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Branced oligogermynes were prepared both by Wurtz coupling reactions of alkyl- and phenyl-trichlorogermanes

with sodium metal and by the reaction of alkyltrichlorogermanes using of samarium(Il) diiodide.

Upon ultraviolet

irradiation of oligo(phenylgermyne) in air, the germanium—germanium bond in an oligo(phenylgermyne) film changed
into a digermoxane chain. The laser flash photolysis of the oligo(phenylgermyne) film showed the formation of a
germyl radical as a reactive intermediate during photodegradation. The formation of germanium carbide (Ge—C) and
germanjum dioxide (GeO,) was observed upon a heat treatment of unirradiated and irradiated oligo(phenylgermyne) films,
respectively. A relatively high-resolution GeC/GeO, micropatterning was obtained by combining the photochemical and

thermal properties of branced oligogermynes.

Recently, organometallic polymers and group-14 element
(silicon, germanium, tin) backbone polymers have attracted
considerable attention as a new class of soluble, film-forming
polymers due to both their unique chemical, physical, and
optical properties and their potential technological utility.'—
Among them, organopolygermanes strongly absorb light in
the ultraviolet (UV) and near-UV regions, owing to o de-
localization along the linear, Ge-Ge polymer backbone.®—!?
Bleaching of the absorption band is caused by a decom-
position of the Ge—Ge bond under UV irradiation. These
polymers are quite photosensitive, and have an attractive
possibility to be used as photoresists.

In addition, Henner and co-workers have reported on the
formation of ceramic residues as GeC due to crosslinking
by the thermolysis of polygermanes containing a m-electron
system at low temperatures.'® However, the increase in the
cross-linking degree of a polymer leads to an intractable,
infusible, and insoluble net-work. It is thus necessary to
synthesize a new type of polygermanes.

We herein describe the synthesis of branced oligoger-
mynes'>—? by the reaction of alkyl- and phenyl-trichloro-
germanes with reducing agents, and the micropatterning of
GeC/GeO; by photocrosslinking of the oligogermynes films
under UV irradiation in the air and a following heat treatment
in vacuo.

Results and Discussion

Synthesis of Branced Oligogermylnes.  Branced oli-
gogermynes were prepared by Wurtz-coupling reactions of
alkyl- and phenyl-trichlorogermanes with sodium metal, and

by a treatment of butyltrichlorogermane using samarium-
() diiodide. A Wurtz-coupling oligomerization of al-
kyl- and phenyl-trichlorogermanes with sodium metal was
carried out according to a method for synthesizing linear
polygermanes.'s The branced oligogermynes prepared by a
Waurtz coupling had a narrow molecular-weight distribution,
but were in relatively low yields.

RGeClz3+3Na — (RGe),+3 NaCl

R =alkyl, aryl

Sodium metal was employed as a dispersion, and was fa-
vored over dispersed lithium metal and sodium—potassium al-
loy for the molecular weight and yields of the oligogermynes.
Dispersed lithium led to a low molecular weight of branced
oligogermynes, and a sodium-~potassium alloy clearly re-
sulted in a degradation of the oligogermynes at elevated
temperatures. A successful oligomerization of alkyl- and
phenyl-trichlorogermanes was carried out at high tempera-
ture in an inert aromatic solvent, such as toluene or xylene.
Oligogermynes with higher molecular weight were obtained
within 2 h.

The results under optimized reaction conditions are sum-
marized in Table 1.

The synthesis of branced oligogermynes was also ex-
amined using samarium(II) diiodide (Sml;) as a one-electron
reducing agent in tetrahydrofuran (THF).?® This procedure
provided a homogeneous reduction of butyltrichlorogermane
under both safer and milder conditions in contrast to the
sodium dispersion method. The molecular weight and yield
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Table 1.  Oligomerization of Alkyl- and Phenyl-trichlorogermanes and Alkali Metals and
Samariumu(Il) Diiodide
Polymer Method M," M, M,/M,  Yield%  IP/eV®
(n-BuGe), Na/toluene, reflux, 2 h 3800 3300 1.2 39.3 5.18
Sml,/THF, r.t.,, 12 h, 3500 3000 1.1 254
(t-BuGe), Na/toluene, reflux, 2 h 1300 1200 1.1 23.7
(n-HexGe), Na/toluene, reflux, 2 h 4900 4300 1.1 48.9 5.16
(PhGe), Na/toluene, reflux, 2 h 1700 1100 1.5 6.3 4.95

a) Molecular weights are relative to polystyrene standards.

b) Ionization potentials were measured by

using an UV photoelectron spectrometer (Riken Keiki AC-1).

of the oligogermynes obtained using of Sml, are similar to
those of the Wurtz-type couplings. This result is included in
Table 1.

After terminating of oligomerization, the reaction mixture
was subsequently quenched by the addition of 2-propanol.
The IR spectra of the oligogermynes quenched with alco-
hol showed a strong Ge—-O~Ge band (950—1050 cm~!)*
arising from the hydrolysis of unreduced germanium—chlo-
rine (Ge—Cl) bonds. After a similar workup, the reaction
mixture treated with butyllithium showed no significant di-
germoxane band. Generally, the NMR spectra provide the
most direct information about the microstructure of branced
oligogermynes. However, no satisfactory information on
the microstructure of the oligomers by means of the 'H and
I3C NMR spectra was obtained due to a broad resonance.

It has been reported that bromine can cleave the Ge—Cl
bonds of polygermanes to give bromogermanes.”® Phenyl-
tribromogermane was formed in high yields in the reaction of
oligo(phenylgermyne) with bromine in 1,2-dibromoethane at
120 °C. The formation of phenyltribromogermane suggests
that the isolated oligogermynes have a branced structure.

While the linear polygermanes exhibit strong 0—0™ transi-
tions in the range of 300—350 nm (£=2000—10000 per Ge)
in the near UV,'® solutions of branced oligogermynes exhibit
a more intense broad absorption from 200 nm (& < 10000 at
200 nm), tailing down into the visible region. The very high
extinction coefficients of branced oligogermynes may be at-
tributed to an extension of the Ge-Ge ¢ conjugation effects
observed in linear polygermanes into three dimension across
the branced oligogermynes.

A typical elution profile of oligo(butylgermyne) from gel
permeation chromatography (GPC) and its UV spectrum are
shown in Figs. 1 and 2.

The branced oligogermynes are all isolated as yellow and
moderately light-sensitive molecules. Most oligogermynes,
except for oligo(phenylgermyne), showed poor film-forming
properties.

Photochemical Properties of Oligo(phenylgermyne).
Thin films of oligo(phenylgermyne) were prepared by spin-
coating from a 5—10% THF solution. The film was de-
posited on quartz plates and dried under a vacuum at room
temperature. The film thickness of oligo(phenylgermyne),
which was determined by UV-vis spectrometry, was 0.4—0.7
um. Asexpected, an oligo(phenylgermyne) film is quite light
sensitive. Figure 3 shows the bleaching of a film of oligo-
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Fig. 1. Elusion profile from gel permeation chromatography

of oligo(phenylgermyne). Molecular weights are relative
to polystyrene standard.
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Fig. 2. UV spectrum of oligo(phenylgermyne) film.

(phenylgermyne) by irradiation with an 110-W low-pressure
Hg arc lamp (4 =254 nm) at room temperature in air. Sim-
ilarly, as reported for a solution of polygermanes,'® a blue
shift of their absorption maxima is caused by a Ge-Ge chain
scission, which produces lower molecular-weight chain frag-
ments.

The solid-state quantum yield for the oligo(phenyl-
germyne) film was measured at 290 nm by potassium
tris(oxalato)ferrate(Ill) actinometer.”® In(e?3%°9P-1), when
plotted against 7, must give a straight line. O.D is the
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Fig. 3. UV spectra of oligo(phenylgermyne) film with suc-
cessive UV irradiation.

optical density for an oligo(phenylgermyne) film. The in-
clination determined from the straight line corresponds to
2.302Plyex10%. @ is the quantum yield, Iy the light inten-
sity, and € the molar extenction coefficient of oligo(phenyl-
germyne). Using a chemical actinometer, the quantum yield
(@) was calculated to be 10x&~!. @ for the oligo(phen-
ylgermyne) film was determined to be 1x 1073, assuming a
value of 10* at 290 nm for £. The quantum yields for scis-
sion were significantly lower in the solid state. In the solid
state the quantum yields were much lower (50—100 times)
than the solution values for linear polysilanes®” and branced
polysilynes.?®

In addition to UV observations, the process of photode-
composition of the oligo(phenylgermyne) film was observed
by IR spectrometry. Figure 4 shows the IR spectral change
of the oligo(phenylgermyne) film in the range of 500—3000
cm™! upon irradiation at 254 nm. Irradiation of the oligo-
(phenylgermyne) film in air led to the appearance of IR bands
at 950—1050 cm™!, attributed to the Ge—O-Ge bond.?¥ IR
bands due to the Ge-O~Ge bond increased with succesive
UV irradiation.

The XPS spectra of the Ge 3d region for the oligo(phen-
ylgermyne) film were observed both before and after UV
irradiation at 254 nm, as shown in Fig. 5. The XPS spectrum
before UV irradiation shows a peak at 29.8 eV and a shoulder
near 32.0 eV in Fig. 5. The former is attributed to the Ge-Ge
structure and the latter is the Ge-O—Ge structure. After UV
irradiation in air, the peak of Ge—Ge almost disappears, and
the peak of the Ge-O—Ge structure increases, as shown in
Fig. 5. These results are consistent with those of the IR
spectra. .

To obtain information about reactive intermediates in the
photooxidation of an oligo(phenylgermyne) film, the laser
flash photolysis of an oligo(phenylgermyne) film was carried
out in air. The laser flash photolysis (4 =266 nm) of the
oligo(phenylgermyne) film gave a transient absorption peak
at ca. 350 nm, as shown in Fig. 6. The transient peak at
ca. 350 nm has been assigned to that of the oligogermyl
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Fig. 4. IR spectra of oligo(phenylgermyne) film with suc-
cessive UV irradiation.

radicals by comparing its spectral characteristics with those
reported for similar previously reported germyl radicals.'®
Thus, the key intermediate is oligogermyl radicals generated
by a Ge—Ge bond scission in the photooxidation of the oligo-
(phenylgermyne) film in air.

Thermal Properties of Oligo(phenylgermyne).  The
thermal behavior of oligo(phenylgermyne) was investigated
using the thermogravimetric (TG) curve and different ther-
mal analyses (DTA) (Fig. 7). The TG curve of an oligo(phen-
ylgermyne) film shows that two steps may be distinguished:
(1) From 50 to ca. 230 °C, the weight of the polymer is con-
stant, but begins to become less at 230 °C. (2) Above 300 °C,
a fast weight loss takes place, and the oligomer loses 60%
of its weight by heating under nitrogen up to 500 °C. At the
same time, a large escape of benzene is detected by GC and
GC-MS. Based on the volume of detected benzene it may
be concluded that the degradation of oligo(phenylgermyne)
involves mainly a cleavage of the germanium-phenyl bonds.
Although a cleavage of the Ge-Ge bonds occurs, no low
oligogermanes are detected by GC or GC-MS. The DTA of
oligo(phenylgermyne) shows that the Ge-branced structure
greatly changes at 340 °C. The elimination of benzene and
other volatile compounds may be enhanced at 230—500 °C.
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Fig. 8.  Micrograph of oligo(phenylgermyne) films heat
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Fig. 9. Schematic diagram of the formation of GeC/GeO>
micropatterning using oligo(phenylgermyne) film.

After the elimination of volat_ile compounds, the formation of
GeC and GeO, may proceed above 500 °C. The IR spectra
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mal properties were combined to achieve micropatterning
consisting of GeC and GeO;, lines. Figure 8 shows a micro-
graph of oligo(phenylgermyne) obtained upon a heat treat-
ment at 500 °C after UV irradiation for 10 min with a pho-
tomask. The micrograph of oligo(phenylgermyne) shows
clear micropatterns where the resolution of the line and space
reaches ca. 5 um. The formation of the patterns suggests
an excellent dimensional stability of oligo(phenylgermyne)
due to the Ge-branced structure. No cracking or hole was
observed over the entire area of GeC/GeO, patterning. A
schematic representation for GeC/GeQ, micropatterning us-
ing an oligo(phenylgermyne) film by UV irradiation and a
heat treatment is summarized in Fig. 9. Upon a irradiation
of an oligo(phenylgermyne) film, it was photo-oxidized via
a germyl radical as a reactive intermediate. Oligo(phenyl-
germyne)/oligogermoxane micropatterns were formed upon
UV irradiation with a photomask. The heat treatment in
vacuo changes the oligo(phenylgermyne)/oligogermoxane
micropatterns into GeC/GeO, micropatterns. GeC/GeO, mi-
cropatterning by combining the photochemical and thermal
properties of branced oligogermanes is a convenient, all-dry
process which has an advantage compared to a wet lithog-
raphy process. Recently, SiC/SiO; and a-Si/SiO, micropat-
terning by a heat treatment of a poly(organosilyne) film in
vacuo after a photooxidation under UV irradiation with a
photomask was achieved by Watanabe and co-workers.?*—?

Experimental

'H and CNMR spectra were recorded with a Varian Unity-
Inova 400 MHz NMR. The GC-MS spectra were recorded using
a JEOL IMS-DX 303 mass spectrometer. The infrared spectra
were recorded with a Shimadzu FT IR 4200 spectrometer. The
UV and UV-vis spectra were recorded on a Shimadzu UV 2200
spectrometer. Gas chromatography was performed on a Shimadzu
GC8A with 1 m 20% SE30 and 30% Apiezon L columns. Liquid
chromatography was performed on a Twincle with Asahipak GS
310 column.

Materials. Sodium metal, potassium metal, lithium metal,
magnesium metal, and a hexane solution of n-BuLi were commer-
cially obtained. Ether, tetrahydrofuran, and toluene for use as a
solvent were dried over a sodium wire and purified by distillation
under nitrogen. n-BuGeCl3,*® +-BuGeCls,>® n-CgH;3GeCl3,>* and
PhGeCl3*Y were prepared as described.

Preparation of Branced Oligogermanes by Wurtz Coupling.
As a representative example, the preparation of oligo(phenyl-
germyne) is described. Branced oligogermanes were prepared in
basically the same manner as that previously described. A sodium
dispersion (3.14 g, 0.15 mol) and toluene (40 cm®) were added to
a dry 100 ml three-necked flask fitted with a condenser connected
to a drying Ar inlet, pressure-equalizing dropping funnel, and a
mechanical stirrer. Distilled phenyltrichlorogermane (12.7 g, 0.05
mol) was added via a funnel. Phenyltrichlorogermane was then
added to the stirred dispersion over a period of 5 min. The reaction
mixture turned purple immediately. After the addition of phenyl-
trichlorogermane, the reaction mixture was stirred under reflux for
2 h, and then cooled to room temperature. First THF (50 cm’),
and then BuLi (0.075 mol), were added to the reaction mixture and
stirred for 1 h. After the hydrolysis of 2-propanol (30 cm?), the
reaction mixture was poured into 2-propanol (200 cm®) with vigor-
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ous 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 vacuum oven for 12 h to yield 0.8 g of oligo(phenylgermyne) of
a white solid. '"HNMR (8 in CéDs) 5=7.0 (br); *CNMR (6 in
CsDs) 0=128.0; IR (neat) 2950, 1950, 1650, 1550, 1380, 1300,
1260, 1080, 1020, 1000, 730, 630 cm™'. Anal. Found: C, 47.72;
H, 3.16%. Calcd for (C¢HsGe)n: C, 48.14; H,3.37%.

Oligo(butylgermyne): 'HNMR (8 in CsDs) 8=1.2 (br), 3.6
(br); CNMR (6 in C¢Dg) 6=1.39; IR (neat) 2950, 2930, 2850,
1630, 1460, 1080, 620 cm™'. Anal. Found: C, 36.76; H, 6.74%.
Calcd for (n-C4HoGe),: C, 37.04; H, 6.99%.

Oligo(z-butylgermyne): "HNMR (& in C¢Dg) d=1.2 (br), 3.6
(br); PCNMR (8 in CsDe) 5=14.4, 23.1; IR (neat) 2950, 2930,
2350, 1950, 1610, 1490, 1460, 1360, 1270, 1080, 1050, 970, 870,
810, 780, 700 cm™'. Anal. Found: C, 36.88; H, 6.85%. Calcd for
(t-C4HoGe)n: C, 37.04; H, 6.99%.

Oligo(hexylgermyne): "HNMR (6 in CsDg) 6=1.0 (br), 1.5
(br); "CNMR (6 in CéDg) 6=14.3, 23.1, 30.1; IR (neat) 2950,
2030, 1600, 1500, 1470, 1380, 1170, 1100, 980, 940, 780, 700
ecm™!. Anal. Found: C, 45.24; H, 7.98%. Calcd for (n-C¢H;3Ge)n:
C, 45.68; H, 8.31%.

Preparation of Oligo(butylgermyne) by Use of Samarium(II)
Diiodide. A THF solution of Sml, (3.0 mmol) was added to a dry
100 ml two-necked flask fitted with a condenser connected to a dry-
ing Ar inlet. The reaction mixture was stirred at room temperature
for 12 h. BuLi (1.5 mmol) was then added to the reaction mixture.
The reaction mixture was stirred for 5 min. After removing the
solvent, oligo(butylgermyne) was obtained by crystallization from
2-propanol. Oligo(butylgermyne) (0.06 g) was obtained.

Reaction of Oligo(phenylgermyne) with Bromine in 1,2-Di-
bromoethane. Bromine (1.9 g, 23.7 mmol) was added to oligo-
(phenylgermyne) (M,,=1700, 0.6 g) in 1,2-dibromoethane (20 cm®)
and stirred at 120 °C for 20 h. Phenyltriboromogermane (0.24
mmol) was characterized by GC and GC-MS.

Study of Photochemical Reactions of Oligo(phenylgermyne)
Filmby UV. A thin film of oligo(phenylgermyne) was prepared by
spin-coating from a 5—10% THEF solution. The film was deposited
on quartz plates (10x30x 1 mm) and dried under a vacuum (10™*
mmHg, 1 mm Hg=133.322 Pa) at room temperature. The film
thickness was determined by UV-vis spectrometry (0.4—0.7 pm).
The film was irradiated with a 110-W low-pressure Hg-arc lamp (Sen
Tokushu Kogen Co., Ltd.) at room temperature. The absorption
spectrum of the film was recorded by UV and UV-vis spectrometry.

A Study of Photochemical Reactions of Oligo(phenyl-
germyne) Film by IR.  Thin films of oligo(phenylgermyne) were
prepared from a 20% toluene solution. The film was deposited onto
a NaCl plate for IR use, and dried under a vacuum (10~ mmHg)
at room temperature. This operation was repeated three times. The
sample was irradiated with a 110-W low-pressure Hg arc lamp at
room temperature. The change in the sample was followed by IR
spectrometry.

Quantum Yields of Oligo(phenylgermyne). A thin film of
oligo(phenylgermyne) was irradiated with 290 nm monochromatic
light. The reaction was followed by the change in the optical den-
sity at 290 nm, the reading of the meter being carried out during
the course of the reaction. The quantum yield was determined by a
potassium tris(oxalato)ferrate(IIl) actinometer. The details concern-
ing the apparatus and operation have been published elsewhere.?®

Time-Resolved Optical Absorption. Laser flash photoly-
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sis experiments were performed at room temperature by using the
fourth harmonic (4 =266 nm) of a Quanta-Ray (GCR-130) Nd : YAG
laser as an excitatory light source. The sample was a thin film of
oligo(phenylgermyne) on a quartz plate. The laser pulse was about
6 ns; details concerning the laser-photolysis apparatus and manip-
ulation have been published elsewhere.>®
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