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ABSTRACT: Metal-containing polymers have attracted
continuous interest, for they combine the features of a
metal complex and a polymer. Here, a series of thiophene
methine based phenanthroline ligands (L1-L4) and their
metal (Zn(II) and Cd(II)) complexes were prepared as
monomers. Accordingly, metal-containing poly(thiophene
methines) were prepared from these metal complexes via
solid- and melt-state polymerization (S(M)SP). The polymer-
ization process was preliminarily investigated by a crystal
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structure study, NMR analysis, and absorbance spectra. Furthermore, the metal-free polymer (PL4) prepared directly from the
ligand via MSP was tested as a metal ion chemosensor, which showed good selectivity and excellent sensitivity toward Ni** with

a detection limit of 4.1 X 107~ M.

B INTRODUCTION

Metal-containing polymers (metallopolymers) have become a
new branch of attractive materials due to their fascinating
structures, unique optical-electronic, magnetic, physical, and
chemical properties, and potential applications. For instance,
metallopolymers can be designed as stimuli-responsive
sensors,” which are responsive to physical stimuli (temper-
ature,”” electricity, light,6 and so on), chemical analytes (pH
values,” gas molecules® and ions,'*”'? etc.), or even biological
signals.'”'* For the practical and potential application of
metallopolymers, a series of synthesis strategies have been
developed. In general, the routes a metal is introduced into an
organic polymer backbone can be classified into three
categories.

(i) Introduction into the monomer before polymerization.
In this way, the metal complex monomer should be chemically
stable enough for the following polymerization process, or else
demetalation would occur, as mentioned by other research-
ers."> Otherwise, the polymerization would not happen or
invasive metal ions would be introduced because of their
frequent involvement in the metal-catalyzed polymerization.

(i) Introduction as a linkage while the metallopolymers
grow, which is a self-assembled process.”'® The ligand-
containing monomer used in this route should be carefully
designed in accordance with the rules of coordination
chemistry to obtain the desired structure.

(iii) Introduction after the ligand-containing polymer was
synthesized, which has rarely been reported due to its intrinsic
problems. On the one hand, it may face the same problem as
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mentioned in the first category. In addition, even if the desired
ligand-containing polymer is obtained successfully, the process
of metal coordination would hardly proceed completely due to
the great steric hindrance and cross-linking of the ligand-
containing polymer. However, most of the conjugated
polymers were obtained through metal-catalyzed polymer-
ization methods, such as Pd-catalyzed Stille or Suzuki
polycondensation. When these methods are applied to prepare
metallopolymers, Pd(0) or Pd(II) may compete with metal
ions especially under the harsh conditions of high temperature
and long reaction time of 2—3 days. It is noted that few
samples of metallocene-based conjugated polymers have been
reported.”'® In addition, although other traditional methods
of chemical oxidation and electropolymerization methods have
already been applied, the big problem is that the generated
strong acid (H*) would expel those metal ions significantly.
For instance, 30—50% of Fe’* was lost in the porous Fe
porphyrin polythiophene."”

In general, whatever the strategy used to prepare metal-
lopolymers, the polymerization method using metal-containing
catalysts should be avoided as much as possible. Thus, the big
challenge facing us is to develop a universal approach to
synthesize metal-containing conjugated polymers with accurate
structure or ideal model, which is not only important for
theoretical studies but also important to applied research.
Recently, due to its special features of the absence of solvent,
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oxidant, or noble-metal catalyst, the promising method of
solid-state polymerization (SSP) has attracted considerable
attention since it was discovered in the early 1960s.”° The
application of SSP to thiophene derivatives was first proposed
by Wudl in 2003”' and was further studied by other
researchers.””~>* Briefly, polythiophene derivatives could be
obtained by heating their monomers with the release of small
molecules of halogens. Thus, such a bulk polymerization
method would be a good choice for metallopolymer synthesis
because there is no need to worry about the competition of
different valence Pd catalysts with coordination moieties in
polymer chains.

In view of the above research progress, we designed and
synthesized two kinds of thienylene methine based ligands, 2-
(bis(S-bromothiophen-2-yl)methyl)-1,10-phenanthroline and
N-((1,10-phenanthrolin-2-yl)methylene)-4-(bis(5-bromothio-
phen-2-yl)methyl)aniline, as well as the corresponding metal
complex monomers. Then these complex monomers were
subjected to bulk polymerization and their possible polymer-
ization pathways were studied from the monomer crystal
structures. The polymerization progress was preliminarily
studied by '"H NMR and UV-vis spectra. The obtained
polymers were analyzed by FT-IR, gel permeation chromatog-
raphy (GPC), and inductively coupled plasma atomic emission
spectrometry (ICP). In addition, the polymer PL4 bearing
these ligands was used as a chemosensor to detect metal ions
and showed high sensitivity to Ni** with a detection limit
down to 4.1 X 107° M, which is the most sensitive
chemosensor to date.

B RESULTS AND DISCUSSION

Synthesis and Characterizations. The structures of
bidentate ligands L1 and L2, tridentate ligands L3 and L4,
and their metal complex monomers as well as their
metallopolymers are shown in Scheme 1. The details of the

Scheme 1. General Synthetic Routes to Metal Complexes
Ln-M and Metallopolymers PLn-M

ZnCl,/CdCl,
22,
MeOH/CH,Cl,

L1-Zn:R=H,M=2Zn;

L1-Cd: R =H, M = Cd;
L1:R=H; L2-Zn: R = 2-ethylhexyl, M = Zn;
L2: R = 2-ethylhexyl; L2-Cd: R = 2-ethylhexyl, M = Cd;

PL2-Zn: R = 2-ethylhexyl, M = Zn;
PL2-Cd: R = 2-ethylhexyl, M = Cd;

ZnCl,/CdCl,
MeOH/CH,Cl,

L3-Zn:R=H,M=Zn;
L3-Cd:R=H, M =Cd;
L3:R=H L4-Zn: R = 2-ethylhexyl, M = Zn;

PL4-Zn: R = 2-ethylhexyl, M = Zn;

L4: R = 2-ethylhexyl L4-Cd: R = 2-ethylhexyl, M = Cd; PL4-Cd: R = 2-ethylhexyl, M = Cd;

synthesis of ligands are available in Supporting Information.
The monomers L1-Zn, L1-Cd, L3-Zn, and L3-Cd were
designed as models to acquire the structure information on the
complexes and to investigate the possible polymerization
pathways. The 2-ethylhexyl group was introduced in the
thiophene ring to improve the solubility of these polymers.
PL2-Zn, PL2-Cd, PL4-Zn, and PL4-Cd were acquired by

heating their monomers under a nitrogen atmosphere for 12 h
at 160—200 °C, respectively.

Structure and Polymerization Analysis. Single crystals
of L1-Zn and L3-Zn were grown in a dichloromethane/diethyl
ether mixture. These crystals were investigated by X-ray
analysis to get the coordination information and thus to find
the possible SSP/MSP polymerization pathways. As shown in
Figure 1, both L1-Zn and L3-Zn adopt the ML coordinated

L3-Zn

Figure 1. Crystal structures of L1-Zn and L3-Zn with thermal
ellipsoids drawn at the 30% level. All hydrogen atoms and the solvents
are omitted for clarity.

mode where each metal ion chelates with only a single ligand:
thus, the tetracoordinated and pentacoordinated complex
monomers are obtained, respectively. This coordination
mode ensures that each monomer has only two active reaction
sites for polymerization, and a merely one-dimensional
polymer could be formed.

The crystal packing maps are shown in Figures 2 and 3. The
Hal-Hal (halogen) and the corresponding C—C distances

Figure 2. (a) Some Br—Br and (b) C—C distances in the crystal of
L1-Zn. (c) The possible polymerization route of L1-Zn.

between adjacent monomers are marked as red and green
dashed lines, respectively. The details are given in Table 1. In
the case of L1-Zn, the shortest Hal—Hal distance is 4.044 A
along the a axis with the shortest C1—C13 distance of 4.935 A.
Although the Brl1—Brl distance along the b axis is the second
shortest Hal—Hal distance (4.903 A), the ultralong distance of
C1-C1 (7.691 A) makes the polymerization along the b axis
impossible. The third shortest Hal-Hal distance is 6.602 A
with a C1—C23 distance of 5.693 A, which is in a rational
range for polymerization. Taking these different C—C and
Hal—Hal distances into consideration, the most possible
polymerization pathway of L1-Zn is along the a axis with the
--C1—C23—C1—-C23--- sequence (Figure 2c).
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Figure 3. (a) Some Br—Br and (b) C—C distances in the crystal of
L3-Zn. (c) The possible polymerization route of L3-Zn.

Table 1. Hal-Hal (Br—Br) and C—C Distances (A) of
Crystals L1-Zn and L3-Zn

molecules params L1-Zn L3-Zn
shortest Hal—Hal distance 4.044 4.681
second shortest Hal—Hal distance 4.903 5.348
third shortest Hal—Hal distance 6.602° 6.478
fourth shortest Hal—Hal distance 7.010 6.827
C—C shortest contact distance 4.935 4.698
C—C second shortest contact distance 5.124 5.169
C—C third shortest contact distance 5.693 5.937
longer than 2r,” (%) 78 84

“Effective Hal—Hal distance. bZrW: double the van der Waals radius of
bromine (3.7 A).

In L3-Zn, the Br1—Brl distance along the b axis is the
shortest Hal—Hal distance (4.681 A); however, the corre-
sponding ultralong C24—C24 distance (7.181 A) makes
polymerization along the b axis impossible. The second
shortest Hal—Hal distance of 5.348 A with the shortest C—C
distance of 4.698 A makes C24—C28 the most possible unit in
the polymers. The third shortest Hal—Hal distance is 6.478 A
with the second shortest C—C distance of 5.168 A (C28—
C28); however, only one C28—C28 bond could be formed in
each polymer chain, as the C24—C24 distance is too long to
form a C28-C24—C28—-C28 chain. The most rational
polymerization pathway of L3-Zn is along the a axis with the
-+-C24—C28—C24—C28:- sequence (Figure 3c). In compar-
ison to the metal-free ligand and other thiophene methine
compounds reported by our group,” these metal-containing
monomers have a higher onset temperature for polymerization,
which may be ascribed to the longer Hal—Hal distances and
stronger intermolecular interaction of metal complexes.

In order to investigate the structural variation during
polymerization, L2-Zn and L4-Cd were chosen to heat at
their onset temperatures (180 and 185 °C, respectively), and
their "H NMR spectra in CDCl; were recorded each 2 h over a
period of 12 h. As shown in Figure 4, the spectra of the L2-Zn
mixture (L2-Zn-M) and L4-Cd mixture (L4-Cd-M) after
heating for 0, 6, 8, 10, and 12 h are integrated, respectively.
The poorer solubility and the unresolved NMR signals of
aromatic H after a longer heating time are ascribed to the
formation of polymers. Due to the limited solubility of the
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Figure 4. '"H NMR spectra of L2-Zn-M (a) and L4-Cd-M (b)
recorded after heating for 0, 6, 8, 10, and 12 h.

polymers, the dissolved fractions in CDCl; were subjected to
NMR analysis to acquire their structural information. In the
spectra of L2-Zn-M, the apparent reduction of signal intensity
of the CH at 6.71 ppm and the observation of the quinonoid
signals at 7.7—7.9 ppm (marked as Q in Figure 4a),” indicate
the formation of a quinonoid structure in this metallopolymer.
However, a series of weak peaks appearing around 6.71 ppm
may account for the normal thiophene methine units where
the CH units still remain. Similar changes are found in L4-Cd-
M, except the quinonoid signals at 7.7—7.9 ppm are not
obvious enough to be detected by '"H NMR, revealing fewer
quinonoid segments in L4-Cd-M. The sharp peaks X in the
spectra are ascribed to an impurity of the deuterium reagent.

The absorption spectra of the heating mixtures were
recorded to investigate the polymerization procedures. As
shown in Figure Sa (L2-Zn-M), the most noteworthy change is
the absorbance around 400 nm increasing with longer heating
time: i.e., the absorbance value after heating for 12 h (value of
0.21) is about 20 times stronger than that of the starting
monomer (value of 0.01). The absorption in the range of 320—
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Figure S. Optical spectra of L2-Zn-M (a) and L4-Cd-M (b) recorded
after heating for 0—12 h in DMF.
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450 nm is mainly assigned to the z—n* absorption bands of
the aromatic heterocycle of the polymer repeat units. The
stronger absorption may be due to the easier electron
excitation process in the polymers. Moreover, the tail peaks
appearing in the range of 450 nm to nearly 600 nm are
assigned to the 7—7* band gap transition of the polymers.*' In
Figure Sb (L4-Cd-M), the band around 380 nm is assigned to
the 7—n* band gap transition of the metal complex monomer.
With an increase in heating time, the absorbance around 380
nm decreases and the absorption edge bathochromically shifts
to about 600 nm. The absorption band that changes from a
sharp peak (monomer) to an extended platform (polymer)
may be ascribed to the lower band gap of the generated
polymer. In view of the absorption spectra, the L4-Cd-M (12
h) shows an absorption band broader than that of L2-Zn-M
(12 h). In comparison to L2, a phenyl group between CH and
the coordinating group was introduced in L4 to weaken the
steric hindrance, thus improving the conjugation degree of the
polymer backbone of L4-Cd-M (12 h). All polymers show
blue-shifted spectra in comparison to those of our previously
reported polymers with similar skeletons,” which could be
ascribed to the N-heterocycle in the monomer. The same
phenomenon was also observed in the reported polymer
containing the pyridyl’> and our tentative SSP of 2-(bis(5-
bromothiophen-2-yl)methyl)pyridine.

The preparation details and physical properties of the final
polymers are given in Table 2. The molecular weights (M, ) of

Table 2. Preparation Details of Metallopolymers and Their
Physical Properties

monomer
L2-Zn L2-Cd L4-Zn L4-Cd
melting point, °C 162 166 172 175
reaction conditions 195 °C, 160 °C, 200 °C, 195 °C,
12 h 12 h 12 h 12 h
yield, % 78 80 85 83
M, of polymer, 11.4 5.8 10.0 9.3
KDa
PDI 1.17 1.12 1.17 1.13
T, °C 180 146 188 185
DP 16 7 12 11
FTIR (Vo—cy 1678 1676 1675 1672
cm™?)
FTIR (vy_ppy cm™) 428 422 427 420
calcd metal 8.7 14.2 7.6 12.5
content, %
tested metal 34 4.3 4.0 S.1
content, %
metal remaining, %  39.1 30.2 52.6 40.8

the prepared polymers are in the range of 5.8—11.4 kDa,
corresponding to a polymerization degree (DP) of 7—16. The
structure information on those polymers was confirmed by
FTIR. As shown in Figure 6, the absorption bands in the
region of 2800—3000 cm™' are due to the C—H stretching
vibration of the alkyl chain and aromatic rings. The C=C
stretching vibrations of the thiophene and phenanthroline rings
appear in the region of 1450—1620 cm™". In comparison with
the ligands L2 and L4, the newly weak absorption bands
around 420 cm™' (marked as star) in their metal complex
monomers are assigned to the metal—nitrogen bonds M—N
(M = Zn, Cd), which could be observed in other reported
similar metal complexes.”> The M—N absorption signals are
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Figure 6. (a) FTIR absorption spectra of L2, L2-Zn, L2-Cd, PL2-Zn
(195 °C) and PL2-Cd (160 °C) and (b) L4, L4-Zn, L4-Cd, PL4-Zn
(200 °C) and PL4-Cd (195 °C).

still observed in their polymers, indicating the existence of
chelating structures in these polymers. The metal ions were
also detected by an ICP test (Table 2). The metal ions are
partially lost from these polymers, which may be caused by the
halogen or hydrogen halide generated during polymerization.
Further reaction of metallopolymers PL4-Zn and PL4-Cd with
the corresponding metal chloride could increase the metal
remaining to some extent (Table S1). On the one hand, the
halogen or hydrogen halide may expel the metal ions from the
ligands. In addition, the perpendicular chelating group (C—
(R)H) may be lost from the polymer at high temperature in
the presence of halogen or hydrogen halide. There is another
new absorption band around 1670 nm™ (marked as #) in the
metallopolymers. This band is the characteristic absorption
peak of the quinonoid bithienylene ring, which is in accordance
with the NMR analysis (Figure 4).

Polymers containing coordination fragments are commonly
employed as molecular hosts to chelate with transition-metal
cations, and thereby some responses would appear from this
variation. During this process, the conjugated polymer chains
possess a magnified effect’® toward the metal cation detection
and inherently increase the detection sensitivity. Therefore, the
polymer PL4, prepared from L4 by MSP at 130 °C, was used
as a chemical sensor for detecting metal cations. The
characterization of PL4, indicating that PL4 consists of a
quinoid structure and aromatic structure in the ratio of 0.62/
0.38, is available in the Supporting Information. Interestingly,
as shown in Figure 7a, the monomer L4 shows very weak
emission while PL4 shows strong emission and has a broad
excitation wavelength from 275 to 425 nm, which may be
ascribed to the extended conjugation of polymers. However,
both of the metallopolymers PL4-Zn and PL4-Cd appear to be
weakly emitting, indicating that the coordinated cations lead to

ssof A L4EM s  300{ b PL4 —PL4 —Na
A A —Mg* —K’
00| | N ——PLAEM l300 oo pact o
- \ e -
F \ 3% Mn?" Fe
} 2501 1 250 g 8 —Mn" —Fe
s 1 ~:;V200 N —
2200 00 § & 2 21
£ ' ,g @ 150 Po” cd
c150p ! 500 8 cq* W\ Ho —La
£ £ 100 ™
£100 100& 3 ™
o
50} 50 501 N \\
' 0
gl 0 .
250 300 350 400 450 500 550 600 650 400 450 500 550 600 650
Wavelength (nm) Wavelength (nm)

Figure 7. (a) Photoluminescence spectra of L4, PL4, PL4-Zn, and
PL4-Cd (excitation: 355 nm) and excitation spectra of PL4
(emission: 470 nm). Concentration of monomer or polymer: 1075
M in DMF. (b) Photoluminescence spectra of PL4 in the presence of
various metal ions (excitation: 355 nm). Concentration of polymer:
107 M in DMF. Concentration of metal ions: 5 X 1077 M in DMF.
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fluorescence quenching of the polymers. Figure 7b shows the
influence of various metal ions (Na, Mg**, K*, Ca**, Cr*,
Mn*, Fe*, Ni*, Zn**, Pb*", Cd*, Hg*, and La’") on the
photoluminescence (PL) spectra of PL4 in DMF solution.
Adding Ni**, Zn**, and Cd** to the solution results in a
significant decrease in PL intensity, indicating that these metal
ions lead to efficient fluorescence quenching of PL4 and that
PL4 shows good selectivity to these three cations. The PL
intensity of PL4 shows no obvious change on addition of Na®,
K*, Ca®*, and La**, and the other cations also show a moderate
fluorescence quenching effect on PL4.

Generally, the complexation of metal ions does not induce
any shift of the emission peak. These results suggest that the
fluorescence quenching behavior might be ascribed to the
strong cation binding to the phenanthroline chelating groups,
leading to the photoexcited energy transfer (PET) of the
polymer chain.>*® It seems that both the diameters and
charge densities of the metal ions that mainly determine the
coordination strength can be regarded as substantial influences
on the decreased fluorescence emission. The cations of Na®,
K', Ca®, and La*" (larger than 2 A) with a large diameter are
adverse to chelating with the ligands, while Ni** (1.38 A) and
Zn* (1.48 A) are in the proper diameter range and charge
density to chelate with the polymers. In addition, the Ni** has
an empty d orbital to accept the electron pair from the
phenanthroline N, which not only strengthens the chelating
binding but also facilitates the PET progress, thus leading to
strong fluorescence quenching.

As shown in Figure 8a, the PL intensity decreases with an
increase in concentration of the Ni** ion from 0 to 107 M. It
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Figure 8. (a) Photoluminescence spectra (excitation: 355 nm) of PL4
in the presence of various concentrations of Ni** ion (0, 0.1, 0.2, 0.3,
0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1.0 uM). Concentration of polymer: 10~> M
in DMF. (b) Stern—Volmer plot of PL quenching with various
concentrations of Ni** ion.

is noted that more than 90% of the fluorescence was quenched
while only 10% (107¢ M) of the ion relative to the ligand unit
in polymer (107> M) was added, which could be explained by
the amplification effect of the polymer. The quenching is
approximately linear in this concentration range of Ni*"
(Figure 8b), while the Stern—Volmer constant (K,,) of PL4
toward Ni** is 9.96 X 10° M~". Accordingly, the detection limit
(LOD) is measured to be 4.1 X 10~° M using the equation 36/
K, Table 3 summarizes some other reported sensitive Ni**
chemosensors; our chemosensor has the highest K, value and
the lowest LOD value toward Ni**. The ultrahigh sensitivity
toward Ni** of this polymer could be ascribed to the strong
coordination ability, good ligand—metal ion matching proper-
ties of the tridentate phenanthroline-based ligand, and the
magnification effect of the conjugated polymer structure.

Table 3. Comparison of the Proposed Sensor with the
Previously Reported Ni** Sensors

detection
limit, M ref

52 %1077 38

K, M!

22+
sensor for Ni -

2-amino-1-cyclopentene-1-
dithiocarboxylic acid/acetyl
cellulose membrane

2,5-thiophenylbis(S-tert-butyl-1,3-
benzoxazole)/PVC membrane

2.2 % 10° 8.0 x 107° 39

2.00 X 10* 80X 107° 40
7.08 X 10° 79 x107% 41

naphthalene-based chemosensor

2-(1H-benzo[d]imidazol-2-yl)-N-
phenylhydrazine carbothioamide

3.60 X 10+ 28X 107° 42
1.02 X 10° 64 x 1077 43

imidazole derivative

pyrenetetrasulfonic acid

quinoline-based chemosensor 37X 107 44
quinoline-based chemosensor 503 x 10*  55%x 107 45
pyrene-based chemosensor 25 X107 46
naphthalene-based chemosensor 19 x 107¢ 37
phenanthroline-based 9.96 X 10° 4.1 X 107°  this
poly(thiophene methine) work

chemosensor

B CONCLUSION

Herein, two kinds of thiophene methine based phenanthroline
ligands and their corresponding metal (Zn(II) or Cd(II))
complexes were synthesized. The metallopolymers were
prepared via SSP/MSP, and single crystals of L1-Zn and L3-
Zn were used as models to analyze the possible polymerization
pathways. NMR and UV—vis absorption were used to visualize
the polymerization progress, and the obtained metallopolymers
were characterized by FT-IR, GPC, and ICP analysis. In
conclusion, a new strategy was presented for the synthesis of
conjugated metallopolymers without use of any catalysts,
despite metal ions being partially dissociated. In addition,
polymer PL4 was employed as a metal cation sensor. This
chemosensor shows good selectivity toward Ni%**, Zn>*, and
Cd** and shows excellent sensitivity to Ni** with a detection
limit (LOD) of 4.1 X 107 M, which is the most sensitive
chemosensor toward Ni** to date. In order to synthesize
defect-free metallopolymers, further work with a carefully
designed monomer structure is in progress.
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