ELSEVIER

Journal of Organometallic Chemistry 542 (1997) 75-79

Chemistr§

e

Photodegradation of thin films of polygermanes
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Abstract

Upon ultraviolet irradiation of thin tilms of lincar polygermanes in air, the germanium-—germanium bond in thin films of polygermanes
changed into digermoxane chains. The laser flash photolysis of the linear polygermane films showed the formation of polygermyl radicals
generated by germanium-germanium bond homolysis as reactive intermediates during photodegradation. © 1997 Elsevier Science S.A.

Kevwords: Polygermane: Photodegradation; Laser tlash photolysis: Homolysis

1. Introduction

Group 14 element (silicon, germanium, tin) backbone
polymers have been subject of considerable interest in
recent years as o new class of soluble, film-forming
polymers due to both their unique chemical, physical,
and optical properties and their potential technological
utility [1--7]. Among them, lincar organopolygermanes
strongly absorb light in the ultraviolet (UV) and near-UV
regions, owing to o delocalization along the linear
Ge-Ge polymer backbone [8-19). Bleaching of the
absorption band is caused by u photodegradation of the
Ge-Ge bond under UV irradiation. These polygermanes
are very photoactive with photoscission processes and
have an attractive possibility to be used as mid- and
deep-UV photoresists, as sensitive photoinitiators for
olefin polymerizations, and other applications.

Previously, we have reported on photochemical reac-
tions of polygermanes in solutions by chemical trapping
experiments and laser flash photolysis [16,20]. Photoly-
sis of polygermanes involves both Ge-Ge bond homol-

ysis to pive polygermyl radicals and extrusion of

germylenes. However, there have been few reports on
photodecomposition of thin films of polygermanes
[9,18]. It is thus necessary to make clear photodegrada-
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tion processes of polygermane films because of the
development of their technological utility.

We describe herein the studies on the mechanism of
photodegradation of polygermane films in view of the
unique properties of polygeimane films and the current
interest m the photoactivity of these polymer films.

2. Results and discussion

Synthesis of polygermanes was done by Wurtz-cou-
pling reactions of alkyl- and phenyl-substituted
dichlorogermanes with sodium metal [8.9.16). Thus,
polygermanes, poly(dihexylgermylene), (n-Hex ,Ge),
(1), poly(hexylmethylgermylene), (n-HexMeGe), (2),
poly(c-hexylmethylgermylene), (c-HexMeGe), (3), and
poly(methylphenylgermylene).  (PhMeGe), (4)  were
prepared by condensation of the corresponding
dichlorogerraanes with sodium metal in toluene. The
polygermanes were fractionated by precipitation from
toluene with 2-propanol. Molecular weights and distri-
butions of the polygermanes 1-4 were determined by
gel permeation chromatography (GPC) analysis using
polystyrene samples for calibration. The polygermanes
prepared by Wurtz coupling reactions had a narrow
molecular weight distribution, but were in relatively low
yields (10-30%). Fig. 1 shows absorption spectra of
films of the polygermanes 1-4. The polygermane films
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Fig. 1. Abtworption spectra of films of polygern.nes -4,

1-4 have characteristic electronic absorption bands at
301=325 nm. The poly(dihexylgermylene) 1 shows two
absorption peaks at 317 and 339 nm, as shown in Fig, |.
The molecular weight (M) and absorption maxima
(A, ) of the polygermane films together with those in
solutions are summarized in Table 1,

From the study of thermochronue behavior of polysi-
fanes [6,21] and polygermanes [8.9.22), it is clearly that
absorption bands at 301=317 am for alkyl-substituted
polygermane films 1=3 reflect helical-gauche confor-
mation of the germanium backbone. Absorption bands
at 339 am for 1 and at 325 am for 4 reflect all-rrans
conformations.

Thin films of polygermanes were prepared by spin-
coating from a 5-10% tetrahydrofuran (THF) solution.
The film was deposited on quartz plates (10 X 30 X |
mm) and dried under vacuum (10 7% mmHg. | mmHg
= 133.322 Pa) at room temperature. They were homo-

Table |
Properties of palygernanes 1 -4
Polymer N ﬁn M, /M, A, (nm)

film soluton
{Hex,Ge), 1 9100 5500 1.7 3w, N7 327
(HexMeGe), 2 1700 7600 19 Rl 07
(e-HexMeGe), 3 4400 2800 1.7 2 s
{(PhiMeGe), 4 5400 300 14 28 M

‘dnl@ualm weights are relative to polystyrene standards,
" In THF.
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Fig. 2. UV spectra of films of polypermanes B, 4 with successive UV
iradiation,

gencous and transparent in the visible range, The film
thickness of polygermanes, which were determined by
UV-vis spectrometry, was 0.4-0.7 pm [23),

As expected, polygermane filims are quite UV light
sensitive, As typical examples, Fig. 2 shows the bleach-
ing of films of 1 as alkyl-substituted polygermanes and
4 us phenyl-substituted polygermanes by irradiation with
an 110-W low pressure Hg are lamp (A = 254 am) w
room temperature in air. Similarly, as reported for a
solution of polygermanes [9.18]. a blue shitt of their
absorption maxima and decrease of their absorbance are
caused by a Ge-Ge chain scission, which products
lower molecular weight chuin fragments. After UV
irradiation for 1 min, the polygermane films were des-
olved in THF and their molecular weights and distribu-
tions were determined by GPC analysis. GPC spectra
showed a large decrease of M, for 1- -4. For examiple,
molecular weight and distribution (M, = 5.4 X 10",
M./M =14 of 4 changed to M“ =29 % 10,
M./M, > 3.0

The solid-state quantum yield for the polygermane
films 1-4 was measured at 290 nm by pomssium
wristoxalato)errate (111 actinometer [24). fate® 1P —
1). when plotted against 7. must give a straight line.
Q.D. is the optical density for an polygermane film. The
inclination determined from the straight line corre-
sponds to 2.303@/ & X 10, @ is the quantum yield, /,
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the light intensity, and & the molar extenction coetfi-
cient of a polygermane film. Using a chemical acti-
nometer, the quantum yield (@) for 1 was calculated to
be 380 X &', The value of @ for poly(dihexylgermy-
lene) film 1 was deterimned to be 0.038, assuming a
value of ca. 10* at 290 nm for &. Similarly, the values
of & for 2-4 were determined to be 0.026, 0.009, and
0.007, respectively. The quantum efficiencies (0.007-
0.038) for these photodegradation in films were very
low, and dependent upon the nature of the organic
substituent. The quantum yields for polygermanes in
solutions have not yet been reported. The quantum
yields of polysilanes in solid states have been reported
to be quite lower ((1-50) X 107 times) than those in
solutions [6,25]).

In addition to UV observations, the process of pho-
todegradation of the polygermane films was observed
by X-ray photoelectron spectroscopy (XPS) spectra [26].
Fig. 3 shows XPS spectra of the Ge 3d region for the
polygermane films 1 and 4 observed before and after
UV irradiation at 254 nm. The XPS spectra before UV
irradiation shows a peak at 29.8 eV for 1 and 4. and a
shoulder near 32.0 ¢V for 1. as shown in Fig. 3. The

peak at 29.8 eV is attributed to the Ge-Ge structure of

the polygermane and that at 32.0 ¢V is the Ge-0-Ge

structure, which is incorporated by the replacement of

the remaining chlorine atom at the end of the poly-

(Hex2Gew

10
€
= \
: \
€ \

e e R e

(PhMceGe)y 4

.fé | & Gietmetal)
3 \
\
£ \
- \
> \
o \
[ \
2 \
& A

binding energy / eV

Fig. 3. XPS spectra of films of polygermanes 1. 4 belore UV
irradiation (- - +) and after UV irradiaiion (———— ~) in the air.
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Fig. 4. Transient absorption spectra obtained by laser flash photolysis
of polygermane films 2, 4 in the air after excitation ac SO0 s and 20
TES
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merization. After UV irradiation of 1 for 10 min in air,
the peak of Ge-Ge disappeared, and the peak of the
Ge~O~Ge strucare increased. as shown in Fig. 3.
However, for 4 a shoulder peak at 298 eV due to
Ge~Ge structure was remained. These results of XPS
spectra showed that the Ge-Ge bonds in {ilms of
polygermanes almost changed into Ge~O-Ge chains
after UV irradiation,

To obtuin information about reactive intermediates in
the photadegradation of polygermane films, laser flash
photolysis (A = 266 min, pulse width 5 ns, power 10
mJ /pulse) of the polymer films was carried out i ar.
To avoid the thermal and photodegradation of the
polygermane film induced by the intense pulsed laser
light, measuring spot on the film was shifted after each
excitation. The laser flash photolysis of the polyger-
mane films 2 and 4 at 293 K gave transient absorption
bands at 332 and 340 nm. respectively, after excitation
at 500 ns and 20 ps, as shown in Fig. 4. On the other
hand, laser flash photolysis of the polygermane films 1
and 3 did not give transtent absorption bands, but
bleaching spectia due to their intense absorption bands
at A,,.. The transient signals show rapid rise and
subsequent decay. The transicrt peaks at ca. 330-340
nm may be assigned to those of the polygermyl radicals
froi: comparison of their spectral characteristics with
those of similar previously reported [16.20]. No tran-
sient peaks assigned to germylenes were observed. Thus,
the key intermediate is polygermyl radicals generated
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by a Ge-Ge bond scission in the photodegradation of
the polygermane films in air. The oxygenation of
polygermyl radicals in air afforded Ge-O-Ge backbone

polymers.
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These results are sharply contrast to those of polyger-
manes in solutions [16,20]. Photolysis of solutions of
polygermanes involves both Ge~Ge bond homolysis to
give polygermyl radicals and extrusion of germylenes.
The formation of germylenes through a concerted pro-
cess and photodecomposition of polygermyl radical is a
complicated problem {27-29), However, if germylenes
may be produced from the polygermyl radicals gener-
ated by the Ge-Ge bond homolysis in solution,
polygermyl radicals generated in the polymer films in
air quickly are oxidized to give digermoxane frame-
works with no extrusion of germylenes.

3. Experimental details

"H spectra were recorded with o Varian Unity-Inova
400 MHz NMR. The GC-MS spectra were secorded
using a JEOL JMS-DX 303 mass spectrometer, The
UV-visible spectra were recorded on a Shimadzu UV
3200 spectrometer. Interference spectra were observed
with Hitachi U-3500 UV.vis spectrometer. Gas chro-
matography was done on a Shimadzu GCBA with 1 m
20% SE30 and 30% Apiezon L columns. Liquid chro-
matography was done on a Twincle with an Asahipak
GS 310 columa.

3.1. Materials

Polygermanes, (Hex ,Ge), [16), (PhMeGe), [16]. and
(c-HexMeGe), [30] were prepared as aescribed.

3.2. Preparaiion of Polvthexvimethvigermylenc)

Poly(hexylmethylgermylene) was prepared in basi-
cally the same manner as that previously described. A
sodium dispersion (3.14 g, 0.15 mol) and wluene (40
cm') were added to a dry 100 ml three-necked flask
fited with a condenser connected to a drying Ar inlet,
pressure-equalizing dropping funnel, and a mechanical
stirrer. Distilled hexylmethyldichlorogermane (12.0 2

0.05 mol) was added via a funnel. Hexylmeth-
yldichlorogermane was then added to the stirred disper-
sion over a period of 5 min. The reaction mixture turned
purple immediately. After the addition of hexylmeth-
yldichlorogermane, the reaction mixture was stirred un-
der reflux for 2 h, and then cooled to room temperature.
After treatment of the remaining with 2-propanol (30
cm®), the reaction mixture was poured into 2-propanol
(200 cm®) with vigorous stirring, and the precipitate
was gravity filtered and air-dried. The dried precipitate
was dissolved in toluene (300 cm®) at 50-60°C. After
cooling, the toluene solution was washed copiously with
water and was dried over sodium sulfate. The solvent
was removed on a rotary evaporator and the residue
dried at 80°C in a vacunm oven for 12 h to yield 0.7 g
of poly(hexylmethylgermylene) of white solid. 'H-NMR
(& in C,D,) 0.2-0.6 (m, 3H), 0.7-1.7 (m, 13H); IR
(KBr, cm ™ ') 2850-2900, 1450, 1370, 1155, 1095, 1020,
995. 935, 830, 750, 710, 650.

3.3. Study of photodecompostion of polygermane films

A thin film of polygermune was prepared by spin-
coating from a 5-10% THF solution (MOC, Model /ME
300) (1000 and 2000 rpm). The film was deposited on
quartz plates (10 X 30 X | mm) and dried under a vac-
uum (107" mmHg, | mmHg = 133.322 Pa) at room
temperature. The film thickness was dewesmined by
UV-vis spectrometry (0.4-0.7 pm). The film was irra-
diated with a 110-W low-pressure Hp arc lamp (Sen
Tokushu Kogen Co. Lid) at room temperature, The
absorption spectrum of the {ilm was recorded by UV
and UV-vis spectiometery.

3.4, Quantum vields of polygermane films

A thin film of polygermanc was irradiated with 290
nm monochromatic light. The veaction was followed by
the change in the optical density at 290 nm, the reading
of the meter being carricd out during the course of the
reaction. The quantum yield was determined by a potas-
sium  tris(oxalato)ferrate(Ill) actinometer. The details
corcerping the apparatus and operation have been pub-
lished elsewhere [24).

3.5, Time-rvesolved apricol absorpuon

Transient absorption specira were measured @ room
temperatuee by using a new laser photolysis system.
The system iy fully intcgrated to o Power Macintosh
8100/100av microcomputer. Timing for laser pulsing,
Xe lamp pulsing, and shutter controller are set by a
Stanford Research System DGS35 delay generator. The
digitizing oscilloscope, monochrometor, delay genera-
tor, and power supply for a photomultilier are interfaced
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to a GPIB bus. All settings on these unit are controlled
directly by the computer program written by using Lab
VIEW (Natioral Instruments).

The fourth harmonic (A = 266 nm) of a Quanta-Ray
GCR-11 Nd:YAG laser with a pulse width of 5 ns was
used as the exciting light source. Time profiles of the
transient absorption at fixed wavelengths were recorded
by a LeCroy 9362 digitizing oscilloscope connected
with a photomuitiplier and time-resolved spectra at
several delay timies were observed simultaneously by a
Hamamatsu C2830 two-dimensional streak camera.
Typically, 10 shots of signals were accumulated in the
microcomputer. To avoid the thermal and photodegrada-
tion of the polymer matrix induced by the intense
pulsed laser light, the measuring spot on the film was
shifted after each excitation [31).
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