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ABSTRACT: A series of poly(arylene ether sulfone) copolymers containing the diazocine unit (0, 20, 50, 80,
100 mol %) were synthesized Via step-growth polymerization. Copolymer compositions exhibited number-average
molecular weights exceeding 30 000 g/mol, and mechanically ductile films were obtained for all compositions.
The random copolymers exhibited enhanced thermal stability (Td10% ) 500-550 °C) and mechanical properties
(tensile stress ) 45-65 MPa), and the thermomechanical performance was predictable based on copolymer
composition. A secondary transition in the dynamic mechanical analysis appeared at 28 °C, which was attributed
to segmental motion of the bulky diazocine and biphenyl units. X-ray single crystallography and 1H NMR
spectroscopy as a function of temperature revealed that the diazocine ring existed in the boat-shaped conformation.
The effective dipolar couplings of site-specific 1H-13C dipolar couplings in the aromatic rings were measured
using DIPSHIFT solid state NMR spectroscopy at various temperatures. The experimental data indicated that the
bulkier diazocine group experienced slower ring-flip motion than the smaller phenylene group. Cyclic
voltammograms of diazocine-containing poly(arylene ether sulfone)s exhibited two reversible reduction peaks at
-0.68 and -1.21 V under inert and basic conditions. UV spectra of the diazocine group in the reduced state
indicated an extended π-electron structure, which supported the boat- to planar-conformational change (molecular
actuation) Via redox reactions.

Introduction

Poly(arylene ether)s and poly(arylene ether sulfone)s are
commonly regarded as high performance engineering thermo-
plastics with excellent thermal stability, desirable mechanical
properties, and acceptable resistance to hydrolysis and oxidation.
Thus, polysulfones have attracted significant interest as insulat-
ing materials in microelectronics and as membrane materials
for gas separation, water purification and proton conduction.1,2

Recent focus has been placed on solution-processability,
enhanced toughness, and improved thermal stability of poly-
(arylene ether sulfone)s with relatively high glass transition
temperatures. For example, poly(biphenylsulfone) is com-
mercially available as Radel-R (Solvay Advanced Polymers),
and offers a relatively high impact strength and glass transition
temperature (Tg ) 220 °C), which enable many aerospace,
automotive, and biomedical applications.

Extensive research on the dynamic mechanical behavior of
systematically modified poly(arylene ether sulfone)s has been
employed to understand structure-property relationships, how-
ever, the correlation of high impact strength and chemical
structure remains challenging.3-7 Earlier research efforts at-
tempted to correlate dynamic mechanical behavior and local
chain motion of polycarbonate glasses. Sub-Tg relaxation
processes (e.g., �- or γ-transition) were proposed to involve
cooperative motion of several units that alter the local volume
or shape of the glass resulting in rapid decreases in stress
concentration. Earlier work has also revealed that phenylene
ring π flips are sensitive to local, mechanically active volume-
fluctuations in the glass. Thus, intermolecular chain packing or
free volume strongly affects sub-Tg behavior.8-11

In this work, we focus on the incorporation of nonplanar
hetero[8]annulene, diazocine, which provides dynamic segmen-
tal motion resulting from its bulky nature and unique confor-
mational characteristics, and diazocine-containing poly(arylene
ether sulfone)s are hypothesized to enhance and tune mechanical

performance. Poly(arylene ether sulfone)s are generally prepared
via a step-growth polymerization of activated aryl dihalo
monomers with bisphenolate salts, resulting in high molecular
weight polymers with controlled copolymer composition Via
judicious selection of monomer stoichiometry.12-19 Moreover,
the diazocine group serves as a cyclotetraene analog, which has
a nonplanar 8-membered ring structure with two nitrogen atoms,
and diazocine units are expected to exhibit the boat- (neutral
state) to planar- (dianion) conformational change Via a two
electron transfer process (Scheme 1).20-22 This dynamic con-
formational change at the molecular level, which utilizes
chemical, electrochemical, or photochemical stimulation, has
also attracted significant interest as a basis for molecular
machines.23-27 Marsella, et al. have reported redox-induced
conformational changes of the cyclooctatetraene unit, such as
thiophene-fused8 annulene, and proposed a potential electro-
mechanical actuators.28,29 Herein, we report the conformational
analysis of a diazocine derivative, 6,12-bis(4-fluorophenyl)-
dibenzo[1,5]diazocine 1, Via 1H NMR spectroscopy and X-ray
single crystallography, and we also report the unprecedented
synthesis of high glass transition temperature diazocine-contain-
ing poly(arylene ether sulfone)s 4. The thermomechanical,
tensile, and electrochemical properties of these novel copolymers
are also described.

Experimental Section

Materials. Solvay Advanced Polymers provided 6,12-bis(4-
fluorophenyl)dibenzo[1,5]diazocine (1), biphenol, and anhydrous
K2CO3. The diazocine monomer was recrystallized from chloroform/
hexane (1/4 v/v) to ensure high purity. Di(4-fluorophenyl)sulfone
was purchased from Aldrich Chemical Co. and used as received
without further purification.

* To whom correspondence should be addressed. Telephone: 540-231-
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Scheme 1. Boat to Planar Conformational Change of Diazocine
via a Two-Electron Transfer Process
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Synthesis of Diazocine-Containing Poly(arylene ether) (4a). 6,12-
Bis(4-fluorophenyl)dibenzo[1,5]diazocine (1) (5.17 g, 13.1 mmol),
biphenol 2 (2.38 g, 13.1 mmol), anhydrous K2CO3 (2.12 g, 15.3
mmol), and anhydrous N,N-dimethylacetamide (DMAc, 37 mL)
were added into a 100-mL, three-necked round-bottomed, flask at
approximately 20 wt % solids in DMAc. Approximately 50 vol %
dry toluene (18 mL), based on DMAc, was used as a dehydrating
agent. The reaction apparatus was equipped with an overhead
mechanical stirrer, a dry nitrogen inlet, and a Dean-Stark trap
attached to a reflux condenser. The reactor was carefully purged
with nitrogen and the reaction was performed at 135 °C for 12 h
to complete dehydration (removal of the residual water by azeo-
tropic reflux with toluene). After the removal of water/toluene, the
polymerization was performed at 155 °C for 24 h. The reaction
solution was allowed to cool to ambient conditions and the reaction
mixture was precipitated into methanol, washed with water, and
finally dried at reduced pressure. The resulting powder was
dissolved in THF and reprecipitated into methanol. The final powder
product was completely dried under vacuum at 140 °C for 48 h
(yield 98%). Mn(SEC) ) 3.41 × 104, Mw/Mn ) 1.81. 1H NMR
(THF-d8, 400 MHz, ppm): δ ) 7.73 (d, 4H, Ph), 7.58 (d, 4H,

biphenyl CH), 7.24 (m, 2H, benzo CH), 7.06 (d, 4H, biphenyl CH),
7.0-6.6 (br, 4H (Ph) + 6H (benzo CH)). 13C NMR (CDCl3, 125
MHz, ppm): δ ) 169.7, 161.8, 157.6, 154.1, 137.9, 134.7, 132.8,
131.1, 129.9, 129.1, 128.5, 124.7, 122.5, 121.4, 119.4. IR (cm-1):
2922 (νPhC-H), 1620 (νCdN), 1231 (νPh-O), 960, 853 (νdiazocine).

Synthesis of Poly(arylene ether sulfone) Copolymer Contain-
ing Diazocine 4d (20 mol %). The polymerization procedure was
identical to that used to obtain 4a. 6,12-Bis(4-fluorophenyl)-
dibenzo[1,5]diazocine (1) (0.847 g, 2.15 mmol), di(4-fluorophe-
nyl)sulfone (2) (2.21 g, 9.01 mmol), biphenol 3 (2.00 g, 10.74
mmol), 4-tert-butylphenol (32.2 mg, 0.214 mmol), anhydrous
K2CO3 (1.86 g, 13.4 mmol), and anhydrous N,N-dimethylacetamide
(DMAc, 25 mL) were added into a 100-mL, three-necked, round-
bottomed flask at approximately 20 wt % solids in DMAc.
Approximately 50 vol % dry toluene (13 mL) based on DMAc
was used as a dehydrating agent. After dehydration at 135 °C (12
h) and polymerization at 155 °C (24 h), the reaction mixture was
precipitated into methanol, washed with water, and dried at reduced
pressure. The obtained powder was dissolved in THF and repre-
cipitated into methanol. The resulting polymer powder was
quantitatively dried under vacuum at 140 °C for 48 h (yield 99%).
Mn ) 2.72 × 104, Mw/Mn ) 2.44. 1H NMR (THF-d8, 400 MHz,
ppm): δ ) 7.91 (d, 4H, Ph), 7.76 (d, 1H, diazocine Ph), 7.67 (d,
4H, Ph), 7.61 (d, 1H, biphenyl CH), 7.27 (m, 0.5H, benzo CH),
7.14 (d, 4H, Ph), 7.09 (d, 4H (Ph) + 1H (biphenyl CH)), 7.0-6.95
(br, 1H (Ph) + 1.5H (benzo CH)); 13C NMR (CDCl3, 125 MHz,
ppm): δ ) 166.6, 162.2, 160.6, 156.6, 155.4, 152.8, 137.4, 137.3,
136.7, 133.6, 131.6, 130.4, 129.9, 129.2, 128.7, 127.8, 127.3, 123.5,
121.2, 121.0, 120.1, 118.3, 118.2; FTIR (cm-1): 2922 (νPhC-H), 1620
(νCdN), 1294, 1147 (ν>SdO2

), 1231 (νPh-O), 960, 853 (νdiazocine).
Characterization. 1H, 13C, and 2D NMR (COSY, HSQC, and

HMBC) spectra were collected in THF-d8 or DMF-d7 on a Varian
INOVA 400 MHz spectrometer at ambient temperature or the
controlled temperature. X-ray single crystallographic analysis was
performed on Oxford Diffraction Gemini diffractometer operating
with Mo radiation and equipped with a Sapphire 3 CCD detector.
The data collection routine, unit cell refinement, and data processing
were performed with the CrysAlis program. Size exclusion chro-
matography (SEC) was performed at 40 °C in HPLC grade
tetrahydrofuran at 1 mL/min using a Waters size-exclusion chro-
matographer equipped with an autosampler, 3 in-line 5 mm PLgel
MIXED-C columns. Detectors included a Waters 410 differential
refractive index (DRI) detector operating at 880 nm, and a Wyatt
Technologies miniDAWN multiangle 690 nm laser light scattering
(MALLS) detector, calibrated with PS standards. All reported
molecular weight values are absolute molecular weights obtained
using SEC-MALLS detector. Thermal stability was measured with
a TA Instruments Hi-Res Thermogravimetric Analyzer 2950, with
a temperature ramp of 10 °C/min under nitrogen atmosphere.
Differential scanning calorimetry (DSC) was performed on a TA

Figure 1. (a) ORTEP view of 6,12-bis(4-fluorophenyl)-dibenzo-[1,5]diazocine (1) with hydrogen atoms removed. (b) 1H NMR spectra of 1 in
THF-d8 at various temperatures.

Figure 2. 1H NMR spectra of diazocine-containing poly(arylene ether
sulfone) copolymers in THF-d8: (a) 4a (diazocine/sulfone 1.0/0); (b)
4b (0.81/0.19); (c) 4c (0.50/0.50); (d) 4d (0.20/0.80). Poly(biphenyl-
sulfone) 4e was not shown above due to its insolubility in THF.
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Instruments DSC Q1000 under a nitrogen flush at a heating rate of
10 °C/min. Tg was calculated from the second heat using the
midpoint method. Dynamic mechanical analysis (DMA) measure-
ments were performed on a TA Instruments Q-800 DMA under
nitrogen at a heating rate of 3 °C/min, an oscillatory amplitude of
15 µm at 1 Hz frequency. The samples were measured in film
tension mode, on solvent cast samples. Stress-strain experiments
were performed with dog bone-shaped film specimens, cut with a

die according to ASTM D3368 specifications. Tensile tests were
conducted on an Instron 4411 universal testing instrument with a
crosshead speed of 0.02 min-1 using manual grips at ambient
temperature.

Solid-State NMR Spectroscopy. Cross-polarization magic-angle
spinning (CPMAS) 13C NMR spectra of the diazocine-containing
polysulfones were obtained on a Bruker Avance II 300 MHz

Scheme 2. Synthesis of Diazocine-Containing Poly(arylene ether sulfone) Copolymers

Table 1. Polymerization Conditions and Characterization

feed ratio (1/2/3) composition (1/2) Mn Mn
b Mw/Mn Td10% (°C) Tg (°C) yield (%)

4a 1/0/1.001 1/0 34 100 1.81 557 309 98
4ba 0.81/0.2/1.00 0.81/0.19 31 200 45 100 2.07 537 291 97
4c 1/1.001/2.007 0.50/0.50 49 800 1.81 515 276 89
4da 0.2/0.81/1.00 0.20/0.80 27 200 35 300 2.44 514 250 99
4ea 0/1.01/1.00 0/1 40 900c 37 300 1.62c 502 230 97
a End capped with tert-butylphenol. b Mn was calculated from 1H NMR spectroscopic analysis of the end group. c DMF as an eluent for SEC characteriza-

tion.

Figure 3. (a) Thermogravimetric analysis (TGA) of diazocine-containing poly(arylene ether sulfone) copolymers 4a-4e. (b) Glass transition
temperature vs weight fraction of the diazocine group. Solid line was drawn according to the Fox equation.

Figure 4. Stress-strain curves for diazocine-containing poly(arylene
ether sulfone) copolymers, deformation rate ) 0.02 min-1.

Figure 5. Dynamic mechanical analysis of (a) poly(bis-A-phenylsul-
fone), (b) poly(biphenylsulfone) 4e, and (c) diazocine-containing
poly(arylene ether) 4a.
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spectrometer operating at the resonance frequencies of 300.21 MHz
for 1H, and 75.47 MHz for 13C, using a Bruker 4.0 mm MAS NMR
probe. Cross-polarization for 1 ms mixing time was achieved at
50 kHz rf-field at the 1H channel and linearly ramping the 13C rf-
field over a 25% range centered at 38 kHz. A separated local field
(SLF) NMR experiment,30-32 which is also named a dipolar shift
(DIPSHIFT) correlation experiment (Figure 6), was performed to
investigate the ring-flip segmental motion of aromatic rings in the
polymer main chain by measuring the site-specific one-bond 1H-13C
dipolar couplings in the aromatic rings. A conventional two-
dimensional (2D) DIPSHIFT correlation scheme was incorporated
to encode site-specific 1H-13C dipolar couplings indirectly while
acquiring 13C CPMAS spectra directly at the spinning speed νr )
4242 Hz. Carbon magnetization after CP is allowed to evolve during
a variable time t1 under the influence of 13C chemical shift and
1H-13C dipolar coupling interaction, while the 1H-1H homonuclear
dipolar coupling is suppressed by 1H irradiation implemented in a
frequency-switched Lee-Goldburg (FSLG) scheme.33 The maximum
FSLG (νrf(LG) ) 97 kHz; offset frequency ) ( 68.6 kHz) period
during t1 was one rotor period () 235.7 µs), which is 14 times a t1

increment that corresponds to a basic FSLG unit, (8.42 µs)0(8.42
µs)180, where 0 and 180 designate the rf-pulse phase (in degrees)
of FSLG decoupling pulse irradiation. The 13C Hahn echo signal
at t2 ) 0 removes the effect of chemical shift and leaves the 1H-13C
dipolar coupling as the only effective interaction during the
evolution time t1. The t1-dependent modulation of the resulting line
intensities in the spectra were used to extract the effective 1H-13C
dipolar coupling strength that is under the influence of the fast ring-
flip dynamic process of an aromatic ring. A total of 2048 transient
signals were accumulated under 63 kHz of two-pulse phase
modulated (TPPM) proton decoupling34 during signal acquisition
with acquisition delay for 4 s on 50-60 mg of samples. By
monitoring with a thermocouple situated near the sample coil, the
temperature of the sample compartment during NMR measurements
was maintained at 20 and 65 °C with air flow from the BCU-X
temperature control unit.

Electrochemical Measurement. Cyclic voltammetry was per-
formed using a normal potentiostat system (CH Instruments, Inc.,

CHI620B) with a conventional three-electrode cell under a dry
nitrogen atmosphere. A platinum disk, platinum wire, and Ag/Ag+

were used as the working, auxiliary and reference electrode,
respectively. The cyclic voltammograms was measured in a 1.0
mM tetrahydrofuran solution of diazocine 1 and polymer 4a in the
presence of 0.1 M tetrabutylammonium perchlorate as the support-
ing electrolyte. The methanolic solution of tetrabutylammonium
hydroxide was used as the organic base additive. The formal
potential of the ferrocene/ferrocenium redox couple was 0.45 V vs
Ag/Ag+ reference electrode. Cyclic voltammogram of the film 4a
on the ITO electrode (thickness ∼ 80 nm) was measured in
acetonitrile/THF (9/1) solution in the presence of 0.1 M tetrabu-
tylammonium perchlorate and tetrabutylammonium hydroxide.

Results and Discussion

Conformation of the Diazocine Monomer. Recrystallization
of the diazocine monomer, 6,12-bis(4-fluorophenyl)-dibenzo-
[1,5]diazocine 1, from chloroform/hexane (1/4 v/v) solution
provided a light yellow crystal. X-ray crystallographic analysis
of the single crystal 1 exhibited monoclinic (space group: P21/
c; a ) 18.090(2) Å, b ) 20.368(2) Å, c ) 16.6509(15) Å; R )
90°, � ) 104.245(11)°, γ ) 90°) and proved the boat-
conformation of the 8-membered ring with alternating bond
lengths (Figure 1a and Supporting Information). Nonplanarity
of the 8-membered ring minimizes the delocalization of the
double bonds and prevents antiaromaticity. The proton peaks
in 1H NMR spectra for 1 broadened with decreasing tempera-
tures (30 to -25 °C) due to the slow relaxation time, however,
no additional peaks corresponding to another conformation
appeared in this temperature range (Figure 1b). On the basis of
these two analyses, the ground-state of 1 was identified as the
boat-conformation.

Polysulfone Synthesis. Diazocine-containing poly(arylene
ether) and poly(arylene ether sulfone) copolymers were syn-
thesized from 6,12-bis(4-fluorophenyl)-dibenzo[1,5]diazocine
(1), di(4-fluorophenyl)sulfone (2), and biphenol 3 Via step-
growth polymerization (Scheme 2). The resulting copolymers
exhibited a yellow color attributed to the diazocine unit. The
compositional molar ratios of the diazocine group (0, 20, 50,
80 and 100 mol %) in the poly(arylene ether sulfone) copoly-
mers were controlled stoichiometrically with the feed ratio of
the corresponding difluoro monomers (Figure 2). The copoly-
mers were also end capped with tert-butylphenol for molecular
weight determination. SEC and end group analysis using the
integrations from the 1H NMR spectrum estimated the number-
average molecular weight (Mn) of the polymeric products (Table
1). While the solubility of poly(biphenylsulfone) 4e (diazocine
0%) was limited in aprotic polar solvents such as DMAc, N,N-
dimethylformamide (DMF), and N-methyl-2-pyrrolidone (NMP),
the obtained poly(arylene ether sulfone) containing diazocine
group 4a-d showed solubility in THF even with 20 mol %
diazocine incorporation.

The diazocine-containing copolymers exhibited enhanced
thermal stability (Td10% > 500 °C). The glass transition
temperatures (Tg) for poly(arylene ether sulfone) copolymers
also increased with diazocine content, which was attributed to
the retardation of segmental motion by the bulky group
substitution. The change in Tg adhered to the Fox equation: (Tg

-1

) w1/Tg1 + w2/Tg2, where w is weight fraction, and Tg1 and Tg2

are the glass transition temperatures of each homopolymers),
which suggested a random copolymer composition and equal
reactivity of monomers 1 and 2 (Table 1, Figure 3b).

Mechanical Properties. All films were prepared via solution
casting from a homogeneous THF solution, and dried at 150
°C for 96 h in vacuo. Conventional tensile testing of a series of
diazocine-containing polysulfone copolymers (diazocine content:
50, 80, and 100%) revealed high Young’s moduli (ca. 1400

Figure 6. Pulse sequence and separated local field (SLF) 13C NMR
spectra of poly(arylene ether) containing the diazocine group (100 mol
%) as a function of the 1H-13C dipolar evolution time.
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MPa) and high tensile strengths at yield (ca. 45-65 MPa), which
increased with diazocine content. Elongations at break of these
films were 15-25% (Figure 4). These tensile results supported
that the introduction of the diazocine unit contributed to
increased moduli of the optically clear polysulfone films. In a
small range of deformation (prior to yielding), the larger area
under the tensile curves for diazocine-containing polysulfones
suggested enhanced toughness resulting from diazocine incor-
poration.

Dynamic mechanical analysis was performed on the copoly-
mer films (film thickness: 30-50 µm). Temperature sweeps
from -150 to 300 °C at a constant frequency (1.0 Hz) and
constant strain (0.2%), showed glass transitions (R-relaxation)
above 200 °C, corresponding to the diazocine content in the
copolymer. While poly(bis-A-sulfone) (UDEL) exhibited a
secondary (γ-) transition at -100 °C, poly(biphenylsulfone) 4e
indicated a �-transition at 40 °C and a γ-transition at -140 °C.
Poly(biphenylsulfone) is known to exhibit an order of magnitude
higher impact performance compared to poly(bis-A-sulfone),
which is attributed to the biphenyl unit.35 Diazocine-containing
poly(arylene ether) 4a indicated a similar secondary relaxation
behavior (28 °C for the �-transition and -120 °C for the
γ-transition) as 4e, which also suggested the possibility for high
impact performance (Figure 5). The damping peak for �-transi-
tion of 4a is slightly smaller than that of 4e, however, the lower
shift of the �-peak for 4a indicated that �-relaxation was not as
restricted as 4e, due to the larger free volume of the diazocine
unit. The peak shift of the �-transition at higher applied
frequencies (1, 10, and 100 Hz) was indicative of a lower

activation energy (87 kJ/mol) for 4a, compared to 111 kJ/mol
for 4e, which also supported a contribution from larger local
free volume of diazocine group (see Supporting Information).

Local Chain Motion Investigated via Solid-State NMR
Spectroscopy. One-dimensional (1D) 13C CPMAS spectroscopy
of homopolymers and copolymers containing 100 mol %, 50
mol %, and 0 mol % diazocine were performed to obtain site-
specific 13C NMR spectra in solid state. As a typical example,
13C CPMAS spectrum of homopolymer 4a was represented in
Figure 7a. In addition, the solution 13C NMR spectrum measured
in THF-d8 is included for guiding complete peak assignments
because of limited resolution of solid-state 13C CPMAS spectra
(Figure 7b). In 13C CPMAS spectra, peaks assigned as g, h from
the diazocine group, and d from biphenyl group are partially
overlapping. Approximately, peak regions from 115-134 ppm
and 134-165 ppm corresponded to aromatic secondary carbons
containing C-H groups and aromatic quaternary carbons,
respectively.

The effective dipolar couplings of site-specific 1H-13C dipolar
couplings of aromatic rings in copolymer samples were mea-
sured using 2D DIPSHIFT solid state NMR spectroscopy at 22
and 65 °C. The later condition corresponded to a temperature
well above �-transition temperatures of the polymers. Figure
7a illustrates the projected 1D 13C spectrum obtained from the
2D DIPSHIFT spectrum measured on the sample containing
100 mol % diazocine. Figure 7c demonstrates the sideband
patterns of 1H-13C dipolar vectors taken at the four different
frequencies assigned at (a, b), (g, h), d, and e sites along the

Figure 7. (a) 13C cross polarization magic-angle spinning (CPMAS) NMR spectrum projected along the direct time domain of 2D DIPSHIFT
spectrum (Figure 6), and (b) solution 13C NMR spectrum measured on the polysulfone containing diazocine 100 mol %, 4a. Peaks were precisely
assigned based on 2D solution NMR spectra (see Supporting Information). (c) Site-specific 1H-13C dipolar sideband patterns obtained. 1H-13C
dipolar coupling strengths were obtained based on the best-fit simulation spectra.

Table 2. 13C-1H Dipolar Coupling (Hz)

diazocine benzo (g, h) diazocine phenyl (a, e) sulfone phenyl (A, E) biphenyl (b)

diazocine (mol %) 22 °C 65 °C 22 °C 65 °C 22 °C 65 °C 22 °C 65 °C

4a 100 17.5 17.5 15 15 15 15
4c 50 16 16 15 15 15 14.5
4e 0 15 14.5 15 14.5
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indirect time-domain t1 of a 2D data set. A completely site-
specific 1H-13C dipolar coupling measurement is limited by
the insufficient spectral resolutions along the direct acquisition
domain, particularly between a and b sites, and among g, h and
d sites. The dipolar sideband pattern along the indirect
time domain t1 is obtained by the Fourier transformation of the
time domain data set, which is constructed by concatenating
256 times the experimentally measured basic t1 data points for
one rotor period. The signal decay due to T2 relaxation was
corrected before the concatenation and a line broadening factor
(50-80 Hz) was applied to the concatenated data set before
the Fourier transformation. The dipolar sideband patterns thus
obtained demonstrated the magnitudes of effective 1H-13C
dipolar couplings of (a, b), (g, h), d, and e sites as demonstrated
in Figure 7c. Also, Figure 7c depicts the magnitude of the
effective 1H-13C dipolar coupling of the corresponding 1H-13C
site based on the best-fit numerical simulation (theoretical
simulation is shown in the Supporting Information). The
effective 1H-13C dipolar coupling obtained along the overlapped
peak site of (g, h) and d showed 17-17.5 kHz, while the
effective 1H-13C couplings along the other two peak positions
assigned as (a, b) and e were 15 kHz. As can be seen from the

peak assignments shown in Figure 7, (g, h) sites originate from
diazocine group and (a, b), d, and e all originate from phenylene
group. These experimental data indicated that the bulkier
diazocine group undergoes relatively slower ring-flip motion
compared to the smaller phenylene group. This result is
reasonable in the sense that the bigger diazocine group would
be less favorable than the smaller phenylene group for a
segmental, ring-flip motion.

We also performed DIPSHIFT experiments at a temperature
above the �-transition temperatures of the copolymers (65 °C).
We observed that the biphenyl group showed increased ring-
flip mobility (decreased effective 1H-13C coupling strength)
under elevated temperature above the �-transition, however, the
segmental mobility of the diazocine group remained at the value
observed below the �-transition temperature. This fact indicated
that the segmental mobility of biphenyl group was mainly under
the influence of the structural relaxation due to the �-transition.
In addition, we can conclude that, generally, the biphenyl group
possesses higher mobility and lower activation energy for local
motion than the larger diazocine group at below and above the
�-transition temperature (Table 2).

Electrochemical Properties of the Diazocine-Containing
Polymer. The cyclic voltammogram of 6,12-bis(4-fluorophe-
nyl)-dibenzo[1,5]diazocine 1 is shown in Figure 8a as a model
compound. Cathodic potential scan produced two reduction
peaks at -0.76 and -1.23 V vs Ag/Ag+, and the corresponding
oxidation peaks at -0.61 and -1.19 V appeared under inert
and basic conditions. The two hetero atoms of the diazocine
unit contributed to the redox stability of the 8-membered ring.
These two redox waves were reversible, and the peak-to-peak
separation (∆E) of the second reduction wave was narrow (43
mV), which is typical behavior for the surface-confined redox
species, suggesting the lower solubility of the reduced species
after the first reduction process. These two redox couples were
considered as the two-electron transfer process for the diazocine
ring. Cyclic voltammograms of the diazocine-containing poly-
(arylene ether) exhibited stable redox behavior in a similar
fashion to the model compound 1 (Figure 8b). The smaller peak
current in the polymer 4a compared with 1 suggested the smaller
diffusion coefficient of the polymer analog. The UV-vis
spectrum of the diazocine group in the reduced state under the
applied potential at -1.4 V indicated an extended π-electron
structure, which supported the boat- to planar-conformational
change by a 2e- reduction (Figure 8c). This process was
reversible, and suggested the potential application of a diazocine
unit for redox-driven molecular actuation. Cyclic voltammogram
of the film 4a in acetonitrile/THF (9/1) electrolyte solution
exhibited similar redox behavior as the corresponding solution
4a, and the peak-to-peak separation at -1.2 V was narrower
(∼ 38 mV), which also supported a surface-confined redox
process of the film. Further electrochemical analysis and device
fabrication will be reported in the future.

Conclusions

Poly(arylene ether sulfone)s containing the diazocine unit (0,
20, 50, 80, and 100 mol %) were synthesized Via step-growth
polymerization. The resulting copolymers exhibited good solvent
solubility, enhanced thermal (Td10% ) 500-550 °C), and
mechanical properties (tensile stress ) 45-65 MPa), which were
tunable with copolymer composition. The secondary (�-)
transition appeared at ca. 28-40 °C, which was attributed to
the larger free volume of the bulky diazocine unit and biphenyl
motion. The conformation of the diazocine group was identified
as boat-type using X-ray single crystallography and NMR
spectroscopy at various temperatures. DIPSHIFT experiments
indicated that the bulkier diazocine group undergoes relatively
slower ring-flip motion compared to the smaller phenylene

Figure 8. Cyclic voltammograms of (a) diazocine monomer 1 (1 mM)
and (b) diazocine-containing poly(arylene ether) 4a in 1 mM THF
solution with 0.1 M N(C4H9)4ClO4 as the supporting electrolyte under
basic condition, 100 mV/s, 5 cycles. Fc/Fc+ ) 0.45 V vs Ag/Ag+. (c)
UV-vis spectral change of 1 under an applied potential of -1.4 and
0 V. (d) Cyclic voltammogram of the film 4a in the acetonitrile/THF
(9/1) solution with 0.1 M N(C4H9)4ClO4 as the supporting electrolyte
under basic condition, 10 mV/s, 10 cycles.
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group. The cyclic voltammograms of diazocine-containing
polysulfones showed two reversible reduction peaks under inert
and basic conditions, followed by the conformational change,
which proved its potential application as molecular actuator.
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