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ABSTRACT: A new building block, TPT, composed of the substituted phosphole ring surrounded by two thiophene rings with
2,26, 2"-terpyridine-4"-yl (tpy) end-groups, is prepared and assembled with metal ions (Co**, Cu®*, Fe?*, Ni*" and Zn*") into metal-
lo-supramolecular polymers (MSPs) and properties of both TPT and the MSPs are compared with those of their counterparts with
terthiophene central blocks. A distinct red shift of the UV/vis band about 60 to 100 nm proves the decrease in the bandgap energy
due to replacing the thiophene-2,5-diyl with a phosphole-2,5-diyl central unit, which is due to the lowered aromaticity of phosphole
ring compared to the aromaticity of thiophene ring. Assembling of TPT with metal ions gives oligomeric chains comprising up to
ten unimeric units in dilute solutions. MSPs with Fe** and Ni** ion couplers exhibit very slow constitutional dynamics, while those
with Cu®* and Zn* ion couplers quite fast constitutional dynamics. A metal to ligand charge transfer is observed only for Fe?-
MSPs, while luminescence only for Zn**-MSPs, mainly at an excess of Zn®* ions, which indicates a positive effect of the end-

capping of MSP chains with these ions.

INTRODUCTION

The development of semiconducting organic and organ-
ic/inorganic materials for applications in photovoltaics, light-
emitting devices, field effect transistors and molecular elec-
tronics is an area of permanently high interest.* Supramolec-
ular chemistry based on the self-assembly of polymers from
properly designed building blocks has become an efficient tool
for the construction of soft functional materials having specif-
ic optical and/or redox properties.* Metallo-supramolecular
polymers (MSPs) based on building blocks with chelating
end-groups linked to chains through reversible metal-ligand
coordination represents an important class of soft organ-
ic/inorganic supramolecular materials.>® These macromolecu-
lar metal-containing systems may exhibit the properties of
standard organic polymers (viscosity, processability, etc.), but
the incorporation of metallic complexes in the polymer chain
opens new perspectives giving access to magnetic, redox,
optical, electrochromic, or specific mechanical properties; In
addition, they can reversibly disassemble and reassemble at
increased temperature in solution and exchange metal ions
(ion couplers) and/or building blocks with other MSPs under
these conditions leading to the development of environment-
adaptable materials.”® Owing to their unique properties, MSPs
are promising systems for the development of functional self-
organized architectures with tunable properties.

The physical properties of these constitutionally dynamic
coordination polymers or, in short, dynamers® can be tuned by
(i) the structure of central parts of their unimers,™ (ii) choice
of their chelate end-groups (ion selectors), and (iii) choice of
ions (ion couplers) connecting unimers species into chains.*?
The most popular chelating end-group is the tridentate

2,2".6',2"-terpyridine because it is able to form well-defined
octahedral complexes with a wide range of transition metal
cations. Furthermore, the structure of the central part of the
unimer plays an important role since it can introduce a great
variety of structural arrangements and/or physicochemical
properties (e.g., viscosity, optical, mechanical properties, etc.)
to the targeted metallo-polymer. For example, various conju-
gated MSPs have been prepared from linear unimers with
oligophenylene®* ™, oligofluorene®®*® and oligothiophene'® %
central blocks capped with tridentate 2,2":6',2"-terpyridine-4'-
yl end-groups assembled with metal ions such as Ru®*, Fe**,
Zn** and Co*.*'** In general, central blocks of these
unimers are composed of o-bonded highly aromatic rings,
which doesn’t lead to an efficient delocalization of w-electrons
along the whole molecule owing to the rather high autonomy
of strongly aromatic systems. Hence the introduction of less
aromatic conjugated rings into the unimer structure can be
expected to give the desired unimers and MSPs with signifi-
cantly decreased energy band-gaps. For this purpose, the
phosphole ring is a good candidate since it possesses a weak
aromaticity and a low-lying LUMO level. Effectively, the
phosphorus atom in the ring namely adapts a pyramidal geom-
etry® where its lone electron pair almost does not interact with
the endocyclic diene m-electrons. Therefore, delocalization of
electrons in a phosphole ring stems from the so called o-n
hyperconjugation involving the exocyclic P-R o-bond and the
endocyclic diene n-system.”” As a result, phosphole is less
aromatic compared to pyrrole and thiophene.” Furthermore,
mixed phosphole-thiophene derivatives are the most widely
investigated phosphole based n-conjugated systems®

since (i) this combination of heteroles allows to obtain lowl



HOMO-LUMO gap derivatives due to maximized orbital
interactions, (ii) a built in phosphole ring represents a new
center for potential structural variations of such chains mainly
by choice of the P-atom substituent R, and oxidation of the
ring P-atom (e.g., to P=S or P=0), and (iii) it is possible to
exploit the rich chemistry of thiophene to readily obtain novel
derivatives via Pd-catalyzed C-C coupling reactions or elec-
tropolymerization.?" 2934

Considering these appealing functions of mixed phosphole-
thiophene derivatives, there is a great interest for the devel-
opment of unimers and MSPs based on mixed phosphole—
thiophene structures in order to gain more insight into struc-
ture-property relationship and to further develop MSPs for
specific applications.

MSPs composed of a unimer that comprises the phosphole-
2,5-diyl unit has not yet been reported. Only a simple complex
of [ZnL,]*", where the ligand L is mono-tpy derivative of
dithieno[3,2-b:2',3'-d]phosphole, has been reported by Bai et
al.*? Therefore, in order to examine the above-outlined idea, a
new unimer composed of a substituted phosphole-2,5-diyl unit
surrounded with two thiophene-2,5-diyl units capped with tpy
end-groups has been prepared, characterized, and assembled
with various metal ions (Co®*, Cu®*, Fe?*, Ni** and Zn®") into
corresponding MSPs (Scheme 1). Optical spectral properties
of this new phosphole unimer, hereafter denoted TPT, and
from it derived MSPs are discussed and compared with the
properties of recently reported related unimers (Chart 1) and
MSPs with terthiophene central blocks.?

unimer

Q

metal ion

Scheme 1. Metallo-supramolecular polymerization of bis-
terpyridines

Chart 1. Structures of unimers under discussion

RESULTS AND DISCUSSION
Synthesis of phosphole unimer TPT and its polymers

The TPT unimer was synthesized from 1-phenyl-2,5-
bis(thiophen-2-yl)thioxophosphole (1) by attaching the tpy
end-groups using a Suzuki coupling strategy (Scheme 22. The
central block 1, which has been previously described,® was
borylated using a direct C-H activation approach in the pres-
ence of an iridium catalyst® (Scheme 2). The reaction condi-
tions used for this C-H reaction are those currently applied for
the borylation of the thiophene ring. In addition, the reaction
could be monitored by phosphorus NMR since the signals of
the borylated species and starting molecule occur at slightly
different chemical shifts (*!P NMR: & = +52.1 ppm for com-
pound 1 and +51.8 ppm for compound 2) (Scheme 2). When
the characteristic chemical shift of compound 1 disappears, the
mixture is diluted with dichloromethane (20 mL) and water
(20 mL). The compound 2 is then isolated from the organic
phase by evaporation of the organic solvent followed by re-
precipitation.
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Scheme 2. Synthesis of unimer TPT

The a,m-bis(borylated) central block 2 was then reacted with
Br-tpy using modified Suzuki coupling conditions. The best
yields were obtained using the PEPPSI™.-IPr catalyst in a
toluene/water (1/1, v/v) biphasic system in the presence of
Aliquat 336 phase transfer catalyst and potassium carbonate
(Scheme 2). Though the reaction mixture was kept at high
temperature and in alkaline environment, the formation of a
phospholene type side product, which can sometimes takes
place at such temperatures,* was not observed under the ap-
plied conditions. The unimer TPT was purified by column
chromatography and isolated as an air-stable powder in mod-
est yield (15%). (For overall scheme of the synthesis see
Scheme S1 in the Supporting Information).

Metallo-supramolecular polymers were prepared by sponta-
neous assembly of TPT with metal ions in a chloro-
form/acetonitrile solvent mixture (1/1 by vol.) at room tem-
perature. A solution containing equimolar amounts of TPT
and particular metal(ll) (Fe, Co, Cu, Ni, Zn) perchlorate was
allowed to equilibrate for one day and the formed MSP isolat-
ed by evaporation of solvents. Prepared MSPs are further
denoted by abbreviations: P(TPT/Fe), P(TPT/Co),
P(TPT/Cu), P(TPT/Ni) and P(TPT/Zn) or, in general,
P(TPT/M) (Scheme 3) and their spectral characteristic are
discussed below.

P(TPT/M), where M= Fe, Co, Ni, Cu, Zn

Scheme 3. Assembly of unimer TPT and metal ions into
MSPs
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Optical and redox properties of the unimer TPT

In order to have an understanding of the characteristics of this
novel m-conjugated unimer TPT, we studied its optical and
electrochemical properties. The UV/vis absorption spectrum in
solution of TPT (Figure 1a) shows a band centered at 281 nm
that is mainly contributed by transitions in tpy end-groups®
and a band centered at ;s = 481 nm that is contributed by
HOMO to LUMO transitions that are spread over the unimer
central block and adjacent central rings of tpy end-groups®®"
22204245 (see diagrams obtained by the DFT calculations, Fig-
ure S1). The fluorescence spectrum of TPT (Figure 1b)
shows a structured emission band centered at A- = 603 nm. As
expected, the presence of an extended m-conjugation in TPT
induces a significant red-shift in the absorption and emission
maxima compared to the corresponding bands of the central
block without tpy end-groups (Zss = 432 nm; A = 548 nm).*

Furthermore, the UV/vis as well as the luminescence band
of TPT is substantially red shifted compared to the corre-
sponding band of T as well as T34 (see also Table 1, Figure
1), two related terthiophene unimers possessing identical
number of conjugated double bonds and similar structure, only
the phosphole central ring is formally replaced by the unsub-
stituted (in unimer T) or dihexylated (T34) thiophene ring.
These observations show a substantial decrease in the band-
gap energy caused by replacing the middle high aromatic
thiophene ring in the unimer central block with a low aromatic
phosphole ring. The decreased energy bandgap of TPT was
confirmed by cyclic voltammetry, 2.74 eV for TPT and
3.08 eV for T.* The DFT calculations provided slightly lower
band-gap energy values for both TPT (2.62 eV) and T
(2.97 eV), but the same band-gap energy difference between
TPT and T equal to ca -0.25 eV. Comparing the thin film
spectra of the unimers, TPT shows the main UV/vis band
(Aabs = 520 nm) considerably red shifted compared to the bands
of T34 (Aaps =455 nm) and T (L = 426 nm), thus confirming
a decrease in the band-gap energy even in the thin film of
TPT. (The fact that T shows A, lower than T34 has been
explained by the damping of thermal twisting of thiophene
rings by the attached hexyl groups which are partly anchored
in solid films®). The observed red-shift in UV/vis might but
need not directly relate to increased delocalization of elec-
trons. The results of DFT calculations (Figure Sla) namely
show that the HOMO of TPT is delocalized rather equally
over all three central rings, while the LUMO is localized pri-
marily on the phosphole ring with more minor contributions
from thiophene rings. This indicates that the observed spectral
red shift is very likely contributed by charge-transfer interac-
tions within TPT molecules.
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Figure 1. Solution UV/vis (a) and fluorescence (b) spectra of the phosphole unimer TPT and terthiophene unimers T, T34.
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Table 1. Spectroscopic data for unimers TPT, T and T34 and related MSPs.

Japss NM A5, M D% Avg, cmt

solution | film solution film solution | film solution film
TPT 482 520 603 685 19 0.7 4160 4630
P(TPT/Zn) 507 509 634 641 - 0.5 3950 4100
P(TPT/Ni) 509 526 - - - - - -
P(TPT/Cu) 514 531 - - - - - -
P(TPT/Co) 529 554 - - - - - -
P(TPT/Fe) 491 499 (AgLcr =625 nm) - - - -
T 420* 426 484/515* 730 3150/4 390* 9780
T34 404* 455 492/522* 600 4 430/5 600* 5310
P(T/zn) 479* 469* 635* 686* 5130* 6 750*
P(T34/zn) 480* 495* 620* 640* 4 700* 4 600*

Solvent chloroform/acetonitrile (1/1 by vol.); films casted on a quartz glass; @ luminescence quantum efficiency; Av, Stokes shift calculat-
ed by formula: 1/A.s - 1/4¢; *data taken from ref.?? (solutions in THF); Aw.cT Stands for the wavelength of the absorption maximum of the
band of the metal-to-ligand charge transfer (MLCT) transitions (an electron transfer from a metal atom orbital to the ligand ©~ orbital). For
a comparison, we provide here Ay, values for chloroform/acetonitrile solutions of [M(T-tpy),]** complexes (where T-tpy stands for 4'-(2-
thienyl)-2,2":6',2"-terpyridine) of corresponding M?* ions: 351 nm (for M = Ni), 352 nm (Cu), 333 nm (Co) (all our new data); 344 nm (Zn)
and 320 nm (Fe; Ayicr = 551 nm), both from ref.*



The maximum of the thin film photoluminescence band of
unimer TPT (4 = 685 nm, see Figure S2) is red shifted com-
pared to that of unimer T34 (A= = 597 nm) but blue shifted
compared to that of unimer T (4 = 731 nm), for which the
Stokes shift approaches 10* cm™ (i.e., 1.24 eV; see Table 1).
Such large Stokes shift proves extensive conformational relax-
ation of excited T molecules, which could be due to their
regular packing in aggregates allowing so high relaxation, as it
has been reported for oligothiophenes.”® Large Stokes shifts
accompanied with low fluorescence quantum yields are typical
of H-aggregates.*” To examine this hypothesis more in detail,
the photoluminescence spectra of T, T34 and TPT were rec-
orded on samples of unimers dispersed at various concentra-
tions in KBr pellets as matrix.
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Figure 2: The solid-state luminescence spectra of unimers
T, T34 and TPT dispersed at various concentrations in
KBr pellets; insets show normalized spectra.

The unimer T showed a gradual blue-shift of the emission
band (up to —232 nm) and a relatively low decrease in the
band intensity with decreasing concentration of T in the ma-
trix (Figure 2). On the contrary, emission maxima of dis-
persed unimers T34 and TPT showed a small blue-shift (up to
60 nm) and rather high intensity decrease upon dilution. These
observations are consistent with the hypothesis of regular
packing of the T molecules and poor packing of the TPT and
T34 molecules in solid films. For the unimer TPT, the pyram-
idal geometry of the phosphorus atom precludes a regular
cofacial molecular packing in the solid state.** While, for
unimer T34, the hexyl side groups can be regarded as the
reason for irregular molecular packing.

Optical properties of metallo-supramolecular polymers

The UV-Vis spectra recorded for the different synthesized
MSPs unambiguously show the formation of polymer chain
including bis(tpy)M** units. According to the optical spectral
features (see Figure 3 and Table 1), the MSPs derived from
TPT can be divided in three categories. The first category
concerns the P(TPT/Co), P(TPT/Ni) and P(TPT/Cu) MSPs,
which show neither luminescence nor a band of the metal-to-
ligand charge transfer (MLCT) transitions. Only the absorp-
tion band of the m-n* transitions is red-shifted about 27 to
47 nm (change in band-gap energy, E; from -0.14 to —
0.23 eV) in solutions and 6 to 34 nm (-0.03 to —-0.15 eV) for
films compared to those of unimer TPT. The highest band
shift as well as the band broadening is observed for
P(TPT/Co), which might be due to the increased contribution
of the metal centered d-d transitions, as Kurth et al. have sug-
gested for the cobalt(Il) MSP of 1,4-bis(tpy)benzene.”® The
polymer P(TPT/Zn), representative of the second category,
shows luminescence but not the MLCT band. The position as
well as intensity of the optical band of P(TPT/Zn) is similar
to the bands of the first category of MSPs for the spectra taken
from solution. However, the solid state spectra show the main-
chain band blue shifted (—11 nm, i.e., 0.05 eV) and attenuated
compared to the band of free TPT. Finally, the UV/vis absorp-
tion spectrum of P(TPT/Fe), representative of the third cate-
gory, shows a very intense band of the MLCT transitions
which are typical of [Fe(tpy),]** species.”*° This band occurs
at the wavelength Ay cr =625 nm that is about 20 to 30 nm
red-shifted compared to Ay cr of Fe-MSPs derived from o,o-
bis(tpy)ter- and quater-thiophenes.® The difference between
positions of the main-chain bands of P(TPT/Fe) and free TPT
is positive though very small (+9 nm) for the solution but
negative (—21 nm) for the solid-state spectra. In addition, this
band intensity reaches only less than half of the intensity of
corresponding bands for the type (i) P(TPT/M)s. These dif-
ferences in the main-chain band position and intensity can be
explained by the shift of some main-chain electronic transi-
tions in P(TPT/Fe) to the spectral region of the MLCT band
(vide infra Raman spectra).
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Figure 3: Solution and solid-state UV/vis spectra of unimer TPT and its MSPs. Doted verticals mark excitation wavelengths

used in the Raman spectra measurement.

Vibrational spectra of TPT and P(TPT/M)

Raman spectra can provide valuable information related to the
electronic structure of conjugated compounds due to the Ra-
man resonance effect which consists in the selective enhance-
ment of vibrational bands pertaining to groups that absorb
light at wavelengths around the excitation wavelength Aeg.” >

For the unimer TPT, only off resonance Raman spectrum
(taken with Je = 780 nm which does not match any absorp-
tion band, Figures S3 and S4) could be obtained owing to
strong luminescence of TPT when using excitations at lower
wavelengths (Ae. = 435, 532 and 633 nm). The DFT calculat-
ed spectrum is in a good agreement with the experimental one
(Figure S3). As can be expected for a large molecule com-
posed of different constitutional units, the calculations re-
vealed that all strong spectral bands consist of various stretch-
ing and deformation vibrational modes of the units. The spec-
trum of TPT is dominated by the bands of the thiophene and
phosphole units (1400 - 1500 cm™) while the bands of tpy end-
groups (1520 - 1600 cm™) are very weak. Such spectral pat-
tern is typical of the off-resonance spectra of all o,o-
bis(tpy)oligothiophenes.”** Compared to the spectra of T
and T34, the spectrum of TPT shows enhanced bands in the
region from 1400 to 1460 cm™.

Incorporation of the TPT wunimer into a metallo-
supramolecular polymer results in the occurrence of stretching
(1610 cm™) and breathing (~1030 cm™) Raman bands of coor-
dinated tpy end-groups (that underwent an anti-to-syn confor-
mational transition during coordination to the metal ions, see
Fig. 3), and restructuring and slight band shifts assigned to the
central block (Figure S3). The off-resonance spectra of
P(TPT/M) are similar to each other, except for the spectrum
of P(TPT/Fe) which shows stronger bands for the stretching
(1610 cm™) and in-plane deformation (1364 cm™) modes of
pyridine rings and the ring-breathing band shifted to 1039
cm™.

The resonance Raman spectra of P(TPT/Fe) taken with dif-
ferent excitation wavelengths, /.., each matching different
region of the polymer optical spectrum (Figure 2) are shown
in Figure S5. The spectrum taken with A, = 445 nm is domi-
nated by the bands of the thiophene and phosphole rings and
the tpy end-group bands being almost absent. This proves that
the optical band of P(TPT/Fe) at around 445 nm is largely
contributed by electronic transitions within the central blocks.

In contrast, the spectrum taken with A.. =532 nm displays
attenuated bands of the central-block rings, strong bands of tpy
end-groups and a series of combined bands and overtones in
the region above 2000 cm™. Such spectral pattern is typical of
Fe?*(terpyridine), species® showing Aw.cr = 550 nm.**** This
proves that the optical absorption of P(TPT/Fe) at 532 nm is
dominantly contributed by the electronic transitions in coordi-
nated tpy groups.® Perhaps the most interesting is the Raman
spectrum of P(TPT/Fe) taken with A =633 nm, matching
the maximum of the MLCT band. This spectrum shows strong
bands of the tpy groups as well as the central block units. This
proves that the electronic transitions from the central blocks of
enchained TPT units substantially contribute to the MLCT
absorption band. This simultaneously explains why the main
UV/vis band of the TPT units enchained in P(TPT/Fe) is very
weak and blue-shifted to 500 nm.

The IR spectra of TPT and related polymers are shown in
Figure S6, and the experimental and DFT-calculated spectra
of TPT are compared in Figure S3. In the IR spectra, the
incorporation of TPT into a metallo-polymer is mainly re-
flected by the occurrence of a strong stretching band from the
tpy units at 1610 cm™ and the development of a strong broad
and unresolved band in the region of deformation modes
(1200 — 1000 cm™); a similar band has not been observed for
MSPs derived from a,w-bis(tpy)oligothiophenes.””*® The IR
spectra of MSPs are similar to each other except for the spec-
trum of P(TPT/Fe), which should be related to the presence of
the MLCT transitions in P(TPT/Fe) molecules.

Assembly of polymers in solutions

Assembly of MSPs from TPT and metal ions (M) in a chlo-
roform/acetonitrile (1/1 by vol.) solvent mixture was moni-
tored by the UV/vis and luminescence spectroscopies. A set of
solutions of the constant TPT concentration of 2-10° M and
the ion-to-unimer mole ratio r = [M*']J/[TPT] increasing from
0 to 3, was prepared for each M**/TPT couple and the solu-
tions were allowed to equilibrate for one day before monitor-
ing their spectra. The UV/vis spectral changes (see Figures S7
and dependences in Figure 4) indicate three stages of assem-
bling, which are usually observed for similar systems.***
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The first stage of the MSP assembly appears for r up to ca 0.5
and is characterized by: (i) narrowing and a small red shift (4
to 7 nm) of the band of tpy groups (281 nm for free TPT), (ii)
red shift (ca 20 nm) and enhancement of the absorption band
involving transitions centered on the central-block of the TPT
units (except for the Fe?*/TPT system showing a decrease in
the intensity), and (iii) appearance of three isosbestic points
(IP) at around 300, 415 and 480 nm for each M*/TPT system.
The presence of IPs indicates a direct conversion of the TPT
molecules into another defined species which, according to the
stoichiometry, should be “butterfly dimer” species TPT-M*-
TPT. The second stage of assembly (r from ca 0.5 to 1) is
characterized by the continued red shift and intensity increase
of the main absorption band, but without occurrence of a clear
IP. These features are typical of the prolongation of MSP
chains.?2*%*% The third stage of the assembly (r > 1) is char-
acterized by a small change in the spectral pattern that can be
attributed to end-capping of MSP chains with metal ions
and/or equilibrium dissociation of longer chains to shorter
ones induced by superfluous metal ions.*****

As indicated above, the Fe?'/TPT system behaves different-
ly from the other ones: only a small red shift (+ 11 nm) and a
continuous attenuation of the main optical band is observed if
the value of r increases, but together with progressive devel-
opment of the MLCT band. The main band attenuation can be
ascribed to the shift of corresponding electronic transitions to
the MLCT band as suggested previously based on the reso-
nance Raman spectra of P(TPT/Fe). Moreover, the MLCT
band appears at 612 nm for dimers while it appears at 625 nm
for mature P(TPT/Fe), which supports this hypothesis.

The luminescence spectra show continuous attenuation of
the luminescence with increased ratio r to its total quenching
at r = 0.8. This behavior can be ascribed to the fact that metal
ions with an open shell electronic structure usually exhibit
strong metal-to-ligand orbital interaction resulting in non-
emissive quenching of electronically excited states.”® The only
exception is the Zn?*/TPT system for which the luminescence
starts to intensify for r values above 0.6, finally becoming
stronger than that of the free unimer (Figure S8) at r > 1,

where end-capping of the Zn-MSP chains take part. This sug-
gests that the luminescence of P(TPT/Zn) is mainly contrib-
uted by terminal tpy groups capped with Zn** ions, the contri-
bution of internal -tpy-Zn“*-tpy- linkages being less important.

Dynamics and degree of polymerization of MSPs in solu-
tion

The size exclusion chromatography (SEC) method can provide
qualitative information on the constitutional dynamics of
MSPs in the solvent used as a mobile phase.”*** If an MSP
with fast establishing assembly equilibrium (fast constitutional
dynamics) is analyzed by SEC, only a peak for the free unimer
is observed due to the fast disassembly of MSP upon multiple
dilution of the injected solution inside columns (injected 20
plL, elution volume of ca 40 mL). However, if an MSP with
slow constitutional dynamics is injected, its chains do not
completely or substantially dissociate during the SEC analysis
and an SEC record resembling the record of an oligomer or
polymer is obtained, from which the average degree of
polymerization can be calculated. If the SEC device is fitted
with a diode-array UV/vis detector, it also provides the spectra
of SEC fractions from which the type of chains present in the
fractions (dimers, longer or end-capped chains) can be identi-
fied or at least ascertained.

For the SEC analysis, one day old solution of TPT (0.5
mM) and M*" ions (r from 0 to 1.3) was injected and a chloro-
form/acetonitrile (1/1 by volume) solvent mixture containing
Bu,N"PFg (0.5 % by weight; to suppress aggregation) was
used as the mobile phase. Samples with Co** ions were not
analyzed since they provided opalescent solutions indicating
the presence of aggregates. The zZn*/TPT and Cu®/TPT
systems provided SEC records showing just a peak of free
TPT, which proves fast constitutional dynamics for
P(TPT/Zn) and P(TPT/Cu). This agrees with earlier observa-
tions made for other MSPs and complexes derived from tpy
and Zn** or Cu* ions.*” The systems Fe**/TPT and Ni**/TPT
provided SEC records similar to covalent polymers proving
slow constitutional dynamics of these MSPs. Good resolved
SEC records were given by the systems with r <1 (Figure 5
and S9). The systems with r > 1 gave poorly resolved rec-



ords showing a decrease in the elution peak area with increas-
ing value of r, which should be ascribed to the retention of

chains end-capped with M** ions in the SEC columns.
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Figure 5. SEC records for different ratios Fe*/TPT

The UV/vis spectra of SEC fractions within Fe**/TPT system
(Figure S10) show a continuous development of the spectral
pattern which is typical of long P(TPT/Fe) chains for the first
eluted SEC fractions to the pattern for butterfly dimers in the
last fraction. The presence of longer chains in the systems with
a stoichiometric lack of Fe** ions (r = 0.2 and 0.5) can be
attributed to the transiently locally increased concentration of
the ions during mixing their solution with the solution of TPT.
Another spectral pattern difference is seen for the SEC frac-
tions with identical elution times but pertaining to systems of
different composition ratio r (differences in the fractions of
dimers are also shown in Figure S12). In this case the differ-
ences can be ascribed to the end-capping of molecules with
Fe”* ions.”

The number-average, <X>,, and weight-average, <X>,,, de-
grees of polymerization of the P(TPT/Fe) chains formed in
the solution with r = 1 have been estimated using the PMMA
calibration: <X>, =4 and <X>, = 5.7. These values should be
underestimated owing to the retention of polymer higher frac-
tions in the SEC columns. However, a recent time-resolved
transient optical absorption study on solutions of P(Zn/T) and
its derivative P(Zn/T16) (with hexyl groups on carbons next
to the tpy groups), in which equilibrium fractions of the free
unimers T and T16 have been determined,” gave values of
<X>, =11 and <X>,, = 21 for P(Zn/T) and <X>, =5 and <X>,
= 9 for P(Zn/T16) calculated using the Carothers equations.
The latter values are close to those found for P(TPT/Fe).

CONCLUSIONS

A novel linear conjugated unimer, TPT, of the bis(tpy) family
has been prepared with the aim to verify the theory that a
replacement of a thiophene unit with the phosphole unit in a
terthiophene central block gives a unimer with significantly
decreased band-gap energy. A feasible synthetic path to TPT
has been developed and the photophysical properties of TPT
have been compared to related bis(tpy)terthiophene unimers.
The obtained results confirm that the substitution of thiophene
ring with a phosphole ring significantly enhances the delocali-
zation of electrons along the unimer molecule. One small
drawback is that P-substituent needed for the good chemical

stability of the phosphole ring prevents the regular packing of
TPT molecules in films.

Photophysical properties of MSPs assembled from TPT
strongly depend on the metal ion linkages. The MSP with Fe**
ion couplers exhibits a very slow constitutional dynamics, is
not luminescent, and shows a strong MLCT band centered at
an unusually high wavelength (625 nm) compared to the Fe-
MSPs derived from unimers with other central blocks. The
Raman excitation profile measurements prove that the red arm
of the MLCT band of P(TPT/Fe) is significantly contributed
with transitions within the central blocks of coordinated TPT
units. On the other hand, the MSP with Zn*" ion couplers
exhibits a very fast constitutional dynamics, is luminescent
and does not show an MLCT band. The highest luminescence
intensity is observed with an excess of Zn** ions, which indi-
cates positive effect of end-capping of Zn-MSP chains with
Zn®* ions. The MSPs with Co*, Cu®* and Ni** ion couplers
exhibit variable dynamics and show neither luminescence nor
MLCT band. This conclusively indicates that the quenching of
luminescence of MSPs is not related to the formation of the
MLCT complex that depletes the electronically excited states.

EXPERIMENTAL

Materials

Bis(1,5-cyclooctadiene)di-u-methoxydiiridium(l) ([Ir(OMe)(COD)]>),
4. 4'-di-tert-butyl-2,2'-dipyridyl  (dtbpy), 4,4,5,5-tetramethyl-1,3,2-
dioxaborolane (HBpin), [1,3-bis(2,6-diisopropylphenyl)imidazol-2-
ylidene](3-chloropyridyl)palladium(ll)  dichloride ~ (PEPPSI-IPr),
sulfur, zinc(ll) perchlorate hexahydrate, nickel(ll) perchlorate
hexahydrate, copper(ll) perchlorate  hexahydrate, cobalt(ll)
perchlorate hexahydrate, iron(ll) perchlorate hydrate (all Aldrich),
potassium carbonate, magnesium sulfate (VWR) and 4'-bromo-
2,2".6'2"-terpyridine  (TCI) were used as received, P,P-
dichlorophenylphosphine (Aldrich) was distilled trap to trap before
use. Tetrahydrofurane (THF) (Aldrich) was dried by LiAIH, or
sodium/benzophenone or using MBraun drying solvents system (SPS-
800). Toluene (Lachner) was distilled from sodium/benzophenone
and water was bubbled with argon before use. Diethylether (Et,0),
dichloromethane, pentane (all VWR or Lachner), acetonitrile (ACN),
(all Aldrich), hexane, chloroform (Lachner) were used as obtained.
2,5-di(2-thienyl)-1-phenylthiooxophosphole (1) was prepared as
described in the literature.*

Measurements

'H and **C NMR spectra were recorded on a Varian "N INOVA 400
or Varian SYSTEM 300 instruments in CD.Cl, or CDCl; and
referenced to the solvent signal: 7.25 ppm (CDCl3) or 5.32 ppm
(CD4Cly) for *H and 77.0 ppm (CDCls) or 53.84 ppm (CD-Cl,) for *C
spectra. Coupling constants, J (in Hz), were obtained by the first-
order analysis. Infrared spectra were recorded on a Thermo Nicolet
7600 FTIR spectrometer equipped with a Spectra Tech InspectIR Plus
microscopic accessory using KBr diluted samples and diffuse
reflectance technique (DRIFT) (128 or more scans at resolution 4 cm™
'). Raman spectra were recorded on a DXR Raman microscope
(Thermo Scientific) using excitations across the whole visible region
(Aex = 445, 532, 633 and 780 nm) and usual laser power at the sample
0.1 to 0.4 mW. UV/VIS spectra were recorded on a Shimadzu UV-
2401PC instrument and photoluminescence spectra on a Fluorolog 3-
22 Jobin Yvon Spex instrument, using four-window quartz cuvette (1
cm) for solutions and quartz glass for thin films. Quantum yields, Ar,
of photoluminescence were determined by an integration sphere
Quanta-¢ F-3029. KBr pellets for fluorescence measurement were
made by grounding specific amount of sample and KBr using ball
mill Vibrator DDR-GM 9458 Narva and then pressed by hydraulic
press H62 TRYSTOM. SEC records were obtained using a Spectra
Physics Analytical HPLC pump P1000 with two SEC columns:
Polymer Labs (Bristol, USA) Mixed-D and Mixed-E. The system

was equipped with a Thermo UV6000 DAD detector. A chloro-8
form/acetonitrile (1/1 by volume) mixed solvent containing



BusN*PFs (0.5 % by weight; to suppress aggregation) was used as the
mobile phase (0.7 mL min™").

Cyclic voltammetry

Cyclic voltammetry measurements were done on a potentiostat
UMUE Eco-Trend using drop-casted (from dichloromethane) films of
compounds deposited on a carbon disc electrode of diameter of 1 mm.
Ag/AgCI reference electrode, scanning rate of 130 mV s* and a
solution of (BusN)PFs (0.1 M) in acetonitrile as the supporting elec-
trolyte were used.

Calculations

Theoretical calculations were done using the density functional theory
(DFT), namely the Becke’s three parameter functional with the non-
local Lee-Yang-Parr correlation functional (B3LYP) with the
standard 6-31G(d) basis set as implemented in Gaussian 09 package.®
We employed the Becke’s three parameter functional with the non-
local Lee-Yang-Parr correlation functional (B3LYP) with the
standard 6-31G(d) basis set. Electron density and vibrational
spectrum of the unimer TPT was calculated for the optimized
geometry. The wavenumbers values computed contained systematic
errors and were thus scaled by the factor 0.946 for Raman and 0.972
for IR spectra.

Complexation experiments

In a typical complexation experiment a measured volume of a
solution of Zn* or Fe** perchlorate  (2x10°M) in
acetonitrile/chloroform (1/1 by vol.) was added into a solution of
particular unimer in (2x10°M) in the same solvent. The metal to
unimer (M?/TPT) composition ratio was varied from 0 to 3. The
UV/vis absorption and the photoluminescence emission spectra were
measured for each solution at room temperature one day after
preparation.

Synthesis

1-phenyl-2,5-bis[5-(4,4,5,5-tetramethyl-1,3,2-dioxaboralene-2-
yl)thiophen-2-yl]thioxophosphole (2).

[Ir(OMe)(COD)]. (4 mg, 3 mol%) and dtbpy (2 mg, 3 mol%) were
added to a  solution of  1-phenyl-2,5-bis(thiophen-2-
yl)thioxophosphole 1 (82.5 mg; 0.2 mmol) in dry THF/hexane (7/5
mL) mixed solvent under argon atmosphere, then HBpin (0.18 mL,
1.2 mmol) was added and the reaction mixture kept under stirring at
55°C for 30 hours, The mixture was then diluted with
dichloromethane (20 mL) and water (20 mL), stirred for one hour in
an open vessel and, finally, the soluble components were extracted
with water (3x50 mL). The organic phase was dried over magnesium
sulfate, filtered off and evaporated to give the product 2 (130 mg, ca
0.19 mmol) as a honey-like liquid that was used in the next reaction
without further purification (since a significant loss of boronic groups
was observed at attempts for chromatographic purification). The
compound 2 identity has been verified by mass spectroscopy (HRMS)
and purity by NMR spectroscopy.

'H NMR (400 MHz, CDCl,, 8/ppm): 7.87 (ddd, J(P,H) = 14.4 Hz,
J(H,H) =8.4 Hz, J(H,H) = 1.6 Hz 2 H, 0-H Ph ), 7.53 — 7.45 (m, 2H,
m-H Ph), 7.43 (AB system, 4H, Jag(H,H) =3.7 Hz, vas = 8.7 Hz,
Hihienyt), 7.38 — 7.33 (m, 1H, p-H Ph), 2.98 (m, 4H, C=CCH,CH,),
1.90 (m, 4H, C=CCH,CH,), 1.24 (s, 24 H, CHj3).

*1p NMR (162 MHz, CD,Cl,, 8/ppm): +51.8 (s).

B NMR (128 MHz, CD.Cly, 8/ppm): +22.4 (s).

“C NMR (101 MHz, CDCl,, 8/ppm): 146.2 (d, 2J(P,C) = 21.0 Hz,
PC=C), 135.3 (d, 2J(P,C) = 17.4 Hz, Cuieny)), 132.6 (d, J(P,C) = 3.2
Hz, C, Ph), 131.2 (d, J(P,C) = 11.8 Hz, C, Ph), 129.5 (d, J(P,C) =
75.4 Hz, PC=C), 129.4 (d, J(P,C) = 12.6 Hz, Cy, Ph), 128.9 (d, J(P,C)
= 89.0 Hz, C; Ph), 128.5 (large s, B-Ciieny1), 127.7 (S, CHunieny1), 127.4
(s, CHiunieny), 83.6 (large s, CCHs), 29.7 (d, J(P,H) = 124 Hz
C=CCH,CH,), 24.9 (s, CH3), 23.0 (s, C=CCH,CH,).

FT-IR (cm™): 3409 (s), 2979 (s), 2929(s), 2860(m), 2040(w),
1719(w), 1618 (m), 1571(w), 1514 (s), 1354(s), 1215(s), 1142(s), 983
(m), 957(m), 926(m), 852(s), 746 (m), 666(s), 613 (M), 578 (m), 517
(m), 448 (m), 419(m)

HRMS found m/z 685.1996 [M + Na'], CasH41B,04PSsNa requires
685.1988.

1-phenyl-2,5-bis(5-tpy-thiophen-2-yl)thioxophosphole (TPT)
1-Phenyl-2,5-bis[5-(4,4,5,5-tetramethyl-1,3,2-dioxaboralene-2-
yl)thiophen-2-yl]thioxophosphole) (0.13 g, 0.19 mmol), Br-tpy (0.12
g, 0.38 mmol), K,CO; (80mg, 0.57 mmol) and Peppsi-IPr (13 mg,
0.10mol%), Aliquat 336 (cat.) were placed into a Schlenk flask and
then evacuated and flushed with argon. Then toluene (5 mL) and
water (5 mL) were added, and the reaction mixture was kept at 130°C
for 18 hours. After cooling to room temperature the reaction mixture
was diluted with dichloromethane (20 mL) and washed with water
(3x20 mL), then dried with magnesium sulfate, filtered off and
evaporated. The crude product was purified by column
chromatography (aluminum oxide, hexane/THF =3/2) giving TPT as
a red powder (isolated yield: 24mg, 0.03 mmol, 15%). Purity and
identity of TPT has been verified by NMR spectroscopy and mass
spectrometry.

'H NMR (300 MHz, CD,Cl,, 8/ppm): 8.73 (dd, J(H,H) = 4.9 Hz,
J(H,H) = 1.0 Hz, 4H, Hpyriay1), 8.63 - 8.66 (M, 8 H, Hyyriay1), 7.98 (ddd,
J(P,H) = 14.3 Hz, J(H,H) = 7.7 Hz, J(H,H) = 1.0 Hz, 2H, o-H Ph),
7.89 (J(HH) = 7.5 and J(H,H) = 2.00 Hz, 4H, Hpyiay), 7.66 (d,
J(H,H) = 3.8 Hz, 2H, Hipienyr), 7.52 (d, J(H,H) = 3.8 Hz, 2H, Hinieny)),
7.38 — 7.33 (m, 3H, p-H and m-H Ph), 7.35 - 7.40 (m, 4H, Hyyrigy1),
3.11 (m, 4H, C=CCHy,), 2.00 (m, 4H, C=CCH,CHy).

1P NMR (121 MHz, CD,Cl,, 8/ppm): +52.0 (s).

BC NMR (101 MHz, CD,Cl,, 8/ppm): 156.1 (S, Cpyrieyt), 155.7 (s,
Coyridyt), 149.1 (s, CHpyriay) 146.8 (d, 2J(P,C) =23.2 Hz, PC=C), 142.8
(S, Cthienyl), 142.6 (S, Cpyriayl), 136.8 (S, CHpyriay)) 136.5 (d, 2J(P,C) =
17.9 Hz, Ciienyr), 132.3 (s, Cy Ph), 130.6 (d, J(P,C) = 15.6 Hz, C, Ph),
129.1 (s, CHnieny), 129.0 (d, J(P,C) = 8.1 Hz, Cy, Ph), 128.7 (d, J(P,C)
=746 HZ, PC:C), 126.0 (S, CchienyI), 124.0 (S, CprridyI), 121.1 (S,
CHpyrigy), 1165 (s, CHpyrigy), 295 (d, J(P,H) = 13.0 Hz
C=CCH,CH,), 22.3 (s, C=CCH,CHy). C; Ph not observed.

FT-IR (cm™): 3432 (w), 3030 (w), 3051 (w), 3014 (w), 2946 (W),
2867(w), 1598(s), 1582(s), 1567 (s), 1547 (m), 1466 (m), 1449 (s),
1399(s), 1363(w), 1290(w), 1267 (w), 1224(w), 1145(w), 1097(m),
1075 (w), 1042 (w), 1011 (s), 990 (w). 878 (w), 850(w), 788(s), 775
(w), 745 (m), 731 (m), 718 (w) 691 (w), 678 (w), 665 (m), 635 (W),
623 (w), 608 (w), 555 (w), 533 (w), 499 (w), 468(w)

HRMS found m/z 873.2059 [M + H'], CsHssNePSsrequires
873.205773
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