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The reaction of dichloro-terminated organoiron complex [Fe(1,4-C¢H,Cl,)Cp]'PFs (3) with 4-hydroxybenzoic acid resulted in the
formation of dicarboxylic acid organoiron complex 4. 4'-Hexyl alcohol-2,2":6",2"-terpyridine (hextpy) 2 was reacted with dicarboxylic
acid organoiron complex 4 or the similar monoacid organoiron complex 5 to afford two novel organoiron complexes containing one or
two terminal terpyridine moieties (complexes 6 and 7, respectively). Molecular dynamics simulations of 7 revealed that the terminal
terpyridine units readily interact with one another. The metal-containing complexes [M(hextpy),](PF¢), {M = Fe (8), Ni (9)} were
prepared from the reaction of FeCl,-4H,0O or Ni(CH3;COO), 4H,0 with hextpy 2. The products were fully characterized by IR, UV-
visible, NMR spectroscopy, and elemental analysis. The reaction of monocarboxylic acid organoiron complex 5 with bis(hextpy)
complexes 8 and 9 afforded the novel chloro-terminated monomers 10 and 11 containing two different metals. The reaction of monomer
7 with iron(II) chloride or nickel(II) acetate in methanol produced iron(Il)- or nickel(Il)-containing polymers 12 (M = Fe) and 13 (M =
Ni), respectively. The monomers containing multimetal centers were polymerized through aromatic substitution reactions with bisphenol
A or hydroquinone to afford polymers 14 and 15, respectively. The thermal properties of the polymers were also investigated, providing
glass transition temperatures of approximately -25 °C for the iron-chelated polymers and a stepwise degradation of the polymers,
beginning with the decoordination of the pendent cationic iron moieties and ending with the loss of the bonding interaction between the
iron center and the nitrogen atoms of the chelated terpyridine groups.
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Introduction

The synthesis, characterization, and application of metal-
containing polymers have been studied extensively in light of the
wide variety of electrochemical, optical, magnetic, and catalytic
properties that give these polymers such widespread potential
applications in fields such as materials chemistry, biotechnology,
and medicine. The degree of polymerization, type of bonding
present, and the nature of the metal moiety have strong influences
on these properties. Recent work in coordination polymer
chemistry has shifted towards the development of materials that
demonstrate particular physical properties, affording potential
function in specific commercial applications.! The use of
polydentate ligands in these coordination polymers has grown
rapidly in the last decade, with 2,2":6",2"-terpyridine derivatives
at the forefront, acting as tridentate pyridylligands.*"

Easy synthetic access of 4'-substituted terpyridine derivatives
affords the construction of a linear coordination motif with a
strongly increased binding constant.'*'*> Schubert and coworkers
demonstrated this property by preparing new terpyridine metal
complexes with flexible oligomeric and polymeric spacers that
revealed a strong relationship between the binding strength of the
metal ion and the stability of the terpyridine
complex.'*12151% Sybstituted terpyridine ligands are widely used

metal

45

as building blocks in supramolecular chemistry due to their
abilities to readily coordinate to a variety of transition metal
ions.**' Two terpyridine ligands can chelate around a metal ion
to form an octahedral complex, where the two outer rings rotate
along the central C-C bonds connecting the rings to create a
stable binding site through the lone pairs of the three nitrogen
atoms. Upon coordination to an octahedral metal center,
terpyridines functionalized at the 4'-position produce a rigid
linear moiety, which can be used in the formation of molecular
wires and rods.>*" Constable and Housecroft reported a variety
of terpyridine ligands with diverse functional groups, or spacers,
at the 4'-position, including ferrocene,” anthracene,” thienyl
groups,®'  fluoro-substituted aryl groups,”*® and Cg-
functionalized alkyl chains.** The corresponding coordination
polymers can be tuned to have specific properties through
variation of the metal ion used for complexation and the
composition and length of the spacer unit, acting as an easily
modified base for supramolecular architectures and metal-organic
frameworks.”>  Terpyridine-based coordination polymers with
photophysical and electrochemical properties have been prepared
by altering the spacer between two terminal terpyridine units to
include a fluorescent or electroactive functional group as well.*®
In addition to chelation, terpyridine can undergo electrophilic
aromatic substitution on any of its pyridyl rings, providing an
efficient synthetic route for the preparation of substituted
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terpyridine complexes. This work will focus on the synthesis of
coordination  polymers containing functionalized
terpyridines substituted at the 4'-position. In addition to the
metals chelated within the polymer backbones, the complexes
also contain pendent cyclopentadienyliron moieties. We have
previously described the incorporation of cyclopentadienyliron
into polyethers, esters, norbornenes, and methacrylates with

novel

various functional groups.’”*' The use of arene-coordinated
cyclopentadienyliron moieties to enable nucleophilic aromatic
substitution allows for an efficient method to chemically
incorporate cationic metal groups into new materials.***® The
functionalization of the terpyridine moiety with established
organoiron-containing complexes enables the formation of
coordination polymers containing multiple metal centers,
resulting in changes to their spectroscopic and thermal properties
and therefore broadening the potential applications for these
novel polymers.

Experimental
General Remarks

All reagents were purchased from Sigma-Aldrich, Alfa Aesar,
or VWR, and used without further purification. All solvents were
HPLC grade from Fisher Scientific and used without further
purification. Elemental analyses were performed by a Perkin-
Elmer 2400 II elemental analyzer. NMR spectral data were
collected on a Varian Mercury Plus spectrometer 400 MHz.
Chemical shifts were referenced to residual solvent peaks and
coupling constants were reported in Hz. IR spectra were
recorded on a Shimadzu IR Prestige-21 spectrophotometer with
neat samples on a MIRacle A diamond ATR accessory from
PIKE Technologies. UV-visible measurements were performed
using a Shimadzu UV-2550 spectrophotometer at 25 + 1 °C.
Compounds 1, 3, and 5 were prepared by previously published
procedures.***

Preparation of 4’-Hexyl Alcohol-2,2':6",2"-terpyridine, 2

The procedure was obtained by modifying and combining
multiple established methods to optimize the reaction for both
highest yield and purest product.** 1,6-Hexanediol (0.65 g, 5.5
mmol) was added to a stirred suspension of powdered KOH (0.31
g, 5.5 mmol) and dry DMSO (8 mL) under N, at 80 °C and the
reaction was heated for 30 minutes. TpyCl 1 (0.27 g, 1 mmol)
was added and the mixture was stirred for 4 h at 70 °C. The
reaction was poured into water (75 mL) and extracted with
dichloromethane. The organic product was dried with Na,SO,
and then the solvent was removed in vacuo. The product was
isolated as a white powder. Yield: 86%.

Preparation of n°-Dicarboxybenzene-n’-cyclopentadienyliron
Hexafluorophosphate, 4

Complex 3 (3.30 g, 8 mmol), 4-hydroxybenzoic acid (8.07 g,
64 mmol), and K,CO; (16.58 g, 120 mmol) in 140 mL DMF were
stirred under N, for 18 h in darkness. The reaction mixture was
poured into 1.2 M HCI containing an equimetal molar amount of
NH4PF¢, which was extracted with dichloromethane and washed
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with water. The organic layer was dried with MgSO, and then
the solvent was removed in vacuo. The resulting product was
poured into diethyl ether and placed in the freezer overnight. The
ether was decanted and the product was left to air-dry. The
product was isolated as a yellow powder. Yield: 95%. Elemental
analysis (C,sHoFgFeO4P): calc. C 48.73%, H 3.11%; found, C
48.50%, H 3.02%. NMR data in acetone-dy: 8('H) 8.17 (d, J =
8.7, 4H), 7.43 (d, J = 8.7, 4H), 6.59 (s, 4H), 5.43 (s, 5H). §("*C)
166.6, 158.5, 133.2, 130.8, 129.1, 120.7, 79.6, 77.7. IR: 1697
(C=0), 1288 (C-O acid), 1232, 1128 (aryl C-O-C). UV-
Vis:Apa/nm (CH3;CN) 244,

Preparation of Complex 6

A mixture of hextpy 2 (0.35 g, 1 mmol), acid complex 5 (0.50
g, 1 mmol), N,N'-dicyclohexylcarbodiimide (0.52 g, 2.5 mmol),
and N,N'-dimethylaminopyridine (0.32 g, 2.5 mmol) were stirred
in dichloromethane (10 mL) under N, for 18 h in the dark. The
solvent was removed in vacuo and the red precipitate was
dissolved in a minimum amount of acetone. The solution was
added dropwise to 1.2 M HCI containing an equimetal molar
amount of NH4PF4 and cooled for 1 h. The precipitate was
collected by filtration and washed with water. To remove
unreacted acid complex 5, the precipitate was washed with basic
water. The product was isolated as a red solid. Yield: 90%.
Elemental analysis (Cs;gH;35CIFgFeN3;O4P): cale. C 55.37%, H
4.17%, N 4.97%; found, C 55.18%, H 4.25%, N 4.90%. NMR
data in DMSO-ds: 8(‘H) 8.80 (m, 4H), 8.23 (t, J = 7.6, 2H), 8.11
(s, 2H), 8.10 (d, J = 8.7, 2H), 7.70 (t, J = 6.0, 2H), 7.41 (d, J =
8.7,2H), 6.83 (d, /= 6.9, 2H), 6.53 (d, J= 6.9, 2H), 5.29 (s, SH),
4.33 (m, 4H), 1.86 (m, 2H), 1.78 (m, 2H), 1.57-1.46 (m, 4H);
3("*C) 167.5, 164.9, 157.1, 154.6, 152.2, 147.7, 140.0, 131.9,
130.7, 127.5, 125.6, 122.2, 120.4, 108.3, 104.0, 86.9, 79.6, 77.5,
68.5, 64.9, 28.3, 28.1, 25.2, 25.1. 1R: 1710 (C=0), 1624, 1533,
1500, 1456 (C=C, C=N), 1357 (=C-N), 1278, 1161 (C-O-C
ester). UV-vis: Ay, /nm (CH;CN) 246, 277, 315, 325.

Preparation of Complex 7

The synthetic method for complex 7 is the same as that for
complex 6, with reagents in the following amounts: hextpy 2
(0.69 g, 2 mmol), diacid complex 4 (0.59 g, 1 mmol), N,N'-
dicyclohexylcarbodiimide (0.82 g, 4 mmol), and N,N-
dimethylaminopyridine (0.50 g, 4 mmol) in dichloromethane (9
mL). The product was isolated as a pink precipitate. Yield: 80%.
Elemental analysis (CgHg FsFeNgOgP): calc. C 62.92%, H
4.81%, N 6.57 %; found, C 62.79%, H 4.76%, N 6.55%. NMR
data in DMSO-d,: 8('H) 8.80 (d, J = 4.7, 4H), 8.76 (d, J = 8.0,
4H), 8.19 (t, J=1.7, 4H), 8.10 (d, J = 8.6, 4H), 8.08 (s, 4H), 7.67
(t, J= 6.1, 4H), 7.39 (d, J = 8.6, 4H), 6.43 (s, 4H), 5.26 (s, 5H),
432 (q,J=13.2, 6.6, 8H), 1.85 (m, 4H), 1.78 (m, 4H), 1.46-1.57
(m, 8H); 8(°C) 167.5, 164.9, 157.8, 154.1, 152.0, 147.6, 140.8,
131.8, 128.9, 127.2, 125.7, 122.3, 119.9, 108.3, 78.4, 76.6, 68.5,
64.8, 28.3, 28.1, 25.2, 25.0. IR: 1710 (C=0), 1624, 1535, 1473,
1435 (C=C, C=N), 1346 (=C-N), 1271, 1165 (C-O-C ester). UV-
Vis: Apa/nm (CH;CN) 245, 276, 315, 345.
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Preparation of [Fe(hextpy),][PFq],, 8

Hextpy 2 (0.69 g, 2 mmol) and FeCl,-4H,0 (0.20 g, 1 mmol)
were dissolved in methanol (25 mL) and stirred at room
temperature for 30 min. The purple solution was poured into

o

water containing a ten-fold molar excess of NH,PF, and the
resulting precipitate was filtered over Celite and washed with
water, ethanol, and diethyl ether. The purple precipitate was
dissolved in acetonitrile and the solvent was removed in vacuo to
give a deep purple precipitate. Yield: 94%. Elemental analysis
(C4oHy6F 12 FeNgO4P5): cale. C 48.29%, H 4.44%, N 8.05%;
found, C 48.44%, H 4.36%, N 8.18%. NMR data in DMSO-dj:
5('H) 8.93 (s, 4H), 8.83 (d, J = 8.0, 4H), 7.97 (td, J = 1.5, 7.8,
4H), 7.23 (d, J = 5.9, 4H), 7.17 (t, J = 7.1, 4H), 4.72 (m, 2H),
4.62 (t, J = 6.4, 4H), 3.49 (t, J = 6.0, 4H), 2.04 (q, J = 7.0, 4H),
1.66 (q, J = 6.9, 4H), 1.54 (m, 8H); §(**C) 167.6, 160.2, 157.9,
153.0, 138.5, 127.4, 123.7, 111.6, 70.0, 60.7, 32.6, 28.6, 25.5,
25.3. 1IR: 3597 (O-H), 1616, 1552, 1469, 1427 (C=C, C=N),
1365 (=C-N), 1217, 1041 (aryl C-O-CH,;). UV-vis: Ay, /nm
(CH;CN) 244, 271, 315, 365, 555.

s

o

20
Preparation of [Ni(hextpy),][PF¢],, 9
Hextpy 2 (0.69 g, 2 mmol) and Ni(CH;C0OO0),.4H,0 (0.25 g, 1
mmol) were combined in methanol (42 mL) and stirred at room
temperature for 1 h. The orange-pink solution was then poured

2

o

into methanol (20 mL) containing a ten-fold molar excess of
NH4PF4. The precipitate was filtered and washed with methanol
and diethyl ether. The isolated product was a brown powder.
Yield: 60 %. Elemental analysis (C;HyF1,NiNgO4P,): calc. C
48.16 %, H 4.43 %, N 8.02 %; found, C 48.25 %, H 4.36 %, N
0 8.11 %.IR: 1600, 1560, 1473, 1438 (C=C, C=N), 1365 (=C-N),
1219, 1035 (aryl C-O-CH,). UV-vis: Ay, /nm (CH;CN) 241, 272,
311, 322, 334.

Preparation of Monomer 10

[Fe(hextpy),][PF¢], (8) (1.04 g, 1 mmol), acid complex 5 (1.00
g, 2 mmol), N,N'-dicyclohexylcarbodiimide (0.82 g, 4 mmol),
and N,N'-dimethylaminopyridine (0.50 g, 4 mmol) were stirred in
DMF (1.5 mL) and dichloromethane (9 mL) under N, for 18 h in
the dark. The reaction mixture was poured into 1.2 M HCI
40 containing an equimetal molar amount of NH,PF, then extracted

3
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into dichloromethane and washed twice with water. The organic
extract was dried with MgSO, and then the solvent was removed
in vacuo. The resulting precipitate was dissolved in a minimum
amount of acetone, added dropwise to diethyl ether, and placed in
the freezer. The mixture was filtered and the precipitate was
washed with ether to afford a deep purple powder. Yield: 76%.
Elemental analysis (C,gH7oCl,F,4Fe;NgOgPy): cale. C 45.97%, H
3.46%, N 4.12%; found, C 46.10%, H 3.28%, N 4.45%. NMR
data in acetone-dy: 8('H) 8.85 (s, 4H), 8.79 (m, 4H), 8.23 (d, J =
7.5, 4H), 7.99 (m, 4H), 7.49 (m, 8H), 7.23 (m, 4H), 6.88 (d, J =
5.5, 4H), 6.63 (m, 4H), 5.42 (s, 10H), 4.75 (br s, 4H), 4.45 (t, J =
5.6, 4H), 2.16 (m, 4H), 1.96 (m, 4H), 1.83 (m, 8H); 8("*C) 169.2,
165.9, 161.9, 159.3, 158.2, 154.6, 139.6, 133.2, 130.9, 129.4,
128.4, 124.8, 121.4, 112.6, 105.5, 88.2, 80.9, 78.6, 71.4, 65.9,
29.6, 29.3, 26.6, 26.5. IR: 1710 (C=0), 1616, 1521, 1500, 1456
(C=C, C=N), 1363 (=C-N), 1274, 1165 (C-O-C ester). UV-vis:
Ama/nm (CH;CN) 246, 268, 315, 367, 506, 557.
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Preparation of Monomer 11

Monomer 11 was prepared using a similar procedure as
implemented for the synthesis of monomer 10, combining
[Ni(hex-tpy),][PFs]> (9) (1.05 g, 1 mmol), acid complex 5 (1.00
g, 2 mmol), N,N'-dicyclohexylcarbodiimide (0.82 g, 4 mmol),
and N,N'-dimethylaminopyridine (0.50 g, 4 mmol) in DMF (1
mL) and dichloromethane (7 mL) under N, for 18 h in the dark.
The purification steps remained identical, and the product was
isolated as a yellow precipitate. Yield: 25%. Elemental analysis
(C7gH7oCLF4FeyNiNgOgPy): cale. C 45.91%, H 3.46%, N 4.12
%; found, C 45.66%, H 3.29%, N 3.95%. IR: 1710 (C=0), 1622,
1571, 1537, 1456 (C=C, C=N), 1367 (=C-N), 1244, 1165 (C-O-C
ester). UV-vis: Ay, /nm (CH3CN) 243, 271, 311, 323, 334.

Preparation of Polymer 12

Complex 7 (1.26 g, 1 mmol) and FeCl,-4H,0 (0.20 g, 1 mmol)
were stirred in a minimum amount of methanol (5 mL) for 18 h.
NH4PF¢ (1.14 g, excess) in 5 mL methanol was added and the
reaction mixture was added dropwise to diethyl ether to produce a
purple precipitate. The product was isolated via vacuum filtration
and washed with diethyl ether. NMR data in DMSO-d;: 8('H)
8.85 (s, 4H), 8.77 (d, 4H), 8.24 (d, J = 8.4, 4H), 7.94 (t, 4H), 7.23
(d, J=8.4, 4H), 7.18 (m, 4H), 7.14 (m, 4H), 6.48 (s, 4H), 5.01 (s,
SH), 4.58 (s, 4H), 4.46 (t, 4H), 2.08 (m, 4H), 1.88 (m, 4H), 1.76
(m, 8H); §(°C) 166.2, 162.6, 160.4, 159.3, 155.8, 153.0, 138.6,
132.2, 130.5, 128.0, 127.5, 123.7, 120.9, 111.5, 77.9, 76.9, 69.8,
65.2, 33.4, 27.5, 25.0, 24.5. IR: 1712 (C=0), 1604, 1502, 1471,
1427 (C=C, C=N), 1363 (=C-N), 1276, 1161 (C-O-C ester). UV-
vis: Apa/nm (CH;CN) 246, 268, 315, 364, 506, 556.

Preparation of Polymer 13

Ni(CH;CO0),-4H,0 (0.25 g, 1 mmol) was stirred in a
minimum amount of methanol for 10 minutes. Complex 7 (1.26
g, 1 mmol) in methanol (7 mL) was added and the mixture was
stirred for 18 h. An excess of NH4PFg in methanol (10 mL) was
added to the cloudy pink solution, and the flask was put in the
freezer for several hours to afford a precipitate. After filtration
and washing with methanol and diethyl ether, a fine pink-purple
precipitate was collected. IR: 1708 (C=0), 1600, 1566, 1477,
1442 (C=C, C=N), 1365 (=C-N), 1276, 1161 (C-O-C ester). UV-
vis: Ana/nm (CH3CN) 249, 265, 301, 313, 325.

Preparation of Polymer 14

Monomer 10 (2.04 g, 1 mmol), bisphenol A (0.23 g, 1 mmol),
and K,CO; (0.97 g, excess) were combined in a minimum
amount of DMF (3 mL) under N,, and stirred for 24 h in the dark.
An excess of NH,PF, was added to the reaction mixture, which
was then added dropwise to diethyl ether and cooled for 18 h.
The resulting solid was filtered and washed with diethyl ether to
afford a pink-purple powder. NMR data in acetone-ds: 8('H)
8.72 (s, 4H), 8.63 (m, 4H), 8.06 (m, 4H), 7.98 (m, 4H), 7.50 (m,
4H), 7.42 (m, 4H), 7.25 (m, 4H), 7.04 (m, 4H), 6.45 (m, 4H),
6.27 (m, 4H), 5.25 (s, SH), 4.28 (m, 4H), 1.81 (m, 4H), 1.71 (m,
4H), 1.62 (m, 8H), 1.53 (m, 6H). IR: 1710 (C=0), 1598, 1537,
1504, 1471 (C=C, C=N), 1359 (=C-N). UV-vis: Ap,/nm
(CH;5CN) 241, 267, 315, 556.

This journal is © The Royal Society of Chemistry [year]

Journal Name, [year], [vol], 00—00 |3



Polymer Chemistry Page 4 of 13

an OH group, yielding what we will refer to as 2°. We then

Preparation of Polymer 15 optimized this structure using density functional theory. In
Monomer 10 (2.04 g, 1 mmol), hydroquinone (0.11 g, 1 particular, Becke's three-parameter exchange functional®® (B3)
mmol), and K,CO; (0.97 g, excess) were combined in DMF (2.5 ¢ was employed in conjunction with the correlation functional

[
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mL) and stirred in the dark under N, for 48 h. An excess of
NH,PF, was added to the flask and the reaction mixture was
added dropwise to ether to form a brown/purple oil. The mixture
was placed in the freezer for several hours; the diethyl ether was
then decanted, the oil was dissolved in a minimum amount of
acetone, and the solution was added dropwise to diethyl ether.
The resulting precipitate was filtered, washed with diethyl ether,
and collected as a dark purple powder. NMR data in acetone-dg:
5('H) 8.95 (s, 4H), 8.80 (m, 4H), 8.13 (m, 4H), 7.97 (m, 4H),
7.43 (m, 4H), 7.23 (m, 4H), 7.20 (m, 4H), 6.94 (m, 4H), 6.42 (m,
4H), 6.20 (m, 4H), 5.23 (s, SH), 4.68 (m, 4H), 4.42 (m, 4H), 2.07
(m, 4H), 1.86 (m, 4H), 1.67 (m, 8H). IR: 1708 (C=0), 1612,
1546, 1469 (C=C, C=N), 1365 (=C-N). UV-vis: Apa/nm
(CH;CN) 245, 266, 315, 365, 506, 555.

Computational Methods

Molecular dynamics (MD) simulations were employed to study
the conformational flexibility of the organic backbone of complex
7. To do so, we focused on a truncated model of 7, whereby the
iron moiety was removed along with the cyclopentadienyl ring
and counter ion. We will refer to this structure as 7°. Such an
alteration is not expected to significantly affect the flexibility of
the ring but obviates the requirement for additional parameters
involving the iron center. The MD simulation was carried out
using the GROMACS 4.6 package®>’ combined with the
GROMOS 53a6 force field.”® As GROMACS is primarily
designed for bimolecular simulations, parameters for the ligand
were developed using the Automated Topology Builder (ATB).”
Electrostatic interactions were approximated using the Particle
Mesh Ewald (PME) method® with a coulomb cut-off distance of
1.0 nm, a Fourier spacing of 0.135 nm and an interpolation order
of 4. The Lennard-Jones potential® was used in the treatment of
van der Waals forces while employing a 1.4 nm cut-off distance.

The simulation was carried out in a series of two steps. First,
the system underwent a steep descent energy minimization until
the maximum force exerted on the atoms converged to within
1000 kJ/mol/nm. The MD simulation was then carried out for a
period of 10 ns with a time step of 2 fs. All bonds containing
hydrogen atoms were constrained using the LINCS algorithm.*
The initial velocities for all dynamics simulations were generated
from a Maxwell distribution at the appropriate temperature. The
temperature (reference temperature of 300 K) and pressure
(reference pressure of 1 atm) in the runs were controlled using the
velocity-rescale thermostat®® and Parrinello-Rahmanbarostat,
respectively.®®  The simulation was performed using the
explicit SPC/E®® water model where the degrees of freedom of
the water molecules were constrained using the SETTLE
algorithm.®’

In addition to MD simulations, we also predicted structures
and/or harmonic vibrational frequencies of models of compounds
552, 7°, and 8 (vide infra). For compound 2, we employed a
truncated model whereby the hexanediol moiety was replaced by
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proposed by Lee, Yang, and Parr® (LYP) and the 6-31G*
doubly-split-valence Pople basis set. We also predicted the
harmonic vibrational frequencies for 2” both for the purposes of
comparison with experimental data and to confirm the nature of
the stationary point on the potential energy surface (i.e. a
minimum).

In the case of 7°, our primary focus was to determine the
existence and nature of intramolecular interactions between the
terminal terpyridine units. We began with the equilibrated MD
structure and further optimized the structure using the GROMOS
53a6 force field. To investigate the intramolecular interactions
we determined the so-called non-covalent index using the NCI
Plot program "2 with a promolecular density and graphed these
using VMD.”®  Additionally, we calculated the stationary point
density of the GROMOS 53a6 optimized structure using the
B3LYP/6-31G(d) theoretical method. This density was then used
to perform an Atoms in Molecules (AIM) analysis™" with the
AIMALL software package’ to identify and characterize non-
covalent interactions by the existence and properties of bond
paths between neighbouring terpyridine units.

To afford a comparison of the harmonic vibrational frequencies
of 2> and 7°, we truncated our GROMOS 53a6 optimized 7’
further by removing all atoms except for the terminal terpyridine
units “capped” with hydroxyl groups while holding the spatial
positions of the terminal terpyridine units fixed in their fully
interacting conformation. We will refer to this truncated
interacting terpyridine model as 7i. We then calculated the
B3LYP/6-31G(d) vibrational frequencies of 7i and compared
them to those of 2°. All vibrational frequencies were scaled by a
factor of 0.96.

Finally, we investigated the nature and extent of charge
transfer in complex 8 again using an AIM analysis on several
structural analogs. We modelled 8 by creating a dimer of 2’
complexed to a central Fe(Il) atom. We will refer to this
structure as 8°. We then calculated the AIM atomic charges using
AIMALL’® of 2°, 8, and also 2’ in the exact structural
arrangement found in the optimized 8 complex. The global
minimum of 2’ corresponds to a structure having both NCCN
dihedral angles equal to 180 degrees. This prevents unfavourable
repulsion between the N lone pairs and allows the outer N atoms
to interact with neighbouring electron-poor hydrogen atoms from
the central heterocycle. To form 8°, however, the NCCN
dihedrals in 2’ reduce to 0 degrees to allow maximum interaction
with the positive Fe(Il) center. We will refer to this “complexed”
geometry of 2° as 2¢’. We were interested in understanding the
charge transfer first from the geometrical rearrangement of 2’ to
2¢’ and then from complexation to the Fe(Il) center (i.e. 2¢’ to
8).

All quantum chemical energy calculations, geometry
optimizations, and harmonic vibrational frequencies were
produced with the Gaussian 09 suite of programs.”” Cartesian
coordinates of our fully optimized 2°, 7°, and 8’ complexes are
available within the supporting information.

4|Journal Name, [year], [vol], 00—00
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Results and Discussion
Synthesis and Characterization

Many synthetic methods were employed in the preparation of
hexanediolterpyridine (hextpy) 2 that utilized the same reagents
but different reaction conditions and work-up procedures. The
procedure reported by Schubert er al. was followed,” with
several changes to optimize product purity and yield (Scheme 1).
A larger molar amount of the nucleophile was used in the
reaction (the ratio of hexanediol to tpyCl 1 was increased from
1:1 to 5.5:1), resulting in greater yield, and the reagents were
allowed to react for a longer duration (70 °C for up to two days).

HO
Cl
X
‘ + HO/\/\/\/OH —»KOH’ DMSO
‘\ N ‘\ 70°C, 2d 0
N N~ N
1 |
| NN ‘ N
N N~

Scheme 1 Synthesis of hextpy 2.

Novel diacid complex 4 was prepared using a previously
reported method.*® The reaction of dichloro-terminated
organoiron complex 3 with 4-hydroxybenzoic acid resulted in the
formation of dicarboxylic acid organoiron complex 4, as shown
in Scheme 2. A similar complex already exists within the
reported array of organoiron compounds, but with either a single
carboxylic acid group or two aldehyde moieties.’™™® Diacid
complex 4 was therefore prepared to later afford an organoiron-
containing monomer with two terminal terpyridine moieties
through an esterification reaction.

Do wf, SO0,

Fe'PFy L PR -
@ ®  K,COs, DMF @ PFe
3 4

Scheme 2 Synthesis of diacid complex 4.

In the '"H NMR spectrum of complex 4, the Cp singlet appears
at 5.43 ppm, slightly downfield from its resonance in complex 3
at 5.48 ppm, confirming substitution. The aryl protons appear as
a singlet at 6.59 ppm, further supporting successful disubstitution,
as monosubstitution would result in two doublets. The proton
signals of the non-complexedarene show doublets at 8.17 and
7.43 ppm. No peaks representing either starting material appear
in the spectrum, confirming completion of the reaction.

40

45

w
=

A typical carbonyl stretch of a carboxylic acid group on an
aromatic ring appears at 1697 cm™ in the IR spectrum of diacid
complex 4, while the C-O stretching band occurs at 1288 cm™.
The stretches at 1232 cm™” and 1128 cm” demonstrate the
stretching of the diaryl ether C-O-C bonds, supporting the
formation of the ether. The UV-vis spectrum shows one band at
246 nm, representing the © — z* transition of the aromatic rings.

The first organoiron-containing terpyridine compound, 6, was
prepared via a condensation reaction with acid complex 5 and

hextpy 2 (Scheme 3).>%%
H

Qo0
i OH
+

DCC, DMAP c1@o@—f

¢'PFg o . O (CHs O
DCM ' PFg
O ()
NN N
5 6
S\

Scheme 3 Synthesis of organoiron-containing terpyridine 6.

The IR spectrum of complex 6 shows a shift in the C=0 stretch
to a higher wavenumber (1710 cm™) than the starting material.
Aryl ester C=0 stretches occur at a lower frequency than those of
aliphatic esters due to the increased conjugation. The carbon-
carbon and carbon-nitrogen double bond stretches of the
terpyridine moiety are present in the region from 1400-1650 cm™,
and the =C-N stretch is found at 1357 cm™. The C-O-C stretches
of the ester functionality appears at 1278 cm™ and 1161 cm™,
confirming a successful reaction.

The gradient heteronuclear single quantum coherence
(gHSQC) NMR spectrum shows that the signal at 4.33 ppm
represents both the methylene protons adjacent to the ester,
shifted downfield from 4.24 ppm in hextpy 2, as well as the
methylene protons adjacent to the oxygen bonded to the
terpyridine.

Diacid 4 was reacted with hextpy 2 in a Steglich esterification
reaction using the same conditions as in the preparation of
complex 6 to afford complex 7 with two terminal terpyridine
groups as shown in Scheme 4.

This journal is © The Royal Society of Chemistry [year]
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H slightly higher wavenumbers than in starting material hextpy 2.
Q o) 20 The =C-N stretch follows the same trend, shifting approximately
HO@O@O@OH é 20 cm’ higher in frequency to 1346 cm™ than its equivalent in
g‘;PF‘{ + hextpy 2. This shift to lower energy is likely a result of
/O intramolecular interactions; the hexyl chains are fairly flexible,
4 N | ~ allowing the terpyridine units to interact with nearby terpyridine
N P 25 groups or the second terminal terpyridine group within the same
2 molecule. This can be readily demonstrated using computational
DCC, DMAP

DCM techniques. We’ve performed molecular dynamics simulations to

;,\ understand the flexibility of the hexyl chains and quantum
— %—@0@0 chemical calculations to demonstrate that intramolecular
N, )—O~(CHy)0 Fevrs O—(CH,)O

AR @ vibrational frequencies.

- 7 A molecular dynamics simulation was performed on 7’

according to the procedure described in the Computational

Methods in order to determine an average structure for the ligand.

| 35 This average structure was obtained by analyzing the root mean
The "H NMR of complex 7 shows the product peaks, as well as square deviation (RMSD) from the initial structure. The average

30 interactions are present and elucidate their effect on the

Scheme 4 Synthesis of organoiron-containing terpyridine 7.

the presence of some diacid starting material, in a ratio of 5:1. was calculated from the final 2000 ps of the simulation based on
s The ester groups are slightly less deshielding than the acid groups an observed equilibrium in the plot of the RMSD (see supporting
of starting organoiron complex 4, causing a small shift upfield in information).  As the average structures computed from
the resonances of the cyclopentadienyl protons and the ,, GROMACS are generally crude, a subsequent energy
complexed and non-complexed aryl hydrogens. As in minimization was carried out using the GROMOS 53a6 force
monosubstituted complex 6, the multiplet at 4.32 ppm represents field to obtain the final geometry (Cartesian coordinates available
10 both the methylene protons next to the ester group and those in the supporting information). The geometry of compound 7’ is

adjacent to the oxygen bonded to the terpyridine group, as characterized by a folding pattern that allows the terminal
confirmed by gHSQC data. As in monosubstituted complex 6, s terpyridine units to readily interact. This is illustrated in Fig. 1

complex 7 with diester functionalities shows similar IR stretches (left), which depicts the interaction surface for these units as
to confirm the successful esterification reaction. The C=O stretch predicted by a promolecular density using NCI Plot.”"  This
is shifts from 1697 cm™ in starting material diacid complex 4 to technique determines and visualizes Van der Waals interactions
1710 em™, while the C-O-C ester stretches occur at 1271 em’ by calculating points of low reduced electron density gradient.
and 1165 cm”. The terpyridine C=C and C=N stretching ., The isosurface shown in green is strong evidence for weak
frequencies appear in the 1400-1650 cm™ region, shifting to interactions that are primarily found near the N atoms.

Fig. 1 The interaction surface as predicted by a promolecular density using NCI Plot”" (shown in green) for the terminal terpyridine units in 7° (left) and
the molecular graph with selected bond critical point densities indicated (right). Both are depicted in a similar orientation. For clarity, all atoms other

s5 than the terminal terpyridines have been removed. Non-bonded interactions are plotted using dashed lines and selected bond critical point densities are
given in atomic units. Carbon atoms are illustrated in grey, nitrogen atoms are indicated in blue, oxygen atoms are indicated in red and hydrogen atoms
are indicated in white. Bond critical points are indicated as small green spheres.

6|Journal Name, [year], [vol], 00-00 This journal is © The Royal Society of Chemistry [year]
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Additionally, we investigated the topology of the electron
density using Bader’s Quantum Theory of Atoms in Molecules
(AIM) to understand the extent of the interaction between these
terminal terpyridine groups. As shown in Fig. 1 (right), there are

s several bond paths predicted by the B3LYP/6-31G(d) density that
indicate significant interaction (shown as dashed lines). These
are paths of maximum electron density between two atoms and

The bond

critical point densities are illustrated in atomic units and are all of

are strong indicators for interatomic interactions.

10 appropriate magnitude to affect properties such as the terpyridine
normal modes.

Indeed, in excellent agreement with the experimental IR
spectra, we find that the harmonic vibrational frequencies of 2’
are consistently lower in energy than the corresponding modes of

15 the truncated model of 7i by about 20 or more wavenumbers (see
supporting information).

The UV-vis spectra of complexes 6 and 7 are very similar,
showing matching absorbance bands in the 220-360 nm range
(Fig. 2). The peaks at 245 nm and 275 nm represent the 1 — ©*

20 transitions of the terpyridyl groups. The absorbance band at 245
nm also overlaps with the peak representative of the n — w*
transition of the aromatic rings of the cationic iron ester moiety,
which appears at 246 nm in the UV-vis spectra of starting
materials monoacid 5 and diacid 4.

25

1.4

0.8
0.6

0.4

Nonmalized absotbancs

0.2

220
0.2

260 300 340

Witw elergth Girm)

330 420 460

30 Fig. 2 Comparison of UV-visible spectra of complex 6 (red) and complex
7 (blue) in the region of 220-480 nm.

Two novel metal-chelated complexes of hextpy 2 were
35 prepared to demonstrate a small portion of the range of possible

metal-organic frameworks containing terpyridines. The metal-

chelated complexes employed either iron(Il) or nickel(II); iron(II)

was used for most polymerization reactions due to the facile and

efficient reaction conditions, minimal purification required, and
40 diamagnetic properties.

The iron(II)-chelated terpyridine complex 8 was synthesized
by a modification of a published procedure (Scheme 5).”” The
iron-chelated product was a deep purple powder, the expected
colour of iron-terpyridine complexes.*>

OH

(Cszé

0

FeCl,-4 H,O or + =
Ni(CH;CO0)-4 H,0 Ay | -
‘ N 5 I\H F

Scheme 5 Synthesis of [M(hextpy),][PF¢]. {M = Fe (8) and M= Ni (9)}.

The 'H NMR spectrum of complex 8 in DMSO-dy showed
significant shifts in all of the proton environments of the
so terpyridine moieties in response to chelation to iron (Fig.. 3).

Fig. 3 'H NMR spectrum of iron-chelated complex 8 in DMSO-d.

This journal is © The Royal Society of Chemistry [year]
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The singlet representing the 3',5'-protons (H,) shifts downfield
from 7.97 ppm to 8.93 ppm, while the 3,3"-protons (H,.) shift
downfield from 8.60 ppm to 8.83 ppm. The 4,4"-proton (Hy)
resonance shows little variation as a triplet of doublets at 7.97
ppm, while both the 5,5"- and 6,6"-protons (H, and H;) move
upfield to 7.17 and 7.23 ppm, respectively. These upfield shifts
are in direct response to chelation to the iron(Il) center, which
accepts electrons from the terpyridine nitrogens. The lone pairs
on the nitrogens contribute less to the electron density in the
pyridyl rings, decreasing the electron density in the aromatic
system, and therefore shielding the protons nearest the iron
moiety. The upfield shifting of protons H; can be explained by
their position in the shielding region above a pyridine ring of the
other ligand.?' The shifting of protons H, depends upon the
nature of the substituent, but these hydrogens often resonate near
protons H.. The methylene protons next to the ether linkage (H;)
shift slightly downfield, appearing at 4.62 ppm. A broad triplet is
present at 4.72 ppm, indicating H, of the intact hydroxyl group.

The downfield shift of the methylene protons is due to the
metal center pulling electron density away from the terpyridine
moiety as a whole, thus causing the aromatic terpyridyl system to
deshield the surrounding proton environments. This is
demonstrated in Fig. 4, in which the change in atomic charges (as
predicted by AIM theory) is shown for 2’ as it undergoes
geometrical rearrangement to 2¢” and then complexes with Fe(II)
to form 8.

Iron(II) and nickel(II) complexes of 4’-hexyl alcohol-2,2":6",2"-
terpyridine were prepared by reaction of the terpyridine ligand
with iron(II) chloride or nickel(II) acetate, respectively. 'H NMR
spectroscopy confirmed that chelation to the metal center caused
a definitive upfield shift in the terpyridyl protons closest to the
metal, while the terpyridine protons in the 3’,5’-position shifted
downfield significantly. UV-visible spectroscopy confirmed
characteristic metal-ligand charge transfer bands for the iron(II)
complexes (~556 nm) as well. A new diacid-functionalized
organoiron complex was synthesized to act as a spacer in a
terpyridine monomer. This diacid complex was reacted with
hexanediol-functionalized terpyridine in a Steglich esterification
to afford a monomer containing two terminal terpyridine units.
Similarly, the hexanediol-functionalized terpyridine was also
reacted with a monoacid-containing cationic iron complex,
resulting in a complex that could then be polymerized through
either ~ coordination  polymerization  or  condensation
polymerization. Four new organoiron-containing coordination
polymers were prepared: three included iron(II)-chelated
terpyridine units and one contained terpyridine-nickel(II)
complexation. The thermal properties of the iron(II) polymers
were studied by thermogravimetric analysis and differential
scanning calorimetry. The incorporation of the coordination
complex into the backbone of the polymer resulted in lower glass
transition temperatures but higher thermal stability than their
organoiron polymer analogues free of coordination bonds.

As can be seen in Fig. 4, the majority of charge transfer occurs
between the N and Fe atoms, as expected. Upon complexation,
the N atoms of each 2¢’ collectively gain 0.55 e of charge, while
the Fe center gains 0.62 e (0.31 e coming from each 2¢’
molecule). This increase in electron density comes at the expense

60

65

75

85

of the remaining atoms in the aromatic ring structures, with the
exception of carbons 2, 8, and 10 (and their symmetrically
equivalent analogues). These centers appear to be the shuttle
through which the density transfers and thus have relatively little
net change in atomic charge. The positive increase in charge on
the N atoms upon geometrical rearrangement is primarily due to
the repulsion between N lone pairs, forcing electron density back
into the ring structure of the terpyridine moiety.

W Complexation

Geometrical Rearrangement

0.00

-0.35

AqQ(a.u.)

-0.53

-0.70

N1 C2 C3 C4 O5 H6 H7 C8 N3 C10 Ci1 C12 C13 Hi14 H15 H16 H17 Fe

Atom

Fig. 4 Molecular graph of 2¢’ (top) with all unique atoms numbered and
bond critical points indicated. The chart (bottom) shows the change in
atomic charge (Aq) of each atom from the geometrical rearrangement of
2’ to 2¢” and then complexation to the Fe(II) center from 8. The Fe and
N atoms are highlighted in brown and blue, respectively.

[Ni(hex-tpy),][PFsl. (9) was prepared using a modified
procedure.®> Due to its paramagnetic nature, the 'H NMR
spectrum of the complex did not appear useful. However,
according to a similar reaction reported by Constable and
coworkers using cobalt(Il), signals outside of the studied 0-14
ppm range would have provided information regarding the
terpyridyl protons.®

Acid complex 5 was reacted with metal-chelated terpyridine
complexes 8 or 9 to form chloro-terminated monomers 10 and 11
for condensation polymerization (Scheme 6).**"%%% Monomer

8|Journal Name, [year], [vol], 00-00
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10 was isolated as a purple powder, while monomer 11 was a
yellow precipitate.

0
Cl@o@_{m{ + HO~(CHys0—

{ ¥

Fe'PFg
\ 7/
5 8 M=Fe
9 M=Ni
DCC, DMAP
DME/DCM

|
Fe'PFg

Scheme 6 Synthesis of monomers 10 and 11.

The "H NMR spectrum of monomer 10 confirms successful
synthesis by the downfield shift in the methylene protons closest
to the hydroxyl group of starting material 8, shifting from 3.62
ppm to 4.45 ppm upon esterification. This shift is a direct result
of the greater deshielding effect of the ester group compared to
the hydroxyl group of starting material 8.

Similarly, the peaks representing the aromatic protons of the
former iron complex are slightly affected by the esterification
reaction, with ortho and meta protons of benzoic acid shifting
slightly downfield (~0.03 ppm) compared to the acid complex
starting material due to their proximity to the deshielding ester
moiety. The ortho and meta protons of the CcH,ClO moiety shift
slightly upfield, by 0.03 ppm, while the Cp protons shift from
5.45 ppm in acid complex 5 to 5.42 ppm in monomer 10 as
expected from similar esterification reactions using cationic iron
moieties.*®487-%

IR spectroscopy supports the formation of monomer 10. The
ester C=0 stretch appeared at 1710 cm™', mirroring the same
carbonyl stretch in similarly functionalized complex 6. The
terpyridine C=C and C=N stretching frequencies were shifted to
the left, as expected upon chelation to iron to 1616 cm™, 1521
cm’!, 1500 cm’!, and 1456 cm™. Similarly, the =C-N stretch
shifted to a slightly higher wavenumber at 1363 cm™, and C-O-C
ester stretches were present at 1274 cm™ and 1165 cm™,
confirming successful esterification. The terpyridyl stretches of
nickel(II) monomer 11 matched closely to these values as well.

The UV-vis absorbance spectrum of monomer 10 is very
similar to that of starting material 8 (Fig. 5). The n — n*
transitions of the terpyridine groups appear at 246 nm and 268
nm, while the # — 7©* transition affected by the iron(Il) center
remains at 315 nm. The transition at 246 nm is more intense in
monomer 10 due to the overlap of the m1 — =* transitions of the
terpyridine moieties and the aromatic rings of the cationic iron
complex. A broad MLCT band is present at 557 nm, with small
shoulder peaks at 367 nm and 506 nm, which are indicative of

metal-centered d-d transitions. Similarly, the UV-vis spectrum of
monomer 11 is almost identical to its starting material, complex
9, in the positioning of each absorbance band. The ligand-

45 centered T — ©* transitions appear at 243 nm and 271 nm, with
those affected by the chelation to the nickel(II) center appearing
less intensely at 311 nm and 323 nm.'*'® The band at 334 nm is
most likely a result of a nickel-centered d-d transition.”'

12

0.8
0.6

0.4

Notmalized abzorbance

0.2

220
0.2

320 420 520

Wavelength (ur)

620 720

50
Fig. 5 Comparison of UV-vis spectra of complex 8 (red) and monomer

10 (blue).

Monomer 7 was prepared for the purpose of coordination
polymerization by the reaction of the terminal terpyridine groups
ss with a metal salt. Polymer 12 was formed when monomer 7 and
iron(Il) chloride were combined in a minimum amount of
methanol for 18 hours (Scheme 7). Upon addition of ammonium
hexafluorophosphate and precipitation in diethyl ether, the
product was afforded as a purple precipitate.

60

|
Fe'PFg

O

FeCl,-4H,0 or
Ni(CH;CO0),.4H,0 | MeOH

Q o ]

O e @ @ L

0 ] 0-(CHp)g O N—M*N
Fe'PFg N

O

12 M=Fe
13 M=Ni

Scheme 7 Synthesis of iron(Il) and nickel(II) coordination polymers 12
and 13, respectively.

6s NMR spectroscopy confirmed the successful coordination of
terpyridine to iron(Il) or nickel(II) through the characteristic
shifts of the terpyridyl hydrogen environments. In addition to the
distinctive shifts of the proton signals upon chelation to iron, all

This journal is © The Royal Society of Chemistry [year]
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resonances in the 'H NMR spectrum of polymer 12 were
broadened, a known attribute of polymeric materials. Nearly all
other proton resonances of polymer 12 shift downfield from their
chemical shifts in starting material 7 upon polymerization. For
example, the methylene protons beside the ester functionality
appear at 4.46 ppm, downfield from 4.32 ppm, while the
methylene protons at the other end of the hexyl chain, located
next to the ether linkage, shift from 4.32 ppm to 4.58 ppm. The
Cp protons, however, shift upfield from 5.26 ppm in monomer 7
to 5.01 ppm in polymer 12, as is expected in polymers containing
cationic iron moieties.*"855%

The UV-visible spectrum of polymer 12 is nearly identical to
that of monomer 10 as expected, since the structure of the
polymer is very similar to that of its monomer. The 1 — =*
transitions of the terpyridine groups still appear at 246 nm and
268 nm, while the 1 — w* transition affected by the iron(II)
center remains at 315 nm. Shoulder peaks at 364 nm and 506 nm
represent the d-d transitions localized at the iron center, while the
metal-to-ligand charge transfer band appears at 556 nm.

The infrared spectrum of polymer 12 aided in confirming
chelation of the terpyridine end groups to iron(II) due to the shift
to higher wave numbers of the C=C and C=N terpyridyl
stretching frequencies in the range of 1420-1650 cm™. Also, the
=C-N stretch shifted from 1346 cm™ in free ligand complex 7 to
1363 cm™ due to the increase in double bond character upon
chelation to the metal center, which is the case for most metal-
terpyridine complexes.”

Monomer 7 was also reacted with nickel(Il) acetate in
methanol for 18 hours to produce nickel(Il)-containing
coordination polymer 13 as a pink-purple powder (Scheme 7). IR
spectroscopy provides strong evidence that the polymer was
successfully formed. The frequencies of the terpyridine-based
stretches and the ester functionalities appear at very similar wave
numbers as their corresponding peaks in complex 9, [Ni(hex-
tpy)2][PFgl,. The C=C and C=N peaks appear at 1600 cm™', 1566
em’l, 1477 em’!, and 1442 cm’!, and the C-O-C stretches of the
ester groups mirror those found in complex 9, appearing at 1276
em™ and 1161 em™.  The =C-N stretching frequency shifts ~20
cm’ to the left to 1365 cm™ to confirm chelation to the metal
center. The most noticeable new stretch is the carbonyl stretch of
the ester functionality at 1708 cm™, shifted to a slightly lower
wave number than in complex 9.

The ligand-centered m — m* transitions of the terpyridyl
moieties and the aromatic backbone of polymer 13 appear at 249
and 265 nm, respectively, in the UV-visible spectrum. The = —
n* transitions influenced by the chelation to nickel appear red-
shifted at 301, 313, and 325 nm.

Monomer 10 was reacted with a spacer, either bisphenol A or
hydroquinone, for 24 hours in darkness to give coordination
polymers 14 and 15 (Scheme 8). The 'H NMR spectra of
polymers 14 and 15 show broad resonances, indicative of
polymerization. In both spectra, the Cp signal appears at
approximately 5.23 ppm, shifted upfield from 5.42 ppm in
monomer 10, confirming successful polymerization.

0
% o~ )~
0-(CHy-0—

|
Fe'PFq

gy@o@%ofmi

Fe'PFg

Scheme 8 Synthesis of Fe(II) coordination polymers 14 (bisphenol A
spacer) and 15 (hydroquinone spacer).

The 'H NMR spectra of polymer 15 and monomer 10, shown

0 as an example, provided evidence of polymerization (Fig. 6). The

shifts of the complexed aryl protons shows the substitution of the

chloro group by the phenolic spacer, and the appearance of the

aromatic protons of the hydroquinone moiety at 6.92 ppm further
support the successful synthesis of polymer 15.

o)
CcH{ )0
| O 0(CHy~0~
Fe'PFg

@ 2PFg
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9.0 8.6 8.2 78 74 7.0 6.6 6.2 58 5.4 5.0 4.6 42
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C O_©_<O((‘H2)(;O !

]
Fe'PFg
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n Fe'PFy
Cp
(b)
75 Cp
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b e £ N/ - .
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9.0 86 82 78 7.4 7.0 6.6 6.2 58 54 5.0 4.6 42
80

Fig. 6 (a) '"H NMR spectrum of monomer 10 in DMSO-d; and (b) 'H
NMR spectrum of polymer 15, with hydroquinone spacer, in acetone-ds.

Given the similarity in their overall structures, the UV-visible

ss spectra of both polymers 14 and 15 appear very similar to that of

monomer 10, including the @ — ©* transitions of the terpyridine

groups below 300 nm, with those affected by the iron center at
315 nm, and the broad MLCT band around 555 nm.

10|Journal Name, [year], [vol], 00—00
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Thermogravimetric analysis (TGA) was performed on
terpyridine-containing iron(IT) coordination polymers 12, 14, and
15, as summarized in Table 1. The thermal degradations are

similar across all three polymers, most likely due to their similar

state; above Ty, it transitions to its rubbery and pliable state. The
ease of movement of a polymer chain determines whether the
glass transition temperature will be high or low: a polymer chain
that can move around fairly easily will have a very low T,, while

s structures, and therefore polymer 12 is discussed as an example.

Table 1 Summary of TGA results of iron-containing polymers 12, 14,
and 15.

Step 1 Step 2 Step 3 Step 4

ColEOuaS T4 (°C) T4 (°C) T4 (°C) T4 (°C)
(% wt) (% wt) (% wt) (% wt)

12 159.81 219.06 388.99 523.76
(5.4%) (22.3%) (27.5%) (3.8%)

14 161.13 190.30 345.76 525.40
(7.6%) (30.2%) (23.7%) (3.2%)

15 151.16 206.41 343.47 550.67
(6.3%) (31.8%) (31.8%) (5.4%)

The thermogram of polymer 12 indicates thermal degradation
occurred in four steps (Fig. 7).

120 1.0

1001 r0.8
lo6 £
g 80] -
= £
S 388.99°C 94 5
9] =
= 60/ =
r0.2 &
523.76°C a

40+ 00

20 , : : , -0.2

0 200 400 600 800 1000
s Temperature (°C)

Fig. 7 TGA of polymer 12.

The weight loss of 22.3% with thermal stability up to 219.06
°C can be attributed to the decoordination of the
cyclopentadienyliron(Il) moiety, which has been previously

20 shown to decompose between 180-240 °C 38478848995 Tpe third
decomposition step at 388.99 °C (weight loss of 27.5%) is the
degradation of the aromatic backbone of the polymer. This loss
occurs at a higher temperature due to the higher bond dissociation
energies of aryl bonds. The final weight loss of 3.8% at 523.76
°C correlates to the decomposition of the Fe-N bonding
interaction due to its higher bond dissociation energy.”**® All
three polymers have

2

o

final decomposition temperatures
significantly higher than those observed in organoiron polymers
previously ****%88 due to the presence of the Fe-N coordination
30 bond.

The thermal stability of polymers 12, 14, and 15 was further
assessed by performing differential scanning calorimetry (DSC).
This study provides a glass transition temperature (T,) for a
polymeric material, which is a function of chain flexibility.

3s Below T,, an amorphous polymer exists in a rigid and glassy

40 one that is more confined will have a higher Tg.97'99 The glass
transition temperature for polymer 12 is -21.17 °C (Fig.8), while
its nickel(Il) analogue has a T, of -20.10 °C. The T, values for
polymers 14 and 15 are -21.50 °C and -21.92 °C, respectively,
suggesting that such structurally similar polymer backbones will

4s have comparable glass transition temperatures, as polymer 14
contains bisphenol moieties while polymer 15 contains

hydroquinone groups.

0.00
c ]
s 0.02_
= onset: -21.69°C
= |
T _0.04- midpoint: -21.17°C
T |
-0.06 w

20

Temperature (°C)

T
-30
s0 Fig. 8 DSC curve of polymer 12 (T, =-21.17 °C).

These values are much lower than the glass transition
temperatures for other linear polymers containing organoiron
moieties in their backbones previously published,*4%53
confirming that the presence of the coordination bond lowers the

ss Ty of the polymer while making it more thermally stable with
higher decomposition temperatures.

Conclusions
Iron(II) and nickel(I) complexes of 4’-hexyl alcohol-2,2":6",2"-
e terpyridine were prepared by reaction of the terpyridine ligand
with iron(IT) chloride or nickel(IT) acetate, respectively. "H NMR
spectroscopy confirmed that chelation to the metal center caused
a definitive upfield shift in the terpyridyl protons closest to the
metal, while the terpyridine protons in the 3',5"-position shifted
s downfield significantly. UV-vis spectroscopy confirmed
characteristic metal-ligand charge transfer bands for the iron(II)
complexes (~556 nm) as well. A new diacid-functionalized
organoiron complex was synthesized to act as a spacer in a
terpyridine monomer. This diacid complex was reacted with
70 hexanediol-functionalized terpyridine in a Steglich esterification
to afford a monomer containing two terminal terpyridine units.
Similarly, the hexanediol-functionalized terpyridine was also
reacted with a monoacid-containing cationic iron complex,
resulting in a complex that could then be polymerized through
75 either coordination or condensation polymerization. Four new
organoiron-containing coordination polymers were prepared:
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three included iron(II)-chelated terpyridine units and one
contained terpyridine-nickel(Il) complexation. = The thermal
properties of the iron(Il) polymers were studied by
thermogravimetric analysis and differential scanning calorimetry.
Several properties of these compounds were also characterized
via computational simulation.  The incorporation of the
coordination complex into the backbone of the polymer resulted
in lower glass transition temperatures but higher thermal stability
than their organoiron polymer analogues free of coordination
bonds.
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