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Abstract
We report the synthesis of sym-1,4-diphenyl-1,4-dihydro-1,2,4,5-polytetrazine through 1,3-dipolar cycloaddition polymerization reactions
where bis-hydrazonoyl chloride was converted to a tetrazine based polymer through bis-nitrilimine intermediates. Polymer molecular weights
approached 90,000 g/mol under optimized reaction conditions with low polydispersity indices of approximately 1.05. The polymers are soluble
in a variety of organic solvents and the reactions were characterized through a series of spectral, thermal and chromatographic techniques. The
tetrazine based polymers display high complexation potential with cobalt chloride demonstrating metal complexation capability.
� 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

1,2,4,5-Tetrazines are a distinct class of compounds that
have been cited in a variety of research applications includ-
ing anti-tumor activity [1], molecular self-assembly [2],
fluorescence [3], energetics [4], and conductive materials
[5]. Tetrazines are unique since they constitute the most
electron deficient aromatic family of compounds, providing
unusually high electron affinity and charge transfer potential
as conjugated molecules. Tetrazines display brilliant color
and their fluorescence can be selectively quenched by elec-
tron rich molecules [6]. Tetrazine chemistries have been
useful in the molecular recognition of environmental con-
taminants [7], as anion binders [8] and in metal complexa-
tions [9].

Concerns regarding tetrazine thermal and oxidative stabil-
ity [10] have been overshadowed during the last decade
with a significant increase in scientific study and patent
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activity as reflected in a recent literature review [11]. Inter-
est in tetrazine exploration is commensurate with a recog-
nized need for materials with selective binding sites
driven through research in stimuli-response materials, smart
materials and molecular self-assembly chemistries. The
unique electronic and structural properties of tetrazines
make these products particularly interesting for evaluation
in polymeric applications.

Surprisingly little research has been reported for polymers
based upon tetrazine or substituted tetrazine moieties con-
tained within the backbone of the molecules. Early reports
include tetrazine functionalized polystyrene-co-DVB
copolymers [12] and self-assembled metalelattice coordina-
tion polymers [13]. The first example of an electroactive poly-
mer containing an oligothiophene substituted tetrazine moiety
in the backbone of the polymer was reported by Audebert
et al. in 2004 [14]. Stille and Harris reported that dihydrotetr-
azine polymers can be obtained from the reactions of isoph-
thaloyl and terephthaloyl hydrazonoyl chlorides with
triethylamine in refluxing tetrahydrofuran to account for the
low molecular weights of polymers obtained in cycloaddition
reactions of nitrilimines [15]. Recently, Sagot et al. reported
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the synthesis of linear and hyperbranched tetrazine based
polyhetarylene assemblies through hydrazine-mediated
polycondensation of dinitriles or diimidates to polydihydro-
tetrazines [16].

We report the synthesis of sym-1,4-diphenyl-1,4-dihydro-
1,2,4,5-polytetrazine from bis-hydrazonoyl halide with tri-
ethylamine in the absence of dipolarophiles. This research
provides new synthetic pathways for incorporating tetrazine
moieties into the backbones of polymeric materials to further
explore and evaluate polymeric tetrazines for complexation,
charge transfer and selectivity properties cited for small
molecule compounds.

2. Experimental
2.1. Materials
The following reagents were used as received without
further purification. Diethyl oxalate, 99þ%, phenylhydr-
azine, 97%, anhydrous methanol, 99.8%, anhydrous ethanol,
99.5%, dimethylformamide (DMF), 99%, triphenylphos-
phine, 99%, anhydrous acetonitrile, 99%, carbon tetrachlo-
ride, 99%, anhydrous chloroform, 99%, triethylamine,
99.5%, petroleum ether (reagent grade), benzene, 99%, tet-
rahydrofuran (THF), 99.9%, acetone, 99%, dioxane, 99%,
1-methyl-2-pyrrolidinone, 99%, chloroform-d (99.8 atom%
D contains 0.03% TMS), dimethyl sulfoxide-d6 (99.5þ
atom% D contains 1% TMS) and cobalt(II) chloride, 97%
(all SigmaeAldrich).
2.2. Synthesis of N,N0-diphenyloxalic(bis-hydrazide) 3
To a dry 100 mL two-neck round-bottom flask fitted with
a West condenser were charged 3.39 mL of diethyl oxalate 1
(25.0 mmol) and 4.92 mL of phenylhydrazine 2 (50.0 mmol).
The flask containing a low-viscosity slightly yellow solution
was immersed into a pre-heated oil-bath set at 110 �C and
the solution was stirred using a magnetic stirring device for
30 min. During this 30 min period, the low-viscosity solution
increased in viscosity to the point at which the reaction prod-
uct became a slightly yellow solid-plug mass (no significant
color change) and the flask was removed from the oil-bath
and allowed to cool to room temperature. The reaction prod-
uct, N,N0-diphenyloxalic(bis-hydrazide) 3 was removed from
the flask by adding approximately 30 mL of ethanol and us-
ing a metal spatula to fragment the glassy solid into size-
reduced particles. The solid product was filtered from the
ethanol and dried in vacuo (2 h at 110 �C). The dry product
was recrystallized from DMF and the slightly yellow solid
product was collected for analysis [17]. Yield for this reac-
tion was 95% and the melting point for the product was
274 �C. 1H NMR in DMSO-d6 (d, ppm): 6.78e7.15 (m,
10H, ArH), 7.90 (s, 1H, NH) and 10.59 (s, 1H, NH). 13C
NMR in DMSO-d6 (d, ppm): 112.30, 118.69, 128.49,
148.38, and 159.66. IR n cm�1, 3344 (NH), 3171 (NH),
1675 (C]O).
2.3. Synthesis of N,N0-diphenylethane(bis-hydrazonoyl
dichloride) 4
To a dry 250 mL two-neck round-bottom flask fitted with
a West condenser and magnetic stirrer were charged 5.40 g
(20.0 mmol) N,N0-diphenyloxalic bis-hydrazide 3, 13.10 g
(50.0 mmol) triphenylphosphine, 150 mL acetonitrile, and
4.83 mL (50 mmol) carbon tetrachloride. The mixture was solu-
bilized by immersing the flask into an 80 �C pre-heated oil-bath
and refluxed for 10 h during which the solution color changed
from slightly yellow to red-brown as the reaction approached
completion. The solution was removed from heat, cooled to
room temperature and solvents were evaporated under reduced
pressure. The dark tacky residue was triturated with 40.0 mL
of deionized water and stirred using a spatula to form bright yel-
low powder slurry. The yellow powder N,N0-diphenylethane(bis-
hydrazonoyl dichloride) 4 was filtered from the water, washed
with ethanol. The final yellow product was recrystallized from
acetic acid and dried in vacuo (12 h at 80 �C) [18]. Yield for
this reaction was 75% and the melting point for the product
was 188e190 �C. 1H NMR in DMSO-d6 (d, ppm): 6.85e7.34
(m, 10H, ArH), 10.15 (s, 1H, NH). 13C NMR in DMSO-d6 (d,
ppm): 113.55, 118.13, 121.26, 129.70 and 144.26. IR n cm�1,
3317 (NH), 1650 (C]N), 1600 (C]C) and 785 (CeCl).
2.4. Synthesis of sym-1,4-diphenyl-1,4-dihydro-1,2,4,5-
polytetrazine 5
A representative synthetic procedure for synthesizing sym-
1,4-diphenyl-1,4-dihydro-1,2,4,5-polytetrazine 5 is as follows:
to a dry 100 mL two-neck round-bottom flask were charged
3.07 g (10.0 mmol) N,N0-diphenylethane(bis-hydrazonoyl
dichloride) 4 and 30 mL chloroform. The flask containing a
yellow solution at RT was immersed into a 90 �C pre-heated
oil-bath and the solution was brought to a reflux condition
when 14 mL (100 mmol) of triethylamine was charged into
the reactor. The reaction was kept under reflux for 48 h, during
which a visible salt precipitated and the yellow solution
changed to deep brown. The flask was removed from heat,
cooled to RT and the triethylamine hydrochloride precipitate
was vacuum filtered from the solution. Solvent was stripped
from the solution under reduced pressure leaving a deep brown
tacky residue which was dissolved in toluene, transferred to
a separation funnel and washed three times with 60 mL of de-
ionized water. The toluene solution was transferred to a dry
separation funnel and added dropwise to 300 mL of rapidly
stirred petroleum ether in ice bath. The solid brown polymer
precipitate was vacuum filtered, washed with water several
times and dried in vacuo (24 h at 90 �C). Yield for this reaction
after purification was 65%. 1H NMR in CDCl3 (d, ppm): 6.07e
8.22 (m, ArH). 13C NMR in CDCl3 (d, ppm): 116.07, 129.14,
138.85 and 142.06. IR n cm�11683 (C]N) and 1594 (C]C).
2.5. Cobalt(II) chloride complexation reactions
A representative procedure for the metal complexation of
polytetrazines with cobalt(II) chloride is as follows: to a dry
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100 mL two-neck round-bottom flask equipped with a West
condenser and magnetic stirring were charged 0.89 g
(0.010 mmol) sym-1,4-diphenyl-1,4-dihydro-1,2,4,5-polytetra-
zine 5 and 40 mL chloroform. The dark-brown solution flask
was immersed into a 75 �C heated oil-bath and allowed to
stir. To a 50 mL addition funnel was charged 0.444 g
(0.010 mmol) cobalt(II) chloride dissolved in 10.0 mL metha-
nol. This cobalt salt solution was added dropwise into the
polymer solution over approximately a 30 min period, and
the mixture was allowed to stir for 24 h when it was removed
from heat and cooled to RT. Solvents were removed under re-
duced pressure and the remaining black residue was re-dis-
solved in 10 mL of chloroform and washed three times with
30 mL of deionized water. The solution product was dripped
into 250 mL of rapidly stirred petroleum ether. The polymer
complex precipitated as a dark-green solid was vaccuum
filtered and dried in vacuo (24 h at 90 �C).
2.6. Analysis
Molecular weights (Mn and Mw) and polydispersity index
(PDI) of polymers were determined using a GPC system con-
sisting of Waters Alliance 2695 Separations Module, an on-
line multi-angle laser light scattering (MALLS) Detector
(MiniDAWNTM, Wyatt Technology, Inc.) fitted with a Gal-
lium arsenide laser (20 mW) operating at 690 nm, an interfer-
ometric refractometer (Optilab DSPTM, Wyatt Technology,
Inc.) operating at 35 �C and 690 nm, and two mixed DPL
gel (Polymer Laboratories, Inc.) GPC columns (pore size
range 50e104 Å, 5 mm bead size) connected in series. Fresh
distilled THF served as the mobile phase and was delivered
at a flow rate of 1.0 mL/min. Sample concentrations were ap-
proximately 7.0e10.0 mg/mL in fresh distilled THF, and the
injection volume was 0.10 mL. The detector signals were si-
multaneously recorded using ASTRA software (Wyatt Tech-
nology, Inc.).

FT-IR spectra were obtained using a Bruker Equinox 55
FT-IR spectrometer using 32 scans at 4 cm�1 resolution.
Monomer and polymer samples were pressed into KBr pellets
at approximately 2% loading levels.

Solution 1H NMR and 13C NMR spectra were obtained on
a Varian 300 MHz spectrometer using 5 mm o.d. tubes with
sample concentrations of 5e15% (w/v) in chloroform-d or di-
methyl sulfoxide-d6 containing tetramethylsilane as an internal
reference.

Thermal gravimetric analysis was conducted using a Ther-
mal Analysis Q500 TGA under dry nitrogen as a purging gas.
Tests were conducted from 25 to 600 �C at a heating rate of
10 �C/min.

Differential scanning calorimetry was used to determine the
glass-transition temperatures (Tg) for the polymers. Measure-
ments were performed on approximately 10 mg samples using
a TA Instruments DSC Q100. Samples were analyzed using the
following method: hold at 20 �C for 5 min; ramp at 10 �C/min
to 200 �C; cool at 20 �C/min to 20 �C; re-heat at 10 �C/min to
200 �C. The reported Tg values are the mid-point temperatures
of the glass-transitions from the second heating cycles.
3. Results and discussion

Shawali et al. previously reported the synthesis of small
molecule tetrazine derivatives through 1,3-dipolar cycloaddi-
tion reactions of formazans and elucidated the mechanism
for these reactions by showing that the tetrazine ring formation
was achieved through a nitrilimine intermediate [19]. Shawali
et al. also reported 1,3-dipolar cycloaddition reactions to syn-
thesize substituted tetrazine molecules from hydrozonoyl chlo-
rides using triethylamine as base catalyst [20]. We extended
these principles to polymerization reactions using bis-
hydrazonoyl chloride and determined that this was an effective
method for preparing linear and soluble high molecular weight
polytetrazines. Our rationale was to utilize the well-docu-
mented formation of nitrilimine intermediates through sym-
metrical intermolecular 1,3-dipolar cycloaddition reactions
of bis-nitrilimines into polymers. Our expectations associated
with this polymerization technique were to form polymers
with relatively high molecular weights and broad molecular
weight distributions through step-growth polymerization reac-
tion mechanisms. We were successful in synthesizing high
molecular weight polymer in our reactions up to approxi-
mately 90,000 g/mol, but quite surprised to obtain narrow mo-
lecular weight distributions of around 1.04e1.05. These PDI
results are counterintuitive to what one would expect for
a step-growth reaction. Although we are not completely dis-
missing our results as an unidentified artifact of our proce-
dures, we continue to gain confidence that this unusually
narrow PDI is correct, as we have observed consistent results
through numerous reaction replications and careful analytical
studies. Our only explanation for a narrow PDI outside of an
unknown procedural artifact is that the polymerization reac-
tion must proceed through some alternative reaction mecha-
nism that we have not elucidated at this point of our study;
this reaction and the mechanism are worthy of continued
study.

Irrespective of the reaction mechanism, this research dem-
onstrates new synthetic techniques that are useful for synthe-
sizing relatively high molecular weight polymers which
contain tetrazine moieties within the backbones. We have
demonstrated that 1,3-dipolar cycloaddition polymerization
reactions of bis-hydrazonoyl chlorides have proven to be ef-
fective for synthesizing substituted tetrazine based polymeric
materials. The first step of our approach reacted diethyl oxa-
late (1) with phenylhydrazine (2) to form N,N0-diphenyloxa-
lic(bis-hydrazide) (3) in high yield (95%). The chemical
structure and purity of the bis-hydrazide (3) were elucidated
using 1H NMR and 13C NMR in DMSO.

In the second step of the reaction N,N0-diphenyloxalic(bis-
hydrazide) (3) was reacted with triphenylphosphine in the
presence of carbon tetrachloride to form N,N0-diphenylethane-
(bis-hydrazonoyl chloride) (4) at 75% yield after purification
through several recrystallizations in methanol. This purifica-
tion step was determined to be the most critical procedure in
the overall reaction for synthesizing high molecular weight
polymer. 1H NMR for the bis-hydrazonoyl chloride product
(4) revealed essentially a complete elimination for the proton



Fig. 2. 13C NMR for sym-1,4-diphenyl-1,4-dihydro-1,2,4,5-polytetrazine (5).
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assigned to the secondary amine a to the carbonyl of bis-
hydrazide, upon conversion to bis-hydrazonoyl chloride. We
also observed a significant shift of the proton for the secondary
amine b to the carbonyl of bis-hydrazide, upon conversion to
bis-hydrazonoyl chloride from d¼ 7.90 ppm to d¼
10.15 ppm, respectively. 13C NMR revealed significant shift-
ing for carbon resonances upon conversion of bis-hydrazide
to bis-hydrazonoyl chloride. Most noteworthy was the shift
of the carbonyl carbon from d¼ 159.66 ppm to d¼
144.26 ppm upon conversion to halogen.

N,N0-Diphenylethane(bis-hydrazonoyl chloride) was poly-
merized in the presence of excess triethylamine in chloroform
to form the sym-1,4-diphenyl-1,4-dihydro-1,2,4,5-polytetr-
azine. The complete polymerization reaction from starting
materials to final product is depicted in Fig. 1. 1H NMR for
the polymer run in CDCl3 showed a broad resonance between
(d, ppm): 6.07e8.22 (m, ArH). 13C NMR of the polymer prod-
uct was run in CDCl3 and we have assigned resonance shifts
for the polymer carbons at d¼ 116.07, 129.14, 138.85 and
142.06 as depicted in Fig. 2.

A summary of selected polymerization reaction conditions
is presented in Table 1. Reactions 1e8 represent our initial
studies which incorporated a theoretical equivalent monomer
to TEA ratio of 1:2 and investigated time and temperature ef-
fects for the polymerization reaction. Reaction temperature
and time influenced the final molecular weights of the poly-
mers and we determined that the most efficient condition for
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O
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Fig. 1. Synthesis of sym-1,4-diphenyl-1,4-dihydro-1,2,4,5-polytetrazine (5).
the synthesis of sym-1,4-diphenyl-1,4-dihydro-1,2,4,5-poly-
tetrazine was the reaction in chloroform at 90 �C for approxi-
mately 48 h.

Reactions 1e8 were our first results that provided evi-
dence for high molecular weight polymers with surprisingly
narrow PDIs. Given the relatively low yields for these reac-
tions, we initially attributed this result to an unknown artifact
possibly associated with TEA concentration, or fractionation
of our polymer during precipitation. Reactions 9e12 were
run to investigate how increasing the molar concentration
of TEA and slight modifications to our precipitation proce-
dures would affect our results. Under these conditions we ob-
served an increase in molecular weight from around
60,000 g/mol to 90,000 g/mol but did not detect a change
in PDI. In addition, our polymerization precipitation yields
increased from around 30% to 45%. Still suspicious of our
PDI result, we selected conditions from Reaction 11 to fur-
ther investigate and optimize our yields with the specific
goal of increasing above 50%. Reaction 13 is the basis of
the experimental procedures and analytical results presented
herein. Contrasting with Reaction 11, we have reproduced
our molecular weight/PDI results and increased our polymer-
ization yield to 65%. This result eliminates the possibility of
fractionation of the polymer during precipitation leading to
a narrow PDI and increased our confidence that the mole-
cular weight observations are correct.

The polymerization progresses efficiently in chloroform
and we are assuming the excess base is necessary to effec-
tively act as catalyst for the formation of the nitrilimine in-
termediate and trap HCl as a salt. We determined that
a [TEA]/[monomer] concentration of 10:1 (5:1 molar) pro-
vided the most efficient polymerization condition to form
high molecular weight polymers in chloroform. It is possible
that a portion of the nitrilimine intermediates complex with
TEAeHCl in the non-polar chloroform, reducing the overall
yield. Conversion of N,N0-diphenylethane(bis-hydrazonoyl
chloride) to polymer did not exceed 65% for the reactions



Table 1

Summary of polymerization reaction conditions and analysis

Reaction Solvent [Monomer]/

[TEA]

Temp. (�C) Time (h) Yield (%) Mn (�103) PDI Tg (�C)

1 CHCl3 1:2 22 12 17 46 1.05 68

2 CHCl3 1:2 22 24 20 57 1.08 69

3 CHCl3 1:2 22 36 22 60 1.02 e

4 CHCl3 1:2 22 48 30 65 1.05 e

5 CHCl3 1:2 22 60 30 64 1.09 e

6 CHCl3 1:2 70 48 33 59 1.06 e
7 CHCl3 1:2 90 48 33 62 1.02 70

8 CHCl3 1:2 110 48 20 61 1.09 e

9 CHCl3 1:4 90 48 30 76 1.05 72

10 CHCl3 1:6 90 48 35 81 1.04 e

11 CHCl3 1:10 90 48 45 89 1.04 82

12 CHCl3 1:20 90 48 40 88 1.03 e

13 CHCl3 1:10 90 48 65 89 1.04 82
14 None 1:10 90 48 No reaction e e e

15 THF 1:10 90 48 70 16 1.12 75
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run in chloroform. In an effort to investigate solvent polarity
on the reaction and yield we ran a similar experiment (Reac-
tion 15) in THF and observed the yield increased to 70%
after purification, but also observed a significant decrease in
molecular weight and broadening of PDI. This result sug-
gests that solvent polarity has a significant influence on the
polymerization mechanism and possibly effects important
solubility considerations as the polymerization reaction
progresses.

Glass-transition temperatures measured by differential
scanning calorimetry for the polymers are presented in Table
1 and are approximately 70 �Ce80 �C depending upon the re-
action conditions and molecular weights. We observed a gen-
eral trend of an increase in Tg with molecular weight for the
polymers ran in chloroform. The lower molecular weight
and broader PDI polymer from Reaction 15 ran in THF is
Fig. 3. FT-IR for (A) N,N0-diphenylethane(bis-hydrazonoyl dichloride) (4) and

(B) sym-1,4-diphenyl-1,4-dihydro-1,2,4,5-polytetrazine (5).
an outlier which we attribute to a morphological disparity
we have not further investigated.

The polymerization reaction was further elucidated through
FT-IR spectroscopy. Fig. 3A shows the FT-IR spectra for the
bis-hydrazonoyl chloride monomer and contains a clear sec-
ondary amine stretch absorbing at 3307 cm�1 and CeCl
stretch at 785 cm�1. After conversion, the secondary amine
and CeCl stretches present in the monomer completely disap-
peared as seen in Fig. 3B confirming the loss of the protons
and chlorines from the monomer during the 1,3-dipolar cyclo-
addition polymerization.

As discussed, molecular weights for the 1,3-dipolar cyclo-
addition polymerization of N,N0-diphenylethane(bis-hydrazo-
noyl chloride) in chloroform approached Mn¼ 90,000 g/mol
with surprisingly narrow PDIs of approximately 1.04e1.07
as measured by GPC. Fig. 4 shows the GPC trace of the po-
lymerization product from Reaction 13 and plots the cumula-
tive elution mass vs. molar mass for this example. PDI for
this product was calculated to be 1.04 and Mn to be
89,000 g/mol.

Tetrazine chemistry has gained significant attention in
recent years primarily associated with complexation and
Fig. 4. GPC for sym-1,4-diphenyl-1,4-dihydro-1,2,4,5-polytetrazine (5).
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coordination chemistries. We evaluated the metal complexa-
tion capability of sym-1,4-diphenyl-1,4-dihydro-1,2,4,5-poly-
tetrazine through a series of solution reactions with cobalt
chloride to form metal complexes with tetrazine moieties
of the polymer. In these studies, we dissolved the tetrazine
polymers in chloroform and added dropwise a concentrated
cobalt chloride/methanol solution under rapid stirring at
75 �C. We observed a distinct color shift from light brown
to a deep green upon complexation of the polymer with co-
balt to give the metal complexed polymer depicted in
Fig. 5. The specific coordination shown in this schematic
is only representative of what one might expect as presented
in prior publications [5]. We are currently conducting
a more extensive evaluation of the complexation behavior
for tetrazine based polymers which will be the subject of
a future publication.

This initial result is presented to demonstrate the strong
complexation capability these polymers have towards metal
salts. It is useful to analyze the polymeremetal complexes us-
ing TGA to gain insights into complexation potentials for the
materials. It is important to wash the complexed polymers
with deionized water to separate non-complexed salts prior
to TGA analysis. A typical result from our TGA complexation
studies is shown in Fig. 6 for complexed and non-complexed
polytetrazines. We observed a shift in the 95% mass retention
from 210 �C to 270 �C and 50% mass retention from 310 �C to
450 �C upon complexation with cobalt. These differences are
attributed to the cobalt content complexed within the polymer
sample. The total weight percent of cobalt in the complexed
polymer was calculated at approximately 37.5% by comparing
Fig. 6. TGA for non-complexed and cobalt chloride complexed polytetrazines.
the remaining weight values at 600 �C for the complexed vs.
non-complexed TGA results.

4. Conclusions

Tetrazines have become important molecules over the
last decade when considering stimuli-responsive environ-
ments such as molecular recognition, anion binders and
metal complexations, but very little work has been reported
for tetrazines incorporated into the backbone of high mole-
cular weight polymers. The development of soluble poly-
mers which contain tetrazine moieties within the backbone
has far-reaching potential when considering applications in-
cluding molecular filtration and purification devices, cataly-
sis and other recognition technologies. Tetrazines have an
additional benefits associated with their very high electron
affinities and charge transfer capabilities allowing potential
applications that benefit from high levels of conjugation
and charge transfer, such as photovoltaic devices. Our initial
studies for tetrazine containing polymers developed 1,3-di-
polar cycloaddition polymerization reactions to synthesize
polytetrazine materials in high molecular weights and nar-
row molecular weight distributions. The synthetic tech-
niques described in this work will be useful to synthesize
a variety of substituted tetrazine polymers for investigation
within future research, and for the synthesis of
additional polymers that can be derived through 1,3-dipolar
cycloaddition polymerization reactions in the absence of
dipolarophile.
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