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Abstract : A series of polyamides containing porphyrin unit derivatized by attaching flexible alkyl
moieties in the main chain (PPC-6. PPC-8, and PPC-10) as well as in the side chain (PPT-8 and
PPT-12) were studied for their thermal properties by DSC and TGA, melecular packing by wide an-
gle X-ray diffraction, film surface morphology by scanning electren microscopy and optical prop-
erties by UV-Vis spectroscopy. Thermal stability and packing order found tc be the better in PPT
series. The large porphyrin unit appeared to determine the overalt chain packing, resulting in similar
diffraction patterns regardless of the position and length of the flexible alkyl moieties. Films were
prepared by different techniques such as spin coating as well as precipitation on a glass sliide or on
water surface. The surface of the films showed different morphology depending on the molecular
structure and the preparation methods. Films of PPT series prepared on the water surface vielded
finer surface textures. A Soret band {450 nm) and two other characteristic peaks of the porphyrin
unit were chserved in the UV/Vis spectrum. The band shift with the length of the alkyl chains was
nated in the PPC samples but not in the PPT samples. The absorption bands also reduced their in-
tensities with time and the degradation rate appeared to be dependent on the molecular structure

and film preparation conditions, thus the microstructure of the films.

Introduction

Porphyrin and metalloporphyrin having similar
structure as chlorophyll have attracted many
researcher's attention, because the compound ex-
hibits many interesting properties offering ap-
plication potential for photosensitizer.” poly-
merization catalyst? conductive organometallic
materials,” and membranes.® Derivatized por-
phyrin, exhibiting liquid crystal phases. also offers
a potential for display materials.”

Despite the useful properties of the porphyrin,
its poor mechanical strength and difficulty in
processing have severely limited the use of the
compound. One possible solution overcoming
such problems can be achieved by substituting
the porphyrin units in the polymer backbone.
Inoue et al® succeeded in synthesizing water-
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soluble porphyrin in polyethyleneoxide (PEO).
Recently, a series of polyamides containing por-
phyrin units were also synthesized in our lab-
oratory. Especially, in this series flexible alkyl
moieties of various length were attached in the
polymer backbone as spacers and also as side
units to provide flexibility to the polymer chains.

In this work, we investigated structures and
thermal and optical properties of the polymer
series in detail. Molecular packing of the chains
in powder form and in films were determined by
the wide angle X-ray diffraction. Especially the
films were prepared by the three different
methods; spin coating. precipitation on the glass
slide. and on water Surface mor-
phologies and optical properties of the films
were examined by scanning electron microscopy
and UV/Vis spectroscopy,

surface.

respectively. Em-
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phasis was placed on the structure-property re-
lationships, in particular. optical properties as-
sociated with the molecular structures and pre-
paration conditions.

Experimental

Materials and Film Preparation. Materials
used in this study were a series of polyamide
containing porphyrin, to which flexible alkyl
groups were substituted as spacers in the main
chain and also as side units. Chemical structures
of polyamide series are depicted in Figure 1.
The polyamide samples having alkyl spacers in
the main chain were named as PPC-6, PPC-8
and PPC-10 depending on the length of alkyl
spacer and those with side units were named as
PPT-8 and PPT-12. Detailed synthetic pro-
cedures of the polymers were reported else-
where.’

Films of each polymer sample were prepared
from solutions of 0.1 and 0.025wt% in tri-
fluoroacetic acid, respectively. For the film fa-
brication three different technigues, i. e. spin coat-
ing, precipitation on a glass slide. and on water
surface were used. For the film preparation on

oo fos
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Figure 1. Chemical structures of polyamides contain-
ing porphyrin unit.
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water surface, a small amount of polymer solu-
tion was dropped gently on the surface of the dis-
tilled water. The immediately
spreads out and was afloat on the surface of wa-
ter, vielding a very thin film. All the resulting poly-
mer films were dried in a vacuum oven for 24
hours before the examination.

Characterization, Thermal properties of the
polymer series were studied by a differential
scanning calorimeter (DSC) {DuPont 950) and
a thermo-gravimetric analyzer (TGA) (DuPont
651S). All DSC measurements were made at
the heating rate of 10°C/min under the nitrogen
gas flow {40 mL/min).

Molecular packings of the polymers were de-
termined by wide angle X-ray diffraction
{(WAXD} for both powders and films. Especially
for the films. both reflection and transmission
methods were utilized for the investigation of
any orientation of the polymer chains. An or-
dinary powder diffractometer and a Picker dif-
fractometer coupled to a Rigaku sealed tube

solution then

generator and a rotating anode generator (RU-
200) were utilized for the WAXD, respectively.
Surface morphology of the films were investi-
gated by an ordinary scanning electron mi-
croscope (SEM) (JEOL 840} as well as a low-
voltage high resolution scanning electron mi-
croscope (LVHRSEM) (Hitachi $-900). Optical
properties of the film were measured by a UV/
Vis spectrometer (Perkin Elmer, Lambda 14).
An energy-minimized structure for one repreat-
ing unit of PPC-8 was obtained by the molec-
ular mechanics simulation using a commercial
simulation package.

Results and Discussion

Thermal Properties. DSC thermograms of
five polymer samples are compared in Figure 2.
PPC samples show two endotherms, one near 90
°C and the other at temperatures of 270-280°C.
The low endotherm, however, disappears at the
second heating scan, suggesting that the low en-
dotherm is probably associated with the mois-
ture absorbed in the sample. The high en-
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Figure 2. Energy minimized model structure of PPC-8.

dotherm is considered as the melting point and
decreases slightly with the increase of flexible
chain length. The PPT series. on the other hand,
do not exhibit any endotherms and appeared to
decompose at temperatures above 300°C. The
absence of melting endotherms in PPT samples
demonstrates that the flexibility of polymer
chain is improved more effectively by incor-
porating flexible moieties in the backbone. The
effect can be further noticed by comparing solu-
bilities of PPC and PPT samples. PPC polymers
are soluble in N-methylpyrrolidone (NMP), N.N-
dimethylacetamide (DMAc}, sulfuric acid. tri-
fluoroacetic acid, but PPT polymers are soluble
only in triflucrcacetic acid. From the DSC ther-
mograms, we also note that the polymer sample
do not exhibit any liquid crystalline phases. This
is probably due to the non-planar conformation
between the benzene ring and the heterocyclic
rings in the porphyrin unit as indicated by the
energy minimized structure shown in Figure 2.
Results of TGA plotted in Figure 4 reveal that
thermal stability of PPT series is also higher
than PPC series. And the thermal stability of the
two PPT samples are almost identical. sug-
gesting that length of the flexible moiety in-
corporated as side unit hardly affects the poly-
mer thermal stability. In contrast, the thermal
decomposition temperatures of PPC series de-
crease with increasing the flexible spacer length.
It is also noted that PPC series reveal two step
decomposition behavior, while PPT samples
have only one step decomposition. The two step
decomposition may be attributed to the dif-

ferent decomposition rate between the por-
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Figure 3. DSC thermograms of polyamides containing
porphyrin unit.
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Figure 4. TGA curves of polyamides containing por-
phyrin unit.

phyrin and alkyl groups in the main chain.
Molecular Packing. Wide angle X-ray dif-
fraction was performed to elucidate the molec-
ular packing of each polymer. Figure 5-A and 5-
B show X-ray diffraction patterns obtained
from the powder samples before and after heat
treatment (200°C for 5 min}, respectively. And
the d-spacings of the peaks are summarized in
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Figure 5. Wide angle X-ray diffraction patterns of
polyamides in powder form : {a) before and (b} after an-
nealing.

Table 1. As shown in Figure 5, we note that all
the patterns {PPT and PPC series) are very sim-
ilar. Length or position of the attached flexible
alkyl chains appear to provide only a minimal
effect on the overall packing state of the poly-
mer chains. The large porphyrin unit probably
determines the overall backbone packing. It is
very unusual to observe that all samples show
diffraction peaks at 26~3.6°(d= 25 A). Even
though we are not certain about the structural
origin of the low angle peak, it is apparent that
the peak is not associated with the layered struc-
ture often observed in the stiff polymers of long
side chains. Such speculation is based on our ob-
servation that PPT-8 and PPT-12 have the
same d-spacing and furthermore PPC series hav-
ing the flexible moieties in the main chain also
show the similar diffraction peaks (see Table 1).
Absence of the typical peak near 20=25° (d =
35 AL suppesedly from the inter-chain order
within the layer, is also a supporting evidence

that the PPT series do not form the layered
structure. A close examination of the patterns.
however, shows that the PPT series exhibits
somewhat better packing order than the PPC
samples. The higher thermal stability and poor
solubility in PPT samples, as was discussed pre-
viously, can be attributed to the higher struc-
tural order in PPT series. As shown in the Fig-
ure 5-B and Table 1, only a minimal change in
the diffraction patterns can be noted after the
heat treatment except a new peak appearance
at 26=25° (d=35 A) in all samples. Again,
we are not certain of the structural origin of this
new low angle peak at present. Molecular pack-
ing of polymer chains in thin films, especially
the spontaneous orientation of the polymer
chains during the film fabrication, was also ex-
amined. Among five samples PPT-12 resulted in
the most stable and uniform film and we only
present the results of PPT-12 films. In Figure 6,
two X-ray patterns, one from the transmission
mode and the other from the reflection mode,
are presented. From the Bragg diffraction geo-
metry. the fransmission patierns provide the
structural orders in the direction of film plane.
On the other hand the reflection ones reveal
those in the direction along the film thickness.
Therefore, the orientation of polymer chains re-
lative to the film axes can be estimated by com-
paring the diffraction patterns measured by the
two different techniques.” As shown in the Fig-
ure 6, two patterns are different in their shape.
especially at the low angles. Both patterns show
similar strong amorphous halos at near 20=
25° But the low angle diffraction peaks ob-
served in the powder patterns are seen only in
the transmission mode, illustrating the orien-

Table k. D-spacings Calculated from X-ray Diffraction Patterns of PPC and PPT Series

D-spacing (A)
PPT-12 (354 236(25.2) 13.4(13.2) 6.316.3) 5.1(4.8) 44{4.3) Amor.
PPT-8 (35.3) 24.1(25.2) 12.4(12.3) 10.5(10.6) 6.2(6.3) 5.0{5.0} 4.3(4.3) 44
PPC-10 (356} 24.8(26.8) 124(13.7) 10.1(12.1}) 6.1{5.8} - 4.6(4.6) Amor.
PPC-8 (37.1} 29.7(26.8) 13.6(13.8) 11.2(11.5} 6.8(7.1] 58(5.7) 4.4{4.5) 47
PPC-6 (339] 26.2(24.0) 129(13.9) 10.2{11.3 6.0(5.7) - 45(4.6)

{ ) after annealing.
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Figure 6. Wide angle X-ray diffraction patterns of
PPT-12 film: (a) reflection pattern and (b) transmission
pattern.

tation of the structural order of 20-30 A in size
is in the direction paralle! to the film plane.
Surface Morphology. Polymer films pre-
pared by the three different methods, spin coat-
ing. precipitation on a glass side. and on water
surface were examined by ordinary SEM and
LVHRSEM. The last film preparation technique,
in particular, has been utilized previously in our
laboratory and has proven to be very effective
to produce thin films of uniform surface tex-
ture." In Figure 7, high resolution SEM mi-
crographs of spin coated films of PPT-8 and
PPC-8 from polymer solutions of 0.025 and 0.01
wt.% concentrations in trifluorcacetic acid are
compared. Micrographs of PPC-8 show very
flat and uniform surface morphologies for both
concentrations, while those of PPT-8 exhibit re-
latively rough surfaces with dispersed polymer
aggregates. The different surface morphologies
observed in the PPC and PPT samples are prob-
ably associated with the different
structures of the two samples, as was suggested
by the X-ray results that PPT samples show a
better structural order. However. both films
{PPC and PPT) prepared from the 0.1 wi%
and 0.025 wt.% concentrations show similar sur-
face roughness. In Figure 8, SEM micrographs
of PPT-8 films from 0.1 wt.% solution prepared
by the three different methods are compared.

micyo-

Films cobtained on the water surface show the
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PPT-8 0.025 wt. %

PC-8 0.025 wt. %

Figure 7. Scanning electron micrographs of the PPC-8
and PPT-8 spin coated films from the corresponding
solution concentrations.

Figure 8. Scanning electron micrographs of the PPT-8
films prepared from 0.1 wt.% solution by (a} precipi-
tation on slide glass, (b) precipitation on water surface,
and {c} spin coating.
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most uniform surface morphology with the smal-
lest particle size. Films precipitated or spin coat-
ed on the slide glass resulted in a similar surface
structure with a slightly rough texture.

Optical Properties. UV/Vis spectra obtained
from the films are plotted in Figure 9. Each
spectrum exhibits three characteristic absorption
peaks, a very strong absorption peak at 450 nm
and two other shoulders near 580 and 620 nm,
respectively. The most intense absorption peak
at 450 nm is called the Soret band. which is the
characteristic absorption peak of the porphyrin
unit. In PPC samples, the Soret band shifts to
the longer wavelength as the alkyl spacer length
increases, suggesting the planarity between the
porphyrin units and the phenyl group might be
enhanced in PPC samples when a longer alkyl
spacer is substituted. In contrast, the band re-
mains nearly constant in PPT samples, also sug-
gesting that the alkyl substitution as side units

on the polymer chains hardly affects the ab- .

sorption energy. In Figure 10, UV/Vis spectra of
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Figure 9. UV/Vis spectra of polyamide containing por-
phyrin unit.
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the films prepared by the three different
methods are also compared. All the films exhibit
nearly identical patterns. Different absorption
peak heights of the films are probably due to
the thickness variation of the films depending
on the preparation techniques. The results in-
dicate that the morphological differences in-
duced by the different preparation methods as
was observed in the SEM micrographs do not in-
fluence the electronic state of the chains or the
porphyrin unit. Stability of the polymer films
were also examined by comparing the spectra
measured at several different times after the
film preparation and the results are shown in
Figure 10. Changes in the spectrum can be
clearly noted in both PPT and PPC series sam-
ples. In PPT samples, the Soret band and two
absorption shoulders completely disappeared in
two weeks. On the other hand, in PPC samples,
the characteristic peaks still remained even after
one month. The porphyrin compounds in PPC
samples, having

the flexible alkyl spacer
PPT-§
after 24 hours
e
after 15 days
L5 rTRnInn, e after 25 days
k4

N

PPC-6 after 24 hours

Absorbance (a. u.)

after 15 days

after 25 days

Wavelength (nm)

Figure 10. UV/Vis spectral changes of PPC-6 and of
PPT-8 spin coated films.
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between the porphyrin units, appear to be more
stable than those in PPT series having alkyl
moieties as the side group. The result is op-
posite to those observed in the thermal stability
of films. Deterioration of the films can also be
noted by the color changes that the green PPT
films change to orange color and the PPC films
change to whitish green. The original polymer
samples used in this study had been kept at an
ambient condition for several months before the
film preparation and found to be stable. The de-
terioration of characteristic bands, or the pos-
sible decomposition of the porphyrin units of
the films, might then be associated with the pres-
ence of the trifluorcacetic acid in the samples.
The deterioration rate is also greater in films pre-
pared at the lower solution concentration and in
films prepared by the spin coating method.
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