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Abstract

Photosensitized reaction on aliphatic polyesters, 3g4 and M23g4, prepared from succinic acid and propanediol derivatives were

investigated by spectrophotometry, GPC, and electron spin resonance (ESR) methods. From change of GPC curves for 3g4 polyester doped

with N,N,N0,N0-tetramethyl-p-phenylenediamine (TMPD) as a photosensitizer, it was confirmed that not only degradation but also

crosslinking reaction occurred for 3g4, M23g4, and poly(lactic acid), by UV irradiation. By detailed analysis of ESR spectra, it was confirmed

that several radical species are produced through photosensitized reaction; TMPD radical cation, ester radial anion of polyester, main chain

alkyl radical at the center of diol component, and acyl-type radical. Although there was no direct evidence for producing the main chain

scission radical for 3g4 and M23g4, it was strongly suggested that the photosensitized degradation and the crosslinking reactions were

originated from the ester radical anion that was produced by electron capturing. q 2002 Published by Elsevier Science Ltd.

Keywords: Photosensitized reaction; Electron spin resonance; Aliphatic polyester

1. Introduction

Direct irradiation on polymer material using UV light

and high-energy sources such as X-ray, g-ray, and electron

beam largely changes both physical and chemical properties

of the polymer through chemical reactions. The reaction

proceeds via an energy or an electron transfer reaction,

which results in degradation, crosslinking, and functionaliz-

ing of polymer. Such a pathway of polymer reaction can be

depressed by adding photochemical compound into the

polymer matrix, e.g. stabilizer for durability, and also can be

changed to different reaction route.

In the previous paper [1,2], we have investigated the

effects of photochemical additive, N,N,N 0,N 0-tetramethyl-p-

phenylenediamine (TMPD), on photoreaction of poly-

(methyl methacrylate) (PMMA) and poly(L-lactic acid)

(PLLA). Through electron spin resonance (ESR) measure-

ment, it was found that photoionization of TMPD in the

polymer matrix by UV irradiation produces several radical

species that cause decomposition of polymer main chain.

The key species in this photosensitized reaction is the ester

radical anion on the polymer chain [3]. The ester radical

anion is produced by electron capturing and indicates a

Lorentzian singlet of ESR signal around g ¼ 2:003–2:004:

Many ESR studies concerning with radiation effects on

PMMA and aliphatic ester compounds, including polyesters

for implant materials, have been already reported [4–9].

Those reports also showed existence of the ester radical

anion of matrix polymer after irradiation and decomposition

reaction of polymer.

In this paper, we represent the photosensitized degra-

dation of several aliphatic polyesters via the anionic

reaction process. Two of the polyesters were prepared

from succinic acid and propanediol derivatives, and doped

with TMPD as photosensitizer. Commercial polyesters,

poly(lactic acid)s, were also used to compare the results.

Sample films were irradiated with UV light at 77 K and

investigated by spectrophotometry, GPC, and ESR

measurements. All polymers have the same ester linkage

in the main chain, but indicated different results depending

on each structural difference.
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2. Experimental

2.1. Materials

Aliphatic polyesters, 1 3g4 and 2 M23g4, were prepared

by typical melt polycondensation method using succinic

acid and diols, propanediol and 2,2-dimethylpropanediol,

respectively. Titanium tetraisopropoxide (10 wt%) was used

as a catalyst. Each monomer compound was used as

received from company. For the first stage of polymeriz-

ation, mixture that consists of succinic acid, excess amount

of diol, and 10 wt% of catalyst, were heated at 190–230 8C

for 6 h in nitrogen gas stream. The later stage of

polycondensation was carried out under vacuum condition

keeping the pressure below 0.5 Torr at 230 8C for 4 h. The

polyesters obtained were purified by repeated precipitations

from chloroform solution with methanol and dried under

vacuum at 50 8C for 1 day. Chemical structures for those

polyesters were confirmed by NMR measurement. Poly(L-

lactic acid) (3 PLLA, D/L ¼ 0:100) and poly(D,L-lactic acid)

(4 PDLLA, D/L ¼ 25:75), provided by Shimadzu Corpor-

ation (Lacty), were purified by repeated reprecipitation.

Photosensitizer, N,N,N 0,N 0-tetramethyl-p-phenylenedia-

mine (5 TMPD, Aldrich), was purified twice by sublimation

method under 10 mmHg at 40 8C.

2.2. Preparation of samples

All sample films were prepared by casting method on

glass plates from chloroform solution of corresponding

polyesters. TMPD was dissolved into the solution just

before the casting to avoid oxidation of TMPD. The films

were dried in vacuum at room temperature for 10 h and then

at 30 8C for 1 day. Thickness of the sample films was ca.

50 mm. Concentration of TMPD in each film was set at

3.0 £ 1022 mol/l (ca. 0.4 wt%). For spectrophotometric

measurement, the sample film was cut into 9 mm by

50 mm strip shape and placed in a thin rectangle quartz cell

under 1025 Torr, which has 1 mm light-path length. For

GPC and ESR measurement, the film was cut into 2 mm by

20 mm strip and 10–20 of them were placed in a spectral

high purity silica ESR tube (5 mm o.d.) and sealed under

1025 Torr at room temperature.

2.3. Photoirradiation

For UV irradiation, Xe–F pulsed excimer laser (Lambda

Physik, lc ¼ 351 nm; 1 Hz) and Xe/Hg continuous wave

lamp (Oriel Instruments, 500 W, lc ¼ 356 nm; l1=2 ¼ 17

nm; with some filters) were used [2]. For spectropho-

tometry, the sample cell was fixed and irradiated in a

rectangle quartz Dewar cell filled with liquid nitrogen. For

ESR measurement, the sample tube was set in a round

Dewar flask filled with liquid nitrogen and rotated during

the irradiation so as to be irradiated from all directions.

2.4. Measurements

Thermal characterizations of polyesters were done by

DSC measurement (Perkin Elmer, DSC 7). Absorption

spectra of sample film were measured at 77 K using UV–

VIS spectrophotometer (Hitachi, UV3300) with quartz

Dewar cell. A dry nitrogen gas was flowed over the

Dewar cell to avoid making dew on the surface. ESR

measurements were carried by X-band spectrometer (JEOL,

JES-TE300) to detect radical species in the sample. The

standard Mn2þ sample was used for magnetic field standard

ðg ¼ 2:00648Þ: Most of the ESR spectra were taken with the

power of the microwave set to 1.00 mW. However, the

power was reduced down to 0.02 mW in some cases to

investigate saturation effect on the ESR signals. GPC

measurements (Shodex GPC system, THF solvent with

Tosoh TSKgel KF802 þ KF806 at 40 8C, or chloroform

solvent with TSKgel G2500H8 þ G4000H8 at 40 8C) were

done to measure change of molecular weight of the

polyesters before and after UV irradiation, using poly-

(styrene) as molecular weight standard. All the polymer

samples for GPC measurement were annealed at room

temperature for more than 30 min before dissolving into

THF. The weight- and number-average molecular weights

for all samples before and after UV irradiation were

calculated from the GPC curves. In this paper, for the

sake of easy comparison of molecular weight changes

among different polymer samples, the abscissa axes of

molecular weight for GPC curves are normalized with the

maximum position of the molecular weight of original un-

irradiated polymer sample.

3. Results

3.1. Thermal characterization

Thermal properties of polyester sample films before

irradiation are measured by DSC and those glass transition

temperatures (Tg) and melting points (Tm) are summarized

in Table 1. For 3g4 and M23g4 polyesters, the Tgs were
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below 220 8C and no melting point was seen in the DSC

curve. In comparison with the result for PLLA that is well

known as crystalline polyester, no melting point was

observed for PDLLA. This result shows that PDLLA used

in this paper is amorphous co-polyester. No significant peak

due to TMPD crystal (Tm , 50 8C) was observed in every

sample. This indicates that no crystallization of TMPD

molecules occurred in the sample films during both the

casting and the drying processes.

3.2. GPC measurements

Fig. 1 shows the GPC curves for 3g4 doped with TMPD

before UV irradiation and after 1 and 2 cycles of

irradiation–annealing process. The UV irradiation by Xe

lamp and the succeeding thermal annealing were done at

77 K for 40 min and at 20 8C for 20 min, respectively.

The peaks of GPC curves in Fig. 1 shifted to lower

molecular weight after repeating the irradiation–annealing

process. These shifts indicate that degradation reaction of

3g4 occurred by photoirradiation and annealing. The

changes of average molecular weight of 3g4 were calculated

from the GPC curves, as shown in Table 2.

Generally, no photochemical reaction is expected for 3g4

by photoirradiation with lc ¼ 356 nm because 3g4 is

transparent in the region of l . 300 nm: Thus, this

degradation reaction for 3g4 is considered as a photo-

sensitized reaction owing to adding TMPD into the polymer

matrix. Such a photosensitized degradation observed here

was reported also for poly(methyl methacrylate) (PMMA)

[1] and poly(L-lactic acid) (PLLA) [2].

Fig. 2 shows the GPC curves for M23g4 with TMPD

before UV irradiation and after 2 cycles of irradiation–

annealing processes. The UV irradiation and the thermal

annealing were done at 77 K for 20 min and at 20 8C for

10 min, respectively. In spite of the shorter irradiation time

for M23g4 than that for 3g4 film, the molecular weight of

M23g4 after irradiation decreased more largely than that of

3g4.

When irradiation time was shortened for 3g4, quite

different results were obtained. Fig. 3 shows the GPC curves

for 3g4 doped with TMPD measured before UV irradiation

and after 5, 10, and 15 cycles of irradiation–annealing

processes. The UV irradiation and the thermal annealing

were done at 77 K for 4 min and at 20 8C for 2 min,

respectively. As shown in Fig. 3, the curve peaks moved to

higher molecular weight according to the increase in the

irradiation–annealing cycles. As shown in Table 2, the

average molecular weights also increased. This indicates

that crosslinking reaction occurred in 3g4 sample. The

experimental differences between Figs. 1 and 3 are only the

time for irradiation and annealing processes. Thus, it is

considered that both degradation reaction and crosslinking

reaction occur for 3g4 and the ratio of them depends on the

experimental condition.

Fig. 4 shows the GPC curves for M23g4 doped with

Fig. 1. GPC curves of 3g4 doped with TMPD. (a) — before UV irradiation,

(b) – – – after 1 cycle of UV irradiation at 77 K for 40 min and thermal

annealing at 20 8C for 20 min, and (c) · · · · after 2 cycles.

Fig. 2. GPC curves of M23g4 doped with TMPD. (a) — before UV

irradiation, (b) – – – after UV irradiation at 77 K for 20 min and thermal

annealing at 20 8C for 10 min.

Table 1

Thermal properties of polyesters

Polyester Tg (8C) Tm (8C)

3g4 232.9 –

M23g4 220.2 –

PLLA 55.7 169.8

PDLLA 50.9 –

Fig. 3. GPC curves of 3g4 doped with TMPD. (a) — before UV irradiation,

(b) – – – after 1 cycle of UV irradiation at 77 K for 4 min and thermal

annealing at 20 8C for 2 min, (c) · · · · after 2 cycles, and (d) –-–-– after 3

cycles.
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TMPD before UV irradiation and after 10 cycles of

irradiation–annealing processes. The irradiation and the

annealing were done at 77 K for 4 min, which was shorter

than that in Fig. 2, and at 20 8C for 2 min, respectively. In

spite of the same total irradiation time that was used in Fig.

2, only a little decrease of molecular weight is seen in Fig. 4.

The average molecular weights for M23g4 in Fig. 4 also did

not change as shown in Table 2.

Fig. 5 shows GPC curves for PLLA doped with TMPD

measured after 1–3 cycles, that consisted of 2 min UV

irradiation at 77 K and 3 min thermal annealing at 40 8C.

The annealing process was done at 40 8C, in which the

temperature is higher than that for 3g4 series, 20 8C. This is

because the Tg of PLLA, 50 8C, is much higher than that of

3g4 and M23g4. The GPC curves of PLLA in Fig. 5 indicate

decreases of molecular weight. Similar results were also

obtained even when the irradiation time was enhanced from

2 to 4 min, or to 8 min. Those results of GPC measurement

for PLLA are summarized in Table 2. PDLLA was also

examined under the same condition as for PLLA. However,

there was no apparent shift of GPC curves for irradiated

PDLLA as seen in Table 2. From the viewpoint of molecular

size level, PLLA and PDLLA are considered to have the

same chemical reactivity, because both of them have the

same chemical structures. Thus, the results of GPC

Fig. 4. GPC curves of M23g4 doped with TMPD. (a) — before UV

irradiation and (b) – – – after 10 cycles of UV irradiation for 4 min at 77 K

and thermal annealing at 20 8C for 2 min.

Fig. 5. GPC curves of PLLA doped with TMPD. (a) — before UV

irradiation, (b) – – – after 1 cycle of UV irradiation at 77 K for 2 min and

thermal annealing at 40 8C for 3 min, (c) · · · · after 2 cycles, and (d) –-–-–

after 3 cycles.

Table 2

Change of molecular weight of polyesters after UV irradiation and thermal annealing

Polyester Irradiation (min) Annealing Cycle Mn ( £ 104)a Mw ( £ 104)b Mw/Mn DMc

Temperature (8C) Time (min)

3g4 – 2.85 5.81 2.04

40 20 20 1 2.81 5.76 2.05 2

2 2.80 5.71 2.04 2

– 1.53 2.60 1.70

4 20 2 5 1.59 2.70 1.70 þ

10 1.59 2.72 1.72 þ

15 1.61 2.85 1.78 þ

M23g4 1.72 3.37 1.96

20 20 10 2 1.34 2.87 2.14 2

– 1.75 3.74 2.14

4 20 2 10 1.68 3.72 2.21 2

PLLA – 7.73 27.4 3.54

2 40 3 1 7.05 23.1 3.28 2

2 6.11 18.6 3.05 2

3 6.03 20.1 3.33 2

4 1 6.33 18.0 2.85 2

8 1 5.76 16.2 2.82 2

PDLLA – 5.21 11.6 2.23

2 40 3 1 5.08 11.3 2.22 2

a Number-average molecular weight.
b Weight-average molecular weight.
c Indicator, which roughly indicates the difference of average molecular weight between before and after irradiation; to higher (þ ) and to lower (2).
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suggested that the difference of crystallinity of the polymer

matrix strongly affects the polymer reaction process.

3.3. Absorption spectra

Originally, PLLA has no absorption band in the region

from 300 to 800 nm. Fig. 6 shows the absorption spectra of

PLLA doped with TMPD measured at 77 K before and after

UV irradiation by Xe lamp at 77 K.

The strong absorption below 380 nm in Fig. 6(a) is due to

the high molecular extinction coefficient of TMPD dis-

persed in PLLA matrix. After UV irradiation, a broad

absorption band appeared from 350 to 700 nm is shown in

Fig. 6. This absorption spectrum is assigned to TMPDþ
z

radical [10,11]. Because of the high molecular extinction

coefficient of TMPDþ
z, it was difficult to find out other

reaction products than TMPDþ
z in Fig. 6. The intensity of

the TMPDþ
z absorption depended upon the irradiation time.

Fig. 7 shows the growth curves of TMPDþ
z in PLLA and

PDLLA during photoirradiation at 77 K. As shown in Fig. 7,

TMPDþ
z increased at the same rate in both PLLA and

PDLLA matrices. This indicates that there is no microscopic

environmental difference in both PLLA and PDLLA

matrices for TMPD photoionization reaction.

3.4. ESR measurements

For ESR measurement, both laser light and Xe/Hg lamp

were used for photoirradiation. However, there was no large

difference among those results, except the amount of

produced radicals. This means that there is no fundamental

difference of photochemical process between by laser light

and by the Xe/Hg lamp.

Fig. 8 shows ESR spectra of 3g4 doped with TMPD after

irradiation by laser light at 77 K for 4 min and after

succeeding thermal annealing at various temperatures. No

apparent decay was observed by thermal annealing below

280 8C, but the intensities of ESR spectra largely decreased

by succeeding annealing at 0 and 20 8C, (b)–(d). These

radical decays are considered the thermal recombination

reactions that are caused by the thermally enhanced

molecular motion of polymer chain. The spectrum of Fig.

8(c) after annealing at 20 8C is assigned to TMPD radical

cation (TMPDþ
z) that is produced by photoionization of

TMPD at 77 K [1]. TMPDþ
z has been reported as a radical

species that has long lifetime especially in polymer solid

matrix [10,12]. As it can be seen by comparing Fig. 8(a) and

(c), the ESR spectrum after irradiation (a) consists of

Fig. 6. Absorption spectra of PLLA doped with TMPD. (a) — before UV

irradiation, (b) – – – after irradiation at 77 K for 30 s, (c) · · · · for 60 s, and

(d) –-–-– for 120 s.

Fig. 7. Growth curve of TMPDþ
z in PLLA and PDLLA film. (a) W, PLLA

and (b) A, PDLLA. The irradiation was done at room temperature.

Fig. 8. ESR spectra of 3g4 doped with TMPD at 77 K. (a) After irradiation

at 77 K for 4 min, (b) after succeeding thermal annealing at 0 8C for 2 min,

(c) after further thermal annealing at 0 8C for 5 min and at 20 8C for 1 min,

and (d) after further annealing at 20 8C for 5 min.

Fig. 9. Difference ESR spectra of 3g4 doped with TMPD in Fig. 8.

(a) Obtained by subtracting (c) from (a) in Fig. 8, (b), (d) from (c) Fig. 8.
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TMPDþ
z and other radicals. These radial species other than

TMPDþ
z are polymer chain radicals, which are produced by

capturing the electron ejected from TMPD during the UV

irradiation at 77 K.

Fig. 9(a) shows the difference spectrum between two

spectra of Fig. 8(a) and (c), obtained by subtracting (c) from

(a). Although there seem small noises around the center of

magnetic field, six peaks with 2.0–2.1 mT intervals (down

arrows) and a centered broad singlet are recognized in Fig.

9(a). Considering the chemical structure of 3g4 polyester,

this set of six peaks with a little anisotropy feature is

assigned to –CH2–C
˙
H–CH2– radical with hfcc ca. 2.1 mT

for both Ha and Hb. Tsuji and Seiki, who investigated UV

irradiated high density polyethylene using ESR method,

concluded that –CH2–C
˙

H–CH2– shows six lines ESR

spectrum with hfcc ¼ 3:0 mT [13]. The difference of hfcc

between Tsuji’s result and our may be due to the structural

difference of polymer, such as crystallinity and flexibility of

polymer chain. Fig. 9(b) shows the difference spectrum

between Fig. 8(c) and (d), which clearly indicates a broad

singlet spectrum (at the down arrow). This singlet is also

seen in Fig. 9(a). The g value of this singlet was estimated to

be 2.001–2.002. Similar singlet was also observed by Ooi

et al., who investigated g-irradiated oligoesters [5]. They

assigned the singlet, g ¼ 2:002; to –C
˙

O radical. The singlet

in Fig. 9(b) may also be assigned to 2
_
CO which was

produced by decomposition of the ester linkage, –CO–O–.

Thus, it was clarified by ESR measurement that three radical

components are produced in 3g4 after UV irradiation at

77 K: TMPDþ
z, –CH2–C

˙
H–CH2–, and –C

˙
O.

Fig. 10 shows ESR spectra of M23g4 after UV irradiation

at 77 K and after succeeding thermal annealing at 20 8C. In

Fig. 10(a), some characteristic peaks are seen on the wide

spread spectrum. Fig. 11 shows the difference between Fig.

10(a) and (b) obtained by subtracting (b) from (a). No

apparent signal of broad singlet, that is observed in Fig.

9(b), is seen in Fig. 11, however, a set of eight peaks with

hfcc ¼ 1:4–1:6 mT (down arrows) is superimposed on the

wide spread signal of TMPDþ
z.

The set of eight peaks in Fig. 11 with small anisotropic

features may be assigned to –CH2–C
˙

(CH3)–CH2– radical.

Hama et al. [14] reported that the UV irradiation of

isotactic polypropylene produces the main chain tertiary

radical, –CH2–C
˙
(CH3)–CH2–, which shows nine peaks

Fig. 10. ESR spectra of M23g4 doped with TMPD at 77 K. (a) After

irradiation at 77 K for 4 min, (b) after succeeding thermal annealing at

20 8C for 10 s, (c) for 1 min, (d) for 3 min, and (e) after further annealing at

40 8C for 3 min.

Fig. 11. Difference ESR spectrum of M23g4 doped with TMPD in Fig. 10

obtained by subtracting (b) from (a).

Fig. 12. ESR spectra of 3g4 with TMPD after irradiation at 77 K, measured

with different microwave strengths. (a) 0.02, (b) 0.10, (c) 1.00 mW, and (d)

difference spectrum between (a) and (b) obtained by subtraction (b) from

(a).

Fig. 13. ESR spectra of M23g4 with TMPD after irradiation at 77 K,

measured with different microwave strengths. (a) 0.02, (b) 0.10, (c)

1.00 mW, and (d) subtracted spectrum between (a) and (b).
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with hfcc ¼ 2:15 mT intervals. As already-mentioned

earlier about the main chain radical of 3g4, the disagreement

about –CH2–C
˙

(CH3)–CH2– between Hama’s result and

ours may be also due to the difference of polymer structure.

According to the chemical structure of M23g4, zCH3 radical

should be produced when –CH2–C
˙

(CH3)–CH2– is pro-

duced, resulting a set of four peaks with 2.2 mT intervals

[1]. However, no ESR signal of zCH3 was observed.

Fig. 12(a)–(c) shows ESR saturation effects on irradiated

3g4 sample measured by different strength of microwave,

0.02–1.00 mW. There was a large difference between them.

Generally, intensity of ESR signal increases in proportion to

the square root of incident microwave power. However, too

much power causes saturation of ESR signal in relation to

the relaxation time of radical species. As shown in Fig.

12(d) that is obtained by subtracting (b) from (a), the

saturated component is a singlet.

Fig. 13 shows the saturation effect on photoirradiated

M23g4 sample and the difference spectrum between two of

them. M23g4 also shows the same saturation effect as

observed for 3g4 in Fig. 12. For both 3g4 and M23g4, the

saturated components show the same Lorentzian singlet

with hfcc , 1 mT and g values of them are 2.0038 and

2.0034, respectively. These properties of the shape and the

saturation effect for both singlets are very similar to the

singlet which is observed for photoirradiated PMMA film,

g ¼ 2:0037 [1]. This singlet of PMMA was assigned to a

radical anion of ester group on PMMA side chain. 3g4 and

M23g4 also have ester linkages in those main chain. Thus,

those singlet in Figs. 12 and 13 should also be assigned to

the ester radical anions. According to the report about g-

irradiated oligoesters by Ooi et al. [5], the ester radical anion

produced by g-irradiation indicates a doublet ESR signal,

which disagrees with our observation and assignment

results. They concluded that the doublet comes from the

hindered rotation of methylene group adjacent to CO group

of ester group. This discrepancy may come from the

structural differences, because the oligoesters are crystalline

while our polyesters are amorphous. More analysis taking

into account of the steric structure of radical is needed.

4. Discussion

As shown in Table 1, the Tg for 3g4 and M23g4 were 20–

308 below 0 8C. Thus, the radical reactions on 3g4 and

M23g4 polymer chains are considered to have finished by

thermal annealing at 20 8C due to the large molecular

motion. Such a radical decay processes by thermal

annealing were observed by ESR spectra in Figs. 8 and

10. On the other hand, no apparent spectral change was seen

by the thermal annealing at 280 8C for both 3g4 and M23g4

after irradiation. This suggests that the radical products in

3g4 and M23g4 are polymeric species and the radical

reaction are strongly depressed below Tg due to the frozen

molecular motion of polymer chain.

From the results of the molecular weight changes as

shown in Table 2, it is clear that not only main chain scission

reaction but also crosslinking reaction occurred through the

photosensitized reaction. There seems a common tendency

in those results; if the irradiation time is shorter, the

degradation of polymer is more depressed even though the

total of the irradiation time is the same. Especially for 3g4

sample, the average molecular weight did not decrease but

increased by shortening the irradiation time to 4 min.

PLLA and PDLLA samples showed different molecular

weight changes under the same irradiation condition

although these polymers have the same chemical formulae;

for example, as shown in Table 2, a large decrease of

molecular weight by 40 min irradiation is only seen for

PLLA, but not for PDLLA. As shown in Fig. 7, there is no

difference of TMPDþ
z growing for both PLLA and PDLLA

samples. Thus, the difference of the GPC results between

them should be due to structural difference that comes from

crystallinity, etc. Such a structural dependency on polymer

reaction was also reported by Babanalbandi et al. [8], who

investigated the G values for radical formation in poly(lactic

acid)s with different tacticity by g-irradiation at room

temperature. They found that decreasing the crystallinity of

poly(lactic acid) leads to a small increase of G value. They

also found that the G value for the scission, GðSÞ; are the

same for both PLLA and PDLLA, but, for the crosslinking,

GðXÞ; is higher for PLLA than PDLLA. This discrepancy

between their result and ours may be due to the differences

in irradiation temperature and the amount of produced

radicals.

According to the previous studies on PMMA and

PLLA [1,2], the reaction processes in photosensitized

reaction for ester compounds are generally expressed by

Schemes 1–3.

As already shown in Section 3.4, several kinds of radical

species were found for 3g4 and M23g4; TMPDþ
z,

ZOZC
˙
O2Z,ZCH2ZC

˙
HZCH2Z,ZCH2ZC

˙
(CH3)ZCH2Z,

and ZC
˙

O. The production of the ester radical anion

ZOZC
˙

O2Z was confirmed for 3g4 and M23g4 by ESR

saturation effect as shown in Figs. 12 and 13. However, it

should be noted that the scission radical zP0 was not observed

for 3g4 and M23g4 after UV irradiation at 77 K. According

Scheme 1.

Scheme 2.

Scheme 3.
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to Scheme 3, production of zP0 is strongly expected when

ZOZC
˙

O2Z decomposes. In the case of PLLA, the main

chain scission radical zP is clearly observed by ESR method

[2]. Moreover, for PMMA, radical production of zCH3 by

ester side group dissociation was also observed [1].

However, in ESR spectra of Fig. 9(b), –C
˙

O radical was

observed after irradiation. Although those ESR intensity of

–C
˙

O in the spectrum is very low, these signals suggest that

the main chain decomposition occurs at –CO–OR– linkage

during the photosensitized reaction and that the ester radical

anion should be the origin of the decomposition (Scheme 4).

In this time, the main chain radical –CH2–C
˙

H–CH2–

and –CH2–C
˙

(CH3)–CH2– were observed for 3g4 and

M23g4, respectively. As shown in Table 1, Tg of PLLA is

much higher than 3g4. Therefore, it seems reasonable to

assume that the main chain scission radical of 3g4 has very

high reactivity even at 77 K and disappeared by dehydro-

genation during the irradiation process (Scheme 5).

Such a dehydrogenation reaction on the main chain is

also confirmed in the case of UV irradiated polyethylene

[13].

5. Conclusion

Spectrophotometry, GPC, and ESR methods were

applied to investigate the photosensitized reaction of

aliphatic polyester 3g4, M23g4, and poly(lactic acid)s

doped with photosensitizer TMPD. In the GPC curves

between before and after UV irradiation, not only the

degradation reaction but also the crosslinking reaction of

polymer was clearly observed for 3g4 polyester. Although

no shift of GPC curve to higher molecular weight was

observed for other polyesters, it is suggested that there is a

similar possibility of crosslinking reaction for other

polyesters also. From the detailed analysis of ESR spectra,

it was confirmed that some radical species from polyester

are produced during the photosensitized reaction; the ester

radial anion produced by electron capturing, the main chain

alkyl radicals at the center of diol component produced by

dehydrogenation, and the acyl-type radical produced by

main chain scission. Although there was no large amount of

radical species by main chain scission, it was strongly

suggested that photosensitized degradation and crosslinking

reactions are originated from the ester radical anion.
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