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Abstract 

Upon ultraviolet irradiation of tifin films of linear polygennanes in air, the germanium-germanium bond in thin films of polygermanes 
changed into digermoxane chains. The laser flash photolysis ~1" the linear polygermane fihns showed the formation of polygermyi radicals 
generated by germanium-ogennanhnn bond homolysis as reactive intermediates during photodegradation. © 1997 Elsevier Sciencc S.A. 

geywm'ds: Polygermane: Phott~legradation; Laser flash photolysis: Homolysis 

| .  |n |roduction 

Gronp 24 element (silicon, germanium, tin) backbone 
polymers have been sul~iect of considerable interest in 
recent years us a new class of soluble, film4"orming 
polymer~ dne to both their unique chemical, physical, 
~md ol)tical properties and their potential lechnological 
utility [1~,~7]~ Among them, lhtear organt~poiygermanes 
slnmgly absorb light in the ultraviolet (UV)and near~UV 
regions, owing to tr delocalization along the linear 
Geo~Ge polymer backbone [8~-19]~ Bleaching of the 
absoq~tion band is caused by a pholodegradation of the 
Ge,-Ge bond under UV irradiation. These polygennanes 
are very photoactive with photoscission processes and 
have an attractive possibility to be used as mid- and 
deep-UV photoresists, as sensitive photoinitiators tot 
olefin polymerizations, and other applications. 

Previously, we have reported on photochemical tvaco 
lions of polygermanes in solutions by chemical trapping 
experiments and laser flash photolysis [16,20]. Ph,toly- 
sis of polygermanes involves both Ge-Ge bond homolo 
ysis to give polygermyl radicals and extrusion of 
germylenes. However, there have been few reports on 
photodecomposition of thin fihns of polygermanes 
[9,18]. !t is thus necessary to make clear photodegrada° 
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lion processes of polygermaae films because of the 
development of their technological utility. 

We describe herein the studies on the mechanism of 
ph~todegradation of polygermane films in view of the 
unique properties of polygc~mane i'ilms and ll~e current 
interest m the photoactivity of the~e polymer films. 

2. Results and d|scussion 

Synthesis of polygermanes was done by Wurtzocouo 
piing reactions of alkylo and phenylosubstiluted 
dichlorogermanes with sodium metal [8:).16]. Thus. 
polygennanes, poly(dihexylgermylene), (noHex~Ge),, 
(I). poly(hexyhnethylgemlylene). (n-HexMeGe), (2). 
poly(c-hexyimethylgermylene). (c-HexMeGe), (3). and 
poly(methylphenylgermylene). (PhMeGe),, (4) were 
prepared by condensation of the corresponding 
dichlorogernmnes with sodium metal in toluene. The 
polygermanes were fractionated by precipit~;tion from 
toluene with 2-propanol. Molecular weights and distri° 
butions of the polygermanes 1=4 w~zre determined by 
gel permeation chromatography (GPC) analysis using 
polystyrene samples tbr calibration. The polygcrmanes 
prepared by Wurtz coupling reactions had a narrow 
molecular weight distribution, but were in relatively low 
yields (10-30%), Fig. I shows absorption spectra of 
fihns of the polygermanes I-4. The polygermane films 
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I.=4 have characteristic electronic absorption hands at 
~01-325 am. The poly(dihexylgermyleae) 1 show~ two 
ah~o~tion ~ | k ~  at 3!7 _aud 339 rim, =]~ show, in FiB, 1o 
The molecular weight (M~) and ahsoq~tion m,~xima 

. . _ t lOn~; i~t (h.,,,) of the l~dygerm~l~¢ film~ Io~¢!l~er with I , 
SOIUtP,)II~ ~ilr¢ ~ttmma~i~ed in Table I, 

|;'rotIt |he ~tutl~ of Ihe~lt~llnllllic ~havior of polysi 
htne~ [6,21] i~lld poly~ermane~ [8,0,22], it is cle~rly that 
ab~o~li(m band~ at 3(11~-317 nm tbr alkylo~uhstitutcd 
polygermane films 1~$ reflect helicalogauche coafi~ro 
mation of the germanium backbone, Absorption bands 
at ,I.19 nm tbr I and at 325 nm tbr 4 ~tle~;t alktr, rm,,,' 
conlbrmations, 

Thin films of ~lygermanes we~ prepared by spin° 
coating t~m a 5~ 10% tetrahydrofuran (THF) solution, 
The f i lm was del~Sited on quartz plales (10 x 30 x I 
ram) and dried under vacuum (10 ~'~ mmHg. I mmHg 

133,322 Pa) at room temlx~ratu~. They were homo° 
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Fifo, 2 t ry  ",l~c|ra of tiims of t~tygemmnes I. dl ,~vith nuccessive I IV 
ilT~|t|i~tlolt~ 

gei~¢ou~,~ ,rod !ran~p~ircul m the vi,~iblc r,u~,~;~.)' The f i lm 
_ o~ , .  ,~ ~n; dctermhled by 

t.;V,~vi~ ,q~.c!r.meuoy, w~,t~ 0o4,~,0,7 t,~,m 123], 
A~ expected, poly~crm~u~c fi lms ~u'c qt,jitc I ]V ligh| 

~cunitivc An |ypic~d cxamt,, Ic,, Fig, .. ~ho~,,.s the bk';l~ho 
ing of f i lms ol ° I as ~llk, ylosul~stituled,, polygerm~ules ~md 
4 as phenylosubstiluled i'n~ly~er|||anes by irradiation wi lh 
an I I0oW low pressure Hg arc lamp (A ~ 254 nm) at 
room temperature in air, Simi lar i ) ,  as I~l~rted |~r a 
solution of polygermane~ [9,18]. a blue shift of tl leir 
absorption maxima and decease of their absorbance a~ 
caused by a Ge-G¢ chaia m.'isnion, which products 
lower molecular weight chain fragments. Alter UV 
irradiation for I mhi. the polygermane films were des- 
oived in THF and their molecular weights and distribu- 
lions we~ determined by G ~  '? an~|lysis. GPC spectra 
slaowed ~ large de'c~."' s.c of M,, |~r 11~4. lk .  e~anlple. 
m.. olecu/ar weight ~md distribution ( ~ , ,  ~ 5.4 x 10 ~, 
. . . .  ~ O x  i0 ~, 
M,,/M,, > 3,0, 

~rl~e solid-s|ate qu~mtum yiehl for |he polygerman¢ 
films 1=4 was mea. u ~ d '  " s " at 290 rim. by potassium 
tris(oxalato)fcrrate (iil) ac|im~meter [24]. In(e" ~"~" t~ _ 
Ik when plotted against t. must give a straight line. 
O.D. in Ihe optical density for au pith:germane fihn. The 
i~clination determined I~m the siraight line corre- 
sponds to 2Jt03@1,,~ × 10 ~. q~ is d~e quantum yield. I. 
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the light intensity, and e the too!m" extencti~n coeffi- 
cient of a polygennane fihn. Using a chemical acti- 
nometer, the quantum yield (q~) for 1 was calculated to 
be 380 × ~-).  The value of q5 for poly(dihexyigermy- 
lene) film 1 was deterimned to be 0.038, assuming a 
value of ca. 104 at 290 nm for ~. Similarly, the values 
of q~ 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 ( ( I -50 )  X 10--' 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 [2~]. 
Fig. 3 shows XPS spectra of the Gc 3d region lot the 
polygermane fihns 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 I and 4, and a 
shoulder near 32,0 eV fl~r 1, as shown in Fig. 3, The 
peak at 29,8 eV is attributed to tile Ge-Ge structure o1' 
the polygermane nnd that at 32.0 eV is the Ge=O=Ge 
structure, which is incorporated by tile replacement of 
|l~e ren|aining chlorine atom at tile end o1' tile poly+ 
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Fig. 4. Transient absorption H'~ectra obtained by laser fl:t~,h photoly~i,,, 
o f  i )o lyger | l l ane  f i lms 2. 4 in tlltr a i r  a f t e r  exc i t a t ion  al 5(1t) ;lha and  20 

Ors. 

merization. Alter tIV i,Tadiation of ! for !0 t i n  in air, 
tile peak of Ge=Ge dis;:ppeared, and the peak of tile 
Ge++()+Ge ~true:tn'e increased, as shown in Fig. 3, 
Ilowever, for 4 a shoulder peak at 2~.8 eV due m 
(,..+(~ l: strucltt|+¢ was remained. "i'he,~.: results of XPS 
spectra sl~owcd tirol the Ge+Ge bond~ m films ~)i 
polyP, ernlar|es Itllm)sl cimn~ed inl~) Ge-{).-G¢ elmira, 
aller [.IV irrmlia|iotl, 

'/'o obtain inforlnatioll aboul reactive intermedi~tte~ i l l  

the I~hol~,degrmtation of l)olygermane fihns, ja.~er fhtsh 
photolysis (A ,~ 266 nin. pulse widlil 5 ilS, power !(} 
m J/pulse) of' tile polymer films was carried ou| in mr. 
To avoid the tllermai and photodegradalion of the 
polygermane l i l t  induced by tile intense pulsed laser 
liglit, measuring spot on the fihn wits shifted alter each 
excitation. The laser llash photolysis ot' tile Imlyger° 
mane films 2 and 4 at 293 K gave transient absootion 
bands at 332 and 340 nm. respectively, after e~cimtion 
at 500 ns and 20 y,s, as shown in Fig. ,l. On the other 
hand, laser Ilash photolysis ot the polygermane films ! 
m:d 3 did not give )ranslem absorption bands, but 
bleacllmg spectra due to their intense absoq)tion bands 
at A,,,,,,,. The transient signals show rapid rise and 
sttbsequent decay. The transiem peaks at c~. 330=340 
nm may be assigi~ed to those of the polygennyl mdical~ 
from comparison of fl~eir spectral characteristics with 
those of similar previously reported [16.20]. No tran° 
sient peaks assigned to germylenes were observed. Thu.~, 
the key intermediate is polyL,,ermyl radicals generated 
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by a C~-Ge bond scission in the photodegradation of 
t ~  polygermane films in air. The oxygenation of 
polygermyl radicals in air afforded Ge-O-Ge backbone 
polymers. 
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Tbe~ results are sharply contrast to those of polyger- 
mattes in mlufions [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 gem~ylenes 
may be produced from the polygermyi radicals gener- 
ated by the Ge~Ge bond homolysis in solution. 
polygem~yl radicals generated in the polymer films in 
air quickly are oxidized to give digermoxane frame° 
work~ with no extrusion of germylenes. 

3. E~tl~t!menta! de~!!~ 

t H ~peclra were recorded with a Vafian Unity~lnova 
400 MHz NMR. The GC~MS st~:dra were rccord0d 
u~ing a JEOL JMSoDX 303 mass s~ct:mmeter° The 
UVoVi~ibl~ s~,2tra were recoMed tm a Shimad~u UV 
2~00 ~ t o m e t e r .  Intert'e~nce S.l~¢tra' .... were obmrved 
with Hitachi Uo3500 UVovis " -t s~c  mmeter. Gas chroo 
matography was done on a Shimadzu ~ g A  with 1 m 
20% SB30 and 30% Apiezon L columns. Liquid chino 
matogr.,tphy was done on a Twincle with an Asahipak 
GS 310 column. 

3. I, Materials 

P(flygerm:mes, (Hex.,Ge). [16], (PhMeGc),, [16], and 
(coHcxMeGe), [30] were prepared as ~escdbed. 

3,.~, Pr~lx~nm,m ~!f Po!',] he.~'h,wthyleen,ylem, 

Pol~he~ylmethy!germylene) was p~pared in basio 
tally the same manner as that previously described, A 
sodium dispersion (3,14 g, 0,15 real) and toluene (40 
cm '~) we~ added m a dry 100 ml three~n~.~ked flask 
fi t t~ with a conden~r connected to a drying Ar inlet, 
p , e s su~ua i i z ing  dropping funnel, and a mechanical 
stiffer. Distilled hexyht~ethyldichlorogermane (! 2.0 g, 

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 
cm3). the reaction mixture was poured into 2-propanol 
(200 cm 3) with vigorous stirring, and the precipitate 
was gravity filtered and Mr-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 rota~ evaporator and the residue 
dried at 80°C in a vacuum oven for 12 h to yield 0.7 g 
of poly(hcxylmethylgermylene) of white solid, t H-NMR 
(8 in C~,Dt,) 0.2-0.6 (m, 3H), 0.7-1.7 (m, 13H); IR 
(KBr. cm ~t ) 2850-2900, 1450, 1370, !155, 1095, 1020, 
995. 935. 830. 730. 710, 650. 

3.3. Study of l, hotodecompostion of polygennane fihns 

A thin film of polygenuune was prepared by spin- 
coating from a 5-10% THF solution (MOC, Model/ME 
300) (1000 and 2{~} rpm). The film was deposited on 
quartz plates (10 x 30 × i ram) attd dded under a vac- 
uum (10 ~'* mmHg. I mmHg ~ 133.322 Pa) at morn 
tem~mture. The film thickness was dete,mined by 
UVovis s~ctmmetry (0.4~0.7 VLnl). Tile film was irrao 
dialed with a i!OoW iowopressutx~ Hg arc lamp (Sen 
Tokushu Kogen Co. Ltd.} at atom temtk'ra|ure, The 
absorption spectrum of lh¢ film was recoMed by UV 
and UVovi~ sf~ctromctery~ 

3.4. Qutmtum yields ¢~f lu~h',t:etm~,m" fih~,~ 

A thin film of polygemtanc was h, adiated with 2~0 
nm momx'hromatic light. The t'eaction wits tbUowed by 
tile change in the optic~d density at 290 nm. th, reading 
of the m~ter ~ ing  carried out during the coJ~ise of the 
reaction. The quantum yield wns determined by a polaso 
slum ms(oxalato)femu~lll) actiaometer. The details 
co~:-~:rning the apparatus and o~ration have ~en  pub- 
lished elsewhere [241. 

3, 3, Timeoresoh,ed o,oth',d ,.,b;,,q,oou 

Transient abst~rption s~ctra were measured a~ room 
|em~ratut~c by using a new laser photolysis system. 
The system i,,, ~h~b" iatrgrated t~: a Power Mauh,tosh 
8100/100av microcomputer. Timing tbr laser pulsing. 
Xe lamp pulsing, and shutter contafller are set by a 
Stanford Research System DG535 delay generator. The 
digitizing oscillosco~, 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 (National Instruments). 

The fourth harmollic (A = 266 am) of a Quanta-Ray 
GCR-! ! 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 photomu|tiplier and time-resolved spectra at 
several delay times 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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