
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