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Carbon-13 CP-MAS NMR techniques were used to investigate dynamics of new combined type liquid cry
stalline polymers, poly[oxy-l,4-phenyleneoxy'2-{6-(4-(4-butylphenylazo)phenoxy)hexyloxy}terephthaloyl] and 
poly[oxy-l,4-phenyleneoxy-2-{10-(4-(4-butylphenylazo)phenoxy)decyloxy}terephthaloyl]. Noticeable mobility 
change of either aromatic groups or methylene groups is not detected between 25 °C and 82 °C from 13C spin
lattice relaxation time in the rotating frame (Tlp(C)) and contact time array experiments. However, line shape 
analysis shows the increase of mobility of methylene carbons in poly [oxy-1,4-phenyleneoxy-2- {6-(4-(4- 
butylphenylazo)phenoxy)hexyloxy}terephthaloyl] at higher temperature. The dynamics of side chains does not 
seem to be affected in our experimental temperature range by the length of aliphatic chain which is connecting 
the side chain group to the main chain.

Introduction

The macroscopic physical properties of solid polymers 
are mainly determined by their molecular level structure 
and dynamics. Orientational order plays an important role 
in solid polymers. The degree of orientation is enhanced by 
drawing, which leads to the improvement of mechanical pro
perties. Molecular dynamics also influences physical pro
perties, for example, the molecular motion of the rates in 
the range of the frequency of the alternating mechanical or 
electric fields is strongly correlated with a change of dy
namic moduli or compliances.1'3 The energy-dissipating lo
cal molecular motion slowed down too much produces brit
tle materials, on the other hand, the increase of molecular 
motion can result in the decrease of the strength of the ma
terials.1 

'Present address: Kumho Tire Co. R & D Center 555 Sochon- 
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New combined type liquid crystalline polymers(LCP), 
poly [oxy-l,4-phenyleneoxy-2-{6-(4-(4-butylphenylazo) 
phenoxy)hexyloxy}terephthaloyl] and poly[oxy-l,4-phenyl- 
eneoxy-2-{10-(4-(4-butylphenylazo)phenoxy)decyloxy}tere- 
phthaloyl] (from now on, will be abbreviated as PAZO-6 
and PAZO-10, respectively), consist of poly(p-terephthalate) 
main chain and azo group with a aliphatic chain, as a side 
chain, attached to the main chain. The molecular fonnulas 
of the PAZO samples are shown in Scheme 1, where n in
dicates the number of methylene carbon between poly(p- 
terephthalate) and the azo group (n is 6 in PAZO-6 and 10 
in PAZO-10). Since the alkyl chain length of the side 
chains may influence the structure and dynamics of the pol
ymers, it is worthwhile to compare the structure and dy
namics of PAZO-6 and PAZO-10.

NMR line shapes are sensitive to molecular motions. As 
the motions are fast and isotropic, the line shapes become 
narrow in the extreme narrowing limit. In general, the observ
ed full line width at half height (^T2)-1 can be described as
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where l/zrj is motional line broadening due to hetero- 
nuclear dipole coupling modulation, 1/^T2(7 is motional line 
broadening due to motional modulation of 13C chemical 
shift anisotropy (chemical shift distribution due to a 
molecule's orientational difference in the external magnetic 
field), 니顽2心 is static line broadening due to bulk suscepti
bility of the samples and isotropic chemical shift dispersions 
from packing effects, bond distortions, and conformational 
differences.4-5 Here, the full width at half heights are express
ed in the notation of spin-spin relaxation times. For pro
tonated carbons, motional line broadening due to hetero- 
nuclear dipole coupling modulation is typically the main 
cause of line broadening. is equal to 13C spin-lattice re
laxation time in the rotating frame (Tlp(C)) under a certain 
condition：저 The condition includes Hartmann-Hahn match
ing, exact on-resonance proton irradiation, and negligible 
adiabetic magnetization transfer to proton. T曷 attributes 
recognizable line broadening for carbons with large chem
ical shift anisotropy such as aromatic and carbonyl carbons.4,5

Local motions of polymei•옹 can be probed using Tlp(C) 
since 13C spin diffusion6,7 and the adiabetic magnetization 
transfer to proton are negligible in glassy p이ymers like our 
samples.5 rlp(C) is mo가 sensitive to the motion in the fre
quency of carbon RF field, typically several tens of kHz.

Carbon-13 cross polarization-magic ai垠le spinning (CP- 
MAS) NMR also can give information about molecular 
structures and dynamics of polymers. Initial nonexponential 
fast CP transient phenomenon is typically observed from 
methylene and methine carbons when carbon-proton dipole 
interaction is stronger than proton-proton dip이e interaction.5 
This phenomenon is barely observed and CP transient be
comes exponential if large amplitude molecular motion fast
er than 105 kHz causing reduction of dipole interaction ex
ists.5 On the other hand, CP transients for non-protonated 
carbons are typically exponential.8 Even when a rise of car
bon intensity by CP is exponential, CP rate is a function of 
molecular motions.8 In this work, the structures and dy
namics of PAZO-6 and PAZO-IO samples have been in
vestigated by observation of Tlp(C), CP rates, and line shape 
change with 13C CP-MAS NMR te아iniques at various tem
peratures.

Experimental

The PAZO samples were prepared as described in the pre
vious report.9 The phase transition temperatures of the sam
ples are summarized in Table 1. All 13C CP-MAS NMR 
spectra were acquired with a Larmor frequency of 75.46 
MHz on a Varian UNITYplus 300 spectrometer at various 
temperatures between 25 °C and 82 °C. The highest tem
perature we could safely operate the probe at was 82 °C.

Table 1. The phase transition temperatures of PAZO samples 
measured by the differential scanning calorimetry

Samples Tg Tm
PAZO-6 ~58 °C 188 °C 265 °C
PAZO-IO ・ 164 °C >300 °C

*Tg, L, and represent glass transition, melting, and isotropic 
transition temperatures, respectively.

The 们2 pulse length, contact time, and pulse sequence re
petition time were 5.0 gs, 1 ms, and 5 s, respectively. The 
spinning speed for all spectra was 5.0 kHz to avoid the 
overlap between centerbands and sidebands. Tlp(C) was 
measured using a pulse sequence which involves an array of 
variable spin locking times after a contact time. The spin 
lock field of 33.3 kHz as well as 50 kHz were employed. 
For the comparison of CP rates, intensities of individual 
peaks versus an array of variable contact times were ob
served. Dipolar dephasing experiments10 with dipolar de
phasing time of 100 gs was carried out to distinguish pro
tonated and non-protonated carbons. Experimental tem
peratures were calibrated with ethylene glycol chemical 
shift.11

Result and Discussion

PAZO-6 Figure 1 shows a representative 13C CP-MAS 
NMR spectrum of PAZO-6 at room temperature and the 
peak assignments. The assignments of alkyl, alkoxy, aro
matic and carbonyl peaks are straightforward. The peak at 
14 ppm is assigned to the methyl carbon. The peaks 
between 20 ppm and 40 ppm belong to methylene carbons.
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Figure 1. A representative 13C CP-MAS NMR spectrum of 
PAZO-6 at room temperature with peak assignments. *indicates 
the spinning sidebands.
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Table 2. The full width at half height of the methylene peaks 
obtained from the line shape simulation at each temperature

Temp. 
(°C)

Full width at half height (Hz)
24 ppm 28 ppm 31 ppm 35 ppm 37 ppm

25 1.3 xlO2 2.2 xlO2 2.4 xlO2 2.0 xlO2 1.6 xlO2
38 1.3X102 2.0 xlO2 2.1 xlO2 1.8X102 1.5 xlO2
55 l.OxlO2 1.8X102 1.9X102 1.2X102 1.5 xlO2
68 0.9 xlO2 1.7X102 1.8 xlO2 l.OxlO2 1.2X102
82 0.7 xlO2 1.6 xlO2 1.7 xlO2 1.0 xlO2 1.2 xlO2

Figure 2. "C CP-MAS NMR spectra of PAZO-6 at (a) 25 °C, 
(b) 38 °C, (c) 55 °C, (d) 68 °C, and (e) 82 °C. *indicates the spin
ning sidebands.

Alkoxy carbons resonate at 68 ppm. Most aromatic carbons 
appear between 110 ppm and 152 ppm. Non-protonated and 
protonated aromatic carbons have been differentiated using 
dipolar dephasing experiments. The peaks of protonated car
bons decay faster than those of non-protonated carbons as a 
dipolar dephasing time increases. Most of the signals at 115 
ppm, 123 ppm and 129 ppm dephased at dipolar dephasing 
time of 100 |is. Thus, they can be assigned to the pro
tonated aromatic carbons while the peaks at 134 ppm, 146 
ppm and 149 ppm are assigned to non-protonated aromatic 
carbons. The triplet signal near 162 ppm, which dephased 
very slowly at the dipolar dephasing experiment, could be 
from some of non-protonated aromatic carbons as well as 
carbonyl carbons.

The observation of the line widths of peaks versus tem
perature can provide information on molecular motion in 
the polymers. As temperatures increase, the line widths of 
the methylene peaks decrease while those of the aromatic 
peaks do not change as shown in Figure 2. Line widths of 
the methylene peaks obtained from line shape simulation 
were summarized in Table 2. The narrower line widths of 
the methylene peaks at higher temperature, resulting in bett
er resolved peaks, indicate the increase of mobility of alkyl 
chains. But alkoxy carbons do not show any definite line 

width change. Aromatic peaks from the main chains and 
the side chains are overlapped. If the line width of aromatic 
peaks either from the main chains or the side chains 
changes due to the motional difference at various tem
peratures, the line shape of aromatic peaks should vary. 
However, the line shape change of aromatic peaks is not ob
served in Figure 2. Therefore, line width variation due to dy
namics of aromatic or alkoxy carbons is negligible com
pared to that of methylene carbons in the temperature range 
of 25 °C and 82 °C.

It is possible that only the three methylene carbons of bu
tyl group in Scheme 1 contribute to the line width change 
of methylene peaks between 20 and 40 ppm while four 
methylene carbons between two alkoxy carbons do not at 
all. However, liquid 아ate NMR results (not shown) of the 
monomer (solvent: CDC13) at room temperature indicate 
that the methylene carbons in the butyl group should con
tribute to two leftside peaks and one rightside peak among 
five methylene peaks in the spectrum at high temperatures. 
Molecular formula of the monomer is described in Scheme
2. Thus, the line width change observed is due to dynamics 
change of not only the methylene carbons in the butyl 
group but also the methylene carbons between two alkoxy 
carbons.

The efficiency of CP is proportional to the effective 
아length of C-H dipolar interaction which is a function of 
molecular motion.8 The increase of motion is expected to 
result in the longer contact time to reach the maximum 13C 
intensity due to the lowered efficiency of the CP.4,5,8 Figure 
3 shows the intensities of methylene and aromatic peaks as 
a function of contact time at various temperatures. The in
tensity at 30 ppm was taken as a representative methylene 
peak for the plot since all methylene peaks have the same 
CP rate and the peak at 30 ppm has the biggest intensity 
among them. Likewise the peak at 123 ppm was taken as a 
representative aromatic peak. Initial non-exponential fast CP 
phenomenon4,5 typically observed from methylene and 
methine carbons when carbon-proton dipole interaction is 
stronger than proton-proton dipole interaction was not clear
ly detected in PAZO samples. The result suggest동 that pro- 
ton-proton dipole interaction is stronger than carbon-proton

o _ o
애 3CH2O-O~~o-아MH3

f _ _
(CH2)n-O-^-N=N-^-(CH2)3CH3

Scheme 2.
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Figure 3. Intensity plots of (a) methylene peak at 30 ppm and 
(b) aromatic signal at 123 ppm as a function of contact time at 25 
°C (open circle), 38 °C (open square), 55 °C (open triangle), 68 °C 
(black circle), and 82 °C (black square). All intensities were nor
malized to the highest peaks at a given temperature.

dipole interaction in the samples probably due to molecular 
motion weakening this interaction. The reduced efficiency 
of the CP was not observed at higher temperature within an 
experimental error. Thus, molecular dynamics affecting the 
CP rates, which is faster than 105 Hz,5 must not vary much 
between 25 °C and 82 °C.

Figure 4 shows the plots of In(intensity) versus 13C spin 
lock time of methylene (30 ppm) and aromatic (123 ppm) 
peaks at various temperatures. The relationship between In 
(intensity) and spin lock time deviates from linearity. If in
tensities decay single-exponentially during the spin lock 
times, the In(intensity) versus spin lock times should be 
linear. However, Tlp(C) can be rarely fitted by a single 
exponential due to a distribution of correlation times for 
motion at one site and a number of non-consenting dynamic 
environments for chemically or structurally equivalent car
bons.6

The higher temperature (or more motion) could result in 
the change of the relaxation rate. If the motion is on the 
low temperature side of the minimum, Tlp(C) decreases as 
the temperature increases and vice versa. Thus, the spectral 
density in the mid-kHz can be estimated by the meas
urement of Tlp(C) as a function of temperature. In Figure 3, 
intensities are contributed by fast and slow relaxing com
ponents not clearly separated at boundaries so that the Tlp(C) 
s of individual components depend on the number of data 
points one chooses. Thus, all data points as a whole are 
compared in the Figure 3 rather than fitting with a couple of

Spin Locking Time (ms)

Figure 4. In(intensity) plots of (a) methylene peak at 30 ppm 
and (b) aromatic signal at 123 ppm as a function of spin lock 
time at 25 °C (open circle), 38 °C (open square), 55 °C (open tri
angle), 68 °C (black circle), and 82 °C (black square). Different 
values of intercept was added to see slopes clearly.

relaxation rates for a data set at each temperature. The com
parison shows no difference of the relaxation rates at dif
ferent temperatures. Thus, no difference of Tlx)(C)s of the in
dividual components was observed within an experimental 
error. When the motion is near the minimum (i.e., mc-l) 
the variation of Tlp(C)s could be less sensitive to tem
perature changes than that on either the high temperature 
side or the low temperature side. In order to elucidate 
whether the mobility change of PAZO-6 is small or the mo
tion is near the minimum at the temperature range used, we 
reduced a spin lock field strength from 50 KHz to 33.3 
KHz. The 7，(C) of the methylene peak at 30 ppm was ob
tained with the assumption of a single-exponential decay, 
which declines from 10.5 ms to 3.1 ms for the reduction of 
the spin lock field strength. The experiment with different 
spin lock field strengths indicates that the motion of the 
PAZO-6 sample is on the low temperature side and that 
m이ecular motion change of PAZO-6 is not significant in 
mid kHz range at the temperatures between 25 °C and 82 °C.

In the temperature range of 25 °C and 82 °C, only line 
widths of methylene carbons were observed to be altered. 
The changes of CP rates and Tlp(C) were negligible. These 
results imply that only the motions affecting the line widths 
of methylene peaks vary substantially in the temperature 
range. Illis motional line width averaging could be related 
with modulation of residual proton-carbon dipolar in
teraction (7丄) or mod미ation of chemical shift anisotropy
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Figure 5. 13C CP-MAS NMR spectra of PAZO-IO at (a) 25 °C, 
(b) 38 °C, (c) 55 °C, (d) 68 °C, and (e) 82 °C. * indicates the spin
ning sidebands.

(T2(t) or reduction of isotropic chemical shift dispersion 
(7» Out experimental condition satisfies the requirement 
for the relationship of T"©드丁加 so that T& should be al
most constant in our experimental temperature range. Chem
ical shift anisotropy of methylene carbons are inherently 
small.5 Then, the line width reduction must be due to 
averaging of isotropic chemical shift dispersion via ex
changing phenomena rather than from averaging out resi
dual proton-carbon dipolar interaction.

The chemical shift is influenced by molecular packing, 
bond distortions, and conformational differences in the solid 
아ate resulting in chemical shift dispersion, although this ef
fect seems to result in a dispersion of a few ppm at most. A 
steric-hindrance model, developed by Grant and Cheney, 
can be used to predict the 13C chemical shifts of CH per
turbed by the additional H atoms nearby in the solid state.12 
The exchanging of the isotropic chemical shifts is expected 
to occur at low frequencies since the isotropic chemical 
shift differences of the methylenes in our samples are small
er than a couple of hundred Hz. In MAS spectra, chemical 
shift anisotropy is already averaged out by MAS.

PAZO-10. Figure 5 shows 13C CP-MAS NMR spectra 
of PAZO-IO at different temperatures. Line shapes of 
PAZO-IO spectra are similar to those of PAZO-6, except 
methylene peaks. All methylene carbons of the alkyl chain 

connecting azo group to the main chain except alkoxy car
bons resonate between 26 and 32 ppm regardless of the 
chain length. As a result, the longer alkyl chain length leads 
to severer overlap of methylene peaks so that the resolution 
of methylene peaks in the PAZO-IO spectrum is lower than 
that of the PAZO-6 spectrum. This poor resolution made it 
difficult to detect any methylene line shape change at vari
ous temperatures for PAZO-IO. Line width change less than 
a couple of hundred Hz of the peaks in 26-32 ppm would 
not make the total line shape of methylene resonance region. 
Thus, methylene carbons of PAZO-IO are expected to have 
similar exchange phenomena observed in PAZO-6 resulting 
in the reduction of isotropic chemical shift dispersion but 
the corresponding line shape change was not observed due 
to severer overlap of the methylene peaks than those of 
PAZO-6. Alternatively, methylene carbons of PAZO-IO 
have smaller or no reduction of isotropic chemical shift disp
ersion although motion of the side chain of PAZO-IO may 
be expected to be faster than that of PAZO-6 by means of 
longer side chain length. The cross polarization efficiency 
and Tip(C) of PAZO-IO also did not differ when tem
perature increases as of PAZO-6.

Conclusion

High resolution s이id state NMR techniques were em
ployed to obtain infonnation on dynamics of PAZO sam
ples with different lengths of alkyl chains which connect 
azo groups to main chains. There was no definite dynamics 
difference observed between PAZO-6 and PAZO-IO even 
though they have different lengths of alkyl chains in the 
temperature range 25-82 °C. Motional change of aromatic 
carbons in main chains or side chains was not observed but 
methylene carbons in side chains seem to be slightly more 
mobile at higher temperature.
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Incorporation of metalloporphyrins into polypyrrole (PPy) film was achieved either by electropolymerization of 
pyrrole in the presence of metal-tetra(sulfonatophenyl)porphyrin anion (MTSPP, M=Co, Fe) or by metalizing 
hydrogenated tetra(4-sulfonatophenyl)porphyrin anion (H2TSPP) doped into PPy through ion-exchange. Elec- 
tro사lemical reduction of oxygen on the PPy doped with metallo porphyrin (PPy-MTSPP) was studied in acidic 
and basic solutions. Oxygen reduction on PPy-MTSPP electrodes appeared to proceed through a 4-electron 
pathway as well as a 2-electron path. In acidic solutions, the overpotential for O2 reduction on PPy-CoTSPP 
electrode was smaller than that on gold by about 0.2 V. In basic solutions the overpotential of the PPy- 
CoTSPP electrode in the activation range was 이ose to those of Au and Pt. The limiting current was 이ose to 
that of Au. However, polypyrrole doped with cobalt-tetra(sulfonatophenyl)porphyrin anion (PPy-CoTSPP) or 
with iron-tetra (sulfonato phenyl) porphyrin anion (PPy-FeTSPP) was found to have limited potential windows 
at high temperatures (above 50 °C), and hence the electrode could not be held at the oxygen reduction po
tentials in basic solutions (pH 13) without degradation of the polymer.

Introduction

The search for efficient and cost-effective electrocatalysts 
for cathodic oxygen reduction other than platinum and its al
loys has been intensive because of their importance in ap
plications such as fuel cells and metal/air batteries.1"3 Metal 
porphyrins and metal phthalocyanines are among the best 
candidates because they have excellent thermal and chem
ical stabilities,4 and they exhibit excellent catalytic pro
perties.1,5,6 Incorporating porphyrins into a conducting pol
ymer is one efficient technique for making electrodes with 
immobilized metalloporphyrins. Incorporation of metal- 
loporphyrin into conducting polypyrrole (PPy) can be 
achieved by one of three different methods: i) pol
ymerization of pyrrole in the presence of a metal- 
loporphyrin that is derivatized with an anionic group so that 
the porphyrin anion is incorporated into the polymer matrix 
as counter-ions for the positively charged polymer;'서。ii)

‘Present Address: Division of Chemistry and Chemical Engi
neering, California Institute of Technology, Pasadena, California 
91125, U.S.A.

Polymerization of porphyrin-substituted pyrrole;11,12 iii) Ion 
exchange into polymer of JV-alkylammonium pyrrole salt.1314

We adopted the first method, i.e. incorporation of metal
loporphyrins with attached anionic groups into PPy by pol
ymerizing the monomer pyrrole in the presence of the func
tionalized porphyrins. Cathodic reduction of oxygen on the 
resulting polymer electrode was studied in acidic and basic 
aqueous electrolytes using a rotating ring-disk assembly.

Experimental

Deposition of polypyrrole doped with metal* 
loporphyrin. Polypyrrole films doped with met 지 • 

loporphyrins were prepared by anodic electropolymerization 
on platinum, gold, or glassy carbon (GC) disk electrodes in 
aqueous solutions containing 0.1 M pyrrole and 1 mM of 
the appropriate salt of anionic metalloporphyrin. The an
ionic metalloporphyrins have a structure shown by the fol
lowing example of a sulfonated Co-porphyrin.

Sodium salts of cobalt-tetra(suifonatophenyl)porphyrm an
ion (CoTSPP), iron-tetra(sulfonato phenyl)porphyrin anion 
(FeTSPP), and tetra(sulfonatophenyl)porphyrin anion


